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Preface 

Sometimes ideas are born which although very simple 

promise to tackle problems that have puzzled man for 

centuries. Often it is discovered that the solution being 

offered is not original and has been thought of previously. 

What makes the difference, however, is the state of the art 

at the time, and the availability of the necesary technology 

for implementation of the idea. 

The idea investigated in this study addresses the 

serious problem of reservoir sedimentation. The solution 

proposed herein was thought to be original well into its 

development, only to find out that it had been thought of 

and implemented nearly a century ago. But exploitation of 

the full potential of the propoged golution requireg 

hydraulic theory that has not been available to date. It Is 

hoped that the concepts and solutions presented here make an 

old idea practical today. 

Although this study was mainly a single handed 

battle from the moment of its conception, a number of 

people hav~ been instrumental in its completion and present 

day form. The author wishe~ to thank Dr. Emmette M. Laursen 

for his confidence and guidance; special gratitude is due to 

Professor Margaret S. Petersen for being so generous with 

her time and interest in the work. The author is obliged to 
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Professor William E. Hart for his guidance, invaluable 

advice, and kind nature. Finally thanks to all my friends 

and family who encouraged and accompanied me through this. 
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ABSTRACT 

This study proposes the use of a pipe line system to 

transport the inflow sediment to a reservoir through the 

dam, and discharge it downstream. The system is powered by 

the available head at the dam. It aims at restoring the 

original sediment transport regime of the river (i.e before 

the dam was built). The idea is fundamentally sound because 

of the much more efficient sediment transport 

characteristics of pipes compared to that of open channels. 

In order for such a system to be practical, it must 

be designed based on accurate theory and site specific 

characteristics. The necessary theory was simply not 

available and is developed in this study. The work of 

numerous previous investigators is summarized in the final 

results. An equation was developed which allows for the 

calculation of the capacity transport concentration of 

sediments in a given pipe. 

most accepted head loss 

This equation, 

equation and 

coupled with the 

the continuity 

principle, provided the necessary theory for the complete 

design of the proposed system. The calculation procedures 

were fitted into computer programs. 

In addition to computer 

where developed, which, although 

programs, design 

applicable only 

charts 

to a 

certain range of conditions, allow for the visualization of 

xiii 



>elv 

the developed concepts. 

that the proposed system is It was concluded 

fundamentally feasible. Although no economic analysis was 

show that it is also economically conducted, 

favorable. 

indicators 



CHAPTER 1 

THE PROPOSED SYSTEM AND GENERAL BACKGROUND 

Introduction 

Within the delicate hydrologic and enviromental 

balance established on the planet earth, a crucial task 

performed by rivers is the transport of materials from the 

highlands tot"lards the seas. Flo\1ing in contact wi th erod ible 

material, the river and its boundaries are almost in a state 

of dynamic equilibrium. Any disruption in the natural 

transport regime of the river results in either increased 

scour or deposition of materials. The riv~r, load which 

consists of the basic 30il components (sand, silt, clay, 

organic matter, minerals and nutrients) is largely 

responsible for the fertility of the valleys and the deltas. 

Much of the river life, habitats, and sea shore vitality are 

dependent on the natural inflot~ of the transported material. 

Man, in need of utilizing the water and power of 

the rivers, has been building barriers across them for over 

5000 years. The barriers disrupt the natural transport 

regime of the river, forcing deposition of the material 

within the reservoirs which are created. In 50 doing, the 

barriers effectively strip the river of its vital load. The 

result is higher flood stages upstream because of deposition 

1 
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and aggradation, scour and degradation of the downstream 

river boundaries deprivation of the valleys and deltas of 

nutrients and topsoil, destruction of the established 

habitats, and, in short, severe interference with the 

overall ecosystem on earth. By constructing barriers across 

rivers, man in effect blocks one of the most important 

communication routes between the land and the seas. 

The existence of this problem has been a matter of 

concern ever since the first dam was constructed. 

Surprisingly, however, it is only recently that solutions 

are being sought. Ironically, the motivation for the 

research initiates from concern for the loss of storage in 

reservoirs (Bolton, 1984, Pitt and Thompsonm, 1984) and not 

the serious envir01l1ental implications. Indeed, the partial 

solutions developed only address the storage space in the 

reservoir. A widely accepted solution of modern times is 

dredging of the material followed by dumping in a 

"suitable" site (Chi et. al., 1983, Herbich, 1975). The 

concept and procedure is very costly and only practical 

under special circumstances. A serious side effect is the 

environmental problems created at the dump site (Petersen, 

1986). Recently the feasibility of using excess run-off in 

conjunction with low level outlets to create adequate flow 

velocities to flush sediments through the dam has been 

investigated (White and Bettess, 1984). The procedure is, 

at best, a partial solution and is only practical in the 
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presence of "excess" run-off. Its effectiveness relies on 

discharging water carrying high sediment loads, i.e. during 

floods. Most of the inflow water, however, is also carried 

in during floods, and in most cases the loss of flood waters 

is an unattractive proposition. Another partial solution 

proposed is sluicing, which involves use of gates at the dam 

to create high local velocities and local clearance of 

sediments. A more promising approach to the problem is the 

use of density currents which sweep the bed of the 

reservoir. Again the approach is not a complete solution but 

is reportedly practical (Vanoni, 1977). 

It is, therefore, apparent that whilst the extent of 

the reservoir sedimentation problem is recognised, no 

practical and effective solution exists. The objective of 

this study is to propose and investigate a possible solution 

which if practical should remedy the enviromental as well as 

the storage problems associated with reservoir 

sedimentation. 

Proposed Concept and Solution 

The basic reason for deposition in impoundments is 

the reduction of flow velocity, i.e. streamline 

concentration or 

obvious solution 

i. e. 

flux is 

therefore 

increase 

significantly decreased. 

is to somehow reverse 

streamline concentration. 

The 

this 

The process, 

mechanism for concentrating flow has been around and in use 
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for as long as reservoirs. This mechanism is closed conduit 

pressure flow, better known as pipe flow. 

A review of available data on sediment loads of 

rivers (USGS, 1981), and an investigation of the.estimated 

sediment carrying capacity of typical rivers during flood 

(Laursen, 1958, Bain and Bomington, 1970) reveals that a 

sediment concentration of 1% by volume in rivers is 

extremely high and unusual and for average annual flows, 

concentrations seldom exceed 0.1%. A similar review of 

concentrations of solids in pipe flow (Durand, 1953, Zandi 

and Govatos, 1967) shows that a concentration of 5% by 

volume is considered low and that flow concentrations as 

high as 40% by volume are possible. 

The solution being proposed here is therefore to use 

the available head at the dam to drive the sediments in a 

pipe of a certain design diameter with its intake situated 

at a specific design location on the bed of the reservoir 

(Fig. 1.1). The sediment load of the river would then be 

carried through the reservoir and dam and discharged 

downstream of 

short circuit 

the barrier 50 as to effectively bypass or 

the reservoir. Because of the much· higher 

efficiency of sediment transport in the pipe compared with 

the river, only a fraction (hopefully less than 10%) of the 

average annual yield (water) of the river would be needed 

for the bypass. 
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DAM 

on AKE 

Fig. 1.1 Schematic of the proposed sediment bypass system 

If such a system is indeed feasible and practical, then the 

task would be to adjust the sediment discharge through the 

pipe with respect to the water normally discharged in the 

operation of the reservoir, such that no deposition or scour 

occurs downstream. The design of the bypass system would, 

therefore, aim at restoring the original transport regime 0f 

the river. 

A number of practical realities, however, are likely 

to limit the measure to partial mitigation rather than 

complete restoration. Firstly, there will be a limit to how 

far upstream of the dam the intake of the pipe can be. 

upstream of this location there will continue to be 

aggradation and deposition of the material which means 
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possible problems in the river reach upstream (such ashigher 

flood stages). Unless the sediments upstream of the pipe 

intake location are somehow directed to the intake, the 

bypass system will not remedy aggradation upstream. 

Secondly, the sediment outflow rate can equal the sediment 

inflow rate only if there is no diversion of water, i.e. at 

power or river regulation dams. When there is diversion 

(water supply dams), then the water discharged downstream of 

the dam will not be sufficient to transport the inflow 

sediments. This means that some of the inflow sediments will 

have to remain in the reservoir or there will be deposition 

downstream. The deposition rate in the reservoir and 

degradation rate downstream will, however, be less than 

those with no sediment bypass. If there is considerable 

diversion of water at the dam; some aggradation downstream 

due to excess sediment bypass may have to be tolerated in 

order to divide the "harm" between the river dow~'lstream and 

the life of the reservoir. In any case, the installation of 

a properly designed and operated bypass system should have a 

significant impact upon the partial, if not complete, 

restoration of the overall transport regime of the river. 

Existing Systems 

The bypass system, although independently perceived, 

was later discovered to have been invented and implemented 

by Engineer Jandin in the last century (Brown, 1944). Known 
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as siphoning, it was first developed and used during the 

period 1892 through 1894, removing sediments through the dam 

of the Ojidiouia Reservoir in Algeria. In three years 1.4 

million cubic meters of material were removed, of which 2/3 

were thought to have been the inflow to the reservoir during 

the desilting period. The system therefore recovered about 

half a million cubic meters of lost storage (Rapporteur, 

1985). Jandin's system consisted of a 0.61 meter (2 ft) 

diameter flexible pipe with a design discharge rate of 1.53 

cubic meters per second. It connected to an opening in the 

base of the dam and was supported by free floating sheet 

iron pontoons, which permitted the pipe to be moved around 

the reservoir within a radius of about 1.6 Km. A turbine, 

installed near the mouth of the pipe and actuated by the 

pipe flow was coupled to a wheeled chopping instrument near 

the intake which stirred up the sediments. 

The same technique has been employed in small 

reservoirs in north and northwest China. These have been 

reported tq operate satisfactorily, restoring lost storage 

as well as bypassing the inflow sediments (Oai Jilan, et. 

ale 1980 (1». In the Tianjiawan Reservoir, for example, a 

mean flow concentration of 15.6 percent by volume resulted 

during a total of 695 hours of operation of the system. The 

mean inflow concentration was estimated as 7.2 percent by 

volume which is unusually high for rivers. 

The simplest example of this system is the one 
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installed at the Rioumajou Dam in France (Evrard, 1980). 

The pipe straddles the gravity arch dam which is 21 meters 

(G9 feet) in height. The intake of the 0.45 meter (l.S 

feet) diameter pipe is located 21 meters (GG feet) upstream 

of the dam. The downstream reach is 24 meters (79 feet) 

long and 0.4 meters (1.3 feet) in diameter. The design flow 

is about 1 cubic meter per second. The system is reported 

to operate with remarkable efficiency. Its cost was almost 

amortized with one year of operation. 

The systems described above in general have been 

designed and installed on a trial and error basis. The 

design of the systems in China, for example, are primarily 

based on classical theory treating the slurry as a somewhat 

homogeneous fluid with certain rheological properties (Dai 

Jilan, et. al. 1980 (2». As shall be seen later, this is 

only a special case which may result with very fine 

sediments. A number of other flow regimes are also 

possible. This shortcoming in the design theory has 

resulted in operational difficulties. These difficulties 

have been caused by uncertainties concerning pressure 

gradients and energy requirements, pipe clogging, and 

unknown system capacity and optimum conveying concentration 

of sediments. 

Before the full potential of such a simple and yet 

reportedly effective system can be realized, a definitive 
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and accurate design procedure applicable to the full range 

of pertinent situations must be developed. This study 

investigates 

practicality 

guidelines. 

the 

of 

fundamental feasibility 

such a system and 

and theoretical 

develops design 



CHAPTER 2 

THEORETICAL INVESTIGATIONS 

Introduction 

If the proposed solution is fundamentally sound, a 

major engineering task is to convey the sediments into the 

pipe at the intake location. This would be achieved either 

by hydraulic design of the intake structure or with 

mechanical assistance. The experience gained through decades 

of operation of hydraulic dredges would undoubtedly be very 

useful in developing the appropriate design for the intake. 

Designs used in systems already in operation should also 

provide excellent guidelines and suggest design concepts and 

arrangements. Another problem will be the design of the 

outlet. This will also require research and testing. The 

intake and outlet designs are different problems which must 

be tackled separately and will not be discussed here. Other 

aspects which require research include rate of pipeline 

abrasion, selection of best material for the pipe, and the 

engineering problems that the installation and operation of 

5uch a sY5tem pre5ent. The pa5t experience with in5talled 

systems would undoubtedly prove very useful. This study 

only focuses on establishing the fundamental feasibility of 

the bypas5 concept and its "theort)tlcal" practicality. 

10 
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The problem in hand is that of sediment-carrying 

pipe flow under a certain head. The variables are the 

diameter of the pipe, the intake and discharge locations 

(pipe length), the size and nature of the sediments, the 

flow rate in the pipe, and the transport concentration of 

sediments. Since a major practical consideration is the 

amount of water used for the bypass, one can fix the flow 

rate in the pipe to any desired fraction of the average 

annual inflow into the reservoir. This is the design flow 

rate in the pipe for the bypass. 

Due to the nature of sediment deposition, the size 

of the sediments increases with increasing distance upstream 

from the dam. The sediment size - distance relationship is 

site specific and best determined through sampling. A semi

empirical technique for predicting the distribution of 

deposited sediments is given by Annandale (1984). For any 

intake location however, the design particle size should be 

the largest expected. The particle size, therefore, can be a 

design input for the solution procedure. 

The problem therefore is finding the balance between 

the pipe diameter, pipe length, and capacity sediment 

concentration in the pipe for a specified head, design flow 

rate, and sediment size and nature. To find this balance 

one must be able to predict the energy requirements (head 

loss) for the nature of flow in hand, and calculate the 

concentration of sediments that the pipe is capable of 
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carrying. This requires the availability of adequate theory 

describing the flow of sediment-water mixtures in pipes. 

A large number of investigators have attempted to 

develop equations quantifying the dynamics of sediment-water 

mixtures. An impressive account of the various 

investigations and resulting procedures is given by Vanoni 

(1977). There is, however, no consensus on a single 

procedure, and many critical issues are far from being 

settled. The problem is especially acute with large size 

pipes where there is inadequate data to verify the models. 

A general overview of the various flow models developed 

follows. 

Mathematical Description of Sediment Transport in Pipes 

A major classification when dealing with the 

dynamics of sediment-water mixtures is the size distribution 

and shape characteristics of the material (sediments). It 

is undoubtedly easier to develop theories of flow for a 

uniform material (size and shape). In practice, however, 

the material is likely to be composed of a variety of sizes 

and shapes. 

