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ABSTRACT
 

FLW IN SAND-BED CHANNELS
 

has been studied to formulateThe flow of water in sand-bed channels 

resistance and transport functions for a given depth, energy gradient and 

The study was based on the flume data obtained at Colorado
bed-material. 


State University by the U.S. Geological Survey from 1956 to 1961, 
forty­

three canal sections from West Pakistan and 112 river sections 
from the
 

Rio Grande, New Mexico.
 

found, that in sand-bed channels with general bed-movementIt was 

the sand boundary always behaves as hydrodynamically rough. For width­

depth ratios varying from 3 to 60 the wall-correction applied 
to the
 

to over-correct so that the re­smooth walled sand-bed flumes was found 

sulting characteristics of the resistance to flow became 
dependent on
 

For these reasons, it is concluded that the flow
 the width-depth ratio. 


in sand-bed channels with width-depth ratios greater than 
3 should be
 

analysed on the basis of the average depth without using 
the wall correc-


In
 
tion and without applying a smooth to rough transition function. 


of the bed­
plane sand-bedlflows the grain roughness is related to 

D84 


material;
 

The sand-size bed-material samples from the Rio Grande 
and West
 

Pakistan canals exhibit a lognormal particle size distribution 
in the
 

This distribution is convenient for
 10th to 90th percentile size range. 


sand-bed channels.
the engineering computations of equilibrium flows in 


In the sand-bed channels, because of the local non-uniformity of
 

flow it is not possible to represent the mean vertical velocity distri-


A mean velocity profile
bution by the observations on a single vertical. 


for sand-bed channels is proposed which has a logarithmic velocity
 

iii.I 



distribution in the inner layer based'on"ain."effective shear velocity." 

The value of von Karman's K, in the.outer layer,,of the flow in sand-bed 

flumas was analysed and it was found to be related to parameters which 

represent the total sediment load as well as the bed forms.
 

It was also found that a single resistance function cannot be used
 

to analyse the flow over all the bed configurations. Therofore, separate
 

resistance functions were developed for the upper regime, the lower
 

regime and the transition zone. These functions predict the average
 

velocity in sand-bed flumes and canals within IS percent for most of the 

data used. 

The bed-material transport function in sand-bed channels was developed 

in terms of the mean velocity distribution developed in this study and 

a reference concentration related to the Shields' grain shear parameter 

and the fall velocity-shear velocity ratio. The prediction of the size 

distribution of the bed-material transport from this function was found 

.obe in accord with the observed gradation in flumes over the whole range
 

of transport and bed forms. 

Yhalid Mahmood
 
'Civil Engineering Department
 
Colorado State University
 
Fort Collins, Colorado, 80521
 
February, 1971
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CHAPTER- I 

INTRODUCTION
 

In the field of natural resources, the probleu of flow over sand­

bed channels is encountered whenever relative motion between water and
 

an er6dible sand boundary exists. Once the threshold conditions for
 

movemnt' Iof bed-material have been exceeded, the flow involves mutual
 

interaction between the fluid and the boundary. In its entirety,
 

this problem involves time and space non-homogeneous processes of
 

boundary deformation, effect oZ the boundury on turbulence character­

isti'cs'of flow, suspension of bed material and the effect of such
 

suspension on dynamics of flow. *These processes, which are not
 

adequately understood in themselves, are interrelated. So, even if
 

they were independently understood, the general problem would still
 

be far 'from solution.'
 

Theories of turbulent liquid flows are at present (1971) in an
 

empirl'c'al' 'stage., Certain phenomenological'theories, like those 'of
 

Prandtl', Karman, Taylor and Townsend, are useful in the analysis of
 

problems relating to such flows. The mechanism of turbulence is,
 

however, ribt fully understood. For description of the vertical
 

velocity distribution in turbulent shear flows', a two-layer model is
 

currently accepted. This divides the turbulent part of the flow into'
 

a wall layer and an outer layer. This division also corresponds to
 

the differences in certain turbulence characteristics in' the two
 

layers. Flow over a sand-be, imposes conditions for which the clear
 

water turhulent flow theories do not provide an an3wer: These condi­

tions, w*hich 'stemmainly from the mutual interaction of flow and. the
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gross changes in the vertical distribution of 
boundary, create some 

Efforts have been made in the past to explain 
these changes

velocity. 


in terms of the suspension of sand and the phenomenological 
theories,
 

has been neglectedin sand-bed channelsbut an important aspect of flow 

This aspect is. related to the local accelerationin these studies. 

over parts of the bed forms. It is difficult to ascertain how much of
 

the gross effects noted in velocity profiles 
are due to these accelera­

are due to the suspension of sand.tions and how much 

The engineer, in general, is concerned with 
the discharge of water
 

channel 
sediment, size distribution of the transported material,

and 
Lateral
 

geometry and stability of the geometry of 
the alluvial section. 


stability of the section is evaluated by regime 
theories and dealt with
 

The vertical stability

by standard channel stabilization practices. 


(of the bed) is related to the time scale of 
the phenomenon. 
In most
 

cases of engineering interest two-dimensionality 
and time-homogeniety
 

With these
 
of the process can be assumed at least as 

a first step. 


restrictions, the variables of interest reduce 
to the properties of the
 

fluid and the sand-bed, depth of flow, energy 
gradient, water discharge,
 

and size gradation of the transported material. The 
sediment load 

sediment load is recognized as consisting of 
an indeterminate fine
 

material component and the determinate bed-material 
load. For a given
 

sand-bed and fluid, there ate four remaining 
variables, viz., water
 

discharge, bed-material load and its size 
gradation, depth of flow and
 

Knowing any two of these .variables, it should be
 
energy gradient. 


possible with the help of a resistance and a trw'sport 
function to.
 

determine the two remaining variables. However, the resistance and,
 

It is 
are not always jingle-yalued functions. 

the transport. functions 
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known that under certain depth-slope combinations, the flow over a sand­

bed may result either in an upper regime situation or in a lower regime 

situation. The former is characterized by both higher velocities and
 

transport rates and the latter by both lower velocities and transport
 

rates. Although, the range of conditions in which a multiplicity of
 

resistance and transport solutions can exist is not known it is in
 

this range that it may be possible to uniquely determine only one of
 

the four variables from the known values of the other three.
 

The problem of predicting the bed-material transport rates, with a 

know i velocity, depth and bed-material is considerably simpler than 

that of predicting both the velocity and the transport rate. The 

reason for this lies in the final regime and turbulence structure of 

the flow. Both the mean velocity and sediment transport are a con­

sequence of the turbulence structure of the flow. Even though the
 

mechanism of diffusion and transport of the sediment and the liquid
 

may be different, because both are related to the resulting regime
 

of flow and the turbulence structure, they show a good correlation
 

with each other.
 

Perhaps the greatest obstacle in the understanding of flow over
 

sand-beds is the variety of bed forms that can accompany such flows. 

The recognition of different bed forms is not new, but the importance
 

of different flow regimes and a differentiation of the resistance and
 

transport phenomena associated with these regimes is an outstanding
 

contribution of recent times. It is understood that it is not possible
 

to define a single resistance or transport function for all of the bed 

forms.
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This dissertation is concerned with the investigation of two­

dimensional, time-homogeneous flow of water in sand-bed channels.
 

The object of this study is to derive predictive relations for the
 

discharge of water and the quantity and size gradation of the bed­

material transport for the given properties of water, sand-bed, depth
 

and energy gradient. The prediction of the regime of flow and the
 

uniqueness of this regime are important steps in the analysis of flow
 

in sand-bed channels. Therefore, it is also necessary to investigate
 

these aspects of the flow to determine the range of conditions in
 

which the regime can be uniquely predicted. This investigation is
 

priuarily based on the recirculating laboratory flume data in which
 

the two-dimensionality and time-homogeniety of the flow phenomena are
 

Some field data from the Rio Grande in New Mexico and the
realized. 


are also used to extend the predictive relations
West Pakistan Canals 


to a wider range of the depth of flow and other conditions.
 



S 

CHAPTER II
 

DATA USED
 

Data available cm flow in sand-bed channels are of two types, viz.,
 

those obtained under controlled laboratory conditions and those collected
 

in natural rivers and canals. The field data (rivers and canals) are
 

generally characterized by a larger range of depths but a smaller range
 

of other variables. They also suffer from disturbances such as varia­

tion of discharge, curved channels, presence of seepage forces etc.
 

Moreover, field observations are not as complete as those made in the
 

laboratory especially for total bed-material transport and the descrip­

tion of bed forms. Experiments with flow over sand-beds in the
 

laboratory have contributed greatly to the description and understanding
 

of the phenomena involved, mainly because of the absence of extraneous
 

disturbances and the opportunity for detailed observations. For these
 

reasons, this study of flow in sand-bed channels is primarily concerned
 

with the laboratory data.
 

Laboratory Data
 

The data on which this study is based were collected at Colorado
 

State University by Daryl B. Simons and E. V. Richardson between 1956
 

and 1961. A compilation of the data and description of the procedures
 

has been published as U.S. Geological Survey Professional Paper No.
 

462-1 ,(1966), entitled "Summary of Alluvial Channel Data from Flume
 

Experiments, 1956-1961". These data are generally referred to, in this
 

text, as the flume data or the flume runs.
 

The flume studies were made in two recirculating flumes, one with
 

a nominal width of 2 feet (actual width 1.969 ft) and the other 8 feet
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In all, 339 runs were made under equilibrium conditions. The

wide. 


range of bed forms extended from plane.bed without 
movement to chutes
 

and pools. The range of some other variables covered in these runs is
 

given below:
 

Bed-material
 

0.19 - 0.93Median diameter (mm) 


Geometric standard deviation, a 1.25 - 2.07 

Flow
 

0.19 - 1.33Mean depth (ft) 


- 6.34
Mean velocity (ft per second) 0.65 


Energy gradient (percent) 0.0055 - 1.928
 

Bed-material discharge (lb per
 
up to 12.51
 sec per ft width) 


Fine material load concentration
 
up to 63,700
(tables 10 and 11 only) (ppm) 


Published data for these runs include all the hydraulic 
and
 

Some data, such as the complete size distribution
 sediment variables. 


analyses of bed material load, have not been published and were
 

obtained from the original records.
 

.In connection with the analysis of plane-bed runs, some inter­

mediate width-depth ratios between those provided 
by the 2 and 8
 

For this purpose and for testing the resistance
 foot flume were needed. 


function derived in Chapter VIII, flume data reported 
by Barton and
 

The data which are referred to in this
 Lin (1955) were also used. 


text as Barton-Lin data were collected at Colorado 
A & M College, in
 

a 4 foot wide flume with a sand of 0.18 mm median 
size and a geometric
 

No other laboratory data'were used.'
 standard deviation of about 1.25. 




7
 

Field Data, 

As all resistance and transport theories have to be used ultimately. 

under field conditions, it was necessary to include some field data in 

the analysis. This was done by using 43 canal observations from 3 

canals in West Pakistan (West Pakistan WAPDA, 1963). All the selected 

canals are perennial and known to be stable. The reason for selecting 

the canals instead of river sections was that these canals are operated 

with nearly constant discharges for long durations and thus are more 

likely to be in equilibrium than the river sections. Another reason
 

was that these canal sections are all located in long straight reaches
 

and have nearly constant depths across the sections. A list of the
 

canal sections used is given in Table 2-1 with their hydraulic and
 

sediment variables. The range of variables for these sections is
 

listed below.
 

Bed-Material 

Median diameter (mm) 0.085 - 0.35 

Geometric standard deviation, a 1.22 - 1.50 

Flow 

Average depth (ft) 2.S - 10.6 

Mean velocity (ft per sec) 1.27 - 3.53 

Energy gradient (percent) 0.0078 - 0.025 

Bed-material transport data are not available for these canals and
 

therefore, they were not used in the formulation of the transpert
 

function. In this text these data are referred to as the canal data.
 

For the transport function, part of the data reported by Nordin
 

and Beverage (1965) for the Rio Grande were also utilized. This
 

comprised 112 observations pertaining to the sites near Bernalillo
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Nordin and Beverage have listed all
 and at Albuquerque, New Mexico. 


the hydraulic 'and sediment'variables for these sections including
 

In most of these,for each observation.bed-aterial size analyses 

however, the slopes have been adopted as averages from 
other studios.
 

The range of variables involved in these data are 
given below:
 

"Bedmaterial 

Median diameter (mm) 0.18 - 0.45 

Geometric standard deviation, a" 1.29 - 3.72 

Flow
 

0.52 - 4.80 
ean depth (ft) 

0.99 - 7.82 
Average velocity (ft pr sec) 


fairly constant
 
Energy gradient (percent) 


0.11
Albuquerque 


0.086"
Bernalillo 


Bed-material discharge (lb per sec per ft
 
0.0004S - 10.2width) 


Total sediment loads for these sections had been calculated by 
the
 

Modified Einstein Procedure, and reported for all 
sediment sizes as
 

In using these data the
 well as for sizes greater than 0.062 m. 


than 0.062 m wasreported total sediment load in size range greater 
. 

, , I I 

taken as the observed total bed-material load. This was done for 

better definition of the indeterminate fine material load 
want of a 

These data are referred to in this text
 for individual observations. 

as the river data or the Rio Grande data. 

The bed-material size distributions of the 
river data were also 

used for testing the applicability of lognormal 
distribution to natural 

Also used for this purpose were all the 
bed-material 

sand-mixtures. 
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analyses reported for the West Pakistan-canals for 1963. These analyses
 

were obtained from the Canal and Headworks Data Observation Program of 

West Pakistan Water and Power Develor'dnt Authority (1963).
 

Inthis study all the analyses were performed on a digital.com­

puter. For this purpose, it was necessary to punch the data used in., 

this investigation on computer cards. For the flume runs, the data
 

punched on cards comprised all the information contained in U. S.
 

Geological Survey Professional Paper No. 462-I, including the velocity
 

profiles. In the case of Barton-Lin and the canal data all the pertinent
 

hydraulic and sediment variables required for the resistance function
 

were punched on cards. The channel cross-sectional data reported for 

the West Pakistan canals were not included in this as they were not
 

required for the objectives of this study. For the Rio Grande data,
 

all the hydraulic, sediment and transport variables reported by Nordin
 

and Beverage (196S) for the sites near Bernalillo and at Albuquerque 

were transferred to the computer cards. They also include the bed­

material size distribution analyses. To avoid reading of the complete
 

set of data for each phase of the investigation, certain reduced sets 

of data Were produced-throughrthe computer. Specifically, these sets 

pertain to the variables involved in the resistance phase, the transport 

phase, the bed-material gradation and the K analysis of the velocity 

profiles.; The master set of punched cards for the complete data and the 

reduced sets are available-at the computer terminal in the Engineering 

Research Center of the-Colorado State University..
 

http:digital.com


10 '
 

CHAPTER-. IIII-, 

TURBULENT FLOW IN RIGID BOUNDARY (AN NELS
 

Flow.over sand-bed: channelsis different fromirigid 
boundary flows
 

in that the,interaction between the.flow-and the boundary 
is not simply
 

In
 
a function of the roughness6height viscous-layer-thickness 

ratio. 


sand-beds, once the general-movement has started, the 
flow and boundary
 

Salient features that differen­interact 'in a more complicated manner. 


follows:
 
tiate flow over sand-beds from rigid boundary flow 

are as 


(i)* In,sand-bed channels, the flow and boundary 
shape are inter-


After general movement of the bed has started, the 
sand­

related. 


The shape, size and rate
 bed is distorted, giving rise to bed forms. 


of movement of these forms vary with the flow.
 

:(ii) Roughness size represented by the .bed forms can be 
of the
 

same order as"the depth of flow in some phases 
like dunes and anti-


Similar relative roughness sizes are generally 
not encountered
 

dunes. 


in rigid boundary flows.:
 

Unlike rigid boundaries,
(fii) A-,sand-bed is not impervious. 

therefore, there is a possibilityof flow, however small, penetrating. 

Thusi the turbulent fluctuations normal:,to.the-flow 
do 

into the bed.l 


not always vanish at the boundary.
 

•'(iv), The boundary in the case.of.sand-beds is.moving at both the.
 

Grains rolling at.the boundary may
grain.andthe bed form scales. 


introduce additional shear by their rotation:andichange 
the-turbulence
 

The movement of bed forms,
level close to the boundary by their wakes. 


on the other hand, creates unsteadinoss of flow 
at a vertical due to
 

the changing bed elevation and flow pattern.
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.Cy). Atyadvanced stages of movement, bed-aterial is thrown up in 

suspension. The,presence of particles in suspension affects the 

turbulence characteristics of the flow. 

(vi) 	 As the bed forms achieve,dimensions comparable to the depth 

Both the depth and velocity(dunes), the flow is no longer uniform. 


change .along the main flow direction and across the section.
 

The consequence of these differences between rigid boundary and
 

sand-bed flows are not known in detail, but it is apparent that these
 

are too important to be ignored in the analysis of sand-bed flows. Yet,
 

there is no theory of turbulent flow over mobile beds comparable to
 

theories available for rigid boundary turbulent flows; therefore, all
 

analysis of flow over alluvial beds, relies on the rigid boundary
 

turbulent flow theories. Before proceeding with the resistance problem,
 

a brief summary of the theories of turbulent flows will be given,
 

along with a discussion of the effects of the above features on alluvial
 

flows.
 

Turbulent shear flows that are comonly studied are either
 

the boundary layer flows along plates or symetrical conduit (pipe,
 

channel) flows. These are similar in their mean flow patterns and dis­

tribution of turbulence quantities in the vicinity of the wall. Farther
 

away,'however, the boundary layer flows exhibit intermittency of tur­

bulence near the outer edge of the layer. Similar interuittency cannot'
 

be experienced in fully developed conduit flow. In exploring the tur-'
 

bulence and mean flow characteristics, the differences between the two
 

kinds of shear flows are not very important. For example, it has'been
 

shown by Hama (19S4) that the roughness function for fully rough flow­
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are the sam'e otr a'given roughness geoetry in 'pipe, clinnel and zero­

pressure gradient boundary layer flows. In open channel' flow, if the
 

Froude number of the flow and the size of the bed forms'is small, the
 

free surface is' nearly plane and fully-developed turbulent flow can be 

approximited by'aboundary"layer flow with the boundary layer thickness 

the same as the depth of'flow. This would be more nearly so in channels 

of large'width-depth ratio and in the portions of flow away from'the
 

banks. However, such a flow would not have intermittency of turbulence
 

at the outer edge of the flow.
 

Regions of Velocity Distribution in Turbulent Flows
 

Inturbulont boundary layer flow three regions of mean velocity
 

distribution are recognized. There is a lery thin region close to the
 

wall, where viscous effects dominate. This is called the viscous sub­

layer.. This layer is characterized by a constant shear stress equal to
 

the boundary shear stress and has a time average thickness of
T0 


about Sv/Uo ,.where v is the kinematic viscosity of the fluid and
 

U*o is the shear velocity V . Flow in the viscous sublayer is
 

neither entirely.laminar nor steady. It undergoes periodic growth and
 

disintegration, so that the same set of fluid particles is.not associated.
 

with it at all times. The velocity profile in the viscous sublayer is
 

linearover most-of its thickness but departs from linearity almost
 

abruptly near its end. ,j
 

Beyond the .viscouz.layer andup to about a distance of 0.1 to 0.2
 

times the boundary: layer thickress, is the equiiibrium layer.. This
 

layer, also called the.."inner,'. layer,,has.a nearly constant shear stress,,
 

equal to To , the shear stress at the boundary. Flow in this layer is
 

fully turbulent except in a small transition region close to the viscous
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layer. Flow in the fully turbulent region has "similarity" in terms 

of the shear velocity U.0 as the reference velocity and v/Uo as 

the reference length. The velocity profile in the inner lay'6r is 

given by 

u U*y 
-- A In - .B (3-1) 

where 

u is the velocity at distance y from the boundary and 
Y! ;I, '.."- - . . 

A and B are constant for a given flow. 

.Outside the inner layer, is the outer layer, the region containing
 

80 to 90 percent of the depth. Velocity distribution in this layer
 

is given by a velocity defect relationship (Rotti, 1962),
 

u- u U,
 
* f ,1 (3-2)
 

'0mx
 

derived from dimensional considerations. If this relationship is
 

applied up to the inner layer, an asymptotic form of the velocity
 

defect law is obtained as
 

a" y -A In +B (3-3) 
U*0 Umax 

where-.-C­

u is the velocity at the outer edge of the boundary layer and
 

d is the boundary layer thickness.
 

Experimental results show that the dependence of B on ' is weak
 
I Umax 

and is quantitatively not yet known.
 

The observed velocity profiles in fully developed turbulent
 

boundary layer and conduit flows show a close fit to the logarithmic
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velocity profile (Equation 3-1) in the inner layer. However, velocities
 

in the outer 'layer show systematic departure and the velocity defect
 

law (Equation 3-3) gives an underestimation of velocity. This has
 

sometimes been corrected by the adoption of a parabolic function for
 

the velocity defect law in the outer region (Hama, 1954) or some other
 

correction terms in the logar.thmic form of velocity defect law (Hinze
 

1959, p. 483).
 

If the flow boundary is not smooth and the protuberances on its 

surface are not smaller than the viscous subla, jr, the flow undergoes
 

a transition from smoh turbulent flow of Equation (3-1) which becomes
 

u . B 
Z
 o
U.0 A:" '+B() (R] (3-4), 

where
 
Uo ks and 

ks is the size of the roughness.
 

For still larger roughness of the boundary, the flow in the 
inner layer
 

ks as the reference length
becomes dependent on the roughness height 


and the velocity profile is given by:
 

U 

(3-5)A in (77) + B 
'0 

where constant B is now dependent on the type. shape, size variation
 

and concentration of the roughness elements.
 

(3-5)
Logarithmic.velocity profiles given in Equations (3-1) to 


can be derived by theories such as Prandtl's and von Karman's. In
 

the shear stress is constant and the
Prandtl's mixing length theoy, 


mixing length increases linearly with distance from the wall, resulting
 



is 

in Equation (37,1). With von Karuan's similarity hypothesis, the.mixing
 

length is proportional to the ratio of the first and second derivatives
 

of the local velocity. This combined with a linearly varying shear
 

stress gives a velocity defect law. However, it is not necessary to
 

invoke any of the phenomological theories to derive the log velocity
 

profiles discussed above. Milikan (Hinze 1969, p. 469) has shown that
 

it is possible to derive log velocity profiles entirely on the basis of
 

functionalrelations and an overlapying region where both the inner
 

and outer laws apply.
 

Turbulence Characteristics of Inner and Outer Layers
 

The division of turbulent boundary layers into inner and outer
 

layers is not only convenient for empirical description of observed
 

velocity profiles, but is also supported by the consideration of
 

turbulence characteristics. Townsend (1961) divided the turbulent
 

boundary layer flow into an "inner layer" and an "outer layer".
 

According to him, the inner layer, which is also the constant stress
 

layer, is very nearly in a condition of absolute energy equilibrium
 

and the local production of turbulent energy in it is only slightly
 

more,.than the local dissipation. This surplus in the inner layer is
 

a major source of turbulent energy in the outer regions of flow.
 

On the other hand, mean flow energy from the outer layer is transferred
 

to the inner layer by the gradient of Reynold's stresses in the outer
 

layer. Measurements of turbulence quantities in the inner and outer
 

layers indicate the diffusion of turbulence energy tothe outer layer.
 

The inner and outer layers thus interact, but they have different
 

turbulent-flow mechanisms. 
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Towardsthe walhthe c'ntribution'to the turbulence energy by1 

larger eddies decreases while thatby the smaller eddies increases. 

In the outer layer, the smaller eddies (higher fiequencies) are found 

to be somewhat isotropic and the large scale eddies are elongated along 

the mean fiow diroction. 

The size of eddies, in the two layers,'brings about another dis-


As the larger addies
tinc'tion between the outer and the inner layers. 

in the outer layer are slower to recover from any disturbance. the 

flow there has a long "memory". Thus, while the conditions in the 

inner layer are determined by the wall, those in the outer layer
 

are determinedby the distribution of wall stress for some considerable
 

distance upstream.
 

Effect of Boundary Roughness on Turbulent Flow
 

It has already been stated that if the size of protuberances on a
 

flat plate is not smaller than the viscous sublayer, constant B in'
 

Equation (3-5) becomes a function of roughness Reynolds number Rks"
 

Nikuradse's data on pipes, along with other experimental results, shows
 

that for values of Rks greater than about 55, the law of the wall is
 

altered such that, in the inner layer, "similarity" is in terms of some 

proportion a of the absolute roughness height k and the shear 

velocity U.o. The boundary then becomes fully rough and velocity 

distribution in the inner layer becomes, 

A'ln (*) , . 4 B, Ris > SS -(3-6). 
.0
 

ks - ek, a - a(roughness shape, concentration, etc.] 
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Physically"it is .inteipret6d that the transfer of moentin takes plac6 

by actionof forces normal to the wall' urface, and this transfer may 

depend weakly or not at all on the fluid viscosity. 

Following Clauser (1956) and Hama (1954) the form of Equation (3-4)
 

has been retained, through the whole range of smooth-turbulent to rough­

turbulent regime as 

u U'o._y 

'0 

-n-
U,0 

(3-7) 

where 

Au U AA ln v1-- + B - B and (3-8) 
*0 

B, B are constants for a particular roughness shape and concen­

tration. 

Experimental data from different types of roughness show that 

Au. is not a universal function of R but for a given roughness type,
U.o
 

the function is unique. It is apparent that as long as there is no 

theoretically derived function for u , Equation (3-6) may be written
Uo 

with either A, B or v as a function of R s" (This will be discussed 

in greater detail subsequently.)
 

Effect of Roughness Shape and Concentration
 

The, form of transition from smooth-turbulent to rough-turbulent
 

flow in a resistance diagram (like Moody's) depends on the size distri­

bution of roughness elements. Nikuradse's data, which were collected
 

from-densely packed, uniform-sized, sand particles glued to the inside
 

of.the~pipes, show a more abrupt transition than non-uniform sand rough­

ness. Colebrook and White (1937) explained this in terms of the gradual
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The 
exposure of roughness elements in a Mixture .of non-uniform sizes. 

in Equation (3-7) would reflect the functionalrelationship of 


manner of transition.
 

