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SYNOPSIS 

General objective of the study 

This thesis aims to evaluate the hydraulics of an inflatable weir in its fully inflated position to the 

almost fully deflated position using different diameter circular weirs with varying discharges, by 

considering the change in the weir radius and the dynamic pressures on the weir. In the 

evaluation, three cylindrical weirs were installed in a 2m wide flume and tested over various 

discharges. 

Methodology 

The three weirs, one with a 300mm diameter, another with a 250mm diameter, and the last one 

with a 100mm diameter, were used to determine the effects of over flow water on the weir as 

seen in the different stages of the normal operation of an inflatable weir. Simulation involved 

measurement of the upstream and downstream water levels with the weir height involved at 

stable over flow conditions. Measurement of pressure variations was done on the weir faces 

with different water inflow rates to the test flume with three pressure sensors installed on each 

weir at 0°, 11.25° and 22.5° from the crest to the downstream. Additionally a single 0.15m 

radius weir was tested for pressures 67.5°, 78.75° and 90° from weir crest.  Water level 

variation on the downstream of the weir was created by means of a variable tail gate to observe 

its effects. 

Results of the investigation 

The effects of upstream arches, stage, radius of curvature, discharge, pressure, energy losses 

over the weir and the downstream hydraulic jump were investigated in the inflation and deflation 

of the inflatable weir. The findings were as follows: 

 Based on literature by Chanson and Montes (1998), Shabanlou et al. (2013), Schmocker

et al. (2011) and Bahzad et al. (2010), upstream arches have insignificant influence on

the performance of the inflatable weir. There is rather reduced afflux due to the shape of

the upstream of the weir from the Bernoulli’s equation. This shape of the upstream of the

weir also contributes to the transport of sediments Gebhardt et al. (2012).

 Investigation of the discharge coefficient and factors influencing showed that:
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o As the weir radius is reduced during the deflation, the unit discharge over each weir

increased with increase in head above the crest.

o Discharge coefficient of the inflatable weir increases with the increase in head above

weir crest, and the discharge coefficient is inversely proportional to the radius of

curvature of the weir.

 Investigation of pressures on the downstream face of the weir models showed that:

o The negative (suction) pressure acting on the downstream face of the weir becomes

increasingly negative with increase in H/R values.

o Point of separation of nappe was seen with pulsations of pressure of the record

pressure.

Generally, energy dissipation over the weir decreases with the decrease in the weir radius and 

the jump is more stable with the smallest circular weir and can be more accurately determined 

in the case of a small weir.  

Conclusions and Recommendations 

The inflatable weir has a high discharge at its fully inflated position. Its hydraulic performance is 

largely influenced by inflow head and is inversely proportional to the radius of curvature. Nappe 

pulsation as seen in the nappe vibrations can cause the vibration of weir. 

Future research on inflatable weirs should aim to monitor the negative pressure on measuring 

pressures further down the face of the weir because larger negative pressures are expected to 

develop after 90˚ as with this study. 
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NOMENCLATURE 

𝑏𝑐 effective width of the weir 

𝐶𝑑 discharge coefficient 

𝐷 the drop height or the weir height 

𝑑𝑐𝑟𝑒𝑠𝑡 flow depth at crest 

𝑑𝑐 critical flow depth 

𝑑𝑐𝑟𝑒𝑠𝑡
𝑑𝑐

⁄ dimensionless flow depth at crest 

𝐸 the specific energy 

𝐸
𝑅⁄ relative head 

𝐹𝑟 Froude number 

𝑔 acceleration due to gravity 

𝐻0 total energy head for free surface streamline 

𝐻1 upstream total head 

𝐻𝑤 total energy head for a free surface streamline 

𝑅 circular weir radius 

𝐻𝑤
𝑅⁄ dimensionless upstream head on crest 

𝐿𝑗 length of the jump 

𝐿𝑑 length of the drop 

𝑞 discharge per unit width of weir 

𝑉 velocity of the free surface streamline 

𝑦 flow depth 

𝑦1 flow depth just downstream of weir 
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𝑦2 sequent jump flow depth 

𝑦𝑐 critical flow depth 

𝑍 effective step height 
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CHAPTER 1: INTRODUCTION 
 

This chapter highlights the research area of interest, the main objectives and specific objectives 

of the study. The basic need for the research undertaken is also highlighted.  

 

1.1 Background 
 

Diverse hydraulic structures have been built for the flow of water in river channels. These 

include rubber dams often called inflatable weirs, which were developed and put to use in the 

1950s. The first inflatable weir was built in Los Angeles River, California for flood mitigation 

(Plaut et al., 1998). Technological improvement of the structure has always been continuous. 

The simplicity of the inflatable weir concept is largely due to the ease of placement and its 

flexibility. A unique characteristic of the inflatable weir, as investigated in this study, is its ability 

to adjust weir height, offering a control system which meets different needs. For example, during 

flood conditions, it could either be in the fully inflated or deflated position. This offers protection 

to the weir during floods while reducing damming and allowing sediment removal from the dam 

basin. The hydraulic structure can be inflated with air or water as seen in Figure 1.1. This Figure 

shows the inflatable weir with fins for aeration of the nappe in the inflated and deflated positions. 

 

Figure 1.1 Schematic diagram of an inflatable weir (Wittler JR, 2004) 

 

Flow 

Flow 

Flow 

Flow 
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The inflatable weir, sometimes called a rubber dam or fabridam that spans the whole river width. 

The inflatable weir often comprises of a rubber mounted on a concrete sill with plates, bolts and 

nuts embedded in the concrete floor, as shown in Figure 1.1. This configuration facilitates the 

sealing of air and/or water in the dam body for operation of the inflatable weir (Tam, 1994). 

When installing a weir or rubber dam on an existing concrete dam wall crest, a light foundation 

of 100mm to 150mm is often required to enable a firm anchoring of the weir. This is much 

simpler in contrast to the use of steel gates on an existing concrete dam wall crest wherein a 

500mm to 800mm foundation is needed (Bridgestone, 1997a). 

 

1.1.1 Use of inflatable weirs 

 

In some instances the inflatable weir is used for controlling flood waters and raising the height of 

existing spillways, while allowing some water to flow over the top of the dam and to continue 

downstream. In other applications, inflatable weirs are used as tidal barriers to protect rivers 

from salt contamination, to prevent beach erosion and also to divert water in order to form brine 

lakes and to prevent chloride pollution or chemical dispersion downstream of water courses. 

Inflatable weirs are also used for storing additional water for supply needs, power generation, 

diversion of the upstream water, impounding water for recreation and even groundwater 

recharge.  

 

In agriculture, weirs are largely used for creating additional storage of water and diversion of 

water into an irrigation canal. In some cases, it is used to raise river water levels, in order to 

reduce the available net positive suction head of river abstraction pumps used for irrigation 

purposes. Abstracting water for irrigation from rivers is often difficult because of the high alluvial 

and, at times, low water levels in the river. From the above described applications, it is evident 

that the inflatable type weir has a relative wide application in rivers. Due to the need of water 

storage, weirs have been put in place in river channels. As the weir blocks the river course, 

water rises, forming a storage point. With this storage, enough abstraction of the water resource 

is made available for agriculture. Despite the achievement made due to such an intervention, 

the water course is also affected. Flowing water is retarded and this has an impact on the 

environment and river flow patterns. 
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1.1.2 Disadvantages of weirs in the river systems 

 

Agricultural weirs have been built, mainly, to provide irrigation water. However, due to erosion, 

coupled with various land uses, many weirs have been rendered obsolete. The resultant low 

flow velocities and low vortices by the weir in a river regime are, however, ideal at pump intakes. 

However, they also tend to cause accumulation of sediments and suspended loads, and this 

stops them passing down the river. Despite the abstraction process by pumps, sediments can 

continue to be deposited on the pump suction side before they are drawn in by pumps. This is 

undesirable in normal pumping. 

 

Sediments are capable of causing much damage to pumps due to abrasion resulting from high 

suction velocities involved in pumping. Loss of habitat due to salt accumulation also eliminates 

plant species along with silt deposits from upstream. In a single flood event, small intakes have 

been seen to be about 80% covered with sediments in rivers as compared to the rivers without 

weirs. Gravel and sometimes cobbles were observed to be transported in a similar fashion, thus 

forming the root cause of sedimentation (Rooseboom, 2011).  

 

Damage to the dam body is also caused by vandalism (puncturing and cutting) of the weir by 

people (Tam, 1997). With the overflow water on the weir, it often appears relatively calm, but 

overflow water in weirs can be dangerous places for boating, swimming or wading. These are 

capable of submerging a person indefinitely, posing a risk. This phenomenon is described as 

the white-water effect. 

 

Cleaning and desilting of weirs are necessary as this maintains the original storage capacity of 

water by the weir (dam membrane), as well as cleans the intake or diversion area. This 

promotes a much cleaner intake of water by pumps, thus reducing the chances of damage to 

the pumps. Surveys conducted on weirs show that many agricultural weirs need to be replaced 

(Charles et al., 2004). Unless large gates are provided on permanent weirs, concentration of 

pollutants and a large proportion of the original depth and storage capacity of weirs are likely to 

be lost. With the introduction of the inflatable weir, low flow velocity water can be directed to 

intakes. This can also provide the necessary head required to flush and scour sediments, 

pollutants and debris from the weir storage. 
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1.1.3 Conditions to which an inflatable weir in operation is subjected to 

 

While in operation, inflatable weirs, inevitably, experience some damage as a result of the 

flowing water and suspended materials. In the process of flushing, sand tends to pile up on the 

weir when it lies flat, but partial inflation is normally done so as to stop the weir from being 

completely buried by the sand, which would make it difficult to inflate. Abrasion of the weir also 

takes place but is minimal because the inflatable weir is made of abrasion resistant material, 

such as Linatex rubber. 

 

Vibrations of the inflatable weir structure have also been noted to be one of the causes of 

abrasion, which could cause leaks on the dam body (Gebhardt, 2006). The various practical 

problems encountered in the operation of inflatable weirs require information about the 

upstream, over-flow and downstream flow conditions, in order to achieve the best operation 

practice. A practical understanding is often necessary for the ideal operation of air and/or water-

filled inflatable weirs. 

 

1.2 Problem statement 
 

Concrete weirs have been in place in river systems for some time. They, however, could pose 

some challenges in the river systems as they could impede the flow in the river channel, 

causing the settling of sediments in the weir basin and debris collection upstream of the weir. 

This normally results in the alteration of the bed slope and, at times, a change in the river 

course, which could also have a detrimental impact on the ecology at large with stagnated 

waters.  

 

Permanent weirs also give rise to the problem of eutrophication as a result of collection of the 

runoff water with little flushing at the point of the weir. At times, the river course is altered, thus, 

affecting the immediate land use that is nearby or next to the river. With permanent weirs, 

periodic cleaning of the weir basin is often employed. This is costly and may disturb the uptake 

of river water for its proposed use. 

 

In an effort to eliminate these problems encountered with fixed weirs, gates have been used but 

are however expensive to construct and to maintain. The introduction of the inflatable weir has 

been considered for eliminating the problems encountered with fixed weirs and gates. However, 

managing the rise and fall of the inflatable type weir to create flushing of sediments and 
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debris/scum from the weir basin at the appropriate times while maintaining its usual function of 

retaining/diverting the required water for use, is critical. Flushing, though, has the effect of 

releasing large volumes of sediments at once and consideration of the seasons for spawning 

and emerging of juvenile fish should be taken into account to reduce potential sediment 

pollution downstream of the weir. 

 

1.3 Justification of the study 
 

Though vandalism (puncturing and cutting) is possible with air-filled and or water-filled weirs, 

there is an increasing interest in their use because of the ease of placement and the relatively 

stable overflow. In the case of a permanent weir, the weir becomes relatively unstable at high 

overflow due to the fixed weir height. In the case of an inflatable weir, deflation and inflation of 

the structure can be done to compensate for the corresponding stage fluctuations. Managing 

the rise and fall of the weir at the appropriate time, allows flushing of sediments and scum, 

creating a clean river system, as well as retaining the required water for use. It is, therefore, 

important to examine the dynamic behaviour and stability of an inflatable weir under different 

overflow conditions, in relation to the rise and fall of the water levels during operation. Much of 

the research on inflatable weirs has been restricted to cases with no overflow and, in most 

cases, attention has been focused on the equilibrium shape of the dam body and the vibrations 

or dynamic response. 

 

1.4 Objectives of the study 
 

1.4.1 Main objective 

 

To evaluate the performance of an inflatable weir in its normal operation using circular weir 

models. 

 

1.4.2 Specific objectives 

 

Evaluation of the inflatable weir constituted assessment of parameters within the region before 

the weir, over the weir and downstream of the weir model. These include: 

 

 Assessment of the upstream conditions that influencing the performance of the weir; 

 Investigation of the discharge coefficient and factors influencing it; 

 Investigation of pressures on the downstream face of the weir models and; 
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 Investigation of energy dissipation over the weir and characteristics of the downstream 
hydraulic jump.  
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CHAPTER 2: LITERATURE REVIEW 
 

This chapter presents information from literature which is relevant to the focus area of this 

study. It gives some background on inflatable weirs and its physical operation and performance. 

Subsequently relevant research information from literature on inflatable, circular crested and 

cylindrical weirs are presented. The relevant research information include discharge 

coefficients, pressure on the weir faces, energy dissipation over the weir and the hydraulic 

characteristics of the downstream hydraulic jump. 

 

2.1 Background 
 

Many rivers transport organic and inorganic matter resulting from erosion in distant and nearby 

catchments along the river course. The organic and inorganic matter being transported include 

materials such as agricultural waste, decaying vegetative matter and sediments. These form a 

principal source of constituents and are often carried by traction, saltation, suspension and 

solution in the river regime. Rivers have been, at times, used for the refuse by poultry and pig 

breeders, and the pollutants in solution, submerged or in suspension are often eyesores when 

they collect at weirs. This animal waste gathered at the weir is often unhygienic (Tam, 1997). 

Permanent weirs also act as effective sediment traps when put in high alluvial rivers, promoting 

the accumulation of sand. If sediments are allowed to accumulate behind the weir, the depth of 

the pool/storage is likely to decrease and the available freeboard would also be reduced (Stuart, 

2012).  

 

Weirs, though, still remain a necessity when water is needed mainly for agricultural purposes. 

Inflatable weirs do not only serve to direct low flows towards intakes, but they also provide the 

necessary head required to flush and scour sediments from the intake area and from the 

general reserve retained by the dam body. Adoption of the inflatable weir in Hong Kong, China, 

led to the removal of obsolete weirs. Some were replaced with a more effective and better 

designed weir and, in some cases, inflatable weirs. (Tam, 1994). 

 

The design of inflatable weirs can be very simple.  It does not include any mechanical moving 

parts (hinges, bearings) as in the case of flap gates. There are no problems owing to corrosion 

and rusting noted in the use of inflatable weirs. Painting and the use of lubricants are not 

needed as these could be harmful to the nearby environment. Inflatable weirs also have an 
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additional advantage compared to the permanent concrete weirs because they are not easily 

affected by settlements or earthquakes. These are some of the advantages of the inflatable 

weirs compared to the concrete weirs and metal gates. 

 

Inflatable weirs also have an additional advantage of a lower initial and maintenance cost 

compared to the metal gates. Maintenance on inflatable weirs is necessary, though, and the 

serviceable life could be 20 years and more. In addition to the considered advantages of 

inflatable weirs, one can also choose the fluid of operation of the weir. 

