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PREFACE

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

WRC Report No. 980/1/00
The 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 bridge piers.

WRC Report No. 980/4/00
Flow gauging in rivers 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) is 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. During free-flow conditions, also known as modular flow conditions, there is uncertainty
about the accuracy of the discharge formulas. Although reliable 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.

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

This report summarises the findings of an extensive study which addressed the issues mentioned
above. A comprehensive test program was completed during 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 to internationally 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 ISO 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 early 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 occurring at the drowned weir. This energy loss is a function of the velocities at the
section where the flow is contracted (i.e. 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 each method is applicable. The test data indicated that the maximum
error is up to ±10% at high submergence ratios {S > 0.80) if this procedure is followed.
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1 INTRODUCTION

Southern Africa will be facing a serious shortage of fresh water in the near future. New water
resource projects have to be implemented to augment the current water supplies. It is therefore
important to accurately estimate the amount of water still 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 is necessary to measure the
volumes of water conveyed by the rivers of southern Africa. Due to the prevailing climate, the
rivers carry very little water during most of the hydrological year, while extreme flood events
may occur during the wet season. To obtain an accurate estimate of the total volume of water
that a particular river can deliver, it is necessary to measure the discharge accurately during all
seasons. 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 notch, 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.

Figure 1.1: Compound sharp-crested weir

The weir in Figure 1.2 has columns between the notches which serve to aerate the area
underneath the nappe of the overflowing water.



Figure 1.2: Columns between the notches for aeration purposes

This 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 Africa, currently experiences two major problems with the operation
of compound sharp-crested weirs:
• There is still some uncertainty about the accuracy of the formulas that are being used to

calculate the discharge under modular flow conditions (i.e. normal operating conditions with
smaller discharges).

• During floods, sharp-crested weirs become submerged very quickly. The downstream water
head rises above the crest of the weir and the upstream head starts to rise as well. When
these so-called non-modular flow conditions prevail, the discharge is a function of both the
upstream and downstream water levels, as illustrated on the right in Figure 1.3. The
submergence of compound weirs has not been studied comprehensively and discharge
calculations are not deemed to be accurate enough.
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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, it 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 sharing river resources with other countries in the region (e.g. Lesotho), it
will be desirable to adhere to internationally 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:

1. Modular flow conditions:
• Evaluate existing methods for the calculation of the free-flow discharge over compound

sharp-crested weirs. The accuracy of each method is to be tested against existing model
data. Some new data will also be generated from additional model tests.

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

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

2. 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 to
determine the accuracy of each approach.

• 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 tests.

• Determine whether the methods which have been developed for single notch weirs are also
applicable to compound weirs and investigate the accuracy of flow estimation.

The intention is to keep to internationally accepted formulas and methods so that foreign parties
should find South African practice acceptable.



3 MODEL TESTS

In order to achieve the above-mentioned objectives, it has proven necessary to 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 uere tested were of the configuration shown in Figure 3.1.1.1. They were
symmetrical with a lower notch and two higher ones. The two upper notches were at the same
elevation and did not have anv end contractions on their outsides.

Figure 3.1.1.1: Weir configuration of WRC tests

In the WRC experiments, the notch lengths (I, & /.;), pool depth {P) and step height (Ti were
varied. The data of this study was re-analysed with the new formulas which have been
recommended for modular flow 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 laboratories of the Department of Water Affairs and Forestry
(DWAF). A wide range of weir configurations was tested, with varying pool depth (P) and
structure height (Z). The water levels were measured in stilling wells at distances 4Z(upstream)
and 10Z (downstream) of the crest of the weir.

This data, together with the data from additional 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
additional data are results from tests on compound weirs. Experiments have also been
performed on single notch weirs to supplement the work done by Wessels. All the additional
data has been generated in the hydraulics laboratory of the Department of Civil Engineering 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 A were tested in a 2-metre wide flume. Figure 3.2.1.1 shows the
different weir configurations that were investigated.

AO, only free-f

j
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Test A1, full-width weir

i -

Test A4 - A7

1
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v//.
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Figure 3.2.1.1: Weirs tested in 2-metre/Jume

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 AO was similar to the
ones studied during the Sigma Beta project (Section 3.1.1). In order to aerate the nappe
effectively during 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 turn allowed air to be fed into the area
underneath the nappe. The splitters 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
underneath the nappe at the end contractions.

The weirs of tests A15 and A16 had columns between the different notches. Many weirs in
South Africa 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 horizontal and vertical edges of all the models were manufactured as indicated in the
detail sketch in Figure 3.2.1.1.

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

The 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 each
tube was aligned at a 90c angle to the direction of flow. The point gauge was used to measure
water levels with an accuracv of a tenth of a millimetre.
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Figure 3.2.1.2: Set-up in 2-metre flume

3.2.2 Test Series B & C
These two series of experiments consisted only of submergence tests on single notch sharp-
crested weirs (i.e. no compound weirs). Most experiments were performed on contracted weirs,
but some tests on full-width weirs were also included.

Series B and Series C included experiments 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
series (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 2120 mm 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.



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 coefficients for different orifice 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 (h0) was
measured. The adjustable tailgate at the end of the flume was then raised which caused the
downstream water level to rise, 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 research. 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

D3-A
23-B
AO-F
A4-F
A8-F
All-F
A15-F

Series PW
Series A
Series B
Series C

Description

MODULAR FLOW CONDITIONS (APPENDIX I):

Data from previous research on compound sharp-crested weirs
More existing data, specifically on shallow and irregular pool depths
New data, similar to WRC tests
Free-flow data for submergence test no. A4
Free-flow data for submergence test no. A8
Free-flow data for submergence test no. Al 1
Free-flow data for submergence test no. Al 5

NON - MODULAR FLOW CONDITIONS (APPENDIX II):

Tests done by Wessels (existing data)
2-metre flume data
600 mm flume data
1000 mm flume data

No. of tests

60
28
19
45
6

22
17

38
16
7
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 I. For each 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 is described in Chapter 4.

Appendix II contains all the data on submergence tests. The individual data sheets contain
sketches that describe the particular weir concerned. The observed data include the free-flow
upstream water head (h0), the discharge measured with the manometer and the upstream and
downstream water levels as recorded during a particular submergence test.

Observations that were made during the experiments are recorded in 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 is known that end contractions can
ensure proper aeration of sharp-crested weirs. If a sharp-crested weir is not sufficiently aerated,
the air underneath the nappe gets drawn out which causes the nappe to 'cling' to the weir. The
lowering of the pressure underneath the nappe in turn 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 is affected due to poor aeration.

All the test weirs that had end contractions did not show any aeration problems. Fortunately,
most prototypes in South Africa also have end contractions and it is not expected that they will
experience any aeration problems under normal operating conditions. A very long notch can be
aerated sufficiently by constructing a column halfway. 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 underneath the nappe at the two columns - and also at the outer end
contractions.

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/hv < 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
underneath 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/hv< 0.10).

Furthermore, the contracted weirs were generating far more turbulence downstream than the
full-width weirs. This is due 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
(horizontal 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.

A

Streamline / \

Flow

A ^

Position of Weir

/

~**~ \ Horizontal Eddy

V \\ End Contraction

Figure 3.3.2: Downstream eddies due to the presence of end contractions

A number of researchers (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:

• 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.

• 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.



Figure 3.3.3 illustrates both regimes. 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.
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' , • ' ' , ' , • ' • ' , ' ' • ' . ' , • ' . ' , ' _ • ' / , • ' • ' ,

Figure 3.3.3: Different flow regimes

When full-width weirs were tested, regime a prevailed up to relatively high submergence ratios
(up to t/h, = 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 still 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 is already fully developed at the lower centre notch while the other two crests are not
submerged yet.

Figure 3.3.4: Submerged compound weir
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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 is well-known and can be derived from energy
principles (Featherstone and Nalluri, 1982):

where H=h +

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 I) and the errors have been calculated as follows:

Average Error = 100%

Where:
Qm:

discharge at weir (as calculated with a certain method)
discharge given by model

The absolute error is defined as:

Absolute Error- xl00%

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 are less than 2 percent, the
assumption is reasonable.

4.2 SIGMA BETA FORMULA

The research, sponsored by the WRC (Rossouw et al., 1995), resulted in the Sigma Beta
formula that is applicable to 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 slightly. These
adaptations are explained below.

11



For the weirs with only three notches the original formula is used (see also Figure 4.2.1):

li~

Where:

C =0.607 + 0 .0419^
p

With:

L+Lz

= H, for /*, < T

and

p =
Lt+L2

I , +L2

^- for hx < T

Figure 4.2.1: Parameters for original Sigma Beta formula (applicable for three notches only)

In order to calculate the flow over a weir with more than three notches the definitions of Hc and
Pe were adapted as follows (only those notches overtopped by water are considered):

H =
and

P =

Where:

Pi-

width of notch / (/ = 1.2.3 )
water level upstream of notch /
energy level upstream of notch i
pool depth upstream of notch /

The discharge formula for a weir with any number of notches then has the following general
form:

H,
/ / ' " with C. = 0.607 + 0.0419—^-

Pe

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
additional model tests on contracted weirs it has been proven that end contractions do affect the
flow over weirs significantly.

12



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 derive 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 £B-
B represents tests with shallow and irregular pool depths which therefore contain larger errors.

Error vs
15.0

10.0

5 0

:£

5 0.0

•m

-5.0

-10.0

-15.0

B

•
•

i

•

!

•

*

D

E0-A

AO-F

0.0 1.0 2.0 3.0 4.0 5.0

Figure 4.2.2: Vie 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.

Error vs

00 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Figure 4.2.3: Errors made when using weirs with outer end contractions
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It is clear that the Sigma Beta formula cannot accommodate the effect of end contractions. One
further negative aspect is that with this method the discharge is calculated by considering 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 analyse 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
is discussed next.

4.3 THE DWAF FORMULA

The Department of Water Affairs and Forestry' (DWAF) has over the years developed its own
formulas to deal with all cases of sharp-crested weirs (Delport and Le Roux 1990). Every notch
in a compound weir is treated separately as follows (see also Figure 4.3.1):

For a full-width notch Lc = L. If the notch is contracted on both sides, Lc is calculated as
follows:

Le=L-nh
IT

« = 0.2 for — <0.35
L

f r\osr M
n = 0.174 — -0.1 for 0.35 < — < 2.00

\H) ' L
LJ

/; = 0.0216 for — >2.00
L

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

L =L--nh
2

Cd is the correction factor for the pool depth upstream of each notch:

I for — < 3 . 4
PH + PJ P

Cd =1.1451—— | for 3.4 < — < 200
[P + H] P

it

Cd = 0.926 for — >200

The above formulas have been developed over many years by numerous researchers and
unfortunately their origins are not well documented.
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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.
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Figure 4.3.2: Errors made with DWAF formula - Parti
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Figure 43.3: Errors made with DWAF formula - Part 2
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Since the DWAF formula makes adjustments for end contractions, the errors are much smaller
than those made by the Sigma Beta formula. As mentioned earlier, the fact that the DWAF
approach considers even.- notch in a compound weir separately makes it very attractive to use.
The only problem is that the formulas listed above are not clearly related to any internationally
accepted standard. In the next section a method is derived that uses the IMFT equation as a
basis. The IMFT equation is well-known and appears in the ISO Standards (1980).

4.4 IMFT EQUATION FOR COMPOUND WEIRS

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

LI

C. =0.627 + 0.018 —
P

This 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 (e.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 originally derived equation for
single notch weirs (see Section 4.1).

The problem with the IMFT equation is the fact that it cannot be used for weirs with end
contractions. It is furthermore important to check the accuracy of the IMFT equation for higher
values of H P (i.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 resulting from the Sigma Beta formula (see Section 4.2), it is 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 orifice plates). Unfortunately these equations are
functions of the upstream water level, h, and not the total head, H.

The DWAF formula deals with end contractions by making use of an effective notch length:

Le = L- nh.

Francis and Van Nostrand (1883) developed this method of adjusting the effective notch length.
Roberson et al. (1988) mention that experiments have shown that the effective reduction in the
notch length is approximately equal to 0.20/i when h/L < 0.33. DWAF uses n = 0.20 when H/L
< 0.35, which compares favourably. For H/L > 0.35, n becomes a function of H/L.
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It is expected that under normal operating conditions the H/L ratio will remain below 0.35 in the
prototypes, i.e. n=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 comparison is made with the Kindsvater & Carter method. A weir
with P = 0.2 m and B = 2.0 m is used. Various 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.
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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 to h/P = 2.5. It is well-
known (Swamee, 1988) that for very high values of H/P the coefficient of discharge (O) 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 dischartje formulas:

=1.777x1.145
P + H

0 04

(IMFT equation)

(DWAF equation, with Q for high H/P ratios)
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Solve for

Cd -^2g =1.777x1.145

;.Cd = 0 . 6 8 9 •

0 04

In order to have a continuous function of Q the following equations can be applied for the
indicated ranges of H/P:

C. = 0.627 + 0.018—p

C\ = 0.689 -

for — < 1.867
P

for 1.867 < — < 15
P

(original IMFT equation)

(adopted from D WAF)
{P + H

Figure 4.4.2.1 shows how the coefficient of discharge changes with increasing H/P ratios.

0.67
Coefficient of Discharge vs. H/P

0.61
0.0 2.5 5.0 7.5

H/P

10.0 12.5 15.0

Figure 4.4.2.1: Q with increasing H/P

From model tests it is known that the transition from one function to the other is not as abrupt as
shown on Figure 4.4.2.1. but the errors made by assuming such a transition are negligible as
will be shown in the next section.

The test data included experiments with ratios of H/P of up to 15. Although it might be
possible that the equations are still valid for higher ratios of H/P, it is expected that flow
conditions at the prototypes will become unstable at this stage and that flow measurement will
therefore also become inaccurate.

18



4.4.3 Summarv
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 is summarised below (refer to Figure 4.4.3.1) and an example calculation is
given in Appendix III:

, 2

'' 3

C, = 0.627 + 0.018—
P

Cd = 0.689
P

P + H

for — < 1.867
P

for 1.867 < — <15
P

For a full-width notch, Le = L. For contractions on both sides of the notch Le is calculated as
follows:

L=l- nh

H
= 0.2 for — <0.35

osr
f H

n = 0.174 — -0.1 for 0.35 < — < 2.00

n = 0.0216 for — > 2.00
I

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

L =L--nh
2

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 seen that for most cases the errors are well within the ±5 percent margin.
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The maximum errors (i.e. bigger than 5 percent) are all from tests where extremely shallow pool
depths were involved.

It is also encouraging to see that the errors remain spread around the zero-percent line. i.e. there
is no trend that the errors are increasing during higher discharges. This is especially true for the
tests indicated in Figure 4.4.3.3. These experiments, which include tests on weirs with up to six
notches, end contractions and columns between different notches, closely resemble typical
prototype 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.

Average Error (%):
Average Absolute Error {%):
Standard Deviation (%):
Minimum Error (%):
Maximum Error (%):

2.36
2.92
3.14
-5.34
14.06

DWAF
-1.39
2.01
2.45

-11.49
5.22

IMFT
-0.59
1.70
2.43

-11.27
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 is 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.
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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 </) rises, the upstream head (hv) rises as well, so that the discharge is a
function of both t and h, (Figure 5.1). Different methods (Villemonte 1947, Wessels 19S6) 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/hv (0< f/Av<l.OO).

