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ABSTRACT
 

The phenomenon of bed material withdrawal through a farm turnout
 

was studied in an indoor laboratory flume. Depth of flow in the flume,
 

discharge in the flume, turnout elevation from the concrete bed of the
 

flume, and the discharge through the turnout were the variables whose
 

effect on the variation of sediment discharge through the turnout was
 

to be determined.
 

The statistical analysis of the data (Eq. 5-1) indicates that the
 

sediment discharge through the turnout is almost directly proportional
 

to the sediment concentration in the flume. Data taken at two differ­

ent turnout elevations confirmed (Fig. 5-3) that most of the sediment
 

load was transported close to the bed of the channel and the variation
 

in sediment concentration at higher elevations from the bed of the
 

channel was not significant.
 

Based on a series of special runs plus visual observation, it was
 

found that the amount of sediment discharge through the turnout was
 

significantly affected by the bed form movement in the flume. A
 

collapse of sharp peak or unstable bed formation which was irregular
 

in time and space in the vicinity of the turnout would increase the
 

sediment discharge through the turnout considerably. The analysis of
 

data shows that the scour pit formation near the turnout remains
 

geometrically similar under different conditions of flow in the flume
 

and the turnout. It was also found that the depth of scour pit
 

increases with an increase in the discharge ratio.
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Chapter I
 

INTRODUCTION
 

The tremendous increase in world population, both actual and
 

predicted, has created a great demand for improved methods of food
 

production and distribution. It is true that many of the more devel­

oped countries now produce food in excess of the need of their present
 

population. Political and economic realities indicate that only a
 

small amount of this excess production has been channeled for use
 

by the less developed countries where the food shortage is most acute:
 

It is therefore necessary that the less developed countries seek ways
 

of increasing internal food production in order to be assured of suf­

ficient food to meet their needs. This is, of course, a very compli­

cated problem. A multitude of factors must be considered. Not only
 

the obvious ones of topography, climate, soil conditions but cultural,
 

political and economic factors within the area play a definite role
 

in any program for improved food production.
 

It would be beyond the scope of this or any study to undertake
 

an analysis of all these factors. Each requires a separate and
 

detailed analysis for any real understanding to accrue. However, all
 

of these factors must be considered if thorough comprehension and
 

solution of the food problem is to be attained.
 

An important question in any agricultural project is the provision
 

of an adequate quantity and quality of water. In certain areas and
 

with certain crops, rainfall provides all the water which is necessary
 

for successful agricultural production. In many instances, however,
 

this is not the case, and an additional supply of water must be brought
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to the area. One of the popular ways of doing this, of course, is the
 

diversion of water from a natural stream through canals to an irrigation
 

distributary network.
 

Within the area of irrigation, much information must be gathered
 

for optimal use of the irrigation system to be attained. Moreover,
 

the construction of a modern and expensive irrigation system does not
 

guarantee its successfulness; proper maintenance is an important
 

factor in the continuing functioning of an irrigation structure. More
 

importantly, the system must be designed with consideration of local
 

conditions. A successful irrigation blueprint cannot be applied in
 

every area without detailed study of all its implications.
 

Sediment Problem in Irrigation System
 

An important factor in the design of an irrigation system is
 

the sediment problem. Numerous instances may be cited showing irriga­

tion projects which have been rendered virtually ineffective because of
 

inadequately managed problems of sedimentation. In fact, the sediment
 

problem in irrigation systems motivated the evolution of extensive
 

sediment exclusion practices, particularly in the Indo-Pakistan
 

Subcontinent (Mahmood, 1973).
 

Regardless of the method of sediment exclusion used, it is
 

practically impossible to completely eliminate the entry of sediment
 

into the irrigation system. The amount of sediment going into the sys­

tem depends, to an extent, on the design of the head structure. It
 

usually is small for high head diversion structures and is large for
 

low head structures. In the case of low head structures on sand-bed
 

rivers, the sediment content of the irrigation supply is usually large
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and generally causes major operational problems. Generally, irrigation
 

water diverted from alluvial rivers carries sufficient sediment load
 

to create serious problems if not properly allocated in the system.
 

In designing an irrigation system, it is necessary to have means
 

for disposing of sediment entering the system. Also in the design of
 

the system, consideration should be given to the type of land, the
 

quantity and quality of sediment, the mineral constitution of land and
 

sediment, means of removing sediment and the cost of alternatives.
 

Sometimes, it may be necessary for certain areas in the system to
 

accept more sediment than others (Mahmood, 1973).
 

On the basis of transport phenomena, sediment load entering an
 

irrigation system may be divided into fine material load and bed
 

material load. Fine material load is almost uniformly distributed in
 

the depth of flow. In general, it is difficult and economically in­

feasible to eliminate the entry of fine materials into an irrigation
 

system. Within the system, its distribution is little affected by the
 

distribution structures and is easily transported to the farm units.
 

The concentration of bed material load, on the other hand, increases
 

toward the bed of a channel. Its entry into the irrigation system and
 

its distribution within the system can be controlled, to an extent, at
 

the control structures.
 

The objective of this thesis Is to study the phenomena of
 

sediment withdrawal in farm turnouts and explore the possibilities of
 

using the turnout as a control device for sediment distribution within
 

the Irrigation system. For the preceding reasons, the fine material
 

load is not considered as a part of the sediment load that can be
 

controlled or manipulated in an irrigation system.
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Turnouts are called by different names in different parts of
 

the world. In some parts of India, it is called a 'sluice', in
 

Pakistan, it is called an 'outlet', and in America it is termed a
 

'turnout' (Mahbub and Gulhati, 1951). A turnout is defined as a
 

device through which the field channel is connected to the distributing
 

channel.
 

The field channels are managed by a farmer, or a group of farmers,
 

and the distributing channel is either managed by government or a
 

public organization. The fact that the turnout connects two parts
 

of an irrigation system which belong to two different parties, makes
 

it necessary that the device should be designed such that the overall
 

operation of the irrigation system is to the best satisfaction of both
 

sides. The success of an irrigation system, to a large degree, de­

pends on the successful operation of the turnouts. In the design of
 

an irrigation system, there is probably no other single item which
 

has a greater effect on the distribution of water than the type and
 

design of a turnout (Mahbub and Gulhati, 1951).
 

This study was conducted in a 102 feet long, 8 feet wide, and
 

3.33 feet deep concrete flume. There were two locations for turnouts
 

in the walls of the flume structure. The turnout was located 12.83
 

feet upstream from the tail box. The independent variables of the
 

study were: depth of flow in the flume, discharge in the flume, dis­

charge in the turnout, and the elevation of the turnout. The range of
 

variation of unit discharge in the flume was from 1.20 cubic feet per
 

second to 2.4 cubic feet per second, and the depth of flow in the flume
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was varied from 0.89 feet to 1.89 feet. The range of variation of
 

discharge in the turnout was from 0.23 cubic feet per second to 1.70
 

cubic feet per second. The data were obtained at two different ele­

vations of the turnout from the bed of the flume, that is at 0.740
 

feet and 1.073 feet respectively.
 

Bed material used in this study had an average diameter of 0.19 mm
 

and a standard deviation (gradation) of 1.30. Sediment concentration
 

in the flume and turnout were the dependent variables of the study.
 

The range of variation of sediment concentration in the flume was from
 

I to 1050 parts per million and that in the turnout varied from 3 to
 

3860 parts per million. The fine material load was not measured in
 

this study.
 

The result of this study which expresses sediment concentration
 

in the turnout in terms of concentration and hydraulic variables of
 

the flume, is presented as a predictive equation. This is obtained
 

from the statistical analysis of data for 126 runs collected under
 

steady state flow conditions in the flume and the turnout. The scour
 

pit formation in the vicinity of the turnout is also analyzed. The
 

relationship of the size and geometry of the scour pit versus the flow
 

parameters in the flume and turnout is investigated.
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Chapter II
 

LITERATURE REVIEW
 

Sediment problems are associated with almost any irrigation
 

system. The sediment may come either from the source of irrigation
 

water supply or from the erosion of the banks and beds of the chan­

nels in the irrigation system. The usual source of sediment is from
 

the diversion of irrigation water supply from an alluvial river.
 

Water intake structures are designed with the consideration of
 

whether to remove the sediment, or pass it down the canal or the
 

river. When water with a large sediment load is diverted into the
 

irrigation system, problems are developed immediately. Sediment depo­

sition will take place, particularly at areas where the flow velocity
 

is slow. This causes reduction in the canal capacity to properly
 

handle the necessary amount of water-sediment mixture. Cleaning silted
 

canals is expensive and it is usually uneconomical to clean miles of
 

canals, especially in developing nations where the available facilities
 

are generally inadequate. Economic disposal of sediment requires a
 

comprehensive knowledge of sediment control devices and the cost of
 

their operation and maintenance.
 

In the design of an irrigation system, special consideration is
 

due in the design of the turnouts. Farm turnouts are not only respon­

sible to pass an adequate amount of water from the distributing channel
 

to the field channel which take the water to the crops, but they are
 

also required to carry their share of sediment. The design of the
 

turnout and its elevation from the bed of the distributing channel,
 

beside other factors (cost, simplicity, etc.), depends on the
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amount of water it should pass, and the vertical distribution of the
 

sediment load in the distributing channel.
 