 

Types of inflatable weirs 

In practice, there are three types of inflatable weirs in use, namely the water-filled, air-filled, and 

air and water-filled weir. By and large, the air-filled inflatable weir is preferred and, quite often, 

the design and construction of an air-filled weir is simpler compared to that of a water-filled weir.  

The water-filled weir is also more expensive to construct since the foundation requires a wider 

concrete sill to cater for its relatively larger squat shape, weight and a much more expensive 

water pump set and pipelines.  For an air-filled weir system of the same height, larger pipe 

diameters are required for the flow of water than smaller diameter pipes. In contrast, in an air-

filled weir, air blowers create pressures inside the weir of up to 0.25 bars when inflated, forming 

the shape of a circle. It is also shorter, which is why a narrower concrete sill is necessary 

(Zhang et al., 2002). For the water-filled weir, the entire height of the weir rises or lowers evenly, 

thus also reducing the chances of the formation of a v-notch (warping of weir downstream with 

the flow) on weir. The average length of inflatable weirs in use is up to 100m and, in some 

cases, is made up of a specially made membrane of up to 200m in length, which makes it 

suitable for weirs to span across most rivers. Despite the differences in the fluid of operation, 

weirs offer relatively low capital and operating costs, and there are also more advantages on the 

river system (Charles et al., 2005). The inflatable weir can be made in one piece at a factory 

and rolled up for easy transportation to the dam site and then constructed (Bridgestone, 1997a). 

Weir heights are usually less than 5m, and some up to 10m are achieved (ec21, 2013). In a 

normal operation, the weir or dam body is deflated in times of high overflows. A little spill-over is 

allowed in low overflow with a fully inflated weir. 
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2.2 Present day use of inflatable weirs 
 

Thousands of inflatable hydraulic structures have been placed along river systems for many 

uses. Inflatable weirs are one such intervention that have been in use since 40 years ago. 

Furthermore, these have been used in cold areas where the temperatures are as low as - 40°C. 

In the USA, a 4.6m high, 67m long inflatable dam is used to regulate water levels for a reservoir 

at a 9.8MW hydroelectric plant at Highgate Falls. The air-filled weir in its fully inflated 

configuration minimizes ice problems allowing normal operation of the weir (U.S. Army, 2011). 

 

When flow in the river system is substantially high, take off for irrigation purposes is readily 

available and excess water is allowed to continue downstream, as well as flush and clean up 

the river bed of deposits and pollutants. In this instance, the weir is in a deflated position. As the 

flow recedes, the weir is inflated, holding back water for later use. This ideology can be 

characterized by a flat topography as in the Cape Coral located in Southwest Florida close to 

seawater elevations, where, in order to develop the area for residential and commercial use, a 

canal system was created to drain excess water to avoid overflow into the nearby surrounding 

settlement. When the water receded, a need to dam the water arose, in order to supply people 

with water. This water was to be used by a population of approximately 400,000 from the 

inflatable weir system placed in the canal. Before the water was supplied by private well with 

little withdrawal from the city’s freshwater canal system since the water could not be stored by 

use of a permanent weir due to the potential flooding hazard (George, 2004).  

 

In the proposed use, the only challenge was the need for an automation to flush sediments and 

debris, as well as stop possible flooding which could render the weir useless. This was achieved 

by providing a rapid response to changes in the water levels. Operation of the weir was done 

manually to offer a secure and continuous supply of water, cleaning the canal and avoiding 

flooding. This was labour intensive. Automation and manual operation of the inflatable weir 

would, however, require one to know at what stage the weir should rise and fall with the effects 

on membrane or dam body. Some studies had to be undertaken to enable full operation of the 

weir. 

 

Most of the research carried out on inflatable weirs or dam membranes looked at the effects of 

overflow situations of the inflated structure. In some instances, as will be discussed in section 

2.3, a laid out procedure without a basis is used for the operation of the weir. In this study, the 
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use of the inflatable weir is mainly used to provide potable water and, in essence, irrigation 

water. Simulation of the assumed different positions of operation were done in the research. 

This could shed light on the hydraulics of the rise and fall in the weir, thus giving a better 

understanding of the weir.  

 

2.3 Operation of the inflatable weir 
 

According to Zhang et al. (2002), weir inflation and deflation is controlled by devices installed in 

a control room with an air blower or water needed to inflate and deflate the weir system. There 

are three kinds of systems identified for use to date. These are the bucket, float, and electrical 

system. With the bucket type system, flowing water is allowed to collect in a bucket, which will, 

in turn, mechanically tip the opening and exhaust valve to deflate the weir at desired upstream 

water levels. In the case of an electrical system, sensors monitor the rise and fall of the water 

level, opening the exhaust valve automatically with desired water levels.  For the float type 

system, a float fluctuates up and down with the water level on the upstream side of weir, 

opening and closing the exhaust valve. In the operation described by Zhang and Zheng’s 

procedure, there is no justified analysis on the chosen level of deflation of system. 

 

Based on Bridgestone (1994), procedures recommended for the inflation or deflation of an air-

filled weir are as stated: 

 

Inflation 

1. One is to inspect the upstream side to ensure people’s safety; 

2. Debris, (especially sharp objects) adjacent to the rubber weir should be removed; 

3. The air exhaust valve should be closed; 

4. Opening of The air supply valve should be opened; 

5. The air compressor should be started; and 

6. While monitoring the air inflation, the pressure should be checked according to the headwater  

    level  at the time. If the headwater  level  is  less  than 1/2 of the  weir height,  the air pressure 

    should  be  approximately  60%  of  the design  pressure. Then switch off  the air  compressor  

    and close the air supply valve. 

 

Deflation 

1. The downstream side should be inspected for safety reasons; 
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2. It is important that there are no sharp objects downstream; 

3 The drainpipe to drain the condensed water should be opened; and 

4. The air exhaust valve to deflate the dam should be opened. 

 

2.4 Hydraulic and structural performance of the inflatable weir 
 

Studies on the inflatable weir show structural instabilities during over flow, contributing to 

membrane vibrations and structural responses. Despite an increasing interest in the inflatable 

weir, there is insufficient information of the performance of inflatable weirs at overflow periods. 

These overflow periods occur in the inflated, partially inflated, and deflated position of the dam 

body.  

 

2.4.1 Variation of internal pressure and overflow 

 

Knowledge of the variation of pressure in the operation of the inflatable weir was found to be 

particularly important in its design. This is mainly due to the susceptibility of dam body to 

vibrations and warping with the changing shape during deflation and inflation. This has an 

influence of the performance of the weir. Anwar (1967) found that the variables that are likely to 

affect the discharge per unit width, ‘q’, over the weir are the overflow head H, dam height Dh, 

internal air pressure p, perimeter length of rubber material l, the acceleration due to gravity g, 

dam base width b and modulus of elasticity of the rubber material E. Then a relationship for the 

weir, q = f (H, Dh, l, b, g, p, E) was obtained based on the sharp crested weir formula. In the 

study, the coefficient of discharge Cd was such that Cd = ø4(H/Dh) where in ø is the pi 

dimensionless groups which are; ø = f (Π1, Π2, Π3, Π4, Π5) = 0, indicating that Cd is a function 

of (H/Dh). Figures 2.1 and 2.2 show the variation of the cross-section shape of the inflatable weir 

due to overflow head, H and how it affects Cd values for selected internal air pressure in kN/m2. 
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Figure 2.1 Increasing overflow head with constant internal pressure (Alhamati et al, 2005) 

 

 

Figure 2.2 Increasing internal pressure with constant overflow head (Alhamati et al, 2005) 

 

With the experiments conducted, it was observed that the internal pressure had a strong effect 

on the deformation of the weir cross-section. It was more significant compared to the overflow 

head, but unclear on how much it affected the Cd values for the conditions as shown. Alhamati 

et al. (2005) observed that air inflatable weirs are not suitable for high overflows because high 
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levels of vibration occur in the body when the ratio of H/Dh was approximately greater than 0.2 

and where Dh and H are as shown in Figure 2.3. 

 

Figure 2.3 Flow over air–inflated weir (Alhamati et al., 2005) 

 

Water-inflated weirs were found to be more stable compared to the air-inflated weirs. Vibrations 

in water filled weirs occurred when the ratio H/Dh was approximately 0.5 and greater. Anwar 

(1967) also found that the dam body of air and water-inflated weirs starts to vibrate when the 

ratios of H/Dh are greater than 0.25 and 0.6 respectively. These vibrations have been identified 

as the link to the failure of the dam membrane. Vibration also causes the flow over the weir 

crest to fluctuate, propagating waves in the flowing water, which promotes downstream erosion. 

It was also discovered that debris erosion occurred on the weir at overflow conditions, adding to 

one of the root causes of damage to the inflatable weir. Chanson (1998) investigated the 

overflow characteristics of the inflatable weir. He found that overflow waters may impart some 

form of fluid-structure interactions on the dam body. These cause vibrations of the membrane, 

which, in turn, lead to damage or destruction of the weir and the river bed. 

 

2.4.2 Vibrations and their effects on the water filled weir 

 

When the dam body is deflated completely, the water flows over the weir lying flat on the river 

bed. In some cases, a special design might include provision for partially-inflated operation. In 

operation, the head losses associated with the deflated membrane must be quite low to 

optimize the hydraulic performances of the channel, some hydrodynamic processes often occur. 

These form part of the erosion and damage factors on the weir or dam body as a result of the 
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hydraulic jump induced vibrations, near-critical flow induced vibrations, and wake induced 

vibrations (vortex shedding) and debris erosion.  

 

In the operation, Chanson (2005) noted that the deflated membrane could sustain large positive 

pressure, but cannot sustain high negative pressures. These vibrations could cause abrasions 

of the inflatable weirs, resulting in leaks, as shown in some past studies. To reduce the 

vibrations on the weir, breakers/fins and serrations are sometimes used. Serrations and the 

addition of fins to the downstream side of the weir (see Figure 2.4) are used to improve the 

dynamic stability of the weir. 

 

Figure 2.4 Serrations and deflectors on inflatable weir (Brussels, 2006) 

 

Since the geometry is independent of the pressure distribution on the surface of the inflatable 

weirs changes vibrations occur with different characteristic shape modes, amplitudes and 

frequencies (Gebhardt, 2006). Generally, the following types of vibrations could be identified: 

 

Type A: Vibrations of the nappe; 

Type B: Vibrations due to pressure fluctuations; 

Type C: Vibrations dam due to uplift forces; and 

Type D: Vibrations of the deflated membrane. 

 

Type A vibrations arise in inflatable dams with deflectors. This observed occurrence is known as 

flap gates and can be seen at small overflow depths with low tail water levels. Due to insufficient 

aeration of the nappe, free-surface undulations and the motion made by flapping up and down 

instabilities known as Kelvin-Helmholtz, instabilities occur in some instances. Nappe ventilation 

and breakers, as described by Minor (1975) and Chanson (1996), were discovered to be the 

Serrations on 

dam body 

Deflectors 
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solution to this problem. As vibrations of the nappe result only in small deformations of the dam 

body compared with the other vibration types, the vibrations were considered of less 

contribution to the damage of the weir. 

 

Type B vibrations were described by Chanson (1997), their root cause was identified as an 

unstable nappe separation on the downstream face of the weir as seen in Figure 2.5. 

 

          

Figure 2.5 Vibrations of the partly deflated dam type B and type C (Chervet, 1984) 

 

As a result of these pressure differentials, the dam body undergoes a series of vibrations with 

deformations taking place. Wave formation also occurs downstream and causes abrasion and 

erosion of the river bed (Ogihara et al., 1985). The incorporation and use of a deflector ensures 

a stable nappe separation and forms an air cavity which stops adhesion of the nappe to the 

weir. It was noted, though, that the effectiveness of the deflectors is limited and the nappe 

eventually adheres to the dam body again as overflow increases. The investigations conducted 

show that the air-filled weir was readily used because the water-filled weirs are more stable. The 

air-filled weir gives little vibration of the weir. 

 

Type C vibrations occur due to uplift forces as seen at high submergence of the weir on to the 

weir membrane. In this case, the upstream and downstream water levels are fairly high in 

relation to the inflatable dam as seen above in Figure 2.5. With the variation in pressure and the 

flexibility of the rubber, a wave propagating action similar to that seen in pressure fluctuation 

vibrations, is observed. These are, however, of significantly lower frequencies compared to 

Type B. 

 

When the weir or dam body is fully deflated, type D vibrations start acting. The relatively low 

pressure on the weir or dam body cause wake action and shear stresses on membrane, thus 

damaging the weir. Though the anchoring of the system is part to play in the formation of the 

wake vibrations, vibrations seem to occur at super critical and near critical conditions in the 

Wave 

formation 
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operation such that the wake effect is limited to turbulent flow river systems. It was discovered 

that the deflated weir can sustain large positive pressures, but that it cannot sustain the 

negative pressure and bottom shear stresses in the direction normal or opposite to the flow. 

Chervet (1984) sheds light on the abrasion taking place within a short period of time of the 

inflatable dam which is a result of a flow condition when the Froude number is between 0.3 and 

3 as seen in Figure 2.6. 

 

 

Figure 2.6 Vibration modes of weir (Chervet, 1984) 

 

Of the two different modes discovered, Chervet proposed that the weir should be left slightly 

inflated to prevent supercritical flow conditions. Figure 2.7 shows the wake regions downstream 

the deflated weir. 
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Figure 2.7 Wake regions downstream the deflated weir (Chervet, 1984) 

 

An example of a damaged inflatable weir occurred in the Lahn River in Germany. This weir was 

damaged owing to vibrations of the deflated dam body which had occurred over a few years 

(Gebhardt, 2006). When deflated, the weir lies flat on the floor and usually anchors, and casings 

are streamlined on the floor as well. 

 

2.4.3 Nappe aeration 

 

Nappe aeration plays a very important contribution to the weir over flow. As water flows over the 

weir, the gravitational forces and the energy in the flowing water tend to pull the nappe straight 

and perpendicular to the floor bed. Without nappe aeration, the nappe tends to adhere to the 

weir face, creating a vacuum because of the rounding of the weir. It also prevents nappe 
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separation. Rouve et al. (1974) studied nappe suction and nappe ventilation and found a similar 

understanding. They also discovered that nappe suction and nappe ventilation increase the 

discharge coefficient by up to 15% to 20% when the weir is in operation. Nappe ventilation in 

the inflatable weir operation is largely responsible for the vibrations of the weir. During low 

overflow periods of an air-filled weir, the nappe was seen to adhere to the weir until it formed the 

downstream flow. When flow was increased, the nappe was seen to separate, forming a series 

of nappes. The falling water, adhering to the weir, caused negative pressure as it separated 

from the weir at the anchoring (Alhamati et al., 2005). Chow (1959) described the effects of the 

drop in pressure under the nappe to have adverse effects which could lead to the following: 

 

- A change in the shape of the nappe; 

- Unstable performance of the weir;  

- An increase in pressure differentials on the crest of the dam; and 

- An increase in discharge, which is accompanied by pulsating of the nappe. 

 

 In his research on aeration of the nappe, Alhamati et al. (2005) introduced atmospheric 

pressure under the nappe by inserting pipes underneath the falling nappe on the downstream 

side of his test model. This allowed atmospheric pressure to be created underneath the nappe 

to ensure free separation. The inflatable weir would at one time collapse at the abutments and 

the center. Collapse at the center gave rise to the formation of a v-notch which caused the weir 

to overflow at one point. The downstream river bed was then subjected to local scouring. 