Roughness patterns other than densely packed have 
also been studied.
 

Someof these investigations are: Schlichting (1936), sperical, hemi­

spherical, conical and cleat type roughness in closed rectangular
 

channel; Chu and Streeter (1940), square threaded grooves in pipes;
 

Albertson and Sayre (1936), cleat roughness in open channel; Koloseus
 

and Davidian (1966), sand particles and cubical elements in open channel;
 

cubical elements in closed rectangular channel;
O'Loughlin (1965), 


These

(1969), square grooves in boundary layer flow. 
Perry et al. 


important aspects of roughness concentra­investigations bring out some 


tion and types.
 

has been defined by
Concentration of roughness ele.ents Ak* 


Koloseus and Davidian, O,'Loughlin and others as the 
ratio of the sum
 

of projected areas of roughness elements normal 
to the mean flow, to the
 

ks (in terms of
Ratio of equivalent sand roughness
total floor area. 


k of the roughness

Nikuradse's roughness) to the physical dimension 


olement gives a dimensionless measure of the roughness 
offered by a
 

ks 

From a study of F- versus concentration
 
geometry and concentration. 


Xk .15, the resistance

Xk) Rouse (1965) concluded that to about 


varies in direct proportion to the concentration 
and the maximum
 

.25 for different
resistance occurs at a concentration from .15 to 


After this optimum concentration, the resistance 
decreases
 

geometries. 


in all cases, but the pattorn and rate of decrease 
varies with the
 

roughness geometry and arrangement. Reduction of roughness beyond the
 

interference of the rough­optimum concentration is explained by'mutuail 


ness elements.
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The "similarity" in the wall layer, in terms of dimensions of rough­

ness element and shear velocity, experienced with discrete roughness
 

elements on a smooth boundary is not valid for certain roughness pat-*
 

This type of roughness
terns like narrow grooves cut in the wall. 

1 -.- , I) i .. 'd.. 

"k" typehas been studied by Perry et al. (1969) aifd they term 	it 

call "d" type.roughness in contrast with the usual type, which they 

Vortices Generated at Roughness Elements
 

The effect of roughness elements on the mean flow field around 

them, goes beyond the shift in the velocity profile predicated by
 

Equation (3-7). Measurements by Schlichting, Jacobs and others (Rotta, 

1962), show that a secondary flow in the form of longitudinal vortices 

is generated behind roughness elements. These vortices counteract the
 

damping effect of viscous forces in the vicinity of the wall. O'Loughlin,
 

(1965) considering the effect of roughness elements, argued that the
 

turbulence produced in the zones of intense shear downstream of the
 

or transfer of momentum above thatelements, intensifies the mixing 

For a sequence of roughness elements,
otherwise present in the flow. 


he called the integrated effect of these elements a "wake layer" of
 

Outside
approximately uniform thickness with highly intense turbulence. 


this wake layer, O'Loughlin considered the turbulence characteristics
 

This concept is the
independent of the nature of the roughness elements. 


same as for flow on a rough wall, where flow in the outer layer is in­

dependent of the wall immediately below it.
 

•To derive the mean flow resistance, O'Loughlin (1965) considered 

an increased turbulent viscosity c' in the region of flow close to 

the wall as
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c' 
 CClog 

where 

is the eddy viscosity due to smooth wall with logarithmic
Clog 

velocity profile and
 

.is the increment in eddy viscosity due to enhanced turbulence
C 

of the.wake layer. 

By definition
 

and for the logarithmic -veiocity'Equation (3-1) in the inner layer".
 

U*o Y
 

Clog A
 

c ,The above approach of increasing the value of to account for the
 

effect of large roughness element on the vertical velocity distribution
 

A. This implies that
 
amounts to a reduction in the value 

of 

*0
 

also.
in Equation (3-7) is made to depend on Cw 


Origin for Velocity Profiles on Rough Boundaries 

In the case of smooth boundary, the origin for measuring y. is 

uniquely. defined. For rough boundaries, except at large distances from 

the wall compared.with the roughness size, the question of origin for 

measuring y becomes important. Measured with respect to the boundary 

on which roughness.elements are placed or with respect to the mean
 

elevation of the roughness tops, Velocity profiles in the inner.layer
 

show asystematic deviationifrom the logarithmic velocity distribution.
 

This canbe corrected by selecting a virtual origin for y,.,,some distance.
 

e (<k) below the mean elevation of the boundary, by trial and error.
 

In practice, this is done graphically similar to the method used in
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determinin'g the refernce levels in naiiral 'ope'n channel controls or the 

lower limit of a three paraketer lognormal distribution (Aitchison and-

Brown, 1957). 

Assuming that y is measured'froi. the mean bed elevatin of'the 

rough-buhdary, the wall-law can be written as 

uJ', " *0(y +a) Au 
A I.. + B (3-9) 

If the inner law is now considered for fully rough flow with vary­

ing roughiiess arrangements, for which e is unknown and for which
 

coefficient A is not a universal constant, the velocity equation for
 

the fully rough flow can be written as
 

u
 

' 7_- l ** s (3-10)
 
*0
 

where
 

A - A(kr], 

kr being some function representing roughness size, shape,
 

arrangement and possibly other factors which may cause A to depart
 

from its universal value and B is a constant.
 

Equation (3-10) can be rewritten as
 

u 

A in (C e 3-11)
 

Now e, the distance of the origin below the mean bed level, is a
 

function of the roughness size k, its geometry and possible other, 

factors. For Nikuradse roughness, a value of e of -0.03k is 

reported. Perry and Joubert (1963) reported an average value of e 

as 0.25k for their experiments and 0.2k for Moores' experiments, 

both of which were conducte' with tounary liaerfl64w square ba'r 
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(For. groove, type. ld" roughness,g1ow.type, roughness;.placed, normal to 

e is. not related to the. roughness
Perry et al...(1969) report that. 

height). 

The. velocity,.,distribution in; the inner layer can now.be expressed, 

of the.origin for logarithmic:.using the fact that the displacement..e 


fully rough boundaries is related to the height
velocity profiles on 


"k"; type roughness. This is in
 
of the roughness element for a 


contrast to someother methods which amend. 
A (like O'Loughln's),
 

B or v (Perry et al., 1969) in Equation (3-4) to account for the
 

influence of roughness elements on the boundary.
 

LargeA Velocity Distribution Equation for Inner Layer in Flow Over 

Roughness Elements
 

e, of the origin for velocity profiles
Since the displacement 


on rough boundaries is proportional to 
the height of roughness element,
 

and the constant of proportionality deDends 
on the type and con­

ks 


centration of the roughness elements, 
it is possible to write
 

e a I ks 

where
 

.a* a I [kr]
 

Introducing this value in Equation (3-11) gives
 

y + a1 ksu 
 (3-12)
,ouaI 2 A ln( - As=-) 

0 

where
 

A - a2 A0
 

A !,2.S, is the value of, A.for.., K: 0.40,

0 
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and
 

a2 a a2 (kr] as discussed for Equation (3-10). Equation (3-12)
 

can be further simplified to
 
U
 

Y-L a a2 a3 A0 ln(5F) (3-13) 
S*0. 

where,
 

a ks
1 


is replaced by
 

Equation (3-13) can'then be written as
 

U
 

where
 

B is a constant for fully rough flow,
 

A is a universal constant and

0 

U*oe u Uo(a 2 a3 ) is called the effective shear velocity in the 

inner layer. 

Uoe is that shear velocity, which would give the same log-linear 

velocity distribution in the inner layer, with the origin assumed at the 

mean bed elevation, as is actually observed with large roughness elements. 

It also accounts for any change in A, that occurs due to these elements 

or other causes. Equation (3-14) will be used in deriving vertical velo­

city distribution in sand-bed channels, where large roughness elements 

are present and the turbulClce structure close to the botindary is 

affected':byrolling and suspended particles. 
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CHAPTER IV 

TURBULENT FLOW IN SAND-BED CHANNEL§ 

In sand-bed channels, there is an interaction 
between the flow and
 

such that as the flow increases the boundary distorts in­
the boundary, 

to bed forms and the boundary material is mixed with the flow, in sus­

the flow and the boundary in shallow 
pension. The interaction between 

water flows is well known in open channel hydraulics. This led Exner
 

to combine a simple continuity equation to 
the bed
 

(Leliavsky, 19SS) 


material and water discharLJ to yield an equation 
for approximate bed
 

more complex methods have since 
form shape and growth. Similar;,but 

been applied by Anderson (19S3), Kennedy (1961), Miercer (1964),
 

Raudkivi (1966), Gradowczyk (1968), Engelund (1970) 
and others to pre­

dict the stability of the boundary and rate of 
growth, direction of
 

The effect of the sand bed on
 travel and other aspects of bed forms. 


the turbulence characteristics of flow is, however, 
not dealt with by
 

these theories. In considering gross transport and resistance 
parameters
 

of sand bed flows, it is necessary to know the 
differences introduced
 

Some
 
in the structure of flow from single phtse rigid 

boundary flow. 


A gross measure of the
 
of these aspects are discussed in this chapter. 

change in turbulence characteristics of flow 
over sand bed channels is 

-hange noted in the value of von Karman's K. This 
provided by the 


change is analysed in Chapter VI for the velocity profiles observed in
 

the flumes. 

Effect of Bed.Forms
 

The most important aspect wh.ch...ferentiates sand-bed channels
 

from rigid boundary channels is formation of the bed forms and their
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interaction with the flow. When bed shear is less than that 

corresponding to beginning of movement (e.g., Shields' criterion), sand 

bed channels are not different from rigid boundary channels, except with
 

regard to the porosity of the bed. Flow resistance is the only aspect
 

involved and can be analysed as for a rigid boundary with similar rough­

ness. As the shear is increased, individual grains start to move and
 

the intensity of movement increases with increasing boundary shear.
 

Soon after this stage, the boundary distorts, giving rise to a sequence
 

of bed forms, which for a given sand, change with increasing shear.
 

A systematic study of these forms, the conditions of their
 

formation and characteristics of flow resistance and transport associated
 

with individual forms, was one of the objective of the flume studies
 

carried out by Simon3 and Richardson (1963). They divided the bed
 

forms into two different regimes, lower and upper, with a transition
 

region between. This classification is based on the mode of transport
 

and energy dissipation associated with each regime. A criterion for
 

the prediction of bed forms, from known stream power and median fall
 

diameter, was also given b'" Simons and Richardson (1966), (Figure 4-1).
 

The sequence of bed forms occurring on sand beds with increasing 

stream power is
 

Lower Regime
 
S : ,;' -j". .. 

Ripples
 

Dunes with ripples superposed
 

Dunes
 

Traniltion; 
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Upper Regime 

Plane bed 

AAtidunes
 

Standing waves
 

Antidunes
 

Breaking antidunes
 

Chutes and Pools
 

Slug flow
 

aIn general the transport increases from lower to upper regime with 

possible minor r'eduction as bed form changes from dunes to a plane bed,
 

while the resistance to flow increases within lower and upper regime 
in
 

In the lower regime, the resistance
the sequence of bed forms given. 


is much greater than that due to grain roughness. In the transition
 

some­
region, the resistance decreases from dunes to antidunes and 

is 


what higher than the grain roughness. In the upper regime, the
 

resistance is nearly the same as for the grain roughness until 
anti­

dunes start breaking. Breaking antidunes and chutes and pools, may
 

offer greater resistance than some situations in the lower regime, due
 

to energy consumed in surface wave phenomena.
 

the range of bed form, which can occur in aThe consequence of 

sand bed, is that the boundary roughness is not a property of the sand 

both the sand bed and fluid flow.bed, but depends on 

in ChannelsPlane-Bed Form Sand-bed 

In sand-bed channels, Simons and Richardson (1966) defined,
the. 

plane bed as "...a bed without elevations or depressions 
larger than 

the largest grains of the bed material." The plane-bed condition
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occurring vith significant movement of bed-material is a distinct
 

form which contains all other features of 'flow in sand-bed channels
 

except the complex boundary configtiration associated-with other bed
 

forms. It, therefore, provides an opportunity to study some aspects
 

of flow in sand-bed channels, which cannot be isolated, in the presence
 

of other bed forms.
 

There is some disagreement about the occurrence of plane sand-:bed
 

condition in the lower regime. Mercer (1964) gave one point of view:
 

"In the.absence of loca" bed irregularities appreciable movement can
 

occur without the development of bed undulations, but in the presence
 

of small irregularities, local scour develops imediately downstream
 

and the scoured material is redeposited some distance further on."
 

Chabert and Chauvin (1963), on the other hand, stated a criterion
 

by which for flow of water over sand-beds, plane-bed form may occur
 

when the mean diameter of the bed-material is greater than about 0.6
 

mm. In the flume data, plane-bed runs in the lower regime, with
 

significant transport of the bed-material were reported for coarse
 

sand only (D50  0.93 m). For fine and medium sands, this form was
 

not experienced in the lower regime.
 

Conditions under which steady plane-bed forms occur in the transi­

tion region and the upper regime can vary with the fall diarjeter and
 

shear, as well as with the scale of the flow system. The range of
 

boundary shear over which the plane-bed form developed under transition
 

and the upper regime conditions in the flumes, are given below:
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Median ..Boundary shear rmax
 
Fall diameter' To (ft lb per sec
 

(m) .. Flume. (lbs per ft ) per ft width) 

.18 - .19 8' .054 - .055 .202 - .299
 

.27 - .28, .8' .057 - .090 .209 - .416
 

.32 - .33 2' .092 - .193 .S63 - 1.273
 

.45 - .47 8' ..106 .251 .460 - 1.783
 

2' .149 - .193 .826 - 1.225 2 
.54 


p m is the stream power that would accrue for the same roughness as the
 
max 

bed-material under rigid boundary conditions with the velocity obtained 
from Keulegan's equation, for fully rough flow In open channels. 

2Run 5-26 isomitted. 

Within the range of depth and slope studied in the flumes, it can
 

be stated that the maximu value as well as the range of P for
~max
 

which plane bed condition can be achieved increases with increasing
 

fall diameter for a given flume width, but the range of Pmax for a
 

given sand narrows as the flume width is reduced.
 

Incertain transitions runs, Simons and Richardson (1963) observed
 

that the bed continued to oscillate between washed out dunes and plane
 

bed. However, in general, plane bed under transition and upper regime
 

conditions can be achieved as a stable form. Plane-bed runs are
 

separately analysed in Chapter VII, to evaluate their resistance
 

function.
 

Effect of Sediment Suspension
 

Characteristics of turbulent flow discussed in Chapter III are
 

valid for single phase flow of newtonian fluids. In sand-bed channels,
 

the rolling and suspension of sediment particles will change the
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flow behivior, even iZ the bed forms are not present. The effect of
 

suspension of solid particles on the velocity profile has been noted
 

by Vanoni (1946). It was observed by him, and later by Vanoni and
 

Brooks (19S7), when comparing velocity profiles in flows with and
 

without suspensions, that the sediment laden flow had a higher velocity 

at every level and that the velocity gradient was steeper than in the 

clear water flow. Elata and Ippen (1961) studied the effect of 

neutrally buoyant particles on the flow. They found that whereas the 

velocity gradient increased in the region away from the bed, it 

decreased closer to the bed of the flume. They derived an equation for 

the velocity profile, which accounted for the effect of concentration 

on both the Kappa value and the shape of the profile itself. 

Though the effect of suspended particles on the velocity profile 

is not disputed, there is considerable divergence of opinion on the 

mechanism through which it takes place. Vanoni and Brooks (1963) 

and Einstein and Chien (19SS) believe that the presence of sediment 

dampens the turbulence and hence reduces eddy viscosity of the flow. 

Einstein and Chien (195S) proposed a parameter, which is the ratio 

of the power consumed in keeping the sediment in suspension to the 

stream power ard showed its correlation with the observed Kappa value 

in flume and river studies. Vanoni and Brooks (1963) found that the 

Einstein-Chien parameter evaluated for the power required to keep the 

sediment in suspension over the portion of flow near the bed between 

y z .001 d to .01 d, was better correlated with the observed values 

of Kappa. 

The study of Elata and.Ippen (1961) was made in a 2 1/2 foot
 

wide, 40 foot long flume, with neutrally buoyant particles of specific
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Eighty five percent of the particles 
had diameters
 

gravity i.OS. 


between .1 and .155 mn with a uniformity coefficient 
(D60/DlO) of 1.2.
 

The fall velocity of these particles was 
0.1 cm/sec in water and
 

.27 were used. In addition to the
 
volumetric concentrations of 0 to 


general hydraulic and depth measurements, 
turbulence intensities and
 

spectra in the mean flow direction were 
also measured for some of
 

the runs. Observations by Elata and Ippen differed 
from Vanoni's in
 

the sense that the particle concentrationl 
was found to reduce the
 

velocity gradient near the bottom of tite 
flume and to increase it (as
 

Also their measurements of
 
obsered by Vanoni) in the outer region. 


showed that its value increased with 
the concentration instead of
 

in* 


decreasing as might be suggested by the 
hypothesis of dampening of
 

s
 

Elate and Ippen reasoned that the effect 
of suspension


turbulence. 


was not to dampen the turbulence but 
to alter the structure of
 

turbulence such that in higher frequencies, 
the turbulence intensity
 

increased in the wall-layer and this changed 
the equilibrium
 

was 


conditions in the outer layer, to result 
in an increased velocity
 

gradient there.
 

The value of Kappa was measured by Elata 
and Ippen, from the
 

tangent to semilogarithmlc plot of the 
velocity profile at the surface.
 

thus measured was a function of the linear
 They found that K 


X as K z K (1 - .15X), where K0 the
 
concentration of particles 


The velocity
 
value of von Karman's Kappa in clear water 

flow, is 0.40. 


profile was deduced from their observations 
as
 

Urea x- uyY -I 0.03X (1-" ()4-1) 
•§,


0O-*-;.
0:"7 
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where umx. is the., maximum velocity at, the surface,,. Uo. is: the 

boundary shear yelocity;'! y: is thei distance from bed and d is the 

depth of flow. 

Hino (1963) developed c theory.for.turbulent flows with suspended
 

particles. He modified the energy equation for turbulent flow by the,
 

inclusion of change in density caused,by the suspension. Also by
 

considering that the presence of suspended particles effectively
 

reduces the space available for liquid eddies, he postulated the
 

reduction in turbulent viscous dissipation. He also derived the
 

acceleration balance equation for suspensions to obtain an expression
 

for the mixing length in terms of mixing length of clear water flow,
 

suspension concentration, fall velocity, etc. Tncorporating these two
 

concepts in the velocity distribution equation, hi integrated the
 

velocity equation and further obtained prediction equations for K,
 

u12
decay time of eddies, eddy viscosity c and in terms of the values
 

for clear water flow. Hino applied this to data from Vanoni and
 

Elata and Ippen among others to show the adequacy of his theory. For
 

volumetric concentrations less than 0.01, Hino's equation reduces
 

to Shimura's equation (ino, 1963) derived from the energy equation for
 

density-varying flow as
 

1 . 1 _,! (Y7l) Cvg w(d- 6v) (4-2)
K K° U.3o(1 n h--- 1)

K 0 

where
 

Kand K are the von Karman's Kappa for sediment laden flcw 

and clear water, respectively, 

Cv is the average volumetric concentration of sediment in the flow
 

section,
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Ys is.the spe~1fic,'weight of; the material in'suspension, 

suspension,w is. the fall64Velocity of 'the uiaterial. in' 


d is the depth of flow,
 

sub-layer,
'6.',v W"is the'thickne'ss of, the viscous 


U' is the shear :velocity and
 
'0
 

g is the gravitational acceleration.
 

Sediment Suspensions as Two-Phase Flow
 

Flow of solid-water mixtures has also been 
studied as a two-phase
 

flow problem, in which the interaction of the so*td and liquid 
phases
 

A summar; of the development

has been considered to a varying degree. 


In Appendix A,
 
of two-phase flow theory is given by Vasiliev 

(1969). 


equations of motion for a two-phase solid 
water flow are considered
 

and expressions for continuity, concentration 
and shear are derived
 

for open channel uniform flow. Equation (A-34) gives the shear for
 

these conditions as
 

(A-34)
Pf) uwcvTxY ' -(( s 

It is not possible to solve this equation 
on the basis of a
 

phenomenological theory of turbulence (e.g., Prandtl's etc.), because
 

In one phase turbulent
is unknown.
the volumetric concentration cv 


flow ,in the outer layer the turbulent shear 
stress is given by
 

Txy TI dpu 

f, Equation (A-34) can 6e re-

Subscripting the single phase flow as 


written as
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'to (1- - = 

of( - (0 f)- Uy w cvs 


Also, in the outer layer
 

du
 
2
TO P 2y .(-- -)2
 

and for small c' 0P Of
 

therefore,
 

K° W j 
(4-3)
 

The average valde of .KIKo in the outer layer would be the average of
 

the right hand side, over the outer layer. Since Uy and are
cv 


not knon yet, one could replace the local values by average values
 

and a function of the related variables. Thus
 

Ko0 
 + ( s" Of) v-w cv 
 1/2

Pf U,02
 

du
 
where. f f [U,Y ,w, Cv, UO]. Zagustin and Zagustin (1969),
 

derived a similar form for K over the whole depth of flow and
 

showed that
 

K00 / s -of V.w c 
/.+ 96.5 - ---- (4-5)


.Of 
 U'o
 

fits Missouri River and Vanoni's data among others.
 

Allthe models of the effect of susperiion on the momentum dif­

fusionof flow discussed above, express K in terms of the flow and
 

sediment concentration parameters. In utilizing the change in
 
. j : . . . 
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for predicting the velocity distribution in flow, the gross resistance 

of flow or the sediment transport, these parameters- are not known 

a priori. Therefore, a prediction of K cannot be used in formulating 

a resistance or transport function for flow in sand-bed channals. How­

ever, the study of effect of suspensions on turbulent characteristics 

of flow is important in the context of the theory of turbulent flows in 

sand-bed channels. For this reason and for eliciting some of the 

problems involved in defining K in flow on sand-beds, this subject.is 

dealt with exclusively in Chapter VI.
 

Effect of Contact Load
 

.n,.the.context of;flow.over sand-bed channels, the effect of
 

contact load has ,to be,considered at the level of viscous sublayer.
 

In turbulent.flow, the ,absolute thickness of the sublayer is so small
 

that it is generally not possible to make measurements in it. No
 

measurements in viscous sublayers with a rolling grain boundary fully
 

or"prtly immersed in the viscous layer exist.
 

In discussing the structure of the inner layer, it has been
 

stated (Chapter III) that in turbulent flow, the reference length for
 

similarity of the flow over a rough boundary is a function of the
 

relative thickness of the viscous sublayer and the roughness size. In
 

the smooth to rough turbulent flow transition, the reference length,
 

is a function of the roughness Reynolds number Rks, whereas in the
 

fully rough flow (Rks > SS) the reference length is proportional to
 

the roughness si'if aioe. It has also'been'stated that the viscous
 

sublayer does undergo periodic growths and bursts and that eddies can
 

penetrate into it.
 

http:subject.is
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It is easily visualized that when grains r *the boundary are
 

moving, additional disturbances in the viscous sublayer are being
4.
 

created by this movement. Depending on the relative size of grains
 

and the sublayer thickness and the intensity of grain movement, the
 

sublayer would be bursting from point to point into turbulent spells
 

more frequently than in the absence of movable grains. Result of
 

this activity would be to decrease the mean thickness of the viscous
 

sublayer. The question about the reference length in the inner layer
 

in such a case cannot be answered directly. Elata and Ippen (1961)
 

in thislonnection stated: "For flow with Iasuspension, however, it
 

is doubtftil 'if one can define a 1aai.nar sublayer at all".
 

Apari from the effect on the stability of the viscous sublayer,
 

contact load, by its rotation would also generate additional shear in
 

the boundary. This aspect has been considered by Yano and Daido (1969).
 

Their object was to study and explain the deviation of velocity profiles
 

near the boundary on which the contact load is moving. By considering
 

rotation of a particle and the flow field generated around it, they
 

derived an additional shear term, which was added to the turbulent' 

shear to yield an origin correction (e in Equation 3-10). This term 

depends ion the size, specific weight, rate of transport and angular 

rotatio'n of the particle. Yano and Daido (1969) studied the velocity 

profiles in a 30 cm wide flume with spherical particles 7.43 cm in 

oiameter and a specific gravity of 1.44. By introducing some correction 

(based on other experiments) in: the angular velocity of a rolling particle, 

they were able to show that, with the change in ordinate, a logrithaic 

profile resulted with a constant K -0.40. 
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on fiow insand-bed channels is, 
The effect of contact 'oad 

By influencing the stability of the'viscous 
sub­

therefore; twofold 

layer, it alters the roughness of the boundary and by inducing addi­

causes a shift in the virtual 
tional shear close to the b6undary, 

it 


origin for'the logarithmic velocity distribution. 
Both aspects will be
 

subsequently used in formulat'ing 'a
resistance function for sand-bed
 

channels.
 

Effect of Bed Porosity 

to rigid boundaries. In natural 
are porous in contrastSand-beds 

channels the bed porosity can be important, 
due to seepage inflows or
 

In
 
outflow, in determining the bed form 

(Simons and Richardson 1963). 


flumes, because of the small hydraulic gr.adients, 
there can be no
 

In the dune
 
tangible net flow through the bed 

over the flume length. 


range, however, because the free 
surface and the bed form are out 

of
 

phase, sufficient hydraulic gradients 
may be experienced over individual
 

bed forms to yield seepage from 
the upstream slope to the lee slope.
 

(This subsurface flow is perhaps responsible 
for the difference in the
 

compaction between the two slopes 
of a dune).
 

a plane bed, although there are no 
local hydraulic gradients:,
 

In 


imposed on the bed, the porosity can affect 
the flow close to the.wall,
 

(j.n.oO)
 in two ways. At an impervious wall, the no slip criterion 


In porous boundaries the velocity.
 
has to.be satisfied at the wall. 


The.effective
 
would drop at the boundary, but to 

a non-zero value. 


wall surface may therefore be located 
below the boundary, thereby
 

yielding a larger equivalent roughness 
size.
 