The following Review of Literature has been divided into the
 

categories:
 

1. Sediment transport in alluvial channels,
 

2. Sediment transport related to channel bifurcation,
 

3. Vertical distribution of suspended material,
 

4. Farm turnouts, and
 

5. Previous work on farm turnouts.
 

The forementioned divisions of the Review of Literature are based
 

on the facts that for sediment to pass through the turnout, sediment
 

has to be transported in the parent channel. Sediment transport is
 

also related to channel bifurcation and farm turnout can be considered
 

as an extreme case of the bifurcated channels. Since the vertical
 

distribution of suspended material 
in the parent channel affects the
 

relative location of the turnout from the bed of the parent channel,
 

the amount of sediment passed through the turnout is controlled by this
 

distribution.
 

Under farm turnouts, the common types of turnouts and their role
 

in the irrigation system has been discussed. The findings of other
 

people in regard to sediment conduction through the farm turnouts
 

are included in the last part of this chapter.
 

Sediment Transport in Alluvial Channels
 

Lacey, a pioneer in the study of alluvial channels, did his work in
 

India and Pakistan. lie states that the branch of hydraulics which is
 

concerned with the transport of sediment in alluvial channels is the most
 

complex and inexact of all. The complexity is mainly due to the number of
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independent variables which determine the geometry of the channel at
 

a given discharge. The more important of these variables are the
 

density and size of the sediment particles, the settling velocity of
 

t..e particle, and the sediment concentration.
 

Lacey (1966) is of the opinion that, with the present knowledge
 

of sedimentation, only provisional conclusions can be drawn. fie empha­

sizes the importance of small scale model study in the design of canal
 

systems and feels that in some instances the existing canals could be
 

used as scale models. Lacey notes that, in the design of irrigation
 

systems, consideration should be given to the headworks on the parent
 

river, because the nature and quantity of sediment entering the system
 

largely depends on the headwurks and flow conditions in the main river.
 

According to him the entry of coarse sediment into the system is un­

desirable and it should be excluded, while fine sediment load is
 

sometimes advantageous. The deposition of fine material load on the
 

bed and banks of the channel reduces seepage losses and it could also
 

be used as soil conditioner on the farm. Lacey has stressed the
 

importance of slope and width of a channel and believes that in field
 

data, velocity, depth, and slope should be expres:.ed as functions of
 

the discharge per unit width.
 

Simons and Miller (Sixth Congress on Irrigation and Drainage,
 

New Delhi, 1966) believe that the success and failure of a canal
 

system depends on many factors, mainly on the ability of the canal to
 

transport the required amount of water and sediment with minimum scour
 

and deposition. To design such a canal, consideration should be given
 

to the mechanics of flow of water and sediment in alluvial channels,
 

fluvial morphology, and the specific design concept.
 

http:expres:.ed
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They have explained the forms and importance of bed roughness as
 

developed in alluvial channels. The order of occurrence of these
 

forms with increasing stream power (stream power equals shear stress
 

times the flow velocity) are: ripples, ripples superposed on the
 

backs of dunes, dunes, a transition range of stream power within which
 

the form roughness changes from dunes to plane or flat bed, plane bed,
 

standing waves, and antidunes. The bed roughness and its effect on
 

flow is a very complex phenomenon and varies with variation in depth of
 

flow, channel slope and velocity.
 

Sediment Transport Related to Channel Bifurcation
 

The location of a water intake structure on a river reach is very
 

important. It has a tremendous effect on the flow of sediment into the
 

system. Therefore, the location should be based on hydraulic princi­

ples with due consideration to the sediment characteristics. The
 

dynamic hydraulic and sedinent characteristics are different in a
 

river that follows a curved path from the one that flows along a
 

relatively straight course. The flow patterns in a bend are charac­

terized by a secondary circulation within the flow. The faster moving
 

surface water plunges to the bottom of the outside bend and rises on
 

the inside bend. This causes a spiral current through the bends which
 

tends to concentrate sediment along the inside bank. Degradation and
 

scour occurs on the outside bank of the bend and a pool is usually
 

formed.
 

A series of model studies conducted by Ilabermass and summarized
 

by Mosonyl (Chapter 22, River Mechanics, editor H. W. Shen, Colorado
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A series of model studies conducted by Ilabermass and summarized 

by Mosonyi (Chapter 22, River Mechanics, editor It.W. Shen, Colorado 

State University, 1971), show the effect of different intake structure 

arrangements on the amount of sediment entry to the canal system.
 

Models used for this study were rigid bed models and in each case
 

50 percent of the flow was diverted. As a result of these tests, it
 

was recommended that intake structures be built toward the downstream
 

end of the curve for the structure to operate satisfactorily.
 

The forementioned statements about bifurcated channels in regard
 

to sediment transport, can also be applied to a farm turnout. When
 

the turnout is opened, it allows part of the water flowing in the
 

distributing channel to pass through it to the field channel. The turn­

out may pass only a small percentage of the total flow in the distribu­

ting channel, but the flow is still considered as a divided flow at
 

this point when the turnout is operating.
 

Vertical Distribution of Suspended Materials
 

The characteristic definition of a suspended solid particle is
 

that its weight is supported by the surrounding fluid during its entire
 

motion. The concentration of suspended particles is greatly affected
 

by the channel bed roughness. Changes inbed forms bring variation
 

in local depth and are associated with large scale eddies that cause
 

appreciable fluctuations in the concentration of' sediment in suspension.
 

Instantaneous fluctuations in the concentration of suspended sediment is
 

related to the scale and intensity of stream turbulence and particle
 

sixo present in the bed of the channel. While being moved by the fluid,
 

the solid particle, which is heavier than the fluid, tends to settle in
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the surrounding fluid. It' tile fluid flow has only horizontal 

velocities, it is not possible to explain how any sediment particle
 

can be permanently suspended. Only it the irregular motion of the 

fluid particles, called turbulence, is introduced can one show that 

sediment particles may be permanently suspended (L1instein, 1950). 

The concentrat ion of suspended sedimetit varies from a minimum at 

the water surface to maximum the of thea at bed channel. The concen­

atration of given grain size at a distance Y from the bed of channel, 

can be calculated by using the suspended load equation discussed n
 

Chapter I1.
 

Sand bed channels usually have the greatest variation in sediment 

concentration. Fine material load that is silt and clay, on the 

contrary, is usually distributed uniformly in the depth of flow. 

Deviation from the mean value of concentration is maximum in streams 

where the suspended load consists largely of bed materials, and it is 

minimum for streams where silt and clay constitutes a large portion 

of sediment load in suspension. 
Thus the amount of the momentary 

fluctuation in concentration of the suspended sediment at any depth 

varies with the ratio of the concentration of the sand fraction to the 

total concentration (ASCE, 1969, p 1480). 

The distribution and concentration of sediment particles in the
 

depth of flow are also affected by the water temperature. The vis­

cosity of water varies inversely with the water temperature, that is 

the water is more viscous when it is cold than hot. 
 The fall velocity
 

of sediment particles Is affected by changes In water viscosity.
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Rubey in 1933 has provided an equation for determining the fall velocity
 

of sand particles (Mahmood, February 1971).
 

2 _ 3 ii
 

(- g(S -I)D + 36v') 6v
 

g gravitational acceleration
 

S - the specific gravity of sand
s 

v= the kinematic viscosity, and
 

V the particle diw,ter 

In Rubey's equation, when the specific gravity of sand Ss and the 

sand particle diameter 1) are kept constant, the fall velocity W
 

varies inversely with the water viscosity and directly with the water
 

temperature. Lane (ASCI, 1969, p 1482) in a study of sediment trans­

port in the l.OWL r Colorado River, fotnd that the suspended load 

discharge increased approximately 21 times from suimmer to winter for 

equivalent water discharge for sediment particles smaller than 0.3 mm. 

Brice (ASCI:, 1969, P) 1482) in a review of data from the Middle Loup 

River at Dunning, Nebraska, found that as the water temperature 

.h,%reases, the suspended sediment concentration increases.
 

Farm Turnouts
 

Sediment deposition in the irrigation distributary system is 

undesirable. Every effort Is made to stop the entry of sediment from 

a natural stream to the canal system at the headworks. Yet there is 

not a single economicall) feasible method available to completely 

eliminate all the sediment. There is always some sediment flow present 

in most irrigation systems. 
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For economic reasons as well as the potential damage to the crops,
 

the flow of sediment in the irrigation network should be treated in
 

such a way that the overall efficiency of the system remains at optimal
 

level. The design of a farm turnout is primarily responsible for the
 

fair share distribution of sediment in the system. In the design of a
 

farm turnout, it is important to consider local irrigation practices,
 

local conditions, water supply, demand on supply, and operation and
 

maintenance of the structures and the system.
 

Kennedy in 1906, in Punjab Irrigation Paper No. 12 (Mahbub and
 

Gulhati, 1951), has considered the following as essential conditions
 

for all farm turnouts:
 

1. A farm turnout should be strong and should not have moving
 

parts liable to derangement or requiring periodic attention.
 

2. Interference by the cultivator must be difficult and, if
 

made, should be readily detectable.
 