A second classification is the flow regime that 

would be established in the pipe. Much the same as flow of 

clear water (or any fluid) is classified as either laminar, 

turbulent, or in transition, the flow regime of the 

sediment-water mixture must be determined. The flow will be 
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turbulent and the regimes will have to do with the sediment 

transport. The characteristics of the various flow regimes 

that may result have been addressed by various investigators 

(Durand, 1953, Zandi and Govatos 1967). The flow regimes 

and their characteristics may be summarized as follows; 

Homogeneous: The turbulent forces interacting 

the particles are such that the mixture is 

with 

of 

almost uniform composition throughout the cross 

section of the pipe. True homogeneous flow is 

not possible since, for the turbulent forces to 

overcome the force due to gravity, there must 

be a concentration gradient. Almost homogeneous 

regimes usually result with very fine materials 

having very low fall velocities Ruch as clays 

and ash. The head loss under this regime can be 

computed in the same way as that for clear 

water provided the density and viscosity of 

the mixture are used and head loss is expressed 

in ft (m) of mixture. 

Heterogeneous: A definite density (concentration) 

gradient exists along the vertical profile of 

i:he pipe. There are, however, no deposits on 

the bed and almost all particles move in 

suspension. There is, however, some bed load 

movement present since without a bed load there 
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cannot be any particle suspension. This is the 

most commonly encountered type of flow and the 

one most frequently investigated. 

Intermediate: Heterogeneous and homogeneous flow 

Bed load: 

conditions exist simultaneously. 

The turbulence due to velocity is 

insufficient to overcome the gravity forces and 

cause the suspension of particles. The 

material primarily moves as bed load. If the 

inflow rate of sediments to the pipe is in 

excess of the carrying capacity, deposits form 

in the pipe. This increases the flow velocity, 

thus increasing the transport capacity of the 

pipe. Deposition stops when inflow and outflow 

rates of sediment transportation are balanced. 

The head loss here is greater than that with no 

deposits. If the deposits form dunes, the head 

~oss will be greater still. 

Durand and Condolios (1952) considered bed load 

(saltation in their terms) as a sub-category (boundary case) 

of heterogeneous flow but developed a dimensionless number 

(FL) to mark the lower limit of flow velocity with no 

sediment deposition. However, they apparently did not 

separate the two regimes (heterogeneous and bed load) in the 

empirical correlation of the data and the development of 

their equation for head loss prediction. Zandi and Govatos 
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(1967) whilst acknowledging that bed load (saltation) may be 

considered as an extreme 

an index number to 

case in 

isolate 

heterogeneous 

heterogeneous 

flow, 

flow developed 

thereby excluding homogeneous, intermediate and saltation 

regimes in 

modification 

their 

of the 

data correlation and 

Durand and Condolios 

Quantification of the Homogeneous Regime 

subsequent 

equation. 

This is the simplest case of flow provided the 

resulting slurry does not exhibit non-Newtonian behavior. 

With homogeneous regime, the general consensus regarding 

energy requirements is that head loss may be computed in the 

same way as for clear water if the density and viscosity of 

the mixture are used (Vanoni, 1977). The pipe roughness 

coefficient (Manning n, or Darcy Weisbach f) may be assumed 

to be the same as for clear water (Newitt eta ala 1955, 

Durand 1953). Howard (1962) experimenting with mixtures of 

fine sediments (mean diameter 0.01 rom) and water at small 

concentrations (up to 6% by volume) found identical headloss 

characteristics with water. At concentrations more than 6% 

by volume, the effect of sediment upon headloss· gradient 

could be detected. Homayounfar (1965) found that with 

concentrations less then 5% by weight and sediments finer 

than 0.254 rom in diameter, headloss gradient for slurries of 

coal and water mixture were less than that of pure water. 

Zandi (1967) verified the above in his extensive tests with 
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fine coal (specific gravity 1.67, size 0.074-0.297 mm, 

concentration up to 5% by weight), f1yash (specific gravity 

2.4, size less than 0.149 mm, concentration up to 0.5% by 

weight), clay (specific gravity 1.67, size 0.21-0.84 mm, 

concentration up to 7.5% by weight), and activated charcoal 

(specific gravity 1.56, 95% of material less than 0.44 mm) 

flowing in five different pipes (diameter 1/2 in, 3/4 in, 1 

in, 1 1/2 in). Almost all of the 800 data points collected 

fell below the corresponding headloss for clear water. The 

mechanisms that could be responsible for the suppressing 

action of the mixtures, however, are not well understood. 

For design purposes it is conservative to neglect the 

headloss-suppressing tendency with homogeneous mixtures. 

In homogeneous mixtures the value of kinematic 

viscosity depends on the concentration of solids. Elata 

and Ippen (1961) found that with dylene polyester particles 

(mean diameter 0.12 mm, specific gravity 1.05), increasing 

the concentration to 27% by volume results in an increase in 

the kinematic viscosity of the fluld by 240 percent. Ansley 

(1962) found the kinematic viscosity to increase rapidly as 

concentration of silt was increased above 6%-8%. With 

increasing viscosity (high concentration) the mixture might 

become non-Newtonian and should therefore be treated that 

way. 
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Distinguishing Criteria for Homogeneous Flow 

Although investigated by several researchers, no 

definitive criterion for distinguishing between homogeneous 

and heterogeneous flow exists. The one condition for 

homogeneous regime agreed upon, however, is that of 

uniformity in concentration in the vertical. Two 

counteracting forces determine vertical concentration 

distribution. One is the resultant of the drag and gravity 

forces which determines the magnitude of the particle fall 

velocity, and the other is the extent of turbulence causing 

net upward motion through the mixing action. For particles 

of greater or lesser density than water, there must be a 

concentration gradient and mixtures can only approach being 

homogeneous. In general fine particles flowing at high 

velocities tend to flow homogeneously. 

Durand (1953) reported homogeneous regimes with 

clay, fine ash, and powdered coal in turbulent flow. 

Newitt, et. al. (1955) developed a critical velocity of flow 

to mark the transition between homogeneous and heterogeneous 

regimes. Spells (1955) defined a standard velocity which 

could be used to indicate the nature of the flow regime. 

All the above were based on experimental data and are not 

universally applicable. Vanoni (1977) took a fundamental 

approach to the problem. Presenting the relationship for 

relative concentration of suspended particles in two 

dimensional uniform free surface flow, developed from the 



18 

mathematical law of turbulent diffusion and logarithmic law 

of velocity distribution, he concluded that for homogeneous 

flow the value of particle fall velocity must tend to zero 

while the value of shear velocity must approach 

This is a restatement of the general consensus 

infinity. 

regarding 

conditions for homogeneous flow, i.e high flow velocity 

coupled with fine particles. 

In general, particle full velocity and mean flow 

velocity can aid in making the correct engineering judgement 

as to whether the flow regime may be taken to be homogeneous 

or not. 

Heterogeneous Regime 

This is the most frequently encountered flow regime 

and, therefore, the most investigated. Unfortunately the 

extensive investigations of the past have not yielded a 

generally accepted or complete criterion to define and 

quantify this flow regime. A large number of equations have 

been developed to calculate head loss under this regime. 

However, no direct and definitive procedure for calculation 

of sediment transport rate or sediment concentration in a 

pipe exists. 

Zandi and Govatos (1967) described three most widely 

accepted head loss equations developed for heterogeneous 

flow of mixtures of uniform particles in pipes. The 

equations were those attributed to Durand and Condolios 
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(1952), Newitt, et. al. (1955), and Worster (1952). They 

evaluated the different equations by comparing their head 

loss predictions versus 1,452 measured values screened out 

of an original 2,549 data pOints collected from various 

sources. The screening was to discard data with possible 

inconsistencies 'and those with concentrations less than 5% 

by volume, since at these concentrations head loss was 

reportedly (Homayounfar, 1965, Zandi, 1967) 

Zandi and Govatos (1967) concluded that the 

suppressed. 

Durand and 

Condolios equation was by far the most reliable from the 

standpoint 

The same 

of prediction and superior to other equations. 

conclusion was arrived at after the exclusion of 

462 more data points which based on their index number were 

considered to have non-heterogeneous flow regimes. This 

conclusion regarding the best approach for calculation of 

head loss 1n heterogeneous flow 1s also shared by other 

investigators. Vanoni (1977), for example, credited Durand 

(1953) and his co-workers as having contributed greatly to 

the understanding of sediment transport in pipes. Having 

studied the various approaches developed, Vanoni recommended 

Durand's procedure as the best available. 

Of the equations Zandi and Govatos (1967) tested, 

those of Durand and Condolios (1952), and Woster (1952), had 

been developed using data correlation whilst the Newitt, et. 

al. (1955) formula had been arrived at somewhat 
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theoretically through considerable simplification of the 

transport mechanism. Newitt, et. al. (1955) envisaged a 

uniform layer of material being pushed along the pipe invert 

and assumed that the average work done by the liquid pushing 

the particles was equal to the average work done by the 

particles overcoming the wall friction. No slip velocity 

was assumed to exist between the particles and water in the 

direction of flow. This perception of the flow mechanism 

has formed the basis for the research conducted by K. C. 

Wilson (1983) at Queen's University (Kingston, Canada) 

beginning in the early 1970s. Wilson, believing the Newitt, 

et. al. (1955) concept to be fundamental, has since expanded 

and elaborated the model considerably. Much of his work 

(Wilson, 

magnitude 

1970; Wilson, 1976) has focused 

of the tangential friction 

on estimating the 

force due to the 

existence of particle-wall friction and the normal stresses 

on the pipe wall. The normal stresses were assumed to 

result from the submerged weight of the deposit layer and 

the impact of the saltating particles at the deposit-llquid 

interface. Using this approach he has been able to develop a 

model for estimating the magnitude of head loss in a given 

pipe. 

Recently Wilson (1983) sharply criticized the data 

correlation approach of past investigators, comparing them 

to blind men seeking to discover what an elephant looks like 

by merely touching it. Claiming to have understood the 
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specific mechanisms 

(1983) recommended 

involved in particle motion, Wilson 

his procedure as the best available on 

the grounds of being "fundamental" and "mechanistic." No 

experimental evidence was provided to support his claim. 

Indeed, the Newitt, et. al. (1955) model and its subsequent 

development by Wilson (Wilson 1970; Wilson 1976; Wilson and 

Judge 1977; Wilson 1983), are seemingly based on a static 

perception of a dynamic system. The existence of a uniform 

deposit bed with a certain concentration and the influence 

of its submerged weight, the 

particle-wall friction coefficient, 

fixed magnitude of the 

the uniform slip of the 

deposit layer when subject to a sufficiently large uniform 

tangential force by the liquid, are all static concepts 

which have been stretched to apply to a highly dynamic and 

complex system in which uniformity is an exception rather 

than the rule. Mechanisms involved in bed load motion, dune 

and anti-dune formation, rolling and saltation, initiation 

of particle suspension and establishment of a concentration 

gradient in the pipe cross section are widely accepted to be 

rather complex in nature and not subject to a complete first 

principle ~nalysis. Wilson's claims of thorough 

understanding of the mechanisms envolved are therefore 

unacceptable and his outright condemnation (Wilson, 1983) of 

the data correlation approach is unfounded. 

For this study, the equation developed by Durand and 
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Condolios (1952) was selected for head loss calculations. 

The selection was based on previous evaluation (Zandi and 

Govatos, 1967; Vanoni, 1977), general acceptability by 

various investigators, and the range of materials and pipe 

sizes that the equation is applicable to. It was decided to 

use the original form of the equation since intermediate and 

saltation regimes (flow with bed load) were to be included. 

Criteria to Distinguish Between Heterogeneous Flow and Flow 
with Bed Load 

In heterogenous flow almost all of the material is 

transported in suspension. This is to say that the bed load 

present is the minimun possible. There seems to be some 

confusion with regards to the parameters developed to mark 

the trasition between heterogeneous flow and flow with bed 

load. Most parameters mark the transition between flow 

without "deposits" and that with. 

The limit of heterogenous flow is concerned with 

transition from suspension to bed load, and not with 

transition from bed load to deposition. The parameters 

defining the limit of deposition, therefore, are of little 

use here and will be addressed later. 

Few investigators have addressed the true definition 

of hetrogenous flow directly. Equation 2.1 shows the 

dimensionless index number, Ni, that Zandi and Govatos 

(1967) developed to. mark the transition between 

heterogeneous and saltation (bed load) regimes. 



23 

II •.. ' 

2 1/2 
V * Cd 

Ni = (2.1) 
Cv*D*g*(S-l) 

In this relationship V is the flow velocity, Cd the is 

particle drag coefficient, Cv is sediment concentration 

(volume ratio), D is the pipe diameter, g is the 

acceleration due to gravity, and S is specific gravity of 

the particles. A value of Ni equal to 40 was reported to 

mark the transition between heterogeneous flow and flow with 

bed load. Larsen (1968) suggested a modification to the 

above index number. Introducing a new index number, Nj, 

where 

2 
Nj = Ni * Cv ( 2 • 2 ) 

Larsen (1966) suggested that values of Nj less than 316 

identify flows with bed load. 

The above criteria were the only credible references 

to the lower limit of heterogeneous flow found in the 

literature. 

Flow with Bed Load and Limit of Deposition 

Almost all of sediment transportation involves some 

degree of bed load movement. If bed load is the major mode 

of transportation, then the flow regime is termed bed load 

or saltation. The bed load may have a smooth surface, or 
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move as small ripples, or as big ripples (dunes). The 

effective pipe roughness is highest when dunes are present. 

With decreasing flow velocity or increasing sediment 

load, the total and particle shear present in the pipe 

become insufficient to transport the load. Deposition of 

material results, decreasing the flow cross-sectiorial area, 

thus increasing the flow velocity and therefore the particle 

shear. Deposition stops when the shear force is sufficient 

to transport the load. 

mark 

Various investigators 

this limit of deposition. 

have developed criteria 

Wilson (1942) provided 

to 

a 

criterion to indicate deposition of solids from suspension. 

Craven (1953) developed a dimensionless parameter (equation 

2.3), here refered to as Craven's blockage index, Bi, to 

mark the limit of motion with deposits and that without. 

Bi = 

Craven stated 

of deposition. 

blockage, i.e. 

sectional area. 