Flnw —"Sv-

. • ' - ' ' / / /

K

?

• • ' ' . ' ' • ' / • • ' / • • / . • '

i
jt
T

- / • / / / . - • / / /

Figure 5.1: Submerged weir

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

There are two approaches to estimate the discharge during submerged conditions:

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

• 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/hx. During the course of this research project it has
been found that as far as submergence is concerned, t/hv is the most important factor, but that
other factors also play an important role. It is due to this reason that various methods are
sometimes not compatible, i.e. 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 is 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 is based on the superposition principle, where the net flow over the weir
is the difference between the free-flow discharge due to head fu and the free-flow discharge due
to head t (Villemonte, 1947). The formula reads as follows:

0.335

Q,=Q,

Where: Qs: estimated flow under submerged conditions
Qf\ uncorrected discharge calculated with upstream water head, hv, using free-flow

formulas
/jv . v. 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 h/P ratios (h/P < 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 h/P >
1.00, the formula starts to underestimate the discharge drastically, i.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 is 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 III.
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Series A. B, C (single notches)

20 40 60
% Submergence (t/h^x 100)

80

Figure 5.1.2: Errors made with the Villemonte equation (only single notch weir data were
analysed)

The errors have been calculated as follows:

Error = ^ — = ^ x 100%

Where: Qs: estimated discharge (as calculated with a certain method, e.g.
Villemonte's formula)

Qo: free-flow discharge at the beginning of a test, calculated with the
adapted IMFT equation (Chapter 4)

The 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 experiments on full-width weirs that suffer from aeration problems during the
initial stages of submergence. As already indicated in Section 3.3. the water level above a full-
width weir drops first before it rises again with increasing submergence. The contracted weirs
do not suffer from this problem and therefore do not produce any significant errors at low
submergence ratios.

Finally. Villemonte made an interesting observation in his paper. He has found that sharp-
crested 90° triangular 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 derive a method to deal with submerged flow. The
theory' was developed by considenng both free-flow and submerged conditions:
• For a certain Qo (free-flow) the forces on the weir are analysed.
• For the same discharge the forces are analysed under submerged conditions.
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• A relationship between the above cases is developed that can be used to determine the free-
flow water head, h0. given hv and /.

Wessels conducted numerous tests on a 500 mm full-width weir to produce the following
formulas (Wessels, 1986):

h. =h.
a

Where:

a -
^b2 -4c

b = -0.34074 - 0.3062? —
hv

c = 0.62879 — +0.10159—-0.6096

UJ K
According to 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
(P) and structure height (Z) and is included in Appendix IV.

When this theory is used to analyse the data of Series A, B and C, the following errors are found
(Figure 5.2.1). An example calculation using Wessels' method can be found in Appendix III.

Series A. B, C (single notches)

40 60
% Submergence (t/hvX 100)

80 100

Figure 5.2.1: Errors made with Wessels ' theory (only single notch weir data was analysed)

From the above graph it is 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 3.3, full-width weirs suffer from aeration problems at low
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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 Yillemonte used low discharge rates in his study, while Wessels used
relatively higher rates of discharge. This is thought to be the main reason why the two methods
are not compatible. If Figure 5.1.2 is compared with Figure 5.2.1 it can be seen that
Villemonte's formula indicates a downward trend (corrects too much) while Wessels' method
indicates an upward trend (corrects too little).

It is believed that the momentum principle is not suited to analyse non-modular flow conditions.
Consider the weir in ficure 5.2.2.
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Figure 5.2.2: Analysis oj submergence with the momentum principle

If the dashed box indicates the control volume, one can apply the momentum principle as
follows:

-Fz-F,= pQv: -

Where:
F2:

P
Q

upstream hydrostatic force
downstream hydrostatic force
net force exerted by the weir
density of water
flow rate
velocity upstream of the weir
velocity downstream of the weir

The following problems arise when this approach is used:
• It is difficult to determine F5. In addition. Fs becomes very small at high submergence ratios

and therefore becomes insignificant.
• At higher submergence ratios tS > 0.60) the values of the hydrostatic forces (F/, F;) become

more or less the same because the water levels approach each other. Since they are similar,
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it means that the difference in forces (Fj -Fj) is small. Considering the fact that these
hydrostatic forces have fairly large numerical values, it means that if a small error is made in
a water level recording it would lead to a significant increasedecrease in one of the forces.
This in turn would cause a significant increase/decrease of the term (Fj -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 Fs 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 certain conditions. 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 described properly by the energy
principle, it can be said that the difference in upstream and downstream water heads can be
related to an energy loss occurring 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 (turned upside down) under drowned conditions (Figure
5.3.1). 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 (Ac).
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Figure 5.3.1: Similarities between 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.
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Analogous to the submerged hydraulic jump, the following formula is developed for the flow
contraction at submerged weirs:

The flow area at the weir (A) should be smaller than hvxL. As an approximation, the flow area
is taken as:

A = — (hi + t ) x L WithZ. being the width of the weir.

This is analogous to the area of the opening of the sluice gate.

A coefficient of discharge <Q) 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:

Ac = C d i ( A ( + t ) x L With Q = 0.60

It should be stated that it is possible to describe the flow contraction in different ways, but the
simple formula above is deemed acceptable for the purpose of determining the critical
parameters affecting submergence of sharp-crested weirs.

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

It is 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):

Where: he energy loss
vf: velocity at flow contraction
vj: velocity at downstream section

The following theoretical calculations are now performed in order to determine the important
parameters affecting submergence (see Figure 5.3.2):

• Assume that Q and i are known.
• For a particular weir, estimate hv and calculate Ac:

Now calculate vc and then he

Determine hi also by calculating the total energy up- and downstream of the weir:
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hL=H,-H2 (2)
• Iterate K until (1) = (2).
• Once hv is established the theoretical correction factor for the discharge can be calculated as

follows:

Correction factor = .3 2

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

j —
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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:

• B=\ .00m
• I - 1.00m (i.e. full-width)
• Z= 1.00m
• P = 0.10- 1.00m
• £ = O.O15m3/s

All of the above quantities, except for the pool depth, remained the same during each
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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Effect of Pool Depth
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Figure 5.3.1.1: Effect of pool depth on correction factor for submergence

The graph only starts at t/hv = 0.60 for clarity. 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 {Ac) 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), it is evident that the theoretical curves have almost the same form as these.
This is proof that the energy principle 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 is to be expected, since the energy loss {hL) is a
function of the velocities at the flow contraction and the downstream section (vCt *•_-) and does
not depend strongly on upstream conditions.

5.3.2 Structure Height
The weir used to analyse the effect of structure height had the following properties:

• 5=1 .00m
• L= 1.00m (i.e. full-width)
• Z = 0.25-l.OOm
• P = 0.25m
• £> = 0.060nr s

Once again only one property, in this case the structure height (Z), was varied during 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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Effect of Structure Height
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• Wessels
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0.60 0.65 0.70 0.75 0.80 0.85
Submergence Ratio (t/hv)

0.90 0.95 1.00

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 turn causes a greater energy loss since the difference in velocities (vv-vj) becomes
larger.

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

It is necessary to mention that it is the relative 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 hLih0) is 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 hjho.

5.3.3 End Contractions

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

• B=\ .00m
• L= 1.00-0.50m
• Z -0 .25m
• P = 0.25m
• Q = 0.060m3/s

Only the notch length (L) was changed during the calculations. The final results are shown in
Figure 5.3.3.1.
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Effect of End Contractions
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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 ratio {L'B) does not play a significant
role. It has to be remembered though that if the same flow rate is used in each of the above
cases, the upstream water head increases dramatically when the weir is more contracted. This
might have affected the results and therefore one additional case has been included in the above
graph, with LIB = 0.5 and an upstream water head equal to the one where LIB = 1.00 (indicated
with crosses). It is evident that in this case the curve moves toward the Villemonte curve.

It is believed that end contractions do play an important role during submergence, though
probably not as much as the structure height. From the observations during 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 tests will be analysed 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 B3 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 Section 5.3. Figure 5.3.4.1 summarises the results
of the theoretical approach.
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Theoretical Analysis
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Figure 5.3.4.1: Results of theoretical investigation

According to the theoretical investigation, test A2 will require a large correction similar to the
one predicted by Villemonte's formula (smaller QJQf- 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 is 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 (hv) 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

1.00
.Analysis of Actual Data

• Viltemonte

• Wessels

• Test A2

• Test B3

0.20

0.60 0.65 0.70 0.75 0.80 0.85

Submergence (t/hv)
0.90 0.95 1.00

Figure 5.3.4.2: Results when actual data is analysed
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The graph in Figure 5.3.4.2 compares favourably with that from the theoretical investigation,
i.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 is a
function of the velocities at the flow contraction (Ac) and at the downstream section, it is
actually the flow areas at these sections that determine how much correction is needed. This
can best be summarised as follows:

• If the flow area at the contraction is 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.

• If the flow area at the contraction is fairly similar to the downstream flow area, relatively
small energy losses occur and Wessels' method is more reliable.

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

5.4 COMPOUND WEIRS

Before compound weirs are analysed in any detail it is necessary to develop a parameter that
will make it possible to compare different kinds of compound weirs (remembering 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.

The parameter defined in Figure 5.4.1 is believed to be a suitable alternative for the ratio t/hv:

hv

T
T •

A

A

Figure 5.4.1: New parameter for compound weirs
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The new parameter is defined as:

5"= —-
A

Where: S':
Av:

submergence ratio for compound weirs
area above the crest and a function of hv

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 A/AY — t/hv. Appendix III includes an
example calculation on how A/Av 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 5.4.1.1 and 5.4.1.2 show
the errors that are made when Villemonte's approach is employed.
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Figure 5.4.1.1: Villemonte results - Part 1
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Figure 5.4.1.2: Villemonte results - Part 2

The errors have been plotted against the ratio A/Ax as described earlier. From the figures one
can conclude that in most cases the errors remain below =10%. Tests A l l to A13 are the
exception to this rule and in these cases Villemonte's formula seems to drastically overestimate
the discharge at high ratios of A/Av. These three tests have been conducted with water flowing
over only the lower notches of the compound weir concerned. This means that as the structure
becomes submerged, the upstream water head rises, 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 it was evident that if the relative energy losses at a submerged weir are high,
more correction is needed (smaller QJQ\ - value). It is believed therefore that the increase in
errors at high submergence ratios is due to the sudden increase in additional energy losses. It is
unlikely that there are weirs in southern Africa that already start to become submerged when
water is 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 is applicable when the relative energy losses are
high. Due to end contractions and notches at different elevations the energy losses are likely to
be high at compound weirs.

However, if a very- large discharge is flowing over a compound weir, it is believed that even
Villemonte's formula will not work properly anymore. Remembering that the energy loss at a
drowned weir is a function of the velocities at the flow contraction (Ac) 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 during extreme floods (see Figure 5.4.1.3 as an illustration). If
the velocities are similar, the relative energy loss becomes small and Villemonte's formula is
not expected to perform well - it would probably start to underestimate the discharge as it
applies a too great correction (too small QjQf- value).
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Figure 5.4.1.3: Very high discharge, vc * v2

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 experiments 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 5.4.2.2 are examined. The estimated discharge was calculated with the
computer program DT which is used by DWAF.
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Figure 5.4.2.1: Wessels results - Parti
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Figure 5.4.2.2: Wessels results - Part 2

Since this method is based on tests with relatively high discharges, which means that the
relative energy losses are smaller, the resulting Qr.Qf- correction factors are too small. This is
the reason why the discharges are overestimated. However, it is expected that for higher
discharges Wessels" method should start to produce acceptable results. As mentioned
previously, it was not possible to test very high flow rates in our set-up in the Stellenbosch
laboratory. Thus the range where Wessels* method would have become valid was not reached.

As described in Section 5.2 Wessels makes a correction to the upstream water head (/;,) and
then uses this head to calculate the discharge. It is believed that this is physically not correct if
applied to compound weirs and therefore this approach is not preferred. Consider Figure
5.4.2.3, where a compound weir is shown with only the lowest notch submerged. Since the
outer crests are still 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 it is clear
that there is now a discontinuity in the water level. When the discharge is calculated, additional
assumptions will become necessary to calculate the energy level which is nevertheless the same
over the whole weir. Yillemonte's method on the other hand does not encounter this problem.
In this case the discharge is estimated first and only then is a correction factor applied based on
the degree of submergence.

ENERGY LEVEL

CORRECTED WATER HEAD

DISCONTINUITY

Figure 5.4.2.3: Discontinuity of water head
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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 still reliable and when it is advisable to switch over to
other methods (or preferably to adjust the Villemonte formula itself)-

As was proven earlier, the submergence process is dependent on the difference between the
velocities at the flow contraction (Ac) 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 describes the flow area of the contraction relative to the one at the downstream
section it should be possible to use this ratio to determine whether Villemonte's method is valid
or not.

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

>
- — . K '•

.A.

- \ ' ^ ^

A,=o

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

If an initial 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 (h0) for the same flow rate.
This water head in turn can be used to calculate the upstream flow area (Ao) that would occur
under modular flow conditions. The area of the flow contraction was defined earlier as:

Ac = Cd —(hv + t ) x L With Cd = 0.60 (for single notch weirs)

If i=0 then hv = hu and the area of the contraction under modular flow conditions is:

ho
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This expression can now be applied to both single notch and compound weirs to obtain an
estimate of the flow area at the contraction. The area at the downstream section of the weir
when r=0 (i.e. when the structure is just becoming submerged) is denoted as At=u-

It is proposed that the ratio —— be used as a parameter to establish the limits of application for
lf=0

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 each test is plotted against its corresponding Aco/At=o ratio. The graph
indicates that as the value of AC0/'Ai=n increases, the average error decreases in value (becomes
more negative).

The downward trend of the graph can be explained by realising that a higher Aco/At=o 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 is not reliable anymore, as proven earlier.

Average Error vs. AcO

-10.0
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Figure 5.4.3.2: Average error vs. Aco/Ai=o

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

It is expected that Aco/At=o 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 iAt Ax < 0.80). At higher values of Ac^A,=o 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 Aco/At=o is high have indicated that the errors 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 to 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 III):

1. 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
separately and their individual flow contributions are added up to obtain the total discharge.

2. Perform a back calculation to determine ho.
3. Calculate the ratio Aco/A!=o and determine if it is within the limits stated above. Should the

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

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.

Submergence (%)

A\g. error (%)
Std. dev. (%)

0-10

-0.1
0.5

Abs. error (%) 0.5

10-20

-0.7
0.8
0.9

20-30

-1.4
1.0
1.6

30-10

-1.2
1.7
1.9

40-50

-1.5
1.7
1.8

50-60

-2.2
2.2
2.6

60-70

-3.0
2.8
3.3

70-80

-4.1
4.5
5.1

80-90

-3.5
5.2
5.0

90-100

-1.0
8.8
7.6

0-100

-1.9
4.3
3.3

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

The most important findings of this research project can be summarised as follows:

6.1 MODULAR FLOW CONDITIONS

• End contractions can ensure proper aeration 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 considering 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. It considers both end contractions {by calculating an effective notch length) and
shallow pool depths (by using different coefficients of discharge). However, it is not clearly
related to any internationally accepted standards.

• It was possible to develop a method for flow calculation which is based on the IMFT
equation, which is included in the ISO standards. 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.