3. The turnout should draw its fair share of the sediment
 

carried by the parent channel, but should not be liable to derangement
 

by sediment or weeds.
 

4. It should be possible for the farm turnout to work efficiently
 

with a small working head. The larger the working head the higher the
 

water level required in the parent or distributing channel and the
 

higher the cost of the distributing system.
 

S. The cost of the turnout should not be high.
 

Mahbub and Gulhati (1951) believe that the optimum capacity of a
 

farm turnout is the discharge which the farmer can handle efficiently
 

and should be such that the absorption losses in the water course or
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field channel and in the field are minimum. The longer the time taken
 

to irrigate a field, the greater is the amount of absorption in the
 

part of the field already irrigated, while applying the minimum
 

irrigation required for the remainder. It has been found that a turnout
 

capable of passing water at the rate of two cubic feet per second is 

generally the best when the farmer irrigates flat fields of about acre 

in area. Malhotra (Mahbub and Gulhati, 1951), has worked out theoret­

ically a relation between the size of the field and the optimum turnout 

discharge. According to the results of Malhotra's findings for optimum 

conditions, the discharge of a turnout in cubic feet per second should 

be about five times the area in acres of the field it irrigates. 

Farm turnout may be divided into three classes (Mahbub and
 

Gulhati, 1951):
 

1. Non-modular turnouts are the type of turnouts whose discharge
 

is a function of the difference between the water level in the distri­

buting channel and the field channel. Variations in either one affect
 

the turnout discharge.
 

2. Semi-modular turnouts, or semi-modules, are those turnouts
 

whose discharge is only affected by the water level in the distributing
 

channel and is independent at the water level in the field channel,
 

provided the minimum working head required for the operations of the
 

device is available.
 

3. Modular turnouts are those turnouts whose discharge is 

independent of the water levels in both the distributing channel and
 

the field channel, within reasonable working limits. There are two
 

general types of modular turnouts; modular turnouts with moving parts
 

and modular turnouts without moving parts.
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From the economic point of view, as well as the simplicity and
 

stability of the structure, semi-modular turnouts were generally
 

adapted in the Indo-Pakistan Subcontinent. Among the many versions of
 

the semi-module, the open flume type semi-modular turnout gained more
 

popularity (Rakha, 1971).
 

The open flume turnout is simply a smooth weir (see Figs. 2.1a
 

and 2.1b) with a sufficiently constricted throat to ensure a velocity
 

above the critical and long enough to ensure that the controlling
 

section remains within the parallel throat at all discharges up to the
 

maximum (Mahbub and Gulhati, 1951). A gradually expanding flume is
 

provided at the outfall, to obtain the maximum recovery of head. The
 

entire work is built in brick masonry, but the controlling section is
 

generally provided with cast iron or steel bed and check plates. 
There
 

are various forms of open flume turnouts which differ from each other
 

only in detail.
 

Previous Work on Farm Turnouts
 

The only previous studies done on sediment discharge through farm
 

turnout is by Nlinhaj-ud-din and Sharma (Rakha, 1971) and by Rakha
 

(1971). These two investigators have concluded that the maximum sedi­

ment concentration in a turnout, when fixed near the bed of channel
 

is 1.2 times the sediment concentration in the channel. Rakha (1971)
 

studied the sediment conduction phenomenon through a farm turnout at
 

Colorado State University Engineering Research Center in Fort Collins. 

Tile results of his study show that the sediment concentration in the 

turnout is about 4 to 5 times the sediment concentration in the flume.
 

Rakha in his master's thesis has also stated that in his study the
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Figure 2-la. 	Typical design of Open Flume Turnout as used in
 
West Pakistan (after Mahbub and Gulhati).
 

Roof Block 

Figure 2-lb. Standard Design of Orifice Semimodule as used in
 
West Pakistan (after Mahbub and Gulhati).
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turnout was fixed near the bed of the flume and the sediment
 

concentration was higher in the lower layers of flow. 
Therefore, the
 

sediment concentration was much higher in the turnout than in the
 

flume. 
He has also explained that the sediment concentration in the
 

turnout depends, among other parameters, on the vertical distribution
 

of sediment in the channel. If most of the sediment load is moving in
 

suspension and is uniformly distributed in the vertical, the ratio of
 

the sediment concentration in the turnout to the sediment concentration
 

in the channel will be around unity.
 

Rakha has plotted sediment concentration in the turnout against
 

the sediment concentration in the flume. 
The functional relationship
 

between these two parameters indicates that the sediment concentration
 

in the turnout is directly proportional to the availability of the
 

sediment load in the parent channel. 
 In other words, more sediment
 

will pass through the turnout when there is 
more available in the
 

flume or the parent channel.
 

Rakha has also plotted the sediment concentration in the turnout
 

against the sediment concentration in the flume for different ratios
 

of the depth of flow d 
to the median diameter D 
of the bed material.
 

Since the same sand was 
used for the entire study, the median diameter
 

D 
of the bed material, therefore, remained unchanged. The change in
 

the ratio of the depth of flow to the median diameter of the bed
 

material, therefore, was only due to the change in the depth of flow.
 

From these plots, Rakha concluded that for the same sediment concen­

tration in the flume the sediment concentration in the turnout was
 

greater when the depth of flow was small and vice versa.
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In reference to the scour formation at the vicinity of turnout,
 

Rakha believes that with the other variables kept constant, the scour
 

is a direct function of the turnout discharge. An increase in turnout
 

discharge, causes an increase in the velocity of flow in the channel
 

upstream of the turnout. This increase in velocity increases the shear
 

stress acting on the channel bed upstream of the turnout. An increase
 

in shear stress, will scour the area upstream of the turnout which will
 

in turn increase the sediment discharge through the turnout. The water
 

pas -ed through the turnout has a higher sediment concentration than
 

the water passing by the turnout. Therefore, the water passing by the
 

turnout, makes up for the deficiency of its sediment level by scouring
 

the region downstream of the turnout. Hence, the larger the discharge
 

through the turnout, the lower the sediment concentration in the water
 

passing by the turnout, and the lower the sediment concentration in the
 

water passing by the turnout, the greater its tendency to scour the
 

region downstream of the turnout.
 

In regard to sediment size, Rakha claims that the median size of
 

the sediment passing through the turnout was greater than that of the
 

sediment moving in the channel. He attributes this finding to the
 

fact that the coarser materials move near the bed and the fine material
 

goes into suspension in the upper layers of flow. The turnout being
 

fixed near the bed of the channel, the major part of the sediment
 

flowing into the turnout consisted of coarser particles moving in the
 

lower layers of the flow.
 

The results of Rakha's analysis are based on a small number of
 

experiments. In his study, the data were obtained only at one elevation
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of the turnout from the bed of the channel. Therefore, it was decided
 

that more data were needed to supplement Rakha's work and the study
 

was also extended to a different elevation of the turnout from the bed
 

of the channel. This additional data were obtained under this study
 

at the same place, and the same facilities were used.1 The sand used
 

as bed material was also the same in both studies.
 

The data for this study are available at the Department of Civil
 
[ngineering, Colorado State University, Fort Collins, Colorado, and
 
can be made available to others also.
 



20
 

Chapter III
 

THEORETICAL AND DIMENSIONAL ANALYSIS
 

Sediment transport in alluvial channels may be in the form of bed
 

load, or as a combination of bed load and suspended load. The mode of
 

transport depends on the flow conditions in the channel and the nature
 

(size, shape, specific weight) of the sediment load transported. If
 

the channel carries fine materials, that is, silt and clay, the load
 

will be uniformly distributed throughout the depth of flow. For
 

coarser materials, on the other hand, the sediment concentration in the
 

channel varies from a maximum at the channel bottom to a minimum at the
 

water surface. The sediment transport through the turnout is a function
 

of the total transport in the channel. It also depends on the vertical
 

distribution of sediment load in the parent channel.
 

Sediment discharge through a turnout is a function of several
 

variables pertinent to the turnout and the parent channel flow. A
 

functional relationship which has been derived from the viewpoint of
 

dimensional analysis is included in this chapter. Also included is a
 

discussion regarding the formation of a scour-pit in the neighborhood
 

of a turnout.
 

Modes of Transport
 

In alluvial channels, sediment particles are transported in the
 

following modes:
 

1. 	Bed Load: this consists of particles rolling or sliding over
 

the bed of the channel so that their weight is partially
 

supported by contact with other particles on the bed.
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2. 	Saltation Load: this consists of particles that are leaping
 

into the flow, staying in suspension for short periods of
 

time and then returning to the bed. The weight of these
 

particles is partly supported by the bed and partly by the
 

surrounding fluid. Saltation is not as important in transport
 

by water as it is for transport by wind.
 

3. 	 Suspended Load: this consists of particles that are entirely
 

supported by the surrounding fluid during their motion. Those
 

particles near the bed are in a continuous exchange with
 

similar particles on the bed.
 