Porosity of the wall can also have 
an effect on the
 

For an impervious
 
turbulent velocity fluctuations at 

the wall. 
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boundary these.fluctuations have to vanish at the boundary.- On a
 

porouslboundary they may not vanish, thereby yielding a smaller viscous 

layergthickness and a higher roughness-value. The effect of porosity" 

of the wall on turbulence characteristics ;of the flow has been studied 

by Goma and Gelhar (1968). Using an .open air circuit, they studied. 

mean velocity and turbulence characteristics of flow through two pipes; 

one artificially roughened with 1/8" beads and the other lined with an
 

industrial foamof 0.97 porosity and a permeability of 1.3 x 10-6ft2 per
 

sec. Their results show an equivalent roughness size for the porous
 

lining of,,the same order as the thickness of the lining. They also
 

found that the friction factor instead of becoming independent of the
 

flow Reynolds number, increased with it. For the turbulence character­

istics on:a porous wall, they found that the turbulence fluctuation
 

v,'2/V, increased steadily as the wall was approached.
 

The permeability of sand-beds is much smaller than the one tried
 

by Goma and Gelhar. Howover, a systematic trend toward decreasing
 

the viscous sublayer thickness and increasing the equivalent sand
 

roughness would be expected on such beds due to the affects of
 

porosity.
 

Although, it is not yet possible to formulate a theory for
 

turbulent flow in sand-bed channels, some of the differences between
 

rigid boundary and moving sand boundary turbulent flows, reviewed in
 

this discussion, can b, qualitatively used in the analysis of flow in
 

sand-bed channels. The concept of different regimes of flow is used
 

in this study, in the formulation of resistance functions by developing
 

different functions for the upper and lower regimes. The influence
 

of bed-porosity and contact load has been shown to increase the
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.
ii such ch a nnels-'and to'iffect:-the'hydro-.equivalent stnd roughness 
r -

dynamuicroughness"of the)boundary. %,This'influence 
is invistigatedfo

plane-bedcruns'in ChapterVII and the results 
are*used in the'resistance
 

'Influence of large roughness-elements in
 analysis subsequently made. 


the shape'of bed forms-and'of-the contact load 
has been found to i.duce
 

This is used-­
a shift'inthe-effective-origin of the velocity 

profile. 


in Chapter VIII in'conjunctioniwith the velocity.
distribution proposed
 

the'effect'of suspension

in'.Chaptir III. The'shift'in the origin. e, 


on the;turbulent characteristics and the change-in 
eddy viscosity
 

caused by:the large rouqhness elements .(bed 
forms) are all combined
 

in an'effective shear velocity in the inner 
layer, to define a
 

K - 0.40. With this
 
logarithmic velocity distribution based on 


K 'value in sand-bed channel flows,- needs to
 approach, the'change*of 


be investigated in theaouter'layer only-and 
this is done in Chapter VI.
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CHAPTER V
 

PROPERTiEs op HATURAI SAND-MIXUS'R 

In the study of flow and transport phenomena in sand-bed channels, 

sediment properties enter in two ways. Sediment moving as a contact 

load determines .the shape and angularity of the bed forms, while that 

moving insuspension effects the turbulence characteristics of flow. 

Transport of sediment is affected by both the bed forms and the 

turbulence characteristics of flow. When sediment is moving as a 

contact load i.e., by rolling or sliding, specific gravity, shape, 

anguletity and size of a particle are the relevant properties affecting 

the phenomenon. In movement by suspension, the behavior of a particle 

in a free fall in the fluid also becomes important. A particle in free 

fall is affected differently by shape, than when it is rolling on the 

bed. This is particularly connected with the alignment of elongated­

flat particl.es as they are resting on the bed (Lane and Carlson, 1954) 

and their hydrodynamic stability or instability during free fall 

(Stringhaaet al.,,1969). If this aspect of the behavior of flat 

particles is ignored, the relevant properties of a sediment particle 

are its density, shape, angularity and size. 

Properties of Individual Particles
 

While there is no ambiguity in the definition of density of sand 

sizes (no flocculation), the shape, angularity and stze have been 

defined variously. Current (1970) definitions for these properties 

givenin theprogress report of the ASCE Sedimentation Committeeare 

(1962) 

http:particl.es
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Shape is defined in ters of sphericity, which is the ratio of the
 

.same ;volume of theparticl-;:to the
surface area of a sphere ofthe 


surface area of the particle itself. Wadell's (1933) definition of
 

sphericity is the ratio of the diameter of a''circle of the same area as
 

its larger face) to the dia­projected by the particle (when resting o 


This is
 meter of the smallest circle circumscribing this pro'jection. 


In the fall velocity studies
 more convenient for sand size particles. 


c//&5
 
of sand grains, the shape is defined by Corey's shape factor 


are respectively the longest, intermediate and
 where a, b and c 


shortest mutually perpendicular axes of the particle.
 

Angularity of a sediment particle is described in 
terms of its round­

ness. The roundness of a particle is defined as the 
ratio of the average
 

radius of curvature Of individual edges' to the radius 
of the largest circle
 

that can be inscribed within either the projected 
area or a cross section
 

of a grain.
 

Size of sand particies is defined either in terms of the sieve
 

opening diameter through which the particle'will 
just pass or as the
 

sedimentation diameter, which is the diameter 
of a sphere of the same­

specific weight and terminal settling velocity 
as the'given particle
 

in the same sedimentation fluid.
 

Variation of Particle Properties in Natural 
Sand-ixtures
 

Sands found in the beds o" natural streams 
are "product of both.
 

Size, gradation,­heritage and environment" (Pettijohn, 1957). 


sphericity, roundness, shape factor'and other characteristics: of sands,
 

are dependent on the lithology and structure 
of the parent"rock as well'
 

as on the mechanical and chemical agents acting 
during transport from
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thAr source of originand the,pr.cessof transport. In sands, the 

lithology and structure,ofthe parent rock becomes less important. 

The sphericity and rowdnessof sand,sizes are theoretically, mutually 

In nature, becauseindependent properties of the particle geometry. 


both the,sphericity and the roundness are related to the history of
 

abrasion and transport of the prticle, these properties are closely
 

related to each other. Both the sphericity aid roundness increase
 

rapidly in the early stages of the particle abrasion but later tend to
 

certain asymptotic values.
 

Within a single sample of natural, sands, the sphericity, roundness
 

and the density do not.show much variation. The Corey's shape factor
 

(which is related to the sphericity) is fairly constant around 0.7.
 

The variation of roundness is not as well documented but is generally
 

observed to be about 0.35. The density of particles is fairly uniform
 

and close to that of quartz (2.65). However, the size shows the largest
 

variation of the particle properties within a single sample. Distri­

bution of sites in a sand sample is usually given either as a frequency
 

or cumulative frequerncy function of sizes by.indicating the fractions
 

of the sample weight in certain size ranges or below certain sizes.
 

on because the frequency distribution
The latter method is more co 


curve is dependent on the number of classes selected if such a number
 

is too small.
 

Size Classes for Sand Mixtures
 

The original classification of size ranges is due to Udden
 

(Pettijohn,[ 957). This classification covered sizes from clay to'
 

boulders and as such had to be based on a geometric scale to represent
." " . , 
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all size-classes:' It used'iarger units forlarger sizes and smaller " 

units for smaller sizes. Udden'sele'cted l mil l ime ter as the'basic s'tale 

a di2'advan­and derived .all-other sizesin r'tios of 2. This scale* had 

tage because in well*-graded sediments it'yielded few'classes. 
The ,.
 

introduction of a :vr" cias; interval by Taylor increased the number
 

*In1934
of size-classes but resulted in odd and irrational sizes. 


Krumbein (1934) propo'sd'his phi-scale to overcome the disadvantage
 

There have been othei scales
of irrational class limlts and mid points. 


v-.
of class limits proposed beside those based on ratios of 2 and 


Somewhat similartio Krizmbein's phi-scale, Goncharov (1964) adopted a
 

grouping system in which the classification group nimber is about twice 

the logarithm of the average'grain size (in microns) of the group. The
 

scale currently accepted in ea;gineering (1971) is the one adopted by the
 

subcommittee on sediment terminology of the American Geophysical Uniorn
 

(1947). 'This scale which is based on a basic size of 1 mm and a class 

ratio of 2' is'given below: 

Scale of:Sand and Silt Sizes. 

Size limit 

Class name mm microns 

Very coarse sand 2-1 !000-1000 

Coarse sand 1-1/2 000-SO0 

Medium sand 1/2-1/4 S00-.250 

Fine sand 1/4-1/8 250-125 

Very fine sand 1/8-1/16 125-62 

Coarse silt 1/16-1/32 '62-31
 

Medium silt .1/32-1/64 31-16
 

Fine silt 1/64-1/128 
 16-8
 

Very fine silt 1/128-1/256 
 8-4
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Size Distribution Indices for Sdnd Mixtures . 

It;has long been recognized.that.the.frequency.curves of natural
 

sediments-are skewed. For such distributions it becoms necessary to
 

specify more than two parazoters. In geology, four.attributes of
 

measured frequency distributions are frequently used. These are
 

as follows:.:
 

(1)1. Average taken as the: median size (SOth.percentile)
 

(2) .;Sorting.coofficient as the square.root of the ratio of 75th
 

and 25th percentile
 

tb,,J 2S 

Skewness as the ratio of the pioduct of 7Sth and 25th percentiles
(3)' 


to the'square of the median size
 

D7 
 D25'
 
D0D2

(4) Peakedness or kurtosis measured as
 

,.D7 - D2S
 
2(D0 - DIOT
 

.Where D7 5  is the 75th percentile of the measured cumulative size 

distribution of the sediment sample etc. 

Some Reported Characteristics of Natural Sand-Mixtures
 

Natural sand-mixtures are known to have - deficiency of material
 

in certain size ranges depending on their depositional environments.
 

a certain well
Similarly the modal class in these mixtures falls in 


defined size range. For alluvial deposits-, the deficiency occurs in
 

'4mm size range and the modal class is generally found in'I/8 - 1 M
 

size range. Different reasons have been adduced in'the past for this'
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-
phenomenon. In 1914 Udden (Pettijohn,. l.97;rP,.48)!ascribed the
:
 

a ng

deficiencyi t6 oiipresentativels 

pli .*.Petti.john (19S7, p..50)
ib 


sumarized theposs.ble causes of this deficiency by.concluding 
that
 

either siuch'.sizes'are structurally umstable.or that the process 
of
 

rock disintegration is such that it produces.mre:of certain 
sizes
 

and less of others. Pettijohn also considered the hypothesis of
 

selective transport, but observed: "Hydraulic considerations 
might
 

preveft theirdeposition in 'some'particulariplace.or'with 
certain
 

other sizes but can hardly prevent their deposition everywhere."
 

studied the grain size frequency curves for the
Yatsu (19S5) 

case of
:depo.ts of.gr~dedjrver.in centralJapan. He.found that in the 


deposits falling entirely in gravel or sand size,ranges, 
the frequency
 

For the deposits containing both gravel
 curves showed only one maximum. 

and sand sizes he found that there were two maxima, 
one in the sand size 

range and the other in the gravel size range and one minimum which 

4 mm size range. Yatsu also observed breaks in the
 always fell in 2 ­

exponential profiles of the river studied by him, which 
occured when
 

gravel to sand. He considered the profile
the bed material changed fro 

of the rivers dependent on the bed material and concluded 
that the grain 

m size) to sand (less than size reduction from pobbles (greater than 2 


2 m size) is a dt.continuous process which rarely produced 
particles
 

in the range 4 mmt-size. 

In natur.al, ri.vors, it becomes difficul.t to separate a cause from its 

The river gradient for example is interrelated with the bed
effects. 


and from,Y.atsus.data it might be argued that the profile 
is the cause
 

,and the change in bed material is its effect. It is probable that the.
 

size range of.ainimum and modal class in natural sand-mixtures 
is a
 

http:natur.al
http:umstable.or
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result of the chemical and mechanical processes of size reduction as 

well as the mode of transport. This brings out an area, in which the 

application of the mode of transport and differential transport of 

various fractions of a sand-mixture may be important. 

Another characteristic of natural sand-mixtures relates to the
 

distribution of sizes within a sample. Some workers like Udden (1914,
 

quoted in PettiJohn, 1957), and Krumbein (1938) came to the conclusion 

that sediment size frequency follows a lognormal probability distribution 

Doeglas (1946) on the other hand, found that in the 5-500 micron range, 

wellsorted.sediments.followed.a normal probability distribution. 

Friedman (1962), after studying some 612 ancient and modern sand samples, 

showed a departure from lognormalconcluded that although his 	samples 

as well as in the skewness and kurtosis,distribution in the "tails" 

the departure was not significant to invalidate the distribution
 

parameters derived from lognormal distributions. In his study, Friedman
 

found an average value of absolute skewness of 0.76 and of kurtosis of
 

S.31 versus 0.0 and 3.0 for 	lognormal distributions.
 

Nordin and Culbertson (1961), in a study of bed-material distribu­

tion along the Rio Grande, found that all the distribution curves of the
 

surface-bed-material samples 	were unimodal and approximated a lognormal 

distribution. Their study 	included the reaches above White Rock
 

Canyon where the core samples extended.,from gravel to sand sizes and
 

were bimodal.
 

Blench (19S2), using river-bed sand data collected.by the Natural 

..asearch'Council of Canada,made-a common plot of all data, norsalized 

by dividing with the mean size (circa) of each.sample,,on log probabilityI." 

http:collected.by
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paper. The plot showed that in the cumulative frequency range of 10 to
 

90 ercent the data were lognormally distributed.
 

An impetus to the adaption of lognormal distribution to particulate
 

matter also came from chemical engineering (grinding processes) and
 

sedimentary petrology. Hatch (1933) pointed ouc that in the case of
 

non-uniform particulate matter obtained by crushing, chemical precipi­

tation and other means, the frequency of particles by weight is log­

normally distributed.
 

Processes Yielding Lognormal Distribution
 

The lognormal distribution is so commonly observed in nature that
 

Aitchson and Brown (1957, p.2) state:
 

: "an has found addition an easier operation than multiplication, 

and so it is not surprising that an additive law of errors was the 

first to be formulated. Had man been more adept at multiplication 

the 'exponential - lognormal', or normal,* might have been the derivative 

distribution".
 

In general it can bestated that if the processes underlying
 

change are multiplicative the resulting distribution isilognormal
 

'just as-when the!processes~ard'additive; theresulting distribution is
 

normal.
 

A variate subject to a process of change is said to obey the law 

of proportionate effect if the changein the variate at any step of. 

the process is a random proportion of the previous value of the variate. 

Thus if 'X ' is'the value of the variate at: jth step and set (cj} 

is mutually independent and also independent of (X ), the process 

xj - -l :XJA 
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has a propo'rtionate effect. For such,acprocess, ..assming that the. . 

change at each step is small, .it can:beshown by..the central limit 

theorem that log Xn is asymptotically normally distributed, (See 

Aitchison and.Brown 1957, p. 22] 

In the'theory of breakage, the proportionate effect crn be
 

considered to be operative,-if it is assumed that the distribution of
 

sizes at any stage is a function of the ratio of variates at the
 

current and immediately preceding stage. Kolmogoroff (1941), has
 

shown this for a more generalized case. Halmos (1944) and Aitchison
 

and Brown (1957) showed t) t for such processes the resulting distribution
 

is lognorimal.: Epstein (1947), assumed a process that is more directly
 

related to the physical breakage, and showed the resultant size distri­

bution of the mixture to be lognormal.
 

Processes Involved in Generating Natural Sands
 

The processes involved in the generation of alluvial sediments
 

are more complicated than the simple breakage process assumed by the
 

above mentioned authors. For alluvial sediments, at least two
 

.general processes are acting simultaneously; mechanical wear and
 

differential transport.
 

Mechanical agents working on the particles during transport are
 

mutual impact, abrasion and crushing of the particles. They are defined
 

as "abrasion" due to the mutual rubbing of particles, "impact" due to the
 

collision of particles and "grinding" due to the crushing of smaller
 

particles by larger ones (Krumbein, 1941).
 

The differential transport of a given mixture merely implies that
 

smaller particles are moved easily and more rapidly than larger paricles.
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This is of Course "directly related toithbemode'Of transport. Smalrer,
 

a larger proportion:of the distance by,suspension,,
particles will 'cover 


in which case they'are traveling at or~about-the.velocity,of 
the
 

Larger particles, on the other handiwould
surrounding fluid medium. 


travel mostly as 'c6ntad load, which moves 'at much smaller 
velocities
 

than the"'mean velocity of-the transporting medium. Even in the case
 

of particles which are moving in suspension, the selectivity of transport
 

for different sizes occurs:through the vertical distributions 
of the
 

a given flow,

concentration of pariticles' and the velocity of flow;. 

In 


over a sand-bed the concentration of smaller sizes is 
more uniformly
 

distributed in the vertical while the larger sizes are 
more,concentrated
 

The velocity of flow increases with increasing height
near the bed. 


Thus, among the particles moving in suspension the
 above the bed. 


smaller particles on the whole are transported faster 
than the larger
 

particles. Therefore, in a given flow, the downstream transport 
of
 

partfcles in a sand bed is a function of their size at 
any stage.
 

The probability of mechanical wear is dependent on the size 
of
 

The product of mechanical
the particle and the presence of other sizes. 


wear, in the case of abrasion is "dust" (Krumbein, 1961) and in the case
 

Since impact
of impact and grinding is both "dust" and larger sizes. 


and grinding are of very little importance once the sand size has 
been
 

reached, the product of mechanical wear in sand sizes can be excluded
 

from resulting size distribution.
 

In the transport of a given sediment mixture, there always
 

are some particles which are mainly transported by suspension and others
 

The mean
which are mainly transported by rolling elong the bed. 


fraction of a step (in space) which a particle travels by
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rolling is a function of its size, shape and the hydraulic conditions.
 

Since the chances of abrasion and impact are greater for a particle 

rolling on the bed than the one in suspension, the probability of
 

mechanical wear of a particle is also dependent on its size.
 

Processes of mechanical wear and hydraulic sorting can, therefore,
 

be reduced to "processes with proportionate effect" and a theoretical
 

analysis of the asymptotic distribution of the size frequency can be
 

made. This is easier for sand sizes than for the gravel sizes, because
 

the product of mechanical wear in sands can be excluded from considera­

tion. However, evaluation of set c is not easy because the hydraulic 

conditions are implicitly related with the median bed-material size 

and its dispersion. Also the distributions of suspension and rolling
 

phases of the transport-step of a given size are neither explicit nor
 

the same for other sizes. For example, a discontinuity in the mode
 

of transport occurs when the fine material size range is achieved by a
 

particle. Nevertheless, it is possible to make simplifying assumptions
 

and to relate mechanical wear and hydraulic transport to different
 

powers of the size at any step. The resulting distribution of particle
 

sizes in a mixture is lognormal in such a case.
 

Relative Importance of Mechanical Wear and Hydraulic Sor.inj 

Siernberg (Lelliavsky, 1955 and Krumbein', 1961) had shown in 1875
 

that the weight of a pebble decreases exponentially during abrasion.
 

That isl ihe change in the weight of a particle is proportional to'the
 

original weight and the distance travelled by the particle. Thus,
 

W - 'I e-aL 

Where.W. is thweight of-theparticle after,traveling'a distance L,
 



so 

W0is, the 'r-iginalIieight and a is a coefficient.' Siernbirg also 
* .,. . 1 . 

stated that the gradient of a graded river follows a logarithmic cur. 

In many natural channels it has been observed that the size reduction of 

sediments follows an exponential curve as stated by Sternberg's law. 

(Krumb in, "1'9'41, Rafay, 1964 and others). For a time, it was believed 

that since the size reduction follows Sternberg's law, the essential 

mechanism in size and shape change was the one stated by Sternberg. 

'The mechanical wear of the particles has been studied in tumbling 

barrels by Daubree (Krumbein, 1941), Wentworth (1919), Schoklitsch 

(Krumbein, 1941) and others. These experiments showed that for 

"abrasion", the size, whether typified by weight, volume or length 

'a'
 
reduces by the Sternberg's relationship, but that the coefficient 


is a function of the velocity of movement of the barrel, size distri­

bution of the particles and the kind of rock of the particles. Thiel's
 

experiments (1939) among others also showed that the rat6 of abrasion
 

of sand is much slower than that of gravels and larger sizes.
 

It was apparent from tumbling barrel experiments that in sand 

sizes the rate of wear is too small to explain the size reduction 

found in natural channels, and that mechanical wear is ineffective as 

the size reduction of sand sizes in natural channels is concerned.far as 

The importance,of hydraulic sorting in determining the size distribution
 

of alluvial sands was thus established. The effect of transport by 

suspension on the size distribution was analytically and experimentally 

studied by Brush (1965). He showed .that the size distribution of
 

suspensions at increasing elevation above a bed under active movement
 

changes such that both the median size and geometric standard deviation 

decrease. Simons et al.,-(196S):alsoconcluded'that in lower regime-flows
'A
 



the mediahudimeter: and geometric standard.deviation of the transported 

material are smaller :than that of the bed material. (In the upper 

regime boththe parameters approach:their values in the bed material). 

Advantagesof-Lognormal Distribution for Natural Sands
 

There are many advantages in adopting a lognormal distribution
 

to sediment sizes. For example, if a variate is lognormally distributed,
 

then all-powers of the variate are also lognormally distributed. This
 

leads.to a considerable simplification in the method of analyzing samples
 

for size distribution. Thus in the case of sands if the diameter is
 

lognormally distributed, then the weight of particles is also lognormally
 

distributed, as are all other factors related to some power of the
 

diameter. These include areas projected to the flow (in computing drag), 

number of particles on the surface, or bed area occupied by different 

sizes. It is not widely acknowledged that if the percentage of surface 

area covered by a particular size fraction is assumed to be the same as 

the percentage of the size fraction in the bed-miaterial sample, then a 

lognormal distribution is tacitly assumed. Hatch (1933) showed by 

mathematical analysis and by experiments that with a lognormal distribu­

tion the distribution of particle sizes in a mixture can be transferred 

to the distribution of other properties of the particles. Because of 

the utility of lognormal distribution in natural sand gradation a brief 

discussion of three such distributions and of the problem of estimation 

of their parameters is given in Appendix B. 

In the resistance and transport phenomena, the effect of tails of 

distributions are insignificant if the phenomena are time steady. For 

example, in the case of resistances to flow, it will be shown that'the 

http:leads.to
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grain roughnessAis related to..the 84th'prcentile....Ini transport 
Com­

putations, the lower tail is,more,important because ofrits greater
 

contribution tothe.total sediment discharge, than otherrfractions 
of
 

equal frequency. However, in natural channels the lower 10 percent
 

of the material is often ignored as the indeterminate 
fine material load.
 

Thus in the usual analyses of time steady, resistance 
or transport
 

phenomena' the range of interest of the bed material 
gradation is from
 

An analysis of bed-material size distri­about 10th to 90th percentile. 


bution data was made in this study to-test the'applicability 
of lognormal
 

distribution in this cumulative frequency range.
 

Analysis of Data for Size Distribution of Bed-Material 
Sand-Mixtures
 

The data used for studying the size distribution 
of bed-materials
 

For rivers, the bed-material data
 included both river and canal data. 


the Rio Grande (Nordin and
from Albuquerque and Bernalillo sites on 

Beverage,,1965) were selected, and for canals, West Pakistan 
canal data
 

(West Pakistan Wapda, 1963) were used.
 

percent finer than
 Data reported in all these cases are given as 

For Rio Grande, these diameters vary from .062 to standard diameters. 


16 m increasing in ratios of 2, while for the canals 
the standard dia-


IT. Inm increasing in ratios of 
meters vary from 0.062 to .700 


general these samples do approximate a lognormal 
distribution in the
 

bulk of the distributions, and also have the usual 
deviations at the tails.
 

(i) Normalization of data - Individual samples of bed material
 

can vary from each other for a number of reasons. 
Surface samples of
 

bed material are affected by the location of the 
sampling point with
 

Brush (1965)
if that happens.to be the bed form. 
respect to the dunea 


http:happens.to
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has shown the mean particle size variation along a dune surface. He
 

concluded that evenly spaced surface samples along the dunes would yield
 

a mean size smaller than that of a core sample.
 

The constitution of bed material in a natural channel is also
 

dependent on the position of the sampling event in the annual hydrograph.
 

In rivers, the sediment available in the bed depends on the sediment
 

inflow from upstream sections, bank cutting, tributary inflows, etc. 

Since all these factors are behaving differently at the ',eginning, 

middle and the end of the flood season, the bed material varies in both 

its median size and gradation. For the Rio Grande, Nordin and Culbertson 

(1961) showed that the median diameters for Bernalillo station for about 

two-third of a total of 139 observations, fell in the range 0.27 mm ­

0.31 mm. This type of variation, but with c large range of median 

diameters, is also typical of the sand-bed reaches of rivers in West 

Pakistan. Experience with the sediment samples collected at control 

structures in West Pakistan in addition indicates a cyclic variation 

related to the flow hydrograph. Therefore, the canals, which are fed 

from rivers, are also influenced by the changes in the median diameter 

and gradation of the transported load in the parent rivers. 

In order to obtain a single plot of all the river and the canal
 

data, their bed-material distribution curves were normalized and
 

plotted. The normalization was done by the median size for the location
 
1 nso D84­

parameter and average quantile standard deviation (a * - (DI 6 r-O 
16 so
 

for.te scale parameter of each sample. The normalized distribution 

for each sample was made to yield a median size of 1.0 and average 

(quantile) standard deviation of 1.5. 
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(ii) Conclusion The normalized distributions are plotted on 

log-probability scale for the river data on Figure 5-1 and for the 

canal data on Figure S-2. The river data comprise 112 bed-material 

samples from two similar reaches of a sand bed river (Bernalillo and
 

Albuquerque on the Rio Grande) spread over a period of about 10 years 

Canal data on the other hand consist of 327 bed-material samples from 

13 different canals fed from the five rivers of the Indus Basin (West 

Pakistan) over June, 1963 to April, 1964. Both sets of data show that 

for bed-material samples of sand-bed channels, lognormal distribution of'
 

size in the bulk of distribution is amply justified.
 

