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1.Background 

The idea of using lightweight (low-density) materials, having density lower than natural sand but 

higher than that of water, as sediment in physical hydraulic models has been around since decades 

and has been practiced by different hydraulic laboratories around the world. Those laboratories have 

their own scaling criteria and study methodologies based largely on their own experiences with 

such models. There is still a lack of common scaling criteria for designing a lightweight model and 

for quantitative interpretation of results from such models. In this study, pressurized flushing of non-

cohesive reservoir sediment through a bottom orifice was simulated in steady flow conditions. Two 

sets of laboratory experiments were carried out in identical setups, one with a lightweight (low-

density) material at Hydraulic Laboratory of NTNU, Norway and another with natural sand at 

Hydraulic Laboratory of Hydro Lab, Nepal. Each set of experiment were carried out by varying 

flushing discharge, reservoir water level, thickness of sediment deposit layer and opening height of 

bottom orifice. To make the results from both sets of experiments comparable, the sizing of the 

sediments were chosen in such a way that they could be scaled up to represent a common arbitrary 

prototype. 
 

 
Figure 1: Parameter definition of the experimental setup 

 

2.Work description 

The thesis shall cover, though not necessarily be limited to the main tasks listed below. Based on the 

available documentation the following shall be carried out: 

 

1 Literature review on scale model for pressurized flushing. 
2 Visit HydroLAb Nepal for a knowledge exchange with Co-supervisor Sanat 

Karmacharya 
3 Building experimental setup at Hydraulic Laboratory at NTNU, Trondheim 
4 Running the necessary experimental program and post processing the data. 
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5 Presentation of the results 
6 Discussion of the results 
7 Conclusions 
8 Proposals for future work 
9 Presentation 

 
The literature review should outline the previous contributions in a condensed manner and result 

in the motivation for the current study. 

The candidate will stay approximately two weeks at HydroLab Nepal for a knowledge exchange. 

HydroLab will provide help to conduct his study and will support him with a working place. The 

period of stay in Nepal is planned by the candidate and should not be longer than three weeks, 

preferably two, and the candidate should be back to Norway latest at the end of February 2019. 

The cost for the travel will be covered by the department, via the project SediPASS. 
 

3.Supervision 

Associate Prof. Nils Rüther will be the main supervisor and Associate Prof. Elena Pummer will be 

the co-supervisor. The supervisors shall assist the candidate and make relevant information, 

documents and data available. 

Discussion with and input from other research or engineering staff at NTNU or other institutions are 

recommended. Significant inputs from others shall be referenced in a convenient manner. The 

research and engineering work carried out by the candidate in connection with this thesis shall 

remain within an educational context. The candidate and the supervisors are free to introduce 

assumptions and limitations, which may be considered unrealistic or inappropriate in a contract 

research or a professional/commercial context. 

 

4. Report format and submission 

The report should be written with a text editing software. Figures, tables and photos shall be of high 

quality. The report format shall be in the style of scientific reports and must contain a summary, 

a table of content, and a list of references. 

The report shall be submitted electronically in B5-format .pdf-file in Blackboard, and three paper 

copies should be handed in to the institute. Supplementary working files such as spreadsheets, 

numerical models, program scripts, figures and pictures shall be uploaded to Blackboard. The 

summary shall not exceed 450 words. The Master’s thesis should be submitted within 15th of June 

2019. 

The candidate shall present the work at a MSc. seminar towards the end of the master period. The 

presentation shall be given with the use of power-point or similar presentation tools. The date and 

format for the MSc. seminar will be announced during the semester. 

 
 

Trondheim, 14. January 2019 
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Abstract 

Sedimentation in reservoirs and its removal is one of the serious and biggest challenges in reservoirs 

which has serious consequences for water management, flood control and production of energy. 

Several methods like catchment’s management, flushing, sluicing, density current venting, and 

dredging have been proposed to control the significant problem of sediment deposit on water storage 

facilities. Among them, pressure flushing is considered to be one of the methods with a few local 

effects. During pressure flushing a scour cone will be developed in the vicinity of the bottom outlet. 

To study the formation and characteristics of funnel-shaped crater laboratory experiments were 

carried out of different hydraulic parameters such as discharge, depth of sediment, flow depth and 

bottom outlets. In this study, 16 experiments were carried out for two sediment height of 140 and 

120 mm of two different lightweight material and one sand samples at different discharges and 

different water depth with four different bottom outlets. The result revealed that the volume and 

dimension of flushing cone were affected by the outlet discharge, sediment depth, flow depth, and 

bottom outlets. Also, by comparing the outcomes between lightweight material and corresponding 

sand it notified that there exists a strong correlation between one another. This study unfolded that, 

with the use of proper scaling relation among prototype, lightweight material could be conveniently 

used for quantitative studies of the process involving sediment transport. Finally, MatLab and Eureqa 

program was employed to ease the calculation of flushed volume during experiments and to carry out 

the regression analysis and proposed an empirical dimensionless relationship for estimating the 

volume of flushing cone.  

Keywords: -  Pressure Flushing, Flushing Cone, Outlet Discharge, Sediment Depth, Flow Depth, 

Bottom Outlets. 
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 Introduction 

1.1 General Background 

The increase in renewable energy demand has increased in the frequency of reservoir constructions 

during the past few decades. There are still many big reservoirs which are either in planning or in the 

construction stage. Installation of such artificial infrastructures impacts the rate of natural sediment 

flow and its transport rate in a river, trapping behind all those natural flown sediments instead of 

flowing them downstream. As the dams are built, still water will furthermore deposit all those 

transported sediments which are even more and unfavorable during monsoon and floods. This 

deposition phenomenon makes reservoir capacity smaller which ultimately affects a plant's output 

capacity and operating life, a very common problem of most of the reservoir around the world. In 

addition, it further reduces the flood handling capacity of a dam with loss of storage making power 

production more expensive with shorter power generation cycle and higher maintenance costs. 

Lots of reservoir around the world are facing significant amounts of sediment deposition, affecting the 

effective operation of reservoir and power production. According to researchers ( G Schellenberg, C.R 

Donnelly, C Holder and R Ashan) about 0.5% to 1% of the total volume of 6,800km3  of water stored in 

reservoirs around the world is lost annually as a result of sedimentation(Schellenberg et al., 2017). The 

Sediment rate is estimated to be higher in Asia with river merging from high slopes as compared to 

rivers in Europe. Therefore, reservoir sedimentation problem and consequence of this problem (loss 

of reservoir storage and efficient operation of the reservoir) raise a much serious problem in regions 

with high sediment yield. 

Stickling environmental rules and regulations, impacts and issues with existing aquatic life, lack of 

suitable sites and higher construction costs do not make new reservoir a very good alternative to the 

sediment deposition issue. Therefore, it is very important to sustain and maintain the reservoir free of 

sediment. 

Numerous approaches like watershed management, flushing, sluicing, sediment by-pass, density 

current venting, and dredging have been adopted to control the process of sedimentation. Among 

them, watershed management is one of the best alternatives to reduce concentrations of deposited 

sediments but could be expensive. While flushing, on the other hand, maybe the most economical 

method to extract all the accumulated sediments and restore the lost storage of the reservoir without 

any mechanical means. 

Hydraulic flushing is one of the oldest techniques used in hydraulic engineering being practiced in the 

16th century in Spain as credited by D’ Rohan(Brown, 1944). When bottom outlets are opened 

suddenly, rapid outflow with excess shear force makes the deposited sediments in motion and washed 

out from the system with the flow. If flushing is operated under pressurized condition and water is 

maintained at the approximately same level above the bottom outlet, this flushing is called pressure 

flushing and has limited effect only around the outlet. Under such flushing conditions scour cone will 

be developed near the outlet opening. Error! Reference source not found. below shows the plan and 

sectional view of the pressure flushing near the vicinity of the bottom outlets. 
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a) Plan  b) Section A-A 
Figure 1.1Longitudinal and Plan view of the pressure flushing(Morris, 2014). 

There has been lots of research going with the physical model on the pressurized flushing from the 

past few decades. Using the physical model Emamgholizadeh (2006) found out that the volume of 

flushed sediment increased with the decrease of water depth and with increasing of discharge from 

the outlet (Emamgholizadeh et al., 2006). Similarly, he also found out that under similar conditions the 

volume of flushed sediments increased when the sediment size changes from coarse to fine sediment. 

Meshkati (2010) (Shahmirzadi et al.) found out that the volume of flushing cone was strongly affected 

by the diameter of the bottom outlet. Emamgholizadeh (2014) (Emamgholizadeh and Fathi-Moghdam, 

2014) again experimented and discovered that the volume of flushed sediment increases with the 

increase of discharge, and decreases with the increase of sediment bulk density and the water level 

above the sediment. Furthermore, he also found out that water depth over the sediments is the most 

significant parameter in the collapse of sediments above the intake and the initial development of 

cone. 

Similarly, B.T. Mohammad in 2018 also conducted some experiments with a physical model to study 

the hydraulic performance of pressure flushing in a straight-wall reservoir and concluded that the 

flushed sediment volume increased with the increase in outlet discharge, sediment depth and internal 

offset length of the outlet. He also revealed that the optimal ratio of water to sediment depth that 

introduced maximum volumes of flushed sediments was 2.08 and 2.26 (Mohammad et al., 2018). S. A. 

Kamble (Kamble et al., 2018) also conducted experiments to estimate scour cone development during 

pressure flushing of the reservoir and concluded that length and depth of scour cone increases with an 

increase in discharge, sediment deposit, area of outlet and decreases with water flow depth. 

There has been an extensive study on investigation of pressure flushing technique at reservoir outlets 

in very wide ranges. However, studies related to physical modeling or pressurized flushing operation 

with lightweight materials are not common and limited. Research with lightweight materials with 

different hydraulic parameters such as outlet discharge, depth of sediment, flow depth and bottom 

outlets could be beneficial to estimate the volume of very small sand particles that will behave as a 

cohesive material in the laboratory. 

1.2 Aim and Objectives of the study 

The purpose of this study is to find how pressurized flushing operates on deposited sediments. The 

main objective of this work is to find the relation between the volume of sediments flushed with 

different hydraulic parameters like outlet discharge, depth of sediment, flow depth and bottom outlet. 

Furthermore, the objective of this study is to develop scaling relations among parameters of prototype 
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and lightweight model so that such models can be conveniently used for quantitative studies of 

processes involving sediment transport. The study was carried out for varying discharge, water depth, 

the thickness of upstream sediment layer and height of gate opening, and the results were compared 

to previous studies on the development of flushing cone under pressurized flushing condition. The 

results of this study can be useful in developing a scaling relation for quantitative interpretation of 

model study results to prototype values and vice versa. 

 

1.3 Methodology of the study 

For the study of the physical modeling of pressurized flushing operation with lightweight material, with 

literature review on scale model for pressurized flushing experimental setup was formed at Hydro Lab 

Nepal and Hydraulic Laboratory at NTNU. Two different light-weight (Blue and Yellow) materials and 

corresponding scaled natural sand of BLWM were used to conduct two sets of laboratory experiments 

with an identical setup. To make the result comparable from both sets of the experiment, the sizing of 

the sediments was chosen in such a way that they could be scaled up to represent a common arbitrary 

prototype. Each experiment was carried out by varying discharge, water level, sediment deposit 

thickness and different opening of the bottom outlet. The volume of sediments flushed with different 

outlet opening was compared with each other and with the empirical equations proposed by different 

researchers and the conclusion of the outcome is drawn. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Flow Chart for Methodology of Study. 
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1.4 Structure of the Report 

The present study addresses two different approaches, a literature review related to the 

scaling criteria of the sediments and the experimental values observed during different 

experiments for the sediments. Each chapter of the thesis is structured as follows: 

• Chapter 2: Background in Reservoir Sedimentation 

This chapter mentions some general background in reservoir sedimentation and the 

impacts of sedimentation on hydropower. Along with general background and impact 

of sedimentation if describes the management strategies to counteract or remove the 

sedimentation problem keeping focus of flushing schemes.  

• Chapter 3: Physical Modelling 

Chapter 3 deals with a general idea of physical modeling.  This chapter emphasizes the 

importance of physical modeling with studies and research that have been done about 

the physical modeling of pressure flushing.   

• Chapter 4 Theory 

The fourth chapter provides a general approach to dimensional analysis and the 

concept and principles of similitude and similarity. 

• Chapter 5 Scaling 

This chapter addresses an explicit description of the scale factors and scaling laws used 

for physical modeling. Furthermore, this chapter encloses all derivational scaling 

formulas that would be required for scaling prototype material for this thesis work. 

Moreover, scale requirements for the different models are reviewed under this 

chapter. 

• Chapter 6 Method 

Experimental setup, the procedure of experiments, types of sediment used and its 

different constraints to experiment are discussed in this chapter. In general, this 

chapter explains the procedure that was followed for conducting experiments and the 

outcomes from the experiments.  

• Chapter 7 Results and Discussion 

All the findings with detail calculations from the experiments are arranged, compared 

and analyzed with the previous studies conducted by different researchers is included 

and discussed under this topic.  

• Chapter 8 Conclusion  

This chapter comprises the conclusion of the findings of the results.  

• Chapter 9 Future work 

Recommendations and future works are presented in this chapter 
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 Background in Reservoir Sedimentation. 

Reservoir sedimentation is a gradual process of filling the reservoir with sediments that are eroded, 

transported and deposited from the watershed. The nature of the material and ground cover and the 

slope in the catchment area are the main factors contributing to reservoir sedimentation.  In natural 

or uncontrolled rivers, sediment processes are relatively balanced. When artificial structures (dams or 

weirs) are constructed for power generation or other water diversion purposes, causes decreases in 

natural velocities of river flow, initiating or accelerating sedimentation, resulting in progressively finer 

materials being trapped upstream of the reservoirs. Furthermore, decrement of natural sediment flows 

further downstream can cause dramatic changes to flood plains and the formation of deltas. 

Figure 2.1 illustrates the typical deposition of sedimentation with progressive deposition of finer 

materials as the flow advances the dam. This accumulation is a serious problem in many parts of the 

world and has severe consequences for water management, flood control, and production of energy. 

The life of the reservoir can be divided  into three stages(Garcia, 2008); cited from(Schellenberg et al., 

2017). The first stage is the continuous sediment trapping stage where sediments are accumulated 

rapidly. Currently, most reservoirs around the world are in the first stage or continuous sediment 

trapping. The second stage of the sedimentation process is partial sediment balance. During this stage, 

there will be a mixture of sediment deposition and removal in reservoirs. Fine sediments outflow 

towards downstream reaching the sediment balance whereas, coarse sediment continues to get 

accumulated at the bottom. 

 The third and final stage is full sediment balance, which occurs when sediment inflow and outflow are 

equal. Sediment balance can only be achieved either if incoming sediment load can be moved or 

transferred towards downstream or removed from the reservoir. 

 

Figure 2.1 Reservoir Sediment Profile(Randle et al., 2017). 
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As discussed earlier most of the world’s reservoirs are in the continuous accumulation stage. Many 

reservoirs were designed by estimating sedimentation rates to provide a pool with enough volume to 

achieve a specified design life. However, this design life is typically far less than what is achievable. 

Therefore, managing reservoirs to achieve a full sediment balance is essential to maximize their lives. 

According to Grummer (2009) developing regions of the world that stand to benefit most from 

hydroelectricity are often those with the highest sediment yields (Gummer, 2009); cited from  

(Schellenberg et al., 2017). Figure 2.2 below shows the world’s hydropower potential with sediment 

production. Areas with higher sediment yields and significant hydropower potential will need to 

consider sediment management techniques before developing hydropower schemes. 

 

Figure 2.2 Comparison of Hydroelectric Potential and Sediment Production(Milliman and Meade, 1983, 
Schellenberg et al., 2017). 

Figure 2.3 and Table 2-1 gives a general idea about the loss of storage volume due to sedimentation. 
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Figure 2.3 World Storage Volume and Storage loss(Sumi et al., 2009). 

 

Table 2-1Distribution of storage volume and sedimentation loss(Sumi et al., 2009). 

 

2.1 Effects of Sedimentation on Hydropower 

2.1.1 Impact on Generation 

One of the main impacts of reservoir sedimentation on waterpower generation is the loss of storage. 

Globally, the total volume of water stored in reservoirs used for hydropower and other purposes 

around the world currently exceeds 6,800 km3  and about 0.5 to 1% of this global reservoir volume is 

lost every year as a result of sediment deposition (Garcia, 2008); cited from (Schellenberg et al., 2017). 

If these rates continue unabated half of the world’s reservoir storage would be lost within the next 50 

to 100 years. Without the ability to store water, waterpower facilities operate entirely as run-of-river 

plants with generation entirely dependent on seasonal flows eliminating one of the key benefits of 

water storage during the time of the dry season. 
 

2.1.2 Impact on Stability 

Sediment loads are commonly idealized as static soil pressure. But the literature studies advice 

different sediments that could accumulate in front of the dam have that wide range of internal friction 

angles. The sediments sourcing from lower step slope stream (loose silt or clayey sediments) likely to 

have a much lower internal friction angle and therefore higher-pressure coefficient. Whereas, 

sediments on a steep slope stream that will have a larger bed material (sand and boulders) as 

sediments have a higher internal frictional angle. 

Sediments could be both useful or harmful. Fine silt or clay sediments are expected to reduce seepage 

pressure at the bottom of the dam whereas, completely suspended particles would transfer high 

pressure at the bottom of the reservoir. 

Adopted Seismic loads vary with the individuals but the basic assumption for fully liquidize reservoirs 

sedimentation is that it loses all shear strength and exerts a full hydrostatic load based on the buoyant 
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weight of the sediment on the upstream face of the dam or concrete structure. Furthermore, the 

behavior of reservoir sediments during the earthquake and their effect on the water-retaining 

structure is poorly understood. Therefore, to ensure the impacts of sediment during the earthquake, 

an investigation with a multidisciplinary approach between geotechnical and sediment structural 

engineer is necessary. 

2.1.3 Impact on Discharge capability 

Many dams are facilitated with low-level outlets located at the base level of the dam to lower the water 

level of reservoirs in the event of a dam safety incident. Continuous tapping of sediments will fill up 

the dead storage of reservoirs and block the flow. Fine sediments could travel further down to 

headrace tunnels and clog the conduits as well as penstocks not allowing to use its full capacity for 

power generation. 

Sedimentation could also cause loss of spillway capacity as a result of the loss of approach depth when 

the sediment front reaches the dam. Many hydro projects have encountered such a problem. Loss of 

flood routing effects in another additional impact that infilled reservoir could confront. 

2.1.4 Impact on Equipment 

The presence of sediments that operate the mechanical equipment for hydropower generation leads 

to a significant amount of damages leading to a drop in turbine efficiency, generation loss due to the 

extended shutdown of maintenance and replacement eventually leading to a huge loss of 

revenue. These problems to mechanical equipment get worse in the monsoon season when sediment 

concentration is very high. 

Mechanical erosion can be prevented either by selecting appropriate erosive resistance metal or by 

reducing the sediment concentration reaching the mechanical equipment. An alternative method of 

protecting mechanical equipment from such extensive damage could be done also by the use of hard 

surface coating or by using hard alloys. Selection of proper alternative to protect the mechanical 

equipment depends upon the cots. 

   
a. Francis turbine at 
Kaligandaki Power Plant, 
Nepal(Chhettry et al., 2014) 

 b. Francis turbine at Nathapa 
Jhakri Power Plant, 
India(Sharma and dams, 2010) 

 c. Francis turbine at Chawai 
Power Plant, Peru(Neopane, 
2010) 

Figure 2.4 Sediment erosion in turbines from various Power Plant. 

2.1.5 Impact on Environment 

All reservoirs will disturb the natural flow movements of sediments. Interruption of natural flow due 

to constructions of water impound storage may alter the concentration of suspended sedimentation 

in the water column, resulting in potential ecological impacts downstream. In addition, an increase in 
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sediment concentration can decrease the natural habitat for plant productivity which could have 

various negative impacts on the food cycle of living aquatic, fish as well as bird species. 