Stationary vortexes also developed in the tail-water and this had the potential to erode the 

sloped banks. Practical experience has shown that this does not adversely affect the regulation 

of the headwater level. The V-notch behaviour was also observed in the air filled rubber dams 

when the dam body deflated or under conditions of low pressure (Alhamati, 2002). This 

behaviour was also perceived by other scholars such as Alwan (1979) and Al-shami (1983) as 

shown in Figure 2.8. 
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Figure 2.8 V-notch behavior of air filled weir partially filled (Alwan, 1979) 

 

However, in this research, simulations were carried out with the assumption that the weir would 

retain its circular sausage shape and would not experience any V-Notch behaviour. In the 

process of inflation and deflation of the inflatable weir, the downstream weir face tends to be a 

half ellipse, but the circular weir is however a very close representation of the downstream weir 

face shape. Figure 2.9 shows the inflatable weir in its successive positions while in operation. 

 

 

Figure 2.9 Circular face on downstream of inflatable weir (arcon-aquapro.com, 2013) 
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Little over-flow was allowed with no weir deflation and it was noted by Anwar (1967) and 

Chanson (1996) that the over-flow characteristics on inflatable weirs were similar to that of a 

circular crested weir. The research undertaken is based on this reason of similarity. 

 

2.5 Flow over circular a crested weir 
 

The stage discharge over the inflatable weir is more complex compared to that of a permanent 

weir structure. This is because the shape of the weir is varied due to the change in the internal 

pressure, overflow head above the crest, and downstream water depth while in operation. 

However, at each stage, there is a corresponding coefficient of discharge on the weir as with a 

permanent weir structure. Just like all other weirs, water flowing towards the circular weir 

eventually goes over the weir, and passes onto the downstream side. Figure 2.10 shows the 

regimes of flow over the weir under discussion. 

 

Figure 2.10 Flow over circular crested weir (viewed from US Laboratory) 

 

The tail gate was raised and lowered to introduce the hydraulic jump for assessment of the 

downstream water conditions. In this study of the hydraulics of the inflatable weir, the overflow 

water conditions and pressure on the face of the weir are looked at closely, in order to gain 

more understanding on the performance of the inflatable weir. 
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2.5.1 Flow in open channels 

 

As flow enters the flume, it is characteristic of the open channel flow which is either steady or 

unsteady in its flow, and uniform or non-uniform in its flow. In steady flow, depth is constant with 

time and distance, and gravity forces in balance with resistive forces in the fluid. Steady no-

uniform flow has a depth varying with distance not with time, and flow may be gradually varied 

(Chadwick, 2004).  

 

In open channel flow, there exists a free water surface constituting the boundary with the 

atmosphere, with negligible shear forces and more frictional losses occur on the wall and bed of 

the flume. For the purposes of analysis, energy is conserved for the water in the open channel 

flow as it moves along the flume, and frictional losses due to the flume are neglected. Bernoulli’s 

equation best describes the open channel flow with the application of Newton's second law on 

open channel flow.  Figure 2.11 descries the transition in the fluid flow with regards to the 

specific energy when there is a rise in the channel bed. As the water flows in the flume, it 

exhibits specific energy as a result of the potential and kinetic energy within the flowing water 

(Chanson, 2006) such that: 

 

𝑬 =  𝒚 +
 𝑽𝟐

𝟐𝒈
…………………………………………………………………………………………… 2.1 

 

Where  

𝐸 - is the specific energy (m)  𝑦 - is the depth from the bottom of the channel (m) 

𝑉 - is the velocity of flow and (ms-1) 𝑔 - is the acceleration due to gravity (ms-2) 
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Figure 2.11 Flow transition in open channel (Chadwick, 2004) 

 

Steady no-uniform flow can also be rapidly varied, calling for the application of the energy and 

momentum principles with the change in the geometry of the channel. As the water flows over 

the weir, fluid undergoes a change in speed due to the energy in the flowing water and the 

gravitational force. 

 

According to the Froude’s number, flow is classified as critical flow when Froude number = 1, 

supercritical flow or fast and rapid flow when Froude number > 1, and subcritical flow or slow 

and calm flow when Froude number < 1.   The transition point of flow from supercritical to critical 

flow occurs at a point realized as the critical point. This condition is normally influenced by 

parallel stream line flow as the water flowing over the weir models slopes and inclines at a 

critical point. The critical flow condition is often unstable and causes the formation of standing 

waves between the two flows, supercritical flow and subcritical flow (Hager, 1985). As an 

identifier for a specific level of flow, there exists a level of flow below or above critical flow in 

which fluid is in a higher or low energy state compared to energy at critical depth. Figure 2.12 

explains the variation of the discharge and specific energy with depth. 
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Figure 2.12 Variation of the discharge and specific energy with depth (Chadwick, 2004) 

 

The supercritical flow is characterized by high flow velocities and shallow depths compared to 

the critical flow, while the subcritical forms low velocities and depths larger than critical flow. As 

the water flows over the weir model, it is in one of these states and cannot exhibit both with the 

critical flow forming the dividing flow condition. Due to the slope of the flume bed, the specific 

energy over the flume is altered due to elevation and frictional loss. Figure 2.13 shows the 

change in energy due to slope. 

 

 

Figure 2.13 Specific energy due to slope (Chanson, 2004) 

 

The piezometric head contributing to the flow field is presented as dCos θ in Figure 2.13. 
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2.5.2 Effect of upstream weir face on weir performance 

 

Chanson and Montes (1998) investigated and found that the upstream channel conditions are to 

a very little extent influential to the development of the discharge coefficient. Different studies on 

the effects of upstream arches on circular crested weirs confirm this finding. 

 

2.5.2.1 Shabanlou et al. (2013) 

 

Shabanlou et al. (2013), using the sharp crested weir formula, found that the crest arch on the 

upstream side of the weir had negligible influence on the discharge coefficient at all angles in 

the experiments performed except at 90°. In his study, he varied the upstream arch angle from 

0°, 30°, 45°, 60°, to 90°, keeping the downstream angle and crest fixed. Figure 2.14 shows the 

arch of the crests during the experiment conducted. 

 

 

Figure 2.14 Upstream arches at crest on a circular crested weir (Shabanlou, 2013) 

 

For H1/R ranging from 0.8 to 0.84 and a consequent Cd of 0.53 to 0.7, variation of the Cd was up 

to 3% as measured in the experiment. The crest arch on the upstream also had an insignificant 

contribution to the energy losses and there was no certain trend in the variation of the energy 

losses as seen in the results below in Figure 2.15 
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Figure 2.15 Upstream crest arch effect on the discharge coefficient and energy losses 

(Shabanlou, 2013) 

 

The situation of having a varying upstream crest arch is similar to what is experienced in the use 

of the inflatable weir. Shabanlou et al. (2013) discovered that, despite the negligible effects of 

the crest arch on the Cd, energy losses, depth of flow, the velocity distribution over the weir crest 

at all angles, at 0°, there was some significant influence on the depth of flow and velocity 

distribution. Figure 2.16 shows the observed trend. 

 

Figure 2.16 Upstream crest arch effect on the head and velocity (Shabanlou, 2013) 

 

At 0°, the depth of flow over the weir crest raised significantly as inflow to arch was increased. 

This was accompanied by a corresponding decrease in the velocity profile as inflow to the arch 

was increased. 
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2.5.2.2 Schmocker et al. (2011) 

 

Schmocker et al. (2011) also investigated the various combinations of upstream and 

downstream angles. In his research he conducted tests on ten circular-crested weir 

configurations almost similar to Shabanlou’s configuration. Figure 2.17 shows the experimental 

configuration used. 

 

 

Figure 2.17 Configuration of the flow geometry for free overflow (Schmocker et al., 2011) 

 

Using the sharp crested weir formula, he found that the angles upstream and downstream of the 

weir have a degree of contribution on the Cd such that 𝐶𝑑 =
2

√3
3 (1 +

3𝜌𝑘

11+Ω𝜌𝑘

) where ρk=Ho/R is 

the relative crest curvature and Ω = 4.5, the downstream angle, αd, increases the Cd and 

upstream angles αo has insignificant contribution on the Cd. This is seen graphically in Figure 

2.18. 

 

Figure 2.18 Cd (Ho/R) for αo= 90° with αd = 20°, 30°, 45°,90° and αd = 90° with αo = 20°, 30°, 

45°, 90° (Schmocker et al., 2011) 

 

2.5.2.3 Bahzad et al. (2010) 

 

Bahzad et al. (2010) investigated the hydraulic influence of the geometric properties of the 

rounded crest weir (shape on weir) on the weir performance. In the investigations, the sharp 
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crest, inside semi-circular, outside semi-circular and circular crest shape weirs were tested. 

Figure 2.19 shows the weir shapes experimented on. Rounding the weir crest is expected to 

increase performance of the weir which in turn increases the Cd. 

 

 

Figure 2.19 Different weir crests tested (Bahzad et al., 2010) 

 

For all the test configurations used, there was an energy difference of 1% between the two ends 

of the weirs which could be ignored. Cd was proportional to the upstream Froude number and 

also proportional to the increase of upstream water depth to weir height (h1/p). Bahzad et al. 

(2010) obtained empirical power equations for comparing the data sets and found that the 

hydraulic performance of the weir was higher for small weir heights for all crest shapes. The 

highest performance was for an inside semi-circular crest weir at crest radius of 3.15cm and 

3.75cm for an outside semi-circular crest. The highest performance on a circular crest weir was 

also obtained with a radius of 2.5cm and a radius to weir height (r/p) of 0.25. Honar et al. (2008) 

also concluded that the rounded edge weir discharge is 10% more than that of the squared 

edge weirs. 

 

2.5.3 Back water effects of weir 

 

In the design of hydraulic structures, design criteria focuses on the ease with which water can 

pass over hydraulic structure. This reduces the risk of weakening and collapse of the hydraulic 

structure, mainly due to the unexpected or expected floods. In the use of the inflatable weir, the 

water level, immediately upstream of the structure, is expected to rise due to the weir 

obstruction (afflux). Gebhardt et al. (2012) conducted a research on the backwater effects of a 

Jambor weir sill and compared it to the traditional weirs. In his study, he defined the Jambor 

weir sills as ground sills, a flap gate, inflatable dam and a sector gate. His study focused on the 

assessment of the headwater with the respective tail-water conditions and the resultant 

discharge of the hydraulic structure. In the investigation upstream of the weir shape, he found 
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that there is an increased or reduced afflux due to the shape of the upstream of the weir from 

the Bernoulli’s equation. The shape of the upstream of the weir also contributes to the transport 

of sediments. Gebhardt et al. (2012) deduced an optimum radius of curvature of the upstream of 

a weir using hydraulic modelling. An S-shaped ramp, with respect to the radii of the changing sill 

height, was found to be ideal. Figure 2.20 gives the realized idea upstream radius. 

 

 

Figure 2.20 Optimal upstream radius of curvature (Gebhardt et a.l, 2012) 

 

This shape is closely exhibited by the use of the inflatable weir. In the study conducted, it was 

found that there is an advantage of reduced afflux due to the hydraulically optimized shape of 

the weirs as with the Jambor sill. As a result of this study, the identical discharge capacity for a 

traditional weir compared to an inflatable weir required a lower weir height for the discharge 

capacity to be maintained. This reduces the cost of the hydraulic structure significantly, 

introducing a saving on the construction of the hydraulic structure with the reduced weir height. 

The research also lead to the development of a useful chart for the estimating afflux as seen in 

Figure 2.21. 
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Figure 2.21 Design chart for estimating afflux ∆y/y2 against y2/w and Fr (Gebhardt et al., 

2012) 

 

2.5.3 Discharge coefficient on circular crested weirs 

 

Data from literature on discharge coefficients of circular/cylindrical crested weirs are either 

based in the discharge formula for broad crested weirs (𝑄 =  𝐶𝑤𝑏𝑏√𝑔 (
2

3
)

3

2
𝐻1.5 ) or the discharge 

formula for sharp crested weirs (𝑄 = 𝐶𝑤𝑟𝑏
2

3
√2𝑔𝐻1.5). In this study the broad crested weir 

discharge formula is considered the more appropriate formula for inflatable weirs as used by 

Chanson. The discharge coefficients on circular crested weirs are presented in this section as 

they were published but to enable a comparison of all circular crested weir discharge 

coefficients, a summary at the end of this subsection is presented with all discharge coefficients 

transformed to discharge coefficients based on the broad crested weir discharge formula. The 

discharge coefficients based on the sharp crested weir formula are therefore transformed by 

multiplying these coefficients with 1.732 (i.e. {
2

3
√2𝑔 }/{(

2

3
)

3

2
√𝑔}. 

 

Previous studies on the circular and cylindrical crested weirs, as obtained from literature, 

include: 
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1. Bos (1978) experimental 

 

The cylindrical weir, as studied by Bos (1978), is a high Cd hydraulic structure, mainly used as a 

spillway. He considered a vertical upstream structure with the rounding at the crest to avoid 

nappe separation. Figure 2.22 gives the hydraulic design of a circular weir as explained by Bos 

(1978) and his findings. 

 

 

Figure 2.22 Definition of circular rounded weir by Bos (1987) 

 

In his findings, he concluded that the Cd based on the broad crested weir equation was 

equivalent to that of a broad crested weir such that: 

 

𝑸 =  𝑪𝒆
𝟐

𝟑
√(

𝟐

𝟑
𝒈) 𝒃𝒄𝑯𝟏

𝟏.𝟓…………………………………………………………………………… 2.2 

 

Where  𝐶𝑒- effective discharge coefficient and; 

 

 𝐶𝑒 = 𝐶0𝐶1𝐶2  with  𝐶0 = 𝑓 (
𝐻1

𝑟
) 

   𝐶1 = 𝑓 (
𝑝1

𝐻1
) 

   𝐶2 = 𝑓 (
𝑝1

𝐻1
 and slope of the upstream weir face) 
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 𝐶𝑒 = 𝑓 (
𝐻1

𝑟
)  with  𝐶0 (𝑚𝑎𝑥𝑖𝑚𝑢𝑛) = 1.49 𝑖𝑓 𝐻1 𝑒𝑥𝑐𝑒𝑒𝑑𝑠 5 

 

Bos also conducted experiments on the measurement of Cd and obtained the results that were 

very close the theoretical equation 2.2. Figure 2.23 illustrates the findings from the experimental 

data. 

 

 

Figure 2.23 Circular crested weir discharge coefficient results Bos (1978) 

 

The experimental data observed by Bos (1978) also compared reasonably well with the earlier 

studies as seen above. 