The total sediment load in an alluvial channel is equal to the sum
 

of bed load and suspended load. It is also the sum of bed material load
 

and wash load. Because of its smaller size fraction, wash load is not
 

related to the local flow or bed material and cannot be predicted from
 

local conditions. In 1950, Einstein suggested that the division line
 

between wash load and bed material load can be arbitrarily drawn from
 

the mechanical analysis of sediment deposit in the bed of the channel.
 

fie considered the upper limit for the grain diamter in wash load that
 

particle size of which 10 percent of the bed mixture is finer. This
 

approach, although arbitrary in nature, has practical application. Lie
 

defined bed material load as that part of the sediment load which con­

sists of grain sizes found in significant quantity in the bed of the
 

channel and wash load as that part of the sediment load which consists
 

of grain sizes finer than those found in the bed of the channel.
 

Suspended load in many sand-bed channels is a major part of the
 

total sediment load. The vertical distribution of sediment
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concentration in suspended load basically depends on the size of
 

For fine materials, the distribution
sediment particles in suspension. 


of sediment concentration throughout the depth of flow is nearly
 

uniform and the variation in sediment withdrawal through the turnout 
at
 

different elevations from the bed of the channel is insignificant. If
 

the channel carries considerable amount of coarse material in suspension,
 

then the concentration varies greatly over the depth of flow and the
 

elevation of the turnout from the bed of the channel might become a
 

factor in the amount of sediment withdrawal from the channel.
 

Analysis of Suspended Sediment Transport
 

For particles of a grain size fraction carried in suspension, the
 

from the bed of channel can be
concentration C at any elevation y 


determined from the suspended load equation (Einstein, 1950) provided
 

the concentration of the same particles at some reference level a in
 

the flow in known. In equation form this is:
 

(1)
y ( . a 


in which
 

k u--

Rouse number defined 

as 

Z = 

W = fall velocity of the particles
 

k = von Karman's universal constant
 

u* = shear velocity = vf gR S
 

R = hydraulic radius
 

S = energy gradient
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g = acceleration due to gravity
 

d = depth of flow in the channel
 

Equation (1) allows calculation of the flow rate of sediment particles
 

at elevation y per unit area and time: C V , in which
 

V = the average point velocity at distance y from the bed 
y 

of channel. 

Variables Affecting Bed Material Discharge
 

The bed material discharge in an alluvial channel is a function of
 

the channel geometry, flow properties, fluid properties and sediment
 

properties. The variables involved in this phenomenon as pointed out
 

by Simons and Richardson (1966) are:
 

V = velocity in the channel 

d = depth of flow in the channel 

S = slope of the energy grade line 

p = mass density of water sediment mixture 

v = apparent kinematic viscosity of the water sediment mixture 

g = gravitational constant 

o = measure of the size distribution of the bed material 

W = fall velocity of sand particles 

Ps = density of sediment
 

S = shape factor of the particles
P 

Sc = shape factor of the cross section of the stream 

Sr = shape factor of the reach of the stream 

fs = seepage forces in the bed of the stream 

Hence 

Cf = f [V,d,v,g,P,ps, W, fs,S Sc,,SS , SOO (2) 
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in which
 

Cf = the concentration of bed material discharge in the
 

flume
 

Concentration of bed material discharge through a turnout is not
 

only a function of the variables in Eq. (2), its value is also affected
 

by the additional parameters introduced by the turnout itself. These
 

parameters are based on the geometry and hydraulics of the turnout.
 

For an orifice type turnout, these variables are defined as follows: 

b = width of turnout 

h = height of turnout 

dc = elevation of turnout crest from the average sand bed 

elevation
 

Sf = shape factor of turnout
 

b Flow
 

hIsand-bed Turnout _
 

Turnout
 

c f 

Iigurt' 3-1. k lative Location and Dimensions of 'lT.rnout
 
ill tile Flume
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The hydraulic parameter of the turnout is discharge of water 

sediment through the turnout, Qt 
 Therefore, sediment concentration
 

through the turnout, expressed in terms of both flume or channel
 

parameters and turnout parameters is:
 

Ct = f[V,d,o,Psvg,W,h,b,dcC,fs,,S,S Is,S ,S,Sf] (3) 

If velocity V , depth d 
of the flow in the channel and mass
 

density P of the fluid in Eq. (4) 
are to be considered as repeated
 

variables, then in terms of dimensionless parameters, the value of
 

Ct is expressed as:
 
r-rr d V h Ps5
 

Ct = f[ dc ' , P . Re, Fn, V2d2 S,, SpSrSSfbo] (4) 

in which
 

Re = Reynolds number 

Fn = Froude number and 

the other parameters are as defined previously.
 

The dimensionless numbers 
on the right side of Eq.(4) include
 

nearly all the parameters that may affect the sediment concentration
 

through the turnout. 
 Not all of these necessarily have considerable or
 

measurable effect in every channel or 
laboratory flume. Some of these
 

parameters may either be kept constant or their effect on sediment
 

discharge could be ignored for all practical purposes.
 

In this study which was conducted in an indoor laboratory flume of
 

concrete bed, the following parameters were either kept constant or
 

their contribution to the variation of sediment concentration was
 

considered to be negligible.
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f-S : since the study was done in a flume made of concrete,
 
22 

the effect of the seepage force was absent. 

Sc, Sr : as a first approximation, these are omitted from
 

consideration
 

S : bed material consisted of uniform sand with averageP 

particle diameter equal to 0.19 mm and particle
 

The same sand was
size distribution equal to 1.30. 


used during the entire study.
 

: there were no changes made in the geometry of the
Sf 


turnout during the course of study.
 

In the case of L and , i and D are constants and the effect
 
d D 

d has been taken care of in other terms. The ratio P /p is alsoof 


S and the fall velocity
constant for this study. The effect of slope 


Z . After these manipu-
W could be represented by the Rouse number 


lations, the final expression for Ct has the form:
 

=(C d
T- , Re, Fn, Z] (S) 

c
 

Rakha inhis thesis (Rakha, 1971), in terms of dimensional
 

analysis concluded that:
 

d h (6)C =f[ 
Cfm D., d-

The dimensionless parameters which are not present in the 

expression derived by Rakha compared to what is obtained in this study 

are Re, Fn, and Z . 

The effect of these parameters on the variation of sediment 

found measurable but not very significant. Thoconcentration was to be 
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most important parameter which is present in both expressions is the
 

sediment concentration in the flume Cf
 

Scour Pit near Turnout
 

Diversion of water through the turnout disturbs the local equilib­

rium of stream bed and presents possibilities of local erosion. The
 

local velocity due to diversion is increased and the sediment carrying
 

capacity of stream beyond the turnout becomes in excess of the bed
 

load carried by the stream. In order to make up for this difference,
 

the stream scours its bed immediately downstream from the point of
 

diversion.
 

The concept of regime could also be applied to the problems of
 

local scour. The scour develops as time goes on and the local velocity
 

drops to the point at which the local capacity to carry out material
 

becomes equal to the supply rate of the incoming material. The amount
 

of time required for local scour to reach equilibrium depends on the
 

rate of bed load transported by the stream. Experiments have shown that
 

the magnitude of scour increases with increase in velocity and decreases
 

with increase in sediment size, whereas the time required to reach a
 

limit decreases with either increase in velocity or sediment size
 

(Tarapore, 1966).
 

The number of turnout structures in an average size irrigation
 

network are by hundreds. If preventive measures against the formation
 

of scour pit are not taken, the average depth of flow in the parent
 

channel will drop and the system may not function efficiently. Also
 

scour pit formation may endanger the foundation of turnout structures
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which might end with complete failure or undesirable functioning of
 

the system.
 

The experimental section of the flume where the sand-bed profiles
 

were observed and recorded during the course of this study is shown in
 

The width of the flume (5 ft) was divided into ten sections
Figure 3-2. 


along which the sand-bed profiles were observed. The average depth of
 

the sand-bed for the bed profiles, obtained at 2 feet, 3 feet, and 4
 

feet from the turnout side of the flume, was considered as the mean
 

depth of sand for the entire experimental section (10 ft by 5 ft). The
 

average depth of scour upstream and downstream from the center line of
 

the turnout was determined from the longitudinal area of each profile
 

(see Fig. 3-3). In each case the depth of scour was measured in
 

reference to the mean depth of sand in the experimental section.
 

For the purpose of symmetry in the analysis of bed profiles, only a 4 

foot length of the surface area upstream from the turnout was considered.
 

The following notations were adopted for the quantities derived
 

from this analysis:
 

D = The average depth of sand-bed obtained from the bed 

profiles taken at distances of 2 feet, 3 feet, and 4 feet 

from the turnout side of the flume. This depth was con­

sidered to be the mean depth of sand in the entire experi­

mental section. (ft) 

Aui= The longitudinal sectional area of the sand-bed profile 

over a distance of 4 feet upstream from the center line of 

the turnout (i - T1, T2 ,...T 7 , and L2 , L , and L4 ). (ft ) 
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Figure 3-2. Top view of the experimental section in the flume.
 

di 	 I D . 
du
 

I- 4 ft . .. 	 4t ft 

Figure 3-3. 	 Hypothetical sand bed form in the experimental section of
 
the flume. Bed form actually observed in lab is included
 
in the Appendix.
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Adi The longitudinal area of the sand-bed profile over a 

distance of 4h feet downstream from the center line of 

(ft )the turnout (i = T1, T2 ,...T 7, and L2, L3 , and L4). 