The environmental impacts of sedimentation include followings 

• Loss of important aquatic habitat 

• Change in the migration pattern of fish 

• Loss of wetlands 

• Change in the food cycle of aquatic life 

• Los of submerged vegetation 

2.2 Reservoir Sediment Management Strategies 

Reservoir sediment management strategies both prolong and benefit downstream reaches by 

mitigating the sediment starvation that results from sediment trapping. Two basic strategies that may 

reduce the sediment yield entering the reservoirs from upstream are: 

1. Control the soil and channel erosion from the source. 

2. Trap the eroded sediment upstream of the reservoir. 

These strategies are summarized below. 

 

Figure 2.5 Sediment Management Strategies(Annandale et al., 2016). 

2.2.1 Dredging 

Dredging is the process of removing deposited sediment from the reservoir. Dredging could be done 

by hydraulic operation or by dry excavation. The selection of the excavation method will depend upon 

sediment volume, grain size, and geometry of the deposit, disposal and reuse options, water levels, 

and environmental criteria. This method is costly mainly because of the large volume of materials being 
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involved to excavate out, availability of suitable sites for deposition of excavated materials within the 

vicinity. 

In large hydropower reservoirs, dredging is done for cleaning or extracting accumulated materials 

especially from intakes and deposit to another location. Whereas, in small impounding structures 

dredging focuses on the removal of silts and organic sediments. Size and the frequency-dependent 

upon the number of sediments collected in the reservoir. Types of dredges can be classified as 

• Hydraulic Suction Dredges 

• Siphon Dredge 

• Jet Pump 

• Cable-Suspended Dredge Pumps 

• Mechanical Dredges 

 

 Figure 2.6 Basic concept of Dredging (Source: USEPA 2005, Adapted by Battelle, NAVFAC Contact No, N62473-
07-D4013); cited from(Center) 

2.2.2 Venting Turbid Density Current 

Sediment-laden water enters and plunges under the clear water surface of the reservoir due to their 

higher density called turbidity current. Turbidity current can travel a long distance of the dam, 

depending upon the size of the reservoir, sediment size, and its concentration and temperature 

difference. During the movement, if the dam bottom outlets are opened it can reduce deposition of 

sediments by turbidity current venting. 

Since the operation of venting requires very low outlet discharge it could be beneficial for the 

downstream environment along with reducing the amount of the sediments in the reservoir. However, 

this method requires information on the turbidity currents and their monitoring which could be costly. 

 

Figure 2.7 Venting Turbidity Density Current(Pari et al., 2010). 
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2.2.3 Sediment Bypassing 

Sediment bypassing is a process of transporting sediments from upstream of the reservoir to 

downstream with a conveyor system. On-stream sediment bypassing diverts part of the sediment-

laden water around the reservoir, typically using a weir that operates during high flows when sediment 

concentrations are high. Highly concentrated sediment-water is diverted using a channel or tunnel 

before joining the river downstream side of the dam. 

An off-stream reservoir can be used such that only the clear water is diverted over a bypass weir. An 

off-stream reservoir typically has limited capacity and can only exclude sediments carried by higher 

streamflows. However, it does reduce the amount of suspended sediment and bedload reaching the 

reservoir. Other advantages include the fact that the reservoir and dam are located away from the 

main river channel, allowing for minimal disruption to aquatic species and habitat and reducing the 

need for large on-stream spillways. On the other hand, off-stream reservoirs typically do not permit 

maximization of generation capacity, especially in areas that depend on high stream flows occurring 

over a short period. 

Sediment bypassing works best in areas of high relief where the sediment-laden flows are carried 

efficiently through the diversion tunnel or channel. Bypassing is most cost-effective at dams that are 

on the bend of a river, as this allows for a relatively short diversion between the weir and the 

downstream side of the dam. In Figure 2.8 below (a) conventional reservoir trapping sediments, 

contrasted to alternative configurations for bypass of sediment-laden flood flows around the reservoir, 

(b) bypass off-stream storage, diversion dam diverts water to the off-channel reservoir during times of 

clear flow but does not divert when suspended sediment concentrations are high, (c) sediment bypass 

channel or tunnel, diverts flow from the river upstream or the reservoir passing it around the reservoir 

and into downstream channel. 

 

   
a b c 

Figure 2.8 Sediment Bypassing(Kondolf et al., 2014). 
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2.2.4 Flushing 

In simple words flushing refers to the process of hydraulically removing of deposited sediments from 

a reservoir or passing incoming sediments through the reservoir to preserve and maintain reservoir 

storage capacity. Hydraulic flushing involves reservoir drawdown and emptying by opening a low-level 

outlet to temporarily establish riverine flow along the impounded reach, eroding a channel through 

the deposits and flushing the eroded sediment through the outlet. Flushing uses drawdown and 

emptying to scour and release sediment after it has been deposited. However, sediment entering the 

reservoir during flushing periods will also be routed through the impoundment and released (Morris 

and Fan, 1998).  

Flushing actions involves two key features 

1. Removal of sediments that have been already deposited. 

2. Release of sediment downstream varies significantly from sediment inflow. 

Repeated flushing usually per annual interval is required to maintain and scour through the deposited 

sediments. In the case of large reservoirs, only narrow channels of deposits are flushed forming a flood 

plain-type geometry. In such cases, auxiliary or secondary channels in addition to main flushing 

channels may be used to flush the floodplain sediments. 

2.2.5 Limitations 

There are two main limitations of flushing 

• Necessary to draw down or empty the reservoir, which limits power production during flushing 

periods. 

•  Flushing will end up discharging high concentrated sediments from the reservoir at a more 

advanced rate than a natural flow. 

Besides the above-mentioned point, flushing can moreover have an environmental effect with high 

concentrated sediments destroying natural habitats of living organisms. In addition, sediment deposit 

may also alter the stream benthos (stream bed) long after flushing has been completed, reducing 

natural channel capacity and increase flood hazards. 

2.3 Types of Flushing 

Flushing can be classified into two general categories. 

2.3.1 Empty or Free flow flushing 

It involves emptying the reservoir to the level of flushing outlet and inflowing water from upstream is 

routed through the reservoir, resembling natural riverine conditions. 

2.3.2 Pressure Flushing  

It involves flushing under the pressurized conditions and a sustained reservoir water level. Under 

pressurized flushing conditions, all the settled sediments near the outlet opening of sluice gates are 

scoured within a very short time and funnel-shaped crater (flushing cone) will be formed by flushing 

flow. Once the cone is formed and is stable then there is no further movement of sediment from the 

cone. Figure 2.9  below illustrate the formation of flushing cone. 

The flushing cone geometry which is developed after the pressurized flushing is influenced by the 

following factors. 
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• Submerged angle of repose of the sediments 

• Inflow and outflow of water and sediment  

• Outlet geometry 

• Characteristics of the sediment 

 

Figure 2.9 Longitudinal and Plan View of the pressure flushing(Samad Emamgholizadeh, 2006). 

There have been broad studies about the pressurized flushing. Researchers have studied the extent of 

sediment deposit and develop a relation between reservoir depth, scour the length and outlet 

discharge. Moreover, their results showed that the formation of scour cone increases with a decrease 

in the water level in the reservoir. With the use of a physical model for research on pressure flushing 

researcher (Fang & Cao) concluded, with the release of the bottom intake funnel-shaped crater was 

developed with the angle of repose of the sediment (Fang and Cao, 1996); cited from(SHAHMIRZADI 

et al., 2010). Shen presented a dimensionless regression relation for determining the scoring depth of 

flushing cone in non-cohesive sediments(Shen et al., 1993); cited from(SHAHMIRZADI et al., 2010). 

Emamgholizadeh with his experimental studies also concluded that  an increase is discharged at the 

outlet and lowering water level at reservoirs increases flushed sediments(Emamgholizadeh et al., 

2006). 

Even though with such intensive studies on pressurized flushing techniques, studies on the time-

dependent analysis of flushing cone development are limited. Furthermore, lack of water resources 

and negative environmental impacts of pressure flushing makes the entire full flushing process 

impossible. Under such circumstances its vital to make establish a good harmony among sediment 

erosion, water resources on hand and one of the most important factors ‘environmental 

impacts’(Meshkati et al., 2009). 

2.4 Importance of Flushing Strategy 

At present, almost all of the storage reservoir built are facing a common problem of sediment 

accumulation on its bed. Flow from the river system erodes and transports the bed materials with the 

flow and deposits it downstream where the flow velocity is low. This continuous action of 

disintegration, passage, and deposition over period result a considerable volume of storage lost every 

year. According to research undertaken by the World Commission of Dam reported that between 0.5 

-0.1% of total storage is being lost every year due to sedimentation. Similarly, the International 

Commission on Lage Dam (ICOLD) also estimated that 0.5 -0.75% of the total storage capacity is being 

lost each year because of the constant accumulation of debris. The researcher believes that reserves 

without proper watershed management in developing countries with a higher concentration of 
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sediment load, loss of storage capacity are even at a much higher rate than other sediment affected 

areas. In addition, to rapidly filling the reservoirs, sediments are also causing a significant amount of 

damage to mechanical equipment due to the wearing of turbines. Such disintegration of turbine edges 

due to sediments significantly lowers the output production ability and are costly to repair and 

maintain for continuous production of energy in hydropower schemes. 

Among different approaches which could be used to tackle the sedimentation issues in reservoirs, 

flushing may be one of the most economical technique to reclaim the lost storage without including 

another extra cost of dredging and other means of transporting and dumping to downstream 

Emamgholizadeh (2006)(Emamgholizadeh et al., 2006). Therefore, it has been successfully employed 

in many storage basins. Due to such advantages, flushing will further receive more attention in the 

future as well. There have been lots of extensive studies going on about sediment flushing schemes at 

different reservoirs around the world. At some reservoirs, it is proving to be very successful and in 

some, it showed little or no success as well. 

Hemphill (1931) (Hemphill, 1930); cited from (Brandt, 1999)stated that it is doubtful whether flushing 

is effective in larger reservoirs, but in most mountain hydropower reservoirs, flushing is the main and 

cheapest way of fighting against silting. Qain (1982) (Qian, 1982); cited from(Brandt, 1999)stated that 

flushing is only an option in reservoirs with small reservoirs capacity to water inflow and large capacity 

of sluices. However, flushing has been proved to be very effective at some reservoirs like Baira reservoir 

India, Gebidem reservoir Switzerland, Gmund reservoir in Austria, Mangahao reservoir in New Zealand, 

some reservoirs in China and Sefid Roud reservoir in Iran.  

White (1990) also investigated the effect of flushing on the storage of the Kamativi dam, Zimbabwe 

and found out that the storage of the dam could be maintained for a considerable period of time with 

practical means of flushing. Figure 2.10 (a) below shows the graph of the storage capacity of the 

Kamativ dam with and without sediment flushing.  

Similarly, Waqas Javed and Tawatchai Tingsanchali (2016) studied the impact of sediment flushing of 

Diamer Bhasha Dam in the Northern part of Pakistan. They found out that the reservoir could be used 

for a long term without any significant loss in storage capacity if the reservoir is operated with flushing. 

Figure 2.10 b below shows the profile of the river bed for different scenarios of flushing. 

  

a. Kamativi FDam, Zimbawe (White et al., 
1990) 

b. Diamer Bhasha Dam, Pakistan(Javed and 
Tingsanchali) 

Figure 2.10 Effect of sediment flushing on the storage capacity of the reservoir. 

Both figures are examples showing the importance of a flushing system in a reservoir to wash down 

the incoming sediments and prolong the reservoir’s operation life. With such studies, we could 
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conclude that flushing strategy could be one of the most economical ways to tackle the ongoing 

sediment problems in the reservoir and responsible for operating and maintaining a hydraulic system 

without obstruction. 

2.5 Flushing Procedures. 

Flushing events has three stages. They are: 

• Drawdown 

• Erosion 

• Refill 

Figure 2.11 summarizes the characteristics behavior of hydraulic and sediment parameters during 

flushing. The drawdown stage can be further divided into two parts, preliminary drawdown, and final 

drawdown. Preliminary drawdown involves lowering down the reservoir to the minimum level of 

operation diverting available water for hydropower turbines to generate power. This process generally 

can occur for several days or weeks. Another stage of drawdown, final drawdown engages rapid 

emptying of the reservoir lower than the normal minimum operational level using the outlets installed 

at the bottom as a gate which occurs for a short period as compared to preliminary drawdown. For 

small reservoirs, this action of final drawdown could be completed within a few hours as well. 

During the process of drawdown sediment from upstream of a dam or reservoir could be very active 

in motion and will get shifted from its initial position to further downstream where it again comes to 

rest and deposit. During such process, turbid current may be formed by the movement of eroded 

sediment and involves the various transition from erosion to deposition. 

The erosion stage occurs when the riverine flow is established which producing high flow velocities 

that wash or rub the fine sediment deposits from the channel and transport those sediments through 

a dam. The duration of the process of erosion could last for a few days or a week, depending upon the 

sediment loads or flushing discharge. The refill stage begins with the closer of outlets installed at the 

bottom of dams or reservoirs and raising backwater causes sediment to deposit. When the sediment 

concentration is low, flow is released through outlets to help the sediment deposit further downstream 

of the river channel. 

 

Figure 2.11 Hydraulic and sediment characteristics during flushing events at constant discharge(Morris and Fan, 
1998). 
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2.6 Flushing Period 

2.6.1 Flushing During Flood Season 

The most common period of flushing is during flood season allowing the early-season flood to pass 

through the impoundment allowing the reservoir to refill with sediments during flood season. As it 

incorporates both the features of sediment routing and flushing, more effective than single routing 

and flushing used alone. Water reservoirs get dry with sediments due to flushing at an early stage 

through the operation of gates and during the end of the flood season, the outlet is closed to reserve 

the water for the dry season. This process of deposition and flushing has proved to be effective for 

many places with sediment problems. 

2.6.2 Flushing During Nonflood Season 

t is also possible to execute flushing during the non-flood season as well. During such period available 

discharge is small or lower than the flood season, making the flushing operation period longer and the 

rate of sediment deposition on flood plain can also be expected higher.  

2.7 Erosion Process During Flushing 

2.7.1 Slope Failure 

Flushing action produces unstable banks that will slide and skid the side slope banks into the flushing 

channel. With frequent alternation of water level on the banks and widening of the flushing, the 

channel makes side slope venerable to the failure. The type of slope failure and angle of repose will 

depend upon the sediment characteristics. Figure 2.12Figure 2.13 below shows an example of slope 

failure during flushing. 

 

Figure 2.12 Slope failure in consolidated sediments(Morris and Fan, 1998). 

 

Figure 2.13 Slope failure in unconsolidated silt and clay(Morris and Fan, 1998). 
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2.7.2 Retrogressive Erosion 

A channel erosion process characterized by a zone of high slope and rapid erosion, moving upstream 
along a channel having a lower slope and erosion rate, is termed retrogressive erosion. The process of 
retrogressive erosion is illustrated in Figure 2.14. 

 

Figure 2.14 Process of Retrogressive erosion(Morris and Fan, 1998). 

 
Retrogressive erosion is the principal method for the formation of flushing channels through reservoir 
deposits. The opening of deep outlets – which establishes flow across deposits having a relatively mild 
slope, with an abrupt drop or even a waterfall at the downstream end – initiates retrogressive erosion, 
creating a nick point that can move upstream rapidly depending on the nature of the deposits and the 
erosional forces. 
Retrogressive erosion results from the change in hydraulic energy caused by the discontinuous 
longitudinal profile, and it is not dependent on any specific grain size in the deposit, although erosional 
patterns are influenced by the deposit characteristics. Retrogressive erosion can occur in coarse 
sediments on a river delta and in fine-grained and cohesive sediments. 
 

2.7.3 Progressive Erosion 

The term progressive erosion refers to a channel erosion process which occurs uniformly or 
progressively along the length of a channel instead of being concentrated at the downstream end. In 
general, when the suspended-sediment concentration in flowing water is less than the sediment 
carrying capacity, the flow will entrain sediment from the channel bed. When clear water enters a zone 
of erodible deposits having a uniform slope and grain size, it will progressively entrain sediment by 
eroding the deposit. The rate of bed erosion will initially be rapid because of the large available 
sediment-carrying capacity of clear water. As the flow progresses downstream and entrains sediment, 
its capacity to erode and transport additional sediment will decrease, eventually reaching zero. In this 
manner, progressive erosion can cause a high rate of bed erosion at the upstream end of a deposit and 
less erosion at the downstream end. This erosion pattern can be offset in reservoirs by the tendency 
for deposits to be coarser and less erodible at the upstream end. 
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 Physical Modeling 

3.1 Introduction 

The physical model is a replica of an object or physical system that may be smaller or larger than the 

original one for laboratory studies. Usually, physical models are reduced to a smaller object for 

simplicity and easy to interpret how the prototype works in the real field. Physical modeling is a well- 

established approach for hydraulic studies which allows visualization, examination and gain 

information about prototype without spending a lot of money building a real object (prototype) in the 

field. It is used to visualize information about the context that the model represents. The main 

objective of physical modeling is to test a different aspect of a product or prototype as per the 

requirements of users. 

In hydraulic engineering, physical models allow us to explore the fluid flows and its effects on the 

hydraulic structure during flow that enables them to improve the final design or product. It not only 

allows designers to explore and test their ideas but also presents them to others. 

However, physical models are only good as assumptions and data on which they are based. It is one of 

the most cost-effective ways of providing this data. Physical hydraulic models which are well-founded 

and controlled laboratory experiments simulating hydraulic systems are therefore important to both 

our present and future research needs(Frostick et al., 2011). 

Physical modeling tools have developed enormously during the last few decades. They have not only 

played an important role in the field of hydraulic engineering but provided us a good insight into the 

complex hydrodynamic regime and reliable and cost-economic solutions for different hydraulic 

problems as well. Furthermore, they also have provided valuable information about the problem that 

may arise in the future. Today we can find lots of engineering design solution or techniques which were 

developed using laboratory measurements and experiments for validation. 

Laboratories around the world are performing physical modeling with their method for their model 

studies which resulted in the procedure of physical modeling to be different even for similar 

experiments. This limitation formed the result obtained from physical modeling to be empirical and 

very difficult in understanding and transferring the data. So, further tests and studies are required for 

a unified approach of physical modeling and to act as a reference for new researchers and studies new 

to the field. On the topic of physical modeling of pressurized flushing operation with lightweight 

material, this section will address how lightweight materials can be used for the study of sediment 

transport and how it can be related to natural sand sediments in scale models. 

  
a b 

Figure 3.1 Example of Physical Modelling a & b. 
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3.2 Advantages and Disadvantages of Physical Modelling 

3.2.1 Advantages 

• Visual feedback from the model. 

− The immediate qualitative impression of the physical processes which can help to focus 

the study and reduce planned testing  

− Can help to reduce conflicts with stakeholders  

− Helpful for teaching and education 

• Possibility to obtain measurements for extreme conditions not measured at the prototype. 

− High degree of experimental control allowing for the simulation of varied or sometimes 

rare environmental conditions (floods)  

− Safe design of spillway structure and energy dissipator  

• Integration of governing physical processes without simplifying assumptions that have to be 

made for analytical or numerical models.  

− Provide measurements for complicated phenomena that have not yet been accessible for    

theoretical approaches  

− Can be used to obtain measurements to verify or disprove theoretical results 

• Physical models can provide data for testing and verification of numerical models. 
 

3.2.2 Disadvantages 

• Scale effects occur in down-scaled models if all relevant variables are not correctly simulated. 

• It is not possible to simulate all the relevant variables in the correct relationship with each 

other. 

• Inefficiency to replicate the real forcing conditions leads to the progress of laboratory effects 

and impacts the process being simulated. 

• Requires wider space and are time-consuming to build. 

• High level of skill required to install and maintain and are also more expensive to operate than 

the numerical model. 

3.3 Why Physical Modelling? 

Although computational fluid dynamics (CFD) modeling is very common to simulate modern fluid 

mechanics problems, sometimes they lack to accurately predict some important physical phenomena. 