In order to correct the departure from lognormal distribution at
 

the lower tail, a three parameter lognormal distribution was also
 

tried for the river data. The lower limit in this case was maintained
 

as 0.062 - because this size generally forms the limit between the fine
 

material and the bed-material load in sand-bed channels. The departure
 

from lognormal distribution increased in this case.
 

The above analysis shows that in sand-bed rivers and canals, the 

particle size in bed material is lognormally distributed over about 10 

to 90 percent cumulative frequency range. Thus for time steady flow, 

the size distribution can be described by two parameters : the median 

size and the geometric standard deviation. These parameters are 

defined in Appendix B and the relative merits of their methods of 

estimation are discussed. For application to the sand-mixtures, methods 

of graphics and quantiles are efficient and convenient. In the graphical 

method, the cumulative size distribution of a sample is plotted and 

three quantiles D16, Dso and D84 are read to define the median and'", 

the average quantile standard deviation (a). With a given Dso and 
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and a, computation of other percentiles "with.the help of standard 

normal distribution tables is an easy matter.
! ~~ ~ Thus, D6 -D$0 a0.38S"s•.,".
 ~ S' SO' 

"
and 03S a a . Lognormal distribution of sand mixtures in flume,
 

river and canal data were used in this.study, in the-computation of-.,
 

different percentile sizes,.ean sizes of bed material fractions, etc.
 

Use of this approximation to the actual 'distribution is adequate for
 

most engineering'computations relatingtO steady-phenomenon in sand;bed
 

channels .'.
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CHAPTER -VI
 

K IN FLUME RUNSANALYSIS FOR von KARPAN'S 


Velocity profiles-in flow over sand beds are-typified 
by three..
 

The region close to-the bed is directly influenced by 
the,


regions. 


In ripple and
 
location of the vertical with respect to the bed 

form. 


dune runs, the flow separates,from the boundary 
at the crest .of the bed
 

A vertical
 
form to reattach on the upstream slope of the 

next form. 


zones experiences reverse flow in this
 located over one of the eddy 


zone and with the usual observations of velocity, 
it becomes difficult
 

to define an origin for the depth in the profile. 
!n plane and standing
 

no eddy zone, but the effects of contact load 
and
 

wave runs, there is 


the uncertainty about the location of origin for depth, 
introduce a
 

In a region close to the surface,
 curvature in the velocity profile. 


there is a "cut-back" in the velocity profile caused by the secondary
 

In the middle zone between the surface and the 
lower zones, the
 

current. 

velocity profile is less effected by an error 
in the location of origin 

y ) or by secondary cur­
for y (because of larger absolute values of 


large compared to
 
rents. However, 4.n this region if the bed forms are 


the depth of flow, the profile reflects the accelerations and decelerations
 

occur with varying depths as the flow travorses 
the bed forms.
 

of flow that 


In addition to the variation in velocity gradient 
observed in the
 

lower and middle regions along the length of a 
bed form, the distribution
 

of velocities in a flume is affected by the three 
dimensionality of the
 

To gauge this variation in flume runs, the average 
velocity


bed forms. 


in individual profiles was checked against the 
average velocity of the
 

runs obtained by dividing the total discharge 
over the mean flow depth
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was f6und that, in general"Ptheaverage:
and widi 'of the fltme. It 


velocity observed in the verticals varied from 0.8 to 142-times the.
 

mean velocity in the section.
 

The above description indicates that no individual velocity
 

profile in sand-bed flumes can be considered representative of the
 

average flow. In natural channels, the variation of depth in a cross
 

section"related to the channel curvature in plan is generally of a
 

greater magnitude than the variation in depth along the bed form and the
 

above effect is not generally noticed.
 

Ignoring the acceleration effects, the velocity profile in the middle
 

region corresponds to the outer layer of the rigid boundary flow where the
 

velocity defect law (Equation 3-3) applies. For matching the wall-law
 

and defect-law in the overlapping region, constant A corresponds to
 
U o
 

the reciprocal of von Karman's r. The function B[ - -) of Equation
 
max
 

(3-3), is not known in rigid boundary flow except that its dependence

U4'o


-on is weak and generally B is taken as a constant. Equation
 
Umax
 

(3-3) wnuld plot as a straight line on semilog paper and the slope of
 

the velocity profile would give the value of Kappa as
 

(6-1)
K 2.303 UOo/(u2 - u1 ) 


where 

Uo is the shear velocity /F7
0 

and 

(u2 - u ) is the difference in velocity over one log cycle. 

In the presence of local acceleration of flow, the observed value
 

of K increases because the accelerated flow tends to be more uniformly
 

distributed in the vertical. For decelerations, the effect may be the
 

opposite. Downstream of the bed forms, where wake effect of roughness
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elements isypresent:values,,of .K, may increaseor,decrease depending,
 

If one can
 
on the relative effects of deceleration and 

the.wakes., 


accept the concept of an average velocity profile 
in a sand-bed flume
 

based on spatial average of velocities observed 
in a plane along the
 

mean direction of flow at specific heights 
above the mean bed, the
 

slope of.this profile in the middle region 
would correspond to the value
 

In the absence of such an observation,
of K defined~in Equation (6-1). 


if the verticals:are assumed to be randomly 
located with respect to the
 

bed forms, it can be argued that with a large sample, 
the dependence
 

It is under­
on alluvial flow parameters may still be 

studied.

of K 

stood thAt the accuracy of such a derived 
correlation between K and the 

K due 
flow parameters, would fall with an increasing 

noise (change in 


K due to alluvial
 
to local acceleration effect) to signal 

(change in 


flow parameters) ratio.
 

of K for Flume Data
Analysis 


In the flume data, velocity profiles have 
been observed for 252
 

runs out of the total 339 rurs. Seventeen of these runs have no
 

For the 8 foot flume, the section
To < TC'
sediment discharge because 


in which the velocity proiiles were observed, 
was located from 95-115
 

In general, velocity profiles on three verticals
 feet from the head box. 


1/4, 1/2, 3/4 width from the wall were observed. 
In some runs only
 

at 


one vertical at the middle of the section 
was used.
 

log of the
 
In this study, all the velocity profiles 

were plotted as 


distance from bed versus the local velocity. 
This distance is measured
 

from the local bed and depending on the 
location of vertical with
 

respect to the bed form, the total depth 
in the vertical may be more
 

Some typical profiles for
 
or less than the mean depth of flow. 
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different bed forms are shown in Figures 6-1 through 6-14. 
 From a study
 

of some 650 profiles it was noticed that the lower region extended on
 

the average to about ten percent of the local dept, and the upper region
 

constituted about twenty percent of the local depth. 
These two regions
 

were excluded from the analysis for K. In certain velocity profiles
 

the average height of the bed form above the mean bed elevation was more
 

than one-tenth of the local flow depth. 
 In such cases the portion of
 

flow close to the boundary and excluded from the analysis of velocity
 

profile was increased to one and a half times the average height of the
 

bed form above the mean bed elevation. Velocity profile in the central
 

region thus defined corresponded to the outer-layer discussed in
 

Chapters III and IV for the turbulent boundary layer flows on rigid
 

and moving sand boundaries, respectively.
 

To determine the value of K from Equation (6-1), the slope of 

the logarithmic velocity profile in the central region and the shear 

velocity are needed. The slope was determined by fitting a straight 

line through the logarithm of distances y from the bed and the 

corresponding point velocities uy. 
 This i~ne was obtained by a least
 

square regression of log y versus (Draper aid Smith, 1966).
uy For
 

eliminating the verticals in which a logarithmic velocity profile could
 

not be defined, the goodness of fit of the regression line was checked
 

by computing Student's T parameter and testing the null hypothesis H0
 

at an a level of 0.95. The velocity profiles for which 
H was true
 

at this a level or which had fewer then three velocity points were
 

eliminated from the analysis.
 

The average shear velocity, Uo in the flow section was computed
 

as VgU and the values of K were computed from Equation (6-1) for
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The value of K for a flow
 
each observed vertical in the flow section. 


section was assumed as the average of K values obtained from the
 

This value is labelled K

individual verticals. 


the local

Shear velocity in the vertical may also be defined 

as 


based on the local depth, d Average values of
 
shear velocity U,0o 


in the flow sections were also computed with Uot and labelled K2"

K 


An attempt was also made to generate a composite velocity 
profile
 

This was done by normalizing
in the central portion of flow depth. 


the individual velocity profiles in a section over 
local depths and
 

a,,crage velocities in the verticals and treating 
the combined normalized
 

value from the composite normalized
 profiles as one profile. The K 


U.o. This value is
 
velocity profile was computed on the basis of 


labelled Kn 

Various parameters have been suggested in the 
literature for 

Some of these have K in sand-bed channels.
possible correlation with 


already been introduced in Chapter IV in the discussion 
of the effect
 

of suspensions. In general, the region of flow over which these
 

K are not detailed.
 
parameters are supposed to predict the value of 


seen from the discussion of velocity profiles on sand-bed 
channels,
 

logarithmic velocity distribution cannot be applied 
to the whole
 

As 


one 


depth of flow. Nevertheless, all the parameters reportedly correlated
 

were computed for each flume run and their correlation 
with
 

with K 


Kn values were studied. These parameters are des-
Kl, and -2 and 


cribed in the following paragraphs.
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Parameters"'St iidied' 

(i) Einstein-Chien parameter ; The Ein.ein-Chien parameter, as. 

defined by them (1954) is the ratio of the power consumed in supporting 

the suspended load to the total power expended by the flow.. This is 

written as
 

SC-f (6-2) 

where
 

C is the concentration.by weight of sediment in the vertical
 

of a size fraction; 

w is the fall velocity of the size fraction, 

V is the mean velocity of flow, 

S is the energy gradient and 

sIP f are the mass densities of the sediment and the fluid, respectively.
 

The summation is over the number of size fractions in which the suspended
 

load is divided.
 

EinsteiAn's definition of suspended bed-material load (1950) extends
 

up to a bed layer of thickness equal to twice the mean grain diameter
 

of each size fraction. With bed forms other than plane, the concept
 

of bed layer becomes artificial, and so does the definition of suspended
 

load of a stream. This bJecomes more important in the case of coarser
 

sediments or lower regime runs, where the concentration of suspended
 

load rapidly falls away from the bed. In natural channels, a zone of
 

flow close to the bed, cannot be sampled due to the sampler ,hape,
 

design and the use of weights when sampling in large streams. Only if
 

the channel depth is large and the bed-material is of medium size, the
 

http:concentration.by
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introduced by the unsampled zone will be small. The concentration.error 

Ct in Equation,(6-2) ,thus remains a somewhat ambigious quantity. 

load isThe sampled-:concentration for suspende4 bed-material 

reported for the- flume runs in USGS Professional Paper 462-I along with 

was used.
the concentration of fine sediment (bentonite clay) when it 


The median size of the suspended bed-material load for individual 
runs
 

is also given for runs in Tables 2 through 9.
 

Suspended load sampling in shallow flume runs is particularly
..i 1. 

subject to errors due to direct suction of-the material from the'bed or 

due to sampling of an eddy with sediment concentration different 
from
 

the average. The large standard deviations of repeated samples of 

indicativesuspended bed-material load reported for the flume runs are 

of the error involved in suspended load sampling in shallow sand-bed 

channels. In transition and upper regime runs, especially with medium
 

sands, the suspended load forms a major proportion of the total load. 

In such cases, errors in the sampling of the suspended load may exceed
 

runs in the data, show larger measured
the bed load itself. Some 

load than the total load on this account. In view of thissuspended 

uncertainty in the measurement of suspended load, the Einstein-Chien
 

parameter was calculated on the basis of the total load concentration.
 

The median diameter of the suspended load in sand-bed channels is
 

always smaller than that of the bed-material. For the flume runs, the 

the median diameters of the sampled bed-material suspendedaverage of 

load for individual runs was computed for the whole serles 
of riis
 

This average median diameter corresponded to about 9th
for each sand. 


For six sands
 to 26th percentile of the bed-material of each series. 


of the flume data), the average suspended
(Tables 2, 4, 5, 6, 7 and 8 
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bed material load size was related to 12th - 18th percentile of the
 

respective bed-material. As an average, the median bed-material suspended
 

load size was assumed as 16th percentile of the bed-material, D16 .
 

The fall velocity of a sediment particle in a fluid is affected
 

by the specific gravity, shape and roundness of the particle as well
 

as by the mass density and the viscosity of the fluid. The terminal
 

fall velocity w, is given by
 

W C ± Ps'Pf)
 
w.=u
 

D 3 Pf n
 

where
 

Dn is the nominal diameter of the particle (i.e., the diameter of
 

a sphere that has the same volume as the particle),
 

CD is the drag coefficient for the terminal fall velocity and
 

all other terms have been defined earlier.
 

The drag coefficient CD in the case of naturally worn sediments is
 
wD
 

related to the fall velocity Reynolds number (-) and Corey's shape
 

factor (c/4E). Graphical relations for CD are available in the
 

Inter-Agency Committee on Water Resources' Report No. 12 (1958).
 

Rubey (1933) had provided an equatloii to determine the fall velocity
 

of sands as
 

2 g(Ss-1)D3 +36v2 - 6v 

w g(s)D (6-3)D 

where
 

Ss is the specific gravity of said,
 

is the kinematic viscosity and
 

D is the particle diameter.
 

v 
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Although, Equation (6-3) does not account for the shape and other geo­

was used to determine the fall
 metrical properties of the particles it 


the computer.

velocity in this study because of the facility of its use on 


v
The fall velocities were based on the actual kinematic viscosity 


reported for each run.
 

The expression for the Einstein-Chien parameter was derived as
 

follows:
 

1.65 Ctw16 (6-4)
2.65 ' .-- "V
 

where
 

w16 is the fall velocity for DI6 and all other terms have been
 

defined earlier.
 

As an alternative to the use of suspended bed-material load size of
 

was also computed as
D16' the Einstein-Chien parameter based on D35  


(6-5)
1.65 CtW35 

2.65 V S
 

where
 

w3S is the fall velocity of the 3Sth percentile size of the bed­

material.
 

- An approximation
(ii) Shimoura's prediction equation for Kappa 


K for small concentrations is given
of Hino's prediction equation for 


6 in Equation (4-2) was
by Shimoura's Equation (4-2). A value of 


given by Shimoura as 4.8. It will be subsequently shown that in the
 

flow with sediment movement on the boundary the roughness is independent
 

of viscosity and that the equivalent grain roughness is given by D84.
 

Shimoura's prediction equation was thus written as
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K 

+ 4 (Ps Pf) 
f 

w(d-D 8 4 ) 
U3 (ln 

cv 
_I 

(6-6) 

84 

where 

K0 is 0.40, 

w is the fall velocity of the representative size,
 

d is the depth of flow,
 

D084 is the 84th percentile size of the bed-material and
 

Cv is the volumetric concentration of the total transport, given 

by Ct/(2.65 - 2.65 Ct), Ct being the concentration of total transport 

by weight (PPM x 10"6). 

As for the Einstein-Chien parame er, two values of K were computed 

from Equation (6-6); one based on and the other onw16 w35.
 

(iii) Fall velocity-bed diameter Reynolds Number - Abdol-Aal 

(1969) had reasoned that since the upward velocity of an eddy close to 

the bed can be assumed to be a fu;. tion of the kinematic viscosity of 

the fluid near the bed divided by the size of the grain roughness 

(v/D), a ratio of the fall velocity of the particle w and the para­

metric velocity v/D, would give a measure for the change in the value 

of K . lie used w35  for the fall velocity and D65 for the grain 

roughness. For some flume and river data, Abdel-Aal found that he 

could define a graphical relation between this parameter and the 

the value of K. 

Tho parameter D65 w35 /v , which has the form of a Reynolds number
 

was also computed using two combinations of fall velocity and roughness
 

size as follows:
 

D65 w35  (6-7)
 
V(67
 

http:Ct/(2.65
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and
 

(6-8)
D84 w16 


V
 

Since these parameters are only dependent on sediment and the fluid
 

involve the flow parameters, it does not seem
properties and they do not 

correct to use these as predictors of K. However, these two parameters 

were studied along with others.
 

- In the analysis of a
(iv) Elata-Ippen's linear concentration 


sheared grain dispersion S'gnold (1956) introduced the linear con­

centration 	X as the ratio o7 grain diameter and the mean radial 

This is related to the volumetricseparation distance betwecn grains. 


concentration of particles as
 

(6-9)
 

where
 

Cv is the volumetric concentration of the solid particles and
 

C is the maximum possible value of Cv .
 

K value obtained
Elata and Ippen (1961), also found that the 


from velocity profiles of flow with neutrally buoyant particles was
 

related to X as
 

(6-10)

K ( - .15 ) 


The ratio between volumetric concentration Cv and X was experimental­

ly determined in their study for the particles used.
 

Hino (1963) had also considered the reduction in effective space
 

for the liquid to dissipate energy by turbulent viscosity as proportion­

is the ratio between the effective diameter
al to (l - a C ), where a 
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and the diameter of the solid particle, and Cv is the volumetric
 

concentration of sediment in suspension. For sediment mixtures in the.
 

sand range, average values of the maximum possible concentration of
 

particles C0 can be obtained from soil mechanics texts. Terzaghi and
 

Peck (1948) give values of porosity of sands as follows:
 

Uniform sands, dense n a 0.34
 

Mixed grain sand, dense a 0.30
no 


Uniform sand, loose n0o 0.46 

Mixed grain sand, loose no a 0.40.
 

The maximum volume concentration C is given by (I - min. porosity).
 

For flume sands, a value of C0 was adopted as 0.70, corresponding to
 

dense mixed grain sands. Both X and (I - .ASA) were studied for
 

possible correlation with K.
 

(v) Two-phase flow parameter - In Chapter IV, a relation between
 

the K value for clear water flow and flow with suspended sediment,
 

was derived (Equation 4-5) on the basis of the shear stress obtained
 

in the flow with the sediment suspensions taken as a two-phase flow.
 

In Equation (4-5), f accounts for the replacement of the
 

integration over the outer layer of the term :ontaining the velocity
 

uy, the suspended load concentration and the melian size of the
cv 


suspended load by their average values in the flow soction. The
 

analysis of data showed that a constant numerical value of 30 for f1
 

with D16 as the representative size of the suspended load yielded
 

better correlation with the K values than other combinations of values
 

of f1 and representative suspended load sizes. Therefore, a parameter
 

TfV representing the effect of sediment suspension on K on the basis
 

of the two-phase flow was defined as
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61)
30(ps-pf ) V wl Cv 

TTf =' ; Of "2"
G:l;*2 U.o
 

where
 

is the average velocity of flow,
 

Cv, is the volumetric concentration of total transported 
load
 

V 


(including the fine material load)
 

D at the given
is the fall velocity of the bed material
w 16
16 


viscosity,
 

Uo is the shear velocity and
 

PsO f are the mass density of the 
sediment and water, respectively.
 

In addition to the above parameters the Froude number 
of the flow
 

C//g were
 
and the (dimensionless) Chezy's resistance coefficient 

Chezy's C/,g is the ratio of 
also computed for all the flume runs. 


This parameter represents the
 mean velocity to the bed shear velocity. 


overall resistance to flow and hence the effect 
of bed forms and other
 

Froude number is important be­resistance characteristics of the flow. 


forms and other characteristics of open
 cause of its effect on the bed 


channel flow.
 

The values of some of the parameters defined 
above and of the
 

Kn for all the flume runs are tabulated in
 values KIK 2 and 


Appendix C for reference.
 

Prediction of K
 

K obtained
 
As discussed earlier in this ,:hapter the values of 


from the individual velocity profiles are not 
representative of the
 

In­
"average" vertical velocity distribution in 

the flow section. 


dividual velocity profiles are influenced by 
their location with
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respect to the bed forms..An unknown disturbance is, therefore, present
 

in the computed values of K1:, K 2 and: Kn . Assuming thl-& the velocity 

profiles-are randomly locatod ovor the bed forms, the deviations from
 

the "true" values of K can be considered as a random component. A 

statistical,analysis of K can then be made,to bring out the parameters 

most closely related with it. A gross assumption of the randomness 

of the location of velocity profiles with-respect to the bed forms was 

made in this .study.
 

Of the three kappas computed for each run K 2 (the value based 

on local shear-velocity) and K n (the value obtained from normalized 

composite velocity profile) suffered from greater random variation and 

hence showed poorer correlation with the parameters considered. There­

fore, after considerable analysis K2 and Kn were dropped.
 

Out of 252 runs for which K values were computed, 17 were
 

dropped because they were without transport and 22 runs were dropped 

because the least square fit on the logarithmic velocity profile was 

not significant at an a level of 0.95. The velocity profiles for
 

the remaining 213 runs were further classLfied, subjectivoly, as "good" 

and "poor". Sixty-five o' " these runs, which included many dune bed 

runs, were considered "poor", because the effect of bed form on the 

velocity distrihution extended beyond the mean hcight of the form abovw
 

the mean bed. This could have been caused by the presence of a bed
 

form larger than the mean height of the forms. The statistical
 

analysis was made for the 148 runs considered acceptable while the 

prediction parameters were tested for both the "good" and the "poor" runs. 

The values of K 1 are plotted againstEinstein-Chien parameters 

in Figures (6-)S) and (6-16). Points corresponding to various runs are 
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the :bed form. !Letters.; R,..,,
repres'entWdby -a -l6tter symbol -related to -.


D, T, P, S," A and -C.- stand for ripple, dune, transition, plane,':.,...
 

standing wave, antidune"and chute-pool, respectively. 
Also plotted on
 

Out of. 148.
 
these figures is the curvegiven by Einstein 'rod Chien. 


points plotted in these figures, only about a score 
fall on or about
 

All other points plot much higher. According to the'
 
their curve. 


description of velocity profiles presented earlier, a correlation 
between,
 

would have yielded an evenspread
either of the parameters and K 

If-such a correlation was derived from about the prediction curve. 


As.shown sub­
this data, the prediction curve would be much higher. 


sequently, some other parameters provide a better 
correlation with the
 

observed kappa values.
 

•
 
Figures (6-17) and (6-18), show-the observed K, values versus 


the values computed from Shimoura's Equation (6-6) for w16 and w3 5 ,
 

Lines of perfect agreement are also-drawn on these
 respectively. 


to improve' the correlation between
figures. An attempt was made the­

observed values of and those*predicted from Equation (6-6) by, 

using values of B "different from its value (4.8) given-by Shimoura .. 

Iowever, no definite:'improvement could be made-by such.a. change.
 

and -linear concentration.
 Plots of volumetric concentration C 

are shown -in, Figures (6-19). and. (6-20).- - For 
ver'sus computed K, 


C,, a minii= envelope for Kc can be-drawn. Figure (6-21). shows
 

2 2 (Equation 6-11).- Particle
 
(K 0/IK1) plotted against 1.65 Cvwl6V/U.o
 

w16D84/v :.are plot.ted.

size-fall velocity parameters 	w35 D6 S/v and 


As' expected, 'no correlation between
 in Figures (6-22) and (6-23)" 


these paraieters and 'the observed kappa values 
is apparent;.
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Statistical.Analysis
 

As shown by Figures (6-1S) through (6-23), the parametric relations
 

so far suggested are not adequate for predicting the values of K
 

obtained from the flume runs. Considering the presence of a random 

disturbance in the computed values of KIV a statistical analysis was
 

made to,bring out the parameters most closely related with KI This
. 

was done by a stepwise regression (Draper and Smith, 1966) of the log­

arithm, of K 1 versus the logarithms of all the parameters studied in 

the above. 

Statistical relations in contrast with functional relations do 

not have the implication of causality. However, functional relation 

may have to be derived from statistical analysis, when the independent 

and dependent variables suffer from random errors. The problem of 

determining the relation between I and the flow and sediment para­

meters is akin to the investigation of a functional relationship, 

between the dependent variable in which random fluctuation areK I 


present and.the independent variables in which measurement errors possibly
 

exist. Another problem, inherent to the field of sedimentation is that of
 

mutual interdependence of the independent variables. In the general
 

problem of flow of water in a self formed sand-bed channel, none of
 

the variables can be strictly considered independent. It is only in
 

regard to the time scale of a phenomenon in this field, that one of the
 

variables may be taken as dependent and others as independent. This
 

complexity of mutual interaction has been discussed in the earlier 

chapters of this study. In the present context, it can be briefly 

restated that the mass diffusion of the fluid is influenced by the 

form of the boundary and the sediment in suspension and atethe)same. 
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time the boundary and the suspended sediment are strongly influenced:
 

such
by the flow established in the section. Statistical analysis, in 

cases can be ,ised to bring out the relative importance of various 

interdependent variables and a causal relation can only be adduced
 

from the consideration of the physical phenomenon.
 

Stepwise regression, in general, proceeds from a correlation matrix
 

of the dependent and all the independent (though mutually dependent)
 

variables. The variable selected for regression is the one most highly
 

After removing the effect of
correlated with the dependent variable. 

this variable the method is repeated with the remaining variables. 

This is done until either the desired level of correlation is obtained 

or the remaining variables are not significantly related. 

In the stepwise regression, the correlation matrix indicated that 

the parameter most highly correlated with K1 , is the Froude number 

F of the flow. After removing the effect of F, the next highest 

a of the bed material. Incorrelation was found with the gradation 


the next two steps, parameters Tf (Equation 6-11) and Chezy's C/Vg
 

were the ones most highly correlated with K The followine regression
 

equations were obtained in the 4 successive steps.
 

(6-12)
K 0.528 


1
 

0.34
 
Ka 

(6-13)
 

,..34
 

(6-14)

K1.': 0.29 19 0 10 


Tf 

0.34
 
- (6-F.)

KjJ 0446 a 
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The computed K values are plotted versus these parameters in
 

Figures (6-24) through (6-27). The best correlation is given by the
 

Equation.(6-15). 
 A discussion of tit variables in the dimensionless
 

parameter involved in Equation (6-15) can now be made.
 