UA ­
=
ui= -; 	 The average depth of scour upstream from the center
 

line of the turnout along bed profile i (i is as
 

defined previously). (ft)
 

Adi

D = d4 = The average depth of scour downstream from the 

center line of the turnout along bed profile i
 

(i is as defined previously). (ft)
 

The forementioned quantities were used to calculate some of the 

following parameters: 

V = Volume of scour below the mean bed level occurring upstream 

3)of the turnout center line. (ft

A1 I Surface area extended 4 1 feet upstream of the turnout and 

the full width of the flume (5 ft) (ft ) 

V 
u -E = The average depth of scour in the upstream section
A1
 

of the turnout. 	 (ft) 

Vd = Volume of scour below the mean bed level occurring down­

(ft )
stream of the turnout center line. 


A2 = Surface area extended 411 feet downstream of the turnout
 

(ft )
and the full width of the flume. 

= Vd 
d The average depth of the scour in the downstream 

section of the turnout. (ft) 

Das = (U + Dd) = The average depth of scour in the entire 

experimental section. (ft) 
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D = 	The average depth of scour in the upstream section of the
UT1 

turnout for the bed profile taken along T1 (the closest 

profile to the turnout side of the flume). (ft) 

DdT 1 = 	The average depth of scour in the downstream section of 

the turnout for the bed profile taken along T1 (the 

closest profile to the turnout side of the flume). (ft) 

DTI 	 VDuTI + DdT) 
 = The 	average depth of scour along T1
 
(ft) 

An effort was made to find a relationship between the depth of
 

scour as determined from the analysis of bed profiles and the flow
 

parameters in the flume and the turnout. By applying correlation
 

techniques to the data at hand, this relationship was obtained. The
 

equation so obtained is presented in Chapter V.
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Chapter IV
 

EXPERIMENTAL EQUIPMENT AND PROCEDURE
 

This study was conducted in a 102-foot by 8-foot by 3.3-foot
 

The main components of the experimental
recirculating concrete flume. 


setup consisted of; flume, turnout, measuring devices, sediment
 

Each one of these components are
samplers, and sonic depth sounder. 


discussed and schematic diagrams are presented in the following.
 

cation in the pages that follow.
 

Flume
 

= 102 feet, width = 8 feet,
In this recirculating flume of length 


and depth = 3.3 feet, water was put into circulation by an 18-inch
 

This pump located
diameter and 50 hp centrifugal pump (see Fig. 4-1). 


at the upstream end of the flume was provided with 16-inch butterfly
 

valve and had a pumping capacity of 16 cubic foot per second. It
 

received water through a 16-inch by 16-inch return tunnel constructed
 

at the bottom of the flume, The pump discharged this water back at the
 

upstream end of the flume through a T-shaped diffuser. A wave sup­

pressor was provided after the diffuser for reducing disturbance in
 

the flume. For the completion of circulation cycle, water made its way
 

back to the return pipe through a tail box. This 16,.inch long, 62-inch
 

deep, and 8-inch wide addition to the flume, received water from the
 

flume through a series of wooden baffles.
 

The width of flume as constructed was 8 feet. But due to incapa­

bilities of some components of the setup to provide adequate flow con­

ditions, the width was reduced to 5 feet by building a wooden partition
 

along the full length of the flume.
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Figure 4-1. Schematic diagram of the flume (after Rakha). 
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Turnout
 

The flume structure had two locations for turnouts, one 612feet
 

from the tail box and the other one 12.83 foot from the tail box. In 

this study only the turnout located at 12.83 feet tipstream from the 

tail box was used. This turnout had a 41'-inch by .l bell-mouth 

shaped entrance and was connected to a flexible host, througa a plexi­

glass packing plate. ater diverted at the tturnout made its way through 

the flexible hose to the second pump (seeV [ig. i-2) . Iht- 5-inlch and
 

15 hp centrifugal pump which was, rovided with ,i a7;itted vaIlve, h.d i
 

pumping capacity of 3 c fs. It ptumped the it re ccved 'liomlhater, fie 

turnout through an elbow pipe back to the tial I hox. Ihe entd of the 

elbow pipe in the tail box 6as extended below tihe Surface of' water to 

prevent air intrusion into the recirculating system. 

Measuring Devices
 

Discharge in the flume was measured with is %enturs-meterOuich wa1 

constructed at the don.streamu end of the ret uian tinatne open to tile tall 

box. The ventori-a'eter was calibrated wi th a ilpolit, tti 'Vir I'ft li')tIon 

for temporary installmcint of mclh me.Iw'arap devics J, madetat the 

original constrtitid titthofllume. 

Watel "tar ' t. ,Iloj ,1 'm.a.1uair.e l 1 it Ii t 't a iilivadt tt ~fl­hO inbes 

nected to tihe m;aiitt'l t l board a!tuated 3t tie dohaIt I ltlthli.& till fh 

filIum . Both l f ht" ltt iL t1eadt % ,lwrvtllv, tiapi ircun film tithplt rd 

turnout ard they Art, 4h . H I t aplr't. .IMIjar 1 , di If l t I itI hv¢Id 

*eastiromnt% were made to detvri11 ditcatellg tbrtii thr tisniutI, 
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Sediment Samplers
 

Sediment samples were taken both from the flume and from the
 

turnout. The sampler for the flume (see Fig. 4-3) was fixed inthe return
 

pipe at the upstream end of the flume, that for the turnout (see Fig. 4-4)
 

was fixed in the return pipe from the turnout to the flume located at the
 

downstream end of the flume. In both cases, the samples were taken in
 

3 locations, one at the center of the pipe and the other two each a 

quarter away out from both sides of the center line. Sampling time for 

the turnout was 9 minutes--that is, 3 minutes at each location--while 

that for the flume was a total of 6 minutes. The sampling time was 

determined from the discharge capacity of the samplers. In each case, 

the water-sedimnit mixture was passed through a 200 mesh sieve and the 

volume of the -;ediment caught in the sieve was measured in a graduate' 

cylinder. There was very little fine material that passed #200 seive 

and it was negl,cted in this study. 

SonicDepth Sounder 

Bed profilv,, of the flome were observed with a sonic depth sounder 

over a distance of 10 feet, that is, Sla feet upstream and 41j feet 

downstream t om the turnout. The output from the sonic depth sounder 

was obtAIned on a ,trip chart recorder and consisted of a continuous 

rVIIroducttii of tih .and-bed prof ile. Tlhe devi t re,ponded to waves re­

flected from thi t- ;d-ild, h i'ev -,tdiment concent rat ion in the body of 

waterf*l, and tht. I.Aloo'atd concrett bed Its t s ponst, t o tihe latter two 

C00%iliti'd tit $ "'lt"% tit pil vk% hi h in| the ca:,e of e'xpostd concrete bed 

o .ialibrot ion. of profiles 

oblllsip' WVf, IrUel (If vp ke. Ih1 occurred profiles 

wont Ip)ond tilt, llIniti o Most liet bed 

hspikes usually at 

takIeIl! ai€+ the 111no41, 
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Direc lion Pointer 

Pocket For Nozzle Whr.n 
The Sampler Is Nt In LUe 

"16 "ci0 

pipe 

Figure 4-3. Sediment sampler in the delivery pipe of flume pump
 
(after Rakha). 

Pocket For Nozzle When
 
The Sampler Is Not In Use
 

Cotube Direction 

Pointer 3 . 

Figure 4-4. Sediment sampler in the delivery pipe of turnout pump
 
(after Rakha). 
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The sonic depth sounder was calibrated for an average depth of
 

flow in the flume. The calibration was checked whenever the bed pro­

files were to be observed. Brief instructions for the operation and
 

maintenance of this model 1024 Sonic Depth Sounder are included in the
 

Appendix. More detailed information is contained in the Manual of
 

Automation Instruments, Incorporated, Boulder, Colorado.
 

Data Taking Procedure
 

Through a number of special runs made, it was found that it takes
 

a maximum of 20 hours for steady state to be reached for any changes of
 

flow conditions in the flume. The maximum amount of time required for
 

equilibrium to be achieved for any changes in the discharge through the
 

turnout was found to be about 4 hours. The amount of time actually
 

given for any changes in flow conditions, both in the flume and the turn­

out, was in all cases more than what was considered to be the maximum
 

requirements. Whenever conditions for equilibrium flow both in the
 

flume and the turnout were satisfied, the following steps were made
 

for each run in an orderly way.
 

1. 	All the tubes coming to the manometer board were flushed with
 

clean water to make sure that the flow of water through them
 

was not hampered by trapped air or sand.
 

2. 	 Both sediment sampler tubes were flushed back to make sure
 

there was free flow of the water sediment mixture through
 

them.
 

3. 	Static elevation gages used for slope measurement were
 

checked for alignment.
 



39
 

4. 	 Manometer board was observed for:
 

a. 	Venturi-meter reading for flume discharge
 

b. 	Reading on static elevation gages
 

c. 	Piezometer reading for the turnout discharge
 

5. 	 Water temperature was recorded.
 

6. 	 Sediment samples were collected both at turnout and flume.
 

7. 	 Bed profiles were observed over a distance of 10 feet, that is,
 

5 feet upstrea~m from the turnout and 4 feet downstream from the 

turnout. Plots of bed profiles were taken at 3, 6, 9, 12, 

15, 18, 21, 24, 36, and 48 inches from the turnout side of 

the flume respectively. 