In addition, physical modeling analyses general hydraulic operation conditions and characterizes the 

hydrodynamic actions, providing the trust factor to ensure and increase the efficiency, safe and cost-

effective design of the hydraulic system. 

Another reason to pick physical modeling is it test alternatives which are not possible in CFD models. 

It is very easy to make alternation in physical modeling even in operation with small effort and time 

which could be difficult, and time-consuming to re-mesh and rerun the whole model in CFD. 

If we compare the experience of physical modeling and CFD modeling, physical modeling has more 

than 100 years of research and knowledge with CFD striding from the last few decades. So, hydraulic 

engineers recommend physical modeling over CFD modeling in cases of irregular or non- standard site-

specific conditions, complex hydraulic conditions, or the use of a non-standard design to improve 

project performance, constructability, or economics. 
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Focusing on why physical modeling with lightweight material, scaling of the prototype would be very 

simple except for very fine sediments. If the prototype turns out to be very small-sized sediments and 

its model scale would further become very small, which will behave as a cohesive material and its 

behavior could not be studied properly. For this reason, non-cohesive lightweight material could be 

used for the study process involving sediment transport of very fine and small-sized materials. 

3.4 Some Definitions 

3.4.1 Prototype 
The object or the situation which is being modeled either in the same scale or most often at a 
reduced scale is called prototype.  

3.4.2 Scale 
According to Yalin 1971, a scale is a constant proportion of measurable characteristics between 
model and prototype(Yalin and Kamphuis, 1971). In simple words, we can define scale as a 
proportion between the  prototype and model value of a certain parameter. 

3.4.3 Similitude(or Scaling ) Criteria 
Formal mathematical definitions that must be met by the scale ratios between prototype and model. 

3.4.4 Similarity 
A condition that exists when a model gives a similar response as the prototype, even if the model is 
not in strict similitude with the prototype. 

3.4.5 Scale Effects 
Differences between the prototype and model response that result from the inability to simulate all 
relevant forces in the model at the proper scale dictated by the scaling criteria. 

3.4.6 Laboratory Effects 
Differences between the prototype and model response that arise from limitations of space, model 
constructability, instrument, or measurement techniques. 
 

3.5 Basic Aspect of Physical Modeling 

The basic aspect of the model is to have similarity with the prototype to find or confirm hydraulic 

solutions. Three basic types of similarities that must exist between model and prototype. They are. 

➢ Geometric Similarity 

➢ Kinematic Similarity 

➢ Dynamic Similarity 

In practice, it is not possible to have similarity in all values as some of these similarities are incompatible 

because of the same fluid or considering the same gravitational and other natural factors. Therefore, 

the most relevant forces present in the prototype must be selected and the model must be built 

according to the related similarity. 

Gravitational, frictional and surface tension is the relevant forces for most of the hydrodynamics 

problems (Dalrymple. 1985)(Dalrymple, 2018). Thus, dimensional products are combinations of 

Froude, Reynolds, and Weber numbers. Other forces like compressibility and elasticity effects are 

neglected because these values are very small as compared to others and have a very small effect. 

Even though the same fluid is used in the model as a prototype, it prohibits satisfying all Froude, 

Reynolds and Weber number scaling criteria. Thus, most of the models are simulated with only 

Froude’s similarity, implementing gravitational effects as the most significant criteria as compared to 

viscosity and other forces of water which does not have significant roles in models. 
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3.6 Previous Studies of Physical modeling of pressure flushing 

Numerous studies had been carried out of the physical modeling of pressure flushing with different 

materials of sediments. Studies have shown that a sudden collapse of the deposited sediments near 

the outlets as soon as the bottom outlet was opened. This was due to the formation of a considerable 

pressure gradient through the outlet opening and sediment layer. Furthermore, the density of the 

drained material reduced over time and a stable flushing cone developed.  

 

3.6.1 Experimental Investigation of Local Half-Cone Scouring Against Dam. 

 M. E. Meshkati Shahmirzadi, A. A. Dehghani, T. Sumi, Gh. Naser, A. Ahadpour in Hydraulic 

Laboratory of Gorgan University of Agricultural Science and Natural Resources, Iran 2010. 

Experiment constraints and the result is shown below. 

Experiment Constraints: 

▪ Flume hexahedral shallow basin  2.0 m X 1.50 m X 3.0m (W X H X L) 

▪ Outlet gate openings    2.54, 3.81, 5.08 and 7.62 cm 

▪ Sediment size (d 50)   1mm 

▪ Sediment thickness   16 cm 

▪ Water depths (H w)   36, 66, 99 mm 

▪ Discharge (Q)    0.15 – 1.5 l/s 

Table 3-1 Range of Dimensionless parameters 

Parameters Variations 

V scouring / H w 3 0.00046-0.372 

Fr* 0.16 – 32.2 

H s / H w 0.166 – 0.444 

D outlet / H w 0.026 – 0.21 

 

Experimental setup 

 

Figure 3.2 Experimental setup schematic plan view. 
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Results 
Half cone shape scouring of the sediment bed is formed with the opening of the bottom outlet at the 
vicinity of the gate with pressure flushing. The maximum depth of the cone was found to be very near 
to the wall of the gate and the shape of the flushing cone over the deposited sediment was almost half 
of circumference. Figure 3.3 to Figure 3.7 below shows the variation of volume and width of flushing 
cone with different discharge and opening of the bottom outlet. From the figures, it was observed that 
for constant flow depth, there is an increase in the flushing cone dimension with an increase in 
discharge with almost the same trend. These result follows similar patterns with previous research 
works and can be summarized as there exist direct relation between the cross-section of the bottom 
outlet and dimensions of flushing cone. Dimensions of flushing cone increase with the increase in cross-
section of bottom outlet for constant discharge and water depth. 

  

Figure 3.3 Variation of flushing cone volume and width of flushing cone versus outflow discharge for the bottom 
outlet of 2.54cm diameter.  

 
 

Figure 3.4 Variation of flushing cone volume and width of flushing cone versus outflow discharge for the bottom 
outlet of 3.81cm diameter. 

  

Figure 3.5 Variation of flushing cone volume and width of flushing cone versus outflow discharge for the bottom 
outlet of 36 cm diameter. 
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Figure 3.6 Variation of flushing cone volume and width of flushing cone versus outflow discharge for the bottom 

outlet of 66 cm diameter. 

  

Figure 3.7 Variation of flushing cone volume and width of flushing cone versus outflow discharge for the  bottom 
outlet of 96 cm diameter.  

The proposed equation by multiple linear regression analysis is 

𝑉𝑠𝑐𝑜𝑢𝑟𝑖𝑛𝑔

𝐻𝑤
3 = 4.6 (

𝑢𝑜𝑢𝑡𝑙𝑒𝑡

√𝑔(𝐺𝑠 − 1)𝑑50

)

0.21

(
𝐻𝑠

𝐻𝑤
)

2.2

(
𝐷

𝐻𝑤
)

0.89

 

𝑊𝑠𝑐𝑜𝑢𝑟𝑖𝑛𝑔

𝐻𝑤
= 0.02 (

𝑢𝑜𝑢𝑡𝑙𝑒𝑡

√𝑔(𝐺𝑠 − 1)𝑑50

)

0.1

(
𝐻𝑠

𝐻𝑤
)

0.75

(
𝐷

𝐻𝑤
)

0.34

 

Figure 3.8 depicts the results with the performance indices between estimated and observed 

experimental data for the testing data sets. 

 

Figure 3.8 Observed and Dimensionless flushing cone volume using regressive model. 
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 Theory 

4.1 Dimensional Analysis 

Dimensional Analysis can be simply defined as the interpretation of different physical quantities 

involved such as mass, length, time, temperature, force, area, volume, acceleration, velocity, and 

pressure and reduce complex physical problems to the simplest form. According to Henry Langhaar 

(1951) ‘’ The result of dimensional analysis of a problem is a reduction of the number of variables in 

the problem’’(Langhaar, 1951); cited from (Hughes, 1993). 

In other words, dimensional analysis could also be defined as techniques used in physical science and 

engineering to reduce physical properties such as force, area, acceleration, velocity and pressure and 

others to their fundamental dimensions of length (L), mass(M), and time(T) which further helps for the 

study of inter-relationships among the systems .In addition, it helps to escape the inconvenience of 

incompatible units. 

Since it's not feasible to build an expensive full-scale prototype and study the effect of all the forces 

acting on porotype. There must be some way or conditions which can relate the relationship between 

the forces acting on the full-size prototype and the small-scale model of it. So, the question arises, 

what are those conditions, and what is the relationship between the forces? Dimensional analysis 

justifies both these questions and solves imposing problems with little and simple effort after applying 

dimensional analysis(Sonin, 2001) (Sonin, 2001). 

Briefly, dimensional analysis involves the following steps: 

1. Identify the important independent variables of the process. 

2. Decide which variable is to be the dependent variable. 

3. Determine how many independent dimensionless products can be formed from the variables. 

4. Reduce the system variables to the proper number of independent dimensionless variables. 

The main principle of dimensional analysis is that of dimensional homogeneity, which means the 

dimensions of each term in an equation on both sides are equal. In simple words, an equation is called 

dimensionally homogenous if dimensions of each term on both sides of an equation are the same. Such 

equations are independent of the system of units. 

According to Langhaar (1951) ‘’ An equation is dimensionally homogenous if the form of the equation 

does not depend on the units of variables within the equation’’ (35); cited from (36). This means that 

if any system of units is dimensionally consistent, dimensionally homogenous equation is correct 

regardless of what system of units is used when substituting for the variables in the equation. 

Dimensionally homogeneous equations are very easy to work with and have fewer chances of error 

because it is very simple to check the consistency of dimensions when substituting the values for 

variables. 

There are two important methods involved in dimensional analysis. They are: 

1. Rayleigh’s Method 

2. Buckingham’s Π- Theorem 
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As mentioned above during the pressurized flushing when the bottom outlets are opened the 

deposited sediments move due to flow and funnel shape cone is formed at the vicinity of the bottom 

outlet. The volume of the score cone (𝑉𝑠) depends upon the factors such as geometrical conditions, 

hydraulic parameters , fluid properties and sediment properties such as  water depth (𝐻𝑤), flow 

discharge (𝑄), density of water (𝜌𝑤), properties of sediments like depth of sediment deposit (𝐻𝑠), size 

of sediment (𝑑𝑠), density of sediment (𝜌𝑠) , dynamic viscosity (𝜇) and acceleration due to gravity (𝑔). 

Therefore, in pressure flushing volume of the cone may be written as a function of the following 

variables. 

 𝑉𝑠 = 𝑓(𝑢, 𝐻𝑤 𝑛𝑒𝑡, 𝐻𝑤 𝑛𝑒𝑡 , 𝐴, 𝐵, 𝑑𝑠 ,𝜌𝑠 − 𝜌𝑤 , 𝜌𝑤 , 𝜇, 𝑔) 

 
4-1 

4.2 Hydraulic Similitude  

The main objective of physical modeling is that the model should behave the same manner to the 

prototype it is intended to emulate. A properly designed model should have the same behavior which 

includes the velocity, acceleration, mass transport and the resultant forces that the fluid will exert in 

all respect in the controlled version of the prototype. This concept of performing hydraulic models test 

to obtain similar results to prototype can be achieved either by criteria of similitude or by conditions 

of similarity.  

Similitude prescribes mathematical definition that must be met by the scale ratios of certain 

parameters between prototype and model. When all the major factors influencing reactions of the 

model resembles or in proportion to all major influencing reactions of a prototype then only similitude 

is achieved. Whereas, Similarity conditions is a condition that exists when a model gives a similar 

response as the prototype, even if the model is not in strict similitude with the prototype. 

It is almost impossible to achieve complete similitude where all force ratios are constant and equal. So, 

it is important to choose those ratios which are more relevant and important parameters that need to 

be similitude. It is also necessary to maintain a balance between accuracy and making the problem 

simple.  

According to Warnock 1950, in almost 90 percent of all hydraulic models forces associated with surface 

tension and elastic compression are relatively small and thus can be safely neglected (Warnock, 1950). 

This means for an appropriate hydrodynamic scaling law there are two lead forces one gravity and 

other viscous forces. Therefore, the Froude and Reynolds number are important because the similarity 

of one of these numbers, combined with geometric similarity provides the necessary conditions for 

hydrodynamic similitude in an overwhelming majority of models (Hughes, 1993) (Hughes 1993). 

Thus, dimensional products chosen are combinations of Froude and Reynolds numbers. Other forces 

like compressibility and elasticity effects are neglected because these values are very small as 

compared to Froude and Reynolds number and have a very small effect. 
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4.2.1 Froude Criterion  

Froude number is given by the square root of the ratio of inertial to gravity forces which can be written 

as, 

 

𝐹𝑟 = √
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝑔𝑟𝑎𝑣𝑖𝑡𝑦 𝑓𝑜𝑟𝑐𝑒
= √

𝜌𝐿2𝑉2

𝜌𝐿3𝑔
=

𝑉

√𝑔𝐿
 

4-2 

 

Where, Fr = Froude number L = Characteristic length (m) V = velocity (m/s)  

 g = acceleration due to gravity (9.81 m/s2)  

Froude number expresses the relative influence of inertial and gravitational forces in hydraulic flow. 

Gravitational force is a dominating force for the flow with the free water surface. If Froude number is 

to be same for both in model and prototype then, 

 
𝐹𝑟𝑝 = (

𝑉

√𝑔𝑙
)

𝑝

= (
𝑉

√𝑔𝑙
)

𝑚

= 𝐹𝑟𝑚 

 

4-3 

 

𝐹𝑟𝑝

𝐹𝑟𝑚
=

(
𝑉

√𝑔𝑙
)

𝑝

(
𝑉

√𝑔𝑙
)

𝑚

= 1 = 𝐹𝑟𝑟 

(𝐹𝑟𝑜𝑢𝑑𝑒 𝑚𝑜𝑑𝑒𝑙 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛) 
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 𝑉𝑝

𝑉𝑚
= √(

𝑔𝑝

𝑔𝑚
) ∙ (

𝐿𝑝

𝐿𝑚
) 

 

4-5 

 𝑉𝑟 = √𝑔𝑟 ∙ 𝐿𝑟 

 
4-6 

Almost all models of rivers and hydraulic structures are operated according to the Froude Model law. 

For given 𝐿𝑟 it follows 𝑉𝑟 = √𝐿𝑟  

4.2.2 Reynolds Criterion 

Reynolds number is defined as the ratio of internal force to the viscous force. In Reynolds number, 

inertial and viscous forces are dominating. It is used first to distinguish between the laminar and 

turbulent flow. Reynolds number (Re) is important for laminar boundary layer problems and forces on 

cylinders with low Reynolds number. 

 
𝑅𝑒 =  

𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒
=

𝜌𝐿2𝑉2

𝜇𝑉𝐿
=

𝜌𝐿𝑉

𝜇
=

𝐿𝑉

υ
 

4-7 

 

Where, Re = Reynolds number L = Characteristic length(m) ρ = density (Kg/m3)  

 V = velocity (m/s) µ = Dynamic viscosity (Ns/m2) υ = µ/ ρ = kinematic viscosity (m2/s) 

If Reynolds number is to be same for both in model and prototype then, 
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(

𝜌𝐿𝑉

𝜇
)

𝑝

= (
𝜌𝐿𝑉

𝜇
)

𝑚

𝑜𝑟, (
𝑉𝑝

𝑉𝑚
) ∙ (

𝐿𝑝

𝐿𝑚
) ∙ (

𝜌𝑝

𝜌𝑚
) = (

𝜇𝑝

𝜇𝑚
) 4-8 

In terms of Reynolds model criterion 

 

 
𝑅𝑒𝑟 =

𝑅𝑒𝑝

𝑅𝑒𝑚
=

𝜌𝑟𝐿𝑟𝑉𝑟

𝜇𝑟
= 1(𝑅𝑒𝑦𝑛𝑜𝑙𝑑𝑠 𝑚𝑜𝑑𝑒𝑙 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛) 4-9 

Table 4-1 Froude Law versus Reynolds Law 

Parameter Symbol 
Scale Ratio 

Froude Law Reynolds Law 

Length 𝐿𝑟 𝐿𝑟 𝐿𝑟 

Area 𝐴𝑟 𝐿𝑟
2  𝐿𝑟

2  

Volume 𝑉𝑟 𝐿𝑟
3  𝐿𝑟

3  

Time 𝑡𝑟 𝐿𝑟
1/2

 𝐿𝑟
2  

Velocity 𝑉𝑟 𝐿𝑟
1/2

 𝐿𝑟
−1 

Acceleration 𝑎𝑟 1 𝐿𝑟
−3 

Discharge 𝑄𝑟 𝐿𝑟
2.5 𝐿𝑟 

𝐴𝑠𝑠𝑢𝑚𝑖𝑛𝑔 𝑔𝑟 = 𝜌𝑟 = 𝜇𝑟 = 1 
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 Scaling 

Hydraulic models are designed based on scaling laws derived from dimensional analysis. Detail about 

dimensional analysis could be referred from ‘’ Physical Models and Laboratory Techniques In Costal 

Engineering’’ by Steven A. Hughes. For a design of the physical model, it is essential or mandatory to 

have dynamic similarity maintaining a consistent prototype to model the ratio of parameters acting on 

the system. In addition to this, all the derived dimensionless parameters are equal in prototype and 

model (Einstein & Chien 1956, Yalin a& Kamphuis 1971, Kobus 1984, Hughes 1993, Frostick 

2011)(Einstein and Chien, 1956, Yalin and Kamphuis, 1971, Kobus, 1984, Hughes, 1993, Frostick et al., 

2011); cited from (Hydralab+, 2016). It is almost impossible to achieve almost a perfect dynamic 

similarity between prototype and model. Therefore, the scale model is required to design in such a 

manner that all force ratios are retained while neglecting less important forces ratios. Neglection of 

forces ratios may result in scale effects, there will be some alternation between prototype and scaled 

model observation. According to Heller 2011, scale effect becomes more significant with the increase 

in scale ratio and their relative importance depends on the investigated phenomenon. Which means 

that we have accepted scale effects for the scaled model. 

Froude scaling is the most commonly used scaling law ensuring similarity in Froude number. Froude 

number is the ratio of the velocity of flow v to the root of gravitational acceleration g and depth of flow 

𝐹𝑟 =
𝑣

√𝑔ℎ
. This scaling law ensures the constant ratio between inertial force and the gravitational force 

between model and prototype for open channel flow (Markofsky and Kobus, 1978) (Kobus 1978);cited 

from(Hydralab+, 2016).During the study of the model, it is assumed that water is used as a fluid to 

model so that the ratio of fluid density, kinematic viscosity, and dynamic viscosity are unity. Small 

subscript r represents the ratio between model(m) and prototype(p). 

5.1 Fixed Bed Models 

Fixed bed models are identified as a bed without any sediment transport or bed with constant or stable 

depth. If we consider a uniform open channel flow with a fixed bed in a very wide channel (channel 

having the ratio of width to depth ration greater than 30), so hydraulic radius (R) of the channel is equal 

to the depth of water (h) [R=h]. The expression for Froude number can be expressed with dimensional 

analysis as, 

 

𝐹𝑟 = 𝑓 (𝑅𝑒,
𝐾

ℎ
, 𝑆) 

 

5-1 

 
Where  Fr = Froude number 

 Re = Reynolds number = 
𝑣ℎ

𝜐
 

 
𝐾

ℎ
 = Relative roughness 

 S = Slope 

Considering the Froude-scaled model value of Reynolds number will be different for model and 

prototype. Therefore, there will be scale effects. To avoid it the model and prototype need to be fully 

turbulent. Roughness can be scaled by considering the Darcy-Weisbach friction factor or by Chezy -

coefficient or by Manning’s number. In a distorted model where horizontal and vertical scale is not 

equal leads to scale effects which replace geometric similarity by geometric affinity(De Vries and 

reports on Hydrology, 1993) (de Vries, 1993) ; cited from(Hydralab+, 2016) . According to Novak 2010, 

where the velocity component is important distortion is not acceptable but a vertically distorted model 
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is acceptable for uniform, non-uniform and unsteady flow conditions with relative slow vertical motion 

(Novak et al., 2018); cited from(Hydralab+, 2016). 