Daranandana (1962) worked with two sands of median diameter 0.33m
 

but different geometric standard deviations (1.25 and 2.07) to study
 

the effect of bed material gradation on flow in alluvial channels. He
 

noted, "...The resistance to flow covered by form roughness of the
 

graded sand is lower than for the uniform bed material with the ripples,
 

dies, transitions and antidunes as bed roughness". He explained the
 

higher form roughness experienced with the uniform sand in terms of
 

the relative shapes and sizes of the bed forms experienced with the
 

*two sands. In general, Daranandana found that the ripples formed with
 

the uniform sand were more angular and larger in both length and
 

amplitude than those formed with the graded sand. With dunes, he
 

found that the dunes with ripples superposed on their back were formed
 

in the case of uniform sand .but not with the graded sand. In the
 

antidune range both the amplitude and amplitude-length ratio of the
 

.antidunes formed with the uniform sand were greater than those
 

experienced with the graded sands.
 

It.appears that the more angular bed forms of the uniform sand
 

increase the turbulence generation in the inner layer and the diffusion
 

of.small scale turbulence to the outer layer is consequently increased.
 

This changes the equilibrium condition in the outer layer and increases
 

the mean velocity .gradient in it. Value of K in the outer layer would
 

thep be.smaller in the case of uniform sands as reflected by Equation 

(6-15). 
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The relationship between the K valu in' a t6 phase flow, 

(Equationcontainiiig sediment in suspension was derived in Chapter IV 

4-5) as inverisely proportional to the square root of Tf. In Equation 

0.11 against O.S predicted in
(6-1S), the index of Tf is found as 

Equation (4-5). Parameter Tf involves the &:,.-ge velocity V, the 

0 the total volumetric concentration and theshear velocity U., v 


F
fall velocity w16. Therefore, it is related to the Froude number 

and resistance coefficient Cl/g . The reduction of the exponent of Tf 

phase flow analysis to a value offrom O.S predicted on the basis of tw~o 


0.11 in Equation (6-15) is caused by its interdependence on other parameters
 

in the equation and therefore, is understandable.
 

The Froude number F, determines the relative phase of the bed
 

and the water surface. The interaction between the two is therefore, related
 

to F. In subcritical flow, the increment in average velocity of flow
 

over a positive step would increase with increasing Froudo nimber of the 

approaching flow. In supercritical flow, the water surface is in phase 

with the bed and the decrease in average velocity over a similar step, 

would be more with higher F values of the approaching flow. Thus, the
 

effect of increasing the Froude number in both subcritical and supercritical
 

flow is to increase the successive acceleration and deceleration as'the flow
 

This should result in a more uniform velocity
traverses the bed'forms. 


K value. Relation'
distribution in the outer layer with an increased 

between 'I and F in Equation (6-15) is, however, opposite to-this.' 

Kappa values were observed by Sayre and Albertson (1963) in sub­

critical flow over cleat roughness elements in an open channel flow." 

These values were obtained by fitting a'straight 
line' to that portion' 

'
 .

of the velocity profile, which followed the log-velocity relation. 




75
 

The Froude numbers for different runs computed from the data given by 

Sayre and Albertson (1963, Table 1) are plotted against K in Figure
 

(6-28). It is.seen that (for higher roughness concentrations) K in­

creases with an incrijasing Froude number as argued above. The contradic­

tion between .the rigid boundary and alluvial channel flow cannot be
 

explained at present and must be connected with the behavior of the bed
 

forms with.the Froude number of flow.
 

Chezy's dimensionless resistance coefficient C/- is the ratio 

of mean velocity to shear velocity. In the review of rigid boundary 

turbulent flow, it was stated that in the outer layer velocity defect 

law (Equation 3-3), B has a dependence on U.o/Uma x . This does not 

imply a dependence of Kappa on this factor. In log-velocity equations 

for rigid boundary flow, a higher value of K is associated with a 

lower value of the resistance coefficient of flow and vice versa. The 

relation between KI and cij in Equation (6-IS' indicates a similar 

trend. 

The above discussion of the parameters contained in equation (6-15)
 

indicates that in sand-bed channels, Kappa in the outer layer is related
 

to the total suspended load as well as to the parameters representing the
 

shape,, concentration and angularity of the bed forms. This conclusion is
 

significant because so far studies of Kappa value have been generally
 

restricted to the effect of the suspended load.
 

In rigid boundary turbulent flow, von Karman's Kappa is taken &_ 

a universal constant, in spite of the variation observed in Nikuradse's 

data by Vanoni (1953). In sand-bed channels, it is not only difficult 

to define a typical velocity profile, but these profiles are also 

characterized by two breaks. Therefore, an average slope of the profile 
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over the whole depth has no significance. The predfction Equation (6-1S)' 

fltme flows and these data showhas been determined from shallow 

due to the effect of bed forms.greater variation in the profile slopes 

to how this equation
It is not discernable with the data in hand, as 


works for field clhannels. However, the advantages of deriving this
 

equation from flume data, have been the use of a larger range 
in the
 

values of bed material standard deviation, Froudo number and 
'Chezy's
 

This pre­
than are available in the data for natural channels.
C//g , 

diction equation is empirical and restricted to the data 
from which it has
 

been derived.
 

K is t.aken as a constant. However,
In rigid boundary hydraulics 


Kappa enters the resistance equation. If a resistance equation for
 

sand-bed channels of the same type as the logarithmic velocity 
equations
 

has to be derived, can Kappa be incorporated in that? Equation (6-15), 

is unsuitable for this purpose because it contains the mean 
velocity
 

and average concentration of total sediment load which cannot 
be
 

functions have been
unless both the resistance and transportdetermined 

Hence, this study of Kappa perhaps cannot be used in the
solved. 


as it 
transport and resistance functions, but is useful in much as 

gives a clue to the behaviour of the mixing process 
in the flow over 'sand
 

bed channels and its related variables.
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CIAPTER.VII
 

RESISTANCE FUNCTION FOR PLANE SAND-BED FLOWS 

The characteristics of turbulent flow,in rough and smooth channels
 

has been discussed in Chapter III. For engineering purposes, a
 

resistance function is required which relates the'overall resistance to
 

flow with fluid properties, geometry of channel section and roughness
 

characteristics. A useful measure of resistance is provided by the
 

Darcy-Weisbach friction factor f, which is dimensionless and is defined
 

as
 

U 0 2 
f -8 (7-1) 

where
 

V is the average velocity of flow and
 

U o is the shear velocity /-7F
 
I, ,
'00 , -

The logarithmic velocity distribution (Equatioii' 3-1) 'can also be"
 

wriiten as
 

(7-2): .
U " in Yo 

where
 

Yo is the distance from the boundary at which the velocity is
 

zero. Equation (7-2) may not represent .the,actual velocity distribution
 

close to the boundary (e.g., viscous sublayer), but is convenient for
 

analyzing the resistance to flow in terms of some universal parameters.
 

The value of A is given by the mixing length theories as the 

reciprocal of von Kaiman's K. Nu.erical values of :K and 'y --have 
.. I1 1- . . - .I 1 1 f't 0 
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been obtained from Nikuradse experiments on: rtificially roughened pipes 

yo ; k/33
as K M 0.40, yo " 0.1 y/U*o for smooth-turbulent flow and 

for rough-turbulent flow. The resistance functions for the turbulent 

flow in pipes are'"(Schlichting, 1968)' 

RU'oL__. 2.0 log.,(4.Sl -7). 

for the smooth boundary and 

(7-4)L '= 2.0 log (14.8 Rs 

for the rough boundary1 ,
 

where
 

R is the hydraulic radius of the pipe,
 

ks is Nikuradse's roughness height and
 

v is the kinematic viscosity.
 

terms of yo asEquations (7-3) and (7-4) can be written in 

(7-S)L a 2.0 log (.451 R 

In ordefito obtain one resistance function for the whole range 
of. smooth­

turbulent to rough-turbulent flow, Colebrook and White (i939), combined 

values'of yo for the two regimes as
 

(7-6)
log:C14.8RL=_=-2.'0 ks ,2.51(7-) 

1Value of the coefficient on the right.hand side was found by Prandtl as 

For a vaiue of k - 0.40,'the value of-the: .1 
2.0 from Nikuradse's data. 


coefficient would be 2.03 instead of 2.0.
 

http:log:C14.8R
http:log.,(4.Sl
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For open'cbannel' fow, Kiulegan-(1938)-applied the-log~velocity.law
 

to Bazin'si*dit to'obtain equations :which'ocan'be'vrittenas- . 

RU~o 
L. 2.03 log (3.67 -) (7-7) 

I(.. V 

for the smooth channels, and
 

-a 2.03.1og (12.27 R (7-8) 

for the rough .channels, where ks is the equivalent roughness in terms
 

of Nikuradse's sand.
 

For subcritical flow in smooth rectangular channels, Tracy and 

Lester (1961) developed the resistance function 

1 ~ RUo 

--. 2.03 log (2.S9 -7'°) (7-9)
V,r 

A resistance function covering the smooth to rough-turbulent range for
 

open channel flow was given by Thijsse (Silberman, 1963, p. 106) as
 

1 =:2.03 log ( 1.22 R
 
Ff0.282 6v +7s) 

Where 6v. is the viscous layer thickness (11.6 v/U.0 ) and ks is the
 

equivalent roughness size. Einstein (1950), also gave a function for
 

effective roughness in the transition zone which is similar to the
 

transition function obtained from Nikuradse's data (Schlichting, 1968
 

Fig. 20-21).
 

The sand roughness used by Nikuradse consisted of uniform size
 

sand gains, ,tightly,packed and glued to the wall. This roughness is
 

accepted as almost a standard roughness and other roughnesses (k) are
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expressed.in.,terms;of it as eqluivalentsandjroug,.ness. (ks). Some,
 

values of ks/k quotedr.byiCQ1ebrook5,and;White (1937) aregiven below:
 

Surface ks/k 

Uniform sand 0.35 m diameter 1.36 

Hamburg sand 1.35 m diameter 1.64 

Cup-head rivets touching 2.6 -m radius 1.40 

Polished spheres touching 4.1 a radius 0.63 

Cup-head rive's, 5 diameters apart, 2.6 m radius 0.12 

For studying the effect of sand mixtures, Colebrook and White 
(1937) used
 

a basic roughness of 0.35 mm diameter sand grains with different 
pat-


They found that the large grains, even
 terns of 3.5 mm diameter grains. 


in small proportions, increased the roughness substantially. 
For
 

example, with large grains covering 2.5 percent of the area, the 
re­

sistance factor increased by 	about 15 percent.
 

In flow on sand-beds .consisting of sand mixtures, a question 
arises
 

about the equivalent roughness size. Different measures have been
 

suggested for this in the literature. Einstein (1950) adopted D65
 

as the'equivalent roughness 	 ks. Meyer-Peter and Muller (1948) defined
 

Goncharov (1964) recomnended that D95 be

D90 as the roughness size. 


2 D6S
taken as the roughness size, 	while Engelund (1966) stated that 


is the equivalent roughness size. Richardson (1965) found in the
 

analysis of plane bed runs that the representative roughness size 
is
 

An effort will be made in this study to resolve this
given by D85.
 

question of representative roughness.
 

Another problem in the analysis of laboratory studies Of sand-bed
 

channels is that of difference in the roughness between the smooth flumW
 

walls and the rough sand bed. If hydraulic mean radius is used as the 
'
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measure of flow depth and geometry, a scale effect is introduced due to
 

varyitig proportions of wall and bed in different width-depth ratios. Some
 

correction to hydraulic mean radius is thus considered necessary. This
 

has been conventionally done by applying a wall correction after Einstein
 

(1942) and Johnson (1942).
 

Correction for Side-Wall Friction
 

The concept of separating the wall friction from bed friction was
 

given by Einstein (1942) as:
 

'"he first assumption is that the entire cross section can be
 

divided into units that will correspond to similar units of the wetted
 

perimeter,so that the potential energy of the area unit is transferred
 

into eddy energy along the corresponding surface unit, and these eddies
 

are accilerated and destroyed again in the former area unit." He stated
 

that if the average velocity is assumed to be the same for all units of
 

a simple cross ,section, a friction formula applicable to the entire
 

section will also be applicable to each unit. Assuming that Manning's
 

friction formula.was applicable to both the bed and the side wall with
 

different,values of n, Einstein illustrated the division of hydraulic
 

radiusina sand-bed flume between the walls and the bed.
 

Einstein's concept has been applied by Johnson (1942) to sand bed
 

flumes, except that for the smooth walls Johnson used the resistance
 

functlon'for smooth pipes (first obtained by Prandtl), Equation (7-3).
 

In Einstein's application of Manning's friction formula, the value of
 

n for the wall is to be known, whereas in Johnson's method, a trial and--"
 

error solution is needed. Vanoni and Brooks (19S7) improved Johnson's
 

procedure by showing that if the same average velocity is applicable to
 

both bed and walls, then
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-R
 

w R 

4RV
where 


R is the wall Reynolds nuober, 

R is the hydraulic radius associated with the walls and
 

w 
-.
,isthe wall friction factor. " -" ­

also based the wail friction the smooth-pipeVanoni and Brooks 

formulae (Equation 7-3) and their method of analysis obviated 
atria
 

and error solution.
 

As far as Einstein's first assumption is concerned, it'is 
valid
 

if the flow along the mean direction is'not'oscillating (as it generally
 

does in the presence of bed forms). However, a more logical division
 

of the flow section can be made along lines orthogonal 
to the isovels.
 

no shear transfer across these lines, the segments of flow
 
Since there is 


formed by them can be treated as entities. If one divided the wall and
 

bed regons on 'he basis of isovels, one would find that the mean
 

velocity in the segment pertaining to the wall would be 
smaller than
 

the mean velocity in the section and still smaller than the mean velocity_
 

The effect of different meenvelocities in the bed­in the bed segment. 


and wall segments is studied in the following paragraphs.
 

Effect of Unequal Velocities in Wall and Bed Regions on 
Wall Correction
 

is a, times the

If the mean velocity in the wall region .V 


in the section, using symbols of Equation (7-11),

mean velocity V 


RwUR (a, 
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Also using the definition of f, Equation (7-1),
 

R .(I.12 fw 
w iI R 

and , 

w 
 (7-12)
 
w
 

Since theltotal, ,rea-ofiflow.is.equ.l to the sum of wall and bed 

segments 
f 2
 

A d 2 Wd
2a- fw 


where
 

W is the width of the flume, 

d .is the depth of the flow,
 

Ab is the area of the bed segment,
 

Aw is the area of the wall segment and
 

all other symbols arc as defined earlier.
 

The discharge in the wall and the bed segments are
 

£f
 

-WV.d-2 d.V R
I-V 

andthe mean velocity in the bed sedment is'.
 

W -2 a iT!Wd
 

Vb 2V Wd fw(713).:
 

- 7 a­
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FrJim Equation (7-13) and using definition Equation (7-1), 

- 2 c (l sI2si
fb (I 


T{1 -2 3i E1 S1 fw}2
 

d/W.
(the -.
where sI nverse of aspect ratio) is given by 


Similarly, 'the ,epressibn f6i tlie -hydaUli&ceadiusiofthe bed 

segment can be written as
 

(7- s15)ad (1 - 2 a, T 1 

For values of aI - 1, Equations (7-14) and (7-IS) reduce to 

fb 0+2 (1-r2s1 f w ( 6 
-1 + 2s ­

and
 

o"~ 2fT s.2s-~ > 

are denoted by a subscript o for values
If the values of fb and Rb 

derived from (7-14) and (7-15) and subscript I for values derived on 

the basis of a U 1,the ratios of these quantities can be written as 

1 . 
a ( c +2s f o 

bo { l- 2 

and
 
s f 

%Ib a - 1 
12 I 

c (7-19) 

2o2 1S I o
 
1-2 a1 +, 2s 1
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The order of magnitude of error introduced by assuming velocities
 

in willai'ad bed segments equal to the mean velocity can now-be~worked
 

out from Equations--(7-18) and'(7-19).
 
f 

F~i 's O.S#() 0.2 and 0.7,
a 1 

fbl. l.106 
bo
 

and
 

Rbl
 

Va0.96.
 

For s1 equal to 2.0, these values are obtained as 1.10 and 0.93,
 

respectively. For a value of a < 1, and ignoring the inequality of
 

average velocity in the wall and bed segments, a positive error is
 

introduced in the bed friction factor and a negative error in the bed
 

hydraulic radius. However, the above analysis shows that the magnitude
 

of these errors is small, as compared to other uncertainties involved.
 

Resistance Function for Smooth Flumes 

For determining the friction factor f, Johnson (1942) used the
 

resistance equation for smooth pipes, Equation (7-3). 
 Vanon and Brooks 

adopted the same function in deriving the f versus R/f curve. 

Equation'(7-9):was obtained by Tracy and Lester (1961) from a highly 

accurate'set of SO measurements in.a 3.1/2 feet:wide,,80,feet long.flume, 

covering a Reynolds number range of 3.6 x 104 to S.3 x 10 . Their 

resistance function, which gives higher values of f is more pertinent 

to flumes tf.an the Equation (7-3) obtained from pipe flow. 
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Since the-'smooth-pipe equationcontinues,to be used.(Abdel-Aal,,196
9 ),-i.t, 

smooth.fluae, data against both the: 
was considered feasible to check soame 

flume experi-
Equations (7-3) and (7-9). Abde1-.Aal, had-given the smooth 

values from his experiments. These values fall on mental f and R/f 


Therefore, for'
 
Tracy and Lester's curve rather than on the pipe curve. 


applying smooth wall correction, Equation (7-9) was adopted 
in this
 

R/f values was constructed after
versus
study and a curve of f 


Figure (7-1), and its numerical.Vanoni and Brooks. This is given in 

values are tabulated in Taile (7-1). 

Analysis of Plane Sand-Bed Runs 

condition in sand-bed channels
As discussed in Chapter IV, plane bed 

in lower regime with no movement or with significantcan be experienced 

This condition can
 movement with bed-material size greater than 0.6 mm. 


also be achieved in the transition region, with higher 
transport rates.
 

Plane bed runs, in general, are devoid of irregularities 
associated with
 

bed forms, except in small regions in the corners of the 
flow sections.
 

therefore' provide' a: good opportunityto study the questions about
Such runs 

smooth-rough transition, equivalentLroughness, wall correction: 
etc.,
 

which have been raised earlier.
 

Resistance functions like Equation (7-6).and (7-10), which apply.:.
 

throughout'the range of. siooth'to rough-turbulent,flows, can be written
 

as
 

(7-20)
S.2.03 log 

K - 0.40. 
where the coefficient 2.03 has been retained to correspond 

to 


For Colebrook-White Equation (7-6), C is
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14.83 (7-21).' 

For the values of Rks from.S to 60, the value of C varies from 9.0 to., 

14.0. Factor C is used-in this study to investigate. the.phenomenon 

of smooth -to rough turbulent transition, the validity of wall: correction 

and the representative roughness in plane-bed flows. 

.There are Si plane bed runs in the flume data; 28 with movement 

of bed-material and 13 with no movement. Since the object is to study 

the roughness characteristics with moving bed, the 13 runs were dropped. 

Run 5-26 h3s some basically different characteristics from other plane­

bed runs andwas excluded from analysis. Out of the 27 runs, 20 are in 

the 8 feet-wide and 7 are in the 2 feet wide flume. Eleven plane bed 

runs from'Barton-and Lin data were also included. These runs were
 

studied-in a 4 feet wide flume. In all, these 38 runs included 10
 

different sands and covered the following range of variables:.
 

VARIABLE RANGE
 

Median diameter, D 0.18 m - 0.93 m 

Geometric standard deviation, a '1.25 - 2.07 

Flume width, W 2 feet -8 feet 

Mean of depth of flow, d .30 feet- 1.03 feet 
a. . 

Aspect ratio (W/d) 2.81 - 26.7 

Roughness Reynolds number
 

(U*oDso/V) 2.55 - 52.1 

x 1.04 x 106Flow Reynolds number (4dV/v. 105 -

All the runs were analyzed for ks equal to D33 , D3 5 , D5 0 , D6S, 

D6 7 , .D94,. and .,D9 0 . These values of. ks were computed .for each sand 
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using lognormal distribution with the median size and standard,deviation,
 

as given in Table (7-2). For certain runs individual values oft edian
 

size have been reported (column 13, U.S.G.S., pp. 462-I). Mean bed­

material 'gradation-curves for each'sand were used In preference to the. 

size gradatibovalues'reported for individual; runs because individual 

samples can.'suffer from rkndomk'errors, which are eliminated in the. average 

of many samples. The analysis was'made both with and without:wall., .
 

correctiohs.' When wall corrections were made, Equations (7-16),and (7-17)
 

were usedto determine the bed friction factor and the bed hydraulic ,..* 

radius.". For'determining fw - Tracy and Lester's resistance equation. 

for smooth walled flumes -(Equation .7-9, Table .7-1, Figure 7-1) was used. 

For the case'of no-wall-correction' the hydraulic radius.was replaced by.
 

the mean'depth. For all the above combinations the friction factor f
 

was computed and valuesof 'were determined from Equation. (7-20)..
 

Values of the-aspect ratio, flow Reynoldsinumber R and roughness.Reynolds
 

number Rks were!also'computed in each;case.-"..
 

The values of E, for each combination of conditions were statisti­

cally analyzed for variance:and fnr possible correlation with the aspect 

ratio (W/d), R and Rks. Atwo tail test for.null hypothesis an an 

a level of 0.9S (Draper and Smith, 1966) was then made, for each combina­

tion of these variables. . 

The results of the statistical analysis of t values and its correla­

tion with roughness Reynolds number R are shown in Table (7-3) for
 
Pks. 

each percentile tested- similar results for C's correlation with the 

aspect ratio are shown in Tble (7-'4). Table (7'5),gi'vesi'a summary of, 

the observed 'dataof rims' usa Y'this nalysis'along with the values of 

E, R, Ric and the 'aspect, raio for both;thecionditions ofanaiysis, ,ij..,.,d 
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with wall-correction and without wall-correction. The results shown in
 

Table '(7-5) are based on an equivalent roughness, roportional to, D84"
 

The conclusions about the equivalent roughness size, wall correction and
 

the smooth to rough transitions are discussed below.
 

Equivalent Roughness Size
 

For each percentile bed-material size and for the analyses with
 

and without wall-correction, the mean, standard deviation and coefficient
 

of variance of & values are given in Table (7.-3). 
 This table shows
 

that the coeff4.cient of variance (which is .adimensionless measure of
 

the spread of a distribution) in both the conditions of wall-correction
 

decreases as the effective roughness size is increased from 
D33 to
 

D9 0. The minimum value in each case is achieved for D90 .
 

In the analysis of the gradations of natural mixtures of sands, it
 

was 
shown that they exhibit lognormal distribution for sizes from the
 

10th to 90th percentiles of the cumulative size distribution. At the
 

upper limit D90, however, individual samples do show some departure
 

from the lognormal distribution. Also in small samples, the error in
 

the estimation of 
D9 0  is likely to be large. For these reasons and for
 

reasons of convenience in the definition of effective roughness size, it
 

is concluded that the effective roughness si:e in sand mixtures should be
 

related to the 84th percentile, which for lognormal distributions is
 

given by
 

D 'D'' a 
 (7-22),
 

It will be subsequently shown that the friction factor 
f in plane' bed 

runs is given by 
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L 2.03 log:(2 4 r.A... (7-23)-
D84 

Comparing this equation with Keulegan's (Equation 7-8), it is seen that
 

the equivalent roughness size for plane bed runs in terms of Nikuradse's
 

sand and Keulegan's resistance equation is given by
 

ks 5.1 D (7-24)
 

It needs to be stated here that this does not represent the minimum
 

roughness that can be experienced with sand bed channels.
 

Validity of the Wall Correction
 

The object of applying wall corrections to flow over sand-bed
 

channels in smooth walled flures has already been discussed. It would
 

appear that once an appropriate correction for wall condition has been
 

made, the flow phenomena would be independent of the aspect ratio (W/d) of
 

the flow section. Figure (7-2) shows a plot of F versus the aspect
 

ratio for the analysis without the wall correction. A similar plot for
 

the analysis with the wall-correction is shown in Figure (7-3). A
 

comparison of the two figures shows that whereas in the analysis with no­

wall-correction there is no apparent dependence of on the aspect ratio
 

(W/d), the application of the wall correction introduces a strong
 

dependence of ; on the aspect ratio (W/Rb) of the flow section.
 

Correlation coefficients of t with the aspect ratio (Table 7-4) show
 

that'-for the representative roughness size D84, the correlation on
 

applying the wall correction increases from 0.255 to - 0.546 and the null
 
f-- : . ' 

hypothesis changes from true to false. Since a higher C value is
 

associated with a smaller friction factor, it appears that the wall
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correction.over-corrects.to,the.,extent,.. that dependence on the.aspect 

ratio of flow becomes worse than it would otherwise be.1 It is,.difficult 

to suggest a definite reason for this phenomenon without further experi­

mental investigation. 

However, it can be concluded that with moving sand beds with aspect 

ratios of flow exceeding about 3, a realistic analysis of resistance can
 

be made on the basis of the average depth of flow, without making any
 

wall-correction.
 

Smooth to Rough Flow Transition
 

The relationship between F and Rks for the Colebrook-White 

transition function:has been given in Equation.(7-21). Correlation 

between E and Rks for both the analyses of plane bed runs (with and 

without wall-corrections) are given in Table (7-3). The t values are 

plotted.against corresponding Rks values in Figures (7-4) and (7-5). 

Figure (7-5) also shows the relationship of Equation (7-21). Both the 

figures and correlation coefficients (.069 and -.103) show that E has 

no dependence on the roughness Raynolds number. 

It has been discussed in Chapter IV, that the effect of movement
 

of bed particles, as well as of the porosity of the bed, is to disrupt
 

the viscous sublayer. It has also been argued that the rigid boundary
 

Analysis
smooth-rough transition is not applicable to moving sand beds. 


of plane ,bed runs, amply justifies this argument and it can be concluded
 

1. Tracy-Lester equation used in making the wall correction gives higher.
 

friction factor for smooth walled flumes than the Prandtl's Equation (7-3)
 

does for smooth pipes. If the wall corrections were based on Equation
 

(7-3), the resulting values of & would have decreased by about four
 

percent, but not enough to change the results of Figure.(7-3).
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that in sand bed' chnAs1 witWi moVeient.'of" the'bed: matbrial,:, the, boundary; , 

is aiway's hydrodynamically rough. 