6.2 NON-MODULAR FLOW CONDITIONS

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

• The Villemonte formula works well if the relative energy losses are fairly large. This
typically happens during low discharges or when the downstream section is 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 AC(/A,=o was
developed which helps to identify the correct procedure to use. This parameter considers
the conditions at the flow contraction (Ac) 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 to a
point when Aco/A,=o is 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 (S > 0.80) when the above methodology is employed.
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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 rises, 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 it is
expected that the errors will increase. It is believed that at this point the gauging structure
would become unreliable 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
each 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 during the calculation the ratio AcJAt=o
needs to be calculated. Its value should remain below 0.130 for Villemonte's equation to be
reliable. If the ratio surpasses that value, it is recommended that the method developed by
Wessels be used to calculate the discharge. The ratio of Aco/At=o — 0.130 was derived from the
currently available data on compound weirs. As additional data become available this value
should be verified.

In order to keep the Aco/At=o 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 during submerged conditions and the likelihood that Villemonte's formula is valid
increases.
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It is further advised that gauging structures be constructed in such a fashion that they will not
already become submerged when water is flowing over the lower notches only. If this is
achieved, large errors will be avoided during the estimation of the discharge.

7.3 FURTHER RESEARCH

For further research on compound sharp-crested weirs, it is advised that very high flow rates be
tested. Since large flumes typically have limited depths, it might become necessary to test a
miniature model in a smaller flume with greater depth. It is important to do further tests on high
flows to establish the exact point at which Yillemonte's formula becomes unreliable.

Should more data become available, it is also recommended that the Villemonte equation be
adapted in such a fashion so that it is always applicable under non-modular flow conditions. It
was shown earlier that Wessels* method produces discontinuities in the upstream water head,
which is physically not correct. In addition. Yillemonte's formula is internationally recognised.
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Modular Flow Conditions - Existing Data
Data contained in WRC Report 442/1/95

Test nr

SOI
S02
S03
S04
SOS
S06
S10
Sl l
S12
S13
S14
S15
S16
SI7
S18
S19
S2O
S21
S22H
S23H
S24H
S25
S26
S27
S28
S29
S30
S31
S32
S33
S34
S3 5
S3 6
S3 7
S38
S39
S4O
S41
S42
S46
S47
S48
S49
S50
S51
S52
S53
S54
S55
S56
S57
S58
S59
S60
S61
S62
S63
S64
S65
S66

L,(m)

1.177
1.177
1.177
1.177
1.177
1.177
1.177
1.177
1.177
1.174
1.174
1.174
1.174
1.174
1.174
0.740
0.740
0.740
0.739
0.739
0.739
0.738
0.738
0.738
0.736
0.736
0.736
0.736
0.736
0.736
0.740
0.740
0.740
0.740
0.740
0.740
0.740
0.740
0.740
0.496
0.496
0.496
0.495
0.495
0.495
0.495
0.495
0.495
0.494
0.494
0.494
0.494
0.494
0.494

• 0.492
0.492
0.492
0.495
0.495
0.495

L2(m)

1.759
1.759
1.759
1.759
1.759
1.759
1.759
1.759
1.759
1.761
1.761
1.761
1.761
1.761
1.761
2.192
2.192
2.192
2.196
2.196
2.196
2.190
2.190
2.190
2.197
2.197
2.197
2.202
2.202
2.202
2.196
2.196
2.196
2.196
2.196
2.196
2.196
2.196
2.196
2.433
2.433
2.433
2.438
2,438
2,438
2,437
2.437
2.437
2.446
2,446
2.446
2.438
2.438
2,438
2.438
2.438
2.438
2.434
2.434
2.434

P, (m)

0.040
0.040
0.040
0.091
0.09!
0.091
0.193
0.193
0.193
0.193
0.193
0.193
0.290
0.290
0.290
0.050
0.050
0.050
0.101
0.101
0.101
0.100
0.100
0.100
0.099
0.099
0.099
0.205
0.205
0.205
0.205
0.205
0.205
0.206
0.206
0.206
0.306
0.306
0.306
0.048
0.048
0.048
0.101
0.101
0.101
0.101
0.101
0.101
0.099
0.099
0.099
0.200
0.200
0.200
0.200
0.200
0.200
0.199
0.199
0.199

T(m)

0.050
0.050
0.050
0.050
0.050
0.050
0.050
0.050
0.050
0.100
0.100
0.100
0.103
0.103
0.103
0.050
0.050
0.050
0.050
0.050
0.050
0.100
0.100
0.100
0.199
0.199
0.199
0.051
0.051
0.051
0.100
0.100
0.100
0.201
0.201
0.201
0.101
0.101
0.101
0.049
0.049
0.049
0.050
0.050
0.050
0.101
0.101
0.101
0.201
0.201
0.201
0.049
0.049
0.049
0.100
0.100
0.100
0.201
0.201
0.201

Mm)
0.068
0.124
0.151
0.069
0.131
0.186
0.136
0.167
0.196
0.121
0.164
0.222
0.167
0.200
0.229
0.078
0.137
0.163
0.077
0.141
0.195
0.139
0.179
0.235
0.246
0.279
0.308
0.105
0.146
0.205
0.140
0.181
0.240
0.245
0.282
0.312
0.184
0.217
0.139
0.106
0.143
0.169
0.082
0.146
0.202
0.147
0.189
0.246
0.265
0.300
0.328
0.110
0.150
0.209
0.120
0.191
0.251
0.267
0.304
0.333

ho/T, Qm

1.360
2.480
3.020
1.380
2.620
3.720
2.720
3.340
3.920
1.210
1.640
2.220
1.621
1.942
2.223
1.560
2.740
3.260
1.540
2.820
3.900
1.390
1.790
2.350
1.236
1.402
1.548
2.059
2.863
4.020
1.400
1.810
2.400
1.219
1.403
1.552
1.822
2.149
1.376
2.163
2.918
3.449
1.640
2.920
4.040
1.455
1.871
2.436
1.318
1.493
1.632
2.245
3.061
4.265
1.200
1.910
2.510
1.328
1.512
1.657

1 (m3/s)

0.050
0.200
0.298
0.049
0.200
0.394
0.201
0.299
0.402
0.100
0.200
0.399
0.200
0.302
0.400
0.051
0.201
0.297
0.050
0.200
0.400
0.100
0.200
0.399
0.202
0.301
0.400
0.098
0.200
0.399
0.101
0.199
0.399
0.197
0.301
0.398
0.202
0.302
0.099
0.101
0.201
0.301
0.047
0.202
0.398
0.101
0.201
0.399
0.200
0.300
0.400
0.101
0.200
0.399
0.050
0.202
0.399
0.199
0.300
0.399

Qo
: (m3/s)

0.0500
0.1828
0.2720
0.0493
0.1937
0.3839
0.1976
0.2923
0.3937
0.1023
0.2018
0.3834
0.2025
0.2973
0.3926
0.0513
0.1934
0.2794
0.0481
0.1966
0.3813
0.1046
0.2029
0.3834
0.2089
0.2975
0.3897
0.0984
0.2004
0.3919
0.1041
0.2016
0.3864
0.2008
0.2988
0.3938
0.2051
0.3010
0.1000
0.0994
0.1997
0.2877
0.0479
0.1971
0.3902
0.0973
0.2005
0.3876
0.1984
0.2963
0.3879
0.1023
0.2030
0.3970
0.0496
0.2018
0.3940
0.2010
0.3048
0.3999

%Error

-0.03
-8.60
-8.71
0.67

-3.17
-2.56
-1.67
-2.26
-2.07
2.33
0.89

-3.91
1.27

-1.57
-1.86
0.51

-3.79
-5.91
-3.86
-1.70
-4.69
4.55
1.47

-3.92
3.40

-1.17
-2.58
0.43
0.18

-1.77
3.10
1.30

-3.15
1.92

-0.75
-1.05
1.52

-0.35
1.02

-1.57
-0.63
-4.41
2.02

-2.44
-1.95
-3.71
-0.24
-2.87
-0.78
-1.24
-3.03
1.24
1.50

-0.49
-0.73
-0.10
-1.25
0.99
1.59
0.22

""-.̂

~ s ^ . ^^^^^ ...u2

° - - . _ ^ ^ ^ ^ • •

^ ^ &a fj... - ^

'^>>C^\ -"""'

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



Modular Flow Conditions - Existing Data
Data contained in WRC Report 442/1/95
Shallow and irregular pool depths

Test ru-

SC 1
SC2
SC3
SC4
SC5
SC6
SC7
SC8
SC12

SC13
SC14

SC15
SC16
SC17
SC18
SC19
SC23
SC24

SC25
SC26
SC27
SC28
SC29
SC30
SC34
SC35
SC36
SC37

L,(m)

0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738
0.738

1-2 (m)

2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216
2.216

P i ( m )

0.085
0.085
0.085
0.085
0.016
0.016
0.016
0.016
0.085
0.085
0.085
0.085
0.016
0.016
0.016
0.016
0.085
0.085
0.085
0.085
0.016
0.016
0.016
0.016
0.016
0,016
0.016
0.016

T(m)

0.104
0.104
0.104
0.104
0.103
0.103
0.103
0.103
0.104
0.104
0.104
0.104
0.103
0.103
0.103
0.103
0.104
0.104
0.104
0.104
0.103
0.103
0.103
0.103
0.103
0.103
0.103
0.103

ho(m)

0.141
0.181
0.213
0.240
0.138
0.178
0.209
0.235
0.139
0.180
0.211
0.237
0.137
0.176
0.206
0.231
0.140
0.180
0.211
0.238
0.137
0.176
0.206
0.230
0.136
0.173
0.200
0.226

0.100
0.201
0.301
0.398
0.100
0.200
0.301
0.400
0.100
0.199
0.299
0.398
0.100
0.200
0.300
0.399
0.100
0.200
0.300
0.400
0.100
0.200
0.301
0.399
0.100
0.200
0.301
0.400

Qc
: (m3/s)

0.1048
0.2026
0.3004
0.3955
0.0994
0.1987
0.2977
0.3946
0.1007
0.1998
0.2938
0.3844
0.0974
0.1930
0.2873
0.3789
0.1027
0.1998
0.2938
0.3881
0.0974
0.1930
0.2873
0.3750
0.0954
0.1845
0.2671
0.3596

%Em>r
4.78
0.80

-0.20
-0.63
-0.58
-0.64
-1.09
-1.36
0.67
0.42

-1.74
-3.43
-2.61
-3.51
-4.22
-5.05
2.71

-0.08
-2.06
-2.99
-2.61
-3.51
-4.54
-6.02
-4.62
-7.75

-11.27
-10.09

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



Modular Flow Conditions - Additional Data
Additional data, weirs similar to WRC tests (existing data)

Test nr
A0-F1
AO-F2
A0-F3
A0-F4
AO-F5
A0-F6
AO-F7
AO-F8
A0-F9
AO-F1O
A0-F11
AO-F12
A0-F13
AO-F14
AO-F15
A0-F16
AO-F17
A0-F18
A0-F19

Mm)
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400
0.400

L2 (m)

1.600
1.600
1.600
1.600
1.600
1.600
1.600
1.600
1.600
1.600
1.600
1.600
1.600
1.600
1.600
1.600
1.600
1.600
1.600

* Discharge determined witl

Discharge calculated with

B (m)
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

P, (m)
0.101
0.101
0.101
0.101
0.101
0.101
0.101
0.101
0.101
0.101
0.101
0.101
0.101
0.101
0.101
0.101
0.101
0.101
0.101

l manometer

adapted

Z, (m)
0.310
0.310
0.310
0.310
0.310
0.310
0.310
0.310
0.310
0.310
0.310
0.310
0.310
0.310
0.310
0.310
0.310
0.310
0.310

IMFT equation (as

T(m)

0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071

ho (m)
0.0662
0.0873
0.0889
0.0959
0.1006
0.1043
0.1097
0.1180
0.1249
0.0653
0.0831
0.0899
0.0923
0.0952
0.0996
0.1057
0.1192
0.1295
0.1378

Manometer
d, (m)
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300

described in Chapter 4)

d2 (m)
0.1629
0.1629
0.1629
0.1629
0.1629
0.1629
0.1629
0.1629
0.1629
0.1629
0.1629
0.1629
0.1629
0.1629
0.1629
0.1629
0.1629
0.1629
0.1629

hw (m)
0.042
0.192
0.196
0.310
0.415
0.512
0.685
1.010
1.365
0.041
0.131
0.206
0.246
0.297
0.390
0.551
1.060
1.645
2.280

0.626
0.626
0.626
0.626
0.626
0.626
0.626
0.626
0.626
0.626
0.626
0.626
0.626
0.626
0.626
0.626
0.626
0.626
0.626

Qr/OnVs)

0.0124
0.0265
0.0268
0.0337
0.0390
0.0433
0.0501
0.0608
0.0707
0.0122
0.0219
0.0274
0.0300
0.0330
0.0378
0.0449
0.0623
0.0776
0.0913

Weir
Qo*(m3/s)

0.01244
0.02523
0.02671
0.03374
0.03894
0.04329
0.05001
0.06118
0.07120
0.01220
0.02160
0.02766
0.03001
0.03300
0.03780
0.04499
0.06288
0.07823
0.09161

1 , '*' ^

i '

% Error
0.39

-4.80
-0.26
0.20

-0.05
0.03

-0.08
0.66
0.76

-0.40
-1.32
0.75
0.05
O.I I
0.09
0.22
0.98
0.85
0.32



Modular How rendi t ions - Addi l io iu i l Data

Wars wild similar contiguniliun as llic war lor suhmernnice lest uu A4

Test nr

A4- I I

A4-F2

A4-F3
A4-F4

A4-F5

A4-F6
A4-F7

A4-F8
A4-F9
A 4 F I 0

A4-H1
A i l 12

A4-F13
A4-1 14

A4-- I5

A4-FI6

A4-FI7
A4-FIX

A4-I-19

A4-F2O

A4-F2I

A4-F22
A4-F23

A4-F24

A4-F25
A I F26

A4-F27
A4-F28

A4-F29

A4-F30

A4-F31
A4-F32

A4-F33

A4-F34

A4-F35

A4-F36

A4-F37

A4-F38
A4-F39
A4-F40

A I 1-41

A4-F42

A4-F43
A4-F44

A4-F45

1,(111)

0.400

0.400

0.400
0.400

0.400

0.400
0.400

0.400
0.400

0.400
0 400

0.400
0400

0.400
0.400

0 400

0.400

0.400
0.400

0404)
0.400

0.400
0.400

0 400

0.400
0.400
0.400

0 401

0 401

0 401

0401
0 401

0 401

0.401

0.401

0.401
0 401

0.401
0 401

0.401

0.401
0 401
0 401

0.401
0 401

- ; .<m)

0.500
0.500

0.500

0.500
0.500

0504)

0.500

0.504)
0.500

0.500
0.500

0.500

0.500

0.500
0.500

0.5OO

0.500

0.500

0.500
0.5O0
0.500

0.500

0.500
0.500

0.500
0.500

0.500
0.501

0 501

0 501

0.501

0.501
0501
0.501
0.50!
0.501

0.501

0 501

0.501
0.501
0.501

0.501

0.501
0.501

0.501

• j b (n0

(I 500

0.500
0.500

0.498

0.498
0 498

0.498

0.498

0.498
0.498

0.498

0498

0.498

0.498

0.498

0 498

0.498

0.498

0 498

0 498
0.498

0.498
0 498

0 498
0.498

0.498
0.498

0.498

0.498

0.498

0.498

0.448

0.498

0.498
0.498

0.498
0498

0.498

0.498
0498

0498
0498

0.498
0.498

0498

H( in)

2 000

2 000

2.000
2.000

2 000
2.000

2 0O0

2.000

2 000
2.000
2 000

2.000

2.000

2 000
2 (tint

2 000

2 000

2.000
2 000
2 0410

2.000

2 000
2.000

2 ooo
2.000

2 000
2 000
2 000

2 000

2 000

2.000
2.04)0

2.000

2 0410

2.004)
2 4)00

2 000
2 (MM)

2 000
2.000

2 4)00
2 000

2 000
2 000
2.004)

Pi (m)

0.102

0.102
0.102
0.101

II Mil

0 101

0.101

0.101
II Mil

0 101

0.101
II Mil
(I Mil

0 101

0 101

II Mil

0.101

0.101

0.101
0. Mil

0.101

0.101
0.101
OHH

0 Mil
0.101

0.101

0.050
0 050

0.050

0.050
0 050

0050

0050

0.050

0.019
0.019
0 019

0.019

0.019

0.019
0 019

0.019
0.019
0.019

Z, (in)

0.313

0.313

0.313
0.313

0.313
0.313

0.313

0.313
0.313

0 313

0.313

0.313

0.313

0.313
0.313

0.313

0.313

0.313

0.313

0.313
0.313
0.313

0.313

0.313

0.313

0.313
0.313
0.259
0.259

0.259

0.259
0.259

0.259

0.259

0.259

0.228

0.228
0.228

0.228

0.228

0.228
0.228

0.228
0.228

0.228

1 !in>

0 071

0 071

0.071

0.071

0.071
0.071

0.071

0.071
0.071

0 071
0071

0.071

0.071

0.071
0071

0071

0.071

0.07!