Q 

V g*(S-I) * D 
2.5 

1/3 
* (1/Cv) ( 2 . 3 ) 

that values of Bi equal to 5 mark the limit 

Values of Bi less than 5 indicate pipe 

bed deposits exist which decrease flow cros-

Laursen (1956) summarized Craven's work and the 

results of several years of investigations conducted at the 

University of Iowa. Fig. 2.1 shows the relationship between 
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the extent of pipe blockage and Craven's parmeter Bi. This 

relationship has served as a useful design guide for 

engineers. 
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Fig. 2.1 Blockage due to sediment deposition for uniform 
sand, graded sands, and slag, after Craven (1953) 

Durand (1953) defined a mean flow velocity which he 
. 

termed·the limit deposit velocity, VL, below which deposits 

tend to form in the pipe. This mean flow velocity, 

therefore, should mark the lower limit of bed load 

transportation with no deposits. Note that transportation at 

the limit of deposition implies transportation at maximum 

capacity. The value of VL has been found to depend only upon 

particle characteristics (size, ds, specific gravity, S, and 

distribution uniformity), pipe size, D, and transport 
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concentration, Cv. Figure 2.2 gives the value of VL 

recommended by Durand (1953) for uniform material. FL is 

dimensionless and known as the Durand number. 
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Fig. 2.2 The relationship between sediment size, transport 
concentration, pipe diameter and the limit deposit 
velocity after Durand (1953) 

Various investigators have also tried to define the 

value of VL for various conditions (Vanoni, 1977). The work 

of Durand and his co-researchers, however, is the most 

widely accepted. 

In sediment-water transportation, the nature of the 

flow regime is an important aspect and must be known before 

one can confidently quantify the design parameters (sediment 
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transport rate, head loss, etc.}. These various criteria can 

help one decide on the most likely regime of transportation. 

Knowing the transport regime is specially important when 

there is a possibility of having homogeneous flow since the 

head loss will be considerably less than with heterogeneous 

flow of similar rate ( sediment and water). In addition the 

transport mechanisms in homogeneous flow are significantly 

different from those of heterogenous flow and flow with bed 

load. The dividing line between heterogeneous flow and flow 

with bed load (saltation), however, is not as sharply 

defined. Both regimes have essentialy the same transport 

mechanisms and similar head loss characteristics. With 

deposits on the bed, the flow is essentially the same as bed 

load regime with no deposits in a smaller pipe (with cross 

section approximately equal to the unblocked portion of the 

partially blocked pipe). The equation used in this study to 

define head loss is applicable to all flow regimes described 

except for the homogeneous regime. 

loss as: 

in which 

The Head Loss EqUation 

The Durand and Condolios equation expresses head 

m 
FIE = K*(SIE} 

FIE = (J - Jw) / (Cv*Jw) 

( 2 • 4 ) 

( 2.5 ) 
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and 

2 1/2 
SIE = (V *Cd ) / (g*D*(S-l» ( 2 . 6 ) 

In these equations FIE and SIE are dimensionless head loss 

parameters which Durand related to one another graphically, 

J and Jw are head loss gradients in ft (m) of water per ft 

(m) of pipe in sediment carrying and clear water 

respectively, K and m are constants, V is the velocity of 

flow, D is the pipe diameter, S is the specific gravity of 

the sediment, Cv is the concentration expressed as a 

fraction of the true volume, and Cd is the drag coefficient 

of the particle. Durand and Condolios did not specify K, 

but from their graphical representation K was calculated to 

be 81 (Zandi and Govatos 1967, and the present study). 

Durand (1953) presented the value of m as -1.5. 

Preceived Head Loss Concept 

Equation (2.4) allows for the calculation of the 

head loss parameter FIE from a knowledge of the particle 

characteristics (Cd and S), pipe diameter (D) and flow 

velocity (V). From a rearrangement of equation (2.5), 

J = Jw * (1 + FIE*Cv) ( 2 . 7 ) 

This means that the head loss gradient in the sediment-

carrying pipe exceeds that of the clear water situation by 
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the value of the product Jw*FIE*Cv. Note that Jw is the 

gradient that would result with exactly the same conditions 

(V, 0, f) but in the absence of sediment. Both J and Jw are 

expressed in ft (m) of water per ft (m) of pipe line i.e. 

H/L = Hw * (1 + FIE*Cv) / L ( 2 .8) 

or 

H = Hw * (1 + FIE*Cv), ( 2 • 9 ) 

where H is the required head in ft (m) of water for the 

sediment carrying case, Hw is the required head in ft (m) of 

water for the clear water case and L is the pipe length. 

Equation (2.9) shows the magnitude of the head required to 

cause similar flow conditions in both sediment carrying and 

clear water cases. Rearranging equation (2.9) results in: 

Hw = H / (1 + FIE*Cv) ( 2 . 10 ) 

This equation has a distinct physical significance in 

situations where the available head is fixed. Let this 

fixed available head be H of equation (2.10). For any 

mixture of 

characteristics 

given flow concentration and 

(Cv and FIE) under a given head, 

sediment 

the flow 

velocity in the pipe is the same as that which would result 

for 

that 

clear water flow under Hw ft of head. This is to 

velocity and flow rate are unchanged if the liquid 

say 

is 

changed to clear water and the available head reduced to Hw 

instead of the fixed H. 
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Fig. 2.3 The hydraulic layout of the system 

Referring to Fig. 2.3: 

H = Ho + Zs - Hs ( 2 .11 ) 

Where H is the total available head for flow. From the 

Darcy-Weisbach relationship: 

2 
H = (f*L/D + KI)*V /2g (2.12) 

Where L is the total length of the pipe, f is the friction 

factor, D is the pipe diameter, V is the velocity of flow 

for clear water in the pipe, and KI is a coefficient which 

takes care of all the minor losses present. Because of the 

small value of the bed slope, So, the pipe length, L, can be 
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taken as (Xu + Xd) for most practical situations. Equations 

(2.11) and (2.12) can be used to solve for the velocity of 

flow and therefore the flow rate for clear water. In the 

case of sediment-water mixture, equation (2.12) may still be 

used if H is replaced by Hw of equation (2.10). Therefore: 

2 
Hw = (f*L/O + KI)*Vm /2g (2.13) 

Where Vm is the equilibrium velocity of the sediment-water 

mixture. Combining equations (2.10), (2.11) and (2.13), and 

rearranging: 

2 * g * 0 * (Ho+Zs-Hs) 
Vm = (2.14) 

(1+FIE*Cv) * (f*L+Kl*O) 

Applying equations (2.14), (2.4), and continuity to a given 

concentrat1on of sol1ds (Cv), a trlal-and-error procedure 

will determine the correct mixture velocity, Vm, and the 

necessary pipe diameter, 0, for a desired pipe flow rate and 

the available head. It is, therefore, possible to calculate 

the flow rate that will be established for a certain 

throughput concentration CV of a certain sediment (size and 

characteristics). Note that since Hw is less than H, it 

follows that Vm is less than V for all values of CV greater 

than zero. 
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l!he Efrrct iye Roughness CQDb~!lt.. 

In the situation shown in Fig 2.3, the total head 

loss for both the clear water and the sediment carrying 

cases is the head h, available. For the clear water case, 

the loss is due to a flow velocity V in the pipe whereas for 

the mixture this loss is brought about by a flow velocity Vm 

which is less than V. Assuming that the rheological 

properties of the mixture are similar to those of clear 

water, this means that the pipe was effectively rougher for 

the mixture than for the clear water case. This is to say 

that we have a mixture of similar rheological properties to 

clear water, flowing at a velocity equal to Vrn, and 

resulting in a total head loss equal to H. The Darcy-

Weisbach equation for this case is: 

2 
H = (fe*L/D + Kl) * Vm / 2g (2.15) 

Where fe is the effective pipe roughness. Having calculated 

the flow velocity Vm of the mixture from equation (2.14), 

the effective pipe roughness may then be calculated using a 

rearranged form of equation (2.15) i.e. 

2 
2*g*D*H - Kl*D*Vm 

fe = (2.16) 
2 

Vm * L 

Equation (2.14) and therefore equation (2.16) may only be 
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used once a certain flow concentration Cv is assumed to 

prevail in the pipe. A throughput concentration of sediment 

may be known only if it is actually controlled at the 

intake, i.e. a certain volume rate of sediment is allowed to 

mix wi th the wa'ter and thereby be transported. This wi 11, 

however, not be the case, and the concentration will in 

actuality be an unknown. What is known, is the fact that 

for any sediment and pipe system under a given head, there 

will be a maximimum concentration that the pipe will be 

capable of carrying. This maximum will be the equilibrium 

concentration of transport if the supply is not limiting. 

This capacity concentration will no doubt depend on the 

dynamic forces that the particles are subject to in the 

course of their transport in the pipe. 

Determination of the Capacity Concentration 

General Background 

Estimation of the sediment carrying capacity of 

natural streams and open channels has been attempted by many 

investigators. The result is numerous equations applicable 
\ 

to different cases (Henderson, 1966). Because of the 

• 0 
complexity of the problem all of the approaches lnvolve some 

degree of data correlation. The investigations are 

different with respect to basic understanding of the 

mechanisms involved in particle motion, and the subsequent 

models developed. Vanoni, et. al. (1961) compared the 
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observed values of sediment discharge rates at various rates 

of natural streamflow with those predicted with the 

established equations developed by DuBoys, Shields, 

Einstein, Kalinske, Laursen, and Einstein and Brown. He 

concluded 

completely 

that in general none of the equations do a 

satisfactory job of estimating the sediment load 

of rivers. One uncertainty, however, is the accuracy of the 

observed data; also very few systematic field measurements 

are available for comparison. Another uncertainty is the 

accuracy of the input information concerning the nature of 

the sediments. Accurate data on sediment size and 

distribution in rivers at times of flood, and the required 

average geometry and bed slope are not readily available. 

In view of these uncertainties, the question of which 

equation is most accurate cannot be confidently answered. 

One may only develop an inclination towards a certain 

approach after studying it's basic understanding of the 

problem and the experimental procedure used in its 

development. Based on this, and partly due to personal 

exposure and contact, the author has developed this 

inclination towards the Laursen equation (Laursen, 1958). 

The sediment transport problem encountered in pipes 

is fundamentally similar to that in natural rivers. 

Sediment, be it in suspension or as bed load, moves because 

of the action of the flowing water on the particles. This 
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is to say that because of the movement of the water (either 

in straight lines 

eddies) there is 

as in laminar flow, 

a force exerted by the 

or as 

water 

turbluent 

upon the 

particles. This force, depending on its magnitude and 

direction and the nature of the particles, 

suspension of particles, may merely push 

may 

the 

result in 

particles 

along, or may result in no movement. It is certain that 

this force will vary spatially both along the length of the 

pipe and across the cross section. There will no doubt be 

temporal fluctuations too. However, for a fully established 

equilibrium flow situation resulting in a constant rate of 

sediment discharge through a certain length of a pipe, it is 

possible to envisage an average value (temporal and spatial) 

for this force. This average force may in general be 

resolved into two mutually perpendicular directions, one in 

line (tangential) with flow direction and the other normal 

to it. The tangential force will be responsible for causing 

movement along the pipe whilst the normal force will be 

responsible for particle uplift and mixing. The normal 

component, in effect, reduces the resistance to movement of 

the particles. The tangential component of this force is 

best expressed per unit area of the surface upon which it 

acts i.e. as stress, and since its direction is tangential 

to the particles, it is a shear stress. In the literature 

it is generally referred to as particle shear stress or just 

particle shear. Most of the difficulty in sediment 
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transport models is estimating the magnitude of this average 

particle shear, and adequately accounting for the uplift and 

suspension due to the vertical force on particles. In 

Laursen's (1958) model a particle is considered to move 

(tangentially) when the magnitude of the average particle 

shear exceeds the critical particle shear which depends on 

the particle size, weight and shape. Laursen accounted for 

the extent of particle suspension and uplift by parameters 

comparing the magnitude of the total shear to the particle 

fall velocity, and the flow depth to particle size. 

These concepts are fundamental and should apply 

equally to pipes. In fact, because of the fixed geometry of 

the pipe, a more realistic and accurate analysis should be 

possible. Since.Laursen's model is primarily based on these 

concepts, it was felt that the Laursen equation could be 

modified to apply to sediment transport in pipe flow. 

The Original Laursen Equation 

The Laursen equation estimates the average 

concentlation, C (% weight), as: 

7/6 
(d/y) (To'/Tc - 1) . F(V*/W) (2.17) 

Where Y is the flow depth, d is the particle size, P is the 

fraction of particles with size d, To' is the average 

particle shear stress, Tc is the average particle critical 
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stress, and W is the particle fall velocity. V* is known as 

the shear velocity (Henderson, 1966). The magnitude of the 

ratio of shear velocity to fall velocity is believed to be 

indicative of the extent of suspension and the mode of 

transport. The term F(V*/W) 

(V*/W) which was determined 

is a graphical function of 

experimentally. Laursen 

developed his expression for the average particle shear, 

To', using the Manning equation with a roughness coefficient 

n, so as to account only for friction due to particles. 

This was done in the following manner. 

For steady uniform flow, the total sheer stress T, 

is given by (Hendersen, 1966) as: 

T = Gw * R * So ( 2 . 18 ) 

where Gw is the specific weight of water, R is the 

hydraulic radius, of flow and So is the bed slope. 

wide rectangular channel with depth equal to Yi 

Therefore 

From Manning 

v = 

Y = R 

T = Gw * Y * So 

2/3 
K * R 

n 

1/2 
* So 

For a 

( 2 . 19 ) 

( 2 • 20 ) 

( 2 . 21 ) 



38 

Where V is the flow velocity, n is the Manning roughness 

coefficient and K = 1.486 in English units. For roughness to 

be due only to the particles, Laursen took n as; 

n = 
1/6 

0.034 * dm , 

where dm is the mean sediment diameter in ft. 

(2.20) 

He then 

rewrote the Manning equation incorporating equation (2.19), 

(2.20) and (2.21), i.e 

or 

or 

2/3 1/2 
1.486 * Y * So 

V = (2.23) 
1/6 

0.034 * dm 

1/6 1/2 1/2 1/2 
1.486 * y * y * SO * Gw 

V = (2.24) 
1/6 1/2 

0.034 * dm * Gw 

1/6 
1.486 * y 

V = * 
1/6 1/2 

0.034 * dm * Gw 

1/2 
T (2.25) 

Taking Gw to equal 62.4 (lbs/cuft) and rearranging: 
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2 1/3 . 
V * dm 

T = (2.25) 
1/3 

30 * Y 

However, since only roughness due to the particles was 

considered, T is To' which is the average particle shear 

i. e. 

To' = 

2 
V 

1/3 
* dm 

1/3 
30 * Y 

(2.26) 

This procedure for determining the average particle 

shear is, therefore, based on isolating the losses solely 

due to particle roughness and thereby estimating the average 

shear stress which these particles must have been subject 

to. The average particle shear in a pipe may also be 

determined using the same principle provided that the losses 

due to particle roughness can be isolated. 