 

2. Chanson et al. (1998; 2006) 

 

Chanson et al. (1998), investigated the effect of a fully-developed inflow and the inclusion of an 

upstream ramp at 30° in the experiments. Investigations show that the size of the circular weir, 

the ratio of weir height from the crest to bed with the radius of the weir and the introduction of an 

upstream ramp had no influence on the discharge coefficient, crest depth and the energy 

dissipation. Figure 2.24 shows the experimental configuration for the tests explained and 

conducted. 
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Figure 2.24 Overflow characteristics of circular weirs (Chanson et al, 1998) 

 

The inflow conditions were found to be very influential on the weir crest depth and Cd as the 

inflow into the flume changed. Equations based on the broad-crested weir equation for the fully 

developed inflow and the partially developed inflow were developed respectively such that: 

 

𝑪𝒅 = 𝟏. 𝟏𝟖𝟓 (
𝑯𝒘

𝑹
)

𝟎.𝟏𝟑𝟔
………………………………………………………………………………… 2.3  

for the fully developed inflow (0.45 < 𝐻𝑤 < 1.9) 

 

𝑪𝒅 = 𝟏. 𝟏𝟐𝟔𝟖 (
𝑯𝒘

𝑹
)

𝟎.𝟏𝟖𝟏
……………………………………….……………………………………… 2.4  

for the partially developed inflow (0.35 < 𝐻𝑤 < 3.5) 

 

Experimental investigations show that the Cd vales are fairly larger for the fully developed flow 

as compared to the partially developed flow. Results of the different inflow conditions on the 

circular cylinders were compared to above equations for the studied scenarios and are shown in 

Figure 2.25. 
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Figure 2.25 Fully and partially-developed inflow theoretical conditions on circular 

cylinders compared to the experimental results (Chanson et al, 1998) 

 

Chanson et al. (1998) findings on the effect of having a ramp support the studies on the 

upstream arches previously explained in literature on upstream arches. Figure 2.26 show the 

experimental findings. 

 

Figure 2.26 Circular cylinders compared to the experimental results (Chanson et al., 

1998) 
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Chanson et al. (1998) also looked at earlier studies on based on the broad crested weir 

equations. These are tabulated is table 2.1. 

 

Table 2.1 Empirical of discharge coefficients formulae for circular-crested weirs 

(Chanson, 1998) 
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Despite the aeration conditions in previous researchers, further comparison was expressed 

graphically as seen in Figure 2.27 for the circular weir due to the similar nappe adherence 

observed in the test. Nappe observations, though not recorded by Chanson (1997) were similar 

to what was observed by Sarginson (1972) with the ventilated nappe giving basis of 

comparison. 

 

 

Figure 2.27 Comparison of present study to previous studies by Chanson et al. (1998) 

 

Cylindrical weirs have a high coefficient of discharge as a result of the shape of the weir. 

Studies have shown that the weir coefficient is largely influenced by the head, weir radius, and 

suction and nappe aeration. Cd was also found to be normally greater than one based on the 

broad crested weir equation by 15% - 20% due to absence of nappe aeration (Chanson et al., 

1998). Figure 2.28 shows the phenomenon of nappe adherence to the circular weir as 

demonstrated in the experiments conducted. 
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Figure 2.28 Over flow in the on circular weir (Chanson, 1997) 

 

Due to the shape of the weir, stream lines passing over the weir crest have more curvature and 

this has a direct contribution to the discharge coefficient Cd (Bagheri et al., 2010). 

 

3. Amir H. Haghiabi (2012) 

 

Haghiabi (2012) conducted experiments to validate the experimental finding using the Dressler 

theory. He applied a velocity correction factor at the weir crest, developing empirical equations 

for Cd, velocity and pressure profile with the observed experimental results. His experimental 

results showed a good agreement validating his empirical equations. Figure 2.29 is a schematic 

diagram of the flow past a circular crested weir assumed. 
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Figure 2.29 Flow past a circular crested weir assumed (Haghiabi, 2012) 

 

 In generating the equations, some assumptions were made, which were:  

 Steady, subcritical inflow to the weir crest; 

 Viscosity and surface tension were negligible and; 

 Boundary layer thickness at crest was also negligible for accelerating flow on nappe. 

 

Equation 2.5 developed based on the broad crested weir formula is given by (Haghiabi, 2012): 

𝑪𝒅 = 𝟐. 𝟕𝟖𝟕
𝒛𝟐[𝒍𝒏(𝒛)]

𝟓
𝟐

(
 𝒛−𝟏

𝟎.𝟕𝟏
)

𝟐
(𝒛𝟐−𝟏)

𝟏
𝟐

 …………………………………………………………………………….. 2.5 

Where  𝑧 =  1 +  0.71
𝐻1

𝑅
 with an assumption the 𝑦2 = 0.71𝐻1. This is validated by the 

experimental results in the study. Figure 2.30 shows the experimental results compared to the 

empirical equation developed form the Dressler theory validating the assumption made. 
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Figure 2.30 Good agreement of the experimental results with empirical equation. 

 

4. Heidarpour (2010) 

 

Similar to Haghiabi (2012), Heidarpour (2010; 2013) used the potential flow theory in velocity 

distribution over cylindrical weirs to predict the velocity distribution, and expressed Cd based on 

the experimental broad crested weir equation: 

 

𝑪𝒅 = 𝟏. 𝟏𝟕𝟓𝟕 (
𝑯𝟏

𝑹
)

𝟎.𝟏𝟒𝟔𝟗

……………………………………………………………………………………….... 2.6 

 

And the theoretical broad crested weir equation: 

 

𝑪𝒅 =
𝟑√𝟑

𝟐
(

𝑯𝟏

𝑹
)

−𝟏

+
𝟏

𝒌−𝟏
√(𝟏 −

𝒅

𝑯𝟏
) [(𝟏 +

𝒌𝒅

𝑹
) − (𝟏 +

𝒌𝒅

𝑹
)

𝟏
𝒌⁄
]………………………………………………... 2.7 

Where is 𝒌 = 2 

 

The experimental recorded velocities for the different cylinder sizes were compared and found 

to be very close to the prediction method within ± 5%. Figure 2.31 shows the experimental 

results and the predictions for the 2010 and 2013 experiments. 
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Figure 2.31 Cd against H1/R (Heidarpour, 2010; 2013) 

 

5. Emad Abdul Gabbar Al Babely (2011; 2012) 

 

Emad et al. (2011) also investigated the overflow characteristics of three circular weirs 114mm, 

90mm and 63mm in size. His findings showed that the increase in the ratio of depth of flow over 

the weir crest to cylinder radius resulted in a proportional increase in the Cd. He assumed a 

hydrostatic pressure distribution at the weir crest and a uniform velocity distribution. However, in 

practice, the pressure distribution is not hydrostatic and the velocity distribution is not uniform 

over the weir crest. The bottom geometry of the channel was also seen to affect the discharge 

coefficient, giving the equation below based on the broad crested weir. The maximum discharge 

per unit width at a weir crest for ideal fluid flow derived from the Bernoulli equation was used by 

Emad (2011) as expressed below. The unit discharge was also related to the total energy above 

the crest and discharge as seen by Bos (1978): 

 

𝒒 = 𝑪𝒅√𝒈 × (
𝟐

𝟑
× (𝑯 − 𝑫))

𝟑
𝟐⁄

………………………………………………………………………. 2.8 

 

Figure 2.32 shows the experimental set up and the relationship between the Cd and the ratio of 

(
𝐻𝑤

𝑅
 ) as found by Emad et al. (2011) in the experiments conducted. 
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Figure 2.32 Experimental configuration, water surface profile and discharge coefficient 

(Emad, 2011) 

 

Emad (2012) also studied the effect of the geometrical characteristics of an oblique cylindrical 

weir Cd. In his study, he discovered that the geometrical characteristics and inclination of the 

oblique cylindrical weir decreased the Cd as the weir radius increased. The oblique weir resulted 

in an increase in the Cd compared to that of a normal weir of the same size. 

 

6. Shabanlou et al. (2013) 

The study results of Shabanlou et al. (2013) on the crest arch on the upstream side of a 

cylindrical weir are partially presented in Section 2.5.2.1 above. They found that the upstream 

crest arch had an insignificant contribution to the Cd, energy losses, head and velocity for 

upstream arch angles of 0°, 30°, 45°, 60°, to 90°. However, at arch angle of 0°, head and 

velocity are increased significantly. In a more recent study conducted the same year, Shabanlou 

et al. (2013) further investigated the effect on both cylindrical and circular crested weirs based 

on the broad crested weir. Figure 2.33 shows the two types of weir investigated. 
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Figure 2.33 Cylindrical weir and circular crested weirs investigated (Shabanlou et al., 

2013) 

 

In the study undertaken, both cylindrical and circular crested Cd increased with an increase in 

head. The upstream slope also has no influence on the Cd in both cases and partial energy loss 

occurs on both weirs, however it was noted that the energy loss was greater for the cylindrical 

weirs. Increasing the downstream slope on the weirs, consequently increases the energy 

losses. The study also conclude that in both cases, cylindrical and circular crested weir, the 

crest flow depth is equal to 0.7. However, increasing the upstream slope increased the partial 

crest flow depth at values greater than 0.6 marginally. The downstream slope angle only 

affected the flow depth and did not affect the crest flow depth. Shabanlou et al. (2013) in the 

study of the weirs used the Cd for a sharp crested weir equation 2.9: 

 

𝑪𝒅 =
𝒒

(𝟐
𝟑⁄ )√(𝟐

𝟑⁄ )𝒈𝑯𝟏

𝟑
𝟐

= 𝒇 (
𝑯𝟏

𝑹
) ………………………………………………………………………… 2.9 

 

Figure 2.34 show the variation of the 𝐶𝑑 with the ratio 
𝐻1

𝑅
 of both the cylindrical and circular 

crested weir. 
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Figure 2.34 Variation of 𝑪𝒅 with the ratio 
𝑯𝟏

𝑹
 for cylindrical weirs and half-shaped 

cylindrical weirs respectively 

 

The experimental data was fitted to give the two relations respectively with R2 = 0.8 in both 

cases are were given by equation 2.10 and 2.11: 

 

𝑪𝒅 = 𝟏. 𝟏𝟖𝟓 (
𝑯𝟏

𝑹
)

𝟎.𝟏𝟒𝟔
 ……………………………………………………………………..…..…….. 2.10 

 

𝑪𝒅 = 𝟏. 𝟏𝟑𝟓 (
𝑯𝟏

𝑹
)

𝟎.𝟏𝟒𝟔
………………………………………………………………….……..….…... 2.11 

 

Shabanlou et al. (2013) also concluded that the height of the weir marginally increases the Cd 

for the group C weir (shown in Figure 2.33) heights of 187mm, 156.7mm and 125mm and for 

cylindrical and half-cylindrical weirs height of 63mm as seen in Figure 2.35. 
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 Figure 2.35 Effect of height on weir discharge (Shabanlou et al., 2013) 

 

7. Alhamati et al. (2005) 

 

Alhamati et al. (2005) conducted an experiment on an air inflated and water-filled inflatable weir 

with different internal pressures with a fixed head and the converse. Discharge over the 

inflatable weirs was measured using a rectangular sharp crested weir and the Cd was calculated 

based on Anwar (1967) sharp crested weir equation, 𝐶𝑑 =
𝑞

√2𝑔𝐻1.5
 considering H ≈ Hw. On 

plotting Cd against H/Dh from the experimental data, a best fit was obtained from the data giving 

an empirical equation for R = 0.94 for the air inflated weir: 

 

𝑪𝒅 = 𝟎. 𝟓𝟎𝟔𝟔 (𝑯/𝑫𝒉)𝟎.𝟐𝟒𝟒𝟕
……….……….……….……………….……….……….……….…… 2.12 

 

In an earlier study by Anwar (1967) similarly developing an empirical equation, he found that, 

𝐶𝑑 = 0.4866(𝐻/𝐷ℎ)0.11
 and 𝐶𝑑 = 0.4338(𝐻/𝐷ℎ)0.0649

  from the experimental data obtained for an 

air and water inflated dam respectively. Alhamati et al. (2005) found that the data obtained from 

the tests conducted was similar to that of Anwar (1967) and this was explained by the fact that 
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an inflatable weir at low pressure acts like a broad crested weir compared to the same inflatable 

weir at a high internal pressure with the same overflow conditions. Figure 2.36 shows a 

graphical representation of study by Alhamati et al. (2005) and the other, comparing earlier 

studies for an air inflated weir. 

 

 

Figure 2.36 Cd with the ratio H/Dh for study by Alhamati et al. (2005) and a comparison 

with the earlier studies (Alhamati et al., 2005) 

 

Data sets by Alhamati et al. (2005) covered a smaller range as compared to the earlier studies 

and all the combined studies gave another empirical equation, R2 = 0.91: 

 

𝑪𝒅 =  𝟎. 𝟓𝟓𝟏𝟔 (𝑯/𝑫𝒉)𝟎.𝟐𝟔𝟗𝟕………………………………………………………………….......... 2.13  

 

8. Abdul-latif et al.  (2010) 

 

Abdul-latif et al (2010) conducted an experiment on the evaluation of the Cd for three different 

weir radii, 40mm, 600mm and 70mm, for a semicircle shape as shown in Figure 2.37. 
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Figure 2.37 Experimental set up during investigation Abdul-latif et al. (2010) 

 

For each weir radii tested, there was an empirical equation developed from the measured data 

approximating H ≈ Hw, fixing the exponential term giving 𝑞 = 1.7468𝐻1.5, for the 400mm radius 

of curvature, 𝑞 = 2.189𝐻1.5 for the 600mm radius of curvature and 𝑞 = 2.1747𝐻1.5 for the 

700mm radius of curvature. From the study conducted, it was conclusive that the Cd was 

proportional to head above the crest and inversely proportional to the radius of curvature. Figure 

2.38 show the findings of the test conducted. 

 

Figure 2.38 Cd against H/R (Abdul-latif et al., 2010) 
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2.5.4 Summary of Cd values of circular weirs from literature 

 
A summary of the experimental and theoretical Cd values of circular/cylindrical weirs as obtained 

from literature (all based on the broad crested weir formula) versus 
H𝑤

R
 is presented in Figure 

2.39. 
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Figure 2.39 Summary of Cd values for rounded / circular crested weirs from literature 
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C
d
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Cd values for rounded / circular crested weirs 

Abdul-latif (2010) Experimental 0.04m weir Bos (1978) Experimental

Chanson (1998) Experimental fully developed flow Haghiabi (2012) Experimental

Emad (2012) Experimental 0.063m weir Emad (2012) Experimental 0.114m weir

Emad (2012) Experimental 0.09m weir Abdul-latif (2010) Experimental 0.04m weir

Abdul-latif (2010) Experimental 0.06m weir Abdul-latif (2010) Experimental 0.07m weir

Chanson (2008) Empirical fully developed inflow (0.45<HW<1.9) Haghiabi (2012) Theoretical

Heidarpour (2010) Empirical Shabanlou (2013) Empirical eqn. for cylindrical weir.

Shabanlou (2013) Empirical eqn. for half-shaped cylindrical weir Alhamati et al (2005)Emperical eqn. for air inflated weir

Alhamati et al (2005) and Anwar (1967)  Combined Emperical eqn. Anwar (1967)  Emperical eqn. for air inflated weir
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2.5.4 Pressure distribution over weir 

 
In the study of pressure acting on circular weirs during overflow, most studies are centered on 

the pressure right at the weir crest (θ = 0°). A study by Chanson (1997) has considered the 

pressure on the weir crest and the downstream weir face. These studies by different authors are 

delineated below.  

 
2.5.4.1 Abdul-latif et al, 2010 

 
Since there are significant pressure differentials that are experienced on the face of hydraulic 

structures of a curved nature due to the overflow water and forces induced by constituents of 

the over flow waters, there is need for knowledge in the variation of the pressure on the weir 

crests in the design process. When considering the vertical plane of the effect of the stream line 

curvature, there is an incremental decrease in pressure distribution as the water flows past the 

hydraulic structure. Due to the convex shape involved, there is a tendency to have a fall in 

pressure to that below the hydrostatic pressure (Abdul-latif et al., 2010). This pressure 

differential could be found analytically or experimentally with sensors, as used in this study. In 

Abdul-latif’s study in which he used net analysis, he discovered that the ratio between forces 

acting on the downstream weir surface that counteracts the pressure force acting on upstream 

weir surface has a resultant force of approximately 0.5. Figure 2.40 shows the pressure over a 

rounded crest weir. 