0.071
0 071

0.071

0.071
0.071
0 071

0.071
0.071

0.071
0.071

0.071

0.071

0.071
0.071

0.071

0071

0.071

0.071

0(t7l
0.071

0.071

0.071
0.071
0.071

0.071

0.071

0.071

ho (in)

0 17X7
0.1501

0.192/

0 0664

0 0676
0 0X41

0.08X4

0.0925
(1.0944
O.O'JXO

0.1O4O

0.1114

0.1170
0.0569

0.0695

0.0X85

0.0937

0.0997

0 KMX
0 1072

0.1127
0.1188

0.12X0

0.1356
0.1407

0.1471
0.1556
0.05X2

0.08X4

0.10X4

0.1162
0.M02

0.1414
0.1529

0.1883

0.089X
0 14)81

0 1261
0.1372
0.1549

0.1647
0 1714
0 1741

0.1X05
0.1856

Mumnncd'i

i l l (nO

0.300

0300
0.300

0 300
0.300

0.300

0.300
0.300
0.300

0.300

0.300
0.300

0.300
0.300

0 300
0.300

0.300

0.300

0 300
0.300
0.300

0.300
0.300

0300

0.300

0.300
0.300

0.300

0.300

0.300
0.300

0.300

0.300

0.300

0.300

0.300
0.300

0.300
0.300

0.300

0 300
0 300
0.300

0.300

0.300

t l , (m)

0 213

0 213

0.213
0.1629

0.1629
0.1629
0.1629

0.1629

0.1629

0.1629

0.1629

0.1629
0.1629

0 1629

0 1629

0.1629

0.1629

0.1629

0.1629
0 1629
0.1629

0.1629

0.1629
0 1629

0.1629
0 1629

0.1629
0 1629

0 1629

0.1629

0.1629
0 1629

0 1629

0.1629

0.213

0.213

0.213
0.213

0.213
0.2 1.1

0.213

0 213
0 213

0.213
0.213

liwfuO

I 220
0.575

1.680

0.04-1

0.046
O.I IX

0.149

0.179

0 210
0.257

0 14X

0.486

0.616
0 026

0.047

0.I4X

0.201

O.27X

0.342
0 404

0.515
0.666
0 930

I 215

1.440
1.750

2.235
0 029

0.151
0.440

0.613

1.055
1 545

2.205

1.615
0.048

0.132
0.2X1

0.423
0.737
0.955

1.140

1.220
1.425

1.61(1

0 604

0.604

0 604
0 626

0 626
0.626

0626

0.626
0 626

0.626

0626

0.626
0.626

0.626
0 626

0 626

0.626
0.626

0.626
0 626

0.626

0.626
0626

0626

0.626
0.626
0 626

0.626

0 626

0626

0.626
0 626

0 626

0.626 •

0.604

0.604
0 604

0 604
0.604

0.604
0 604

0 604
0.604

0.604
0.604

,' (niVs)

0 1219

0 0837

0.14.11

00127

0.0130
0.020X

0.0233
0.0256

0.0277
0 0307

0.0357

0.0422

0.0475
0.009X

0 0131

0.0233

0.0271

0.0319

0.0.154
0 03X4

0.0434

0.0494
0 0583

0 0667

0 0726

0.0800
0.0904

0.0103

0.0235
0.0401

0.0474

0.0621

0.0752

0 0898

0.1403

0.0242
0 0401
005X7

0 0718

0.0948

0.1079
0.1179

0.1219
0 13IX

0 1401

Weir

Q0 '<m1/s)

0 1236

0 0850

0.I444

0.0125

0.0128
0 0207

0.0236

0.0265

0.0280
0 0308
0 0.158

0.0425

0.0478
0 0099

0 0134

0.O236

0.0274

0.0322

0 0356
0 0386

0.0437
0.0496
00591

0 0675

0.0733
0.0X10

0.0917

0 0105

0 0242

0.0405

0.04X0

0.0625

0.0753

0.0896

0.139!

0.0249

4) 0.199
0.0579

0 0703
0.0923

0.1055
0.1150
0 1188

0.1283
0.1359

%1-rrnr

34

1 54
0 91

- .44

-1.01

-0 41

0.93

3.64

0.87
0 41

0.34

0.70

0.74

1 91

2 05
1.57

1.13

0.8K

0.73
4M6

063
0 49

1.34
1 IX

1.04
1.29

1.46
1 92

2 99

1.07

1.27
0 64

0.18

-0.28

-0.83
2.90

-0.4.1

•I 44

-2.11
-2 57

-2 16
-2 45

-2.52
-2.66

-2 93

1 •

Discharge ileti-nnined with nwnomeler
1 Discharge calculated wiih adapted IMFT equation (as descntwd in Chapter 4)



Modular Flow Conditions - Additional Data
Weirs with similar configuration as the wcir for submergence test no. A8.

Test nr L, (in) L2.a (m) L2,b (m) B (m) P, (m) Z, (m) T, (m) h0 (m)
Manometer

d, (m) d2(m) hw Qj (m3/s)
Weir
Qo*(m3/s) %Error

A8-F1
A8-F2
A8-F3
A8-F4
A8-F5
A8-F6

0.401
0.401
0.401
0.401
0.401
0.401

0.500
0.500
0.500
0.500
0.500
0.500

0.699
0.699
0.699
0.699
0.699
0.699

2.000
2.000
2.000
2.000
2.000
2.000

0.102
0.102
0.102
0.102
0.102
0.102

0.313
0.313
0.313
0.313
0.313
0.313

0.071
0.071
0.071
0.071
0.071
0.071

0.1754
0.1189
0.1415
0.1878
0.1752
0.1572

0.300
0.300
0.300
0.300
0.300
0.300

0.213
0.213
0.213
0.213
0.213
0.213

1.435
0.240
0.545
1.935
1.425
0.900

0.604
0.604
0.604
0.604
0.604
0.604

0.1322
0.0541
0.0815
0.1535
0.1318
0.1047

0.1331
0.0541
0.0821
0.1541
0.1328
0.1045

0.65
-0.01
0.78
0.33
0.76

-0.19
+ Discharge determined with manometer
i Discharge calculated with adapted IMFT equation (as described in Chapter 4)



Modular Flow Conditions - Additional Data
Weirs with similar configuration as the weir for submergence test no. Al

Test nr
Al
Al

Al
Al
Al
Al
Al

Al
Al
Al
Al
Al
Al

Al
Al
Al
Al
Al
Al
Al
Al

Al

-Fl
-F2
-F3
-F4
-F5
-F6
-F7
-F8
-F9
-FIO
-Fll
-F12
-F13
-F14
-FI5
-FI6
-F17
-FI8
-F19
-F2O
-F21
-F22

L, (m)
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401

k a (m)
0.249
0.249
0.249
0.249
0.249
0.249
0.249
0.249
0.249
0.249
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.249
0.249
0.249

-2* (m)

0.148
0.148
0.148
0.148
0.148
0.148
0.148
0.148
0.148
0.148
0.148
0.148
0.148
0.148
0.148
0.148
0.148
0.148
0.148
0.148
0.148
0.148

L3

0.200
0.200
0.200
0.200
0.200
0.200
0.200
0.200
0.200
0.200
0.200
0.200
0.200
0.200
0.200
0.200
0.200
0.200
0.200
0.200
0.200
0.200

U.a
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250
0.250

Ub
0.350
0.350
0.350
0.350
0.350
0.350
0.350
0.350
0.350
0.350
0.350
0.350
0.350
0.350
0.350
0.350
0.350
0.350
0.350
0.350
0.350
0.350

B (m)
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

P, (m)
0.102
0.102
0.102
0.102
0.102
0.102
0.102
0.102
0.102
0.102
0.103
0.103
0.103
0.103
0.103
0.103
0.103
0.103
0.103
0.102
0.102
0.102

Z, (m)
0.313
0.313
0.313
0.313
0.313
0.313
0.3 13
0.313
0.313
0.313
0.313
0.313
0.313
0.313
0.313
0.313
0.313
0.313
0.313
0.313
0.313
0.313

T, (m)
0.070
0.070
0.070
0.070
0.070
0.070
0.070
0.070
0.070
0.070
0.070
0.070
0.070
0.070
0.070
0.070
0.070
0.070
0.070
0.070
0.070
0.070

T2 (m)

0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042

T, (m)
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039

ho (ni)
0.1125
0.1042
0.1215
0.1353
0.1468
0.1643
0.1857
0.1992
0.2097
0.2147
0.0664
0.0992
0.1119
0.1314
0.1359
0.1489
0.1671
0.2013
0.2079
0.1431
0.0641
0.1945

Manometer

d, (m) d
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300

z(m)
0.213
0.213
0.213
0.213
0.213
0.213
0.213
0.213
0.213
0.213
0.213
0.213
0.213
0.213
0.213
0.213
0.213
0.213
0.213
0.213
0.213
0.213

hw (ni)
0.091
0.069
0.127
0.202
0.282
0.420
0.850
1.220
1.565
1.755
0.014
0.056
0.086
0.177
0.205
0.300
0.517
1.275
1.510
0.248
0.013
1.075

Cd C
0.604
0.604
0.604
0.604
0.604
0.604
0.604
0.604
0.604
0.604
0.604
0.604
0.604
0.604
0.604
0.604
0.604
0.604
0.604
0.604
0.604
0.604

)J (m3/s]

0.0333
0.0290
0.0393
0.0496
0.0586
0.0715
0.1018
0.1219
0.1381
0.1462
0.0131
0.0261
0.0324
0.0464
0.0500
0.0605
0.0794
0.1246
0.1356
0.0550
0.0123
0.1144

Weir

Qo* (m3/s)
0.0337
0.0290
0.0395
0.0494
0.0586
0.0759
0.1026
0.1216
0.1373
0.1450
0.0125
0,0263
0.0334
0.0465
0.0499
0.0604
0.0792
0.1248
0.1347
0.0555
0.0119
0.1148

%Error
1.29
0.09
0.40

-0.43
-0.08
6.06
0.85

-0.30
-0.60
-0.81
-4.11
0.83
3.12
0.17

-0.19
-0.15
-0.24
0.12

-0.71
1.00

-3.70
0.33

* Discharge determined with manometer

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



Modular Flow Conditions - Additional Data
Weirs with similar configuration as the weir for submergence test no. A15.

Test nr U (m) L2-fl (m) L2,b (m) B (m) P, (m) Z, (in) T, (m) ho (m)

Manometer

d, (m) d2(m) hw (m) Cd Qr

Weir
Qo*(m3/s) % Error

A15-F1
A15-F2
A15-F3
A15-F4
A15-F5
A15-F6
A15-F7
A15-F8
A15-F9
A15-F10J
A15-F1I
A15-FI2
AI5-F13
A15-F14
A15-F15
A15-F16
A15-F17

0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.401
0.40!
0.401
0.401

0.430
0.430
0.430
0.430
0.430
0.430
0.430
0.430
0.430
0.430
0.430
0.430
0.430
0.430
0.430
0.430
0.430

0.618
0.618
0.618
0.618
0.618
0.619
0.619
0.619
0.619
0.619
0.619
0.619
0.619
0.619
0.618
0.618
0.618

2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

0.102
0.102
0.102
0.102
0.102
0.101
0.101
0.101
0.101
0.101
0.101
0.101
0.101
0.101
0.050
0.050
0.050

0.313
0.313
0.313
0.313
0.313
0.313
0.313
0.313
0.313
0.313
0.313
0.313
0.313
0.313
0.259
0.259
0.259

0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071
0.071

0.1750
0.1050
0.1417
0.1884
0.1962
0.0567
0.0873
0.1003
0.1100
0.1165
0.1237
0.1270
0.1476
0.1526
0.1623
0.1748
0.1865

0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300

0.213
0.213
0.213
0.213
0.213

0.1629
0.1629
0.1629
0.1629
0.1629
0.1629
0.1629
0.1629
0.1629
0.213
0.213
0.213

1.170
0.115
0.480
1.600
1.905
0.027
0.144
0.296
0.472
0.632
0.825
0.935
1.880
2.175
0.895
1.250
1.650

0.604
0.604
0.604
0.604
0.604
0.626
0.626
0.626
0.626
0.626
0.626
0.626
0.626
0.626
0.604
0.604
0.604

0.1194
0.0374
0.0765
0.1396
0.1524
0.0099
0.0230
0.0329
0.0416
0.0481
0.0549
0.0585
0.0829
0.0892
0.1044
0.1234
0.1418

0.1203
0.0373
0.0761
0.1401
0.1519
0.0099
0.0231
0.0332
0.0419
0.0483
0.0557
0.0592
0.0834
0.0897
0.1035
0.1210
0.1383

0.76
-0.22
-0.53
0.35

-0.27
-0.27
0.58
0.96
0.94
0.39
1.39
1.31
0.53
0.61

-0.93
-1.94
-2.43

Discharge

Discharge

determined with manometer

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

•' B ° - ' '•.

lr



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

PW-1

z =
p —
ll0 =

L

hv (mm)
154.9
159.7
165.0
176.0
185.9
202.9
214.4
219.8
228.1
252.0
266.5
325.4
399.8
354.0
369.3

0.505
0.505

0.1593
0.5

t (mm)

0.2
25.3
51.7
94.4

119.7
156.9
177.0
1X5.4
198.1
229.7
248.4
315.0
330.9
346.4
362.3

m
m
m
m

PW-2
7 —

P =

hv (mm)
175.0
177.8
180.2
183.4
186.7
189.9
194.7
199.9
206.4
212.8
220.5
228.1
239.4
252.2
266.2
281.8
297.5
314.7