8. 
 Depth 	of flow over the concrete bed was measured at four
 

points over the width of the flume 2 feet upstream from the
 

center line of the turnout.
 

9. 	 Necessary changes were made in the flow conditions to make the
 

setup ready for the next experiment.
 

10. 	 V. A. tube analysis of the samples was made.
 

The following quantities were derived from the data obtained in
 

steps I to 10.
 

1. 	Discharges in the flume and the turnout were read from the
 

calibration curves.
 

2. 	 Water slope was computed.
 

3. 	 Bed profiles were analyzed for the following quantities:
 

a. 	Depth of sand
 

b. 	 Height and length of sand bed forms 

c. 	Scour pit geometry
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4. 	 Sediment concentration by weight was computed.
 

5. 	 Values for D50 and o for the bed material load in the
 

flume and in the turnout.
 

An effort was made to study the effect of each variable seperately 

on the variation of sediment concentration through the turnout. For
 

a
example, at any particular depth of flow and discharge in the flume, 


series of discharges through the turnout were passed with the assurance
 

that the depth of flow and discharge in the flume remained unchanged
 

for that whole series.
 

Any variation in the depth of flow and discharge in the flume
 

would have introduced an additional variable beside the variation of
 

discharge through the turnout which would have added to the complexity
 

of the already complex problem. Variation in the elevation of turnout
 

which also could enter as a second variable was not a problem. It was
 

well fixed in its place. The variables which needed constant attention
 

were the depth of flow in the flume and discharge in the flume. These
 

two variables are so related that changes in one bring changes in the
 

other.
 

Probable Sources of Error in Data 

The data obtained for this study might have been affected by many 

factors. Only those factors which attracted attention during the 

course of this study will he dicu,';sed. 

1. Iifficulties involved in maintaining constant depth of flow 

in the flume required for each scriv; of runs. This difficulty was 

mainly due to the changes in piressurc of the cooling and lubricating 

water supply which after passing through the pump was making its way 

to the flume. Since there was no sump in the recirculating flume, 
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therefore, the lubricating water was constantly adding to the depth of
 

flow in the flume. Efforts were made to adjust the lubricating water
 

supply such that it will make up only for the losses due to leakage and
 

evaporation but an exact balance between the two was not always achieved.
 

The error due to this factor was measurable but not significant.
 

2. The wooden partition built inthe flume to reduce width from
 

8 feet to 5 feet was not a stable structure. It assumed different
 

positions under different flow conditions. In other words, it seldom
 

remained vertical as it should have. There was also a continuous flow
 

of sand through the partition to the 3-foot section. Several attempts
 

were made to stabilize the structure, the situation was improved but
 

the problem was not completely solved. The error due to this will not
 

be considered very significant because that section of the flume where
 

the measurements were made remained fairly stable during the entire
 

study.
 

3. Sediment concentration in the turnout was significantly
 

affected by turbulence in the flume and bed form movement. Both of
 

these factors, based on visual observation were found to take place
 

irregularly in time and space. Their effect on the variation of sedi­

ment concentration through the turnout was observed to be very
 

significant. The duration of 9 minutes sediment sampling in the return
 

pipes was adequate to average out high frequency sediment concentration
 

fluctuations. This duration was, however, not enough for the extremely
 

low frequency fluctuations associated with the movement of the bed form
 

passing the turnout.
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Chapter V
 

ANALYSIS OF DATA AND DISCUSSION OF RESULTS
 

As indicated previously, data at two different elevations of the
 

turnout were obtained and variation of the amount and size distribution
 

of bed material withdrawal through the turnout was studied. For each
 

location of the turnout, the depth of flow and discharge in the flume
 

were varied up to the limits of the flume dimensions. Depth of flow in
 

the flume was varied from 0.89 feet to 1.89 feet. The-range of variation
 

for the discharge per unit width of the flume was from 1.04 cfs to 2.44
 

cfs.
 

For each depth and discharge in the flume, a series of discharges
 

were passed through the turnout. The discharge in the turnout was
 

varied from minimum to maximum in several steps. The number of steps
 

in each series was determined by the flow conditions in the flume. For
 

higher depth of flow and lower velocity in the flume, there were less
 

chances of air entrainment at the turnout. In such cases the discharge
 

through the turnout was varied from its minimum value of 0.23 cfs to
 

a maximum of 1.70 cfs in four or five steps. Because of air entrain­

ment, itwas not possible to obtain a representative sample at higher
 

discharges through the turnout for lower depth of flow and higher
 

velocity in the flume.
 

Depth of flow and discharge in the flume and turnout elevation and 

discharge through the turnout, are unfortunately not the only variables 

affecting variation of sediment withdrawal through the turnout. Another 

most important variable is the sediment concentration in the flume which 

in turn is affected by the slope of channel, bed material size, particle 
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size distribution, bed roughness, bed form movement, scour formation,
 

size of scour pit, etc.
 

In this study which is based on 126 laboratory tests (data for the
 

tests are included in the Appendix), attention was focused on the
 

variation of sediment withdrawal through the turnout with respect to
 

the following changes:
 

1. Effect of flume and turnout characteristics.
 

2. Bed form movement in the flume.
 

Analysis of Flume and Turnout Data 

The data collected under various flow conditions in the flume and
 

the turnout was analyzed extensively. Almost all possible combinations
 

of the parameters in the phenomena were studied. Efforts were made to
 

find a relationship between sediment concentration through the turnout
 

and the other related parameters. Various plots of the data were made.
 

None of those plots showed an obvious relation between the variables.
 

One example of these attempts is shown in Fig. 5-1. In this figure,
 

the ratio of sediment concentration through the turnout over the sedi­

ment concentration in the flume is plotted against the ratio of discharge
 

through the turnout over the discharge in the flume with the ratio of
 

the total depth minus the turnout crest elevation from the concrete bed
 

of the flume over the total depth minus the depth of sand as a third
 

variable. The range of variation for the third variable Yt is from
 

0.6 to 0.96. This range is divided into nine equal intervals and each
 

interval is indicated by a letter A, B, C, etc.
 

At the start of this study, it was assumed that the turnout
 

elevation from the bed of the flume and the discharge ratio in the turn­
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Range of Yt Symbols Range of Yt Symbols 

0.0 to 0.6 Q 0.80 to 0.84 F 

0.6 to 0.64 A 0.84 to 0.88 G 

0.64 to 0.68 B 0.88 to 0.92 H 

0.68 to 0.72 C 0.92 to 0.96 P 

0.72 to 0.76 D 0.96 to 1.00 R 

0.76 to 0.80 E 

U -

I I l 

IE1-01 

DISCHARGE RATIO 
.I1[*00 

Qr 
,I*01 

Figure 5-1. Plot of concentration ratio versus discharge ratio with 
the depth ratio Yt as a third variable. 
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out and the flume are important factors for the sediment withdrawal 

through the turnout. 

Due to lack of an obvious relationship between the sediment
 

concentration through the turnout and the other related parameters, it
 

was found necessary to use regression analysis. Even then, the cor­

relation was poor when the parameters were used in their dimensional
 

form. Finally, all the parameters were transformed into dimensionless
 

form and then the correlation techniques were applied.
 

The statistical analysis of data was done at the Colorado State
 

University Computer Center where the computer program for such analysis
 

is available on permanent file. This program computes a sequence of
 

multiple linear regression equations in a stepwise manner. At each
 

step one variable is added to the regression equation. The variable
 

added is the one which makes the greatest reduction in the error sum
 

of squares. Equivalently, it is the variable which has highest partial
 

correlation with the dependent variable partialed on the variables
 

which have already been added, or it is the variable which, if it
 

were added, would have the highest F-value. In addition, variables
 

can be forced into the regression equation. Non-forced variables are
 

automatically removed when their F values become too low.
 

From the many statistical equations so obtained, the following
 

equation was considered to be the best of what was available.
 

0 863 14 0 2 4 4Ct = (0.1336 )(Cf) . (Z) 2 . (Fn)2 . (Re)l'O (l/C.) . (5-1) 

in which
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Cf = Sediment concentration in the flume 

Z = Rouse number 

Fn = Froude number 

Rn = Reynolds number 

C,= VU* , in which V = flow velocity in the flume, and 

u, = shear velocity 

Equation (5-1) in simplified form is: 

WS 2.14 05.6 0.3 

Ct = (0.1336) (-50 ) 2.14 0 ( u ) (5-2) 

in which
 

W = fall velocity (average size bed material)
 

v = kinematic viscosity of the water
 

The summary table for the free variables given to the computer
 

and their corresponding regression coefficient R and F (F-Test for
 

Significance of Regression) values taken from the computer output for
 

Eq. (5-1) are the following:
 

Step Variables Control Multiple Increase F value
 
number entered Status R R in R to enter
sq sq
 

1 Cf Free .95986 .92133 .92133 1452.23731
 

2 Fn Free .96176 .92499 .00366 5.99955
 

3 Rn Free .96259 .92658 .00159 2.63433
 

4 C, Free .96288 .92714 .00056 0.93627
 

5 Z Free .96423 .92974 .00260 4.44293
 

6 Qr Free .96428 .92983 .00009 0.15559
 

7 Dr Free .96430 .92987 .00003 0.05660
 

in which
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Dr 	 Turnout elevation - Depth of sand E-t Dms and 
Total depth - Depth of sard dt Dms 

Qr = Discharge through the turnout Qt 
Discharge in the flume Qf 

The other variables are defined previously. 