 

 

Figure 2.40 Convex flow pressure distributions (Abdul-latif et al., 2010) 
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In effect, the upstream forces were twice the downstream forces in all the tests undergone with 

weir models. Abdul-latif et al. (2010) concluded that the pressure acting force per unit width 

acting on the weir surface which is in the equal and opposite direction to force exerted by weir 

on block of water is calculated as 𝑷𝒘 =
𝟏

𝟐
𝜸(𝒚𝟏 − 𝑹 + 𝒚𝟏)

𝑹

𝟐
=

𝜸𝑹

𝟒
(𝟐𝒚𝟏 − 𝑹), where 𝑦1  is upstream 

flow depth and 𝛾 water specific weight. The absence of hydrostatic pressure and the nappe 

adherence on the weir surface makes the Cd for weirs to be more than one as a result of the 

shape which offers velocity distributions and pressure differentials. Abdul-latif et al. (2010) 

concluded that when considering a flow path in the center of the weir, in the vertical plane, flow 

is subject to normal acceleration and, in addition, to tangential acceleration owing to the curved 

surface. As a result, the flow velocity close to the weir is faster than that on the outer part of the 

flow along the same plane, and this causes a decrease in the discharge coefficient and an 

increase in the radius of curvature as seen in Figure 2.41. 

 

 

Figure 2.41 Flow-net schematic diagram for weir (Abdul-latif et al., 2010) 

 
In effect, for a vertical plane in the center of the weir crest with a radius R, there will be a 

component of acceleration in respect of the curvature of the form V2/R. This will exhibit a 

maximum at the point close to the surface of the weir and a minimum on the outer surface of the 

flowing water. 

 
2.5.4.2 Bos (1978) 

 
Bos (1978) in his studies concluded that if the ratio Hw/R is small, the pressure on the weir crest 

is maintained positive. As the ratio Hw/R increases, the pressure on the weir face decreases 

Stellenbosch University  https://scholar.sun.ac.za



Page | 50 

 

until it becomes negative but consequently increases the Cd. The minimum pressure on the weir 

face was determined as 
𝑃

𝜌𝑔
 =  𝐻1  − (𝐻1  − 𝑦) (

(𝑟 + 𝑛𝑦)

𝑟
)

2

𝑛
 where 𝑛 = 1.6 0.35 𝑐𝑜𝑡𝛼  with y being 

the crest depth approximated 0.7𝐻1 at negligible approach velocity. Figure 2.42 shows the 

minimum pressure experienced at a weir, with the approximation by former equation. 

 

 

Figure 2.42 Pressure distribution for a 1:1 sloping downstream face Bos (1978) 

 
2.5.4.3 Haghiabi (2012) 

 
Haghiabi (2012) in the use of the Dressler theory obtained the pressure profiles on the circular 

weir. He defined pressure over the weir crest as: 

(
𝑃

𝛾
)

𝑦
= 𝐻1 − 𝑦 − 0.29𝐻1

(
𝑦

𝑅
)

2
[1+

𝑦

𝑅
−1]

(1+
𝑦

𝑅
)

4
[𝑙𝑛(1+

𝑦

𝑅
)]

3

𝑍4[𝑙𝑛(𝑍)]3

(𝑧−1)2(𝑍2−1)
 ………………………………………............................... 2.14 

 

Where  𝑧 =  1 +  0.71
𝐻1

𝑅
 

 

In a series of test in the conducted experiments, Haghiabi (2012) clearly shows the ratio of 𝑦 

against (
𝑃

𝛾
)

𝑦
as seen graphically in Figure 2.43 
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Figure 2.43 Decreasing ratio 𝒚 against (
𝑷

𝜸
)

𝒚
 (Haghiabi, 2012) 

 
The plotted experimental data showed agreed with the prediction equation developed for the 

crest profile. Ramamurthy et al., (1992) as sited by also showed that ratio 𝑦 against (
𝑃

𝛾
)

𝑦
as seen 

in Figure 2.44. 

 

Figure 2.44 Decreasing ratio 𝒚 against (
𝑷

𝜸
)

𝒚
 (Haghiabi, 2012) 
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2.5.4.4 Chanson (1997) 

 
Chanson (1997) deduced the overflow pressure above the inflatable dam membrane from the 

motion equation. This equation best describes the pressure over the downstream of the weir 

faces of the circular weir, is given by: 

 
𝑷𝒂𝒕𝒎−𝑷𝒔

𝝆𝒘𝒈𝑹
 =

𝒅

𝑹
(𝑭𝟐𝒄𝒐𝒔𝜱 (𝟏 +

𝒅

𝟐𝑹
))……………………………………………………………….…… 2.15 

 
where 𝑃𝑎𝑡𝑚 – atmospheric pressure (kg. m. s−2) 

 𝑃𝑠 – cylinder surface absolute pressure and (kg. m. s−2); 

 𝑑 – nappe thickness (m) 

 
Equation 2.15 gives the theoretical sub atmospheric wall pressure as investigated when the 

centrifugal forces become larger than the gravity component, such that 𝑃𝑠 < 𝑃𝑎𝑡𝑚. Figure 2.45 

explains the over flow on the inflatable dam membrane as described in equation above. 

 

Figure 2.45 Over flow on the inflatable dam membrane (Chanson, 1997) 

 
In the lower quadrant 90°< 𝛷 <180° the gravitational force adds to the component of the 

centrifugal force of the curvature of the weir. Chanson (1997) in his study noted that the in 

process of deflation, the dam membrane must not be located in the region of low mean and 
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instantaneous mean pressure resulting in the up lift of the membrane. Stability of the weir is 

achieved by installing it in a region of pressure larger than the hydrostatic. Figure 2.46 shows 

the pressure distribution on weir as investigated by Chanson from equation 2.15. 

 

Figure 2.46 Pressure on the downstream face of weir from weir crest (Chanson, 1997) 

 

2.5.5 Flow depth at the crest and critical flow over weir 

 

The influence on the Cd done by the channel geometry and force causing flow patterns is 

measured by the dimensionless ratios that can be obtained from the measured experimental 

data. The crest flow depth at critical conditions under hydrostatic pressure distribution was 

expressed by Chanson (1998) as 𝑑𝑐 =  √
2𝑞2

𝑔

3
. Due to the curvature of the weir crest, the 

pressure is less than hydrostatic pressure and velocity is varied over the crest weir as the water 

flows over the weir.  Using different cylinder sizes in his experiments, he showed that there is a 

decrease in the ratio 𝑑𝑐𝑟𝑒𝑠𝑡/𝑑𝑐 against 
𝐻𝑤

𝑅⁄  as seen graphically below. In this experiment, the 

data was correlated by equation 2.16 and a normalised correlation coefficient of 0.844 was 

found. 
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𝒅𝒄𝒓𝒆𝒔𝒕
𝒅𝒄

⁄ =
𝟎.𝟖𝟓

𝟏−𝟎.𝟑𝟏×𝒆
(−𝟐×

𝑯𝒘
𝑹⁄ )

……………………………………………..……………………………… 2.16 

Where 

𝟎. 𝟎𝟐 ≤  
𝑯𝒘

𝑹⁄  ≤  𝟐. 𝟔𝟑𝒎 and 𝟎. 𝟎𝟒𝟐 ≤  𝑹 ≤  𝟎. 𝟏𝟏𝟕 𝒎 

 

 
 
Figure 2.47 Dimensionless flow depth at circular weir crest (Chanson, 1998) 

 

In the experiments conducted, the weir radius had an influence on the flow depth with the fully 

developed inflow only. 

 

Critical flow over circular weir 

Orgaz et al., (2008) found that the critical flow principle was useful in the analysis of the 

overflow on the circular crested weirs. He analysed the stream line curvature over the weir by 

comparing the experimental data with the approximations deduced. The study concluded 

showed that as the water flows over the weir, Cd increases with the increase in the relative head 

(E/R) due to the rounded weir crest. At the same time the increase in the flow velocities results 

in the consequent decrease in relative depth as E/R increases. The rounded crest weir flow is 

critical when the normalized specific energy E/R is within the range 0.5 and 0.6 and, at large 

heads, flow becomes supercritical. Total energy head was described by Orgaz et al., (2008) as 

given by 𝐻0  =  𝑧 + 𝑦 +
𝑉2 

2𝑔
=  𝑧 +  𝐸. Figure 2.48, shows the critical flow over the weir. 
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Figure 2.48 Critical flow for curvilinear flows (Orgaz et al., 2008) 

 

Due to potential and kinetic energy in the flow, the head remains constant anywhere inside the 

flow field. Then the differential energy yields zero such that  
𝑑𝑧

𝑑𝑥
+

𝑑𝑦

𝑑𝑥
+

𝑉𝑑𝑉

𝑔𝑑𝑥
=  0. With unit weir 

discharge being given by 𝑞 =  𝑉𝐻 and taking into account the correction coefficient for 

curvilinear flow and backwater equation, Orgaz et al. (2008) defined the specific energy for 

critical flow as follows: 

 

𝑬 = 𝒚𝒄 +
𝒒𝟐

𝟐𝒈𝑯𝒄
𝟐 = 𝒚𝒄 [𝟏 +

𝟏

𝟐𝑪
𝒚𝒄𝑯𝒄] = 𝜹𝒚𝒄…………………………………………….……………. 2.17 

and 𝛿 =
𝐸

𝑦𝑐
 

with 𝒒 = 𝑪𝒅(𝒈𝑬𝟑)
𝟏

𝟐…………………………………………………………………………………... 2.18 

 

Curvilinear flow theories from former studies gave good fits for the described equations where n 

= 2 and k = 0.6 are parameters in the Fawer theory and m = 2 is also a parameter in the Jaeger 

theory. These are shown in table 2.2 
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Table 2.2 Concepts for curvilinear flow over rounded crest weirs 

 

 

Orgaz et al. (2008) also established a relationship of Cd of the circular weir and Froude number 

at the weir crest with the critical depth for uniform velocity, 𝑦𝑐𝑢 = (
𝑞2

𝑔
)

1

3
 , with hydrostatic 

pressure distribution. 𝑦𝑐𝑢 =  𝑦𝑐  for parallel flow lines where 𝑅 = 0 and 𝛼 =
𝑦

𝐻
  for the 

dimensionless critical depth. Below are some equations on theories of the approximated 

curvilinear flow and the results obtained by Orgaz et al. (2008) on dimensionless critical weir 

depth and discharge at crest. 

 

 
Figure 2.49 Dimensionless critical weir depth (left Figure) and discharge at crest (right 

Figure) (Orgaz et al., 2008) 
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2.5.6 Energy loss over weir crest 

 

Shabanlou et al. (2013) found that in the studies conducted, generally, the energy loss over the 

weir decreased with the increase in the head water. With the experiments conducted, it was 

found that increasing the downstream face slope of the weir increases the head loss. In these 

two scenarios, head loss is mainly attributed to the shear stresses in the stream lines of the 

flowing water due to its viscosity. This phenomenon was also seen by Kang (2014) in the study 

of flow characteristics in sloping weirs. Chanson (1998), also concluded that the flow over a 

circular weir could be considered to be similar to that of a drop structure with the same height. 

Other researchers, like Rand (1955), validated this argument for a range 0.045 <
𝑑𝑐

𝐷
< 1 for the 

equivalent drop structure with the comparison of tests as seen in Figure 2.50, and expressed 

the estimation of the dimensionless head loss as 

 

∆𝑯

𝑯𝟏
= 𝟏 − (

𝟎.𝟓𝟒×(
𝒅𝒄
𝑫

)
𝟎.𝟐𝟕𝟓

+ 𝟏.𝟕𝟏(
𝒅𝒄
𝑫

)
−𝟎.𝟓𝟓

𝟏.𝟓+
𝑫

𝒅𝒄

)………………………….……………………………………….. 2.19 

 
Where ∆𝐻 = 𝐻1 − 𝐻2 
 

 
Figure 2.50 Equivalent drop structure and the comparison to the circular weir (Chanson 

1998) 

 
The graphical comparison by Chanson (1998) showed that the energy dissipation was 

increasingly low with increasing weir crest head. The energy loss over weir crest by Chanson 

(1998) is shown in Figure 2.51. 
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Figure 2.51 Energy loss over weir crest Chanson (1998) 

 
2.5.7 Energy dissipation and jump length on the downstream of weir 

 
The hydraulic jump in effect is the instantaneous raise in the water levels with decrease in the 

flow velocity. This phenomenon occurs when water is abruptly stopped, slowed and undergoes 

a sudden change of depth. Figure 2.52 gives the definition of the hydraulic jump. 

 

Figure 2.52 Hydraulic jump definition (Chanson, 2004) 

 

When the speed of the flowing fluid is below critical no jump formation occurs, but the flow forms 

undulating waves. Increasing the flow speed of water will reach a point wherein the transition in 
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the fluid becomes abrupt and it curls up, forming a jump. When this takes place, air entrapment, 

eddy currents, violent turbulence and surface waves occur. In essence, the general use of a 

hydraulic jump is for the energy dissipation in water flowing over a hydraulic structure, in this 

instance, the weir. 

 
In the occurrence of the hydraulic jump, there are three possibilities of its formation as seen in 

Figure 2.53: 

1. The ideal case when y1
’ = y2;  

2. When jump moves downstream such that y1
’ > y2 and; 

3. When the jump moves upstream with y1
’ < y2. 

 
 Figure 2.53 illustrates the formation of a jump. 

 

Figure 2.53 Cases of the formation of a hydraulic jump (Cruise, 2007) 

 
Assuming negligible air entrainment, hydrostatic pressure distributions, and uniform velocity and 

applying the momentum equation, the Belanger equations for the sequent depth of a hydraulic 

jump can be used to describe the hydraulic jump. Figure 2.54 depicts the types of hydraulic 

jumps and tabulated in table 2.3 according to Finnemore (2002). 

 

Figure 2.54 Lj/y2 against Froude number (Cruise, 2007) 
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Table 2.3 Types of Hydraulic Jumps (Finnemore, 2002)    

Name 
Froude’s 

Number 
Energy dissipation Characteristics 

Undular Jump 1.0-1.7 <5% 

Standing waves         

Weak Jump 1.7-2.5 5-15% 

Smooth rise               

Oscillating 

Jump 
2.5-4.5 15-45% 

Unstable; avoid         

Steady Jump 4.5-9.0 45-70% 

Best design range    

Strong Jump > 9.0 70-85% 

Choppy, intermittent  

 

The Belanger equation for the sequent depth of a hydraulic jump considers the conservation of 

the momentum in the upstream depth y1 and downstream depth y2 for a specific discharge. A 

relationship exists, in which the two are related as well as the 𝐹𝑟 and critical depth 𝑦𝑐 as 

expressed in equation 2.20, 2.21 and 2.22: 

 

𝒚𝟐 =
𝒚𝟏

𝟐
[−𝟏 + √𝟏 +

𝟖𝒒𝟐

𝒈𝒚𝟏
𝟑 ]…………………………………………………………………………… 2.20 

𝒚𝟐 =
𝒚𝟏

𝟐
[−𝟏 + √𝟏 + 𝟖𝑭𝒓𝒏𝟏

𝟐 ]………………………………………………………………………… 2.21 

𝒚𝟐 =
𝒚𝟏

𝟐
[−𝟏 + √𝟏 + 𝟖 (

𝒚𝒄

𝒚𝟏
)

𝟑
]……………………………………………………………………..… 2.22 

 
The occurrence of a submerged jump, however, has little air entrapment as compared to the 

free hydraulic jump. In contrast, energy dissipation is less in a submerged jump as compared to 

the free hydraulic jump. Submerged jumps also introduce more pressure differentials in the 

downstream water since energy dissipation is little. The submerged jump often becomes a jet in 
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the water characterized by less noise and air bubbles. Because of poor energy dissipation, 

submerged jumps cannot be used as good energy dissipaters. 