Modification of the Laursen Equation for Application to 
Pipes 

Determination of the Average Particle Shear in Pipe Flow 

As previously demonstrated, an effective roughness 

coefficient, fe, for the sediment carrying pipe may be 

calculated (Eq. 2.16) once the flow velocity is determined 

(Eg. 2.14). A portion of this total effective roughness may 

be thought to be due to particle roughness whilst the 
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remainder is due to the roughness of the pipe. The question 

is how to arrive at this division. 
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Fig. 2.4 Concentration profiles, after Durand (1953) 

In heterogeneous flow regime and when there is bed 

load, there exists a concentration gradient along the pipe 

profile. Figure 2.4 (a & b) shows the experimental 

concentration profiles at different velocities that Durand 

(1953) obtained. The concentration profiles in pipe flow was 

also the subject of investigation by Vinhas and Scarlett 

(1984) . They used the diffusion principle to solve for the 

concentration profiles in pipes of various geometries. 

Figure 2.5 shows a typical result for circular conduits. 

Their results indicate that in all cases, more than 90% of 
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the load is carried in the lower 1/3 of the pipe cross 

section. This is consistent with the results obtained by 

Durand (Fig. 2.4) where a distinct break in the sediment 

concentrations seems to exist at about 1/3 of the distance 

up from the pipe invert. 

A 31 % average concentration = 4.382 (vol. %) = 
B = 9.7 % 
C = 2.8 % 
D = 0.64 % 
E = .0598 % 

concentration contours 

Fig. 2.5 Concentration profile, after Vinhas and Scarlett 
(1984). 

It is, therefore, reasonable to assume that the pipe wall 

in the lower 1/3 of the pipe is fully covered with sediments 

such that the roughness in this region may be assumed to be 

solely due to sediment particle properties. Equation (2.20) 

is, therefore, applicable to this region. In the upper 2/3 

region, roughness is assumed to depend only on the pipe 
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in effect the pipe is made of a composite 

0/3 

Fig. 2.6 The effective pipe composition for roughness 

Fig. 2.6 illustrates the concept. With this approach, it is 

possible to determine that portion of the effective 

roughness coefficient fe, which is due to particle shear. 

If n is the effective Manning roughness coefficient 

corresponding to fe~ and n' and n" are those portions of the 

Manning's roughness which are due to the sediment and pipe, 

respectively, then: 

n = (P'*n' + P"*n") / P ( 2 . 28) 

Where P' is the pipe perimeter covered with sediments, P" is 
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the pipe perimeter not covered with sediments and P is the 

total pipe perimeter. Refering to Fig. 2.6, 

P' = 9 * D/2 (2.29) 

and 

pII = (2*PI - 9) * D/2 (2.30) 

where PI is the ratio of pipe circumference to diameter. It 

follows that; 

n = (9*n + (2*PI - 9)*n) I 2*PI (2.31) 

But from Fig. 2.6 

Cos(9/2) = 1/3 (2.32) 

therefore, 

9 = 4 'I: PI/5 (2.33) 

Substituting for 9 in equation (28): 

n = (4*n' + 6*n") I 10 (2.34) 

or 

nil = (lO*n - 4*n') I 6 (2.35) 

Similarly: 

fe = (4*f' + 6*f") 110 (2.36) 
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where f' is that portion of the Darcy-Weisbach coefficient 

due to particles, and f" is that due to pipe wall roughness. 

It can easily be shown that Mannings roughness and Darcy 

Weisbach roughness coefficients are related by; 

1/3 
* R * f 

n = (2.37) 
8 * g 

Where K is the unit conversion coefficient in Mannings 

equation and R is the hydraulic radius. One may, therefore, 

calculate n using fe in equation (2.37). It follows that; 

1/3 
* R' * f' 

n' = (2.38) 
8 * g 

and 

2 1/3 
* R" * fll 

nil = (2.39) 
8 '* g 

where R' and R" refer to the hydraulic radii of the lower 

1/3 and upper 2/3 of the pipe respectively. Assuming the 

areas corresponding to R' and R" to be pie-shaped portions 

of the pipe cross section, then R' and R~ are equal for all 

values of 0, therefore; 

n'/n" = ~ (2.40) 



or 

2 
f" = f' * (n" In ' ) 

45 

(2.41) 

Substituting for fll in equation (2.36) and rearranging: 

f' = 

2 
10 * n 

2 
4 * n' + 

2 
6 * nil 

* fe (2.42) 

In equation (36) n' is the roughness coefficient due 

to particles determined from equation (2.22), and nil is the 

Manning roughness coefficient calculated from equation 

(2.34). Equation (2.42) therefore allows for the 

calculation of that portion of the effective roughness which 

is due to the particles. In pipe flow total shear, T, is 

defined as; 
2 

T = (Pw*f/8) * V (2.43) 

where V is the mean flow velocity and Pw is the density of 

water. It follows that for flow under investigation here, 

the particle shear is given by; 

2 
To' = (Pw*f'/8) * Vm (2.44) 

Where Vm is the flow velocity of the sediment-water mixture. 

The development of the above therefore allows for the 

computation of particle shear stress To'. in the Laursen 

equation applied to pipes. 
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Determination of the Particle Critical Shear'Stress, Tc 

A number of investigators have attempted a first 

principle approach to define the conditions for initiation 

of motion. In general they attempt to balance the forces due 

to shear on the particle, which tend to move it, with those 

which resist motion, namely friction between particles. The 

development steps and assumptions involved are adequately 

covered by vanonl (1977) and are not repeated here. The 

result is to define a value of particle shear at which these 

opposing forces are equal and particle motion is initiated. 

This value is termed the critical shear stress, Tc, and is 

related to the size of the particle in the following manner: 

Tc = Kc * (Gs-Gw) * ds (2.45) 

Where ds is the particle diameter (size), Gs and Gw are the 

specific gravities of the particle and water respectively, 

and Kc is a constant which depends on the magnitude of the 

coefficient of friction between the particles and the nature 

of turbulent fluctuations at the boundary layer. If it can 

be assumed that initiation of motion is determined by the 

variables in equation 2.45, and the density (Pw) and 

viscosity (u) of the fluid, the following relationship is 

obtained from dimensional analysis: 
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Tc Uc * ds 
------------ = F ( --------- (2.46 ) 
(Gs-Gw) * ds y 

Where Uc is the critical shear velocity (Uc = V Tc/pw), y is 

the kinematic viscosty (y = p/Pw), and F denotes a function 

of. In the above relationship the left hand side is a 

dimensionless critical shear parameter (Kc of Equation 

2.45), while the right hanQ side represents a Reynolds 

number for the particles refered to as R herein. 

The relationship above was arrived at by Shields 

(1936) in a much less direct manner. Shields summarized his 

experimental data and those obtained by several other 

workers in a chart relating the dimensionless critical shear 

stress, Kc, to particle Reynolds number, R. According to 

this chart, known as the Shields curve, the value of Kc 

(Equation 2.45) is about 0.1 at R=1.0, which drops to a 

minimum of 0.032 at R=10, and increases to a value of 0.06 

at R=500. Kc remains constant (Kc = 0.06) for R greater than 

500. 

Shields results, although widely accepted, have not 

been confirmed by all investigators. The experimental. data 

of a number of workers has fallen both above and below 

Shields curve. White (1940), for example, found Kc to be 

totally independent of the particle Reynolds number, R. His 

experimental results suggested a constant value for Kc of 

about 0.1, regardless of particle Reynolds number. This view 
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is shared by other investigators. Kalinske (1947) reported 

the value of Kc = 0.117 (Kc*(Gs-G)=12 in the ft-Ib-sec 

system), while Laursen (1958) used Kc equal to 0.04 (Kc*(Gs-

G)=4). For this study the value of Kc is assumed to be 

independent of the particle Reynolds number. With regards to 

the suggested range of values for Kc, an average for this 

constant seems reasonable to adopt. For this study, the 

value of Kc was taken to equal 0.078 which is the average of 

the extremes fo~nd in the literature. This value for Kc is 

greater than that suggested by Shields (1936) for all 

Reynolds number values greater than 2, and about twice that 

suggested by Laursen (1958). It, therefore, overestimates 

the value of the critical shear stress' for the particle 

which is conservative. 

In Laursen's equation, for values of To'/Tc less 

than 1, the concentration, C, is zero. The same approach is 

adopted here, and the term (To'/Tc - 1) is only used for 

values of To'/Tc greater than unity. 

7/6 
The Term (d/y) in the Laursen Equation 

The term ( V T/p.; ) is known as the shear velocity 

V*, so that the term ( V To'/Pw) could be referred to as 

the particle shear velocity. In developing his equation, 

Laursen decided that the ratio of particle shear velocity to 

average flow velocity and the ratio of particle size to the 

average flow depth are significant parameters which affect 
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the extent of particle suspension and, therefore, should 

influence the average concentration, C, directly i.e.: 

V(TO' /Pw) * d 
c CC (2.47 ) 

v * Y 

Using the expression for To' that he developed (Eq. 24) it 

can be shown that: 

v (To' /Pw) * d 
oc 

v * y 

7/6 
(d/Y) 

7/6 

(2.48 ) 

This is why he included the term (d/Y) in his equation. 

For the pipe system, a similar parameter is assumed to be 

significant i.e.: 

V (To'/Pw) * d 
Co::; 

V * D 

It follows that: 

V 
a 

(To'/Pw) * d d 
CC 

V * D b 
D 

where a and b are constants. From Eq. (2.22): 

From equation (2.39): 

1/6 
n' cc d 

(2.49) 

( 2 • 50 ) 

(2.51) 



But from Eq (2.42): 

Therefore: 

From equation (2.44): 

Therefore: 

1/6 
nile:: 0 

flo:::: (n'/n") 
2 

1/3 
f'cc(d/O) 

2 
To I a: f I * V 

1/6 
r(To I/PW) ex (d/D) * V 

Therefore: 

V (To'/Pw) * d 

V * 0 

7/6 

cc 

7/6 
d 

7/6 
o 

50 

(2.52) 

( 2 • 53 ) 

(2.54) 

(2.55) 

(2.56) 

(2.57) 

Therefore, the term (d/Y) may be replaced by the term 
7/6 

(d/O) for use in pipes. 

The Term F(V*/W) in the Laursen Equation 

Laursen believed the average concentration to be 

proportional to some function of the ratio of total shear 

velocity to the particle fall velocity, V*/W (where V* is 
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given by V T/Pw ). This function is given by (see Eg. 

2.17): 

C 
F(V*/W) = (2.58) 

7/6 
(d/D) * (To'/Tc - 1) 

Measuring the concentration in his laboratory set up, 

Laursen determined the nature of this function and presented 

it graphically. 

For the pipe system a different function would 

undoubtedly be true. In order to determine this function, 

literature was searched for any available data relating 

concentration, pipe size, velocity, and sediment size. The 

best source of data found was the widely accepted 

relationship between the modified Froude number, FL (or the 

Durand number), and particle size, at different 

concentrations for non-uniform material (Fig. 2.7), which 

had been determined using test data correlation. This 

relationship, which was first determined by Durand and 

Condolios (1952), and later modified by Condolios and Chapus 

(1963), covers a wide range of materials and pipe sizes. 

Figure 2.7 wa5 develope,j 50 a5 to mark the velocIty of 

transport at which no depos its form i·n the pipe, known as 

the limit deposit velocity (VL). The relationship shows 

that for a given pipe, with a mixture flowing at the limit 

deposit velocity the concentration of particle transport 
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only depends on the particle diameter and the Durand number 

(FL). It must again be emphasized that the relationship 

(Fig. 2.7) is only true for flow velocity equal to VL. It 

is speculated that different but similar dependence on 

particle size and the Durand number can be expected at flow 

velocities other than VL. Note that the limit of deposition 

implies capacity conditions. 
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Fig. 2.7 Durand number at the limit deposit velocity vs 
the particle diameter for various concentrations 
after Bain and Bomington (1970). 

One way to generate additional data, is to use the 

mimimum head loss gradient concept. Various investigators 

have shown that for a given concentration of flow in a pipe, 

there exists a certain velocity at which the head loss 

gradient is at a minimum. This velocity is known as the 

critical velocity and is almost always greater than the 

limit deposit velocity. Figure 2.8, shows the limit deposit 
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Velocity ,VL (shaded line) and the critical velocity ,Vc 

(dotted line) and illustrates the concept. 
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Fig. 2.8 Head Loss Gradients at different Concentrations, 
after Bain and Bomington (1970) 

From the minimum head loss gradient, an equation for 

the critical velocity may be developed as follows: 

2 2 * g * D * H 
V = (2.59) 

(1 + Cv*F!E) * {f*L + Kl*D} 

Rearranging this in the form of head loss gradient; 

2 
V * (1 + Cv*FIE) * (f + Kl*D/L) 

J = H/L = (2.60) 
2 * g * D 

Assuming f is independent of the Reynold number (fully 

turbulent flow) the term (f + Kl*D/L) is a constant. 



Therefore: 
2 

J = (B/2*g*D) * V * (1 + FIE*Cv) 

where: 

B = f + Kl*D/L 

Using equation (2.4) to substitute for FIE in (2.61); 

1.5 
2 g*D*(S-l) 

J = (B/2*g*D) * V * ( Cv*K*(----------- + 1 ) 

Therefore: 

dJ B * V 
= 

dV 9 * D 

2 1/2 
V *Cd 

1/2 1.5 
B * Cv * K * (g*D) * (S-l) 

2 3/4 
2 * V * Cd 

At V = Vc, dJ/dV = 0 (for a constant Cv). Therefore: 

1/2 1.5 
B * Cv * K * (g*D) * (S-l) 

Therefore: 

2 3/4 
2 * Vc * Cd 

Vc = 
Cv * K 

3/4 
2*Cd 

1/3 

B * Vc 
= 

9 * D 

* /9*D*(S-1) 

which for the Durand coefficient, K = 81 reduces to: 
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( 2 . 61 ) 

(2.62) 

(2.63) 

(2.64) 

(2.65) 

(2.66) 



Vc = 3.43 '* 

1/3 
Cv 

1/4 
Cd 
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'It j 9 'k D'It(S-1} (2.67 ) 

From this, one can define a dimensionless number Fc similar 

to FL in that it depends only on the particle size and 

concentration. Thus, 

Fe 

2.0 CONCENTRATION 

15% 

10% 

5% 
1.0 

2% 

d (mm) 
3.0 o 1.0 

Fig. 2.9 Durand number at the critical velocity vs 
sediment diameter for various transport 
concentrations. 

1/3 
Vc 4.85 'It Cv 

Fc = = (2.68) , 

" 2*g1'0* (S-1) 1/4 
Cd 

where, by definition, the drag coefficient Cd is given by: 



Kd * g * d * (S-l) 
Cd = 

2 
W 
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(2.69) 

In the above Kd is a constant which depends on the particle 

shape (Kd = 4/3 for perfect spheres), W is the fall velocity 

of the particle, and d is the particle size. Figure 2.9 

shows the graphical representation of equation (2.68). 