The coefficient of determination for this equation is 0.93. 

In other words, this equation explains the total variation of sediment 

concentration through the turnout within 93 percent of its actual value. 

From the range of variation of the parameters on the right side of the 

forementioned equation, it is clear that the variation of sediment 

concentration through the turnout is basically a function of the sedi­

ment concentration in the flume. The sedineh, concent ratiion throIgh 

the turnout computed by the equation plotted versus the sediment con­

centration found in laboratory experimcnts is shown in Fig. 5-2. 

Discussion of Results
 

One possible explanation for the disappearance of turnout
 

elevation from the bed of the channel and the discharge ratio in the
 

final statistical equation could be that th-- turnout was not suffi­

ciently raised. The original elevation of the turnout from the bed of 

the channel was 0.74 feet and it was raised 4 inches in one step during 

the course of the study. 

The plot of bed material distribution throughout the depth 

of the flow computed by the Einstein Bed Load Function is shown in 

Fig. 5-3. It is clear from this graph that th variate ion of bed 

material concentration at higher elevations from the bed of the channel 
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is insignificant. Assuming that Fig. 5-3 is applicable, then most of 

the sediment load in this laboratory' flume was transported as bed load. 
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According to these figures, the variation in sediment concentration
 

with time through the turnout has a greater range than the variation of 

sediment concentration in the flume. 
 Great variation in sediment con­

centration through the turnout was also visually observed through the
 

transparent section (observation window) of the turnout. 
 The variation 

of sediment concentration through the turnout was greater whenever there 

was a collapse of sharp peaks or unstable bed formation in the vicinity 

of the turnout. This was also visually observed. In fact, the water in 

the flume was so clear sometimes that one could easily see through it to 

observe the change,; taking place in the bed of the channel.
 

rhe longitiidinal areas of the thickness over
sand distances of 

one depth of' Ho6, two depths of flow (about 1' fect and 3 feet), and 

tile entire length of 5' feet upstream from the center line of the turn­

out were de termined from the analysis of the bed profile which was ob­

served and recorded with vach .ampic ;at a distance of I foot away from 

the turnout ,ide oft tht, Iliune (see Ig. S-4). These areas and tile 

sedimenlt CoInkCt 1.1 1iilill thl'o ighl the tIiitilout are plotted versus tine in 

ampleN tthe orde-r the vre obtaiied. lihe plots tor each set as shown 

in 1,g. 5-Sa, b. and , indicatet that the sand thickness on tile bed 

of thle il flume |i. 4ener.i onall when '-edimcnt coolcnt rat ion through the 

turnoilt 1% large. iand 1. , ' wlt't Tlit- *"dtl cilt cLl ILi'ut rat ioil throuigh 

thit) tluII-il! t I lotm ata;1iY .I ofniai I tilt' tilt %pcclll run" plis vissual 

obhvrvstlon, it app'e-r% that tie sediment concent ration t',,rough the 

turnout i oificif vwtly at'ected by the bd movement in the flume. 
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flow 

d = depth of flow 

Turnout 
, , ,. ". "' . 

. :-. i *.. , . -'.;-:*.., 
L.'. i ' ';-.;".""."i"' i.." " .. ""'" "" 

"' I'1 ft I-
(a) 

I 
(b) 

Au(b) 

P~gure .5-4. Hypothetical sand-bcdtprofiles, indicating the longitudinal 
areas referred to In th text. 
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Figure 5-5a. The effect of bed form movement in the flume on the variation of 
sediment concentration through the turnout. 
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Figure 3-5b. 
 The effect of bed form movement in the flume on the variation of sediment concentration
 

through the turnout. Note: The relative magnitudes of the longitudinal areas are about
 
the same as for Figure S-Sa.
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Figure 	5-5c. 
The effect of bed form movement on the variation of sediment concentration through the
 

turnout. Note: The relative magnitude of the longitudinal areas are about the same as
 
for Figure 5-5a.
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Scour Pit Formation
 

The bed profiles taken with each run were analyzed for the size
 

and shape of the scour pit which is usually formed at the vicinity of 

the turnout. The data so derived indicate that the depth of scour is 

proportional to the size of the scour. The two plots which show this 

relationship are shown in Fig. 5-6a and 5-6b. Fig. 5-6a indicates this 

relation for the data taken at the turnout elevation from the bed of 

the channel equal to 0.74 feet and Fig. 5-6b shows this relation for 

that part of the data which were taken at the turnout elevation equal 

to 1.073 feet above the concrete bed of the flume.
 

An effort was made to find a relationship for the depth of scour
 

in terms of the other related parameters. By using correlation
 

techniques on the data at hand, the following equation was obtained.
 

0 3  Drs = C(Qr)1.4(Vr)- 09(I/Cr)OO6 (Ct) 0 . (5-3) 

in which
 

DTI
 

Drs , , and d are previously defined 
r f T1 

C = a constant 

Discharge in the turnout Qt 

r = Discharge in the flume Qf 

v Velocity in the turnout Vt 
r Velocity in the flume 
 Vf
 

C - Sediment concentration through the turnout - t 
r Sediment concentration in the flume Cf
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The coefficient of determination for this equation is 0.41. In
 

other words, this equation explains the total variation of scour
 

within 41 percent of its actual value. According to this equation, the
 

depth of scour is mainly a function of the discharge ratio Qr
 

From Model to Prototype
 

The variation of bed material concentration throughout the depth
 

of flow in the flume and an assumed irrigation canal was computed by
 

the Einstein Bedload Function. The following values were used in the
 

computation:
 

Canal Flume
 

Average depth of flow 9 ft 1.5 ft
 

Average bed material size (D50) = 0.25 mm 0.19 mm 

" " of" " = 0.35 mm 

" of"= 0.45 mm
 

it 0.55 mm
 

Grain size distribution (a) 1.30 1.30
 

Froude number 0.30 0.30
 

The results of this computation are plotted and shown in Figures
 

S-7a, 7b, 7c, and 7d. For reason of comparison, in each case the distri­

but on of bed material concentration in the flume is plotted on the same
 

graph with the concentration of the different bed material sizes used
 

in the canal. The plots indicate that the variation of bed material con­

centration in the flume is almost the same as the variation in the canal
 

with the average bed material size equal to 0.35 mm. This means that
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Figure S-7a. Variation of bed material concentration throughout the depth of flow in the flume and a 
9-foot deep irrigation canal (Dso = 0.25 mm). 
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Figure 5-7b. Variation of bed material concentration throughout the depth of flow in the flume and a 
9-foot deep irrigation canal (D50 = 0.35 nn). 
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Figure 5-7d. 	Variation of bed material concentration throughout the depth of flow in the flume and a
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if the results are to be applied to a 9-foot deep canal, then the model
 

prototypc extrapolation will be valid if average bed material size in
 

the canal is 0.355 mm. The choice of using a 9-foot deep canal with
 

the given flow conditions in this computation was purely arbitrary and
 

it was not the goal of this research to study any specific problem.
 

The plots further indicate that most of the sediment load in the flume 

is transported at elevations less than 10 percent of the depth ratio.
 

In other words, the variation of sediment concentration at elevations
 

higher than 10 percent of the depth ratio from the bed of the channel is
 

not significant.
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Chapter VI
 

SUMMARY AND CONCLUSIONS
 

The phenomena of bed material withdrawal at farm turnouts was
 

studied in a sand bed laboratory flume. The average size of the sand
 

used as bed material was C.19 mm , and the grain size distribution was
 

1.30. It was the purpose of this study to determine the effect of 

depth of flow in the flume, discharge in the flume, turnout elevation,
 

and the discharge through the turnout on the variation of sediment con­

centration through the turnout. The ranges of variation for these
 

variables were:
 

Depth of flow in the flume, df from 0.89 feet to 1.89 feet.
 

Discharge in the flume, Qf from 5.2 cfs to 12.2cfs.
 

Turnout elevation d from .74 feet to 1.073 feet.
 c 
Discharge through the turnout Qt from .23 cfs to 1.70 cfs.
 

The results of the analyses are as follows:
 

1. 	The four inches increase in turnout elevation from its
 

original elevation of 0.74 from the concrete bed of the
 

flume did not prove to have considerable effect on the
 

amount of sediment withdrawal through the turnout. The
 

reason for this is that most of the sediment load was
 

transported as bed load and the variation in sediment
 

concentration at higher elevation from the bed of the
 

channel was insignificant.
 

2. 	Sediment concentration through the turnout was found to
 

be mostly affected by the concentration in the flume
 

as shown by the statistical equation (fiqs. 5-1, 5-2).
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The bed form movement in the flume has a significant effect
3. 


on the variation of sediment withdrawal through the turnout.
 

A collapse of sharp peaks or unstable bed formation as bed
 

form moves by the turnout increases sediment discharge through
 

The support for this statement is
the turnout tremendously. 


based on visual observation and the results of three sets of
 

special runs presented in Chapter V.
 