Hydraulic time scale 𝑡𝑟 can be derived based on Froude similarity as, 

 
𝑡𝑟 =  

𝐿𝑟

√ℎ𝑟

 5-2 

In the above equation 𝐿𝑟 is the scale ratio for the horizontal length between model and prototype 
𝐿𝑚

𝐿𝑝
 

and ℎ𝑟 is the scale ratio for the height of flow 
ℎ𝑚

ℎ𝑝
. 

In the case of the non- distorted model (𝐿𝑟 = ℎ𝑟). Therefore, hydraulic time scale 𝑡𝑟 can be written as 

𝑡𝑟 = √𝐿𝑟 

5.2 Movable-Bed Models 

5.2.1 Movable–Bed scaling Requirements 

A movable-bed model should be able to model correctly all the complex interaction of short waves, 

long waves, unidirectional flows, sediment transport, solid structures and model boundaries. In our 

case, we are more interested in sediment transport, solid structures and model boundaries. It is almost 

impossible to simulate all interactions simultaneously with any scale relationship. Kamphuis 1985 

stated that models have shown the most interaction is modeled incorrectly (Kamphuis, 1985); cited 

from (Hughes, 1993). There have been numerous developments of movable-bed scaling development 

in recent years which have provided scaling criteria but are limited to its advantages, assumptions, and 

constraints. Currently, there are so many scaling laws selecting an appropriate ser for a given model is 

sometimes very problematic (Hudsnon 1979); cited from (Hughes, 1993). 

There two ways for determining the important parameters for sediment transport model: 

a. Assume that the sediment process is reacting primarily to a unidirectional flow situation with 

waves added. 

b. Assume that sediment is reacting primarily to waves with currents added. 

The important physical parameters involved in sediment transport have been identified as follows 

(Kamphuis, 1985, Dalrymple, 1989); cited from (Hughes, 1993)(Kamphuis 1985; Dalrymple 1989). 

 

• Hydrodynamic Parameters: • Sediment Parameters: 
 

h - depth of flow 

σ - surface tension 

g - acceleration of gravity 

𝜅𝑠 - bottom roughness 

ρ - fluid density 

υ - fluid kinematic viscosity 

u - velocity 
𝑆𝑜 - channel slope 

d - sediment diameter 
𝜌𝑠 - sediment density 
𝜏𝑏 - bottom shear stress 

ω - sediment fall speed 

 

 

Sediment fall speed (ω) is not an independent parameter, as it is the function grain size, density, shape, 

fluid density and viscosity. And bottom shear stress is not a physical parameter but is a linkage between 

fluid and sediment. 
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5.2.2 Sediment Transport Similitude Requirements 

The Physical parameter of the sediment can be combined with some physical properties of the fluid to 

form a set of dimensionless numbers commonly used for unidirectional flow. Flow in an open channel 

can generally be represented as a functional relationship of several variables (Ettema et al., 2000); 

cited from (Waldron, 2008) (Ettema 2000). This relationship can be expressed as  

 
𝐴 = 𝑓𝐴(𝜌, 𝜐, 𝜎, 𝜅, ℎ, 𝑆𝑜, 𝑈, 𝑔) 5-3 

 

For a wide channel with uniform and steady flow (𝑅 ≈ 𝐻). The expression can be written as 

 
𝐴 = 𝑓𝐴(𝜌, 𝜐, 𝑑, 𝜌𝑠, ℎ, 𝑢∗, 𝑔∆𝑝) 5-4 

 

Where, ∆𝑝 =  (𝜌𝑠 − 𝜌) and 𝑢∗ =  √(𝑔ℎ𝑆0) 

The above equation can be regrouped through Buckingham-Pi theory into a set of dimensionless 

parameters, 

 
𝜋𝐴 = 𝑓𝐴 [

𝑢∗𝑑

𝜐
,

𝜌𝑢∗
2

𝑔∆𝑝𝑑
,
ℎ

𝑑
,
𝜌𝑠

𝜌
] 5-5 

 

Where the dependent variable A in 𝜋𝐴 could be any of flow resistance, sediment transport, etc. 

(Maynord, 2006); cited from (Waldron, 2008)(Maynord, 2006). If we add an extra parameter, 
𝜔

𝑢∗
 which 

is the ratio of fall speed to the shear velocity. The above expression can be re-written as 

 
𝜋𝐴 = 𝑓𝐴 [

𝑢∗𝑑

𝜐
,

𝜌𝑢∗
2

𝑔∆𝑝𝑑
,
ℎ

𝑑
,
𝜌𝑠

𝜌
,

𝜔

𝑢∗
] 5-6 

 

The first parameter in the above equation is called grain size Reynolds number i.e. 

 
𝑅∗ =

𝑢∗𝑑

𝜐
 5-7 

 

Second is referred to as densimetric Froude number i.e. 

 
𝐹∗ =

𝜌𝑢∗
2

𝑔∆𝑝𝑑
 5-8 

 

These two parameters may be recognized as the coordinates of Shield’s diagram for incipient motion 

in unidirectional flow as shown in the figure. 
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Figure 5.1 Shields Diagram for Unidirectional Flow (Vanoni,1975)(Vanoni, 1975). 

The third term is relative density which is the ratio of the density of sediment density to water density 

and it represents the buoyant force on the sediment. i.e. 

 𝑆𝑠 =
𝜌𝑠

𝜌
 5-9 

 

The fourth term (relative submergence) is the ratio of the depth to grain size ℎ 𝑑⁄ ; this term is important 

in consideration of surface tension effects, which are generally not considered to be important when 

modeling the bed. Such properties as this were excluded from the design of the SSPM (small scale 

physical model) as they are not considered to be important to scale(Ettema et al., 2000, Maynord, 

2006); cited from (Waldron, 2008) (Maynord, 2006; Ettema et al., 2000).  

 ℎ𝑟

𝑑𝑟
= 1 5-10 

 

The last parameter is relative fall speed which accounts for suspended transport occurring 

simultaneously with bedload transport and could be used to evaluate scale effects for suspended load 

transport occurring in a model design for bedload transport. i.e. 

 𝑉𝑤 =
𝜔

𝑢∗
 5-11 

 

Values of all above mentioned five parameters must be the same in the model as in the prototype to 

achieve complete similitude in sediment transport generally which is not possible at scales other than 

the prototype. 

Movable bed models represent two phases, flow with a solid particle and with fluid particles. Flow is 

generally Froude-scaled and the similarity in sediment movement depends upon a set of dimensional 

parameters which are, 
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• Grain size Reynolds number i.e.   𝑅𝑒∗ =
𝑢∗𝑑

𝜐
 

• Densiometric Froude number i.e. 𝐹𝑟∗ =
𝜌𝑢∗

2

𝑔(𝜌𝑠−𝜌)𝑑
 

• Relative sediment density i.e.   𝑆𝑠 =
𝜌𝑠

𝜌
 

• Relative submergence i.e.   
ℎ

𝑑
 

• Relative fall speed i.e.   𝑉𝑤 =
𝜔

𝑢∗
 

Where, 𝜌𝑠 = density of sediment 

 𝑢∗ = shear velocity (𝑢∗ = √𝑔 ℎ 𝑆 

 𝜔 = fall velocity 

To obtain a perfect similitude for the sediment transport process, all these quantities would have to 

be equal in the model and prototype. Therefore, assuming the water is used in both models and 

prototypes (𝜌𝑟 = 𝜔𝑟 = 1). Which gives 

 𝑅𝑒∗𝑟 =
𝑢∗𝑟 𝑑𝑟

𝜐𝑟
= 1 → 𝑢∗𝑟 𝑑𝑟

= 1 

 

5-12 

 

 
𝐹𝑟∗𝑟 =

𝜌𝑟𝑢∗𝑟
2

𝑔𝑟(𝜌𝑠 − 𝜌)𝑟𝑑𝑟
= 1 →

𝑢∗𝑟
2

(𝐺 − 1)𝑟𝑑𝑟
= 1 → 𝑢∗𝑟 = (𝐺 − 1)𝑟

1/2
𝑑𝑟

1/2 

 

5-13 

 

[(𝐺 − 1) =
(𝜌𝑠 − 𝜌)𝑔

𝜌
] 

 𝜌𝑠𝑟

𝜌𝑟
= 1 → 𝜌𝑠𝑟 = 1 

 

5-14 

 

 ℎ𝑟

𝑑𝑟
= 1 → ℎ𝑟 = 𝑑𝑟 

 

5-15 

 

 𝜔𝑟

𝑢∗𝑟
= 1 =

√𝐿𝑟

𝑡𝑟
 

 

5-16 

 

All the above equations have been formulated for unidirectional flow conditions. For unidirectional 

flows, the shear velocity can be expressed as 𝑢∗𝑟 =
ℎ𝑟

√𝐿𝑟
 .  

So, 

 

𝐹𝑟∗𝑟 =
𝑢∗𝑟

2

(𝐺−1)𝑟𝑑𝑟
=

ℎ𝑟
2

(𝐺−1)𝑟𝐿𝑟𝑑𝑟
= 1, 𝑑𝑟 = ℎ𝑟

2𝐿𝑟
−1(𝐺 − 1)𝑟

−1 5-17 
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ℎ𝑟
2

(𝐺 − 1)𝑟𝐿𝑟𝑑𝑟
= 1 

ℎ𝑟
2

𝐿𝑟
= (𝐺 − 1)𝑟𝑑𝑟  

ℎ𝑟∙ℎ𝑟

𝐿𝑟
= (𝐺 − 1)𝑟𝑑𝑟 

ℎ𝑟 =
𝐿𝑟

ℎ𝑟

(𝐺 − 1)𝑟𝑑𝑟  

ℎ𝑟 ∙
𝐿𝑟

ℎ𝑟
=

𝐿𝑟

ℎ𝑟
∙

𝐿𝑟

ℎ𝑟

(𝐺 − 1)𝑟𝑑𝑟 

[𝑀𝑢𝑙𝑡𝑖𝑝𝑙𝑦𝑖𝑛𝑔 𝑏𝑦 
𝐿𝑟

ℎ𝑟
 𝑏𝑜𝑡ℎ 𝑠𝑖𝑑𝑒𝑠] 

𝐿𝑟 = (
𝐿𝑟

ℎ𝑟
)

2

∙ (𝐺 − 1)𝑟𝑑𝑟 

𝐿𝑟 = 𝜹2(𝐺 − 1)𝑟𝑑𝑟 

[𝐿𝑟ℎ𝑟
−1 = 𝛿] 

 𝑳𝒓 = 𝜹𝟐(𝑮 − 𝟏)𝒓𝒅𝒓 
 

5-18 

Where  𝐿𝑟 = Scale ratio  

 𝛿 = 1 for undistorted model 

 𝑑𝑟 = Sediment size ratio 

The dynamic of the suspended load transport can only be modeled exactly using an undistorted model. 

According to Low 1989 for lightweight materials with specific densities 
𝜌𝑠

𝜌⁄   ranging from 1 to 2.5 and 

grain diameter of d=3.5mm, the specific volumetric bedload transport rate q is related to 
𝑢∗𝑟

𝑣𝑠𝑟
 by a 

simple relation i.e. 𝑞𝑠~𝑢∗
6 𝑎𝑛𝑑 ~ 𝑣𝑠

−5 (Seng Low, 1989); cited from (Hydralab+, 2016). Zwamborn 1996 

mentioned that 𝐹𝑟∗criterion is essentially the same as the 
𝑢∗𝑟

𝑣𝑠𝑟
  criterion and a good similarity between 

model and prototype can be expected with an appropriate friction criterion and near similarity in 

𝑅𝑒∗(Zwamborn, 1966); cited from (Hydralab+, 2016). 

As per the above equation for relative fall speed 𝑉𝑤 =
𝜔

𝑢∗
 essentially corresponds to the ratio of the 

Rouse-number in the model and prototype and hence it is most important for suspended load 

transport when considering unidirectional flow. Putting the hydraulic time scale 𝑡𝑟 =  
𝐿𝑟

√ℎ𝑟
 in equation 

𝜔𝑟

𝑢∗𝑟
= 1 =

√𝐿𝑟

𝑡𝑟
,  

we get 

 
ℎ𝑟 = 𝐿𝑟 5-19 
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5.2.3 Dimensionless Unit Sediment Discharge 

Taylor (1971) developed a dimensionless unit sediment discharge (𝑞∗𝑠) parameter known as Taylor’s 

function defined as ratio of 𝑞𝑠 and product of 𝑢∗𝑑𝑠 as 𝑞∗𝑠 =
𝑞𝑠

𝑢∗𝑑𝑠
 (Pugh and Dodge, 1991, Taylor, 1971). 

Where, 𝑞𝑠 = unit sediment 

 𝑢∗ = shear velocity 

 𝑑𝑠          = sediment size 

Dimensionless unit sediment discharge 𝑞∗𝑠𝑟 =
𝑞𝑠𝑟

𝑢∗𝑟𝑑𝑠𝑟
= 1 . Assuming similarity between model and 

prototype. 

Where  𝑞∗𝑠𝑟 = unit sediment discharge ratio 
𝑞∗𝑠𝑚

𝑞∗𝑠𝑝
 

𝑆𝑖𝑛𝑐𝑒 𝑢∗𝑟 = √ℎ𝑟𝑆𝑟 = √ℎ𝑟ℎ𝑟𝐿𝑟
−1 = ℎ𝑟𝐿𝑟

−1/2
 

 𝑞𝑠𝑟 = 𝑢∗𝑟𝑑𝑠𝑟 = 𝑑𝑠𝑟ℎ𝑟𝐿𝑟
−1/2

 5-20 

 

5.3 Bedload Model Scale Requirements 

As mentioned above the sediment movement of the bedload transport depends upon five 

dimensionless parameters mentioned in equation 5-6 and perfect similitude could be obtained if the 

protype to model ratios of all parameters are unity. i.e. 

 
𝑅 ∗𝑟= 𝐹 ∗𝑟= 𝑆𝑠𝑟 = (

𝐻

𝑑
) = 𝑉𝑤𝑟 = 1 5-21 

 

But perfect similitude is almost impossible to achieve. Table 5-1 lists proposed scale requirements and 

indicate which parameters are preserved between prototype and model based on work done by 

Kamphuis. 

Table 5-1 Classification of Models (Kamphuis 1985) 

Model Class 

(𝑹∗)𝒓

= (
𝒖∗𝒅

𝝊
)

𝒓
 

 

(𝑭∗)𝒓

= (
𝝆𝒖∗

𝟐

𝒈(𝝆
𝒔

− 𝝆)𝒅
)

𝒓

 

 

(𝑺𝒔)𝒓

= (
𝝆𝒔

𝝆
)

𝒓

 

 

(
𝑯

𝒅
)

𝒓
 

(𝑽𝒘)𝒓

= (
𝝎

𝒖∗
)

𝒓

 

 

Best Model (BM) x ✓  ✓  ✓  x 

Light Weight 
Model (LWM) 

✓  ✓  o  x x 

Densimetric 
Froude Model 
(DFM) 

x ✓  o  x x 

Sand Models x x ✓  x x 

✓ Satisfied  

x Not Satisfied  

o Not satisfied but limited to 1.05 <
𝜌𝑠

𝜌⁄ < 2.65 
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From these scaling relationships, it is possible to derive the complete scaling requirements for each of 

the models listed as the table above. As more of these criteria are left unfulfilled, less similar to the 

model will be to the prototype.  

5.4 Best Model Requirements 

Best Model is the model that satisfies most of the sediment transport parameters as shown in Table 1. 

As it satisfies the greatest number of parameters, it becomes more problematic to apply in the field 

because of restrictions that arise from fulfilling these criteria. 

Maintaining the prototype to model ratio gives the ratio, 

 
(

𝐻

𝑑
)

𝑟
= 1 → 𝐻𝑟 = 𝑑𝑟  5-22 

This means that sediment grains must be geometrically reduced according to the model length scale. 

Similarly, the scale ratio of relative sediment density yields as 

 
(

𝜌𝑠

𝜌
)

𝑟
= 1 → 𝜌𝑠𝑟

= 𝜌𝑟 or (𝜌𝑠 − 𝜌)𝑟 = 1 5-23 

As water is used as a fluid in the model, then 𝜌𝑟 = 1 and the model sediment should have nearly the 

same density as the prototype. As fluid and sediment densities in the model and the prototype is the 

same which means submerged sediment specific weight ratio will also be unity. i.e.  

(𝐹∗)𝑟 = (
𝜌𝑢∗

2

𝑔∆𝑝𝑑
)

𝑟

= 1 → (∆𝑝𝑔)𝑟 = 1, ∆𝑝 = (𝜌𝑠 − 𝜌), 𝛾 = ∆𝑝𝑔  

For the best model 𝛾𝑟 = 𝜌𝑟 = 𝜐𝑟 = 1, resulting in 𝑢 ∗𝑟= √𝑑𝑟 and substituting it into the expression 

for  

(𝑅∗)𝑟 = (
𝑢∗𝑑

𝜐
)

𝑟
 , we get  (𝑅∗)𝑟 = (

𝑢∗𝑑

𝜐
)

𝑟
  

 (𝑅∗)𝑟 = √𝑑𝑟 ∙ 𝑑𝑟 = 𝑑𝑟
3/2

 5-24 

 

5.5 Lightweight Model Requirements (LWM) 

As mentioned above in Table 5-1, it maintains its similarity of both R* and F* for sediment density 

ranging from 1.05 to 2.65 (limited to 1.05 <
𝜌𝑠

𝜌⁄ < 2.65). Sediment density other than this range is 

not satisfied. The other three parameters relative length and the relative fall speed are not counted 

for the model. The requirements of the lightweight model can be found by solving 𝑅𝑒∗𝑟 = (
𝑢∗𝑑

𝜐
)

𝑟
= 1 

and 𝐹∗𝑟 = (
𝜌𝑢∗

2

𝑔∆𝑝𝑑
)

𝑟
= 1 

Assuming the water in the model fluid having 𝜌𝑟 =  𝜐𝑟 = 1 and putting these values in the above 

equation.  

We get, 𝑅𝑒∗𝑟 = (
𝑢∗𝑑

𝜐
)

𝑟
= 1 → 𝑢∗𝑟 =

1

𝑑𝑟
 

𝐹∗𝑟 = (
𝜌𝑢∗

2

𝑔(𝜌𝑠 − 𝜌)𝑑
)

𝑟

= 1 →  
𝑢∗𝑟

2

(𝐺 − 1)𝑟𝑑𝑟
= 1 →

1
𝑑𝑟

2

(𝐺 − 1)𝑟𝑑𝑟
= 1 → 𝑑𝑟

3 =
1

(𝐺 − 1)𝑟
 

   (𝐺 − 1) =
(𝜌𝑠 − 𝜌)

𝜌
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5.6 Lightweight Model Scale Effects 

Lightweight materials can maintain similarity in practical Reynolds and Froude number between model 

and prototype and furthermore holds prototype and model sediment at the same position on the 

Shield’s diagram Figure 5.1. By saying this we should expect that the incipient motion of the model 

sediment will be correctly simulated. Nonetheless, it may cause distortions in other important scale 

factors with significant scale effects which is pointed out by Kamphuis as, 

a) Improper acceleration of particles may result due to incorrect scaling of relative density, which 

may lead to underrating of sediment transport rate and there are possibilities of particles in 

model entering in suspension state lot earlier than prototype. 

b) The relative length scale is not correctly scaled because the lightweight particles are quite 

bigger than they should be which causes sediment movement relatively less than what should 

occur. 

c) As lightweight sediments are bigger than it should be, they are somewhat more porous. This 

increase in porosity will allow absorbing more wave energy by the model. 

d) Liquefaction of bed in lightweight material occurs sooner which is a problem if bottom resting 

weights are being supported by the movable-bed. 

e) The Lightweight material does not simulate the relative fall speed. So, suspended sediment 

transport will not be modeled properly. 