 

In the design of a weir, the energy of the fast flowing water over the dam body must be 

dissipated to prevent erosion of the downstream. The hydraulic jump formed normally occurs on 

the apron designed to endure hydraulic forces are formed and prevents cavitation and 

processes the accelerate erosion. In most cases of a hydraulic jump design 60-70% energy 

dissipation is achieved at the jump, reducing the structural damage and potential bed erosion. 

Though at this level of energy dissipation is recommended, there is a need to design for the 

uplift, cavitation, vibration and abrasion.  
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CHAPTER 3: METHODOLOGY FOR EXPERIMENTAL STUDY 
 

3.1 Introduction 
 
This chapter presents a description of the model schematization of the different stages of an 

inflatable weir, for example of weir which is deflated during a flood situation and describes the 

model setup in the laboratory and data collection/measurement. The methods of measurement 

(instrumentation, data acquisition and analysis) of discharge, water levels (stage), pressures on 

the downstream face of the weir from the crest and the downstream hydraulic jump are 

described. The accuracy of measurements during the experimental test conditions applied are 

also presented. Finally, a description of model scaling is presented to enable recorded data to 

be scaled up to prototype data of a 3m high inflatable weir. 

 

3.2 Schematization of deflation stages of the inflatable weir 
 
With regard to the nature of the flow profile over weirs, the cylindrical weirs are also classified as 

narrow-crested weirs (Lakshmana Rao, 1975) or short-crested weirs (Bos, 1989). For this type 

of weir, the curvature of the streamlines could be considerable. Cylindrical weirs were very 

much in use in the late 19th century and in the early 20th century before the use of the ogee 

shaped weirs. In the hope of improving the discharge coefficient of the weir in the 19th century, 

investigations led to the design of the circular weir. Inflatable dams became a new form of weir 

similar to the circular weir. Circular weirs were used as a close representation of the inflatable 

weir. However, in practice a partially deflated or deflating weir forms a broad crested weir of 

varying heights joined to a circular weir of respective varying sizes or rather a droplet squat/tear 

drop shape. Using a cylindrical weir would simplify the measurement of the discharge over the 

weir by maintaining stage for a fixed inflow. Similarly, in this study, successive sizes of circular 

weirs are used to analyze the hydraulic dynamics on an inflatable weir, though there is a 

possibility of having a deformed shape when pressure is reduced in a real life situation. Figure 

3.1 shows the different stages of an inflatable weir which were tested in the laboratory. The 

largest weir model assumes the fully inflated weir, the intermediate weir assumes the partially 

deflated and the smallest the almost fully deflated state. 
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Figure 3.1 Simulation of different stages of the inflatable weir (viewed from US 

laboratory) 

 
Inflow water to the test flume eventually impinged on the weir model before overflow occurs. 

The streamlines of flow due to the circular weir obstruction are however not shaped in the same 

way as with an inflatable weir obstruction, but this insignificantly alters the flow past the weir and 

is considered to have little effect on the weir performance as seen in literature studies on 

upstream arches in section 2.5.2. Building of a miniature model of the inflatable weir would have 

had a substantial cost, but it would have given a more accurate simulation of the hydraulics of 

the inflatable weir. 

 

3.3 Experimental configuration and physical model construction 
 

The equipment chosen to perform the experiment was a rectangular flume having a length of 

10m, a 2m width and a height of 1m. The walls along the entire length of the flume were made 

of glass with a steel-frame, allowing for visual observation of the flow transition over the weir 

model. Figure 3.2 shows the schematic set up of the whole system used for the experiments. 
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Figure 3.2 Schematic set up of the whole system used for the experiments (viewed from 

US laboratory) 

 

Incoming water immediately went through a honey comb buffer with 40mm x 20mm openings to 

dissipate the energy at the inlet, thus suppressing any excessive turbulence from the supply 

water. This created more steady flow conditions for the experiment before the water was 

successfully passed over weir. In practice, the water entered the flume from a constant head 

tank, which was fed by centrifugal pumps with a maximum discharge of up to 150l/s. Figure 3.3 

shows the experimental set up before water was allowed into the flume. 
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Figure 3.3 Flume with weir and measuring apparatus (viewed from US laboratory) 

 

The weir models built into the flume were made from a 2m span of smooth uPVC pipes of three 

sizes. A 300mm, 250mm and a 100mm diameter pipe was put across the 2m wide flume for the 

three tests conducted. The large pipe (300mm) was used to simulate the conditions undergone 

in a fully inflated weir. The 250m diameter pipe was for conditions of partial deflation and the 

100mm pipe for the almost deflated weir as shown in Figure 3.1. Each weir was tested to 

simulate a stage undergone by the air/water inflated dam model, and the downstream faces of 

the cylinders used in each test were not ventilated in all the experiments. 

 

With the cut pipe fitted across the flume (weir model) at a distance of 7m from the inlet, overflow 

conditions were reached with various discharges for each of the three pipe sizes, while 

measurement of upstream, nappe, jump and downstream depths were done. This simulated the 

conditions the inflatable weir is subjected to under normal flow conditions.  

Winch system 

controlling the 

flap gate open 

Weir model 

reducing turbulence 

in water 

 

Depth gauge 

Buffer for incoming water 

 

Flow direction 
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For the system, a recirculating discharge system was used with a constant head reservoir and 

an underground reservoir to retaining the water. The bottom of the flume provided a level drain 

area sloping at a slope of 1.57%, allowing the water from the flume to flow over the fixed weir 

model for each test. The tail water depth, which controlled the formation of a hydraulic jump, 

was controlled by a steel flap gate hinged at the downstream end of the flume, at the bottom, 

with an adjustable winch system. For pressure distribution over the weir models, a series of 

pressure sensors were put at intervals, and the use of tubing protected their electrical 

connection as seen in Figure 3.4. 

 

 

Figure 3.4 Side view of flume (viewed from US laboratory) 

 

The pressure sensors measured the pressures at 0°, 11.25° and 22.5° from the weir crest in the 

downstream direction. Each sensor was in its own flow path with one in the center and the other 

two on the sides, spaced 100mm from the one in the center as seen in Figure 3.5. 

Pressure sensors connecting to the 

Pico Logic recorder at 0˚, 11.25˚ and 

22.5˚ from the weir crest 

respectively 

Flow direction 
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Figure 3.5 Measuring equipment in the middle of the flume (viewed from US laboratory) 

 

The physical prototype model used was constructed in a period of one month to include the 

removal and placement of the various pipe sizes in the testing. The weir model was placed at a 

distance of 3m from the discharge end of the 10m flume (as seen in Figure 3.2) and 

measurements taken in the center of the flume. Measurement of the upstream and downstream 

depth was carried out by point gauges in the center of the flume as seen in Figure 3.5. The 

downstream gauge was, however, movable to allow the measurement at weir crest level and 

the hydraulic jump length, which was not stationary, together with the tail water after the jump. 

 

As flow was introduced into the flume at the start of the experiment, it was observed that a 

submerged jump was formed when the flume was at a slope of 0.052%. At this bed slope, the 

submerged jump started at a minimum inflow of 53.028l/s until it reached a maximum of 

143.43l/s which was available from the test apparatus. This inflow still produced a submerged 

jump even with a partially closed tail-gate of the flume (see Figure 3.6). The approach flow 

velocity at the jump was still at supercritical speed and air entrapment was small with a 

submerged jump. 
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Fixed depth gauge 

 

Weir model 
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Figure 3.6 Submerged jumps at 53.028l/s (left) and 143.43l/s (right) (viewed from US 

laboratory) 

 

The submerged jump was pulsating and dynamic and this resulted in pressure build up that is 

normally avoided to prevent the jump becoming a less efficient energy dissipater. The bed slope 

was then increased for effective energy dissipation until a jump could be formed in the test 

flume. At the change of slope of the flume to 1.57%, it was then possible to introduce the flowing 

water, thus forming a hydraulic jump in the flume, and dissipating the excess energy in the 

process of the formation of a jump.  Figure 3.7 shows the schematic diagram of the experiment 

set up during overflow with a controlled jump. 

 

Figure 3.7 Schematic section through weir during overflow (viewed from US laboratory) 

 

From the upstream side of the weir, the nappe was seen to accelerate until the attached free-

falling nappe was projected downward before it impacted the floor of the flume. Separation of 
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the unventilated nappe was seen with one part recirculating before continuing with the flow. The 

surface flow continued to form the jump on collision with the slow moving water downstream. In 

the process, the depth of flow was forced to undergo a sudden change from supercritical to a 

subcritical depth, and the Froude number increased to values greater than 1.0. This flow 

condition is similar to the simulation of a real life weir in which high energy is often involved in 

the flowing water and energy dissipation is required. With visual observations, it was also seen 

that the jump was not formed until the tail-end gate was raised. The water levels upstream and 

downstream of the weir were only measured at the chosen slope with the least flow introduced 

into the flume until the highest possible flow with a steady jump formed. Careful measurement of 

the depth of the nappe above the crest and the corresponding depth at the recirculation pool 

down the weir were performed and comparisons of the weirs tests made with literature. 

 

3.4 Instrumentation, data acquisition and analysis 
 

Instruments used in the collection of data are described together with the way data was 

collected and analyzed. 

 

3.4.1 Inflow measurement 

 

A SAFMAG electromagnetic flow meter was used to measure the inflow into the flume as it was 

controlled by the gate valve immediately before the flume. Accuracy was within ± 0.5% of the 

measured flow rate for velocities greater than 0.5m/s and ± 0.025% for velocities less than 

0.5m/s with an additional analog output error of ± 0.008mA. Figure 3.8 shows the flow meter 

used. 

 
Figure 3.8 SAFMAG electromagnetic flow meter 
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3.4.2 Depth gauge measurements 

 

The depth gauge used was mounted on a beam and had an accuracy of ± 0.1mm. Figure 3.9 

shows a closer view of the depth gauge used. 

 

 

Figure 3.9 Depth gauge (viewed from US laboratory) 

 

When taking the readings, measurement of the depth of the flume bed and on the crest at the 

weir relative to the mounting of the gauge was done first. Successive measurement of the flow 

depths then gave the resultant, making the depth reading. If correction of the flume slope was to 

be applied in the depth gauge readings, decrease in the measured depth would be by a factor 

𝐶𝑜𝑠 𝜃 = 0.999876777 ≈ 1 where 𝑡𝑎𝑛 𝜃 = 1.57%. Figure 3.10 illustrate the insignificant decrease 

of the corrected depth relative to the accuracy of the depth gauge. 
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Figure 3.10 Corrected depth (viewed from US laboratory) 

Depth, H, as used in the calculations, was measured 2.4m upstream of the weir crest. Gauge 

reading was first taken with no water on the bed of the flume, then measured again the depth of 

water behind the weir after filling up the upstream side flush with the weir. Successive readings 

of the water levels due to the respective increase in inflow were finally recorded. Measurement 

directly on top of the weir with a movable mounted depth gauge gave the successive readings 

of the crest depth. The depth gauge reading was also done with no water at the crest then 

flowed by the successive levels with increasing inflow. From the crest to the downstream side, 

depth y1 and y2 were also measured using the gauge mounted on the trolley and again the 

depth of flume bed without water followed by the successive rise in water levels for both y1 and 

tail water depth y2 were recorded. 

 

3.4.3 Pressure measurement on weir model 

 

Using the Pico-Log recorder unit and software, one was able to start and stop recording with a 

player that enabled one to go through the recorded test and also make comparison with other 

runs. For the output, a graphical interface showing the readings for single or multiple 

measurements over a period of time was made available. The graphical result was also 

available in a spreadsheet, showing a detailed summary of the recording. This software formed 

an interface, making it possible to collect, analyze and display data. The use of the Pico-Log 

recorder unit, together with the pressure sensors, enabled the reduction of error in the 
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measurement of pressure at the points indicated on the weir crest, but, inevitably, some error 

was involved due to vibrating equipment and water currents. 

 

With the Pico-Log recorder unit and the use of pressure sensors, the pressure distribution at the 

top and downstream face of the weir models was measured electronically at various inflow 

conditions. Figure 3.11 shows the position of the pressure sensors on the upright weir model 

during each experimental set up. The PicoLog unit has a number of separate input channels, 

but one needs only to connect the necessary number of channels that one wishes to use, in this 

case, three were used at a time. 

 

 

Figure 3.11 Position of the pressure sensors on a quadrant downstream of the weir 

model during the test (viewed from US laboratory) 

 

The signal from the first three pressure sensors was then recorded with continuous logging in a 

computer using the PicoLog software. Measurement of the pressure from the continuous 

logging was done for 300s (5min) in each of the pressure sensors for the three weir sizes. 

Figure 3.12 and 3.13 show the data as record by the PicoLog unit from the software graphical 

plot, showing a section of the 300s recording of the pressure sensors from crest respectively. 
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Figure 3.12 Zero flow measurement of pressure by the first three pressure sensors 

during test of the R = 0.15m weir model (Viewed in US laboratory) 

 

 

Figure 3.13 Pressure reading at 0.0236 m3/s during test of the R = 0.15m weir model 

(Viewed in US laboratory) 
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The first recording in each of the tests conducted on each weir model was used as a correction 

on the pressure gauge reading as inflow was introduced into the flume. However the data 

available from the spread sheet was imported to Excel to capture the whole 300s logging 

undertaken / cycle. Conversion of the electric signal to give the equivalent pressures from the 

tests was done to achieve the final pressure and enable analysis of the data. For conversion a 

formula applied such that: 

 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 =  
2

16
×

𝑉𝑠

120
× 1000 − 1.5 

Where 𝑉𝑠 is the voltage recorded by the pressure sensor. Figure 3.14 shows the graphical plot 

from the spread sheet data for 0.0394 m3/s inflow to the flume. 

 

 

Figure 3.14 Pressure at 0.039389 m3/s during test of the R = 0.15m weir model (Viewed in 

US laboratory) 
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The average pressure (�̅�) and lower 95% pressure (�̅� − 𝑧
𝑠

√𝑁
) measured was then taken into 

consideration for each pressure recording at 0˚, 11.25˚ and 22.5˚ on the downstream side of the 

weir crest.  

 

 

Additionally a single test was done using the 0.15m radius weir again with three pressure 

sensors at the downstream face at 67.5°, 78.75° and 90° from weir crest. The 0.15m weir was 

turned 67.5° in the downstream direction positioning the first pressure sensor at 67.5°, the 

second at 78.75° and the last at 90° form the weir crest. 

 

3.4.4 Jump length  

 

Photographs and the use of a tape measure were used when recording the jump length (Lj). 

See Figure 3.15  
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Figure 3.15 Measurement of the jump length (Viewed in US laboratory) 

 

A digital camera was used to capture the flow patterns over each circular weir tested. It was 

also used to produce photos that showed the state of flow in the whole model. These 

photographs were used for close observation of the jump formation and to check the jump 

lengths against the measured result. 