From Fig. 2.6 it is apparent that the critical 

is in general greater than the limit deposit velocity, Vc, 

velocity, VL. 

difference 

This Is true for all particle sizes, with the 

increasing with increasing concentration. 

of Figs. 2.9 with Figure 2.7 however shows that 

of VC and VL from these figures is not 

Comparison 

predictlons 

consistent with the above for all particle sizes. Fc is 

less than FL for a certain range of particle sizes at each 

concentration. These ranges are; 1) all particle sizes at 

2%, 2) d less than 1.0 rom at 5%, 3) d less than 0.5 rom at 

10% and, 4) d less than 0.4 rom at 15% flow concentration. 

This means that there is something wrong either with the 

theory (equation 2.67 and 2.68 plus Fige 2.9) or with the 

test data (Fig. 2.7) in these specified ranges. 

However, since the test data are widely accepted, 

one can only assume that the mathematical development of the 

minimum energy concept may be incomplete, so that a smaller 

critical velocity than actual is predicted with decreasing 
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concentrations .. The reason for this could be the assumption 

of constant Darcy-Weisbach coefficient, f. With smaller 

concentrations, the flow velocity is less, resulting in a 

smaller Reynolds number such that the flow might be in the 

transition zone. The value of f would, therefore, be higher 

with a higher actual hp.ad loss gradient than predicted with 

the assumption of constant f. So when a constant f is 

assumed in the transition zone, the true critical velocity 

is higher than predicted since the predicted velocity 

underestimates the actual head loss gradient. In order to 

correct for this, the assumption of constant f should be 

eliminated. However, the mathematical relationships 

relating f to the Reynold number in the transition zone are 

cumbersome and their inclusion would make further analytic&l 

development of the minimum energy concept impossible. 

The assumption of constant f, however, is valid in 

the fully turbulent zone (higher concentrations, larger 

particles). Predictions of Eq. 2.67 may, therefore, be 

assumed acceptable whenever the predicted Vc is greater than 

VL obtained from FigUre 2.7. 

Note that the above analysis regarding the values of 

Vc and VL are mere speculations. It may well be that the 

value of VL is in reality greater than that of Vc. 

Figure 2.7 and equation 2.67 (for Vc greater than VL) 

can therefore be used in investigating the nature of the 

fvnction F(V*/W). 
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Determination of the Function 
Laursen Equation 

F(V*/W) in the Modified 

Using Figure 2.7 as a source of data, the Durand 

number, FL, corresponding to various particle sizes and flow 

concentrations was determined. Selecting pipe sizes ranging 

from 0.5 ft to 2.0 ft (range for which Figure 2.7 had been 

developed), the Durand numbers were converted to limit 

deposit velocities (for sand, S = 2.65). In this way a 

limit deposit velocity for each particle size, pipe size, 

and flow concentration waa determined. For each data point, 

V*/l:1 and F(V*/l~) were determined by: 

a) calculating SIE (Eq. 2.6) and FIE (Eq. 2.4). 

b) calculating clear \'later head loss gradient Jw (Jw = 

"wILl, using Eq. 2.14 (assuming f = 0.02, Kl = 0). 

c) calculating head loss gradient for sediment 

mixture, J (Eq. 2.7). 

d) determining the effective roughness fe (Eq. 2.17). 

e) determining n' (Eq. 2.22), n (Eq. 2.37) and nil (Eq. 

2.34). and thereby calculating f' (Eg. 36) and the 

particle shear, To', (Eq. 2.44). 

f) calculating Tc (Eg. 2.46), T (Eq. 2.43) and thereby 

V* (V*= ( V T/Pw) ) and the function F(V*/W) using 

(Eq. 2.58). 
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Fig. 2.10 is the result of the above procedure 

applied to each data point obtained from Fig. 2.7. From 

this figure, it is clear that for the mixture flowing at 

the limit deposit velocity, there exists a definite 

relationship between the shear velocity-fall velocity ratio 

(V*/~1) and the terms in the modified Laursen equation' (Eq. 

2.58) represented by F(V*/W). Since this relationship is 

based on ey.perimental data (Fig. 2,7), it -follows that the 

theoretical concepts and developments for modification 

of the Laursen equation presented earlier are practically 

meaningful. 

Fig 2.10 however is valid only for mixtures flowing 

at the limit deposit velocity since the data used for its 

development applied only to this flow velocity. The modified 

Laursen equation requires a relationship independent of the 
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flow velocity for it to be a useful tool. In order to 

investigate the dependence of the relationship in Fig. 2.10 

on the flow velocity, Eq. 2.67 was used to generate data 

relating the flow concentration, pipe size, and sediment 

size to the critical velocity Vc (for all Vc greater than 

VL). The generated data were processed in the same manner 

to obtain V*/W and corresponding F(V*/W). 

UOO.~OO--~----~I---r-I--'----'----~--~I -.--' 
F(Vw/W) 

Fig. 2.11 
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The function F(V*/W) developed for V=Vc for 
values of V*/W less than or equal to 8 

Fig. 2.11 shows the results and the range of V'It/Ttl 

values for the data extracted from Eq. 2.67. The results for 

V=Vc and V=VL, for the same range as in Fig 2.11, are 

superimposed in Fig. 2.12. Fig. 2.11 reconfirms the 

existence of a ·definite relationship between V*/W and 

F(V*/W), while Fig. 2.12 shows that this relationship is 

virtually independent of the flow velocity. 
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Fig. 2.12 The function F(V*/W) devloped for V=Vc and 
V=VL for values of V*/W less than or equal to 8 

Fig. 2.13 is the plot of F(V*/W) versus V*/W for all 

the data extracted from Pig. 2.7 and equation 2.67. Except 

for the number of data points Fig. 2.11, presenting data for 

both vc and VL, is virtually indistinguishable from Fig. 

2.10 which only contains data for VL. The independence of 

the function F(V/W) of flow velocity is therefore 

demonstrated. Further proof of this independence is only 

possible by laboratory testing or additional field data. 

Fig. 2.13 also shows the best fitting 2nd order 

polynomial to the points. It is believed (and also 

apparent) that this function is a reasonable description of 

the relationship between V*/W and F(V*/W). 
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Fig. 2.13 The fcnction F(V*/W) at all velocitIes. 

t'ihere; 

The modified Laursen equation therefore is; 

7/6 
Cpw = (d/D) * (To'/Tc - 1) * F(V*/W) 

2 
F(V*/W) = 108.63*(V*/W) + 4.81*(V*/W) 

In the above; 

(2.69) 

( 2 • 70 ) 

cpw = Average flow concentration in % by weight 

d = particle diameter 

D = pipe diameter 

To' = particle average shear stress 

Tc = particle critical shear stress 

V* = total shear velocity 

W = particle fall velocity 
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Note that the various terms in the equation are in 

dimensionless form so that consistent units are needed for 

the calculation of individual terms. The equation gives the 

concentration in % by weight. This may easily be converted 

to concentration in % of volume flow by; 

Pw 
Cpv = 'It 100 (2.71) 

Ps * ( 100/Cpt-/ - 1) 

t'1here; 

Cpv = average contration in % by volume 

Ps = density of the particles 

p,-! = density of '-later 



CHAPTER 3 

EXAMINATION OF THE BYPASS SYSTEM 

Various solution approaches 

Equation 2.69 and equation 2.14 together with the 

continuity principle, 

the available head (H), 

provide three relationships relating 

pipe diameter (D), pipe length and 

characteristics (L and f), and characteristics (d, W, Tc) to 

the flow velocity (V), bypass flow rate Q, and average 

concentration Cpw. Of these the available head is fixed, 

the particle diameter and other characteristics are a design 

inputs and Q is a design flow rate for the bypass. The 

remaining unknowns are pipe diameter and length, flow 

velocity, and transport concentration. Fixing one of these, 

it is possible to solve for the other three using equations 

(2.69), (2.14) and the continuity principle. For a given 

site (i.e available head H) and a design flow rate (Q) and 

particle size (d), these equations can be used to determine: 

(a) The intake location upstream of the dam, the 

necessary pipe diameter, and the resulting flow 

velocity to achieve a certain flow concentration. 

(b) The resulting concentration and flow velocity, and 

the necessary pipe diameter for a given intake 

location upstream of the dam. 

64 
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(c) The resulting concentration and flow velocity, and 

the necessary intake location upstream of the dam for 

a given pipe diameter. 

(d) The resulting concentration and the necessary pipe 

diameter and intake location upstream of the dam to 

achieve a desired flow velocity. 

For the design of the system (a) and (b) are most 

appropriate whilst (c) and (d) are useful in 

the operation of the system for a certain 

investigating 

design. These 

solution approaches are neccesary for the complete design of 

the system. In each approach, the equations for head loss 

(Eq. 2.14), capacity concentration (Eq. 2.69), and 

continuity are 

involves trial 

simultaneously 

and error and 

solved. 

is best 

Each approach 

handled with a 

computer. Separate computer programs for the solution of 

cases (a), (b), (c) and (d) were developed for"this study. 

These programs together with their solution flow charts are 

available upon request. 

Investigation of the Applicability of the Bypass System 

Table 3.1 is a list of some of the highest dams in 

the world. The height of a dam determines the available 

head for the bypass system. The high dams range between 600 

to 1000 ft. In general, the height of a dam can be anything 

between 10 ft and 1000 ft. The great majority of dams are, 

however, between 50 to 400 ft high. 
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Table 3.1 The highest dams in the world as reported in Water 
PO'<ler & Construction, Nov. 1979. 
------------------------------------------------------------

Height 

ND.meof Dam Count!l: ~ ~ ~ Com~leted 

RciJun (R,osmU) USSR Etuth 330 1002 U.C. (1985) 
Nludt USSR Earth 317 1040 U.C. (1985) 
QmndDbtmc: Switzerland Oravity 285 935 1962 
Jnguri USSR Arch 272 892 U.C. (1985) 
Cbialasm Mexico Rockfall 264 866 U.C. (1980) 
VlJiact Italy Arch 262 S60 1961 
Mica CmuuIn • Earth 2142 794 1973 
Saynn&wben USSR Arch 2142 794 U.C. (1980' 
MmJvoiIiD Swiuairuld Arch 237 777 1957 
Chivor cOlombia RocitfiD 237 776 1975 
Oroville USA (Calif.) Earth 236 770 1%8 
adrkey USSR Arch 233 758 1975 
IlhoIan (Oobind S:!snr) India Oravity l26 741 1963 
E1 Cajon Hondurns Arch 226 741 U.C. (1984) 
Hoover USA (Ariz.-Nev,) Alch-Grnvity 221 726 1936 
Cmura Switzerland Arch 220 722 1965 
MtmiDje Yugcmnvia Arch 220 722 1976 
~ USA (Idaho) Omvity 219 717 1972 
Ci!:D~ USA (Ariz.) Arch 216 710 1%4 
ToItto-JU} USSR Arch 21S 705 1%8 
DZ!id lolmnon 
·~No.S) CaJw1n Multiple Arch 214 702 1%8 

Imbum USA (Calif.) 00 210 695 U.C. 
~ S~litzerland Arch 20lJ 682 1963 
IC.eb:m Turl.cey Roddill-<lro\tUy '1iT1 679 1974 
Mo.!romcd Item Sh!'lb 

Pnhlnvi Iron Arch 203 666 1963 
A.Im:ndm Spmn Arch 202 662 1970 
Item Shnb Knbir 1rM Arch 200 6S(j 1973, 
1b:IJi:n Taiwan Arch 200 656 1973 
Imlnhrcln Au.!Itrin Arch 198 650 19711 
N,.""" BulImds &r USA (Calif.) Arch 194 637 1970 
N.,...., Md.o:lu:s USA (Calif.) 'RockflU 191 62S 1975 
Swill USA (Wash.) Rockfall 136 610 1958 
lWrc~No.4 JI:lpaD Arch 1M 610 1964 
,Mc.~ USA (WSIIb.) Arch 105 fJY7 1%9 
~ USA (O:!llr.) Arc:h-Omvity 183 602 1945 
~W.A.O. 0mm!1n Emth 183 600 Ig67 

An important area of investigation is the 

distribution of the deposited sediments. The size of the 

particles deposited in a reservoir ranges from very fine (d 
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less than 0.1 mm) deposited immediately upstream of the dam, 

to pebbles (d greater than 10 mm) at the head of the 

reservoir. The exact distribution pattern is site specific. 

The design size for the calculation procedure should be the 

largest expected at the intake location. 

1W.9 nr~~--------.---~--~r-------~--~ 
d (rnm) 

19.3 

a.01 

H : 6B9 (ft) 
Q: 59 (cfs) 

0.0 2~~.a SBQQ.3 7SGG.3 leG9Q. 12500. lSBGQ. 17SOG. 2~.a 

Dis tance (f t) 

Fig. 3.1 The necessary intake locations for 
flow concentration, particle size, 
and available head 

the desired 
flow rate, 

Fig. 3.1 shows the calculated necessary location of 

the intake of the pipe upstream of the dam for different 

sediment sizes transported at various capacity 

concentrat.l.ons. For each design flow rate and available 

head, there exists a family of such curves each referring to 

a certain capacity concentration. 

The pipe diameter and the resulting flow velocity at 
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each location are specific to the design flow rate, 

available head, and the transport concentration as well as 

the pipe material (roughness) and the extent of minor 

losses. 

equal to 

Fig. 

0.02 

3.1 

and 

was developed for a pipe 

total minor losses of 1.5 

roughness f 

times the 

velocity head. The calculated pipe diameters ranged from 1.4 

ft (for intake locations close to the dam, 15% concentration 

and 100 mm sediments), to 2.6 ft (for intake locations at 

the other extreme,5% concentration and 0.1 mm sediments). 

The flow velocites were 34.1 ft/s and 9.6 ft/s respectively. 

The results summarized in Fig. 3.1 are rather 

promising. They indicate that the transport of sediments in 

pipes under the head available at a reservoir is feasible. 

The very high concentrations (25% & 50%), and the· very 

coarse material (d greater than 10 mm) are included as a 

matter of interest. It is acknowledged that the theQretical 

developments of the previous sections might not apply in 

these ranges. 

The practicality of the bypass system however 

depends on the nature and the deposition pattern of 

sediments in the reservoir and their rate of inflow. Both 

of these vary with different locations. Fig. 3.2 sho\~ a 

typical depOSition pattern in an average size reservoir, 

superimposed on the X-d family of curves developed by the 

solution procedure for 50 (cfa) flow rate and 100 ft head. 
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One could generate similar graphs for other design flow 

rates and available heads. Any point to the left of the 

deposition pattern curve (bed material) on the concentration 

family curves is a feasible solution. 