5.7 Densimetric Froude Model  

Densimetric Froude models are similar to lightweight models except for that similitude in Practical 

Reynolds number is relaxed to pick up more flexibility in specifying model parameters as only similitude 

in Froude number is required. Substituting the value of 𝐹∗𝑟 = 1 in equation 5-13, we get 

 
𝑢∗𝑟

2

(𝐺 − 1)𝑟𝑑𝑟
= 1, 𝑑𝑟 =

𝑢∗𝑟
2

(𝐺 − 1)𝑟
 

5-25 

And for unidirectional flow from equation 5-17, we get 

 ℎ𝑟
2

(𝐺 − 1)𝑟𝐿𝑟𝑑𝑟
= 1, 𝑑𝑟 =

ℎ𝑟
2

(𝐺 − 1)𝑟𝐿𝑟
 

5-26 

 
  

5.8 Sand Model Requirements 

Sand model fulfills only one scaling criteria of the same density as prototype form the criteria mention 

from equation 5-7 to 5-11. According to Kamphuis 1985, the non-similarity of 𝑅𝑒∗ and 𝐹𝑟∗ in such a 

model will result in erroneous modeling of sediment transport at low flow velocities(Kamphuis, 1985, 

Hughes, 1993). Assuming water is used in the model which means, 

 𝑆𝑠 =
𝜌𝑠

𝜌
 5-27 

Any scale ratios being defined in terms of length and sediment diameter scale. 

5.9 Selected similarity conditions: 

• Similarity in Froude number 

• Similarity in Shields parameter 
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• Similarity in dimensionless unit sediment discharge 

• Fully turbulent flow, Re>2000 in both model and prototype.  

• Density of model sediments between 1050 – 2650 kg/m3 

• Boundary Reynolds number>70 in both model and prototype. 

5.10 Summary for scale ratios. 

Description Scale ratio 
Equation 

number 

Horizontal Length 𝐿𝑟  

Vertical Depth ℎ𝑟  

Distortion 𝛿 =  𝐿𝑟 ℎ𝑟
−1  

Slope 𝑆𝑟 = ℎ𝑟 𝐿𝑟
−1  

Flow Velocity 𝑢𝑟 = √ℎ𝑟  

Flow Discharge 𝑄𝑟 = 𝐵𝑟ℎ𝑟𝑢𝑟 = 𝐿𝑟ℎ𝑟√ℎ𝑟 =  𝐿𝑟ℎ𝑟
3/2

  

Manning’s 𝑛𝑟 =
ℎ𝑟

2/3

𝐿𝑟
1/2

 
 

Bed Shear Velocity 𝑢∗𝑟 = 𝑑𝑠𝑟
1/2

(𝐺 − 1)𝑟
1/2

 5-13 

Sediment size 𝑑𝑠𝑟 = ℎ𝑟
2 𝐿𝑟

−1(𝐺 − 1)𝑟
−1 5-17 

Scale ratio 
𝑳𝒓 = 𝜹𝟐(𝑮 − 𝟏)𝒓𝒅𝒓 

 
5-18 

Dimensionless unit sediment discharge 𝑞𝑠𝑟 = 𝑢∗𝑟𝑑𝑠𝑟 = 𝑑𝑠𝑟ℎ𝑟𝐿𝑟
−1/2

 5-20 

Best Model Requirement (𝑅∗)𝑟 = √𝑑𝑟 ∙ 𝑑𝑟 = 𝑑𝑟
3/2

 5-24 
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 Method 

6.1 Experimental Setup 

Two sets of laboratory experiments were carried out with different lightweight (low-density) materials 

at two places; one in Hydraulic Laboratory of NTNU, Norway and another at Hydraulic Laboratory of 

Hydro Lab, Nepal. Each set of the experiment was carried out by varying flushing discharge, reservoir 

water level, the thickness of the sediment deposit layer and opening height of bottom orifice. To make 

the results from both sets of experiments comparable, the sizing of the sediments was chosen in such 

a way that they could be scaled up to represent a common arbitrary prototype. 

For experimenting, an existing flume in the hydraulic Laboratory of NTNU, Norway was used. A   12 m 

long flume with 0.6 X 0.75 m rectangular cross-section was used to simulate a reservoir and cone 

formation due to pressure flushing. At 8m chainage from inlet box, a flushing gate was installed. Details 

dimensions of the flume are shown in Figure 6.1 below. Experimenting in Hydro Lab, Nepal was also 

conducted with a similar setup of flume as in the Hydraulic Laboratory of NTNU. 

The flushing opening of 50mm wide was mounted in the middle of the flushing gate for flushing 

simulation with variable opening height. The outlet was provided such that its sill was 60 mm above 

the flume bed. The details of the flushing gate as shown in Figure 6.2.  

 

Figure 6.1 Plan and Longitudinal view of the model and its details. 

 

Figure 6.2 Details of the flushing gate. 
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6.2 Experimental procedure 

To begin with, experiment firstly desired sediments were evenly distributed over the model with 

required thickness of 120 and 140mm maintaining a specific same level above the bottom level to the 

desired length upstream. Then the model was slowly filled with water until the water level reached to 

requisite surface level. After the water level reached to intended discharge through inlet bottom outlet 

(gate opening) was opened manually. As soon as the downstream outlet would be opened, sediments 

start to discharge through the opening underwater flow pressure. The sediment is discharged with high 

concentration at the beginning of experiments with the gate opening and the concentration of flushing 

decreases with time. The experiment was continued until the flushing rate stops completely or reaches 

an equilibrium condition with negligible flushing to downstream. A flushing cone is formed as soon as 

the sediment discharge reaches a stable stage. The time required for the formation of the flushing cone 

and its balancing depends upon the hydraulic conditions. To retain the shape of developed flushing 

cone, flushing outlet is closed and water was slowly and carefully drained out from the model and the 

measurement of flushed cone bed was done. 

6.2.1 Types and size distribution of the sediments. 

Sand and non-cohesive lightweight plastic materials were used for experiments. Details of sediment 

being used during experiments are shown below. Figure 6.3 shows the experimental setup of the 

sediments being used for experiments. 

Table 6-1 Types of sediments used for experiments. 

Sediment Types Density [kg/m3] 
Mean size d50 

[mm] 
Sediment Thickness 

[mm] 

Sand 2650 1 120 & 140 

Blue Lightweight Material 1400 4 120 & 140 

Yellow Lightweight Material 1058 2 120 & 140 

 

   
a) Blue Lightweight 

Material 
b) Sand c) Yellow Lightweight 

Material 

Figure 6.3 Initial bed for different sediment material during experiments. 
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6.2.2 Experimental Setup 

Q        = Discharge 

H w     = Flow depth above bed level 

H s      = Sediment height above bed level 

a         = Height of bottom outlet 

a0       = Height of bottom outlet 

b        = Width of bottom outlet 

B        = Width of reservoir(flume) 

h s      = Height of Sediment above outlet sill 

Hs net = Net sediment height above the center of the outlet     

opening 

H w net = Net flow depth above the center of the outlet opening 

L max   = Maximum length of flushing cone 

W max = Maximum width of flushing cone 

Z max   = Maximum depth of flushing cone 

V s      = Volume of flushing cone 

 

 

Where, 
h s       = H s - a0 

H s net   = h s - a/2 

H w net   = H w - a/2 

 

6.2.3 Number of Experiments and it’s constraints. 

 Table 6-2 Different test constraints. 

Test no. a0, [mm] a, [mm] b, [mm] B, [mm] Hs, [mm] Q, [l/s] H w, [mm] 

1 60 20 50 600 140,120 1.30 267 

2 60 20 50 600 140,120 1.70 373 

3 60 20 50 600 140,120 2.00 523 

4 60 20 50 600 140,120 1.80 453 

5 60 30 50 600 140,120 1.80 244 

6 60 30 50 600 140,120 2.20 326 

7 60 30 50 600 140,120 2.60 414 

8 60 30 50 600 140,120 3.00 518 

9 60 40 50 600 140,120 2.50 244 

10 60 40 50 600 140,120 3.20 352 

11 60 40 50 600 140,120 3.90 450 

12 60 40 50 600 140,120 4.30 565 

13 60 50 50 600 140,120 3.20 258 

14 60 50 50 600 140,120 3.80 325 

15 60 50 50 600 140,120 4.50 417 

16 60 50 50 600 140,120 5.00 499 
Note: All 16 experiments mentioned above were done for sand and for two lightweight materials mentioned above. All total 

there was 3 x 16 number experiments conducted for this study. 
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6.2.4 Measuring of flushing cone volume. 

Hydraulic Laboratory NTNU, Norway 

After a slow and careful drawdown of water to the required depth in the model, measurement of 

flushed bed was done by a multi-transducers array system, recording bed levels with 32 acoustics 

transducers. Seatek transducers with an electronics package were used for this purpose in our case. 

The numbering of 32 different transducers and its positioning is shown in Figure 6.4. A program was 

written using LabVIEW 2017 software for the acquisition of data from the Seatek MHz Ultrasonic 

Ranging System Figure 6.5. 

A Simple code was written in MATLAB for post-processing of data to calculate the volume and 3- 

Dimensional view of the flushing cone after the experiment. 

 
 

Figure 6.4 Arrangement of Multiple Transducers.  

  

Figure 6.5  Data acquisition software. 
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Hydro Lab, Nepal 

In Hydro Lab, Nepal, the measurement of flushed bed was done manually with staff gauge. 

Measurements at a suitable interval were done to measure the cone formed on the bed after the 

opening of the flushing gates. 

Simple code was written in MATLAB for post-processing of data to calculate the volume and 3- 

Dimensional view of the flushing cone after the experiment. Figure 6.6 and Figure 6.7 shows the 3 D 

points and the 3D surface of the flushing cone after the experiment with 1.30 l/s outflow discharge, 

140 mm sediment thickness, 267mm water depth and 20 mm X 50mm bottom outlet of yellow 

lightweight material.

 

Figure 6.6 3-Dimensional view of the flushing cone after the experiment with 1.30 l/s outflow discharge, 140 
mm sediment thickness, 267mm water depth and 20 mm X 50mm bottom outlet of yellow lightweight material. 

 

Figure 6.7 The bed topographic view of the flushing cone after the experiment with 1.30 l/s outflow discharge, 
140 mm sediment thickness, 267mm water depth and 20 mm X 50mm bottom outlet of yellow lightweight 

material. 
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 Results and Discussion 

During the pressure, the flushing operation collapse of the deposited material was noticed forming a 

funnel-shaped scoured cone near the outlet as soon as the gate was opened. Furthermore, flushing 

acceleration was very intense during the start of the experiment and the intensity of drained material 

reduced over time and a stable flushing cone was developed over time with a very fast forming process 

less than a minute. 

The shape of the cone formed was almost symmetrical (half circumference) to the center of the bottom 

outlet with maximum cone depth close to the bottom outlet wall. Besides, the width of the flushed 

cone was almost twice the length and the dimension of depth and length increases with the increase 

in discharge. Figure 7.1and Figure 7.2 below shows the shape of the flushing cone near the bottom 

outlet. 

  
  

Figure 7.1 Flushing cone at the vicinity of bottom outlet with Blue & Yellow Lightweight Material. 

 

 

Figure 7.2 Flushing cone at the vicinity of the bottom outlet with Sand. 

 

 

 

 

Bottom Outlet 

Width of cone 

Flow Direction 
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7.1 Comparison with empirical relations 

Measured flushed cone volume was compared and analyzed with different empirical relationships 

proposed by four different types of research. Among them, Meshkati (2010) were selected for further 

companions because the empirical relation to determining the volume of flushing cone was 

determined considering diameter of the circular bottom outlet (D), specific gravity of sediment 

particles (Gs) and the particle size of sediment (ds), even though only one sediment thickness was used 

during experiments and fits better with our data. Therefore, the measured 
𝑉𝑠

𝐻𝑤 𝑛𝑒𝑡
3   was further 

compared with the calculated 
𝑉𝑠

𝐻𝑤 𝑛𝑒𝑡
3  the empirical relation proposed by Meshkati in 2010. 

Summary of results obtained from the experiments. 

Table 7-1 Result summary 

 

7.2 The variation of flushing cone volume versus H w net for different water depth and 
the bottom outlet. 

From the experiment, it was observed that the volume of flushing cone increases with an increase in 

flow depth and followed almost the same progression for both two lightweight materials (blue and 

yellow) and sand (representation of blue lightweight material). During the experiment, it was also 

observed that the higher sediment thickness resulted in higher flushing volume for all three cases. 

Because of time constraints, sand representing the yellow lightweight material could not be done. 

However, with the result found we could predict that the volume of flushing cone of sand which will 

represent the yellow material would also follow the same behavior. 

 Hs = 140 mm  Hs = 120 mm  Hs = 140 mm  Hs = 120 mm  Hs = 140 mm  Hs = 120 mm

1 267 197 70 50 0.001 1.3 0.00126 0.00083 0.00113 0.00079 0.00290 0.00155

2 373 303 70 50 0.001 1.7 0.00158 0.00100 0.00122 0.00087 0.00350 0.00188

3 523 453 70 50 0.001 2 0.00162 0.00113 0.00141 0.00112 0.00337 0.00229

4 453 383 70 50 0.001 1.8 0.00171 0.00112 0.00129 0.00098 0.00342 0.00213

0 0

5 244 169 65 45 0.0015 1.8 0.00160 0.00108 0.00135 0.00089 0.00362 0.00219

6 326 251 65 45 0.0015 2.2 0.00192 0.00127 0.00163 0.00107 0.00361 0.00249

7 414 339 65 45 0.0015 2.6 0.00217 0.00131 0.00167 0.00111 0.00428 0.00293

8 518 443 65 45 0.0015 3 0.00244 0.00147 0.00179 0.00124 0.00485 0.00322

0 0

9 244 164 60 40 0.002 2.5 0.00178 0.00131 0.00170 0.00107 0.00483 0.00269

10 352 274 60 40 0.002 3.2 0.00225 0.00154 0.00195 0.00120 0.00537 0.00318

11 455 375 60 40 0.002 3.9 0.00247 0.00172 0.00204 0.00128 0.00537 0.00373

12 570 490 60 40 0.002 4.3 0.00287 0.00180 0.00216 0.00144 0.00685 0.00425

0 0

13 264 179 55 35 0.0025 3.2 0.00206 0.00148 0.00194 0.00118 0.00581 0.00349

14 327 242 55 35 0.0025 3.8 0.00259 0.00163 0.00203 0.00129 0.00580 0.00395

15 424 339 55 35 0.0025 4.7 0.00275 0.00182 0.00223 0.00141 0.00674 0.00457

16 502 417 55 35 0.0025 5 0.00304 0.00198 0.00234 0.00150 0.00735 0.00477

Sand Yellow Lightweight Material

Measured Volume of flushed cone (Vs) [m
3]

Hs net [mm] 

[Hs = 120 

mm]

A outlet Q, [lps]Hw, [mm]Test
Hw 

net[mm]

Hs net [mm] 

[Hs = 140 

mm]

Blue Lightweight Material
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Figure 7.3 Sand Hs 140 mm (left) and 120 mm (right) 

  

Figure 7.4 Blue Lightweight Material Hs 140 mm (left) and 120 mm (right) 

  

Figure 7.5 Yellow Plastic Material Hs 140 mm (left) and 120 mm (right) 
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7.3 The variation of flushing cone width versus outflow discharge 

Meshakati in 2010 investigated the effect of discharge and water depth for the development of flushing 

cone. According to his studies for constant water depth dimensions of flushing, cone increases with 

increasing outflow discharge and follows the same trend between all outlet sizes. Besides that, they 

also mentioned that there will be wider flushing at lower water depth for constant outflow discharge. 

In this study, the discharge was dependent on flow depth for each outlet opening size. Hence, the 

effect of varying discharge and flow depth could not be studied independently.  Despite that, studies 

showed that there is an increase in the dimension of a flushed cone with an increase in outflow 

discharge. Figure 7.6 depicts the variation of the flushing cone dimension (width) with the outflow 

discharge of the bottom outlet. Furthermore, from Figure 7.6 it can be observed that higher sediment 

depth composes wider or bigger flushing cone depth. 

  

a b 

 

 

c  

Figure 7.6 Flushing cone width versus outflow discharge for Blue Lightweight material (a), sand (b) & Yellow 
Lightweight material(c) 
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7.4 The variation of Outflow discharge versus volume of flushing cone and sediment 
height 

Meshkati (2010) investigated that with constant water depth, with an increase of outflow discharge 

the volume of flushing cone increase and the trend will be the same for all the outlets. Even though 

this study was conducted with varying water depth from (244 mm to 570 mm), the volume of flushed 

cones increased with an increase in outflow discharge like the study conducted by the Meshkati. Figure 

7.7 (a, b, c, & d) below illustrates the relation between the volume of flushed cone and outflow 

discharge for three different materials Blue lightweight material (BLWM), Sand and Yellow lightweight 

material (YLWM) of sediment thickness 140 and 120 mm. 

In addition, Figure 7.7 shows the effect of sediment height on the volume of flushing cone for different 

sediments being used in experiments. The figure below illustrates that increasing the height of 

sediment from 120 mm to 140mm causes an increase in the volume of flushing. 

 
a 

 
b 



Sudhir Man Shrestha / Master Thesis in Physical Modelling of Pressurized Flushing Operation with 
Lightweight Material /NTNU 2019 

48 

 
c 

 
d 

Figure 7.7 The variation of flushing cone volume versus outflow discharge for different depth of sediment and 
different outlet openings. 
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7.5 Comparison between Blue lightweight material and sand 

Figure 7.8 below shows the comparison of Blue lightweight material and its corresponding sand of 

sediment thickness 140 and 120 mm. If we compare R2 value for both sediment thickness (140 mm & 

120 mm), it shows a high correlation with the value of almost 1.  

  
a b 

Figure 7.8 Comparison between Blue lightweight material and sand for (a) 140 mm& (b) 120 mm sediment 
thickness. 

7.6 Statistical analysis for estimating ratio flushing cone volume and H w net( 
𝑉𝑠

𝐻𝑤 𝑛𝑒𝑡
3 ) 

Meshkati (2010) conducted his study with sediment consisting of silica particles with a median 
diameter of d50=1mm with a circular outlet of the main reservoir with different diameters. With his 
experimental data, the following equation was suggested for the volume of flushing cone. 

𝑉𝑠

𝐻𝑤 𝑛𝑒𝑡
3 = 4.6 (

𝑢𝑜𝑢𝑡𝑙𝑒𝑡

√𝑔(𝐺𝑠 − 1)𝑑50

)

0.21

(
𝐻𝑠

𝐻𝑤
)

2.2

(
𝐷

𝐻𝑤
)

0.89

 

 Figure 7.9 shows the comparison between the measured and calculated ratio of   
𝑉𝑠

𝐻𝑤 𝑛𝑒𝑡
3  proposed by 

Meshkati (2010) and the experimental data conducted during this study. The slope line represents the  
𝑉𝑠

𝐻𝑤 𝑛𝑒𝑡
3  as suggested by Meshkati (2010), whereas the dots with different shapes (triangle, square, 

diamond, circle and asterisk ) represents the variation of measured versus calculated 
𝑉𝑠

𝐻𝑤 𝑛𝑒𝑡
3  ratio 

obtained during this study with different sediment samples with two different depth. It illustrates that 

sand which was used as a sediment sample (represented by diamond and asterisk-shape) in Figure 7.9  

shows some better prediction with the equation suggested by the Meshkati (2010). But other than that 

the other two lightweight materials do not show any better prediction. Meshkati (2010) equation 

prediction for sand is better than for lightweight materials. 
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 Figure 7.9 Comparison of V s / H3 w net of Blue Material, Sand and Yellow Material of sediment thickness 140 & 
120 mm. 