 

3.5 Accuracy of measurements during experiment 
 

The depth of water in the flume configuration shown (Figure 3.7) is often measured by the use 

of a depth or dial gauge. The dial gauge, made up of a venire caliper mounted on a stand is not 

different from the standard venire caliper and the principle of operation is the same. The same 

applies to the measurement of pressure by the sensors, which includes the measurement 

accuracy and capabilities. When in use, there are inaccuracies that arise in instruments when 

they are not properly mounted and due to observation with the dial gauge. In some instances, 

poor contact is made between the weir surface, the moving anvil and the floor of flume (Alan, 

2001).  

 

Accuracy and precision are important characteristics of any flow measurement device (Evan, 

2010; Alan, 2001). Accuracy, in this case, is the ability of the measuring device to indicate the 

true depth/pressure without a systematic basis above or below the true value. The precision of 

the instrument being its ability to reproduce similar measurements. Figure 3.16 illustrates the 

aspect of accuracy and precision. 

Ld Lj 
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Figure 3.16 Accuracy versus precision (Rothman, 1998) 

 

The set of solid points in Figure 3.16, exhibits good accuracy, but low precision, while the set of 

open points have poor accuracy and high precision (Rothman, 1998). Quite often, the precision 

and accuracy of the water level and pressure measurement by the measuring device, would 

affect the precision and accuracy of the complete measured quantities. Sources of error or 

uncertainty in individual measurements, classified as either random or systematic are both 

systematic; that is, they have a bias that affects repeated measurements in a similar manner 

and random, averaging to zero over the course of many measurements (Rothman, 1998). Even 

if all systematic biases are eliminated, the accuracy with which a single depth measurement and 

pressure could be made is limited by the precision with which a measurement could be 

reproduced. From a statistical point of view, a random error could also be envisaged as 

sampling variability. Systematic error, or bias, is the difference between an observed value and 

the true value due to all causes other than sampling variability (Victor, 2000). 

 

Spurious errors in the measurements occur and introduce false data into the measurement 

procedures for the pressure and water levels. They are unpredictable in their occurrence, 

magnitude, and distribution, and invalidate the measurements taken. Human error or 

obstructions to normal flow also contribute largely to the spurious errors. These could 

sometimes be detected by comparing flow measurements at different times or at different 

locations within the flume. 
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To add to the possible error of actual reference setting, there is a possibility of error as a result 

of the unstable foundation, causing a drift in the zero reading. The reading error of a staff gauge 

is largely influenced by the distance between the gauge and the observer, the angle at which 

the gauge is read, the turbulence of the water, and also the graduation units of the gauge. 

Inevitably, in the experiment, the staff-gauge readings and pressure become inaccurate owing 

to the systematic error associated with turbulent flow. 

 

3.6 Effects of viscosity and surface tension and model scaling 
 

In general, it has been seen that tests on the weir models largely differ compared to the real life 

situation performance of the weir, owing the viscosity and surface tension. The more significant 

of the two is the surface tension increases as stream line free surface curvature increase 

(Sarginson, 1972). Its effect is more evident in the case of the sharp crested weir where both 

sides of the nappe are affected and Cd is decreased until such a time when the increase in head 

water has negligible effects on Cd. With the circular weir, effect of surface tension is on the 

upper surface of the nappe and the lower which is in contact with the weir, making the large 

circular weir less affected by surface tension than a smaller weir. It has been seen that the 

phenomenon of surface tension, as seen in the Rehbock empirical formula for a weir, is 

applicable for 6mm diameter weirs and larger and heads of 6mm up to 150mm. Sarginson 

(1972) obtained this comparison with the theoretical Rehbock empirical formula and found a 

good agreement with the measured results. At crest radii larger than 50mm and head over 

30mm, the effect of surface tension is observed to be negligible, but is considered as head 

waters decrease with the same weir crest radii. As aeration on the nappe is introduced, a critical 

point where the surface tension no longer applies on the nappe, develops. The situation is more 

of a trajectory, and gravitational forces and viscosity would mainly be at work. The critical 

corresponding head required for the circular weir is larger for a large weir as compared to the 

smaller weir. 

 

Scale effects on circular crested weirs mainly accounts for the surface tension and the viscosity 

of the water. Orgaz et al. (2014) in his study, obtained an analytical solution for the scale effects 

by using very small weirs. The study shows that, for a circular weir, a minimum overflow head of 

0.04m for a weir radius, 0.01m < R < 0.30 m, maintains the discharge curve unaffected by scale 

effects. For accurate reproduction of the important hydraulic gradual changes through a series 

of states in the hydraulic model, it was realized that the geometric and dynamic similarity 
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between the prototype weir and model weir must be fulfilled when determining the model scales 

(Abdelazim, 2010). For a large model that has free surface flow, the inertia and gravitation 

forces are dominant. Simulation of the model is based on Froude number equality with the 

prototype. The Froude number represents ratio between gravitational and inertial forces, given 

by the equation below: 

 

𝐹𝑟 =
𝑉

√𝑔ℎ
  Where  𝐹𝑟 = Froude number,      

     𝑉 = average flow velocity, (m/s) 

ℎ = characteristic depth, (m) 

𝑔 = gravitational acceleration, (m/s2). 

 

From the condition when the Froude Number in the prototype and model are equal, the velocity 

scale ratio could be determined from which the other scale ratios could be derived from the 

below mentioned equations: 

 

Velocity (v) scale ratio  = nv = ( nh )0.5, 

 

Discharge (Q) scale ratio  = nQ = nl nh nv  =  nl (nh)1.5, and 

 

Time (t) scale ratio  = nt = nl / nv = nl /(nh)0.5          (Abdelazim, 2010) 

 

Pressure (p) scale ratio = np = nl = nh 

 

Where: 

l = length 

h = depth 

n = (prototype parameter)/(model parameter) 

nv = (prototype v)/(model v) 

 

In this study, undertaken if the undistorted geometric scale of 0.3:3 i.e. 1:10 is selected, 

consequently, the ratios for the other quantities would be as stated below from the above 

mentioned equations: 
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Horizontal length scale  nh = 10; 

Velocity scale    nv = (10)0.5 = 3.162; 

Discharge scale   nQ = (10)2.5 = 316.228; 

Time scale    nt = (10)0.5 = 3.162 and; 

Pressure (p) scale  np = 10 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

4.1 Introduction 

 

This chapter presents and discusses the stage-discharge relationships, pressures, crest depth, 

energy loss over crest, energy losses downstream of weir and jump lengths found from the 

experimental work undertaken. Analysis of results was done by comparing all experimental data 

with literature studies experimental data, empirical and theoretical equations. This gave an 

understanding of the inflatable weir hydraulics using the circular weirs. 

 

4.2 Stage-discharge relationships of the weir models 
 

Stage discharge relationships over the weir consists of the inflow water depth above the crest 

and its effect on weir discharge, the relationship between the coefficient of discharge, Cd with 

the total head, Hw above the crest and the weir radii, R tested. 

4.2.1 Relationship between unit discharge (q) and stage (H) 

 

From the successive measurements of the water depth at 2.4m upstream of the weir, an 

experimental relationship between unit discharge (q) and stage (H) was found. Unit discharge, 

q, increased with an increase in head, H, as seen with Abdul-latif (2010), this is seen in the 

graphical plot in Figure 4.1. 
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  Figure 4.1 Relationship between unit discharge and stage 

 

The experimental data from the study conducted also shows that there is variability for the 

individual model tests as seen by Abdul-latif (2010) experimental data. Consistence in the 

experimental data was archived in studies by Emad (2012) by performing repeated experiments 

with a weir model to reduce possible error in a single test. Unit discharge and head relationship 

is varied because of the accuracy and precision in the measured depths. 

 

4.2.2 Relationship between coefficient of discharge, Cd with total head, Hw and radius of 

curvature, R 

Using the broad crested weir formula (𝑄 =  𝐶𝑑𝑏√𝑔 (
2

3
𝐻𝑤)

2

3
) where the width of the flume, 𝑏 is 

2m, a graphical plot of the 𝐶𝑑 versus 
𝐻𝑤

𝑅
 was done for the various inflows during each test and 

are shown in Figure 4.2. 
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Figure 4.2 Relationship between Cd with Hw /R 

 

Experimental data on Figure 4.2 shows that the Cd values are within a range; 1.0 < Cd < 1.3. 

From the experimental data, generally as the weir radius is reduced, the unit discharge 

decreases and the large weir radius allows more discharge per unit width of the weir. This is the 

case as with the oblique weirs studied by Emad (2012), wherein the oblique weir radius gives a 

larger length of flow. The experimental data also revealed that the coefficient of discharge, Cd, 

slightly increased initially, but generally decreased as the Hw /R ratio increased. This shows that 

despite Cd being affected by a change in the head, H, being the only changing variable during 

each test scenario and the weir radius, R being constant, Cd is proportional to the weir head, Hw 

and inversely proportional to the radius of curvature, R. Using the results of this study and 

literature based on the broad crested weir formula, a combined plot shows the relative accuracy 

of the experimental study as seen in Figure 4.3  Data from converging literature studies was 

only considered for clear comparison and the other studies were included in the appendices. 
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2. Chanson (2008) Empirical fully developed inflow; 

3. Heidarpour (2010) Empirical equation;  

4. Haghiabi (2012) Theoretical equation and; 

5. Shabanlou (2013) Empirical equation. 
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Figure 4.3 Relationship between Cd with Hw /R for the measured results and literature studies 
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From the comparison of the experimental data to literature, the variation of the flume bed slope 

did not affect the Cd because of the rounded weir crest. The results from the 0.05m, 0.125m and 

0.15m weir radius compare reasonably well with those from literature. Bos (1976) concluded 

that the weir radius can affect its discharge as it either renders a weir sharp-, short-, or broad-

crested, depending on the weir radius. The graphical representation of the three weirs also 

shows that the discharge coefficient becomes constant in relation to (Hw/R) as R → ∞. The 

graph illustrates that the discharge coefficient is largely influenced by the upstream head, Hw, 

over the crest over the calibrated range with the flow over the weir also independent of the 

downstream water levels. 

 

4.3 Pressure distribution over the weir 
 

Pressure at the start of the test of weir model R = 0.15m generally decreased as the overflow 

increased. Using the lower 95% of the recorded pressure gave more negative pressure with the 

measured values compared to the average pressures. Similarly, in each test for the other weir 

models, the pressure continued to drop successively on each of the three sensors on the 

downstream weir face. Pressure drop was more significant on the sensor located at the lower 

end of the weir crest. Pressure measured also gave a good prediction of the pressure of the 

intermediate weir sizes as undergone by the inflatable weir. Figure 4.4, 4.5 and 4.6 gives a 

graphical picture of the increasingly low measured pressures as measured on each test model. 

  

Figure 4.4 Pressures on surface of weir 1: R 0.15m 
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Figure 4.5 Pressures on surface of weir 2: R 0.125m 

 

 

Figure 4.6 Pressures on surface of weir 3: R 0.05m 
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The R = 0.15m weir model was tested again, after turning it through 67.5° in the downstream 

flow direction, for the first five inflows with the three pressure sensors now at 67.5°, 78.75° and 

90° from the weir crest to span the assessment of pressure over the weir. The pressure also 

decreased as the inflow into the flume increased. Again the lower 95% of the pressure gave 

more negative pressure variation as compared to the average pressure. The pressure sensor at 

90° from the weir crest showed that the pressure got to a point when it suddenly became high 

positive and negative, and started undulating as a result of the nappe pulsating. This was also 

confirmed by the pulsation of the nappe as seen visually during the tests with a fixed inflow. 

Figure 4.7 show the variation of pressure with increasing inflow. 

 

 
Figure 4.7 Pressures on surface of weir 1: R 0.15m 

 

The pressure was also plotted as P/(ρwg) against θ for the mean pressures for the first three 

pressure sensors on all weir models, and lastly the three pressure sensors on the R = 0.15m 

weir model turned through 67.5°. Generally there was a decrease in pressure as the angle, θ, 

from the weir crest increased. However, as the weir radii decreased the pressure became more 

and more negative. Figures 4.8, 4.9 and 4.10 show the variation in pressure for the first three 
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sensor and Figure 4.11 shows the pressure for the last three sensors after turning the R = 

0.15m weir by 67.5° in the downstream direction for the various inflows tested. 

 

 
Figure 4.8 Measured average pressure against angle from weir crest for the R = 0.15m 

weir at 0 ˚, 11.25˚ and 22.5˚ for different flows 

 

 
Figure 4.9 Measured average pressure against angle from weir crest for the R = 0.125m 
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Figure 4.10 Measured average pressure against angle from weir crest for the R = 0.05m 

weir at 0 ˚, 11.25˚ and 22.5˚ for different flows 

 

 
Figure 4.11 Pressure against angle for the R = 0.15 weir at different flows for the lower 

three pressure sensors after turning the R = 0.15m model 
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Experimental data shows that on the crest of the weir, 0°, pressure is mostly due to the water 

above the weir crest for a specific flow with a corresponding depth. As water moves to the 

downstream of the weir face, the centrifugal forces due to the curvature of the weir gradually 

increase, lowering the pressure on the face of the weir. Experimental data from all the weir test 

models was also compared with the motion equation 2.15 as derived by Chanson (1997) for the 

different Froude numbers at the corresponding inflow during the tests. Chansons theoretical 

equation shows that the pressure should have been less negative as the weir radius decreases. 

The difference between the experimental data and equation 2.15 is due to the fact that the 

motion equation looks at an idea flow situation. Below is Figure 4.12, 4.13 and 4.15 showing the 

comparison of the theoretical equation for Chanson (1997) to the experimental data for the 

corresponding flows tested. 

 

 

Figure 4.12 Comparison of Chanson (1997) motion equation and the first pressures at 0 ˚, 

11.25˚ and 22.5˚ on the R=0.15m 
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Figure 4.13 Comparison of Chanson (1997) motion equation and the first pressures at 0 ˚, 

11.25˚ and 22.5˚ on the R=0.125m 

 

 

Figure 4.14 Comparison of Chanson (1997) motion equation and the first pressures at 0 ˚, 

11.25˚ and 22.5˚ on the R=0.05m 
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The R = 0.05m weir, experimental data showed that the measured pressure continues to be 

negative. Figure 4.15 shows the comparison of the experimental data to Chanson’s theoretical 

equation with pressure sensors at 67.5°, 78.75° and 90° for the respective Froude numbers due 

to the respective inflow. 

 

 

Figure 4.15 Comparison of Chanson (1997) motion equation and the experimental data 

after turning the R = 0.15m model 
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quadrant of the weir, the nappe also adhered to the wall due to lack of aeration, irrespective of 

the gravitational force. Separation occurred before the nappe impinged on the ground. 

 

4.4 Crest depth and critical flow at crest 
 

Experimental data shows that dcrest/dc is fairly constant for each weir model tested in the study. 

The Cd is maximum when dcrest/dc = 1. For dcrest/dc less than one for on the test conducted shows 

that overflow on the circular weirs was at supercritical flow and critical flow conditions upstream 

of the weir crest. Figure 4.16 shows the relationship between dcrest/dc with Hw /R. 

 

 

Figure 4.16 dcrest/dc against Hw /R, a measure of discharge 

 

dcrest/dc values are close to 1 for the larger weir models, showing that the larger weirs (fully 
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(1998), with dcrest/dc ≈ 0.85 to 0.95. The difference observed is mainly attributed to by the 

differences in the inflow condition (Chanson, 1998). For Hw /R > 1, dcrest/ Hw was seen to be 

constant by many studies and the results from this study also showed that dcrest/ Hw ≈ 0.7 and is 

fairly constant throughout the tests conducted as inflow increased.  Figure 4.17 shows the 

relationship of crest depth and Hw /R. 