4. 	 The scour pit remains geometrically similar under different
 

The average
conditions of flow in the flume and the turnout. 


depth of scour was found to be predominantly a function of
 

the discharge ratio and velocity ratio of the flow in the
 

turnout and flume respectively.
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Chapter VII
 

RECOMMENDATIONS FOR FUTURE STUDY ON THIS SUBJECT
 

The following suggestions may increase the amount and range of 

design information for a better understanding of the sediment with­

drawal phenomena at the farm turnout. 

I. 	The phenomena should be studied at a greater range of
 

turnout elevation from the bed of the channel.
 

2. 	 Having two turnouts of different sizes located at a reason­

able distance from each other along the length of the flume 

will provide a better basis for the study of this problem. 

3. 	 Having transparent sections both in the flume and the turnout 

would help to understand the changes that take place in the 

bed of the channel and the variation of co centration both 

in the flume and the turnout. 

4. 	 It will be better to study the problem with at least two
 

different sizes of bed materials.
 

5. 	 The time for taking the sediment samples from the turnout and
 

the flume should be more than what was used in this study. If
 

possible both samples should be taken at the same time.
 

6. 	 It will be a worth while effort to investigate the similarity
 

and scaling criteria for suspended load in sediment laden
 

flows.
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Table II. Scour pit data 

Vu Vd3 DT, as
 

(ft ) (ft 
) 

(ft) (ft) 

A0%i .8110 2. 14 -3"06,, 

A07 . -i 1 .PQ70 .0l?,i3 I.S3ti7 

AGO I.IIe I 177 • pon ,0N31
 

0
AV9 0741J T 9 .03 

A10 .141 ,7-o .I 60 .021 
All .411 .1.0J9 ,'.40 .012,f 
A12 .7515 1.030 .0&l0 .043. 
A41 .7A640 1.-50 .3.70 .05s 
All .P793 l. . .. % . 340 .03,1 

A£I .470 J. 7P70 . .?O .1020 
A19 1.1-10 3. 04b0 . ..19fl .0910 
Alsh . 7 4;0 2. 0 4 j .3740 .C610~ 
A17 -. 43130 1.'.020 .. *0)215410 
AIR *75%0 1,it10 .?,hO .0537 
A14 -. ;0S I 1.,4470 .0;!I0 .040-1 
A19 .7016 .44 .2000 .0354 

APO l.O90O 3.,9240 ."C600 .10q4 
API 1.0040 3.1-0 .. 160 .0AQ 

A23 .7793 .40t,2 *e',40 .0i33 
A2. .10Th 1,0 *3?30 .0344 

A2.. S633 2. 1621% ... oR0 .064 
AP 7 .R;5D 7. JS649 .11,00 . 14 1 
A2RA . I M35 I2.15 Il .3170 .02P.0 
A2 4 i93 -1.1770 .?290 -. 0122 
Ala 1.0920 1.199o .3%00 .0b43 
A31 .9170 1.9230 .1110 .0631 
A12 P2I23 .44?'. .3100 .0051 
A13 .10 .4i'10 .3950 .0193 
414 . 1.50 i.4,b.) .2430 .0514 
A36 .?36? .123 11.90 .007?3 
A3 -. 0131 1.3410 .2720 .0307 
A(.0 1076.) -1t. .2250 .0205 
A41 .741 ?.04,10 .3350 .06!4 
0I .1?l4 1.74511 .2740 .0459 
5? .7174 1.415 .?710 .0413 
51 .1015 .&-200 e;3f .01.)0
C;. .7 10 e.310') .3;10 .0574 
55 .4910 . m570 .1400 .0300 

57 .3490 1.47to ... 540 .0404 
99 ,qQ00 2.21 0 .3790 .0712 
61 .3145 1.200 .?450 .0351 
63 .5370 1.3760 .3430 .04?5 
6S 1.0730 2.d520 .,130 .0#172 
67 -I.Oe1'0 1.1b50 .1670 .0536 



79
 

6R .0 F2 e5d0 od'.60 .024.3 
70 -.9490 lobalO o27RO .0212 
72 .00 3.Sh 10 0 3470 .1004. 
73 .q175 3.8020 o4010 .1027 
7% .4690 1.8400 .. llo .0900 

77 -. 1110 1.120 .2A90 .0369 
79 .4770 1.4-30 .3470 .0436 
RI 
R? 

-. 090 
.1676 

1.c26( 
2.89eU 

.1'O0P 

.;60 
022M 
.00iO 

93 2.1900 .51CU .310 .0602 
44 2.IHO 2.7370 .3940 .1140 
AC -1.1010 5.8190 .?7R0 .1060 
h 640 1.0170 . )70 .0423 

M7 2.4 74U 1.0?00 .3S80 .0780 
AA .3450 4.-,190 .'.120 .110 
A9 1.1150 .?20 .3300 .4700 
0n .4470 1.f'00 .. ?10 .0920 
91 -.7650 -.9220 .0690 -. 0370 
q? .461U 1..Sbo .3020 .06 
1 .1110 1.?tb) .2410 .0357 

94 .1210 .5210 .2390 .01A7 
95 .?51p5 P.03ti0 .3440 .0754 
qh 1.9100 -. 534i) .3680 .0310 
97 .7700 4.?h6u .2c20 .1120 
9$ -1.1200 -1.3940 .0780 -.0560 
4q .5490 lp.4JOu .3510 .3000 

100 -2.-900 -.hObO -.2120 -.0710 
101 .h1,0 ?.Old .3030 .0595 
lop 1.0740 .0791 .3720 .0277 
103 1.0010 3.b3bo .-150 .1090 
104 .7050 2.1430 .3940 .0770 
105 .6500 3.10 .3740 .08s0 
106 .6610 .4580 .1950 .02u9 
l17 ..550 1.Ol0 .2460 .3440 
108 .7680 ?.5490 .4670 .0737 
109 .8?30 2.2H20 .­420 .0691 
110 .4120 J.04130 .310 .0770 
111 -.0?1U .1650 .0730 .0031 
112 -.3720 -.2310 .1900 -. 0140 
III .7760 2.0020 .3530 .0618 
114 .41660 2.6291 .3890 .0688 
115 .27U -.0658 .1670 .0107 
116 .4550 .2300 .2300 .0152 
117 .4740 1.9880 .3260 .0547 
1lif .0990 1.1380 .3580 .0274 
lq .130 2.0650 .40o0 .0573 
120 -.2330 -.2310 .1125 -.0103 
I1I .10I0 -.1900 .1405 -. 0020 
122 .1460 -.0380 .1580 .002' 
171 .230 .0470 .140 .00b1 
124 .4#95 1.041H .2?80 .0336 
125 .5595 .7046 .e710 .0281 
1?6 ..669 .027A .IQ10 .0110 
127 .423d 1.7940 .1?60 .0937 
128 .4148 4.49b6 .060 .1092 
Pq .10S70,4 ..140 .1019 
130 
131 

.22O 
04 in 

-.4P60 
.7le 9 

.0410 

.0421) 
-.0030 
.0? 

11? .150 .1740 .2630 .0201 
133 1.400 .520 .e440 .0447 
114 .4550 .9150 .2720 .0304 
135 .531u .1050 .1620 .0141 
116 .2330 .1130 .0810 00077 
137 .1?90 -1.7090 .068 -.0372 

-0.0000 -1.700 .0680 -.0372 
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APPENDIX B
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Sonic Depth Sounder
 

"Sonic depth sounder is an instrument which can see through
 
water by means of sound waves. To operate sonic depth sounder
 
properly, it is necessary to understand the principles upon
 
which it works.* The human ear can hear sound waves whose
 
frequencies range from 20 cycles to 20,000 cycles per second.
 
Sound waves oscillating at a frequency greater than 20,000 cycles
 
per second are inaudible and are known as ultrasound. The ultra­
sonic waves which the sonic depth sounder utilizes have fre­
quencies not of thousands of cycles but millions of cycles per
 
second. In speaking of these frequency waves, the term
 
"megacycles" meaning millions of cycles per second is used.
 
Sound waves are used to obtain information about the depth
 
of water by studying the echoes that are reflected from the
 
interface between the water and an obstruction. It is possible
 
to determine distance by the length of time required to receive
 
an echo from an obstruction. The instrument always measures the
 
distance from the transducer to the obstruction.
 

The sound waves are produced by a piezoelectric crystal.
 
The crystal is electrically pulsed after which it vibrates at
 
its own natural frequency. These very short sound waves will
 
not, for all practical purposes, travel through air. They will,
 
however, travel through most liquids. The crystal vibrates at
 
its natural frequency for only a few cycles. The result is a
 
very short burst of energy which travels through the water to
 
an obstruction. Most of the sound is immediately reflected
 
back toward the transducer.
 

After the crystal has given off its short burst of sound
 
waves and stopped vibrating it "listens" for returning echoes,
 
When the echoes are received they cause the crystal to vibrate
 
and produce an electric current which could be displayed as a
 
pip or cathode ray tube screen or plotted on paper with x - y
 
plotter."
 

, 
Instructions for the operation and maintenance of Model 1024
 
Sonic Depth Sounder could be obtained from: Automation
 
Instruments, Incorporated in Boulder, Colorado. Reference
 
to this has also been mentioned in the List of References.
 