Since lightweight material is a scaled model of sand a common equation representing both sand and 

lightweight material is proposed. As mentioned above, during the experiment conducted by Meshkati 

in 2010, a circular outlet opening of the main reservoir was used for flushing purpose which is not in 

our case. In our case, we used a rectangular opening of the different cross-sectional areas for the 

flushing purpose. Therefore, the parameter 
𝐴𝑜𝑢𝑡𝑙𝑒𝑡

𝐻𝑤 𝑛𝑒𝑡
2   was considered instead of 

𝐷

𝐻𝑤𝑛𝑒𝑡
 ratio. This could be 

one of the reasons for the deviation between the measured and calculated volume of the 

dimensionless flushing cone volume proposed by Meshkati. Another possible reason for the deviation 

could be the use of single sediment thickness and the use of only natural sand for the experiments to 

develop the empirical equations which might not be used for the different range of parameters used 

in this study. 

Hence, multiple regression analysis was carried out to develop a relationship between the non-

dimensional parameters for the flushing scour cone volume V scouring and other independent parameters 

of 
𝑢𝑜𝑢𝑡𝑙𝑒𝑡

√𝑔(𝐺𝑠−1)𝑑50
,

𝐻𝑠

𝐻𝑤𝑛𝑒𝑡
 𝑎𝑛𝑑

𝐴𝑜𝑢𝑡𝑙𝑒𝑡

𝐻𝑤 𝑛𝑒𝑡
2   as other hydraulic, fluid and sediment properties were constant 

(B=flume width, 𝜌𝑠= sediment density, 𝜌𝑤= water density and 𝜇= dynamic viscosity). Software called 

Eureqa was used to derive an empirical relationship between these independent parameters and the 

following equation was derived. 

New proposed an empirical formula for calculation of 
𝑉𝑠𝑐𝑜𝑢𝑟𝑖𝑛𝑔

𝐻𝑤 𝑛𝑒𝑡
3  by using software Eureqa 

 𝑉𝑠

𝐻𝑤 𝑛𝑒𝑡
3 = 3.211 (

𝑢𝑜𝑢𝑡𝑙𝑒𝑡

√𝑔(𝐺𝑠 − 1)𝑑50

)

0.662
𝐴𝑜𝑢𝑡𝑙𝑒𝑡

𝐻𝑤 𝑛𝑒𝑡
2  ∙

𝐻𝑠

𝐻𝑤 𝑛𝑒𝑡
 

 

7-1 
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For verification of results, the statistical parameters such as  mean squared error (MSE), mean absolute  

error (MAPE) and R squared value were calculated for the above equations are presented in Table 7-2.  

Table 7-2  Statistical verification for presented equation 

Equation Parameters MSE MAE R2 

1 𝑉𝑠

𝐻𝑤 𝑛𝑒𝑡
3 = 𝑓(

𝑢𝑜𝑢𝑡𝑙𝑒𝑡

√𝑔(𝐺𝑠−1)𝑑50
,

𝐴𝑜𝑢𝑡𝑙𝑒𝑡

(𝐻𝑤 𝑛𝑒𝑡)2, 
𝐻𝑠

𝐻𝑤 𝑛𝑒𝑡
) 0.000415 0.01157 0.9828 

 

With the R squared value of 0.9828, it suggests a close fit will be obtained if we plot the values which 

were measured during experiments against the values obtained form the suggested empirical formula. 

Additionally, with RMSE value of 0.000415 and the MAE value of 0.01157 Table 7-2 also suggest the 

errors in predicting the 
𝑉𝑠

𝐻𝑤 𝑛𝑒𝑡
3  is very low. In-spite, the suggested equation shows a high correlation 

their applicability should be tested using other experimental data as well. 

7.7 Comparison between Yellow lightweight material and sand 

Because of the time constraints experiment for the sand representing the yellow lightweight material 

could not be done. Since the suggested empirical equation showed a high correlation coefficient, the 

volume of flushing cone of sand representing the yellow lightweight material could be predicted and 

could be correlated with the yellow lightweight material which is discussed below.  

Figure 7.10 shows the comparison of Yellow lightweight material and its corresponding predicted sand 

of sediment thickness 140 and 120 mm. If we compare R2 value for both sediment thickness (140 mm 

& 120 mm), it shows a high correlation with the value of almost 1. 

  
a b 

Figure 7.10 Comparison between Yellow lightweight material and sand for 140 mm (a) & 120 mm (b) sediment 
thickness. 
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 Conclusion  

Physical models have been used for decades by different hydraulic laboratories to study different 

processes that involve in hydraulic structures under controlled laboratory environment. Still, there is a 

limited number of studies about lightweight materials. The main objective of this study is to find how 

lightweight materials response to pressurized flushing under different hydraulic parameters of outlet 

discharge, sediment depth, flow depth and different bottom outlet with the use of a physical model. 

In addition, the other objective of this study is also to develop scaling relation among parameters of 

the prototype and lightweight model for the quantitative study of sediment transport. To fulfill this 

aim, experiments were conducted with two separate lightweight materials and sand with different test 

constraints under pressurized flushing.  

As previously mentioned, the asymmetrical flushing cone is developed in front of the gate in the 

pressure flushing operation. The scouring depth was found to be maximum in the vicinity of the dam 

wall. Visually side slopes of the cone formed after flushing were approximately equal of the submerged 

sediments. During the experiment, it was observed that flushing of sediments accelerates very fast for 

the first one to two minutes and slows down slowly and finally reach to hydraulically equilibrium 

conditions. After which the flushing operation is very slowed or stops. 

This study shows that outflow discharge(Q), flow depth (H w), area of the outlet (A outlet) and sediment 

thickness (Hs) is the main parameters correlating the flushing cone dimensions. The result of the study 

shows the dimension of flushing cone increases with an increase in flow depth, outflow discharge, and 

cross-section of the bottom outlet. In addition, the study also reveals that an increase in sediment 

thickness (height), increases the volume of the flushed cone as well. Another interesting thing which 

was observed during the comparison between two lightweight materials was that materials with finer 

grains yellow lightweight material in this case study formed wider cones due to the lower angle of 

repose and higher buoyancy effect. 

This study was compared with the study done by Meshkati (2010) with sediment consisting of silica 

particles with a circular outlet of the main reservoir. While this study is done with two different 

lightweight materials and one sand sample of thickness 140 and 120mm with the rectangular opening 

as an outlet. 

Comparison between the measured and calculated ratio of   
𝑉𝑠

𝐻𝑤 𝑛𝑒𝑡
3  proposed by Meshkati (2010) and 

the experimental data conducted during this study was conducted in this study. During the comparison, 

it was noted Meshkati equations’ prediction for sand is better than for lightweight material. The 

Possible reason for deviation could be the use of the diameter of a circular outlet as an equivalent area, 

the use of the same sediment thickness and the use of only natural sand to develop the empirical 

equations which have been mentioned above.  

As lightweight material is a scaled model of the sand, a common equation was proposed which can 

represent both sand as well as lightweight materials. Multiple regression was carried out based upon 

the experimental data under clear water flow condition and dimensionless equation for predicting the 

volume of flushing cone was presented. The presented 7-1 equation was found to have a high 

correlation coefficient with a statistical parameter such as root mean square error of 0.000415, mean 

absolute error of 0.01157 and an R-squared value of 0.9828. 

Furthermore, a comparison of the dimensionless ratio 
𝑉𝑠

𝐻𝑤 𝑛𝑒𝑡
3   between sand and lightweight material 

was also done. During the analysis of experimental data, a high correlated relationship was noticed 
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between these two materials with R-squared value of almost 1. With the time constraints, experiment 

with sand samples for yellow lightweight material could not be conducted. Since the suggested 

equation showed a high correlation value, the volume of flushing cone was predicted using this 

equation and compared with the volume of a flushed cone of its respective lightweight material. This 

comparison also showed the high correlated relationship between each other. Figure 8.1 below 

presents the comparison of 
𝑉𝑠𝑐𝑜𝑢𝑟𝑖𝑛𝑔

𝐻𝑤 𝑛𝑒𝑡
3  ratio between sand and two different lightweight material. 

 

Figure 8.1 Comparison of 
𝑉𝑠

𝐻𝑤 𝑛𝑒𝑡
3  ratio between sand and lightweight material. 

With the experimental data related to this research study a summary can be drawn that with the use 

of proper scaling relations among parameters of the prototype, the lightweight model can be 

conveniently used for quantitative studies of a process involving sediment transport. Despite the 

suggested equations for predicting of flushing cone appeared to have a high correlation their 

applicability should be tested using other experimental data. Supplementary experiments are 

recommended by using different sizes, shapes, and thicknesses of sediment materials under different 

hydraulic conditions to confirm the results obtained from this study. 
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 Future Work 

Hydraulic flushing is the most common and effective measures to flush the deposited sediments from 

reservoirs. This study was carried out for investigation of cone development upstream of sluice gate 

under pressurized flushing condition using both sand and lightweight material for varying discharge, 

water depth, thickness of sediment layer and height of gate opening with an objective to develop 

scaling relation among parameters of prototype and lightweight model so that such models could be 

used for studies of sediment transport process. During the study, it was ascertained that there exists a 

high correlation between lightweight material and prototype material (sand). Since this study was 

limited to only two types of lightweight materials, further experiments are necessary with different 

setups and gradation of bed materials under different hydraulic conditions to comply with the result 

obtained from this study. 

Furthermore, experiments run with different sill height above the bottom of the bed level which could 

show different approach flows and their effect on the scour development would be another area of 

study. A sloping bed upstream of the orifice and its effect on the flushing volume could be another 

interesting topic. 

It would be also very interesting to study the effect of having multiple opening outlets with different 

shapes on sediment volume flushed with the same setup. For example, having two separate openings 

of 0.001 m2 spaced at equidistance instead of having one 0.002 m2 opening. Setup of multiple outlets 

could have different velocity fields and may show different flushed cone structures. 

Future work can be performed under the following topics 

1. Conducting similar experiments with different materials at different hydraulic conditions. 

2. The experiment runs with different locations of outlet opening at a variable distance above the 

bed. 

3. A sloping bed upstream of the orifice. 

4. Multiple outlet configurations setup. 
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 Appendix A Basic Formulas & Calculations 

Basic Formula 

No Parameters Symbol Formula Unit 

1 Manning’s value n 𝑛 =
𝑑

1
6

21.1
 

𝑠
𝑚1/3⁄  

2 Unit Discharge q 𝑞 =
𝑄

𝐵
 m3/s/m 

3 Bed Shear Velocity 𝑢∗ 
𝑢∗ = √𝑔𝑅𝑆 

= √𝑔ℎ𝑆  (𝑤𝑖𝑑𝑒 𝑐ℎ𝑎𝑛𝑛𝑒𝑙) 
m/s 

4  Bead Shear Stress 𝜏 𝜏 = 𝑢∗
2 ∙ 𝜌 N/m2 

5 
Settling Velocity (Soulsby 
1997) 

w 𝑤 =
𝜗

𝑑
[(10.362 + 1.049𝐷∗

3)0.5

− 10.36] 
m/s 

Dimensionless Parameters 

No Parameters Symbol Formula Unit 

1 
Submerged specific gravity 
of sediment particles 

(𝐺 − 1) (𝐺 − 1) = (
𝜌𝑠 − 𝜌

𝜌
) - 

2 Froude Number Fr 𝐹𝑟 =
𝑢

√𝑔𝐿
 - 

3 Reynolds Number Re 𝑟𝑒 =
𝜌𝐿𝑣

𝜇
=

𝐿𝑢

𝜗
 - 

4 Shield Number 𝐹𝑟∗ 
𝐹𝑟∗ =

𝑢∗
2𝜌

(𝜌𝑠 − 𝜌) ∙ 𝑔 ∙ 𝑑

=
𝑢∗

2

(𝐺 − 1) ∙ 𝑔 ∙ 𝑑
 

- 

5 Grain Reynolds Number 𝑅𝑒∗ 𝑅𝑒∗ =
𝑢∗𝑑

𝜗
 - 

6 Dimensionless Grain Size 𝐷∗ 𝐷∗ = (
𝑅𝑒∗

2

𝐹𝑟∗
)

1
3

 - 

7 
Darcy Weisbach Friction 
Factor 

f 𝑓 = 8 ∙ 𝑔 ∙ 𝑅 ∙ 𝑆 ∙
1

𝑢2
 - 

8 
Dimensionless Unit 
Sediment Discharge 

𝑞𝑠∗ 𝑞𝑠∗ =
𝑞𝑠

𝑢∗ ∙ 𝑑
 - 

Where, 

d Sediment particle size   (m) 

Q Flow discharge    (m3/s) 

B Flow width    (m) 

g acceleration due to gravity  (m/s2) 

h Flow depth    (m) 

S Slope 

w Settling velocity    (m/s) 

𝜌 Density of water   (kg/m3) 

𝜌𝑠 Density of sediment particle  (kg/m3) 

𝑢 Flow velocity    (m/s) 

𝜗 Kinematic viscosity of water  (m2/s) 
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Basic calculations 

Using equation 5-18, Prototype with model with scaling ratio of 1:5 of blue lightweight material. 

Input parameters 
Model value 

Symbol Value Units 

Sediment particle size d 4.000 mm 

Density of sediment particle 𝜌𝑠 1400.00 kg/m3 

Length in horizontal direction L 1.00 m 

Width of the flume B 0.60 m 

Submerged specific gravity of sediment particles 
 

G-1 
 

0.40 
 

- 

we get 

𝑳𝒓 = 𝜹𝟐(𝑮 − 𝟏)𝒓𝒅𝒓 

𝐿𝑚

𝐿𝑝
= 𝛿2 ∙

(𝐺 − 1)𝑚

(𝐺 − 1)𝑝
∙

𝑑𝑚

𝑑𝑝
 

1

5
=

0.4

1.65
∙

4

𝑑𝑝
  

𝑑𝑝 =
5 ∙ 0.4 ∙ 4

1.65
= 4.848 

Using equation 5-18, Prototype with model with scaling ratio of 1:5 of yellow lightweight material. 

Input parameters 
Model value 

Symbol Value Units 

Sediment particle size d 2.000 mm 

Density of sediment particle 𝜌𝑠 1058.00 kg/m3 

Length in horizontal direction L 1.00 m 

Width of the flume B 0.60 m 

Submerged specific gravity of sediment particles 
 

G-1 
 

0.058 
 

- 

we get 

𝑳𝒓 = 𝜹𝟐(𝑮 − 𝟏)𝒓𝒅𝒓 

𝐿𝑚

𝐿𝑝
= 𝛿2 ∙

(𝐺 − 1)𝑚

(𝐺 − 1)𝑝
∙

𝑑𝑚

𝑑𝑝
 

1

5
=

0.058

1.65
∙

2

𝑑𝑝
  

𝑑𝑝 =
5 ∙ 0.058 ∙ 2

1.65
= 0.352 
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Table 11-1 Test parameters and scaling ratios for blue lightweight material and sand  
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Table 11-2 Test parameters and scaling ratios for yellow lightweight material and sand. 
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 Appendix B. Measured volume of sediment flushed 
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Blue Lightweight Material  
Table 12-1 Measured volume of BLWM flushed. (Hs = 140mm) 

 

Table 12-2 Measured volume of BLWM flushed. (Hs =120 mm) 

 

1 60 20 50 600 140 1.3 267 0.001 1.26E+06 0.00126 310 150 0.197 0.07 0.164178

2 60 20 50 600 140 1.7 373 0.001 1.58E+06 0.00158 320 165 0.303 0.07 0.056851

3 60 20 50 600 140 2 523 0.001 1.62E+06 0.00162 325 160 0.453 0.07 0.017426

4 60 20 50 600 140 1.8 453 0.001 1.71E+06 0.00171 330 160 0.383 0.07 0.030513

5 60 30 50 600 140 1.8 244 0.0015 1.60E+06 0.00160 320 160 0.169 0.065 0.33086

6 60 30 50 600 140 2.2 326 0.0015 1.92E+06 0.00192 325 170 0.251 0.065 0.121215

7 60 30 50 600 140 2.6 414 0.0015 2.17E+06 0.00217 350 170 0.339 0.065 0.055757

8 60 30 50 600 140 3 518 0.0015 2.44E+06 0.00244 370 190 0.443 0.065 0.028033

9 60 40 50 600 140 2.5 244 0.002 1.78E+06 0.00178 340 165 0.164 0.06 0.402726

10 60 40 50 600 140 3.2 352 0.002 2.25E+06 0.00225 365 190 0.274 0.06 0.109422

11 60 40 50 600 140 3.9 455 0.002 2.47E+06 0.00247 380 195 0.375 0.06 0.046854

12 60 40 50 600 140 4.3 570 0.002 2.87E+06 0.00287 405 205 0.49 0.06 0.024353

13 60 50 50 600 140 3.2 264 0.0025 2.06E+06 0.00206 330 165 0.179 0.055 0.358619

14 60 50 50 600 140 3.8 327 0.0025 2.59E+06 0.00259 360 190 0.242 0.055 0.182607

15 60 50 50 600 140 4.7 424 0.0025 2.75E+06 0.00275 385 200 0.339 0.055 0.070499

16 60 50 50 600 140 5 502 0.0025 3.04E+06 0.00304 385 200 0.417 0.055 0.041899

Length of 

cone 

[mm]

Hw net[m] Hs net [m] Vs/Hwnet
3Q, [lps] Hw, [mm] A outlet

Volume 

of cone 

[mm3]

Volume 

of cone 

[m3]

Width of 

cone 

[mm]

Test a0, [mm] a, [mm] b, [mm] B, [mm] Hs, [mm]

1 60 20 50 600 120 1.3 267 0.001 8.27E+05 0.00083 270 135 0.197 0.05 0.108136

2 60 20 50 600 120 1.7 373 0.001 1.00E+06 0.00100 275 140 0.303 0.05 0.03602

3 60 20 50 600 120 2 523 0.001 1.13E+06 0.00113 300 150 0.453 0.05 0.01214

4 60 20 50 600 120 1.8 453 0.001 1.12E+06 0.00112 300 145 0.383 0.05 0.019912

5 60 30 50 600 120 1.8 244 0.0015 1.08E+06 0.00108 300 145 0.169 0.045 0.223377

6 60 30 50 600 120 2.2 326 0.0015 1.27E+06 0.00127 300 150 0.251 0.045 0.08054

7 60 30 50 600 120 2.6 414 0.0015 1.31E+06 0.00131 310 155 0.339 0.045 0.033726

8 60 30 50 600 120 3 518 0.0015 1.47E+06 0.00147 330 170 0.443 0.045 0.016964

9 60 40 50 600 120 2.5 244 0.002 1.31E+06 0.00131 300 155 0.164 0.04 0.296331

10 60 40 50 600 120 3.2 352 0.002 1.54E+06 0.00154 305 155 0.274 0.04 0.074883

11 60 40 50 600 120 3.9 455 0.002 1.72E+06 0.00172 335 150 0.375 0.04 0.032573

12 60 40 50 600 120 4.3 570 0.002 1.80E+06 0.00180 345 165 0.49 0.04 0.015318

13 60 50 50 600 120 3.2 264 0.0025 1.48E+06 0.00148 330 165 0.179 0.035 0.258415

14 60 50 50 600 120 3.8 327 0.0025 1.63E+06 0.00163 330 165 0.242 0.035 0.115294

15 60 50 50 600 120 4.7 424 0.0025 1.82E+06 0.00182 350 170 0.339 0.035 0.046719

16 60 50 50 600 120 5 502 0.0025 1.98E+06 0.00198 355 175 0.417 0.035 0.027288

Length of 

cone 

[mm]

Hw net[m] Hs net [m] Vs/Hwnet
3Q, [lps] Hw, [mm] A outlet

Volume 

of cone 

[mm3]

Volume 

of cone 

[m3]

Width of 

cone 

[mm]

Test a0, [mm] a, [mm] b, [mm] B, [mm] Hs, [mm]
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Sand  
Table 12-3 Measured volume of sand flushed. (Hs=140 mm) 

 

Table 12-4 Measured volume of sand flushed. (Hs=120 mm) 

 

 