0.505
0.505

0.1801
0.5

t (mm)
3.4

20.4
34.7
50.4
65.2
78.9
96.7

115.1
132.6
148.4
165.6
180.5
199.7
219.8
239.4
259.9
279.2
299.5

m
m
Ml

m

PW-3
Z =
P =

hu =
L =

hv (mm)
99.7

101.5
104.0
106.3
110.5
115.2
121.7
131.1
139.2
153.8
166.5
183.7

0.505
0.505

0.1018
0.5

t (mm)
I.I

11.2
25.1
37.1
52.4
66.5
83.1

100.1
116.9
138.3
154.8
175.4

m
m
m
m

PW-4
Z =
p =

ho =
L =

hv (mm)
137.4
139.8
142.7
146.3
150.2
154.2
160.4
168.0
177.1
189.4
204.4
227.1
250.3
281.7

0.505
0.505

0.1414
0.5

t (mm)
0.1

14.5
30.0
47.0
63.1
79.4
96.9

115.6
135.4
157.0
180.4
210.9
238.7
274.5

m
ni

m
m

PW-5
Z —
P =

i_i

hv (mm)
187.0
186.7
189.6
192.3
196.5
199.7
202.5
204.8
209.9
216.6
226.2
238.4
255.9
276.5
302.5
331.6
367.0
411.0
464.8

0.505
0.505

0.1922
0.5

t (mm)
0.3
1.4

18.7
35.4
54.1
70.4
81.0
90.9

107.5
129.1
153.5
180.0
212.0
241.9
276.8
311.9
352.4
400.0
457.0

m
m
m
m



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

PW-6
Z =
P =

K =
i —

hv (mm)
214.7
217.0
219.9
224.4
229.6
236.3
244.9
256.7
270.K
288.4
309.6
334.9
368.6
408.6
444.7
489.8

0.505
0.505

0.2214

0.5

t (mm)
1.4

18.4
35.6
59.7
83.1

110.3
138.8
170.5
200.3
234.2
266.8
302.6
342.8
390.0
430.0
478.2

m

m

m

m

PW-7
Z =
P =

K =
L =

hv (mm)
216.2
219.2
222.6
226.6
232.1
239.6
248.0
260.3
274.0
291.8
314.2
339.5
373.0
413.0

452.7
497.1

0.505
0.505

0.223

0.5

t (mm)

0.1

21.0
41.2
62.6
87.3

116.1
143.4
177.8
207.3
239.9
274.8
309.3
349.9
396.8
440.1
487.3

m

m

m

m

PW-8
rr

P -

L =

hv (mm)
119.4
121.6
124.4
127.7
131.5
137.5
146.6
154.6
168.2
186.6
207.4
237.0
274.8

i

0.505
0.505

0.1221

0.5

t (mm)
2.8

14.9
28.8
43.9
60.4
78.5

101.0
118.1
141.1
167.4
193.6
227.8
269.4

in

m

in

m

PW-9
Z =
P =

L =

h, (mm)

117.3
120.5
124.4
128.7
134.0
142.6
154.2
170.1
190.9
220.3
256.3

0.505
0.290

0.1203

0.5

t (mm)
1.4

20.2
38.5
58.3
74.7
97.4

121.0
147.0
175.2
210.6
250.4

m

m

m

m

PW-10
Z =
P -

K =
L

hv (mm)

152.7
155.5
158.7
162.3
166.2
171.2
179.4
189.7
202.4
220.7
247.0
281.2
326.7

0.505
0.29

0.1569

0.5

t (mm)

0.1

16.2
34.8
52.0
69.3
88.4

112.2
137.2
162.7
192.0
227.5
268.8
318.7

in

m

m

in



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

PW-11

z =
p =

ho =

L =

hv (mm)

182.0
183.9
186.1
189.5
192.8
196.9

202.5
210.0
220.2
236.5
257.4
275.6
312.1

382.1
475.3

0.505
0.29

0.186

0.5

t (mm)

0.7

16.1
31.3
49.0

65.3

83.7
104.6
127.8
153.8
188.1
222.2
248.5
294.0

372.7
470.4

m
m

m
m

PW-12
7 ~

p =

ho =

L —

hv (mm)

240.4
243.0
246.6
251.5
258.4
266.0
274.2
283.5
299.9
321.1
356.4
410.4
494.1

0.505
0.29

0.2484

0.5

t (mm)

0.0

17.9
40.6
68.7

101.2

131.1
160.3
190.9

227.2
267.2
319.9
387.9
481.2

in

m
m

m

PW-13
Z —
P =

L —

hv (mm)

215.7

217.6
220.8
224.6
228.2
234.2
243.7
251.8
265.0

286.3
318.9
367.0
426.4

495.7

0.505
0.160

0.222

0.5

t (mm)

1.5
18.7
38.4
59.8
79.2

106.8
142.6
167.8
199.9

240.8
288.7
349.7
415.9

488.9

m
m
m
in

PW-14
7 —

P =

h o =
L —

hv (mm)

192.4

194.6
197.5
200.6
203.5
207.9
214.4
224.2
237.5
257.5
285.1
327.6
389.6

0.505
0.16

0.1981

0.5

t (mm)

0.0

15.9

34.6
52.1
68.3
90.0

114.9
145.1
178.0
215.8
257.4
311.2
380.5

m
m

m
m

PW-15

Z =

L

hv (mm)

155.6

157.8
161.1
164.9
169.9

175.5
183.8
196.3
211.4
232.1
263.7
307.8

375.3

0.505
0.16

0.1592

0.5

t (mm)

0.1
16.6
36.2
55.5
76.7
97.5

122.1
150.6
178.2

209.4
249.6

299.7
371.4

m
m

m

in



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

PW-16
Z —
P =

K =
L =

hv (mm)

129.2

131.6

134.5
137.9
142.4
149.1
156.4
166.3
178.7
195.8
222.6
264.8

0.505
0.16

0.132

0.5

I (nun)

0.6

16.2
32.1
48.6
68.4
89.6

108.6
129.9
151.5
177.2
210.8
258.4

m
m
ni

m

PW-17

P =

K =
t =

hv (mm)

118.0
120.2
122.7
126.0
129.3
133.6
139.3
146.1
155.8
169.2
194.9
235.2

0.505
0.06

0.1203

0.5

t (mm)

0.4
15.7
31.5
48.3
63.4
78.5
95.4

111.4
130.8
152.2
185.8
231.0

m
ni

m

ni

PW-18
Z =
P =
ho =

\\ (mm)

181.2
183.9
186.6
190.5
198.1
205.5
218.0
231.6
249.2
277.6
328.5

0.505
0.06

0.1867

0.5

t (mm)

0.0

19.6
36.0
62.2
95.5

126.5
159.3
190.2
221.3
260.5
319.5

m

in

m

m

PW-19
/ =
P =

K =

li. (mm)

182.5
183.7
185.8
188.3
192.2
196.9
203.2
214.7
230.1
246.8
276.2
339.4

0.29
0.06

0.188

0.5

t (mm)

2.7
20.1
39.7
59.3
80.5

100,9
125.0
160.4
190.3
218.8
259.9
332.6

m
ni

m

m

PW-20
Z =
P =
ho =

L =

hv (mm)

143.5
145.6
148.0
150.6
154.7
159.6
164.5
169.3
186.6
217.9
278.8

0.29
0.06

0.148

0.5

t (mm)

0.5

18.1
35.8
51.7

72.9

92.5

109.3
128.2

158.0
203.8
273.4

ni

m

m

m



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

PW21
7 —

p =

h.=
L ~

hv (mm)
123.2
125.0
127.6
130.6
134.7
138.9
144.3
153.6
163.4
178.3
201.0
252.0
308.6

0.29
0.06

0.1267
0.5

t (mm)
1.6

16.7
32.9
50.5
68.6
84.1
98.7

120.8
139.8
162.8
191.4
247.6
306.5

m
m
m

m

PW-22
Z =
P —

K =
L =

hv (mm)
102.5
104.4
106.1
107.4
109.2
111.3
115.1
120.9
127.1
135.3
146.6
169.7
205.2

0.29
0.06

0.1055
0.5

t (mm)
0.1

10.6
21.1
31.2
40.6
51.4
65.5
82.6
97.2

113.4
131.8
161.4
200.9

m
m

m

m

PW-23
rr

11 =

ho =

hv (mm)
157.2
159.4
161.8
164.7
168.7
174.0
180.7
189.5
201.4
212.4
234.4
275.0
328.1

0.29
0.16

0.1628

0.5

t (mm)
1.2

18.0
33.3
49.9
69.9
92.5

114.3
135.2
159.9
180.2
212.2
261.6
320.6

in

m
m
m

PW-24
Z =
I ' -
ll =
l lo
L =

hv (mm)

201.0
202.5
204.7
207.2
210.4
214.4
219.1
224.4
230.8
241.5
255.8
279.0
314.1
369.9
447.6

0.29
0.16

0.2082

0.5

t (mm)
0.8

17.6
35.6
51.3
71.0
90.8

110.3
130.1
150.1
176.2
204.8
243.4
291.3
356.9
440.0

in

m
m
in

PW-25
/ —
| > z=

llo =

h, (mm)

114.3
116.5
119.0
121.6
125.3
130.2
135.9
143.5
155.6
175.5
208.6
254.5

0.29
0.16

0.1177

0.5

t (mm)
1.0

16.3
30.4
44.3
60.6
77.1
91.0

108.7
130.7
159.5
199.2
249.3

in

ni

m
m



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

PW-26
Z =
P =
ho =

L i

h, (mm)

189.2
190.7
193.0
195.9
199.6
203.4
208.0
215.3
223.6
235.6
251.9
278.2
318.7
369.2
421.2

0.29
0.16

0.1966

0.5

t (mm)

1.1
14.5
32.8
51.7
71.8
90.4

110.1
134.8
155.5
182.3
211.5
250.2
302.2
358.2
413.6

m

m

in

m

PW-27
•~j

P =

K =
L —

\\ (mm)

143.1
144.7
146.4
148.2
150.9
154.2
157.6
162.0
167.6
175.6
194.8
220.2
267.1
323.8

0.29
0.29

0.1482

0.5

t (mm)

0.9
11.3
23.3
33.4
46.9
62.4
76.8
91.6

106.8
125.9
161.7
199.0
255.4
316.9

m

m

m
m

PW-28
Z =
P =

K =

hv (mm)

97.6
99.6

101.1
103.5
106.5
110.4
115.8
123.6
133.7
148.2
171.2
203.3
264.2

0.29
0.29

0.1001

0.5

t (mm)

0.5
13.9

22.5

34.5

46.9

60.3
74.7

92.4

110.9

132.3

161
196.8

261.2

m
m

m

m

PW-29
/ -

l> —

K =
L —

\\ (mm)

213.0
213.8
214.9
216.7
219.6
223.2
229.3
236.8
246.X
260.3
282.5
323.2
385.5
452.7

0.29
0.29

0.2207

0.5

t (mm)

0.0
11.6
21.6
36.8
54.5
74.9

103.1
130.5
160.5
192.8
233.7
293.2
368.1
441.8

m
m

m

m

PW-30
•y

P =

L =

h, (mm)

177.7
179.5
182.4
186.4
191.0
196.0
202.6
210.8
226.7
254.4
298.4
362.8
437.1

0.29
0.29

0.1848

0.5

t (mm)

0.8
15.4
34.3
57.3
79.8
99.1

121.2
142.9
177.1
222.6
279.1
351.9
430.6

m
m

m

m



Submergence Tests Done by Wessels (Existing Data)
Pull-width, single notch wcirs

PW-31
7 —

p =

h o -
L =

iiv (mm)
126.6
128.4
130.5
133.1
136.6
140.8
146.1
152.6
161.5
173.8
186.9
202.1
217.6
233.9
250.1
270.0
295.6

0.182
0.18

0.1311

0.5

t (mm)

0.6

16.3
31.7
47.0
63.3
79.7
96.0

111.7
129.8
150.6
169.3
188.6
207.0
225.4
242.8
264.3
291.3

m
m
m

in

PW-32
•~j _

P =

ho =
L =

hv (mm)

96.5
98.1
99.1

100.1
102.2
104.6
107.7
111.7
117.2
124.4
135.3
151.9
180.1

211.3

0.182
0.18

0.0996

0.5

t (mm)
0.6

13.4
19.6
25.8
36.8
47.5
59.4
71.8
84.8
99.3

117.4
139.9
173.2
206.7

m
m
m

in

PW-33
Z =

P =

h(,=

L

hv (mm)

104.3
105.6
107.2
109.1
111.2
114.4
118.8
125.7
134.0
149.3
170.4
198.4

0.182
0.082

0.1077

0.5

t (mm)
1.8

13.4
23.6
35.8
46.7
60.7
75.7
93.6

110.8
135.1
162.1
193.8

m
m
m

m

PW-34
Z =
P =

K =
L =

hv (mm)

86.4
87.5
88.9
90.7
92.6
94.8
97.7

101.5
106.6
114.1
126.7
146.2
178.1

0.182
0.087

0.0894

0.5

t (mm)
0.4
9.4

18.9
29.3
39.0
48.5
58.8
69.7
81.6
96.0

115.3
139.8
175.0

m
m
m

m

PW-35

P ~

ho =
L =

\\ (mm)

188.4
190.6
192.2
196.1
200.7
207.5
218.6
234.9
256.6
285.7
312.6
351.0

0.29
0.29

0.1956

0.5

t (mm)

6.5
22.5
40.2
59.5
80.6

109.5
143.3
178.7
217.6
258.7
292.8
337.0

m
m

m

m



Submergence Tests Done by Wessels (Kxisting Data)
Full-width, single notch wcirs

PW-36
Z =
p =

ho =

L —

hv (mm)
159.9
161.4
164.2
166.9
170.2
174.9
180.6
187.3
201.8
219.6
238.0
263.6
296.6
330.5

0.29
0.29

0.1655

0.5

t (mm)

4.2

17.1
33.2
49.7
65.7
83.9

104.6
123.0
155.1
186.3
213.5
245.9
284.3
320.7

m

m

m

m

PW-37
Z =
P =

K,=
j

hv (mm)

124.4
126.6
129.0
131.8
134.9
139.9
146.1
154.6
167.4
186.6
212.6

239.5

261.3

0.29
0.29

0.1285

0.5

1 (mm)

0.7
16.1
29.7
43.8
57.3
75.5
93.3

112.6
137.3
166.3
199.1
230.1
253.3

m

m

m

m

PW-38
Z =
P =

ho =

L =

hv (mm)

264.7
266.5
270.6
274.4
280.3
287.3
295.0
305.0
315.4

331.1

350.9
381.1
422.0
496.9

0.505
0.505

0.2729

0.5

t (mm)

1.9

18.2
43.2
61.5
91.0

119.1
146.3
177.9
216.9
250.9
287.9
335.0
390.3
477.6

m

m

m

m



Test No: A

Configuration:

L =

P =
Z =

2

0
0

.000

.173

.383

m

m
m

Flow

Flow

-Weir
ho =

QH ~

0.1061

0.1359
- Manometer:

di =

d2
 =

hw =

0.300

0.213

0.604

1.450

0.1329

m

m/s

m

m

m

m/s
1 IMFT (original)