1~.9 r-r-~---.---.---.----~--'----'---' 

d (mm) H : leg crt) 
Q: S9 (cfs) 

Fig. 3.2 

19.9 

1.9 

9.91 
9.9 SW.B 

Distance (ft) 

X-d diagram for design flow rate of 50 cfs and 
100 ft available head, superimposed on a typical 
sediment deposition pattern 

Edch distance and sediment size on each curve refers to the 

largest sediment size that may be transported from that 

location at that concentration. Smaller particles will be 
• • - •••••• Of' 

carried at higher concentrations. The system must be 

designed for the largest expected diameter at the intake 

location. Its operation (flow rate and concentration) for 

smaller particles may then be studied with the equations 

developed. Fig. 3.2 shows that for 50 cfs design flow and 
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100 ft available head, depending on the desired 

concentration, the deposited material as far away as 2700 ft 

(at 5%) and 1500 ft (at 50%) may be transported and 

discharged downstream. The rate of pure sediment discharge 

for each case would be 2.5 cfs and 25 cfs, respectively, 

(although the predictions at the higher concentration may 

not be accurate). 

Applicability of the Bypass Theories to General Situations 

The results summarized in Figs. 3.1 and 3.2 are in 

fact design charts applicable not only to the concept 

presented here, but also to any pipeline transport system 

dealing with granular material. The specified head need not 

be that present at a dam. The head could be generated with a 

pump. Fixing the pipe roughness and including the magnitude 

of the minor losses in the available head, it is possible to 

generate a whole family of such curves for use in the 

preliminary design of pipeline transport systems. The 

curves would be specific to the material being transported, 

i.e different curves would exist depending on the specific 

gravity of the particles. The charts indicate the upper 

limit of pipe length for the available head, design 

discharge, transport concentration, material size, and pipe 

characteristics. For this limit pipe length, a specific pipe 

diameter exists which is not indicated on the chart. 

For any study which includes a large number of 
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inter-related variables such as this one, the calculation 

procedures often have to be carried out by a computer. This 

has an alienating effect upon the reader and prospective 

user, since one cannot immediatly "see" and "feel" the 

developed concepts. It is, therefore, difficult to trust the 

results. One way to alleviate this problem is for the 

researcher to try to present his work in a graphical form, 

although this may not always be possible. 

In trying to do the above, it was discovered that 

the calculation procedure of chapter 2 resulted in a 

constant velocity for a given pipe (size and roughness), 

particle size, and transport concentration. 

that the capacit~ concentration for a 

material is always reached at a certain 

This is to say 

given pipe and 

velocity. This 

velocity was named the Capacity Concentration Velocity, Vx. 

It is the flow velocity at which the pipe transports the 

material at the maximum concentration possible, i.e at its 

full capacity. 

This was a break-through discovery which greatly 

simplified the understanding of the concepts and their 

presentation. It meant that a velocity parameter, similar to 

the limit velocity concept of Durand (1953), could be 

developed for this velocity. An attempt was therefore made 

to develop a chart from which the value of the Capacity 

Concentration Velocity, Vx, could be obtained easily. 
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Figure 3.3 shows the results obtained for a particular 

transport concentration. The results for other transport 

concentrations investigated are presented in Appendix A. 

From Figure 3.3 it is clear that for each size pipe, there 

exists a definite relationship between the dimensionless 

velocity number, Fx, and the size of the particle. This 

relationship is unique to the concentration of transport. 

Note the this concentration refers to the maximum (capacity) 

for the pipe. Cornp.:H i50n of the resul ts wi th the 1 imi t 
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deposit velocity (see Fig. 

Concentration Velocity is 

2.7), shows that the Capacity 

always greater. This would 

suggest, also, that there are no deposits in the pipe when 

transporting material at its maximum capacity. However, this 

does not mean that there is no bed load, i.e if there is bed 

load, it is moving without dunes or deposits. 

for the capcity concentration velocity, Vx, 

Furthermore, 

there exists a 

family of curves for each concentration. Each member of the 

family refers to a certain pipe size. Figure 3.3 and 

similar figures presented in Appendix A can, therefore, be 

used to determine the necessary flow velocity to have 

transport at maximum concentration. 

Fig. 3.4 shows the variation of Fx with particle 

size and transport concentration for a I-ft diameter pipe. 

This figure is provided for comparison of the capacity 

concentration velocity, Vx, and the limit deposit velocity, 

VL (see Fig. 2.7). Note that Fig. 3.4 is only true for a 

specific size pipe (D=1 ft), whi.le Fig.2.7 is reportedly 

(Durand (1953» true for all pipe sizes. 

Although the information on the magnitude of V)C is 

very useful, it is not complete for design purposes. In 

design, one is interested in the diameter of the pipe 

necessary to transport a certaIn rate of material to a 

desired location. One also needs to know the energy 

requirements of such transportation, i.e the head loss and 

the power requirements. 
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Fig. 3.4 Capacity velocity number! Fx, vs particle size, ds, 
at dif~erent concentrat ons for pipe diameter, 0, 
equal to 1 ft. 

Although the computer programs developed are capable 

of providing the necessary answers for a whole range of 

conditions based on the procedure described (see chapter 2), 

a design chart would be highly desirable. In trying to 

develop such a chart the following approach was adopted. 

The power necessary for transportation, P, is given by; 

P = Kp * Gm * Q * H ( 3 .1) 
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where 

Kp = 1 / (550 * e) (3.2) 

In the above, Gm 1s the specific gravity of the mixture 

flowing in the pipe (lbs/ft3), Kp is the power equation 

constant, e is the efficiency of the pump which is 1 for the 

dam situation (i.e no pump), Q is the flow rate of the 

mixture (cfs), and H is the available head (ft). With these 

units the power is computed in horsepower units (hp). The 

specific gravity of the mixture depends on the transport 

concentration and is given by; 

Gm = Cv*Gs + (l-Cv)*Gw (3.3) 

i.e 

Grn = Cv*(Gs-Gw) + Gw (3.4) 

where Gs and Gw are specific gravities of solids and water 

respectively. It was felt that a dimensionless power 

variable could relate to the particle size in a similar 

manner as presented in Figure 3.3. This dimensionless power 

variable was developed in the following manner. 

Pr = K * Gr * Hr * Vr * Ar (3.5) 

where, the subscript r refers to a dimensionless ratio, G Is 

specific graVity, H is head, V is velocity, A is area and K 
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is a constant. The following ratios were finally selected 

for each variable; 

Gr = Gm / Gw 

Hr = H / X 

Vr = Vx / ~ ~*D 

(3.6) 

(3.7) 

(3.8) 

(3.9) 

where As is the cross sectional area of the pipe where most 

of the sediments are being transported (see Figs 2.4-2.6), 

and Ap is the cross sectional area of the pipe. Based on the 

previous assumptions, the term AI is a constant. The term Hr 

is the head loss gradient for the mixture. The final form of 

the dimensionless power variable was; 

Pr = Gr * Hr * Vr (3.10) 

Investigation of the stability of this parameter 

with regard to the various variables (H,Vx,D,ds,C,X), 

required numerous runs with head (H) ranging from 1000 ft to 

50 ft, pipe diameter (D) from 0.1 ft to 10 ft, particle 

size from 0.05 rom to 10 mm, and concentrations from 1% to 

20% were tried. It was concluded that the dimensionless 

power parameter, Pr (Eg. 3.10), is reliable and stable only 

for a certain range of conditions. This range was; 

- All heads (H) greater than 150 ft. 
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- All particles (ds) less.than 5.0 mm. 

- All concentrations (C) less than 20 % by volume. 

- All pipe diameters (D) for C < 2%, 
D < 3.5 ft for 2% < C < 7%, 
D < 2.0 ft for 7% < C < 10%, 
D < 1.0 ft for 10% < C < 15%, 
D < 0.5 ft for 15% < C < 20%. 

Outside these ranges, the parameter became dependent on the 

value of the head, as well as the particle and pipe sizes. 

In particular there were significant problems with 

combinations of small heads with large pipes carrying large 

sediments. Here Pr increased as the magnitude of the head 

decreased. The ranges specified above however were stable, 

i.e the value of Pr was constant for all combinations of H, 

x, V, and D at a given ds and D. Note that the specified 

ranges apply only to the parameter Pr which was developed 

for the graphical presentation of the solutions. The 

solution procedure itself is not subject to the above 

restrictions. All investigations assumed a Darcy-Weisbach 

pipe roughness coefficient, f = 0.02, and a minor loss 

coefficient equal to 1.5 times the velocity head. The 

temperature was assumed to be 70 degrees Farenheit. 

Fig. 3.5 shows the relationship that exists between 

Pr and the remaining varialbes for the specified ranges. 

Again there exists a family of curves for each 

concentration. Each family member refers to a specific pipe 

size. The results presented in Fig. 3.5 are consistent with 
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common sense. Qualitatively, the figure reveals that higher 

power requirements are predicted with increasing particle 

size, decreasing pipe size, and increasing concentration. 

The higher power requirement with smaller pipes is because 

of the larger head loss associated with small pipes. 
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Fig. 3.5 Dimensionless power parameter, Pr, vs particle 
size, ds, for various pipe diameters at C = 10% 

The results are therefore sensible, indicating that the 

perceived model and the calculation procedure are credible. 

similar figures for other transport concentrations were 

de vel 0 p e dan dar e pre s-e n ted ina p pen d i x A. 
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In Fig. 3.6 the variation of the dimensionless power 

parameter, Pr, with particle size at different transport 

concentations is shown for a given pipe size. Again the 

results are sensible. These figures (3.3 to 3.6) or any of 

the figures provided in Appendix A), constitute a complete 

design tool. In order to use these for design, Fig. 3.3 is 

entered with a particle size with a trial pipe diameter and 

a design transport r:'<)nc~ntration. The value o[ F:·: tor these 
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this and a knowledge of the design flow rate, the value of 

the Capacity Concentration Velocity, Vx, is determined. 

The information on particle size, pipe diameter and 

concentration is also used Is Fig. 3.5 to determine the 

magnitude of the dimensionless power parameter, Pro Knowing 

Vx, D and Gm, the value of Pr is then used to calculate the 

head loss gradient in the trial pipe size. If this is not 

acceptable, then another pipe size is tried. 

Although the charts presented herein provide a 

complete design tool, they do not address the question of 

why one should design a system to operate under these 

conditions. In other words the advantages and disadvantages 

of transportation at the capcity concentration, Cx, have not 

been addressed and are not immediately apparent. 

the light of the reported fact (Vanoni, 1977) 

In fact in 

that, the 

head loss gradient is near a minimum at the limit deposit 

velocity, VL, transport at the capacity concentration 

velocity, Vx, may well be undesirable. 

The head loss equation used in this study (Eg. 2.4) 

was used to investigate and compare the head loss 

characteristics of flow at various velocities. Fig. 3.7 is a 

plot of head loss gradient versus flow velocity developed 

for various concentrations for a specified pipe, sediment 

size, and available head. Both limit deposit velOCity, VL, 

and capacity concentration velocity, Vx, have also been 
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Fig. 3.7 Head loss gradie~ts at various concentrations 

shown. It is indeed apparent that the head loss gradient is 

less for transportation at VL, compared to that at Vx. The 

point, however, is that the rate of sediment transportation, 

Qs, at the two velocities is different, and a comparison of 

the head loss gradients alone does not tell the whole story. 

In transportation in general one is not interested in the 

absolute value of energy consumption. The information one is 

concerned with is the energy required to do a certain rate 

of work. In other words how much material 15 being 

transported for the rate of energy that is being consumed. 

The parameter of interest is, therefore, the rate of 
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transport per unit head loss gradient (Qs for H/X = 1). 

Table 3.2 provides an 'insight to the real 

transportation situation. From this information, it is clear 

that a more efficient trasnportation results when the pipe 

flows at its maximum carrying capacity i.e at Vx. This is 

really intuitive since below this velocity the full 

potential of the pipe is not being realized. 

Table 3.2 Comparison of sediment transport at various 
velocities for D=2.0 ft, H=400 ft, ds=O.S mm. 

I conc. I VL I Vx I 
I (%) I (fps) I (fps) I 

Qsl I 
(cfs) I 

Qsx I 
(cfs) I 

Qrl I 
(cfs) I 

20 I 16.03 I 21.84 I 10.07 I 13.72 I 77.77 

15 I 15.74 I 20.52 I 7.42 9.67 I 69.36 

10 I 14.72 I 18.62 I 4.62 5.58 156.09 

5 I 13.12 I 15.46 I 2.06 2.43 I 38.08 

2 I 11.37 I 11.84 I 0.71 0.74 I 21.84 

Note: 
Qsl = Sediment transport rate at VL 
Qsx = Sediment transport rate at Vx 
Qrl = Sedlment transport rate per unit of head 

gradient for flew at VL 
Qrx = Sediment transport rate per unit of head 

gradient for flo\-I at Vx 

Qrx I 
(cfs) I 

98.09 I 

82.00 I 

63.27 I 

40.23 I 

21.94 I 

loss 

loss 

An analogy to transport of material using trucks is 

felt appropriate here. It may well be that if a truck is 

only partially loaded, its fuel consumption per mile would 

be at a minimum. But this does not mean that loading the 

truck partially is the most economical practice. It is 

obvious that the most economical practice is to fill the 
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truck up to its limit. The fuel consumption per mile will 

not be minumum, but transportation cost per unit of fuel 

used will be. It is, therefore, obvious that the pipe should 

be designed for its capacity i.e a flow velocity no less 

than Vx. 

130.0 

120.0 

----(f] 110.0 .... c (~ Vol) 
0 ......... 

CIJ ..... 100.0 
..... c 
o.~ 90.0-.0::-0 

0 
1::'-
oc) 80.0 
Q.(/) 
(/)(f] 70.0 
Co 
~-1 

60.0 1--0 
..... 0 
CCIJ 50.0 Q):t: 

E .... 
~o 40.0 
Q) ..... 
Ul'-

30.0 C 
:J 
'- 20.0 Q) 
a. 

10.0 

0.0 
0.0 10.0 20.0 30.0 

Velocity (ft/sec) 

Fig. 3.8 Sediment transport rate per unit of head loss 
gradient vs velocity at various conGentrations for 
D=2.0 ft, H=400 ft, ds=O.S mm 

The complete transport picture for flow at various 

velocities is porivide in Fig. 3.8. Design of systems must 

aim at transporting the material at the most efficient 

velocity. This is the veJocity where the peak transport rate 

per unit of head loss gradient is reached at each 
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concentration. It is apparent that the limit deposit 

velocity as determined by the chart attributed to Condolios 

and Chapus (1963) is far from t~is peak. It is also apparent 

that the capacity concentration velocity is, indeed, very 

close to this peak value. The capacity concentration 

velocity marks the lower limit of transportation velocity. 

The design transport velocity must be slightly higher 

(depending on concentration) than Vx. 