1 60 20 50 600 140 1.3 267 0.001 1.13E+06 0.00113 290 130 0.197 0.07 0.147763

2 60 20 50 600 140 1.7 373 0.001 1.22E+06 0.00122 300 140 0.303 0.07 0.04391

3 60 20 50 600 140 2 523 0.001 1.41E+06 0.00141 300 150 0.453 0.07 0.015182

4 60 20 50 600 140 1.8 453 0.001 1.29E+06 0.00129 300 140 0.383 0.07 0.02297

5 60 30 50 600 140 1.8 244 0.0015 1.35E+06 0.00135 300 140 0.169 0.065 0.278963

6 60 30 50 600 140 2.2 326 0.0015 1.63E+06 0.00163 310 150 0.251 0.065 0.10328

7 60 30 50 600 140 2.6 414 0.0015 1.67E+06 0.00167 320 150 0.339 0.065 0.042931

8 60 30 50 600 140 3 518 0.0015 1.79E+06 0.00179 330 160 0.443 0.065 0.020634

9 60 40 50 600 140 2.5 244 0.002 1.70E+06 0.00170 330 155 0.164 0.06 0.384521

10 60 40 50 600 140 3.2 352 0.002 1.95E+06 0.00195 330 160 0.274 0.06 0.094984

11 60 40 50 600 140 3.9 455 0.002 2.04E+06 0.00204 330 165 0.375 0.06 0.038609

12 60 40 50 600 140 4.3 570 0.002 2.16E+06 0.00216 340 165 0.49 0.06 0.0184

13 60 50 50 600 140 3.2 264 0.0025 1.94E+06 0.00194 330 160 0.179 0.055 0.339004

14 60 50 50 600 140 3.8 327 0.0025 2.03E+06 0.00203 360 165 0.242 0.055 0.14351

15 60 50 50 600 140 4.7 424 0.0025 2.23E+06 0.00223 360 170 0.339 0.055 0.057231

16 60 50 50 600 140 5 502 0.0025 2.34E+06 0.00234 360 180 0.417 0.055 0.032215

Length of 

cone 

[mm]

Hw net[m] Hs net [m] Vs/Hwnet
3Q, [lps] Hw, [mm] A outlet

Volume 

of cone 

[mm3]

Volume 

of cone 

[m3]

Width of 

cone 

[mm]

Test a0, [mm] a, [mm] b, [mm] B, [mm] Hs, [mm]

1 60 20 50 600 120 1.3 267 0.001 7.89E+05 0.00079 260 125 0.197 0.05 0.103154

2 60 20 50 600 120 1.7 373 0.001 8.67E+05 0.00087 270 135 0.303 0.05 0.031169

3 60 20 50 600 120 2 523 0.001 1.12E+06 0.00112 300 140 0.453 0.05 0.012018

4 60 20 50 600 120 1.8 453 0.001 9.76E+05 0.00098 285 135 0.383 0.05 0.017381

5 60 30 50 600 120 1.8 244 0.0015 8.86E+05 0.00089 295 120 0.169 0.045 0.18366

6 60 30 50 600 120 2.2 326 0.0015 1.07E+06 0.00107 295 140 0.251 0.045 0.067412

7 60 30 50 600 120 2.6 414 0.0015 1.11E+06 0.00111 300 140 0.339 0.045 0.028392

8 60 30 50 600 120 3 518 0.0015 1.24E+06 0.00124 300 145 0.443 0.045 0.014304

9 60 40 50 600 120 2.5 244 0.002 1.07E+06 0.00107 270 135 0.164 0.04 0.243304

10 60 40 50 600 120 3.2 352 0.002 1.20E+06 0.00120 300 140 0.274 0.04 0.058218

11 60 40 50 600 120 3.9 455 0.002 1.28E+06 0.00128 300 140 0.375 0.04 0.024244

12 60 40 50 600 120 4.3 570 0.002 1.44E+06 0.00144 300 145 0.49 0.04 0.012228

13 60 50 50 600 120 3.2 264 0.0025 1.18E+06 0.00118 300 140 0.179 0.035 0.205254

14 60 50 50 600 120 3.8 327 0.0025 1.29E+06 0.00129 300 140 0.242 0.035 0.091184

15 60 50 50 600 120 4.7 424 0.0025 1.41E+06 0.00141 310 145 0.339 0.035 0.036313

16 60 50 50 600 120 5 502 0.0025 1.50E+06 0.00150 315 150 0.417 0.035 0.020642

Length of 

cone 

[mm]

Hw net[m] Hs net [m] Vs/Hwnet
3Q, [lps] Hw, [mm] A outlet

Volume 

of cone 

[mm3]

Volume 

of cone 

[m3]

Width of 

cone 

[mm]

Test a0, [mm] a, [mm] b, [mm] B, [mm] Hs, [mm]
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Yellow Lightweight Material  
Table 12-5 Measured volume of YLWM flushed. (Hs=140 mm) 

 

Table 12-6 Measured volume of YLWM flushed. (Hs=120 mm) 

 

1 60 20 50 600 140 1.3 267 0.001 2.90E+06 0.00290 44 22 0.197 0.07 0.376044

2 60 20 50 600 140 1.7 373 0.001 3.50E+06 0.00350 43 22 0.303 0.07 0.108634

3 60 20 50 600 140 2 523 0.001 3.37E+06 0.00337 43 23 0.453 0.07 0.037457

4 60 20 50 600 140 1.8 453 0.001 3.42E+06 0.00342 44 23.5 0.383 0.07 0.059806

5 60 30 50 600 140 1.8 244 0.0015 3.62E+06 0.00362 44.5 23 0.169 0.065 0.69114

6 60 30 50 600 140 2.2 326 0.0015 3.61E+06 0.00361 45 23 0.251 0.065 0.235625

7 60 30 50 600 140 2.6 414 0.0015 4.28E+06 0.00428 45 25 0.339 0.065 0.105626

8 60 30 50 600 140 3 518 0.0015 4.85E+06 0.00485 48 26.5 0.443 0.065 0.052002

9 60 40 50 600 140 2.5 244 0.002 4.83E+06 0.00483 49 23.5 0.164 0.06 0.954671

10 60 40 50 600 140 3.2 352 0.002 5.37E+06 0.00537 50 25 0.274 0.06 0.236354

11 60 40 50 600 140 3.9 455 0.002 5.37E+06 0.00537 52 27 0.375 0.06 0.101945

12 60 40 50 600 140 4.3 570 0.002 6.85E+06 0.00685 56 28 0.49 0.06 0.053481

13 60 50 50 600 140 3.2 264 0.0025 5.81E+06 0.00581 53 25.5 0.179 0.055 0.915726

14 60 50 50 600 140 3.8 327 0.0025 5.80E+06 0.00580 54 25.5 0.242 0.055 0.411995

15 60 50 50 600 140 4.7 424 0.0025 6.74E+06 0.00674 56 27 0.339 0.055 0.170131

16 60 50 50 600 140 5 502 0.0025 7.35E+06 0.00735 56 28.5 0.417 0.055 0.093295

Length of 

cone 

[mm]

Hw net[m] Hs net [m] Vs/Hwnet
3Q, [lps] Hw, [mm] A outlet

Volume 

of cone 

[mm3]

Volume 

of cone 

[m3]

Width of 

cone 

[mm]

Test a0, [mm] a, [mm] b, [mm] B, [mm] Hs, [mm]

1 60 20 50 600 120 1.3 267 0.001 1.55E+06 0.00155 36 18 0.197 0.05 0.202214

2 60 20 50 600 120 1.7 373 0.001 1.88E+06 0.00188 38 20 0.303 0.05 0.067438

3 60 20 50 600 120 2 523 0.001 2.29E+06 0.00229 38 20 0.453 0.05 0.024645

4 60 20 50 600 120 1.8 453 0.001 2.13E+06 0.00213 38 20 0.383 0.05 0.037841

5 60 30 50 600 120 1.8 244 0.0015 2.19E+06 0.00219 40.5 19.5 0.169 0.045 0.45413

6 60 30 50 600 120 2.2 326 0.0015 2.49E+06 0.00249 43 21 0.251 0.045 0.157716

7 60 30 50 600 120 2.6 414 0.0015 2.93E+06 0.00293 43 23 0.339 0.045 0.07526

8 60 30 50 600 120 3 518 0.0015 3.22E+06 0.00322 45 23 0.443 0.045 0.037061

9 60 40 50 600 120 2.5 244 0.002 2.69E+06 0.00269 44 20.5 0.164 0.04 0.609393

10 60 40 50 600 120 3.2 352 0.002 3.18E+06 0.00318 44 21 0.274 0.04 0.154782

11 60 40 50 600 120 3.9 455 0.002 3.73E+06 0.00373 46.5 24.5 0.375 0.04 0.070751

12 60 40 50 600 120 4.3 570 0.002 4.25E+06 0.00425 51 25 0.49 0.04 0.036133

13 60 50 50 600 120 3.2 264 0.0025 3.49E+06 0.00349 49 23 0.179 0.035 0.607636

14 60 50 50 600 120 3.8 327 0.0025 3.95E+06 0.00395 48 23 0.242 0.035 0.278991

15 60 50 50 600 120 4.7 424 0.0025 4.57E+06 0.00457 52.5 24 0.339 0.035 0.117331

16 60 50 50 600 120 5 502 0.0025 4.77E+06 0.00477 53.5 24 0.417 0.035 0.065782

Length of 

cone 

[mm]

Hw net[m] Hs net [m] Vs/Hwnet
3Q, [lps] Hw, [mm] A outlet

Volume 

of cone 

[mm3]

Volume 

of cone 

[m3]

Width of 

cone 

[mm]

Test a0, [mm] a, [mm] b, [mm] B, [mm] Hs, [mm]
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 Appendix C Calculation and comparison of Parameter 
𝑉𝑠

𝐻𝑤 𝑛𝑒𝑡
3  with M. 

E. Meshkati (2010) equation & new empirical relation. 
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Blue Lightweight Material  
Table 13-1 Comparison and computation of BLWM (Hs = 140 mm).  

 

 

1 60 20 50 140 4 1.30 267 80 70 0.070 197 0.197 0.0013 0.0013 1.300

2 60 20 50 140 4 1.70 373 80 70 0.070 303 0.303 0.0016 0.0017 1.700

3 60 20 50 140 4 2.00 523 80 70 0.070 453 0.453 0.0016 0.002 2.000

4 60 20 50 140 4 1.80 453 80 70 0.070 383 0.383 0.0017 0.0018 1.800

5 60 30 50 140 4 1.80 244 80 65 0.065 169 0.169 0.0016 0.0018 1.200

6 60 30 50 140 4 2.20 326 80 65 0.065 251 0.251 0.0019 0.0022 1.467

7 60 30 50 140 4 2.60 414 80 65 0.065 339 0.339 0.0022 0.0026 1.733

8 60 30 50 140 4 3.00 518 80 65 0.065 443 0.443 0.0024 0.003 2.000

9 60 40 50 140 4 2.50 244 80 60 0.060 164 0.164 0.0018 0.0025 1.250

10 60 40 50 140 4 3.20 352 80 60 0.060 272 0.272 0.0023 0.0032 1.600

11 60 40 50 140 4 3.90 455 80 60 0.060 375 0.375 0.0025 0.0039 1.950

12 60 40 50 140 4 4.30 570 80 60 0.060 490 0.49 0.0029 0.0043 2.150

13 60 50 50 140 4 3.20 264 80 55 0.055 179 0.179 0.0021 0.0032 1.280

14 60 50 50 140 4 3.80 327 80 55 0.055 242 0.242 0.0026 0.0038 1.520

15 60 50 50 140 4 4.47 424 80 55 0.055 339 0.339 0.0027 0.004474 1.790

16 60 50 50 140 4 5.02 502 80 55 0.055 417 0.417 0.0030 0.005019 2.008

*Fr =uout/(Sqrt (g*( G s -1)d 50))) **EMP= (A/(Hwnet)^2)*(Hs/Hwnet)*((5.82207907097161*fr)^13.0060915993091)^0.0509040671365669

Hwnet, 

[mm]

Hwnet, 

[m]
Vs , [m

3] Q,  

[m3/s]

uout, 

[m/s]
Test a0, [mm] a, [mm] b, [mm] Hs, [mm] ds, [mm] Q, [lps] Hw, [mm] hs,[mm]

Hsnet,[m

m]
Hsnet,[m]

1.4 0.4 0.001 0.0357 0.1811 0.3553 10.3765 0.1687 0.1642 0.0051 0.0258 0.1384

1.4 0.4 0.001 0.0357 0.1178 0.2310 13.5692 0.0472 0.0569 0.0033 0.0109 0.0454

1.4 0.4 0.001 0.0357 0.0788 0.1545 15.9638 0.0141 0.0174 0.0022 0.0049 0.0151

1.4 0.4 0.001 0.0357 0.0932 0.1828 14.3674 0.0232 0.0305 0.0026 0.0068 0.0234

1.4 0.4 0.0015 0.0437 0.2586 0.3846 9.5783 0.2711 0.3309 0.0089 0.0525 0.2896

1.4 0.4 0.0015 0.0437 0.1741 0.2590 11.7068 0.0833 0.1212 0.0060 0.0238 0.1010

1.4 0.4 0.0015 0.0437 0.1289 0.1917 13.8353 0.0341 0.0558 0.0044 0.0131 0.0458

1.4 0.4 0.0015 0.0437 0.0986 0.1467 15.9638 0.0154 0.0280 0.0034 0.0076 0.0226

1.4 0.4 0.002 0.0505 0.3077 0.3659 9.9774 0.2859 0.4027 0.0122 0.0744 0.4007

1.4 0.4 0.002 0.0505 0.1855 0.2206 12.7710 0.0631 0.1119 0.0074 0.0270 0.1034

1.4 0.4 0.002 0.0505 0.1346 0.1600 15.5647 0.0244 0.0469 0.0053 0.0142 0.0450

1.4 0.4 0.002 0.0505 0.1030 0.1224 17.1611 0.0109 0.0244 0.0041 0.0083 0.0215

1.4 0.4 0.0025 0.0564 0.3152 0.3073 10.2168 0.2000 0.3586 0.0140 0.0780 0.3587

1.4 0.4 0.0025 0.0564 0.2331 0.2273 12.1325 0.0817 0.1826 0.0103 0.0427 0.1627

1.4 0.4 0.0025 0.0564 0.1664 0.1622 14.2844 0.0298 0.0705 0.0074 0.0218 0.0659

1.4 0.4 0.0025 0.0564 0.1353 0.1319 16.0244 0.0161 0.0419 0.0060 0.0144 0.0382

Calculated Vs /H3
wnet =4.6 (Fr)0.21(Hsnet/Hwnet)

2.2(D /(H  w net))
0.89

**EMPGs Gs -1 A out D
D /(H  w 

net)

A /(H  w 

net)^2Calculated Measured

A /(H  w 

net)

Hsnet/Hwn

et

*Fr 
Vs /H3

wnet 
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Table 13-2 Comparison and computation of BLWM (Hs = 120 mm). 

 

  

1 60 20 50 120 4 1.30 267 60 50 0.050 197 0.197 0.0008 0.0013 1.300

2 60 20 50 120 4 1.70 373 60 50 0.050 303 0.303 0.0010 0.0017 1.700

3 60 20 50 120 4 2.00 523 60 50 0.050 453 0.453 0.0011 0.002 2.000

4 60 20 50 120 4 1.80 453 60 50 0.050 383 0.383 0.0011 0.0018 1.800

5 60 30 50 120 4 1.80 244 60 45 0.045 169 0.169 0.0011 0.0018 1.200

6 60 30 50 120 4 2.20 326 60 45 0.045 251 0.251 0.0013 0.0022 1.467

7 60 30 50 120 4 2.60 414 60 45 0.045 339 0.339 0.0013 0.0026 1.733

8 60 30 50 120 4 3.00 518 60 45 0.045 443 0.443 0.0015 0.003 2.000

9 60 40 50 120 4 2.50 244 60 40 0.040 164 0.164 0.0013 0.0025 1.250

10 60 40 50 120 4 3.20 352 60 40 0.040 272 0.272 0.0015 0.0032 1.600

11 60 40 50 120 4 3.90 455 60 40 0.040 375 0.375 0.0017 0.0039 1.950

12 60 40 50 120 4 4.30 570 60 40 0.040 490 0.49 0.0018 0.0043 2.150

13 60 50 50 120 4 3.20 264 60 35 0.035 179 0.179 0.0015 0.0032 1.280

14 60 50 50 120 4 3.80 327 60 35 0.035 242 0.242 0.0016 0.0038 1.520

15 60 50 50 120 4 4.47 424 60 35 0.035 339 0.339 0.0018 0.004474 1.790

16 60 50 50 120 4 5.02 502 60 35 0.035 417 0.417 0.0020 0.005019 2.008

*Fr =uout/(Sqrt (g*( G s -1)d 50))) **EMP= (A/(Hwnet)^2)*(Hs/Hwnet)*((5.82207907097161*fr)^13.0060915993091)^0.0509040671365669

Test a0, [mm] a, [mm] b, [mm] Hs, [mm] ds, [mm] Q, [lps] Hw, [mm] hs,[mm]

Hsnet,[m

m]
Hsnet,[m]

Hwnet, 

[mm]

Hwnet, 

[m]
Vs , [m

3] Q,  

[m3/s]

uout, 

[m/s]

1.4 0.4 0.001 0.0357 0.1811 0.2538 10.3765 0.0805 0.1081 0.0051 0.0258 0.0989

1.4 0.4 0.001 0.0357 0.1178 0.1650 13.5692 0.0225 0.0360 0.0033 0.0109 0.0325

1.4 0.4 0.001 0.0357 0.0788 0.1104 15.9638 0.0067 0.0121 0.0022 0.0049 0.0108

1.4 0.4 0.001 0.0357 0.0932 0.1305 14.3674 0.0110 0.0199 0.0026 0.0068 0.0167

1.4 0.4 0.0015 0.0437 0.2586 0.2663 9.5783 0.1207 0.2234 0.0089 0.0525 0.2005

1.4 0.4 0.0015 0.0437 0.1741 0.1793 11.7068 0.0371 0.0805 0.0060 0.0238 0.0699

1.4 0.4 0.0015 0.0437 0.1289 0.1327 13.8353 0.0152 0.0337 0.0044 0.0131 0.0317

1.4 0.4 0.0015 0.0437 0.0986 0.1016 15.9638 0.0068 0.0170 0.0034 0.0076 0.0156

1.4 0.4 0.002 0.0505 0.3077 0.2439 9.9774 0.1172 0.2963 0.0122 0.0744 0.2671

1.4 0.4 0.002 0.0505 0.1855 0.1471 12.7710 0.0258 0.0765 0.0074 0.0270 0.0690

1.4 0.4 0.002 0.0505 0.1346 0.1067 15.5647 0.0100 0.0326 0.0053 0.0142 0.0300

1.4 0.4 0.002 0.0505 0.1030 0.0816 17.1611 0.0045 0.0153 0.0041 0.0083 0.0143

1.4 0.4 0.0025 0.0564 0.3152 0.1955 10.2168 0.0740 0.2584 0.0140 0.0780 0.2283

1.4 0.4 0.0025 0.0564 0.2331 0.1446 12.1325 0.0302 0.1153 0.0103 0.0427 0.1035

1.4 0.4 0.0025 0.0564 0.1664 0.1032 14.2844 0.0110 0.0467 0.0074 0.0218 0.0420

1.4 0.4 0.0025 0.0564 0.1353 0.0839 16.0244 0.0060 0.0273 0.0060 0.0144 0.0243

Calculated Vs /H3
wnet =4.6 (Fr)0.21(Hsnet/Hwnet)

2.2(D /(H  w net))
0.89

**EMP
Calculated Measured

Gs Gs -1
Vs /H3

wnet 

A out D
D /(H  w 

net)

Hsnet/Hwn

et

*Fr 
A /(H  w 

net)

A /(H  w 

net)^2
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Sand 
Table 13-3 Comparison and computation of Sand (Hs = 140 mm). 