Water levels
A
106.3
104.7
106.4
112.3
119.8
127.0
138.6
149.7
161.7
174.9
188.3

above crest-centre (mm):
B (hv)

105.9
104.4
106.8
112.0
119.5
127.3
138.6
149.7
162.0
174.6
188.4

C
106.3
104.6
107.7
112.8
119.7
127.6
139.0
150.3
162.3
175.4
188.4

D
-

0.8
14.7
40.3
66.6
87.9

110.8
128.4
146.2
162.0
178.4

E(0
-

3.2
17.4
42.3
65.9
87.6

110.7
128.4
145.6
162.7
178.3

F
-

2.0
15.9
42.0
68.3
87.9

111.6
129.2
146.5
162.8
178.5

Regime**:

-
a
a
a
b
b
b
b
b
b
b

Comment:

modular conditions
submerged, D & F oscillate slightly, E is fairly stable

very rough standing wave

smooth standing wave, D & P still oscillating, E is OK

very smooth standing wave
very smooth standing wave, minor oscillations
no std. wave distinguishable

a = Plunging Nappe; b = Surface Nappe



Test No: A2

Configuration:

B =

L, —

P =

z =
0
0

2

1.4

.173

.383

m
m

m
m

Flow

Flow

-Weir

Qof =

0.1216

0.1128
- Manometer:

d,=

d2 =

Cj =

h w =

Qm =

0.300

0.213

0.604

0.980

0.1093

m

m /s

m

m

m

m/s
1 IMFT (adapted as described in Chapter 4)

Water levels
A
122.2
122.4
122.2
124.2
128.4
133.7
143.7
156.6
151.0
183.9

above crest-centre (mm):

B (hv)
121
121

121
123
127
133
142
156
150
183

.6

.9

.9

.9

.6

.5

.9

.1

.6

.3

C

122.5
122.8
122.3
124.5
128.6
134.5
143.3
157.1
151.1
184.0

D
-

4.7
15.6
24.9
46.0
58.7
88.2

116.1
106.2
160.2

E(t)
-

2
5

27
41
59

87
116
99

161

.7

.1

.1

.4

.7

.3

.8

.7

.1

F

-
4.4

9.3
24.3
44.7
59.1
90.1

117.4
104.1
159.8

Regime**:

-
a
a

a-b
b
b
b
b
b
b

Comment:

modular conditions
some air still underneath nappe
submerged, no air underneath nappe
very unstable regime, downstream levels oscillate
stable regime, rough standing wave

smooth standing wave, oscillations are getting smaller
smooth standing wave

a = Plunging Nappe; b ~ Surface Nappe



Test No: A3

Configuration:

B =

L ~

P =

z =
0.

0.

2

1.4
172

383

in

m

in

in

Flow

Flow

-Weir

K '
QJ -

0.1348

0.1321

- Manometer:

tl, =

d2 =

Cj =

n w ~

Qn, "

0.300

0.213

0.604

1.360

0.1287

m

m /s

in

in

in

m 7s

' I MIT (adapted as described in Chapter 4)

Water levels

A
136.0
136.2

135.6

135.9
138.1

140.4
143.4

147.4
152.9
159.1
169.2

182,5
198.1
223.1

above crest-centre (mm):

B(IO
134.7
135.1
134.8

135.7

136.9

139.5
142.4

146.7

152.0
158.7
t (.8.6

182.0
197.7
222.8

C

136.0
136.2
136.0

136.4

138.7

140.7
143.9

147.9

153.2
159.8
169.9
182.7
198.2
223.4

D
-

6

10
16
30
42
52
64
79
96

119

143
168

201

.5

.3

4
.7
.6

.4

.4

.6

.8

.7

.2

.3

.3

r-(t)
-

2.0
5.0

10.1

24.5

40.3
47.8

58.5

75.2
93.6

1 18.1
142.8
166.8

200.5

V
-

6.4
13.0

13.7

25.0
44.5
52.9

65.1

81.3
97.9

1 19.5
144.2
168.7
202.6

Regime**:

-
a
a

a

a-h
b
b
b
b
b
b
b
b
b

Comment:

modular conditions
weir well aerated

relatively well aerated (± 60% air under nappe)

poor aeration ( i 5% air underneath nappe)

;t i'lun^iu^ Nappe; h Surface Nappe



Test No: A4

Configuration:

B =

L,=

L2a =

1-2,t) ~~

T,=
!'.=

0

0

0

0

0

0

2

.400

.500

.500

.071

.102

.313

m

m

m

m

m

m
m

Flow

Flow

-Weir

K =
Q o

t =

0.1787

0.1236

- Manometer:

d , =

d 2 -

Cd^

hw =

Qm =

0.300

0.213

0.604

1.220

0.1219

in

m /s

m

m

m

m /s

1MIT (adapted as described in Chapter 4)

Water levels

A

179.5

179.7

181.2

182.2

183.6

186.9

191.5
200.8
214.8
236.4
264.4
288.8

relative to

iMk)
178.8

178.6

180.1

181.2

182.9

186.1

190.6
199.6
213.8
236.2

263.8
288.0

lowest crest

C

179.9

179.8

181.4

182.6

184.2

187.5

192.0
201.0
215.0
237.0
264.2
288.8

(mm):

I)

-

7.5

32.8

58.4

81.2

97.4

112.1
136.0
168.4
206.5
243.0
273.1

E(t)

-

13

36

59

78

95

100
129
164
203

242
271

.9

.7

2

.8

.6

.6

.2

.5

.1

.9

.2

F
-

8.2

35.1

60.0

81.7

98.6

112.1
136.3
170.1
207.4
244.0
273.9

Regime**:

-

a

a

a

a

a-b

b
b
b
b

b
b

Comment:

modular conditions

L, is ±50% aerated

L[ completely submerged

L, submerged, L2 fully aerated

L, submerged, L2 still well aerated

I,, & Li completely submerged

a Plunging Nappe; b = Surface Nappe



Test No: A5

Configuration:

B =

L, =

' • 2 b ~

T =
p.=

Z, =

2.000

0.401
0.501

0.498

0.071

0.050

0.259

m

m
m

m

m

m

Flow

Flow

- Weir:

ho =

Q« t =

0.1529

0.0896
- Manometer:

d,=

d2^

Q =

h w -

Qm =

0.300

0.1629

0.626

2.205

0.0898

m
m

m
m

m
m

Vs

Vs
1 IMFT (adapted as described in Chapter 4)

Water levels
A
154.1
154.4

156.2
159.4
165.7
172.8
182.8
197.0
211.6
227.9

relative to

B ( h v )
152.9

J53.5

155.1
158.4
164.7
172.3
181.8
196.3
211.0
227.6

lowest crest
C
154.4
155.1

156.5
160.1
165.7
173.3
182.8
197.2
211.9
228.4

(mm):
D
-

23.4

51.1
84.1

106.8
125.0
148.3
173.5
192.7
214.9

E(t)
_

25.6

49.1

79.3
101.6
123.1
141.6
167.9
187.0
211.7

F

24.6

52.7
84.6

106.9
128.2
149.3
174.9
194.0
215.1

Regime**:

-
a

a
a
b

b
b
b

b
b

Comment:

modular conditions
L, submerged

L, & I.i completely submerged. O, E, F levels oscillate (*5mm)
downstream levels oscillate a lot
still a lot of oscillations

a ~ Plunging Nappe; b = Surface Nappe



Test No: A6

Configuration:

B =

Li =

L2.a =

L2,b
 =

T =

2.000

0.401

0.501

0.498

0.071

0.050

0.259

m

m

m

m

m

m

Flow

I'low

- Weir:

Q « ^

0.1883

0.1391

- Manometer:

d2 =

h w -

0.300

0.213

0.604

1.615

0.1403

in

ni7s

m

m

Ml

in7s

1MIT (adapted as described in Chapter 4)

Water levels

A
190.2
190.5
191.5
193.2
195.1
200.0
205.9
215.4
228.5
240.9
258.7
280.6

relative to

H(K)
188.3
188.7

189.5
191.3
193.5
198.6
204.7
213.6
227.7
240.1
257.3
280.0

lowest crest

C
190.7
191.0
191.8
193.4
195.6
200.4
206.2
215.8
229.1
241.6
258.9
281.0

(mm):
1)

18.9

42.1
72.7
96.3

110.0
128.0
158.1
187.5
207.6
235.3
259.7

E(t)
-

31.3
52.0
72.0
91.6

106.7
118.6
143.6
181.5
201.4
227.8
255.2

F
-

15.5
42.6
74.0
98.7

116.8
135.8
157.3
187.9
206.5
234.7
261.4

Regime**:

-

a
a
a
a
b
b
b
b
b
b
b

Comment:

modular conditions
L, submerged

I., & l.i completely submerged
Rough standing wave occurs downstream. D, E, F oscillate

still some oscillations

a = Plunging Nappe; b = Surface Nappe



Test No: A7

Configuration:
B =

Li =

L2la =

L2.t =

P —

2.000

0.401
0.501

0.498

0.071

0.019

0.228

m

m

m

m

m

m

Flow

Flow

-Weir

h o =

Q o + -

0.1856

0.1359

- Manometer:

di =

hw =

Om =

0.300

0.213

0.604

1.610

0.1401

m

m" /s

m

m

m

nV /s

1MIT (adapted as described in Chapter 4)

Water levels
A

188.3
188.1
189.1
189.4

190.6

193.8
200.2
207.6
215.6
225.2
238.8
263.9

relative to

B(hv)
185.8
185.9
186.9
187.3

188.7

191.9
198.2
205.8
213.9

223.1
237.7
262.7

lowest crest
C

188.5
188.7
189.6
190.0

191.0

195.4
200.5
207.6
216.1
224.3
239.0
264.4

(mm):

D
-

11.9
36.8
55.1
81.0

98.9
126.6
147.9
163.4
185.1
209.7
244.8

E(t)

-
5.3

39.5
57.9

77.2

91.0
116.8
140.4
159.5
177.4
205.6
241.5

F
-

14.8
37.9
55.9

82.2

100.6
126.2
149.9
167.6
1X6.6
212.1
246.1

Regime**:

-
a
a
a

a

a-b

b

b
b
b
b
b

Comment:

modular conditions
L, submerged, L2 free-flowing

L2 still well aerated

L, & L2 submerged
rough wave, large oscillations downstream

a - Plunging Nappe; b = Surface Nappe



Test No: A8

Configuration:

Li =

L2.a =

2 b

T,=
1*1 =

Z| =

2

0.401
0.500

0.699

0.071

0.102

0.313

in

m

in

in

in

in

m

Flow

Flow

- Weir:

K =
Q>

0.1

0.1
- Manometer:

di =

hw =

Qm =

0

0

0

I.

0.1

754

33!

300

213

604

435

322

m

m/s

m

m

m

m" /s

* 1MFT (adapted as described in Chapter 4)

Water levels
A

176.2
176.5

177.4
178.7
180.3
181.9
188.3
199.0
213.9
243.8
291.5

relative to

B(hv)
175.4
175.0

175.6
177.3
179.1
180.8

187.0
197.2
212.5
242.8
291.1

lowest crest

C
176.1
176.1

176.9
178.2
180.3
181.2
188.1
198.0
213.4
243.4
291.4

(mm):

D
-

6.1

30.8
55.3
84.1
94.9

113.1
147.1
178.8
225.2
281.2

E(t)
-

7.5

32.1
54.5
80.9

91.3
111.9
143.5
178.5
222.8
279.9

-

8.1

33.0
56.4
84.7
93.2

112.4
143.7
177.1
223.5
280.3

Regime**:

-
a

a
a
a
a

b
b

b
b
b

Comment:

modular conditions

I., poorly aerated (±5% air underneath nappe)

I., submerged, L2 still fully aerated

I-! & L2 completely submerged

a = Plunging Nappe; b - Surface Nappe



Test No: A9

Configuration:

B = 2 m

L,= 0.401 m

L2,a= 0.500 in

Ub = 0.699 in

T , = 0.071 m

P, = 0.102 m

Z, = 0.313 m

l;low - Weir:
ho = 0.1752 in

Q / - 0.1328 mVs

Flow - Manometer:

d, = 0.300 m

d2= 0.213 m

Cd - 0.604

h w = 1.425 m

Qm = 0.1318 niVs
f IMIT (adapted as described in Chapter A)

Water levels

A

176.1

176.5

178.0

184.0

193.8
203.0
213.0
226,0

relative to

BOO
175.2

175.3

176.9

183.2

192.3

202.5

212.2

224.6

lowest crest

C

176.1

176.4

178.0

183.6

193.6
202.8
212.8

225.4

(mm):

D
-

25.0

57.2

104.5

133.6
159.2
176.8
198.4

H(t>
-

26.4
54.9

97.4

129.2
156.6
173.2
197.8

I-
-

26.5

58.5

102.1

132.7
154.7
175.7
197.8

Regime**:

-

a

a

u-h

b

b

h
b

Comment:

modular conditions

l-i submerged, I.. Iree-flowing

I.., & L_, submerged

rough standing wave
smooth standing wave

a = Plunging Nappe, h - Surface Nappe



Test No: A10

Configuration:

B =

L,=

L 2 . a ^

L2,b =
y

11 -

Z| =

2

0.401

0.500

0.699

0.071

0.102

0.313

m
m

m
m
m

m
m

How

Flow

-Weir

ho =

Qo t=

0.1572

0.1045

- Manometer:

d ,=

d2 =

cd =
hw =

0m =

0.300

0.213

0.604

0.900

0.1047

m
3

m

m
m

m
m

/s

/s

IMIT (inliipted as described in Chapter 4)

Water levels

A

15S.3

158.2

158.8

160.6

163.1

168.7

173.9
182.0

189.6

197.6
207.0

214.5

225.3
233.3
255.0

relative to

B (hv)

157.2

157.4

158.0

160.0

162.2

168.1

173.6
181.5

188.8
196.8
206.4

214.1

224.6
232.7
254.6

lowest crest

C

158.0

158.1

158.5

160.7

161.8

168.8

174.0
182.4

189.6
197.9

206.9

214.7

225.7
233.6

255.4

(mm):

n
-

9.6

27.9

59.1

83.5

107.4

124.4

142.6
157.4

172.3
185.2

196.6

210.3
220.2
244.6

E(t)

-

9.5

29.4

57.0

83.4

103.6

123.6
142.1
155.9

169.4
184.9

194.4
208.9

219.7
244.0

-

9.1

29.6

59.9

85.4

105.4

124.5
142.2
156.7

170.6
185.2

195.5
209.6
219.7

244.7

Regime**:

-

a

a

a

a-b

b

b
b

b
b
b

b

b
b

b

Comment:

modular conditions

Li well aerated (±85% air underneath nappe of L,)

L, submerged, L2 free-flowing

L, submerged, L : free-flowing

Li & I., submerged, rough standing wave

smooth standing wave

very smooth standing wave

no wave distinguishable

;i I'ltiiigmj: Nnppc; b ": Surliicc



Test No: A I

Configuration:
B =

L, -

L2,a ~

Lz.b =

L3 =

U.b =

r
~r-

T2 =

Tj =

l*i =

A-~

2

0.401

0.249

0.14K

0.200

0.250

0.350

0.070

0.042

0.039

0.102

0.313

ni

in

in

in

in

in

Ml

111

111

111

111

111

Flow - Weir:

hH = 0.1125 m

Q l (
f - 0.0337 niVs

Flow - Manometer:

d, = 0.300 m

d2= 0.213 in

Q = 0.604

h w = 0.091 m

Q m = 0.0333 niVs

!MI:T {adapted as described in Chaplcr4;