 

 

Figure 4.17 dcrest against q, a measure of discharge 

 

4.5 Energy dissipation over of weir 
 
As the inflow went over the weir and eventually forming a jump, energy was lost. Figure 4.18 
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Figure 4.18 Energy line over weir and hydraulic jump (Viewed in the US laboratory) 

 

From the results it is evident that energy is lost as overflow goes past the weir models. The 

energy loss (E0 - E1) is greater over the large weir and reduces as the weir radius, R, decrease. 

For a fixed weir radius, as the overflow increases, the energy loss is also reduced. Figure 4.19 

and 4.20 show the energy dissipation over the weirs. 

 

 

Figure 4.19 ∆H/H1 versus Hw /R a, measure of energy loss over weir 
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Figure 4.20 ∆H/dcrest versus, a measure of energy loss over weir 

 

4.5 Energy dissipation downstream of weir 
 

Energy dissipation downstream of the weir was due to the formation of a hydraulic jump. 

Experimental data shows that the energy loss due to an induced jump is varied. In most cases 

the introduction of a step at the bottom of hydraulic structure is put in place to control the 

formation of the hydraulic jump. Figure 4.21 shows the energy dissipation due to the hydraulic 

jump. Variation in the energy dissipation is a result of the oscillating jump and varying tailgate 

height. 
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Figure 4.21 Variation of energy dissipation 

 

4.6 Hydraulic jump length 
 

Generally, the Froude number indicated that the flow downstream of the weir was at super 

critical, fast rapid flow. The jump was more stable with the smallest circular weir and could be 

more accurately determined in the case of a small weir. This is seen in Figure 4.22. Comparing 

the measured results with the USBR (1987) Shabanlou et al. (2013) relation of Froude number 

to dimensionless jump length shows that it was difficult to measure the jump length with the 

larger weir model as opposed to the small weir. This was mainly due to the oscillating jump 

length. 
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Figure 4.22 Relationship between Lj/Y2 and Froude number 

 

The pulsating jump length shows that there is more likelihood of having wave erosion in the fully 

inflated weir in the real life situation and this would reduce as it deflates. 
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CHAPTER 5:  CONCLUSIONS AND RECOMMENDATIONS 
 

This chapter summarizes the performance of the inflatable weir base on the circular weir 

findings on the discharge coefficient, head, total head, radius of curvature and nappe adherence 

and pressure distribution on the weir in the light of the hydraulics of the inflatable weir. As a 

conclusion to the study, the effect of the weir size and pressure in the three tests developed the 

hydraulics of the inflatable weir. Within the limits of the experimental data observed, assuming 

the deflation of an inflatable weir behaves as simulated by the circular weir, conclusions could 

be arrived at: 

 

1. Based on literature by Chanson and Montes (1998), Shabanlou et al. (2013), Schmocker et 

al. (2011) and Bahzad et al. (2010), upstream arches have insignificant influence on the 

performance of the inflatable weir. There is rather reduced afflux due to the shape of the 

upstream of the weir from the Bernoulli’s equation. This shape of the upstream of the weir 

also contributes to the transport of sediments Gebhardt et al. (2012). 

 

2. Investigation of the discharge coefficients vary between 1.0 to 1.3 for the radii tested and 

general conclusions are: 

o As the weir radius is reduced during the deflation, the unit discharge over each weir 

increased with increase in head above the crest. 

o Discharge coefficient of the inflatable weir increases with the increase in head, and is 

inversely proportional to the radius of curvature. 

 

3. Investigation of the pressures on the downstream face of the weir models showed that: 

 

o As the weir radius decreases during deflation, the suction/negative pressure acting 

on the downstream face of the weir became more negative with increasing H/R 

values. 

o Pulsation of the nappe occurred 90° from the weir crest as nappe detached from the 

weir. 

 

Pressures ranges measured during the experimental study on the test models are tabulated 

in table 5.1 and table 5.2 shows an example of a prototype weir 3m high. Negative 
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pressures lower than -10m water in Table 5.2 indicate locations on the weir surface where 

cavitation is expected to occur. 

Table 5.1 Range of pressure measured from weir face during experiments on weir models 

 

Table 5.2 Range of pressure weir face on a prototype weir 3m high 

 

4. Investigation of energy dissipation over the weir; and characteristics of the downstream 

hydraulic jump: 

 

o Energy dissipation over the weir decreases with the decrease in the weir radius. 

 

In general, the jump is more stable with the smallest circular weir and could be more accurately 

determined in the case of a small weir.  

 

Recommendation 

Future research on inflatable weirs should aim to monitor the negative pressures further 

downstream of the weir, because larger negative pressure is expected to occur lower down from 

the 90˚ angel used in this study. 

 

Pressure from 

weir crest 

Range measured of 

experimental data (m water) 

Pressure from 

weir crest 

Range measured of 

experimental data (m water) 

Paverage at 0  ̊ 0.026 to -0.121 Paverage at 67.5° -0.014 to -0.0370 

P95% at 0 ̊ 0.021 to -0.137 Paverage at 78.75° -0.035 to -0.074 

Paverage at 11.25  ̊ 0.017 to -0.170 Paverage at 90° -0.060 to -0.100 

P95% at 11.25 ̊ 0.013 to -0.183 P95% at 67.5° -0.0187 to -1.444 

Paverage at 22.5  ̊ -0.001 to -0.153 P95% at 78.75° -0.045 to -1.452 

P95% at 22.5  ̊ -0.007 to -0.167 P95% at 90°  -0.083 to -1.459 

Pressure from 

weir crest 

Range measured of 

experimental data (m water) 

Pressure from 

weir crest 

Range measured of 

experimental data (m water) 

Paverage at 0  ̊ 0.26 to -1.21 Paverage at 67.5° -0.14 to -0.370 

P95% at 0 ̊ 0.21 to -1.37 Paverage at 78.75° -0.35 to -0.74 

Paverage at 11.25  ̊ 0.17 to -1.70 Paverage at 90° -0.60 to -1.00 

P95% at 11.25 ̊ 0.13 to -1.83 P95% at 67.5° -0.187 to -14.44 

Paverage at 22.5  ̊ -0.01 to -1.53 P95% at 78.75° -0. 45 to -14.52 

P95% at 22.5  ̊ -0.07 to -1.67 P95% at 90°  -0.83 to -14.59 
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APPENDIX A: Over flow over weir models 
 

Weir 1 

 
Hydraulic jump at 98.709l/s over a 0.3m diameter weir 
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Weir 2 

 

Hydraulic jump at 41.208l/s over a 0.25m diameter weir 
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Weir 3 

 

Hydraulic jump at 101.9l/s over a 0.1m diameter weir 
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APPENDIX B: Experimental data on discharge measurement 

 

Radius 0.150m (Present study) 

Test 
Q 

(m3/s) 
q 

(m2/s) 
g (ms-2) 

∆Z 
= D 
(m) 

H (m) Hw Hw /R dcrest (m) Cd dcrest / Hw dc dcrest/dc Y1  (m) 

A1 0.0473 0.0236 9.81 0.3 0.0574 0.0576 0.3842 0.035 1.0024 0.6074 0.0385 0.9096 0.031 

A2 0.0788 0.0394 9.81 0.3 0.0797 0.0802 0.5350 0.047 1.0163 0.5857 0.0541 0.8691 0.035 

A3 0.0987 0.0494 9.81 0.3 0.0884 0.0892 0.5948 0.058 1.0861 0.6501 0.0628 0.9228 0.038 

A4 0.1144 0.0572 9.81 0.3 0.0984 0.0994 0.6630 0.066 1.0694 0.6637 0.0693 0.9519 0.040 

A5 0.1275 0.0637 9.81 0.3 0.1044 0.1057 0.7044 0.073 1.0882 0.6909 0.0745 0.9795 0.041 

A6 0.1485 0.0743 9.81 0.3 0.1144 0.1160 0.7736 0.079 1.1020 0.6808 0.0825 0.9572 0.044 

 
Radius 0.150m (Present study) continued 

V1 (ms-2) Fr1 Y2 (m) Y2/R Ld (m) Lj (m) Lj/Y2 Eo E1 ∆E% ∆H ∆H/ Hw ∆H/dcrest 

0.7625 1.3828 0.099 0.660 0.160 0.690 6.970 0.3660 0.0606 31% 0.1423 0.3978 4.0651 

1.1127 1.8881 0.113 0.753 0.210 0.740 6.549 0.3921 0.0985 29% 0.1253 0.3296 2.6662 

1.3125 2.1611 0.125 0.833 0.225 0.900 7.200 0.4043 0.1254 28% 0.1168 0.3000 2.0135 

1.4439 2.3167 0.144 0.960 0.230 0.720 5.000 0.4156 0.1459 27% 0.1123 0.2812 1.7020 

1.5430 2.4241 0.155 1.033 0.243 0.820 5.290 0.4234 0.1626 26% 0.1086 0.2677 1.4874 

1.6878 2.5690 0.170 1.133 0.250 0.790 4.647 0.4359 0.1892 25% 0.1036 0.2490 1.3114 
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Radius 0.125m(Present study) 

Test 
Q 

(m3/s) 
q 

(m2/s) 
g (ms-2) 

∆Z 
= D 
(m) 

H (m) Hw Hw /R dcrest (m) Cd dcrest / Hw dc dcrest/dc Y1  (m) 

B1 0.0412 0.0206 9.81 0.25 0.0500 0.0502 0.4019 0.037 1.0732 0.7365 0.0351 1.0539 0.025 

B2 0.0741 0.0371 9.81 0.25 0.0710 0.0717 0.5734 0.054 1.1326 0.7534 0.0519 1.0400 0.041 

B3 0.1006 0.0503 9.81 0.25 0.0890 0.0901 0.7210 0.067 1.0907 0.7434 0.0637 1.0524 0.056 

B4 0.1220 0.0610 9.81 0.25 0.1030 0.1045 0.8362 0.075 1.0590 0.7175 0.0724 1.0360 0.065 

B5 0.1354 0.0677 9.81 0.25 0.1140 0.1158 0.9261 0.081 1.0085 0.6997 0.0776 1.0437 0.072 

B6 0.1581 0.0791 9.81 0.25 0.1260 0.1283 1.0260 0.088 1.0096 0.6861 0.0860 1.0227 0.079 

 
Radius 0.125m(Present study) continued 

V1 (ms-2) Fr1 Y2 (m) Y2/R Ld (m) Lj (m) Lj/Y2 Eo E1 ∆E% ∆H ∆H/ Hw ∆H/dcrest 

0.8242 1.6642 0.083 0.664 0.160 0.430 5.181 0.3087 0.0596 25% 0.1140 0.3796 3.0802 

0.9038 1.4251 0.113 0.900 0.164 0.626 5.564 0.3349 0.0826 25% 0.0971 0.3017 1.7974 

0.8984 1.2121 0.135 1.080 0.168 0.632 4.681 0.3553 0.0971 26% 0.0895 0.2631 1.3356 

0.9386 1.1754 0.154 1.232 0.171 0.629 4.084 0.3709 0.1099 26% 0.0851 0.2399 1.1341 

0.9406 1.1191 0.165 1.316 0.170 0.490 2.979 0.3820 0.1171 26% 0.0833 0.2279 1.0290 

1.0008 1.1368 0.184 1.472 0.179 0.561 3.049 0.3961 0.1300 27% 0.0797 0.2107 0.9057 
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Radius 0.05m (Present study) 

Test 
Q 

(m3/s) 
q 

(m2/s) 
g (ms-2) 

∆Z 
= D 
(m) 

H (m) Hw Hw /R dcrest (m) Cd dcrest / Hw dc dcrest/dc Y1  (m) 

C1 0.0399 0.0200 9.81 0.16 0.0420 0.0425 0.5312 0.03 1.3367 0.7059 0.0344 0.8726 0.018 

C2 0.0815 0.0407 9.81 0.16 0.0720 0.0736 0.9196 0.05 1.1972 0.6796 0.0553 0.9042 0.031 

C3 0.1019 0.0510 9.81 0.16 0.0835 0.0857 1.0716 0.058 1.1905 0.6765 0.0642 0.9034 0.039 

C4 0.1176 0.0588 9.81 0.16 0.0915 0.0943 1.1785 0.064 1.1908 0.6788 0.0706 0.9063 0.050 

C5 0.1313 0.0656 9.81 0.16 0.0980 0.1013 1.2662 0.07 1.1942 0.6910 0.0760 0.9208 0.054 

C6 0.1402 0.0701 9.81 0.16 0.1020 0.1057 1.3206 0.072 1.1976 0.6815 0.0794 0.9065 0.058 

C7 0.1479 0.0740 9.81 0.16 0.1060 0.1099 1.3742 0.074 1.1899 0.6731 0.0823 0.8991 0.062 

C8 0.1542 0.0771 9.81 0.16 0.1090 0.1132 1.4148 0.079 1.1875 0.6980 0.0846 0.9336 0.065 

 
Radius 0.05m (Present study) continued 

V1 (ms-2) Fr1 Y2 (m) Y2/R Ld (m) Lj (m) Lj/Y2 Eo E1 ∆E% ∆H ∆H/ Hw ∆H/dcrest 

1.1092 2.6395 0.090 1.125 0.150 0.420 4.667 0.2135 0.0807 13% 0.0598 0.2952 1.9923 

1.3354 2.4413 0.124 1.550 0.152 0.548 4.419 0.2483 0.1214 13% 0.0491 0.2100 0.9812 

1.3064 2.1121 0.138 1.725 0.154 0.566 4.101 0.2625 0.1260 14% 0.0459 0.1870 0.7922 

1.1755 1.6784 0.146 1.825 0.156 0.524 3.589 0.2725 0.1204 15% 0.0441 0.1734 0.6891 

1.2156 1.6702 0.153 1.913 0.158 0.543 3.546 0.2809 0.1293 15% 0.0428 0.1636 0.6108 

1.2089 1.6026 0.158 1.975 0.159 0.441 2.794 0.2861 0.1325 15% 0.0420 0.1581 0.5832 

1.1927 1.5294 0.162 2.025 0.160 0.396 2.441 0.2908 0.1345 16% 0.0415 0.1537 0.2699 

1.1861 1.4854 0.167 2.088 0.160 0.440 2.635 0.2945 0.1367 16% 0.0411 0.1504 0.2732 
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APPENDIX C: Experimental data and literature studies on Cd 

 
 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

C
d

HW/R

Experimental data and all literature studies on the Cd

Radius 0.150m
(Present study)

Radius 0.125m
(Present study)

Radius 0.05m
(Present study)

Abdul-latif (2010) Experimental 0.04m weir

Bos (1978) Experimental Chanson (1998) Experimental fully developed flow

Haghiabi (2012) Experimental Emad (2012) Experimental 0.063m weir

Emad (2012) Experimental 0.114m weir Emad (2012) Experimental 0.09m weir

Abdul-latif (2010) Experimental 0.04m weir Abdul-latif (2010) Experimental 0.06m weir

Abdul-latif (2010) Experimental 0.07m weir Chanson (2008) Empirical fully developed inflow (0.45<HW<1.9)

Haghiabi (2012) Theoretical Heidarpour (2010) Empirical
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APPENDIX D: Experimental data on pressures in meters 
Pressure results [colour shaded from lower (green) to higher (red) negative pressures] 
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APPENDIX D: Real life inflatable weir 
 

 

http://www.huachenrubber.com/en/products.asp?id=65 
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