Resistance Function for Plane Sand-Beds
 

As shown above, the application of a wall-correction to plane sand-bed 

flume runs makes their resistance factor dependent on the aspect ratio of 

the flow section. Also it has been shown that with the movement of the bed­

material, the boundary behaves as hydrodynamically rough. A question can 

now be raised whether, the flow resistance in these ruts is related to 

the K values obtained from their velocity profiles or to their 

total sediment loads.
 

For a variable K, Equation (7-20) can be written.as
 

1 _.812 d

-8 log (C_) (7-24)
 

,q. 84 

where the hydraulic radius R has been replaced by the average depth 

d (for no-wall-correction) , 84 is the equivalent roughness size 

for the sand-bed.and factor ( is defined in Equation (7-20). 

For the plane-bed runs in which the velocity profiles had been
 

observed, values of K were computed for each profile on the basis of
 

U.0 . The average of these K values for the nunber of velocity profiles" 

observed for each run Kit was then calculated. Using KI' the 

value of ( for individual runs was computed from Equation (7-24).
 

These values of E were widely scattered and it'was not possible to
 

relate these with the flow parameters. Similarly, the value of E
 

obtained from Equation (7-20), were analysed for: a possible dependence.
 

1. Refer Chapter VI, "Analysis of K- For Flume Data," for various. 
definitions of K in flume studies 

http:written.as
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on the total sediment load. No such dependence was found either. From 

the analysis of flume data it is concluded that the resistance factor 

f for plane sand-bed runs is not related with the values of K obtained 

from velocity profiles or with the total sediment load of the flow. 

To evaluate the resistance function for plane sand-bed ims for 

an unknown but constant value of K , Equation (7-24) is written as 

1 •a +b log (d (7-25) 

84 

where b - .812 and 

K 

a - b log . 

Tho values of a and b for the 2-feet and the 8-feet flume data as 

obtained by least square regression of - versus log (d are 

a - 2.21 and b - 2.21. 

Equation (7-24) for these values is 

1 lo d) 
- 2.21 log (10 d (7-26) 

Vr 84 

and the value of K is 0.368.
 

For a value of Ka 0.40, Equation (7-24) is
 

_ * 2.03 log (2.4 d (7-23) 

rf 84 

In the analysis of K in flume runs (Chapter VI), it has already 

bben shown that a priori prediction of K in flow over sand-beds is 

not possible. Neither it is known as to how the average value of K 

obtained in plane sand-bed flows is changed for the flow over other bed 

forms. Equation (7-23) has therefore, been adopted as the resistance 
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channels in this study. The values ofequation.for;plane, sand-bed .. .. ...... . .. ... ,.. - ,;•,. • . .,. 

observe& friction factors f0 " and those predicted from Equation (7-23) 

f are given, in .Table 7.-6. Also given.in this table are the values 

In about two-thirds of the cases, 

~ ~~~~~.......
. .. .. ~ 

of total load concentration in PPM. 


the diffirence between the observed and the predicted values of friction
 

to 0.003.
factor f is less than or equal 
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RESIS fTCE"'UNCMION IN SAND-BED CHANNELS 

Analysisof plane bed runs (Chapter.VII) has shown that tho 

equivalent roughness size of a plane sand-bed, in terms of Keulegan's
 

resistance equation is given by about S.1 D84. This value was seen
 

to be:.fairly constant with a coefficient of variation of 0.67. With
 

bed configuration other than plane, the total roughness can be computed
 

by writing Keulegan's resistance equation for flow on rough boundaries,
 

as
 

_ *2.03 log (Vd 

*a
 

where 'ka is termed the absolute roughness, and f is the Darcy-

Weisbach friction factor for the flow. This'-equation gives, 

-1
 

k -d 1'. 2.03 
a 

On the analdgy of plane bed runs if the equivalont roughness for sand­

beds isrelated to D84, they can be made equal for simplification as
 

ks D 84 

Then the ratio of absolute roughness to Nikuradse's sand grain roughness -' 

is 

-1
 

.a a d 203/ 
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.t! , .I.1"iIt 
For Keulegan's resistance equation, ka/D84 - .08 and for plane beds, 

k /D - 0.42. Valuesof,-tj~e ratio of absolute roughness,.k D
 
a 84 .'A 

to D84,
 

for the flume runs are shown in Figure 8-1. These values range from
 

0.093 to 30.0 (excluding run 5-33 with a value of .038). Thus,"in sand­

bed channels, the overall roughness to flow in terms of ka has a 300
 

fold range with the minimm value somewhat higher than Keulegan's.
 

;
Evaluation of the resistance to flow in sand-bed channels has always
I-T. 


been a difficult problem. Except in regime 'methods,'which use tn
 

integral approach to alluvial flows, most of the resistanr , func.tions
 

in two
so far developed, divide the total boundary shear stress To 


parts; one relating to the grain roughness of rigid boundary flows and 

the other to the bed form roughness. The division of the shear stress
 

To is differently made in various methods... Einstein (1950) for one, 

based this division..on the hydraulic radius of .the flow section while 

Meyer-Peter and Muller (1948) based it on the energy gradient. The 

tocomponent relating to bed forms in such methods is related some form 

of Shield's shear parameter. However, these methods do not make a 

distinction between differeit:regimes;of flow and consequently their 

results are eithir valid for one of'the regimes or'being an average for 

the lower to upper regime conditions are susceptible to large errors.
 

Simons and Richardson (1966) initiated the recognition of different
 

resistance functions .for different, regimes. *They ,cnsideredthe alluvial
 

channels resistance as an adjustment in slope or depth, in the resistance
 

due to hydraulically smooth boundaries (Equation 7-9) and provided
 
I.
 

curves relating this adjustment with depth aid energy gradient for
 

different regimes.
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,.In~addition to the-,overallresistance to flow, sometimes the virtical
 

velocity,.distribution.-is required.for the flow.on sand-beds, as in the
 

computation of suspended load transport and in other engineering problems.
 

This distribution is not explicitly dealt with by any of the above methods.
 

Velocity Profiles in Sand-Bed Channels
 

In the discussion of turbulent flow in rigid boundary channels 

(Chapter III), it was concluded that the uncertainties about the locationt 

of the origin for the velocity profile, the value of von Karman's K 

and other factors can be combined to yield a velocity distribution i'. 

the inner layer in terms of an effective shear velocity U,oe, see 

Equation (3-14). There th3 ratio Uoe/Uo wasgiven ei.a-functipon,... 

of the roughness characteristics of the boundary and of other parameters 

which affect the value of K . The e~fective shear velocity in sand-bed 

channels cannot be predicted directly because neitherthe roughness 

characteristics nor K are known before hand. In Chapter'VI, the value 

of K was analyzed in the outer layer of the flume runs from the 

observed velocity profiles and it was found that' K is related to 

parameters which are not known a priori in problems where the resistance 

function or the velocity distribution is to be used. Howe~ei, the concept 

of effective shear velocity in the inner-outer layer model of rough. 

turbulent flows can be used to define the velocity 'distribution. ahd
 

the resistance to flow in sand-bed channels.
 

In the discussion of velocity profiles over sand-bed channels (Chapter:
 

VI), it has been explained that the concept of a typical velocity profile".
 

in such channels can only be 'acceptedon the 'average.'IndiViduai profiles
 

in sand-bed channels are ik}ely to show large variat'.ons froi'the average 



98
 

In,the following
depending on their location wi'th respect -to'the bed formi.' 

paragraphs a velocity distribution 'is presented for such:an :average:profile. w 

Consider the' fow in a sand bed"channel'with average-depth 'Id and, 

average velocity V. 

-Um°7-1
 
Surface Cutback ,k 

I I r v L eWater Surface, z I 

".oce'Layer " r z 

d -Outer Layer
 

dI,: f~ .._ _ _ _ __, 


771 Inner Layer
 
Mean Bed Elevation 

On the basis of the observation of velocity distribution in the flumes,
 

this flow can be divided into three main regions as shown above: an
 

inner layer, which is equal to or greater than the height of bed forms
 

above the mean bed elevation, a surface layer, which contains the effect
 

of cutback in velocity profile due to the secondary currents and the
 

region, between these. two layers, labelled as the outer layer (because 

it is analogous, to, the outer. layer of the turbulent boundary layer flows). 

In terms of the dimensionless ordinate n dY (y being the distanced 

from the mean bed elevation) the limits.of these layers are shown as
 

n and n2. Ordinate. n is the distance from the mean bed elevation
 

at which the velocity.is equal,to,0.
 

Using.the analogy of turbulent flow over hydraulically rough
 

boundaries, the velocity distribution in these layers is,
 

http:limits.of
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Inner layer:
 
0;. .. 

no j'.n I n, * 

uO n nrl
,
 

.- *-L --I , (8-1)
 
06 0 n0 

I,' 

U 0. 

a.ter layer:
 

nI < n __
 2
 

ma - n ­max n - ln(n). (8-2)U O K'
 

K- Kog, [C, F, C 's . U.0 

Surface layer:
 

n2 <_n <.I
 

u . n - n(n) fl[n]. (8-3) 

Equations (8-1) through. (8-3) are explained below.
 

In the' inner'layer, the origin for measuring the distance.from a
 

rough boundary for a logarithmic velocity distribution is below the mean
 

bed elevation by a distance • (see Equation 3-10). The value of
 

in the logarithmic velocity profile (for the inner layer) thus 'obtained
 

is different from its "universal" value a firstly because of the
 
, .} ' .0 

shift e in the origin and secondly due to the influence of the sus­
pended 1o~d, the contact p n. l o. .. .. Jload and of the be, forms on the momentm 

St.. 

I, 
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diffusion in the flow close to the boundary. All of these efrects are
 

accounted for, in Equation (8-1), by using the effective shear velocity
 

U,oe derived in Equation (3-14). With the introduction of U.oe, the
 

origin tfor'the measurement of the distance n from the'boundary' becomes 

coincident with the mean bed elevation and the "universal" value of
 

von Karman's kappa (K0) is used.
 

In the outer layer, the inclusion of the shift e in the origin for
 

defining a logarithmic velocity profile becomes unimportant because of the 

larger absolute values of n. Also if the velocity profile is based on
 

the actual value of K , there is no need to introduce a change in the 

shear v6ilocity in this region. Thus, the velocity'defect law, Equation 

(8-2), is based on Uo and the actual value of K- for the flow in this 

region. As shown in Chapter VI, K in the outer layer is related to. 

K by a function g, of the parameters given in Equation (6-lS). For 

a given sand-bed and flow, g, is a constant. 

For the surface layer, the velocity profile is considered as-an
 

extension of that in the outer layer with the difference that there is
 

a cut-back in the velocity near the water surface. In Equation (8"-3)
 

a correction term fl(n] is incorporated to account for this cut-back'.
 

For a given sand-bed and flow, b,£f -.is dependenton. n - only,. In: 

the velocity: piofiles: obseredin.the,.flumes:, f ,[n] can be expressed 

as the parabola.
 

f, [n] a I - n.8 for 0.8 < n <_ 1. (8-4) 

The coefficient a in Equation (8-4) is'a func'Ai'on of the secondary 

currents and hence a1 depends on the geometry of the flow section, the 

distribution of roughness pattern across the suction, etc. No atte ipt 
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was made to relate a1 to other parameters in the flue runs and an
 

average valve of a 35.0 was found. In natural channels with non­

rectangular sections, the value of a1 would probably be smaller.
 

Using the form of fl[n] given above the velocity distribution
 

in outer and surface layers can,be .combined as
 

2
Uu, In(n) + I(n) a1 [1- 0-

for n < n< 1 (8-S)
 

whnre I (n) "is''the indicator function suchithat 

I(n) = 0 when n < 0.8
 

and
 

I(n) - 1, when 0.8 < n < 1
 

Further assuming that both Equation (8-1) and (8-5) apply in an over­

lappinig region aroung n n, , the velocity profile in the depth-of 

flow can be written as
 

U*°e(I.) f 
ut n for no !_n <.ni and (8-6) 

*ii8 ln U*°
 
u - n - - ln(0--

1) 
a - f. for
 

n o g, (n)Uo ( ,. , 1 

(8-7)
 

In an open channel flow over a hydrodynamically rough and plane
 

rigid boundary consisting of sand grains, the shift e in the origin

° - : ' - . ..- : .? j, " I 

(Equation 3-10) is negligible compared with the distances from the
 

boundary even in the inner layer. Also other conditions like the presence
 

of suspended load, rolling contact load and bed forms which effect*the
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momentum diffusion in the flow over mobile boundaries are absent. There­

fore, the vertical velocity distribution for such flow can be expressed
 

in terms of U,o and Ko as 

Uo0 ln()- In)U. a 1" 
n 2
 

Unp KO o 1
 

(8-8)
for n0 <n < 1.0 . 

InEquation (8-8) the subscript p refers to the rigid boundary flow
 

and for want of more accurate information,regarding,:the difference 

the mobilebetween the surface cut-back in the rigid boundary and 

given by Equation (8-4) isboundary flows, the form of f 1 [n] as 

in the rigid and mobile boundaries, the valueassumed. For similar sands 

in Equation (8-8) is equal to its value in Equations (8-1)
of no 


through (8-7),
 

Equations .(8-6) . and- (8-7). can be. integrated for the flow over the 

sand-bed and Equation (8-8) can be integrated for the rigid boundary 

flow (with similar grain roughness) from no a 0 to I to yield 

U oe g(Vf 0z) B2 (8-9)+ I 

U~o .(Vp.pz ,2,.•
+' 


p 7Pi
 

where 1
 
V - 1/U, f u • dn for the mobile sand-bed,
 

Vp. 1/U. 0 f .,u . dn for the rigid sand roughness, 

S -f I(n) al(l - n/O. ) dn 
:JO,; 
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and
 

BwC' 'l' 4:Zln' - h 
B2 0 1 

Equation (8-9) provides a basis for deriving the resistance function 

for flow over sand-beds in terms of the velocity distribution. This 

equation can be somewhat simplified by assuming that the unknown value 
of g1 is approximately equal to 1.,Also, the value of p1 is small 

(0.14 for the flume runs) and since it appears as an additive term to
 

both V and V (which are of a much larger magnitude) in the, numerator 

and the denominator, it can be ignored. Equation (8-9) then becomes 

U " Vf 4 B2 (8-10)
T.O Vp +: 

1 this equation can be written as
For the inner layer 'with nu .15 


f- 2.62
 

U~o VpP .. 62
 

Using Keulegan's resistance Equation (7-8), ,Vp is 

V a 2.S (8-12) 

nks 

whore 

84 
nks "., 

With a knowTi'value of Vf, D84, d- and S, the vertical velocity 

an distribution in the average velocity profile over a sancd-bed 'be
 

computed from the above equation. To verify the above velocity profile,
 

a comparison is made with the natural river observations given by Toffaleti
 

(1963) for Atchaflaya River at Stimesport. For a D84 = 0.0049 ft,
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for various
 
nks ' 10"4 and U*o/U*oe 0 1.8, the values of un/V 


given below,-.

relative depths computed from Equations (8-6) and (8-7) are 


along with the average values from some 500 field observations 
reported
 

by Toffaleti.
 

v Unl/V
n Un V 


Reported by
Computed from Eq. 

'(8-6) and (8-7)* Toffaleti (1963)
 

.75'­05 

.811
10 .814 

.851
.15 


.20 .893 .893 

.30 .959 .959 

.40. . 1.009 

.50 1.038 1.042 

.60 1.067 - .066 

1.085
1.091
.70 


1.097
 . 1.['12.>
.80 


1.104
1.100
.90 


The agreement

A plot of the two profiles is shown in Figure 8-2. 


between these profiles is good and may be further improved 
near the
 

cut-back: correction from a value, of n 
water surface.by. applying, the 

somewhat less than.0.80.,
 

Prediction of the Regimes of Flow
 

The recognition of the regimes of flow in sand-bed 
channels and the
 

difference in their resistance and transport characteristics 
has been
 

http:than.0.80
http:surface.by
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one of the most important contributions in the field of fluvial hydraulics.
 

Experience with the application of various resistance functions to the
 

flume and the canal data in this investigation has shown that different
 

functions have to be defined in at least the two regimes and the transi­

tion zone. A method for predicting the form of bed roughness has been
 

provided by Simons and Richardson (1966). This method, which has
 

already been referred to inChapter IV,distinguishes between different
 

fofs on the basis of median fall diameter of the sand-bed and the
 

prevailing stream power P(T V), see Figure 4-1. If different resis­

tance functions have to be used for different regimes, it is necessary
 

to have some guide for predicting the final regime of flow before a
 

resistance function is applied. This is especially true for the problem
 

under investigation, in which the resistance and transport functions for
 

flow over a sand-bed have to be solved for a given bed-material, depth
 

and energy gradient.
 

Evaluation of the ratio of the absolute roughness ka to D84 of
 

the bed-material size (Figure 8-1) has shown that this ratio for sand­

bed channels has a minimum value somewhat larger than the Keulegan's
 

value. Considering the maximum velocity that can occur in flow over
 

sand-beds, as that given by the Keulegan's equation for a fully rough
 

boundary with similar sand roughness, the maximum stream power Pmax'
 

that can possibly occur on a sand-bed is given by pV U, where V
 
ppo
 

is defined by Equation (8-12). The value of P for a given sand­

bed is uniquely determined by the bed-material D84, depth d and the
 

energy gradient S.
 

A study of the maximum stream power P and the regime of flow
 

for the flume data showed that it is possible to predict the regime
 

p .* 
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of flow from the value of Pmax and the median fall diameter of the 

was that for flumebed-material. It found a given bed-material in the 

runs, all values of P below a limiting value resulted in the lower
 

regime bed forms (plane bed, ripples, dunes) and all values of Pax 

greater than another limiting value resulted in the upper regime bed 

forms (transition, plane, standing wave, antidunes, chutes and pools). 

For values of P°max between these two limiting values, the bed forms in
 

the flumes were either of the lower or of the upper regime. The limits of
 

Pmax for various sands, corresponding to above conditions are given in
 

Table 8-1 and are plotted against median fall diameter D in Figure
 

8-3. Envelopes for these values have been drawn as straight lines in
 

Figure 8-3. It is likely that if depth-slope combinations other than
 

those used in flume data were attempted, the limit envelopes would be
 

approached for sands whose limits fall within the given envelope. It
 

is also possible that for sand size range beyond the one used in the 

flumes (.19 m- .93 mm), the envelopes may depart from the straight 

This seems more likely for median fall diameters greaterlines indicated. 


than 1 w. 

Inthis investigation, many other parametric combinations were also
 

tried, but all of these resulted in more complicated limit curves
 

without giving a better prediction than the PMx Dso combination.
 

The limit curves shown in Figure 8-3 were therefore adopted for predicting
 

the final regime of flow and' f6r selecting the resistance function
 

to be used.
 

The implication of Figure 8-3 is that a depth-slope combination'for
 

given sand failing below the lower envelope would always result in
 

a lower regime bed form, while that falling above the upper envelope
 

would always result in an upper regi.e bed form. For values in between
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these two limits, the bed form way be either in the lower or the upper
 

regime. It is believed that it is in a part of this intermediate range
 

that a multiplicity of flow solutions (Chapter I) can occur. On the
 

basis of the existing knowledge (1971) of the mechanism by which bed
 

forms are generated and changed, it is not possible to explain this
 

multiplicity.
 

Resistance Functions
 

The integration of the empirical velocity profile for sand-bed
 

channels has been shown to yield Equation (8-11), which relates average
 

velocity in the flow section to the effective shear velocity U.0 in
 

the inner layer. Parameters Vf and V in this equation can also be 
. p 

interpreted as dimensionless Chezy coefficients (C//j) for the observed
 

velocity and the maximum possible velocity on a rigid hydrodynamically
 

rough boundary. To solve the resistance equation and to determine the 

velocity distribution in the vertical, ratio U,00/U.0 must be deter­

mined. This ratio is always less than unity. Therefore, U.oe can 

be expressed as 

•'o *oe." 1(8-13)*o 
H ". 

U *oe as derived in this study, seems similar to the grain-associated
 

shear velocity (U*,) defined by Einstein (1950). There is a
 

difference in the derivation and interpretation of U. used by
 

Einstein and U oe used here. Shear velocity U.g is the result of a
 

division of the bed hydraulic radius into the resistance associated with
 

grains and the resistance associated with bed forms, analogous to the 

losses in pipe fittings and bends which are add to the energy losses 

in uniform flow. On the other hand, Uooe is a corrected shear velocity 



108
 

in the inner layer (of a thickness of about one-ixth of the flo" depth 

near the-boundary) wtiich accounts for the following distinct factors;
 

effect of suspended load, rolling contact load, porous boundary and
 

change in the origin for logarithmic velocity profile due to these
 

factors and due to the bed forms.
 

Since AU*0 is caused by the mobility of sand-bed, it correlates
 

with the Shields' parameter
 

U2•
 
0 oe
 

.(,- ..,fD o 

where
 

Ys and yf refer to the unit weights of the sediment and the fluid,
 

respectively.
 

The values of V/AJ*o and 1/S are plotted in Figure 8-4 for the 

flume and the canal data for a value of nI = 0.15. The points in the 

lower, upper and intermediate Pmax DDs range are separately shown 

in Figures 8-5 through 8-7. It is apparent from these figures that 

each range has to be defined by a separate function. 

In,order to use the relation between V/AUo and S for the
 

prediction of velocity, a solution curve is to be provided so that for
 

a given bed-material, depth and energy gradient, the value of U. e.
 

for which both V/AUMo and S are coincident with the curve, gives
 

the correct solution. The value of Uoe can be determined from such 

a curve either by a trial and error solution or graphically by the 

intersection of V/AUo - S curve for the given data with the solution 
'0 , ,-I. ,. 


and AU are related to each other by Equation (8-13),
.creloete. /... 4 .t h, fn.ct i
At .. d. 

a correlation between V/&U.n and S$ exists besides the functional
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correlation being sought. A word of caution is necessary in such cases,
 

because a grouping of data points around a mean curve does not necessarily
 

imply that predictions from the mean curves will be equally good. To
 

illustrate this point, Figure 8-8 shows the mean curve obtainable from
 

the intermediate range runs (Fig. 8-7) and the loci of V/AUo - 1/S 

points for five different runs. It may be seen that although the 

solution points are locjated close to the mean curve, the intersections
 

of the loci and the mean curve are at a small angle, so that a minor
 

relocation of the mean curve or of a locus can cause a large change in
 

On this account, the solution curves do not necessarily
the solution. 

correspond to the mean curves obtainable for different ranges. 

For the jlower and upper Pax - D ranges, the solution curves 

are given in Figure 8-9. The drooping portion of the upper curve around
 

S - 1.0 corresponds to the higher energy loss in breaking antidune and 

chute and pool runs. Similarly, the depression in the lower curve
 

corresponds to the increase in resistance as ripples grow into dunes.
 

For the intermediate range, though it is not apparent from Figure
 

8-7, two solution curves are needed; one for the upper regime bed forms
 

and the other for the lower regime. These curves are shown in F.gure
 

8-10. Curves on Figures 8-9 and 8-10 have been approximated by straight
 

segments (on log-log scale) and their coordinates are given in Table
 

8-2. The segmented curves are useful in the analysis by digital computers
 

and were accordingly used in this study.
 

For all the flume runs and for 43 West Pakistan canals (Chapter II),
 

the mean velocities were predicted on the basis of these resistance
 

curves. For each run the value of P was computed to determine the
 
max
 

range to which the run belonged. If this range was upper or lower, values
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of 1/S and V/Uo were comp,.ted for different U.oe values, starting
 
- 1 0r ,

*, 

from the largest possible value and the point of intersection with the
 

corresponding resistance curve in Figure 8-9 was taken as the solution.
 

When a run belonged to the intermediate range, solution points were
 

For the flume
obtained on the upper curve of Figure 8-9 for the canals. 


data the solutions for the intermediate Pa - D range were obtained
 
on the upper curve oO .r b n on
 

onon the upper curve of Figure 8-10 for the upper regime bed forms and 

the lower curve of Figure 8-10 foc the lower regime bed forms. An 

exception to this was made for the transition bed form runs of 0.93 am 

sand, which fell on t'e lower-intermediate ctuze. 

For the runs falling in the internm.diate range, solutions were also
 

obtained on the alternate curve in Figure 8-10 to test if both the
 

solutions gave consistent prediction of the bed form in terms of Simons-


Most of the runs did yield stream
Richardson criterion, Figure 4-1. 


power P for the velocities predicted by upper-intermediate and lower­

intermediate curves which corresponded to the actual bed form. In such
 

cases, in practice, the resistance curve to be used is uniquely deter­

mined if the analysis is made in conjunction with Simons-Richardson
 

criterion. However, in some runs the solution from lower-intermediate
 

curve indicated a lower regime bed form, while that from upper-inter­

mediate curve indicated an upper regime bed form. 

Twenty-Five runs from Barton and Lin data (1955) have also been 

analyzed on the above basis. For the prediction velocities in all the 

data, 2S runs of Barton-Lin383 cases (comprising 315 runs of the flume 

data and 43 West Pakistan canals) the error, percentage error and other
 

. "(W/d) and roughness Reynolds
parameters including thb aspect ratio

n R k . e V o p v

ntumber R. were computed. Values of predicted versus observed 



velocity aroplotted"in Figure 8-11 ah'anarithetical .scale. The figure
 

also shows the ±15 "deviaiion lines! Considering the range -of condition
 

represented in this analysis (ChapterII), the-solution curves seem
 

adequate for flume runs and for West Pakistan canals,-both of which are.
 

characterized by a nearly uniform depth across the sections and,an:
 

equilibrium bed condition due to a constant discharge. These'curves
 

have not been tested for non-rectangulaz river sections. It is possible
 

that their modification may become necessary for such sections.
 