Investigatioan of the Flow Regimes for VL and Vx 

In order to study the nature of the flow regime 

under the limit deposit velocity, VL, and the capacity 

concentration velocity, Vx; the flow regime indices 

attributed to Craven (Laursen 1958), Zandi (1967), and 

Larsen (1968) were calculated for a range of pipe flow 

conditions. The relationships for these indices are provided 

in Eqs. 2.1-2.3. These indices are refered to as Bi, Ni, ~nd 

Nj repectivly. It should be remembered that the Craven index 

I Bi (see Fig 2.2) ranges from zero to 7 and indicates the 

extent of blockage in the pipe (7 means no blockage). A 

value of 40 for the Zandi index I Ni, marks the lower limit 

for heterogeneous flow, and a value of 316 for Larsen index 

I Nj, marks the lower limit for heterogeneous flow (upper 

limit for flow with bed load). 

Table 3.3 shows the values of each index at the two 

velocities VL and Vx calculated for different transport 
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Table 3.3 The flow regime indices at VL and Vx calculated 
for H=400 ft, 0=2 ft, and ds=0.5 mm. 

IConc.(%) 1 20 1 15 1 10 1 5 1 2 1 
---------1---------1---------1---------1---------1---------1 
1 I VL I Vx I VL I Vx I VL I Vx I VL I Vx I VL I Vx I 
IVelocityl----I----I----I----I----I----I----I----I----1----1 
I (fps) 116.0121.7115.6120.4114.7118.6113.0116.9111.4111.81 
---------1----1----1----1----1----1----1----1----1----1----1 
I Bi (-) I 2.11 2.81 2.21 2.91 2.41 3.01 2.71 3.21 3.21 3.31 
---------1----1----1----1----1----1----1----1----1----1----1 
I Ni (-) 118.7134.4123.6140.6131.5150.2149.0169.4194.01102 I 
---------1----1----1----1----1----1----1----1----1----1----1 
I Nj (-) I 67 1236 I 84 1247 I 99 1251 1120 1240 1177 1207 I 

concentrations. The system investigated is the same as that 

addressed in table 3.2 ( H=400 ft, 0=2 ft, ds=0.5 mm). It 

should be noted that VL and Vx are both independent of the 

head (H) so that these results are true for all conditions 

with these pipe and particle sizes. Since both VL and Vx 

depend only on pipe diameter (0), flow concentration (C), 

and particle size (ds), combinations of lowest and highest 

values expected for each variable were tried in the 

investigations. Tables 3.4 through to 3.7 show the results. 

It is apparent that the indices are not consistent 

with regards to the prevailing conditions for flows at VL 

and Vx. However, it is possible to get a general idea of 

what might be happening with regards to possible flow 

regimes and presence of bed load and bed deposits. The 

indications are that there is bed load present at both flow 

velocities (VL and Vx) under most transport conditions. The 

extent of the bed load is more at VL compared with Vx. This 
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Table 3.4 The flow regime indices at VL and Vx calculated 
for H=400 ft, D=5 ft, and ds=4.0 mm. 

IConc.(%) I 20 I 15 I 10 I 5 I 2 I 
---------1---------1---------1---------1---------1---------1 
I I VL I Vx I VL I Vx I VL I Vx I VL I Vx I VL I Vx I 
IVe1ocityl----I----I----I----I----I----I----I----I----1----1 
I (fps) 124.7144.6123.0142.2122.6138.5121.0132.0119.1124.51 
---------1----1----1----1----1----1----1----1----1----1----1 
I Bi (-) I 2.01 3.71 2.11 3.81 2.31 4.01 2.71 4.21 3.41 4.31 
---------1----1----1----1----1----1----1----1----1----1----1 
I Ni (-) I 7.6124.91 8.9129.7112.8137.1122.1151.5145.9175.21 
---------I----I----I----I----I----I----I---~I----I----1----1 
I Nj (-) 111.61123 111.81132 116.41137 124.31132 142.11113 I 

Table 3.5 The flow regime indices at VL and Vx calculated 
for H=400 ft, D=5 ft, and ds=O.l mm. 

IConc.(%) I 20 I 15 I 10 I 5 I 2 I 
---------1---------1---------1---------1---------1---------1 
I I VL I Vx I VL I Vx I VL I Vx I VL I Vx I VL I Vx I 
IVe1ocityl----I----I----I----I----I----I----I----I----1----1 
I (fps) 116.1116.8115.2116.1114.3114.9111.5112.71 9.7110.11 
---------1----1----1----1----1----1----1----1----1----1----1 
1 Bi (-) 11.3311.3911.3811.4611.4811.5411.5111.6611.7211.801 
---------I----I-----I----I----I----I-~--I----I----I----1----1 
1 Ni (-) 130.3133.0135.9140.0147.5151.4161.8175.51109 1119 I 
---------1----1----1----1----1----1----1----1----1----1----1 
I Nj (-) 1183 1218 1193 1240 1225 1264 1191 1285 1237 1284 I 

is logical since Vx > VL for all situations. The value of 

the Craven index, Bi, suggests that bed deposits may well 

be present for both VL and Vx. Existence of deposits at VL 

are, however, more likely since VL is always less than Vx. 

Bed deposits at VL is inconsistent with the name given to 

this flow velocity (limit deposit velocity) and the concept 

it addresses. This means that the limit deposit velocity may 

not mark the limit of deposition, at least not always. 
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Presence of bed deposits at VL, however, is consistent with 

the findings of the previous section of this manuscript, 

regarding transportation capacity. If there are deposits, 

then the system is overloaded, i.e the velocity is not 

sufficient and a higher transport velocity is required. 

Deposition of the material on the bed results which decrease 

the cross sectional area and therefore increases the flow 

velocity. Deposition would not occur if the correct velocity 

(which is higher) were used. 

Table 3.6 The flow regime indices at VL and Vx calculated 
for H=400 ft, 0=0.1 ft, and ds=4.0 mm. 

IConc.(t)1 20 I 15 I 10 I 5 I 2 I 
---------1---------1---------1---------1---------1---------1 
I I VL I Vx I VL I Vx I VL I Vx I VL I Vx I VL I Vx I 
IVelocityl----I----I----I----I----I----I----I----I----1----1 
I (fps) 13.4918.1813.2617.8013.1917.2112.9716.1712.7015.011 
---------1----1----1----1----1----1----1----'1----1----1----1 
I Bi (-) 12.0314.7612.0915.0012.3415.2912.7415.7013.3916.281 
---------1----1----1----1----1----1----1----1----1----1----1 
I Ni (-) 17.60141.818.89150.8112.8165.1122.1195.6145.91157 I 
---------1----1----1----1----1----1----1----1----1----1----1 
I Nj .(-) 111.61350 111.81387 116.41423 124.31456 142.11493 I 

Table 3.7 The flow regime indices at VL and Vx calculated 
for H=400 ft, 0=0.1 ft, and ds=O.l mm. 

IConc.(t)1 20 I 15 I 10 I 5 I 2 I 
---------1---------1---------1---------1---------1---------1 
I I VL I Vx I VL I Vx I VL I Vx I VL I Vx I VL 1 Vx I 
IVelocityl----I----I----I----I----I----I----I----I----1----1 
I ( f ps ) I 2 . 28 I 3 . 19 I 2 . 15 I 3. 00 I 2 . 02 I 2 . 72 11 . 63 I 2 . 28 1·1 . 37 11. 77 I 
---------1----1----1----1----1----1----1----1----1----1----1 
I Bi (-) 11.3311.8611.3811.9211.4812.0011.5112.1011.7212.221 
---------1----1----1----1----1----1----1----1----1----1----1 
I Ni (-) 130.3159.1135.9169.7147.5186.4161.81120 1109 1182 I 
---------1----1----1----1----1----1----1----1----1----1----1 
I Nj (-) 1183 1698 1193 1728 1225 1746 1191 1728 1237 1665 I 
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The Craven index, Bi, increases in value, thus 

indicating lesser pipe blockage with decreasing 

concentration, increasing particle size, and decreasing pipe 

size. Based on this index, esimated pipe blockage ranges 

from about 50% for large pipe (0=5 ft) transporting small 

size sediments (ds=O.l mm) at high concentration (C=20%), to 

near zero blockage for small pipe (0=0.1 ft) transporting 

large size sediments (ds=4 rnrn) at low concentration (C=2%). 

Although not always consistent, the other indicies (Ni and 

Nj) show similar trends. The only condition where all 

indices indicate heterogeneous flow (minimum bed load) is 

with small pipes, large sediments and low concentrations. 

All other conditions seem to involve bed load presence. 

Further interpretaion of these indices is left to the 

reader. 

Analysis of the Bypass Concept by Application to Hypothetical 
Situations 

An important aspect of the feasibility of the system 

is the rate of sediment inflow to the reservoir. This 

information must be available, either by long term sampling 

or careful application of one of the river sediment 

transport equations. For this study the most appropriate 

approach would be to apply the original Laursen equation to 

a certain river. This is because it could be argued that if 

errors exist in calculating the inflow rate of sediments, 
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similar errors would also exist in outflow calculations 

since the calculation principles are fundamentally the same 

for both approaches. The errors, therefore, would tend to be 

compensating. Such analysis would serve as a somewhat 

realistic estimate with regards to the practicality of the 

proposed bypass system. 

Table 3.8 Maximum and minimum values for characteristics of 
three rivers, after Vanoni (1977) 

I River I Niobrara 
I Character ist ic I near 
I I Cody, Neb. 

Flow (cfs) 
Min. 
Max. 

Width (ft) 
Min. 
Max. 

Depth (ft) 
Min. 
Max. 

Sed. Size (mm) I 
Min. I 
Max. I 

Slope (ft/ft) 
Min. 
Max. 

Temp. (deg F) 
Min. 
Max. 

208 
668 

104 
178 

0.97 
2.42 

0.2 
0.4 

0.00116 
0.00125 

32 
78 

Middle loup I Colorado I 
at I at Taylor'sl 

Dunning, Neb. I Ferry I 

319 
482 

123 
154 

0.8 
1.4 

0.23 
1.0 

0.00102 
0.00150 

32 
88 

3,720 
11,000 

300 
354 

3.8 
11.0 

0.27 
0.40 

0.000147 
0.000333 

48 
80 

Notes: 1. Depths are Mean values. 
2. Sediment sizes are median values. 
3. Slopes are those of the water surface. 
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Table 3.8 shows the characteristics of three 

different rivers found in the literature (Vanoni, 1977). In 

addition, data concerning the same characteristics for the 

Red river at Alexanderia, LA., was available through sources 

at the Department of Civil Engineering and Engineering 

Mechanics at the University of Arizona. The average value 

for eas;.b .. var iable is presented in table 3 ~ 9. 

Table 3.9 Average values 
rivers used in 
calculations 

for 
the 

characteristics of four 
sediment inflow-outflow 

River I Niobrara I Middle I Colorado I Red 
I Characteristic I I loup I I 

Flow (cfs) 438 400.5 7,360 I 31,000 

Width (ft) 141 138.5 327 566 

Depth (ft) 1.695 1.1 7.4 23.19 

I Sed. Size (mm) 0.3 0.615 0.335 0.291 

Slope (ft/ft) I 0.001205 I 0.00126 I 0.00024 I 0.00007 I 

Temp. (deg F) 55 60 64 65 

These were used in the Laursen model to estimate the 

sediment load of each river. The same values were also used 

in the procedure proposed here to estimate the outflow 

characteristics of bypass systems on hypothetical dams. 

Whether actual locations for such dams exist is unknown and 

immaterial for this exercise. The water surface slopes shown 

were assumed to be the same as the bed slopes ( since better 

data were not available). 



Table 3.10 Input values and results using the 
sediment transport model. 

I River I Niobrara I 
I Characteristic I I 

Middle I Colorado I 
loup I I 
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Laursen 

Red 

Flow (cfs) 438 400.5 7,360 I 31,000 

I Sed. Size (mm) I 0.3 0.615 0.335 0.291 

Slope (ft/ft) I 0.001205 I 0.0017.6 I 0.00024 I 0.00007 I 

I Conca (% vol) I 0.257 

I Sed. Transp. 
I Rate (cfs) 1.126 

0.590 

2.363 

0.0768 0.0231 I 

5.652 7.161 

In table 3.10, the estimated sediment transport rate 

of each river based of the Laursen model are summarized. The 

calculated concentration would have been somewhat different 

if the complete and correct size distribution of the 

sediments had been used. The calculated values however are 

in the expected range and indicate the average sediment 

transport rates which are likely. These values are the 

inflow to the reservoirs created by the hypothetical dams. 

For each river, two hypothetical dams of different 

heights ( high H~300 ft, and low H=50 ft), were assumed to 

exist. These were assumed to be equipped with the bypass 

system. For each case two different bypass design flow rates 

were used. These were 10% and 1% of the average river 

dischcrge rates. These design values together with the 

sediment characteristics of each river were then used in the 
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calculation procedure outlined before to come up with the 

specifications of the bypass system. 

Table 3.11 Results of the outflow analysis for the bypass 
system on Niobrara river with dam height=50 ft. 

I Q (cfs) I 4.38 I . 43.8 

I Cv (%) I 1 10 1 10 

IQs (cfs) I 0.0438 0.438 0.438 4.380 

I X (ft) I 2920.4 659.9 2876.7 598.0 

I D (ft) I 0.964 0.740 2.441 1.888 

IVx (fps) I 6.004 10.193 9.358 15.644 

I VL (fps) I ? 8.379 ? 13.279 

I XL (ft) I 758.6 675.3 

I QL (cfs) I 3.60 37.180 

I CL (%) 5.69 6.22 

I X/L (%) I 7.4 1.59 6.93 1.44 

Notes: 
Q 
Cv 
Qs 
X 
D 
Vx 
VL 
XL 
QL 
CL 
X/L 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

The design flow rate selected for the system. 
Capacity ccncentration in the pipe (% by volume). 
Rate of pure sediments evacuated. 
Location of pipe intake upstream of the dam. 
Diameter of the pipe necessary. 
Velocity in the pipe under operation. 
The limit deposit velocity for the conditions. 
Intake location for flow velocity to equal VL. 
The resulting flow rate with intake at XL. 
capacity concentration with intake at XL. 
Percent of reservoir length accessed by pipe. 

I. 

In tables 3.11 and 3.12 a somewhat comprehensive 

summary of the system specifications and analysis results is 

shown. The intake location, X, upstream of the dam, the 

pipe diameter (D) and velocity (Vx) are computed for the 
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Table 3.12 Results of the outflow analysis for the bypass 
system on Niobrara river with dam height=300 ft. 