•\r -f

Water levels

A

112.6

112.9

112.9

114.6

118.3

124.0

129.1

134.9

142.0

150.7

159.9

170.2

181.3

relative to

BOO
112.5

112.7

112.8

114.6

MX.5

124.1

128.8

134.8

142.0

150.7

160.0

170.3

181.3

lowest crest

C

113.1

113.2

113.5

115.4

118.9

124.8

I29.X

135.5

142.6

15 1.4

160.6

1 70.9

181.9

(mm):

I )

-

3.9

14.6

29.1

56.6

80.0

93.8

107.3

120.6

134.3

147.9

161.7

174.8

I 'd)
-

3.1

14.3
29.3

55.9

81.5

93.9

108.3

119.7

133.7

148.2

161.3

173.4

1

-

3.9

15.3

29.4

56.8

81.3

94.6

108.0

120.8

134.6

148.5

161.1

174.1

Regime**:

-

a

a

a

a

b

b

h

b
b

b

b

b

Comment:

modular How conditions, flow only over L| i t [.,

L| has 150% air underneath nappe, \.y not yet overflowing

L[ submerged, L2 free-flowing, l. ( not yet overtlowing

L| submerged, U Iree-llowing, 1., overflowing - but no air underneath nappe

L, & Li submerged, 1., still unaerated (loo little (low)

I., & l.i submerged, 1., finally aerated

L h L2, l-i submerged

I,4 ovcrllowing - but no air underneath nappe

L, - L., submerged

a- Plunging Nappe; b - Surfaee Nappe



Test No: A12

Configuration

B =

L,=

L2 ,8==

L2,b =

L3 =

L4 a =

^4,b ~

T , =

T —*

T3 =
p =' 1

Z| =

2

0.401

0.249

0.148

0.200

0.250

0.350

0.070

0.042

0.039

0.102

0.313

Water levels relative to

A

143.1

143.3

144.3

146.4

150.0

154.0

160.0

166.9

171.6

178.3

186.9
196.6
207.1
218.0
231.6

B(hJ

143.0

143.1

144.1

145.9

149.8

153.8

159.6

166.5

171.5

178.3

186.9
196.6

207.0
217.9
231.6

m

m

m

m

111

m

m

m

m

ni

m

ni

lowest crest

('

143.9

143.9

145.2

146.5

150.5

154.5

160.2

167.6

172.3

179.0

187.5
197.1
207.7
218.5
232.2

Flow - Weir:

li.,

Q « f -

0.1431

0.0555

Flow - Manometer:

cd =
h w =

Qm =

0.300

0.213

0.604

0.248

0.0550

m
1

m

ni

n i

m

m

IMFT (adapted as described in

(mm):

D

-

3.8

18.5

40.8

75.3

88.7

111.7

131.0

139.7

154.')

169.3
183.1

196.5
208.9

225.1

Li (t)

-

3.7

18.9

40.8

72.5

87.9

110.8

131.0

140.2

152.7

167.1
181.1
195.2
208.7
224.1

/s

/s

Chapter 4

F

-

4.3

19.0

41.5

74.4

89.7

113.1

133.4

141.7

154.2

169.2

183.0

196.5
209.8
225.0

Regime**:

-

a

a

a

a

a b

b

b
b

b

b
b

b
b
b

•

J
1 ' . - ' '

, "•? •

1
•

i i v

[.<• f

:r 1
1 |

1 ' • '

i

i
1

Comment:

moduhir How conditions. How over L, - L,

l-i has some air (±60%) underneath nappe, L : & L t ok, L4 has no How

I., submerged, I,2 & I-i free-flow, [,4 has no flow yet

Li & L2 submerged, L, free-Mowing, L4 not yet overflowing

1., & L2 submerged, L, free-flowing, L4 has flow - but no air under nappe

l . r L , submerged, L4 aerated

l-rl.4 submerged

Niippe; b =• Surfiicc N;ippc



Test No: A13

Configuration.

B =

L3 ~

L^.b ~

T —

T 2 -
T =

^

2

0.401
0.249

0.148

0.200

0.250

0.350

0.070

0.042

0.039

0.102

0.313

Water levels relative to

A

64.1

64.6

67.1
70.0
78.1
81.6
84.9

90.6
97.8

105.7
114.1
126.2

B (hv)

64.1

64.6

67.0
70.0
78.2

81.7
84.9

90.8
97.9

105.8
114.3
126.4

m

m
m

m

m

m

m

m

m

m

m

m

lowest crest

C

64.7

65.1
68.0
70.6
78.8

82.4
85.4

91.5
98.4

106.3
114.7
127.0

Flow - Weir:

ho = 0.0641

.0119
Flow - Manometer:

d,=

d; =

Q =

hw =

On, - 0

0.300

0.213

0.604

0.013

.0123

m
m 7s

m

m

m

m /s
f IMFT (adapted as described in Chapter 4

(mm):
D E

3.8

18.0
27.0
53.7
63.5
69.5

79.2
89.3
99.2

109.3
122.7

(t)

4.0

17.7
27.7
53.7

63.5
69.2

79.4
89.4
99.2

109.2
122.9

F

4.2

17.5
28.2
54.1

63.5
70.0

79.4
89.8
99.7

109.5
123.1

)

Regime**:

-

a
b
b
b
b

b

b
b
b
b
b

i 1 i > f ;

•1 \i 1

:: . { "" .Ku\ Y

1

• ' \ ' "

•

1

•

1

Comment:

modular conditions, flow over L, only

L| submerged, no flow over L2 yet

llow over L2 but no air under the nappe of L2

L2 appears to be submerged

L, & L2 definitely submerged

L, starts overflowing, but almost no difference in water levels
a = Plungiiii; Nappe; b - Surface Nappe



Test No: A14

Configuration

13 =

L, ~

L2.a =

L 3 -

L4.a =

Ub =

T ,=
T2 =

T —

z,=

2

0.401
0.249

0.148

0.200

0.250

0.350

0.070

0.042

0.039

0.102

0.313

Water levels relative to

A

195.5
195.6

197.2

199.0

201.2

204.8

208.4

216.6
224.0
235.1
245.8
254.9
265.9
278.0

BOO
194.5
194.6

196.1

198.3

199.9

203.8

208.2

215.6

223.3
234.6
245.6
254.5
265.1
278.0

m

m

m

m

m

m

m

m

m

m

m

m

lowest crest

C

196.1

196.3

197.7

199.6

201.4

205.2

209.3

216.4

224.5
235.7
246.4
255.2
266.8
279.1

Flow - Weir:

K =
Qo

ts=

0.1945

0.1148
Flow - Manometer:

<*• =

^ 2 =

Qi =

l l w =

Vrn =

+ IMFT (adapted

(mm):

I)

-

9.4

36.5

77.2

93.3

116.3

134.7

159.6
181.8
200.0
218.2
232.1
248.8
262.6

0.300

0.213

0.604

1.075

0.1144

in
i

m

in

m

m

m

as described in

E(t)
-

9.0

35.1

75.2

89.1

109.1

132.9

150.7
175.6
197.7
215.2
227.9
244.3
261.8

/s

/s

Chapter 4

F
-

9.3

35.5

77.0

92.5

115.7

136.9

154.9
177.9
200.0

217.3
231.4
247.0
262.6

)

Regime**:

-

a

a

a

a

a?

a-b

b
b

b
b
b
b

b

1 = : ; ..1 1
. i

1 i

•

.i

Comment:

modular conditions. How overall crests

I., has ±40% air underneath nappe, L2 - L4 Irec-flowing

L, submerged, L2 - L4 free-flowing

1,, submerged, L2 becoming submerged (still some air under nappe)

L, & L2 submerged, L3 & L4 free-flowing

I.,-L, submerged, L,4 free-flowing

L,-L4 submerged

a Pltmging Nappe; h SurTaee Nappe



Test No: A15

Configuration:
B =

L,=
L2.a =

* 1 =

P ~

Zi =

2

0.401
0.430

0.618

0.071

0.102

0.313

in

m
m

m

m
m

m

Flow

Flow

- Weir:

K =
Q>

0.1750

0.1203

- Manometer:

di =
d2 =

<\i =

0m =

0.300

0.213

0.604

1.170

0.1194

m

m"/s

m

m

m

m7s

IMIT (adapted as described in Chapter 4)

. r

Water levels
A

175.9
175.9

176.8
178.3
179.9

184.3
188.2
196.5
205.4
214.5
230.6
242.7
255.0
273.0

relative to
B (hv)

174.9

175.0

176.0
177.4

179.3

183.4
187.6
196.0
205.0
213.9
229.X
241.7
254.6
272.3

lowest crest
C

175.8
175.9

176.9

178.5
179.9

184.2
188.8
196.8
205.7
215.0
230.6
242.9
255.1
273.3

(mm):
D

17.8

38.1
62.3

84.7

104.2
123.4
141.1
163.6
181.4
205.8
222.1
238.0
260.2

E(t)

18.4

34.9
57.9

81.5

102.4
121.1
142.0
163.2
180.2
204.9
221.8
238.2
259.7

F

18.4

38.6
59.7

84.6

105.2
122.0
145.4
165.6
181.9
207.0
222.8
239.1
259.6

Regime**:

a

a

a

a-b

b

b

b
b
b
b
b
b
b

Comment:

modular conditions
J-20% air underneath nappe of L[

L, submerged, L2 free-flowing

I., submerged, L2 ±35% aerated

I., & L2 submerged

a "- Plunging Nappe; h Surface Nappe



T e s t N o : A I 6

Configuration:

B =

Li =

L2.a =

L2.b =

T ,=

Pi =

z,=

2

0.401

0.430

0.618

0.071

0.050

0.259

m

m

in

m

m

m

m

Flow

l;low

-Weir
ho =

Q o ^

0.1865

0.1383

- Manometer:

di =

d2^

Q =
h w =

Qm =

0.300

0.213

0.604

1.650

0.1418

m

m /s

m

m

m

m As

IMFT (adapted as described in Chapter 4)

1 > i i o •
• >

f
1 •. r

i
!

] ' . t S - ]

: ' i

Water levels re
A 1
188.6
189.0
190.3
191.5

194.2
199.7
206.3
214.0
226.3
242.8
265.6

ative to

*(l\)
186.5
187.4
188.1
189.7

191.9

197.9
204.5
213.1
225.1
241.7
264.8

lowest crest
C

187.5
188.2
189.3
190.5

193.4
198.9
204.8
213.4
226.0
242.8
265.3

(mm):
D

-

36.4
61.8
78.0

99.8

120.3
144.6
162.5
190.0
216.3
247.7

r : < i >
-

41.4
56.4
70.1

100.5
121.2
144.3
162.6
189.6
214.5
245.8

I-

-

40.2
58.8
76.2

104.2

123.4
145.0
167.9
192.1
216.4
248.0

Regime**:

-

a
a

a

a-b
b
b
b
b
b
b

Comment:

modular How conditions
L| submerged

L2 still well aerated

I., & L2 submerged

** a = Plunging Nappe; b - Surface Nappe



Test No: Bl

Configuration:
L = 0.600 m

P = 0.292 m
Z = 0.292 m

Flow - Weir:

ho= 0.1400 m

Qj = 0.0608 mVs
Flow - Manometer:

d, = 0.300 in

d2= 0.213 in

Cd= 0.628

hw = 0.280 m

Qm = 0.0607 mVs
f IMPT (original)

Water levels

hv

137.0
139.5
143.5
145.0 .
146.5
148.0
150.0
154.0
156.0
160.0
169.0
177.5
188.0
199.0
207.0
231.0
270.5

(mm):
t

7.0
25.0
45.5
54.5
61.0

.68.5
73.0
87.0
95.0

104.5
125.5
141.5
159.0
175.5
187.0
216.5
261.5

Regime**:

a
a
a
a
a
a
a
a
a
b
b
b
b
b

b
b
b

a : Plunging Nappe; b = Surface' Nuppe



Test No: IJ2

Configuration:

L =

Z =

0.

0.

0.

600

292

292

m

in

in

Flow

Flow

- Weir:

K =
QJ =

0.1863

0.0952

- Manometer:

di =
d 2 =

cd =
nw ~

0.300

0.213

0.628

0.679

0.0946

in

111 /S

m

in

m

ni7s

I T (original)

Water levels

K
180.0
181.0
182.0
182.5
184.0
185.5
188.0
191.0
198.5
207.5
222.0
238.0
261.5
299.5
340.5

(mm):
1

3.5
10.5
17.0
25.5
35.0
42.5
58.0
74.5

102.0
132.5
167.0
197.0
232.5
281.5
329.0

Regime**:

a
;i

a
a
a
a

a

a
a
a

b
h
b
b
b

a - Plunging Nappe; b - SuiTiiee Nappe



Test No: B3

Configuration:

B =

p =

z =

0
0

0

0.6

.478

.292

.292

m

m
in

in

Flow

Flow

-Weir

K =
Qo =

0.1850

0.0682
- Manometer:

d, =

d2
 =

cd =
hw =

Qm =

0.300

0.213

0.628

0.384

0.0711

m
m/s

m
m

m

m /s

IMFT (adapted as described in Chapter 4)

Water levels

hv

185.0
185.0
187.5
189.0
194.0
200.5
212.0
233.0
272.5
334.5

(mm):
t

4.0
18.5
54.0
64.5
90.5

113.0
148.5
189.5
247.5
321.5

Regime**:

a
a
a
a
b
b
b
b
b
b

a ^ Plunging Nappe; b •= Surface Nappe



Test No: B4

Configuration:
B -

L =
I* =
Z =

0

0

0

0.6

.478

.292

.292

m

m
m

m

Flow

Flow

- Weir:

K =
Q«t =

0.1015

0.0280
- Manometer:

hw =

Qm =

0.300

0.213

0.628

0.061

0.0283

m

m /s

m

m

m

m /s

[MIT (adapted as described in Chapter 4)

Water levels

101.5
102.5
106.0
110.0
119.0
137.0
154.0
190.0

(mm):

t

5.5
22.5

39.5
54.5
80.0

114.0
138.0
181.5

Regime**:

a
a
b
b
b

b
b
b

. n

i

• 1

1,

a = I'lungiiig N;ippc; b = Surface Nappe



Test No: B5

Flow - Weir:
0.0665 m

0.0149 nrVs

Flow - Manometer:

d, = 0.300 m

d2= 0.213 m

C, = 0.628

h w - 0.017 m

0.0150 m3/s
f IMFT (adapted as described in Chapter 4)

Water levels

66.5
69.5
75.0
80.0
86.0
95.0

121.0

(mm):
t

7.0
23.0
42.0
55.0
66.5
80.5

114.0

Regime**:

a
b
b
b
b
b
b

** a ~ Plunging Nappe; b ^ Surface Nappe



Test No: B6

Configuration:

B =

L =

P =

Z =

0

0

0

0.6

.478

.292

.292

m

m

m

m

Flow

Flow

- Weir:

ho =

Q:=

0.2065

0.0808

- Manometer:

d,=
d 2 =

cd =
h w =

Qm =

0.300

0.213

0.628

0.551

0.0852

ni

m/s

in

m

m

m /s

IMFT (adapted as described in Chapter 4)

Water levels

K
206.5

206.5

206.5

208.0

209.5

212.0

214.5

218.5

222.0

230.0

240.5

261.0

290.5

329.5

(mm):

t

10.5

25.5

42.0

56.5

67.5

81.5

96.0

111.5

124.0

151.0

176.0

215.0

259.5
309.0

Regime**:

a

a

a

a

a

a

a

a

a

b

b

b

b

b

\

•

i

; •

i

i
i

•

l

a = Plunging N;ippe, b - Surface Nappe



Test No: B7

Configuration:

B =

L =
P —
7 •—

0
0
0

0.6

.478

.292

.292

m

m
m
m

l;low

Flow

-Weir

ho =

Q o
t =

0.0495

0.0096

- Manometer:

d| =

d2 =

Q =
h w —

Qm =

0.300

0.213

0.628

0.007

0.0096

m
m'/s

in

m

m

m Is
1 IMI-T (adapted as described in Chapter 4)

Water levels

hv

49.5
53.5
55.0
59.5
66.0
77.0
91.0

(mm):
t

2.5
22.5
26.5
39.5
52.0
68.0
85.0

Regime**:

a
b
b
b
b
b
b

a - Plunging Nappe; h - Surface Nappe



Test No: Cl

Configuration:

B =

L =

P =

Z =

0.