Since the above analysis is based on average depth instead of
 

hydraulic radius and no correction for the wall friction effect or the
 

smooth-rough turbulent transition was made, the percentage error in the
 

predicted velocity is plotted in Figures 8-12 and 8-13 against the aspect
 

ratio (W/d) and Rks. No apparent correlation exists between these
 

parameters and the percentage error.
 

Summry
 

In this chapter, an eapirical model of the velocity distribution in
 

sand-bed channels has been formed. Integration of this distribution
 

yields a relation between the effective shear velocity in the inner
 

layer and the average velocity of flow. This relation can be used to
 

determine the velocity profile if the average velocity is known.
 

Since the resistance to flow in sand-bed channels is related to the
 

regime of the flow, a criterion has been developed to predict this
 

regime from known bed-material, depth and energy gradient. Graphical
 

relations between V/AUo and Shield's parameter S developed for
 

the flume and the canal data are found to be different for the different
 

flow regimes. These relations can be used to predict the average velocity
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Three hundred eighty­
if the bed-material, depth an-slopo are known.. 

West Pakistan have been analyzed
three sections including.43-canals.free 

on the basis of',,hese-curvesand.show velocitY predictions 
within 15 

of the cases. Exampleprobleasin.mostpercerat of the observed values 

are solved-in Chapter.X toj.illusttate,.the-use of 
these resistance curves.
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;CHAPTER ,IX
 

TRANSPORT FUNCTION FOR SAND-BED CHANNELS
 

After the threshold conditions for the movement of sand-bed have 

been1 exceeded'ifi a flow, ;there is a net transport of.sediment past 

any section. This transport consists of particles which may be moving 

by rollingalong the bed and ot:Iers whichiare carried by suspension in 

the fluid-medium. The movements of.an individual particle in the.bed ar 

however'random. At any.instant, the particle may-be in a state of rest 

in the bed or-it may be moving. :-, In a time homogeneous case it is 

possible to define the'average number of particles undergoing different 

modes of transport'at any section. This involves the concept of.a 

continuous exchange between,.the bed and th- transported material, i.e., 

every particle that settles in ,the bed,is, on the average, replaced by 

another. 

The total quantity ofsediment moving past a section .is called th,
 

total load. For graded sands,..the size distribution of the.total load
 

differs "from .that:of the.bed, .as a result of the differential transport
 

of sizesiin a mixture (partly discussed in Chapter V).., A concept of
 

transport capacity of the flow:.is-also associated with graded sand
 

beds. Given a sand mixture in the bed, a flow can transport a certain
 

quantity of each size fraction of.the mixture~which is larger for .the
 

smaller sizes., .Ifthe'availability-of the size fraction in.the.bed is
 

less than the transport'capacity.:of~the flow, the,;bed.would be
 

ultimately denuded of this:.fraction.. .In sand mixtures because ofa
 

continuous size variation,-the,difference between the availability,
 

and capacity of transport is noticeable at the lower end of the
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cumulative size distribution curve. Thesportion of the total load consis­

ting of sizes not available in sufficient quantities in the shifting por­

tions of the bed is called the fine material load. In sand-bed channels,
 

than D10 of the:;bed- A
this load is taken"as consisting of sizes les. 


Alternatively.
material by'some'investigators (Einstein, 1950 and others). 


some investigators like Colby (1964) and Nordin and Beverage.(196S) have
 

= size asthe fine
used the portion'of the total load finer than'.062 


material load for their situations; :Since for this part-of the total
 

load, capacity of transport by the,flow is greater than its availability
 

in the bed, its rate of transport.is not dependent on the bed-material
 

or on the 'flow and it cannot be: determined from local transport..phenomena.
 

The transport of fine material'past any section is only dependent on the
 

quantity arriving from upstream and it is the indeterminate component
 

rest 'of the -total load is called the bed-material.of the total load. The 

load. 

Bs'ed on the mode of"transport,- the bed-material load. can be 

(or bed) ,load fractions. Thisdivided"into 'suspended and contact 

the bed, is necessary.becausedivision, -though somewhat hazy''close to 

the transport mechanism of the two modes is different. -Contact .load 

is that part of the bed-material load which:during its movement is 

continuously-supported by the bed, while suspended load is the part 

whose weight is supported-by-the'ttansporting fluid. 

If the bed-form -,f'a.sand-bed channel is.,other than plane,.the, 

rate of bed-material'transport over'a typical 'bed.form length, varies 

from section to section;'-This variation is thecause of bed form move­

ment and can:be-'expressed'after Simons et'!al.,.(96Sa) as 
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ax (1-no )ys at (91). 

where
 

gbt is the rate of transport of the contact load in weight per unit 

width per unit time, 

no is the porosity of the surface of the bed,. 

YS 'i, theunit .weight of the :bed-material, 

Yb isthe elevation of the bed and., 

t :is the time. 

Averaging Yb" over lengths of time.greater than that required for the 

passage of a"bed-formpast-any section, yields the concept of equilibrium 

of the bed." If on such averaging, ayb/at - 0, the bed at that section 

is said to be in equilibrium. And if this is true for all sections in 

a reach of. a 'sand-bed channel, the reach is said .to be in equilibrium. 

In such cases, ,if the flow discharge is steady, the long time average 

of total bed-material*:transport phenomenon would have time and space 

homogeneity. The time required for the achievement of this homogeneity
 

from the inception of the phenomenon, depends on the rate of transport
 

and the associatedchange in the bed form. Evidently, such a homogeneity 

can only.be created under control-led laboratory conditions by continuous 

running of flowover a .sand-bed at constant discharge and slope., In 

natural channels, the'discharge is continuously varying in generu.l and 

the state of homogeneity at any instant.depends on the rate of change 

of discharge,and the related rate of adjustment by thebed.
 

As a last part of this studyof flowin sand-bed channels,.thetrans­

port function ifor d ;time. and-space homogeneous. conditions, will be.,derived. 

The objective is'*tO formulate.,a transport function, which,.predicts the. 
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its gradation. The fine material'load'is.
bed-mterial load as well as 


indeterminate and will only be considered in as such as it effects the
 

apparent viscosity of the fluid and hence the fall diameter of the
 

particles.
 

General Form of Transport Function..
 

In view of the difference in the sediment'.transport.mechanism close
 

to the boundary from that in the region',of flow away-from itj*Einstein
 

The bed layer is a layer
(1950) introduced the concept of a bed layer. 


of thickness equil.-to twice the diameter of each size fraction of the
 

The division between the-suspended
bed-material under consideration. 


and the bed load was also made by Einstein on the basis of.this layer.
 

The bed loa4 is the load being transported in the bed layer with a
 

constant concentration. The concept of the bed layer was also used by
 

Einstein to relate the" bed-material suspended load with the moving sand
 

boundary, by using the concentration in the bed layer as the.reference.
 

concentration in the computation of the suspended load.
 

With thebed forms other than plane, the-bed elevation, as well
 

the'portion of transport'moving as the'bed-load varies along the bed
as 


form. Theconcept *of the bed layer, as originally defined by Einstein,
 

therefore breaks down in-such cases.- However,* the assumption of a
 

"bed layer" is necessary-foritwo reasons.: One is to account for the
 

difference inithe mechanism of-transport"and the other is to relate the
 

suspended load to the'bed-material. As-an average, the existence of
 

such a layer *close'to the boundary will be assumed here.
 

In the-case 6f sand,mixtures, the transport .rate.of-different, 

particles 'isafunictionoof their -size. In;non-unifor,;sand-beds, it:is.. 
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convenient to. divi4e,the bed-material into a number of size fractions and
 

to consider the transport phenomenon for each size. fraction as determined
 

by its geometric mean size.
 

The unit bed-material transport rate gi (inunits of weight per
 

unit time per unit width of the flow section) of size fraction i. of
 

the bed-material can be written as
 

g- ' gbi * gsi
 

in which gbi and gsi are the bed load and the suspended load tr'ans­

port of,'size.fractionr.i, .respectively. Similarly the total bed-material
 

transport- rate. gi,-,..can, be *written as 

n n n 
(9-3)
t i - i gbi + il g 

where n 'ilstid number'of sizefractions into which the :bed-material.
 

is divided.
 

"The'suspended load, g s of the size fraction i in terms of the
 

concentration of suspended sediment and the local velocity is'
 

g 7,d f Cri u dn (9-4) 
nai 

where,
 

nai is the dimensionless thickness of the bed layer,
 

Cni is the concentration of suspended sediment in units of weight
 

per unit volume of the mixture at n
 

u is the velocity along the mean direction of flow at n,
 
nI
 

n is the dimensionless elevation above the mean bed level, and
 

the subscript i refer! to the size fraction.
 



118
 

'Gradation of the total bed-material load"in terms of"the ?ortion' 
p... , - ,I . . .. .. 1 

of the transported material in the size fraction i of the bed-material,
 

f 1is
 

f (9-5),
gi 9 

where
 

n1 

To evaluAi :Equatibn" (9-3):' ihrough (9-5) hypotheses about the movement . 

of material in the bed layer and the variationof concentration in the­

vertical above the bed layer are required.
 

Variation of Concentration in the Vertical 

The source of all bed-material in suspension for channels with 

rigid walls is the channel bed. Sediment particles are lifted from the., 

bed by .turbulent eddies and once caught in the eddy, the height.to which 

they are raised in the flow, .depends on.;the,.characteristics of the eddy,. 

Simultaneously, the particles are settling with respect to the trans­

porting eddy under the influence of gravity. Because of this slippage
 

between the eddy and the sediment and the mass exchange of the eddy with
 

layers of smaller concentration, the bed-material concentration in the
 

vertical reduces with distance from the bed. Instantaneous concentrations
 

of bed-material at any point in a vertical experience great variations.
 
* fo . . 

However, a time average concentration at each level can be determined
 

to define an average concentration profile in the depth of flow.
 

The equation for the variation of concentration in the vertical has
 

been derived on the basis of momentum exchange in the sediment-liquid
 

http:height.to


119
 

mixture (ASCE Task Comittee, 1963). For uniform flow conditions, the 

derivation of the differential equation for the concentration profile is 

presented in Appendix A, see Equation A-38. In general, not enough is." 

known about the behavior of the diffusivity coefficient c for the 

sediment but it is' related to the turbulent diffusivity for water ­

as cs B cf where B a 1. For this condition Equation (A-38)-reduces 

to 

dC 
BCf - + C w .0 (9-6)fdy y .... , : . 

in which C is the concentration of sediment in weight per unit volumeY 

of the mixture at distance y above the mean bed elevation. In Equation
 

(9-6) the value of B is generally assumed as 1 for want of better 

information. To solve this equation, the "functional relationship of 

Cf with y is required. For turbulent flow with Cf >> V. 

T 9(-7) 

For ajlogarithmic velocity distribution and a linear variation of the
 

shear T along the depth cf is parabolically distributed as
 

2
 
C N .f (y.0-). (9-8) 

Integration of the differential Equation (9-6), then yields,
 

Cn_ . '1-n na z 

aPa: wn... -](9-9) 
whe re ,- ' ' :. " 

z w is the Rouse nunber and (9-9a)• 
0 O0 
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na is the dimensionless reference level at 
which the concentration
 

is Cn
 

For a.logarithMic-velocity distribution and a 
constant shear stress
 

equal to the~boundary shear.3tress To. Equation (9-7).yields, a linearly
 

increasing value-.of Cf ,. as, 

(9-10)
Cf K0Uco Y • 

The relative concentration equation in this case 
becomes
 

C 

a
 

is assumed, the relative concentration
Cf
If a constant value of.. 


is given by
 

n -e~cd (n-na) 
(9'12)
 

e f 

n
 a
 

Equations (9-9), (9-11), and (9-12) prvide-values of therelative
 

Cf.
 
concentration in the vertical for various distributions of 


Of these, Equation (9-9) is the one most widely used and it has been
 

verified for both the laboratory flumes and the natural channels. How­

obtained from laboratory and field data show 
a
 

ever, the values of z 


B - 1.
 
departure from that given by Equation (9-9a) for a value of 


z measured from
 
Anderson's study for example, showed that 

the values of 


concentration profiles of Enoree River were 
smaller than those computed.-


Similar results,,were obtained by Colby and 
Hembree
 

from Equation (9-9a). 


(19SS) in their study of Niobrara River. 
A lower z value in any of the
 

three equations means higher relative concentrations 
throughout the depth.
 

http:value-.of
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Use of Equation (9-9a), therefore, results in an underestimation of total
 

suspended load.
 

Although, Equations (9-9), (9-11) and (9-12) are based on grossly
 

different distributions of cs' they yield nearly similar distributions
 

of concentration. Equations (9-9) and (9-11) both plot as straight lines
 

1-ni
 
on log-log paper, with the ordinate C-) for Equation (9-9) and n 

for Equation (9-11). Equation (9-9) has no particular advantage over 

the latter, expecially when the uncertainty about the value of z in 

sand-bed channels is of far greater import than the minor difference 

between the distributions resulting from the two equations. As far as
 

the underlying hypotheses are concerned, Equation (9-11) corresponds
 

to the conditions stipulated for the inner layer and Equation (9-9) for
 

Values of relative concentrations
the conditions of the outer layer. 


Cn/Cna for different z values (0.3 - 5.0) are shown in Table 9-1.
 

In this table the values of relative concentration in column 1, have been
 

computed by Equation (9-9) and those in column 2, have been based on
 

Equation (9-11) in the inner layer (n . 0.15) and on Equation (9-9) in
 

the outer layer (n > 0.15). The values in column 2, correspond to the 

shear distribution assumed in the inner and outer layer model of the
 

turbulent flow. There is almost no difference in the values of the,
 

relative concentrations obtained for the conditions of the two-layer
 

model of flow and those obtained:from.the conventional.ly.used
 

Equation (9-9).
 

For sand mixtures, the above derivations 'of relative concentration
 

apply to individual size fractions of the mixture. There is an affect
 

oflthe concentration of sediment on the fall velocity of individual.
 

particies,t but this again isismaller than'the.uncertainitiesin z.
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Evaluation of the Suspended Load
 

To evaluate the total suspended load in flow over a sand-bed, 
the
 

from the mean bed elevation and
model of an,inner layer up to 0.15 d 


an outer layer from 0.15 d to d, developed in Chapter VIII will be used
 

Near the water surface the cut-back in the surface layer will 
be ignored,
 

In the context of the
 as in the developing of the resistance function. 


suspended load, the 'cut-back' in the surface layer is 
of even lesser
 

importance, because the concentration of bed material 
in this layer is
 

generally small.
 

and local

The vertical distribution of sediment for size fraction 

i 


mean velocity in the two layers are given below.
 

Inner layer
 

ai <n <
 

U In (33.35
U*° n 
(9-13)
 

0.. . ks
 

+ Aezi. 

-ai (9-14) 

ni nai
 

Outer layer:.
 

.15 '< - 1.0 

(9-15)m (- ln(33.3S' x "In 

n Ko 
 nks
 

Aezi z
 
(9-16)aiC 0" i 1-I i 


of the bed.
 
In Equations (9-13) to (9-16)'which'pertain to the-fraction...i 


U o totheeffective
is the-ratio of total:.shear.velocity
material, Ae 


http:ln(33.3S


shear veloci'ty U. and Ae _ 1 as discussed in Chapter VIII. For 

the inner layer, the concentration distribution is~based on Equation
 

(9-11) in conformity with its shear distribution. Equation (9-16) for
 

the outer layer is based on Equation (9-9).for a similar reason.
 

The dimensionless grain roughness nks is given by ks/d a D84/d and
 

nai is the dimensionless distance from the mean elevation of the
 

boundary at which the reference concentration is Cn. As discussed
 
2D . .ai 

subsequently, nai - where Di is the geometric mean diameter of 

the fraction i. In Equations (9-13) and (9-1S), constant 33.35 conforms 

with the expression for the average velocity used in developing the 

resistance function. 

In the flume data information about the variation of bed-material 

concentration with the depth is not available. Therefore, it was not
 

possible to directly verify the applicability of the exponent Aez in
i 

Equation (9-14). However, analysis of the flume data for the total bed­

material transport showed that a greater consistehcy "in the transport' 

function was obtained if exponent Aezi is replaced by zi. With this 

change Equations (9-14) and (9-16) become 

nai zi 
C' " C 

nai 
(-a for n --r ( --0.1S (9-l7)

ni 


and
 

naii zl i1-n 1 9-8 
C - C ( 8s (-) for O.S n < 1.0 (9-18'ni "0.8) n. 

The total suspended load for size fraction .i,.evaluated for the 

velocity and concentration distributions given in Equations (9-13), 

(9;is); (9-17) and (9-18) is 
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" gs" i.2 U*o d 'C I. 

where
 

o' c "isa dimensioniess weighting function'for the referbnce
 

i;
concentration of size fraction 


is the critical shear for size fraction i,
 

ydS
is the boundary shear stress, 


A i 

n 33 35 
.a1n1'ns J 

n ) 
0.'15 

{ 
l'Zi 

- 1), for z 1 
(-20)(9 

W- zi ai 

015 ln(.l) ln(n 

I- l- 2Zi'2 (9-21)(9-21)al ("1- nai zin 

i i(1 zi) (1 z) 

for z 1 

(9-22)
DiI .S., 

-' S ksn-


nain i (9-23)
 

1 0i 

1 1-n (9-24) 

.15 

and
 
1 1 :. 9z-2S) 

i (C ") I ni dn(
.15 

Aj and B are,
when z -'1, values of 


(9:26)i
). In (!---) andAi i In (3 
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nai(1n(0.1Snai) in.(I.li (9-27)
)} 


,..nail*
 

In Equation (9-19) throuagh (9-27), all other symbols have the same
 

meanings as previously given. Cn in Equation (9-17) is as yet unknown.
 

It has the units of weight of sediment per unit volume of the mixture.
 

The shear velocity U, has units of length per unit time and depth d
 

is a length. All other terms in Equation (9-17) are dimensionless except
 

si For any consistent* system of units used for Cnai ," Uo and d,s i 


resulting units of g s are in similar units of weight per unit time
 

per unit.width of the channel.
 

Evaluation of the Bed Load
 

In the above evaluation of the suspended load, the reference con­

centration has been taken at a dimensionless distance nai from the bed
 

for the size fraction i. The distance n:uO.,to ..n winii is defined
 

as the bed layer. As explained earlier, the concept of bed layer is
 

artificial in general but it is expedient. The bed load is contained in
 

this layer and is assumed to be moving with the flow velocity at the top,
 

of thelayer with a uniform concentration:in itsrthickness. iIn graded
 

sand beds, the thickness of'thebed-layer can be either~assumed;:similar
 

for all size fractions or as a variable related to the mean size of each
 

size fraction. In this study it was found that for the flume data a
 

variable thickness of the bed layer gives a better prediction of tho 

gradation of the transported bed-material than, some other assumptions. 

Therefore, the bed layer for diffe.-!nt size fractions is assumed tb have 

a thickness equal to twice the geometric mean diameter (Dt) of each size 

fraction.,, For this condition the bed load in terms of concentration 
... . ...,. gbi.
 

,is,,

.anai 


C 
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,i-33.35a) d (9-28) 

bi2.5 U~o nai( ) .. n( 

nai nks
2.5 U. T0 


and all the other terms are as defined earlier.
 where ni 2Di 


Evaluation of the Reference Concentration
 

for all the fractions of the bed material can now
 The total load gt 


(9-3) in conf'unction with Equation (9-19)
 be obtained by using Equation 


for the ith fraction
 
The reference concentration C


and (9-28). 

nai
 

In this layer the relative concentration 
of
 

pertains to the bed layer. 


each fraction is the frequency of its availability 
in the bed material
 

fractions represent equal proportions of the 
bed-material
 

itself. If n 


C b .i . 1l 2,. .. , n 
C bnai n 


and the total bed-mterial transport 
is
 

(9-30) 
.t Cb F1 

where
 

Cb u concentration in the'bed layers 
in weight of sediment per unit 

volume of the water sediment-mixture and,
 

2.5 Uo n" (T0 "ci d "33.35nai 
nai ln()
F n 

1nJl T0 X ks 

0i-i (9-31)
CI + Dii)1L - (A' 8.( 


o
 
iul 

f rction of the bed--material can Ve obtained The size range of each 

"and a '(Appendix B)',

from the lognom.:'i distribution:Paiameters' D 0 

and its geometric mean size determined. 
Alternatively, the cumulative 
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(perce.t finer) gradation curve can be used with the percentiles of mean 

fraction sizes determined from lognormal distribution. For n 5, the 

geometric mean sizes of the fractions corresponi to D90 , D7 1 , D5 0 , D29 

and D1O. Critical shear Tci for these sizes can be determined from
 
Shields*' diagram. All the termsin Equation (9-0) are either known 

or can be computed from known bed-material (median size and geometric 

standard deviation), effective shear velocity Uoe, depth and energy 

gradient. Therefore, the quantity P is fully known and it has units 

of discharge.intensity (velocity times depth). 

Analysis of flume data showed that the mean reference concentration
 

is related as
 

Usoe 


where
 

S is' Shields' parameter, pU ,oe/(Ys - sf)D5 o •.,.
 

Swo is the fall velocity of the mediansize Dso in the fluid
 

nedium, 

Uo e is the effective shear velocity defined in Chapter VIII. 

and, 

Ys is' the speciIfic weight of the-sediment. 

Both the Shields' parameter and the fall velocity ratio are dimenionless. 

Transport Function
 

Introducing the functional relationship of Cb in Equation (9-30)
 

gives the transport parameter
 

G y ( so F (9-33) 
-s U oe 

G is:in units of weightper unit, time.per unit width. 
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The relation between gt and G has been obtainedor the flume 

data by analyzing all the runs with bed movement. This nalysis was"' 

carried out 'as follows: 
'1'. V. 

For a given average bed-material gradation cnirves, geometric mean
 

sizes of five fractions of equal frequency (0.20) were selected for each
 

For these sizes and the given depth and energy gradient, the factor
 run. 


to be used in
was computed. 	The effective shear velocity ratio Ae
F1 

could have been obtained by solving the resistance function in
F1 


Chapter VIII. However, since the average velocity of flow was known,
 

The fall velocity for each
Ae was computed from Equation (8-11). 


fraction size was computed by Equation (6-3) for the kinematic viscosity
 

corrected for 	the temperature and the fine material load (column 23, 

1966, Tables 2-11). The value of the transport para-USGS P.P. 462-1, 

meter G was computed for,.ach-run from Equation (9-33). The gradation 

the help of Equationof the bed-mterial'transport.was -also computed with 

(9-5). Values 	of measured gt were plotted against computed values of 

G to deteritine the transport,.function.-.. .. 

The relation between the total bed-material transport per unit 

width g and the transportiparameter,',G, for..all the flume runs is 

shown in Figure 9-1. Tot indicate t)p, difference: in this relation 

between the two regimes of flow, Figure 9-2 shows the data relating 

to the upper and intermediate (Pm Uso range (Chapter III) and 

in the lower (Pmax D50)Figure 9-3 shows the same' for the runs 

rarge. These figures show that the transport function is different 

runsin~the-two ranges. Figure 9-4 shows all the flume and the Rio 

Grande data (Chapter II) analyzed in the same way as .flume runs. The 

river data comprise 2li"poiAts, ost1 o-w ich fall'wth-the flume datab 
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and show the applicability of the analysis to both the river and the
 

flume data. The derived relation between gt and G is shown in Figure
 

9-5. The accuracy of this relation in predicting the total bed-material
 

discharjge, is,the same as indicated by the scatter in Figures (9-1) through
 

(9-4). The use.of the transport function in the computation of the total
 

bed-material load will be illustrated in Chapter X.
 

,,The size gradation of the total bed-material transport as predicted
 

by the transport parameter developed in this chapter and as observed in
 

the flume runs was also studied in this analysis. In general, five size
 

fractions are not enough to completely define the size gradation of the
 

transported material. 
However, the cumulative size distribution curves
 

defined ,by these fractions provide an adequate check on the accuracy of
 

the prediction of size gradation. 
 In Figure 9-6 through 9-10, the observed
 

and the computed cumulative size distribution cuLrves of the bed-material
 

transport in flumes are shown for five different sands. 
 For each sand,
 

the comparison is made for four different transport rates from the lowest
 

to the highest. 
These figures cover median bed-material diameters of
 

0.19 - 0.93 mm, bed-material transport rates of 0.00024 - 8.06 lbs per
 

sec per ft and the bed forms from ripples to chutes and pools. In each
 

case, the prediction of the size gradation of the transported'bed-material':
 

is good. It may be stated that the Einstein's method (1950) in general
 

predicts a much greater median size of the bed-materiil.transport in'the­

lower regime runs of the flume data than'is actually observed.
 

For the'use of the'transport function to predict the bed-material­

transpoit in sand-bed channels, graphs have been developed in Chaptcr
 

The use of these graphs is also illustrated "there by solvinz an ;examVle'.
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(2IAPTER X
 

APPLICATIONS.OF THE RESISTANCE AND TRANSPORT FUNCTIONS
 

The resistance and transport functions developed in Chapters VIII 

and IX can be used for solving engineering problems related to uniform 

The resis­flow and equilibrium (bed) conditions in sand-bed channels. 


tance function can be used to predict average velocity and bed form, 
for a
 

given energy gradient, average depth of flow, median bed-materialsize'"
 

a. The transrort function can be used
D0oand bed-material gradation 


to predict the total bed-material transport, its gradation and 
the verti­

cal distribution of bed-material concentration in the flow. 
For the
 

transport computations the average velocity of flow is needed 
in addition
 

If
 
to the datIa required for the application of the resistance 

function. 


the average velocity is not known, the resistance function 
can be used
 

In this chapter,
to determine it before using the transport function. 

the applications of these two functions will be illustrated 
and graphs
 

will be developed and presented as an aid in solving the 
resistance and
 

bed-material transport problems. 

Resistance Function 

Except in the range of slope-depth combinations, 
where non-unique
 

solutions mcy exist, the flow resistance problem reduces 
to the
 

determination of average velocity for a given slope, depth 
and bed-


To determine the average velocity of flow, the resistance
material. 


This selection
 
curve appropriate to the regime of flow is selected 

first. 