10 (cfs)1 4.38 43.8 

I Cv (%) I 1 10 1 10 

lOs (cfs) I 0.0438 0.438 0.438 4.380 

I X (ft) I 17862.3 4217.6 18121.6 4244.2 

I D (ft) I 0.963 0.738 2.438 1.877 

I Vx (fps) I 6.009 10.235 9.379 I 15.832 

I VL (fps) I ? 8.379 ? 13.279 

I XL (ft) I 4826.8 4754.4 

IOL (cfs) I 3.59 36.74 

I CL (%) 5.616 5.975 

IX/L (%) I 7.17 1.69 7.28 1.70 

desired flow rate (Q) and transport concentration (Cv). With 

these values the equations describing head loss (Eq. 2.4), 

capacity concentration (Eq. 2.69) and continuity are 

simultaneously satisfied for the pipe, sediment size, dam 

height and water temperature specified. The value of the 

limit deposit velocity, VL, is also provided in the tables 

for comparison. The necessary intake location of the (pipe 

in order to achieve this velocity in the pipe) together 

wi th the sediment transport concentration and "later flO\., 

rate which results for this condition are also calculated. 

The results of the analysis for the other three rivers are 
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Table 3.13 Results of the outflow analysis for the bypass 
system on Middle Loup River with dam height=50 ft. 

I 0 (cfs) I 4.005 40.05 

I C (%) 1 10 1 10 

lOs (cfs) I 0.04005 0.4005 0.4005 4.005 

I X (ft) I 1964.2 425.5 1898.5 359.8 

I D (ft) I 0.872 0.668 2.207 1.701 

IVx (fps) I 6.702 11.434 10.469 17.622 

I VL (fps) I ? 9.097 ? 14.418 

I X/L (%) I 4.95 1.07 4.78 0.91 

Table 3.14 Results of the outflqw analysis for the bypass 
system on Middle Loup River with dam height=300 ft. 

10 (cfs)1 4.005 40.05 

Ie (%) 1 10 1 10 

lOs (cfs) I 0.04005 0.4005 0.4005 4.005 

I X (ft) I 12090.8 2785.9 12169.7 2751.8 

I D (ft) I 0.872 0.666 2.203 1.685 

I v (fps) I 6.712 11.513 10.506 17.953 

I VL (fps) I ? 9.097 ? 14.418 

I X/L (%) I 5.08 1.17 5.11 1.16 

shown in tables 3.13 throught 3.18. A general discussion of 

the trends observed in the results follows. 

An important factor regarding the practicality of 

the system is the extent of the reservoir accessed by the 

pipe. This is expressed as a percentage of the total 
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Table 3.15 Results of the outflow analysis for the bypass 
system on Colorado River with dam height=50 ft. 

I Q (cfs)1 73.6 736.0 

I C (%) 1 10 1 10 

lOs (cfs)1 0.7360 7.360 7.360 73.6 

I X (ft) I 2669.6 413.2 2414.9 300.4 

I D (ft) I 2.979 4.203 7.576 6.146 

I V (fps) I 10.559 22.343 16.352 24.810 

IVL (fps)1 12.460 19.291 19.748 23.969 

I X/L (%) I 1.28 0.20 1.16 0.14 

Table 3.16 Results of the outflow analysis fer the bypass 
system on Colorado River with dam height=300 ft. 

I Q (cfs)1 73.6 736.0 

I C (%) 1 10 1 10 

IQs (cfs)1 0.7360 7.360 7.360 73.6 

I X (ft) I 17068.2 3959.8 17135.1 3835.0 

I D (ft) I 2.975 2.290 7.541 5.859 

I V (fps) I 10.591 17.869 16.478 27.298 

I VL (f ps) I 12 . 460 19.291 19.748 23.969 

I X/L (%) I 1.36 1.37 0.31 

reservoir length. It is clear that as the design transport 

concentration of the sediments increases, a smaller portion 

of the reservoir can be accessed by the system. This is 

because of the higher head loss associated with higher 
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Table 3.17 Results of the outflow analysis for the bypass 
system on Red River with dam height = 50 ft. 

I Q (cfs) I 310.0 3100.0 

I C (%) 1 10 1 10 

lOs (cfs) I 3.10 31.0 31.0 310.0 

I X (ft) I 2542.6 413.2 . I 2061.3 

I D (ft) I 5.331 4.203 13.668 

I V (fps) I 13.888 22.343 21.128 

I VL (f ps) I 15 . 695 19.291 24.875 

0.37 0.06 0.30 

Table 3.18 Results of the outflow analysis for the bypass 
system on Red River with dam height=300 ft. 

I Q (cfs)1 310.0 3100.0 

I C (%) 1 10 1 10 

IQs(cfs) I 3.10 31.0 31.0 310.0 

I X (ft) I 17127.2 3905.5 17043.8 3604.4 I 

I D (ft) I 5.315 4.113 13.517 10.004 I 

I V (f ps) I 13.971 23.334 21.603 35.102 , 

I VL (f ps) I 15 . 69 5 19.291 24.875 30.574 I 
-----~------------------------------------------------------
IX/L (%) I 0.42 0.10 0.42 0.09 

concentrations. Increasing the design concentration also 

results. in a smaller diameter pipe flowing at higher 

velocity. 
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Increasing the design flow rate (while keeping the 

same desired concentration) in the system results in a 

bigger pipe flowing at a higher velocity. There is little 

effect on the intake location of the pipe. Increasing the 

height of the dam means that there is more energy available 

for the bypass system. The limit of the pipe intake location 

is, therefore, increased meaning that the pipe can transport 

material from farther away upstream. With increasing dam 

height, however, the length of the reservoir upstream of the 

dam is also increased. Tables 3.8 through 3.18 show that 

the ratio of the length accessed by the pipe to the total 

length of the reservoir is almost constant for each flow 

rate and desired concentration. This is to say that this 

ratio is apparently independent of the height of the dam and 

depends only on the sediment characteristics, pipe 

roughness, design flow rate, and the desired transport 

concentration in the pipe. 

The percent of the reservoir length accessed by the 

bypass pipe seems somewhat small in these hypothetical 

cases. The percent of reservoir volume accessed, however, 

would be considerebly greater. If the volume is assumed to 

increase as the cube of the distance from the head of the 

reservoir, 10% of the reservoir length measured from the dam 

includes about 20% of the volume. How much of the reservoir 

to preserve, how much of the flow to devote to bypassing 
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become site specific problems on a case by case basis. Th~ 

values for the bypass flow rate (1% and 10% of Qav) 

selected and the design concentrations used (1% and 10%), 

were somewhat arbitrary and were for demonstration purposes. 

They demonstrate that a wide range of solutions is possible 

and that the final solution can be decided upon only after 

consideration of other factors. Associated with each design 

are the costs and benefits which must be calculated 

considering many factors. These would include the benefits 

associated with saving or increasing the reservoir storage 

capacity, possible lower flood stages upstream, and 

~ownstream benefits due to absence of scour. The cost 

analysis would include all costs associated with 

installation and operation of such a system. It is 

speculated that plots of.,~~n?fit-cost ratios versus storage 

preserved, or amount of water used, or transport 

concentration in the pipe, would be somewhat of a "flat" 

curve whereby the "optimum" design would not be immediaetly 

apparent. The selection of the final design IrlOuld, 
~.' 

therefore, be baserl upon site specific factors and other 

requirements. 

One area of intrest in the investigations here is 

the design that would aim at bypassing the inflow sediments 

only i.e. what concentration of sediment transport is 

necessary for a certain bypass (water) flow rate, or what 

percentage of the average annual yield of the river would be 
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necessary to bypass the inflow sediments at a desired 

concentration. And what would be the specifications of the 

systems above. 

Table 3.19 The necessary transport concentrations and the 
bypass system specifications to discharge the 
inflow sediments using 1% and 10% of average 
river discharge with dam height=150 ft. 

Niobrara I Middle Loop I Colorado Red 

I Os I 
I (cfs ) I 1.126 2.363 5.652 7.161 

I 0 I I I I I I I I I 
I (cfs) 14.38 I 43.8 I 4.005140.05 I 73.6 I 736 I 310 13100 I 

I Cv I I I I I I I I I 
1(% V)125.7 I 2.57 159.0 I 5.90 I 7.68 ;0.7681 2.31 10.2311 

I X I I I I I I I I I 
I (f t) I 118 4 I.. 4 8 8 4 I 4 4 7 I 18 6 3 I 2 2 5 0 I 9 8 9 0 I 4 8 21 I 2161 7 I 

I D I I I I I I I I 
I (ft) I 0.681 2.18 I 0.58 I 1.78 I 2.36 17.79 I 4.82 116.111 

I Vx I I I I I I I I I 
I ( f ps) 112. lO I 11. 74 I 14.94 I 16.00 I 16.90 115. 451 17.00 115. 211 

I VL I I I I I I I I 
I (fps ) I ? I 11.111 ? I 13.281 14.21115.291 16.251 ? 

I X/L I I I I I I I I I 
I (%) ! 0.951 3.92 I 0.38 I 1.57 I 0.36 11.58 I 0.23 I 1.011 

In table 3.19 the necessary pipe concentrations and 

system specifications to pass the inflow sediments for an 

average size dam (150 ft), using 1% and 10% of the average 

annual yield of the river are shown. It is clear that the 

calculation procedure developed in this study can come up 
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with answers for the very high concentration (25.7% and 59%) 

necessary when using only 1~ of the average discharge. The 

accuracy of these computations however are not certain since 

they are outside the range of the experimental data that 

was used to develop the calculation procedure. The 

calculated values however behave logically, and the answers 

are consistent with common sense and judgment. The message 

is that using a smaller percentage of the flow means a 

higher required transport concentration, and therefore a 

smaller percentage of the reservoir can be accessed by the 

pipe system. With higher concentrations, however, the pipe 

diameters are smaller which means lower cost, but the 

transport velocity is much higher which means faster rate of 

abrasion. These factors all enter in the decision-making 

process leading to the best design. 

Table 3.20 summarizes the input information and 

system 

inflow 

specifications 

sediments at 

for a system aiming to bypass 

a fixed concentration of 10%. 

the 

The 

hypothetical dam is 150 ft high. In these four cases, the 

amount of water needed to bypass the inflow sediments is 

well below 10% of the average annual (water) value. The 10% 

concentration of table 3.20 is considered normal for pipes. 

More water would be needed 

concentrations were designed for, 

reservoir accessed would be more. 

if lower transport 

but the extent of 
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Table 3.20 Bypass system specifications to transport the 
inflow sediments of the four rivers at a 
concentration of 10% with dam height=150 ft. 

I Niobrara I Middle Loop I Colorado I Red 

I Qs (cfs) I 1.126 2.363 5.652 7.161 

I Q (cfs) I 11.26 23.63 56.52 71.16 

I Q (% Qa v) I 2 . 57 5.90 0.768 0.231 

ICv (% Vol) I 10 10 10 10 

I X (ft) 2079.5 1335.2 1909.9 1901.0 

I D (ft) 1.083 1.364 2.060 2.262 

I vx (fps) I 12.235 16.176 16.961 I 17.700 

I VL (fps) I 8.277 12.974 11.819 I 14.372 

I X/L (%) 1.67 1.12 0.31 0.09 

Overall the results of the analysis for these 

hypothetical cases show that the bypass system is indeed a 

feasible proposition. The information used in the analysis 

was sufficient to give a preliminary indication of the 

feasibility of the system. The design of an actual system 

will be more detailed requiring much more detailed and 

higher quality data. 



CHAPTER 4 

SUMMARY AND CONCLUSION 

Summary 

Trapping of sediments by reservoirs results in 

significant problems downstream of the dam, in the 

reservoir, and in the river reach upstream. A major problem 

is loss of storage as the reservoir becomes filled with 

sediments. No really desirable solution to this problem 

exists to date. Often no feasible solution exists. 

A 

mitigate 

system is proposed which, 

for the above effects 

in effect, tries 

through bypassing 

to 

the 

sediment load of the river and discharging it downstream of 

the dam. The bypass is made possible with a pipe which, 

because of its flow characteristics, is much more efficient 

in transporting sediments than in an open channel. This is 

why the system is fundamentally sound and operational. The 

bypass system requires a fraction of reservoir water inflow 

for the transport of the total sediment load of the river. 

In order for such a system to be effective, it must 

be designed according to the site specific conditions. This 

requires comprehensive theory relating the pipe and 

sediment charateristics to transport concentration and head 

loss requirements. such theory was simply not available. In 

102 
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this study the widely accepted head loss equation for 

sediment transport in pipes attributed to Durand (1953) was 

used. This equation which is based on extensive experimental 

data, covers the likely range of pipe and sediment sizes, 

plus flow concentrations for the proposed system. For 

estimating the capacity concentration, the Laursen sediment 

transport principle and equation for rivers was modified for 

application to pipes. Because of the fixed boundary 

(geometry) and material, this equation is much more powerful 

and accurate when applied to pipes. The equation was 

developed using experimental data found in the literature. 

These two equations together with the continuity principle 

were coupled together in an iterative solution procedure. 

computer programs were developed to handle the different 

solution approaches possible, while design charts applicable 

to a certain range of conditions were presented. The 

concepts presented in this study together with the solution 

procedures are applicable to all pipe line systems 

transporting granular material. 

Analysis of the results showed the existence of a 

flow velocity, Vx, at which the pipe achieves !ts maximum 

capacity for sediment transport. This velocity, which is 

specific to each combination of pipe size, sediment size, 

and transport concentration, is very nearly the most 

economical velocity for transportation. The value of Vx may 
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be obtained from the developed desig~ charts. 

In order to investigate the viability of the bypass 

concept, the sediment transport capabilities of four rivers 

were compared with that of the bypass system operating on 

hypothetical reservoirs. It was apparent that the proposed 

system is capable of handling the likely load of these 

rivers using only a fraction of their average annual flow. 

This demonstra~ed the feasibility of the proposed concept. 

Conclusion 

Within the limitations inherent in a desk and 

library study project, the feasibility and practicality of 

the bypass system for the removal of the inflow sediments to 

a reservoir is verified. Application of the concept will 

probably prove to be very site- and problem-specific. Design 

and construction questions have not been investigated and 

need to be, especially intake specifications and 

construction techniques for existing reservoirs. To pro~ote 

the use of the concept, first schematic laboratory studies 

and then pilot projects in small, real reservoirs would be 

useful and worthwhile. 



APPENDIX A 

THE DESIGN CHARTS 

The Capacity Concen~ration Velocity 

Figures A.I through A.6 are for the determination of 

the capacity concentration velocity, Vx, for various size 

pipes, transporting material at various concentrations. 
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The Power Reol1irernents 

Figure A.7 through A.12 are for the determination of 

the head loss gradient for various size pipes transporting 

material at various concentrations. These cahrts are subject 

to ranges specified in chapter 3, and applicable to sands 

only (S=2.65). 
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