 

 

1 60 20 50 140 1 1.30 267 80 70 0.070 197 0.197 0.0011 0.0013 1.300

2 60 20 50 140 1 1.70 373 80 70 0.070 303 0.303 0.0012 0.0017 1.700

3 60 20 50 140 1 2.00 523 80 70 0.070 453 0.453 0.0014 0.002 2.000

4 60 20 50 140 1 1.80 453 80 70 0.070 383 0.383 0.0013 0.0018 1.800

5 60 30 50 140 1 1.80 244 80 65 0.065 169 0.169 0.0013 0.0018 1.200

6 60 30 50 140 1 2.20 326 80 65 0.065 251 0.251 0.0016 0.0022 1.467

7 60 30 50 140 1 2.60 414 80 65 0.065 339 0.339 0.0017 0.0026 1.733

8 60 30 50 140 1 3.00 518 80 65 0.065 443 0.443 0.0018 0.003 2.000

9 60 40 50 140 1 2.50 244 80 60 0.060 164 0.164 0.0017 0.0025 1.250

10 60 40 50 140 1 3.20 352 80 60 0.060 272 0.272 0.0020 0.0032 1.600

11 60 40 50 140 1 3.90 455 80 60 0.060 375 0.375 0.0020 0.0039 1.950

12 60 40 50 140 1 4.30 570 80 60 0.060 490 0.49 0.0022 0.0043 2.150

13 60 50 50 140 1 3.20 264 80 55 0.055 179 0.179 0.0019 0.0032 1.280

14 60 50 50 140 1 3.80 327 80 55 0.055 242 0.242 0.0020 0.0038 1.520

15 60 50 50 140 1 4.47 424 80 55 0.055 339 0.339 0.0022 0.004474 1.790

16 60 50 50 140 1 5.02 502 80 55 0.055 417 0.417 0.0023 0.005019 2.008

*Fr =uout/(Sqrt (g*( G s -1)d 50))) **EMP= (A/(Hwnet)^2)*(Hs/Hwnet)*((5.82207907097161*fr)^13.0060915993091)^0.0509040671365669

Test a0, [mm] a, [mm] b, [mm] Hs, [mm] ds, [mm] Q, [lps] Hw, [mm] hs,[mm]

Hsnet,[m

m]
Hsnet,[m]

Hwnet, 

[mm]

Hwnet, 

[m]
Vs , [m

3] Q,  

[m3/s]

uout, 

[m/s]

2.65 1.65 0.001 0.0357 0.1811 0.3553 10.2180 0.1682 0.1478 0.0051 0.0258 0.1370

2.65 1.65 0.001 0.0357 0.1178 0.2310 13.3620 0.0470 0.0439 0.0033 0.0109 0.0450

2.65 1.65 0.001 0.0357 0.0788 0.1545 15.7200 0.0140 0.0152 0.0022 0.0049 0.0150

2.65 1.65 0.001 0.0357 0.0932 0.1828 14.1480 0.0231 0.0230 0.0026 0.0068 0.0231

2.65 1.65 0.0015 0.0437 0.2586 0.3846 9.4320 0.2702 0.2790 0.0089 0.0525 0.2867

2.65 1.65 0.0015 0.0437 0.1741 0.2590 11.5280 0.0830 0.1033 0.0060 0.0238 0.0999

2.65 1.65 0.0015 0.0437 0.1289 0.1917 13.6240 0.0340 0.0429 0.0044 0.0131 0.0453

2.65 1.65 0.0015 0.0437 0.0986 0.1467 15.7200 0.0153 0.0206 0.0034 0.0076 0.0223

2.65 1.65 0.002 0.0505 0.3077 0.3659 9.8250 0.2850 0.3845 0.0122 0.0744 0.3967

2.65 1.65 0.002 0.0505 0.1855 0.2206 12.5760 0.0629 0.0971 0.0074 0.0270 0.1024

2.65 1.65 0.002 0.0505 0.1346 0.1600 15.3270 0.0243 0.0386 0.0053 0.0142 0.0445

2.65 1.65 0.002 0.0505 0.1030 0.1224 16.8990 0.0109 0.0184 0.0041 0.0083 0.0213

2.65 1.65 0.0025 0.0564 0.3152 0.3073 10.0608 0.1993 0.3390 0.0140 0.0780 0.3551

2.65 1.65 0.0025 0.0564 0.2331 0.2273 11.9472 0.0814 0.1435 0.0103 0.0427 0.1610

2.65 1.65 0.0025 0.0564 0.1664 0.1622 14.0663 0.0297 0.0572 0.0074 0.0218 0.0653

2.65 1.65 0.0025 0.0564 0.1353 0.1319 15.7798 0.0161 0.0322 0.0060 0.0144 0.0378

Calculated Vs /H3
wnet =4.6 (Fr)0.21(Hsnet/Hwnet)

2.2(D /(H  w net))
0.89

A /(H  w 

net)^2

A /(H  w 

net)
**EMP

Calculated Measured
Gs Gs -1 A out D

D /(H  w 

net)

Hsnet/Hwn

et

*Fr 
Vs /H3

wnet 
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Table 13-4 Comparison and computation of Sand (Hs = 120 mm). 

 

 

1 60 20 50 120 1 1.30 267 60 50 0.050 197 0.197 0.0008 0.0013 1.300

2 60 20 50 120 1 1.70 373 60 50 0.050 303 0.303 0.0009 0.0017 1.700

3 60 20 50 120 1 2.00 523 60 50 0.050 453 0.453 0.0011 0.002 2.000

4 60 20 50 120 1 1.80 453 60 50 0.050 383 0.383 0.0010 0.0018 1.800

5 60 30 50 120 1 1.80 244 60 45 0.045 169 0.169 0.0009 0.0018 1.200

6 60 30 50 120 1 2.20 326 60 45 0.045 251 0.251 0.0011 0.0022 1.467

7 60 30 50 120 1 2.60 414 60 45 0.045 339 0.339 0.0011 0.0026 1.733

8 60 30 50 120 1 3.00 518 60 45 0.045 443 0.443 0.0012 0.003 2.000

9 60 40 50 120 1 2.50 244 60 40 0.040 164 0.164 0.0011 0.0025 1.250

10 60 40 50 120 1 3.20 352 60 40 0.040 272 0.272 0.0012 0.0032 1.600

11 60 40 50 120 1 3.90 455 60 40 0.040 375 0.375 0.0013 0.0039 1.950

12 60 40 50 120 1 4.30 570 60 40 0.040 490 0.49 0.0014 0.0043 2.150

13 60 50 50 120 1 3.20 264 60 35 0.035 179 0.179 0.0012 0.0032 1.280

14 60 50 50 120 1 3.80 327 60 35 0.035 242 0.242 0.0013 0.0038 1.520

15 60 50 50 120 1 4.47 424 60 35 0.035 339 0.339 0.0014 0.004474 1.790

16 60 50 50 120 1 5.02 502 60 35 0.035 417 0.417 0.0015 0.005019 2.008

*Fr =uout/(Sqrt (g*( G s -1)d 50))) **EMP= (A/(Hwnet)^2)*(Hs/Hwnet)*((5.82207907097161*fr)^13.0060915993091)^0.0509040671365669

Test a0, [mm] a, [mm] b, [mm] Hs, [mm] ds, [mm] Q, [lps] Hw, [mm] hs,[mm]

Hsnet,[m

m]
Hsnet,[m]

Hwnet, 

[mm]

Hwnet, 

[m]
Vs , [m

3] Q,  

[m3/s]

uout, 

[m/s]

2.65 1.65 0.001 0.0357 0.1811 0.2538 10.2180 0.0802 0.1032 0.0051 0.0258 0.0979

2.65 0.896075 0.001 0.0357 0.1178 0.1650 18.1319 0.0239 0.0312 0.0033 0.0109 0.0393

2.65 1.09565 0.001 0.0357 0.0788 0.1104 19.2912 0.0070 0.0120 0.0022 0.0049 0.0123

2.65 1.007447 0.001 0.0357 0.0932 0.1305 18.1062 0.0116 0.0174 0.0026 0.0068 0.0195

2.65 0.669216 0.0015 0.0437 0.2586 0.2663 14.8103 0.1323 0.1837 0.0089 0.0525 0.2676

2.65 0.815567 0.0015 0.0437 0.1741 0.1793 16.3971 0.0398 0.0674 0.0060 0.0238 0.0874

2.65 0.947813 0.0015 0.0437 0.1289 0.1327 17.9757 0.0160 0.0284 0.0044 0.0131 0.0377

2.65 1.08349 0.0015 0.0437 0.0986 0.1016 19.3992 0.0071 0.0143 0.0034 0.0076 0.0178

2.65 0.659242 0.002 0.0505 0.3077 0.2439 15.5437 0.1286 0.2433 0.0122 0.0744 0.3583

2.65 0.848999 0.002 0.0505 0.1855 0.1471 17.5320 0.0276 0.0595 0.0074 0.0270 0.0851

2.65 0.99687 0.002 0.0505 0.1346 0.1067 19.7188 0.0105 0.0242 0.0053 0.0142 0.0351

2.65 1.139517 0.002 0.0505 0.1030 0.0816 20.3350 0.0046 0.0122 0.0041 0.0083 0.0160

2.65 0.688731 0.0025 0.0564 0.3152 0.1955 15.5722 0.0808 0.2053 0.0140 0.0780 0.3018

2.65 0.800812 0.0025 0.0564 0.2331 0.1446 17.1492 0.0325 0.0912 0.0103 0.0427 0.1302

2.65 0.947813 0.0025 0.0564 0.1664 0.1032 18.5592 0.0117 0.0363 0.0074 0.0218 0.0499

2.65 1.051214 0.0025 0.0564 0.1353 0.0839 19.7696 0.0062 0.0206 0.0060 0.0144 0.0280

Calculated Vs /H3
wnet =4.6 (Fr)0.21(Hsnet/Hwnet)

2.2(D /(H  w net))
0.89

**EMP
Calculated Measured

A out D
D /(H  w 

net)

Hsnet/Hwn

et

*Fr 
A /(H  w 

net)

A /(H  w 

net)^2
Gs Gs -1

Vs /H3
wnet 
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Yellow Lightweight Material  
Table 13-5 Comparison and computation of YLWM (Hs = 140mm) 

 

 

1 60 20 50 140 2 1.30 267 80 70 0.070 197 0.197 0.0029 0.0013 1.300

2 60 20 50 140 2 1.70 373 80 70 0.070 303 0.303 0.0030 0.0017 1.700

3 60 20 50 140 2 2.00 523 80 70 0.070 453 0.453 0.0035 0.002 2.000

4 60 20 50 140 2 1.80 453 80 70 0.070 383 0.383 0.0034 0.0018 1.800

5 60 30 50 140 2 1.80 244 80 65 0.065 169 0.169 0.0033 0.0018 1.200

6 60 30 50 140 2 2.20 326 80 65 0.065 251 0.251 0.0037 0.0022 1.467

7 60 30 50 140 2 2.60 414 80 65 0.065 339 0.339 0.0041 0.0026 1.733

8 60 30 50 140 2 3.00 518 80 65 0.065 443 0.443 0.0045 0.003 2.000

9 60 40 50 140 2 2.50 244 80 60 0.060 164 0.164 0.0042 0.0025 1.250

10 60 40 50 140 2 3.20 352 80 60 0.060 272 0.272 0.0049 0.0032 1.600

11 60 40 50 140 2 3.90 455 80 60 0.060 375 0.375 0.0054 0.0039 1.950

12 60 40 50 140 2 4.30 570 80 60 0.060 490 0.49 0.0063 0.0043 2.150

13 60 50 50 140 2 3.20 264 80 55 0.055 179 0.179 0.0053 0.0032 1.280

14 60 50 50 140 2 3.80 327 80 55 0.055 242 0.242 0.0058 0.0038 1.520

15 60 50 50 140 2 4.47 424 80 55 0.055 339 0.339 0.0066 0.004474 1.790

16 60 50 50 140 2 5.02 502 80 55 0.055 417 0.417 0.0068 0.005019 2.008

Test a0, [mm] a, [mm] b, [mm] Hs, [mm] ds, [mm] Q, [lps] Hw, [mm] hs,[mm]

Hsnet,[m

m]
Hsnet,[m]

Hwnet, 

[mm]

Hwnet, 

[m]
Vs , [m

3] Q,  

[m3/s]

uout, 

[m/s]

*Fr =uout/(Sqrt (g*( G s -1)d 50))) **EMP= (A/(Hwnet)^2)*(Hs/Hwnet)*((5.82207907097161*fr)^13.0060915993091)^0.0509040671365669

1.058 0.058 0.001 0.0357 0.1811 0.3553 38.5372 0.2222 0.3760 0.0051 0.0258 0.3300

1.058 0.058 0.001 0.0357 0.1178 0.2310 50.3948 0.0622 0.1086 0.0033 0.0109 0.1083

1.058 0.058 0.001 0.0357 0.0788 0.1545 59.2880 0.0186 0.0375 0.0022 0.0049 0.0361

1.058 0.058 0.001 0.0357 0.0932 0.1828 53.3592 0.0305 0.0598 0.0026 0.0068 0.0557

1.058 0.058 0.0015 0.0437 0.2586 0.3846 35.5728 0.3571 0.6911 0.0089 0.0525 0.6905

1.058 0.058 0.0015 0.0437 0.1741 0.2590 43.4778 0.1097 0.2356 0.0060 0.0238 0.2407

1.058 0.058 0.0015 0.0437 0.1289 0.1917 51.3829 0.0449 0.1056 0.0044 0.0131 0.1091

1.058 0.058 0.0015 0.0437 0.0986 0.1467 59.2880 0.0202 0.0520 0.0034 0.0076 0.0538

1.058 0.058 0.002 0.0505 0.3077 0.3659 37.0550 0.3766 0.9547 0.0122 0.0744 0.9554

1.058 0.058 0.002 0.0505 0.1855 0.2206 47.4304 0.0831 0.2416 0.0074 0.0270 0.2466

1.058 0.058 0.002 0.0505 0.1346 0.1600 57.8058 0.0321 0.1019 0.0053 0.0142 0.1073

1.058 0.058 0.002 0.0505 0.1030 0.1224 63.7346 0.0143 0.0535 0.0041 0.0083 0.0513

1.058 0.058 0.0025 0.0564 0.3152 0.3073 37.9443 0.2634 0.9157 0.0140 0.0780 0.8553

1.058 0.058 0.0025 0.0564 0.2331 0.2273 45.0588 0.1076 0.4120 0.0103 0.0427 0.3878

1.058 0.058 0.0025 0.0564 0.1664 0.1622 53.0509 0.0393 0.1701 0.0074 0.0218 0.1572

1.058 0.058 0.0025 0.0564 0.1353 0.1319 59.5133 0.0212 0.0933 0.0060 0.0144 0.0911

Calculated Vs /H3
wnet =4.6 (Fr)0.21(Hsnet/Hwnet)

2.2(D /(H  w net))
0.89

**EMP
Calculated Measured

Gs Gs -1 A out D
D /(H  w 

net)

Vs /H3
wnet Hsnet/Hwn

et

*Fr 
A /(H  w 

net)

A /(H  w 

net)^2
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Table 13-6 Comparison and computation of YLWM (Hs = 120mm) 

 

 

1 60 20 50 120 2 1.30 267 60 50 0.050 197 0.197 0.0015 0.0013 1.300

2 60 20 50 120 2 1.70 373 60 50 0.050 303 0.303 0.0019 0.0017 1.700

3 60 20 50 120 2 2.00 523 60 50 0.050 453 0.453 0.0023 0.002 2.000

4 60 20 50 120 2 1.80 453 60 50 0.050 383 0.383 0.0021 0.0018 1.800

5 60 30 50 120 2 1.80 244 60 45 0.045 169 0.169 0.0022 0.0018 1.200

6 60 30 50 120 2 2.20 326 60 45 0.045 251 0.251 0.0025 0.0022 1.467

7 60 30 50 120 2 2.60 414 60 45 0.045 339 0.339 0.0029 0.0026 1.733

8 60 30 50 120 2 3.00 518 60 45 0.045 443 0.443 0.0032 0.003 2.000

9 60 40 50 120 2 2.50 244 60 40 0.040 164 0.164 0.0027 0.0025 1.250

10 60 40 50 120 2 3.20 352 60 40 0.040 272 0.272 0.0032 0.0032 1.600

11 60 40 50 120 2 3.90 455 60 40 0.040 375 0.375 0.0037 0.0039 1.950

12 60 40 50 120 2 4.30 570 60 40 0.040 490 0.49 0.0043 0.0043 2.150

13 60 50 50 120 2 3.20 264 60 35 0.035 179 0.179 0.0035 0.0032 1.280

14 60 50 50 120 2 3.80 327 60 35 0.035 242 0.242 0.0040 0.0038 1.520

15 60 50 50 120 2 4.47 424 60 35 0.035 339 0.339 0.0046 0.004474 1.790

16 60 50 50 120 2 5.02 502 60 35 0.035 417 0.417 0.0048 0.005019 2.008

*Fr =uout/(Sqrt (g*( G s -1)d 50))) **EMP= (A/(Hwnet)^2)*(Hs/Hwnet)*((5.82207907097161*fr)^13.0060915993091)^0.0509040671365669

Test a0, [mm] a, [mm] b, [mm] Hs, [mm] ds, [mm] Q, [lps] Hw, [mm] hs,[mm]

Hsnet,[m

m]
Hsnet,[m]

Hwnet, 

[mm]

Hwnet, 

[m]
Vs , [m

3] Q,  

[m3/s]

uout, 

[m/s]

1.058 0.058 0.001 0.0357 0.1811 0.2538 38.5372 0.1060 0.2022 0.0051 0.0258 0.0979

1.058 0.058 0.001 0.0357 0.1178 0.1650 50.3948 0.0296 0.0674 0.0033 0.0109 0.0393

1.058 0.058 0.001 0.0357 0.0788 0.1104 59.2880 0.0089 0.0246 0.0022 0.0049 0.0123

1.058 0.058 0.001 0.0357 0.0932 0.1305 53.3592 0.0145 0.0378 0.0026 0.0068 0.0195

1.058 0.058 0.0015 0.0437 0.2586 0.2663 35.5728 0.1590 0.4541 0.0089 0.0525 0.2676

1.058 0.058 0.0015 0.0437 0.1741 0.1793 43.4778 0.0489 0.1577 0.0060 0.0238 0.0874

1.058 0.058 0.0015 0.0437 0.1289 0.1327 51.3829 0.0200 0.0753 0.0044 0.0131 0.0377

1.058 0.058 0.0015 0.0437 0.0986 0.1016 59.2880 0.0090 0.0371 0.0034 0.0076 0.0178

1.058 0.058 0.002 0.0505 0.3077 0.2439 37.0550 0.1544 0.6094 0.0122 0.0744 0.3583

1.058 0.058 0.002 0.0505 0.1855 0.1471 47.4304 0.0340 0.1582 0.0074 0.0270 0.0851

1.058 0.058 0.002 0.0505 0.1346 0.1067 57.8058 0.0132 0.0708 0.0053 0.0142 0.0351

1.058 0.058 0.002 0.0505 0.1030 0.0816 63.7346 0.0059 0.0361 0.0041 0.0083 0.0160

1.058 0.058 0.0025 0.0564 0.3152 0.1955 37.9443 0.0974 0.6076 0.0140 0.0780 0.3018

1.058 0.058 0.0025 0.0564 0.2331 0.1446 45.0588 0.0398 0.2790 0.0103 0.0427 0.1302

1.058 0.058 0.0025 0.0564 0.1664 0.1032 53.0509 0.0145 0.1173 0.0074 0.0218 0.0499

1.058 0.058 0.0025 0.0564 0.1353 0.0839 59.5133 0.0079 0.0658 0.0060 0.0144 0.0280

Calculated Vs /H3
wnet =4.6 (Fr)0.21(Hsnet/Hwnet)

2.2(D /(H  w net))
0.89

A /(H  w 

net)

A /(H  w 

net)^2
**EMP

Calculated Measured
Gs Gs -1 A out D

D /(H  w 

net)

Hsnet/Hwn

et

*Fr 
Vs /H3

wnet 
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