0.

0.

1.0

799

504

504

m

m

m

m

Mow - Weir:

Qo' =

Mow - Magflow

*n i in ~~

* max ~

v =
Vni ~

0.

0.
t.

0

4

0.

990

278

.000

.970

2.02

219

m

m

V

V

V

m

Vs

(0 1/s)

(300 l/s)

Vs
f I MIT (adapted as described in Chapter 4)

Device was not reliable!

Water levels

hv

199.0
199.0
199.5
200.5
203.0
205.5
209.0
212.0
216.0
222.0
228.0
237.5
249.0
260.5
276.5
299.0

(mm):

t

2.0
15.5

27.5

41.0

54.5

67.0
83.0
96.0

110.5
130.5
148.0
169.5
193.5

213.0

237.5

269.0

Regime**:

a

a

a

a

a

a

a

a

a-b
a-b
b
b
b
b
b
b

,

i

r \ , -r ! ' •

i *

„

;i = Plunging Nappe; b - Surface Nappe



Test No: C2

Configuration:

B =

L

P ™

z —

0.

0.

0.

1.0

799

504

504

m

m

m

in

Flow - Weir:
h.=

Qj =
Flow - Magflow

*min ~

* max ~~

v =

0.0680

0.0259
t.

0.000

4.970

0.387

0.0234

m

m

V

V

V

m

Vs

(0 1/s)

(300 l/s)

Vs
IMIT (adapted as described in Chapter 4)

Device was not reliable!

Water levels

68.0
69.0
69.2

69.5
70.5
71.5
73.0

74.5
76.5
78.0

83.1

87.0
91.5
95.0

100.0
107.0

(mm):

t

3.5
8.5

11.0
13.5
18.5
22.5
28.0

33.0
38.5
44.2

56.5

64.5
72.0
77.5
85.5
95.0

Regime**:

a
a
a
b
b
b
b
b
b
b

b
b

b
b

b
b

** a = Plunging Nappe; b -= Surface Nappe



Test No: C3

Configuration:

13= 1.0 m

L = 0.799 m

P - 0.504 m

Z = 0.504 m

Flow - Weir:

h o = 0.2645 m

Qo
+= 0.1943 niVs

Ilow - Magflow :

Vmin = 0.000 V (0 l/s)

Vmax = 4.970 V (300 l/s)

V - 3.100 V

Q m = 0.1871 nvVs

IMIT (adapted us dcsciihcd in Chapter 4)

' Device was not reliable!

Water levels

hv

264.5
264.5
264.0
264.0
264.5
266.0
269.0
273.0
279.5
287.5
297.0
305.0
314.0
326.0
340.5
355.5
386.5

(mm):
t

9.0
16.0
23.0
34.0
48.5
61.0
80.5

101.5
127.5
160.0
191.0
210.5
230.0
254.0
280.0
304.5
348.5

Regime**:

a
a
a
a
a
a
a
a
a
a
b
b
b
b
b
b
b

a = ['lunging Nappe; b - Surface Nappe



Test No: C4

Configuration:
B =

p =
*~f
/j

0

0
0

1.0

.799

.504

.504

in

m

m
m

I-'low - Weir:

K,=
0of =

l;low - Magflow

* min ~~

* max ~~
\i „

Qin =

0.1285

0.0669
I.

0.000

4.970

1.030

0.0622

m

m

V

V
V

m

Vs

(0 1/s)

(300 1/s)

Vs
IMFT (adapted as described in Chapter 4)

Device was not reliable!

Water levels

hv

12S.5
130.0
131.5
133.0
135.0
137.0
139,0
143.0
146.0
152.5
157.0
162.5
169.5
179.0
192.0
204.5

(mm):
t

11.0
25.5
34.0
42.0
50.0
57.5
65.0
77.5
86.5

102.0
112.5
123.0
136.0
150.5
169.0
186.0

Regime**:

a
a
b
b
b
b

b
b

b
b
b
b
b
b
b
b

a ~ Plunging Nappe; b --• Surface Nappe



Test No: C 5

Configuration:

B = 1.0 m

L - 0.799 in

P - 0.504 m

Z = 0.504 in

How - Weir:

h(,= 0.3155 m

Qj = 0.2539 mVs

How - Magflow :

Vmin= 0.000 V(0l /s)

VmiiX = 4.970 V (300 l/s)

V - 4.110 V

Qm= 0.2481 niVs

1MIT (adapted as described in Chapter 4)

Device was not reliable!

Water levels

hv

315.5
315.5
315.0
318.0
321.5
325.0
330.5
335.0
340.5
346.0
351.5
362.0
375.5
397.0
416.5
439.0
464.5

(mm):
t

16.5
35.0
54.0
82.0

106.5
127.5
152.0
172.0
188.5
211.0
231.0
252.5
281.0
320.0
353.0
387.0
422.0

Regime**:

a
a
a
a
a

a
a
a
a
a
b
b
b

b
b
b

b
a = Plunging Nappe; b Surtaue Nappe



APPENDIX III
EXAMPLE CALCULATIONS

1. MODULAR FLOW CONDITIONS - COMPOUND WEIRS

The data of Test No. A8-F3 is taken for this example:

DATA:
Li = 0.401m L2a = 0.500m L2b = 0.699m
P, = 0.102m T, = 0.071m h0 = 0.1415m
B = 2.000m @m = 0.0815nrVs (manometer)

SOLUTION:
Set Ho = h0 - 0 . 1 4 1 5 m

Step 1: Discharge over Notch 1

H ! L = ^ _ n r = 0.3529 > 0.35 :.n = 0.174) ^ ^ - \ -0.1 = 0.198
0.401 11

=0.401-0.198x0.1415 = 0.

. = O-627 + o ,o 1 8x° ' 1 4 1 5 = 0.6520
Px 0.102 0.102

20i =0.6520x-x7Igx0.373x0.14153 : = 0.038m3 Is

Step 2: Discharge over Notch 2a
/ / -71 0.1415-0.071

0.500
= 0.141 < 0.35 .". n = 02

Lela = 0.500 - - x 0.2 x (0.1415 - 0.07l) = 0.493m fMote: only one side is contracted)

. =0.627 + 0 . 0 1 8 x 0 1 4 1 5 - 0 0 7 1
= 0 . 6 3 4 3

d-a 0102 + 0071Pla 0.102 + 0.071 d-a 0.102 + 0.071

Qo2a =0.6343x-xV2gx0.493x(0.1415-0.07l)3 : = 0.0173m3/



Step 3: Discharge over Notch 2b

o l o l < o 3 5 n 02

Llb 0.699

Le2b = 0.699 - - x 0.2 x (0.1415 - 0.071) = 0.692m (Note: only one side is contracted)

^ Z 7 L 0.1415-0.071

Step 4: Total Discharge & Updated Energy Level

Approach velocity:

^ & ° ^ = 0.163./,
A BiP, +hj 2x(0.102 + 0.1415)

Update total energy head:

2 f\ -i /r -> 2

/ / =A +—^0.1415+ = 0.1429m
o o

Use this value and go back to step 1. Iterate until Ho is constant.

Final answer: Ho = 0.1429m
Qo = 0.082 Im3/s

Error:

g^^xlOO=
Q 0 8 2 1-

Qm 0.0815

P2b 0.102 + 0.071 "- 0.102 + 0.071

oih =0 .6343X- X A /2^X0.692x(0 .1415-0 .071) 3 2 = 0.0243m3/s



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

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

DATA:
L -2 .000m ho = 0.1061m
/> = 0.173m /rv. = 0.1273m
Z = 0.383m / = 0.0876m
B = 2.000m Qo = 0.1359nr/s (free-flow discharge at weir)

SOLUTION:
Set Hv = hv = 0.1273 m

Step 1: Estimate Discharge over Weir

. c = 0.627 +0.018 x ^ ^ = 0.6402
P 0.173 • 0.173

Qf =0 .6402x-x A /2gx2 .000x0 .1273 3 2 =0 .

Q,=Q,
1.5

- r
0.385

= 0.1717x
^ 0.0876 V

0.1273 J

0.385

= 01240m'/ s

Step 2: Updated Energy Level
Approach velocity:

Qs Qs 0.1240 A ^ ,
v = ^i. = ^J = = 0.206m / s

kv) 2x(0.173 + 0.1273)

Update total energy head:

H,, = h + — = 0.1273 + ° ' 2 ° 6 = 0.1295m
V I'

8 2g

Use this value and go back to step 1. Iterate until Hv is constant.

Final answer: Hv ~ 0.1295m

Error:
s = 0.l274m3/s

Qo 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 ho = 0.1061m
P = 0.173m hv = 0.1273m
Z = 0.383m / -0 .0876m
B = 2.000m Qo = 0.1359m:7s (free-flow discharge at weir)

SOLUTION:

Stepl: Estimate h0 with Wessels' Method:

b = -0.34074 - 0.30623 — = -0.34074 - 0.30623 ̂ ^ = -0.5515
hv 0.1273

c = 0.62879 — +0 .10159—- 0.6096 = -0.2419
UJ K

-b + Jb2 -4c -(-0.5515) + V0.5515:-4x(-0.2419)
a = = = O.o396

J\-(t/hv)' Jl-(0.0876/0.1273)'
± ^ = 0 . 1 2 7 3 ^ ^h h v 0 . 1 2 7 3

a 0.8396

Step 2: Estimate Discharge over Weir

Set H0 = h0 = 0.1100m

,. C, = 0 . 6 2 7 , 0 . 0 . 8 x ^ 1 ^ = 0.638
0173P 0.173 0.173

Step 3: Updated Energy Level
Approach velocity:

A B{P + h0) 2x{0.173 + 0.1100) =0242m/s



Update total energy head:

H =h T — = 0 .1100+ ' " 4 " = 0 . 1 1 3 Q / H
0 0 — -i

2g 2g

Use this value and go back to step 2. Iterate until Ho is constant.

Final answer: Ho = 0.1133m

Error:

Qa 0-1359



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

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

DATA:
L, = 0.401m
P, = 0.102m
B -2.000m
hv = 0.1972m

L2a = 0.500m
Ty-0.071m
2 = 0.313m
/ = 0.1435m

j6 = 0.699m
o = 0.1754m
o = 0.1331m3/s (free-flow)

CALCULATION OF SUBMERGENCE RATIO:
Av=L,xhv +{L2u +L2M)x(hy - T,) = 0.401x0.1972+ (0.500 +0.699) x (0.1972-0.071) = 0.230/»

A, =1 , x/ + (I2 u + L 2 / i ) x ( r - r i ) = :

Av 0.230

SOLUTION:
Set Hv = hv = 0.1972m

Step 1: Discharge over Notch 1

H,!L =v / L t
0.401

= 0.492 > 0.35 = 0.174
0.401 ̂ |

0.1972 j

0.517

-0.1 = 0.151

L, =0.401-0.151x0.1972 = 0.

Hv _ 0.1972

fl ~ 0.102
= 1.933>1.867 :.Cn -0.6891

0.102
N 0.04

0.102 +0.1972 J
= 0.660

Qn -0.660x-x72gx0.371x0.19723'2 = 0.063m3

a,-
1.5 0.385

= 0.063 x
("0.1435V

J
1.5

0.1972 J

0.3S5

= 0.043m3/ s

Step 2: Discharge over Notch 2a
^ _ - 7 ^ = 01972^0071 = 0 2 5 2 < Q 3 5

/.,. 0.500



Le2a = 0.500 - - x 0.2 x (0.1972 - 0.071) = 0.4S7m (Note: only one side is contracted)

H -T 0.1972-0.071

0.102^0.071

0 19~2 - 0 0~l
= 0.729 < 1.86" :.C , = 0.62"-0.0I8x = 0.640

0.102*0.0"!

Qra = 0.640x - x^'2gx 0.487 x (0.1972 -0.071)' : =Q.04\nr s

r 0 385

= 0.041 x 1 -
0.1435-0.071

0.1972-0.071;

1 5 0 535

= 0.033m' s

Step 3: Discharge over Notch 2b
H -T. 0.1972-0.071

0.699
= 0.181<0.35

-ih - ° - 6 9 9 - - x 0.2 x (0.1972 - 0.071) = 0.686m (Note: only one side is contracted)

H. -T, 0.1972-0.071

0.102 + 0.071
= 0.729 < 1.86 ,,n =0.627 + 0.018x °- 1 9 7 2 °- 'l

O.IO2-*-O.O71

,lb =0.640x-x^2gx0.686x(0.1972-0.07l)3 : = 0.058m3

1-1
h -T,

O.3S5

= 0.058 x I -
0.1435-0.07lV5

V 0.1972- 0.07 \)

0 385

= 0.047m-"/ s

Step 4: Total Discharge & Updated Energy Level

Qs =&i +Q*2a +Q*2b = 0.043 + 0.033 + 0.047 = 0.123m3/5

Approach velocity:

0.123
v =

A 2x(0.102 + 0.1972)
= 0.206m/ s



Update total energy head:

H =h + — = O . I 9 " 7 2 - ^ ^ - = 0.1994m
2g 2g

Use this value and go back to step 1. Iterate until H, is constant.

Final answer: Hv = 0.1995m
ft = 0.127m-*'j

Step 5: Determine if Villemonte Formula was Valid:
Obtain an estimate of the free-flow water head (hn) for the above Qs. A rough estimate
will suffice, therefore:

Os = 0.127 = Cj ZTj2gY.(L> * h- 5) t a k e C- = ° - 6 0

:.h0 =0.1770

Calculate area of vena contracts:

A; =L, xhc + ( 1 ; ; +L:..)x(h. -T. ) = 0.401x0.177-^(0.500 +0.699)x(0.177-0.071) = 0.19S/H

A =0.6x-A =0.6x-!-x :

2 2

A,m0 BxZ 2x0.313

Villemonte is therefore valid and the calculation is finished.

Error:

0.1331



APPENDIX IV
GRAPH DEVELOPED BY WESSELS FOR

SUBMERGED WEIRS
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