If the 
is made from the Pa D$O range.(Figure *873) of the data. 

range is upper or lower, the corresponding resistance curve 
of Figure
 

if the data fall in the intermediate(8-9) is used. On the other hand, 
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range, the solutions aro obtained: from both the upper-intermediate and 

lower-intermediate curves of Figure 8-10 and checked for the predicted 

bed form from Simons-Richardson criterion (Fig. 4-1). If the bed forms 

for the velocity predicted by both resistance curves of Figure 8-10 belong
 

to either the upper or the lower regime, the solution obtained for the
 

corresponding intermediate resistance curve is used. Should the pre­

dicted bed forms from the two curves fall in different regimes, the data
 

are probably such that both solutions are possible. The average velocity
 

in suchcases cannot .be predicted. The above method is illustrated in 

the.fol-lowing with-the data of flumeruns 2-31 and 2-07.
 

Given data:
 

Depth d - 1.02 ft
 

Slope S = 0.00043
 

'DD-'" 0.19 mso 
a a 1.30 

to find average velocity of flow and bed form,
 

()" Selection of resistance curve
 

U*o*0 -

V"32.2 x 1.02 x 0.00043 

- 0.119 ft per sec 

D84 DSO x a
 

- 0.19 x 1.30
 

-3
 
- 0.247 - 0.810 x 10 ft
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" ln(12.27:"' V- -;2-.5. d4 

P84
 

n 2.5 In(12 27 x 1.02
 

0.810 x 103
 

* 24.11 

Px .oVp 

1.94 x (0.027) 3 x 21.65 

0.078 ft-lb per sec per ft
 

Fram"Tigure 8-3 for DSO - 0.19 Im the upper limit of, Pmax for,
 

. Hence,

the lower regime bed form curve is 0.164:ft-lb per sec 

per ft2
 

use the lower range resistance curve.
 

(ii) Computation of effective shear velocity U.oe
 

From Equation (8-11) and (8-13):
 

(10-1)
V Vf

AU'° 
 I (U°)


o
-U-

U'0
 

and
 

V U (V 2.62) + 2.62 .;(10-2)•oe 


per sec,:" .m.1.94
* Also, from Equation (8-14) for g 32.2 ft2 


slugs per ft3 and S. 2.65, the relation between U,^ and S ields'
 

shear parameter S is
 
(10-3)


Ueoe 0 153 D .• 

From Equations (10-1), (10-2) and (10-3)
 

V - 2.62
) 2.62
im3.1 D05 •+ U ° 
 (10-4)
so +v 


53.13 DsoS
LU,0 


12
 
U,0 

http:ln(12.27
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Introducing values of Uo, Vp and DSO, Equation (10-4) reduces to 

V 32.91 vr+ 2.62 

Values of V/tUo are now calculated for different values of stear para­

meter S-.,as..giveon below:.......
 

V
S.l/S AU*o 

3.0 0.333 	 46.2 

S.0 0.200 	 23.8 

10.0 .0.100 14.9
 

20.0 0.050 	 10.6
 

50.0 0.020 	 7.4 

The curve defined by these values intersects the lower range 

resistance curve (Figure 8-9) at 1/S * 18.3. For this value from 

Equation (10-3), 

0. 6 2 3 -x 10 "3 
x./5.1.l3

*0eV 18.3
 

- 0.042 ft. per sec. 

This is the value of effective shear velocity for the inner layer. *The 

velocity profile of the flow can be computed from this using Equations 

(9-13) and (9-1S).
 

(iii) 	 Determination of average velocity
 

From Equation (10-2)
 

V 	- Vf U o 

-(Vp - 2.62) Uo e +2.62 Uo 
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a (21.49) 0.042 + 2.62 x 0.119 

a 1.21 ft per 	sec. 

The actual average velocity obtained in the flume was 1.30 ft/sec. 

(i4)"Predictin bed form, 

Simons-Richardson criterion for bed form prediction can be used 

with the computed velocity to determine the bed form. 
U 

Stream power 	 P - PU! 0 V 
o2 

a 1.94 x (0.119)2 x*1.21
 

2 
a 0.033 ft-lb per sec Or ft
 

From Figure 4-1 for"Dso * 0.19 = and P n 0.033 

ft-lb per sec per ft , the indicated bed form is ripples, as 

actually observed in the flume. 

(v). ,.Treatment 	 for intermediate range cases 

The problem solved above belonged to the lower (Pa - D5 0) 

range. For cases belonging to the upper range, a similar solution would 

apply, except that the upper range curve of Figurer (8-9) would be used. 

To indicate the use of the resistance function in the intermediate range,
 

flume run 2-07 is now analyzed, with the given data...
 

'Depth "'d= 0!'68 ft' 

Slope"' S ,0.0014
 

D s a 0.19 MM
 

o - 1.30 .
 

(a) Selection of resistance curve.
 

U.O 	 a 0.175 fps
 

- 4
D84 " 8.1 x 10 ft 

V 
 a 23.10
 

P - 0.240 ft-lb per sec per ft.
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From Figure 8-3 the regime of flow could be either-upper o. lower. This
 

indicates the use of resistance curves for the intermediate rapge in
 

Figure 8-10.
 

(b) Effective shear velocity..
 

Equation (10-4) for the variables 'of this problem reduces to
 

V 21.29 ++ 2.62
 

and values of V/AU*o for different S values are obtained as
 

V/AUo
 

..1.5 37.8
 

2.0 26.1
 

4.0 15.5
 

5.0 13.7
 

8.0 10.9
 

9.0 10.4
 

10.0 9.9
 

The solutions'obtained oh the upper and lower intermediate curves 

are as f6o'lows: 

Upper-intermediate curve 

I/S - 1.6 

U e *o- 0.144 ft per sec
 

V - 3.4 ft per sec''
 

P' -'0.20 ft-lb per sec'per ft.
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Lwer-inteiediate crr e 
'S- 9.S. 

U e 0.059 ft per sec
u
 

V = 1.7 ft per sec
 

P' ,0.100 ft-lb per sec per ft.
 

From Figure 4-1 the bed form prediction 
for both the solutions
 

Hence the solution obtained on the lower-intermediate 
curve,


is dunes. 


viz., V d 1.7 ft per sec is correct. (Actual velocity observed in the
 

run is 1.78 ft per sec with a dune bed form). 

If the bed forms predicted from both the curves were 
upper regime 

bed forms, the solution obtained from the 
upper-intermediate curve 

If, however, the bed form regime correspondingwould have been adopted. 


solution 
to upper-intermediate curve was found as upper and that for the 

no way of indicating

from lower-intermediate curve was lower, 

there is 


the correct solution by this method.
 

Trans,>ort Function 

Lgineering problems relating .tothe, transport of sediment by
 

flow over sand-bed channels involve prediction 
of bed-material load,
 

con­vertical distribution of sediment 
size-distribution of this load, 


of the sediment transport. Equations (9-19) through
centration and 


can be. used to determine these aspects. Com­
(9-27) and Figure 9-5 

this purpose are easily performed with 
a digital


putations needed for 

ordinary desk calculations or
 may become c.umbersome whencomputer, but 

It is possible to simplify these computations
slide rules are used. 


by developing graphs for different components 
of the transport parameter
 

0. 
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(i) Development'of graphs" . ,
 

In general, the bed-load transport computations would involve
 

evaluation of sevenparameters A, 8, C,V, T.,- J ..and. gb' for each 

size 	 fraction, which are dependent on two or more of the following 

variables.
 

hai, 	the relative thickness of the hypothetical boundary layer,
 

2 D /d,
 

n the relative representative grain roughness D84/d
 

Ae,' the ratio of total and effective shear velocities in the
 

boundary layer, Uo/Uo and
e 


Zi, the Rouse number, wi/k U.
 

Graphical representation of parameters Ai, Ci and the bed layer
 

transport g can be simplified by introducing
 

Al - n(33a3) 	 (10-5). 
ks 

n i 	( (- l -z
.15 

i (1-Z I )) ,(10-6)
) n ai
 

1 

ks 

C1 a .ln[--] .(10-7) 

and 
33.35 	naibri-n-.i .n( s )k1	 (10-8)
 

q 	 fIcton (Eato 9-33)the 

The transport parameter 0 for n equal fractions (Equation 9-33), then" 

becomes 
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2.Uo 0.75 ,Wso n Ti d
 
G, S -) [ I (0 diAe
 

ifl o

dn.C o -SA.){1 (A1 .A + ~ .82 C1 T + (109) 

and fraction fgi of the bed-material load in size fraction i
 

(Equation 9-5) becomes
 

T0-T c 
Co'ci)b d_, TA. (Al• A2 * 8i) + d(C1 iIi * PIJi))To0 l Ae 


. i I A2 + C I
l o-Tci 

• ii } .(10-10)
 

Values of Al, A2, 8, CI, D, 1, J and b1 are shown in Tables
 

10-1 through 10-7 at convenient intervals of the independent variables.
 

These are graphically presented in Figures (10-1) through (10-7). The
 

range of variables covered by these tables and figures is
 

- S x 102
6 < n
10
 
- a-m 

106 < nks <S x 10
2
 

0.1 < z < 6
 

1 ' Ae < 7.
 

(ii) Evaluation of critical shear
 

For evaluating G or fgi. the value of critical shear for the'
 

geometric mean size of each fraction is also needed. This can be obtained
 

from Shields' diagram by trial and error. For constant kinematic vis­

cosity v and specific weight of fluid yf it is possible to express
 

the critical shear Tc in terms of grain diameter alone, by approximating
 

the Shields' curve by straight line segments. Shulits and Hill (1968)
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used such an approximation by adopting straight line segments between
.

values.of: U.,ijD/v of.l,:4, 10, 600 and 1009: with the following re­

suiting. equations: 

0 2S  -
30 x 10"4-< D ft10 (0 -ll)
C a o.o21s D° 9.0 ft 


6 33  4 . x < D < 1.8"'X 10 "3 (10-12) 

T" . 16.8 1.8 x 10 "< D <'2.2 x10-2 ft (10-13) 

Tc a 0.315 D0 9.0 100 ft 

..- 1n -2 
T 6.18 D D ' 2.2 x 10 ft. (10-i4): 

S 2

These equations are valid for a value of v u 10 ft per sec, Y-w 62.S
 

and S - 2.65. In view of the uncertainity about the critical shear
 

indicated by Shields' original diagram in .the form of a scatter band,
 

these values can be adopted for other values of v, without the need
 

for roco"utation. , 

"(iii), Computation of total bed-material load. 

Application of the transport function G in-computing the total
 

bed-material transport will now be illustrated by using the.data for
 

the following Rio Grande-Section (Nordin and Beverage ,1965). These.
 

computations are made with the help of Figure 10-1 through 10-7.
 

Section: Rio Grande at Albuquerque, N. M. observed on March 26, 1954.
 

Given data:
 

Discharge, Q i 670 cfs
 

Width, W.= 333 ft
 

Mean Depth, d .1.10 ft
 

Mean Velocity, V =*1.83 ft/sec
 
I
 

Energy Gradient, Si 10.0011
-

Water Temperature, T 47°F
 

http:values.of
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Bed=-Maierial Gradation: 

Size in in: 0.125 '0.250 0.500 1.000 , 2.000 4.000 8.000 

98.5 .99.8
37.S 88.5 96.9 	 99.0
Percent finer than 2.2 


To determine total bed maL;'tial load.transport.
 

(a) Determination of fraction sizes.
 

The gradation of bed material is plotted on log-probability
 

,
paper inFigure 10-8. From this plo ., D8 0.456 mm., D .289 

and u .189 mm.D16 


Thus,
 

* 3Sa -l ,D84"84..' D10Dso ;-I)1 (1:58+ 1.53) l1SS.D-0,

2D D 

so 16 

For S equal fractions of lognorually distributed bed-material ,their geo­

metric mean sizes of the fractions are given by D90 , D71, DSO, D29, and 

DO .and for'the two-extreme fractions, the limit sizes are-taken as D95 , 


and DS." These sizes can either be interpolated from Figure 10-8 or
 

calculated from the lognormal distribution as below.
 

-
Percentile 	 Interpolated Size Lognormal Size 


x 103
aft 

1.2 

.543 1.780 D50o .506D90 

.55 

.372 1.220 D50o .368D71 


D 	 .289 0.948 Dso00 .289
 

SS .227
.227 0.744 DS0o -D21 	 -1.28
 

D 	 .169 0.544 D50 a 1 . 165 
I,
 

For illustration, the interpolated sizes are adopted 	here,
 

(b) Computation of the transport parameter
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Uo B-'432..2 x 1.10,x 0.0011F
 

- 0.197 ft per sec
 

"v'. , 1.83 9.27
Vf)= 

, . .1 -9 


In(1227d)
Vp 	,2. 
 D84
 

.

2.5 	ln(12.27 x 1.10/1.47 x 10 )
 

-

L-., 22.8. 

From Equation '8-11Y ­

2.62'Vf
U

U'oe.=.o: V-.
 

p
 

= 0.197 x 6.6S
 

20.18
 

- 0'.065 ft per sec
 

Ao - -0.197
- 3.03
 

Ooe'
 

• £t2
 

T0 ydS a 62.4 x 1.10 x 0.0011 a 0.07S5 lb per ft
 

U 	 ( 0.084.
 

D5003.13 53.13 x 0.948 x 10. 0
 

1.47 x 10 3/1.10 a 1.336 x 10 
3
 

D84/d -
Ns 


,.,Using the above parameters, the computation of transport function is
 

illustrated in Table 10-8. Entries in this table are explained below.
 

http:1.10/1.47
http:ln(12.27
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Line 1. Geometric mean size of different'rsize fractions of the
 

bed-material as computed above.
 

Line 2. Fall velocity of each size in line 1 as computed for 
v
 
o0 

1.488 x 10- (corresponding to water temperature of: 47 F)
 

Line 3. Value of zi, computed as wi/IKoU with K°0 0.40.
 

for each fraction computed from
Line 4. Critical shear Tci 

Equations (10-11) through(1-14). . 

Line 6. Dimensionless depth nai * 2Di/d computed for each bed­

material size fraction. nai is the thickness.of hypo­

thetical bed layer for each fraction. 

Line 7. A2i for each fraction, obtained from Figure 10-2 for 

corresponding values of zi and ai,. 

Line 8. Value of Ai for each size fraction computed as Ai 

Al x A2i. For nks - 1.336 x 10" , value of Al from 

Figure 10-1 is 10.10. 

for each size fraction obtained fromLine 9. Value of B
i
 
...., ..j , '.,' - .z i.-nai. values.Figuie,-l0,-3 for corresponding and 

Note that values of 8i are always negative. 

[A Bi] computed for.each size.fraction,Line 10. Value oft. - + 

for Ae = 3.03. 

Line 11, 12. Valuos"of integals 'I, and 3 'as read.from 

Fig- -J-7. Note that values of Ji are always negative. 

Vc .Line,.Jf13. Value 
. 

of ' " " " '-as:': ClFPr n " ... " 

Line 14. Value of Ci computed as C ."For nks = .h6*x 

10"3 and Ae a 3.03, CI a 4.6 from Figure 10-4. 

: Vi read from Figure 10-S'for each size fraction. 

http:thickness.of
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Line IS, 16. Expressions computed for each; size fraction from 

values.of Ai, Bi Ci, IV , il i , Ji and Ac. 

-Line.17. Obtained by multiplying line 16 with depth d - 1.10 and 
T -T 

)) for each size fraction. Note that g Is the
 

total suspended load of size fraction i in lbs per sec
 

per ft width.. 

Line 18.. Value of b ii' read from Figure 10-6 for values of nai 

and nks and multiplied with factor d/Ae
(TO-T~i 

Line 19. Obtained by multiplying line 18 with (-o ci ) for each 

stze fraction. Note that gbi is the total bed load of
 

size fraction i in lbs per sec per ft width.
 

Line 20., Obtained as sum of the values in lines 17 and 19 for each
 

size fraction.
 

Line.21... Fraction of the total bed-material load in size fraction
 

n 
i computed as f g gti!I gti" 

iml
 

Line 22. Value of the transport parameter G computed from Equation 

(10-9).
 

(c) Computation of total bed-material load.
 

For G u 0.486 lbs per sec per ft, Figure 9-S gives gt a 0.10 lbs 

per sec per ft. The concentration of bed-material load computed by the 

modified Einstein procedure for this section is reported by Nordin and 

Beverage (1966, p. F27) as 1060 ppm which corresponds to gt a 0.13 

lbs per sec per ft width. 
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(d) Size distribution of bd-'material load. 

for each fraction have been calculated in TableValues of f 


10-8. The size distribution of the bed-material load is then computed
 

as follows:'
 

Fraction Geometric Mean Percentage of Bed-	 Percentage Finer
 
than size fraction
No Size mm Material load in 


size' fraction in Bed-Material,
 
Load
 

100.0
1 .543 	 6.4 


93.6

2 .372 	 6.S 


87.1
3 .289 	 7.6 


79.5
4 .227 	 16.1 


63.4

S .169 	 63.4 


The cumulative frequency curve for the bed-material 	load is plotted
 

The median diameter of bed material load is found as
in Figure 10-8. 


0.135 mm, with. a 1.78.
 

The number of fractions required for defining the gradation 
of bed-


However, for computing
material load generally should be greater than 5. 


the total bed-material transport, five'fractions areadequate.
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CHAPTER XI 

SULARY AND CONCLUSIONS 

The object of this study was to develop resistance and transport
 

functions for flow in sand-bed channels for two dimensional, time­

homogeneous.'cases. This has been done for. laboratory rnd field data. 

The functions obtained can be used to solve engineering problems. The 

main conclusions and results of this study are sumarized below. 

1.' A two layer model of turbulent flow of imcompressible fluids
 

on rigid-boundaries, proposed by Townsend, is presently (1971) con­

sidered adequate for desc-ihirig the vertical velocity distribution in
 

such fl&ws. Townsend's model of the turbulence structure of flow in the 

vicinity of the wall and in the region away from the wall is also ade­

quate. lHowever, in the presence of large roughness elements on the boundary
 

and other conditions which alter the momentum diffusion in the flow,
 

emperical modifications of his model are necessary. A velocity dis­

tribution equation, in the inner layer, has been proposed for such con­

ditions. This distribution is based on an efivctive shear velocity
 

U*oe . Using-the mean bed elevation as the-origin for vertical velocity
 

distribution, and a value of von Karman's K - 0.40, U*oe is that 

shear velocity which.gives the same logarithmic velocity distribution
 

in the innerlayer, as is actually observed.
 

*2..' A-review of the differences between flow on rigid and mobile 

sand boundaries has been made to.qualitatively bring out the changes 

in flow that occur due tu the sand-beds. It is concluded that the 

bed forms constitute the most important difference between the two ­

flows. Also, the suspended load near the boundary, the contact .load nd.; 

the porosity of the bed change the turbulence structure of the flow 
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in the inner layer and tend to increase;theeffective roughness of the 

boundary. Further it is concluded that in the case of sand-beds the 

viscous sublayer being subjected to a greater disturbance by the contact 

load and an, increase 'in'the turbulence intensity close to the porous. bed 

is less stable than- in the case of rigid boundary flows. 

3.-'-The Ipropeities of bed-material in the sand-size range have been 

has been concluded that out of all the properties of a,..revietiea. It" 


particle in bed-material sand-mixtures, the particle size shows the 

greatest variation. An analysis of the size distribution in the bed­

material samples from the Rio Grande and the West Pakistan Canals h ._, 

been made. This analysis has shown that in the range ofinterest in the 

10t. to 90th
time-homogeneous flow problems in sand-bed channel (i.e., 


percentile size) these samples exhibit lognormal size distribution.
 

This distribution function is convenient to apply in the-bed-material
 

size analysis and in the interpolation of various percentilesizes. A
 

summary of the lognormal distribution and of the methods-for estimation 

of its pirameters has been presented.. It has been concluded that the
 

methods of quantiles using the cumulative size distribution curves is 

for estimating thetwo parametersan efficient and a convenientmethod 

of the lognormal distributions.­

4. A gross measure of momentum diffusion in turbulent flows.is
 

K. A study of the boundary conditions
provided by the von Karman's 


peculiar to the sand-bed channels has been-made to show that because 
of
 

typical velocity profile and
the local non-uniformity of the flow, a 


K for the flow over a sand-bed cannot be
hence a typical value of 


The velocity profiles observed in the
determined from one vertical. 


flumes have been analyzed to compute K values in the region
 

http:flows.is
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corresponding't"6 the outer layer: of the tuxrbulent boundary, layer. flow.. 

Analysis' of these values shows that K, is related to parameters which 

represent both'the total sediment load and the bed forms.
 

S. Plane sand-bed condition offers a good opportunity to study 

the turbulent flow over mobile sand-beds without the complications
 

It has been shown from the analysis
created by other configurations. 

of such runs that the representative grain roughness size is related to 

It is also seen that the application ofD84 of the'bed;-material. 


wall correction flow smooth sand-bed over-correctswalled flumesto in 

for width depth ratios greater than 3 so that the two dimensional 

conditions'are better approximated by not'making this correction and
 

of flow instead of the hydraulic radius. On
by using the mean depth 

the hydrodynamic roughness of the boundary, this analysis has shown
 

that for the condition of general grain movement, .the boundary always 

behaves as hydrodynamically 	rough.
 

6. In developing the resistance function for flow in a sand-bed
 

channel, 	it has been found that different functions are needed for 

A criterion for predicting the regime fordifferent regimes of flow. 

a given depth, slope and bed-material has been developed. A resistence 

factor in terms of the effective shear velocity is derived and resis-

For thetance functions for different regimes have been developL. 


laboratory flumes and the West Pakistan canals, the method predicts
 

average velocity of flow within 15 percent of the observed mean velocity
 

for most of the date used. 

7. A transport function has been developed using the inner-outer
 

layer model of flow in sand-bed channels same as used in deriving 
the
 

mean vertical velocity distribution and the resistance functions. 
The
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.
 esented.as.a, graphical relation betweentransport function has: been pr


the bed-material discharge per unit width and .a transport parameter G. 

This parameter (G) is the sum of the suspended load from the water 

surface down to a hypothetical bed layer and the transport in.the bed
 

layer, all in terms of.a reference concentration at the bed. The refer
 

shear parameterence concentration is a function of the Shields' grain 


S and the ratio of fall velocity to the. effective shear velocity, wso/Uoe.
 

For non-uniform.sand-beds, the bed-material has been divided into size
 

fractions of equal frequency and in this case the transport function also
 

predicts the size distribution of the bed-material load. The transport
 

function his been found to be the same for the Rio Grande data and the
 

flume data. The size gradation of the bed-material load as obtained
 

to that obtained in 	 the flumefrom the transport function is identical 

data in the whole range of bed forms and transport. 

8. 	 Example problems have been solved to illustrate the use of the 

functions. To facilitate the use of the trans­resistance and transport 

port function with ordinary slide rules, graphs and tables have been 

developed'to evaluate its components. 

Recomendations for Future Study 

There is no theory of turbulent flow over mobile sand-beds com­

parable to the theories available for rigid boundary flows. Therefore, 

recourse has to be made to the rigid boundary turbulent flow theories. 

when dealing with sand-beds. A qualitative survey of the differences 

This survey bringsbetween the two flows has been made in Chapter III. 


out the areas where additional research is needed to produce quantita-


Future studies in the field of flow in sand-bed channels
tive results. 
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should concentrate on these areas as well as on the easy and meaningful
 

measurement of turbulence quantities in sand-bed channels. It is believed
 

that the final solution to the problem of flow in sand-bed channels will
 

emerge out of a parallel effort in these two related areas in the form
 

of a theory of turbelent flow which quantitatively accounts for the ef­

fects of bed forms, bed porosity, contact load, suspended load, etc.
 

Study of turbulence characteristics in fluids and especially solid­

fluid mixtures have been hampered by lack of suitable measuring technique.
 

Work done by Raichlen (1967) and Mcquivey and Richardson (1969) has
 

opened a fruitful evcnue which needs to be pursued. The answer to some
 

of the more vexing problems like the changes in the flow structure with
 

the regimes of flow, can be provided by such studies through the
 

exploration of basic turbulent mechanisms associated with these regimes.
 

The phenomenon of the evolution of bed forms in sand-bed channels
 

remains somewhat.of a mystery. Considering the importance of these
 

forms in delineating regions of flow identified with different behaviors
 

of resistance and transport, basic research into their mechanism is ur­

gently needed. The need is for a phenomenological model which explains
 

the generation of the bed forms and their growth; especially, the change
 

from the lower to the upper regime bed forms. Such a model should also
 

yield parameters which can more accurately predict the bed form from
 

known bed-material, depth and slope.
 

The analysis of plane sand-bed flows in smooth walled flumes, made
 

in this study, has shown that two dimensional flow conditions with mean
 

depth as the length parameter are adequate for the resistance analysis
 

with width depth ratios of the flow varying from about 3 to 60. Pro­

bably a minimum aspect ratio of abc:: 5 should be maintained in smooth
 

http:somewhat.of
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walled flume stulies to remove the effects of varying width depth 

ratios. To evaluate the wall correction needed with smaller width 

depth ratios, some basic research is needed. This can be done by ob­

serving the mean velocity distributions in the flow for similar 
bed 

forms and average velocities and by dividing the flow in regions 
corre­

sponding to the wall and the bed.
 

In this study it has been argued that the viscous sublayer 
in the
 

flow of water on moving sand-beds is unstable because 
of the movement of
 

The instability

the particles at the boundary and the porosity of the 

bed. 


of the sublayer has also been indirectly inferred from 
the analysis of
 

A direct experimental verification of this con­plane sand-bed runs. 


clusion is a difficult task because of the small length 
scales involved
 

However, similar conditions can
 in the study of the viscous sublayer. 


be simulated by using more viscous fluids and larger 
(artificial) rough-


Such a study should also be undertaken to clarify the
 ness elements. 


hydrodynamic roughness behavior of plane sand-bed channels.
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APPENDIX A.
 

TWO-PHASE FLOW
 

Considering the sediment water complex as a combination of two
 

independent phases, the equations of motion for a two-dimensional,
 

steady turbulent flow in an open channel are derived in the following.
 

Let X and Y be the coordinate axes along and normal to the bed
 

of the channel and let c be the volumetric concentration of the
v 

sediment at a distance y above the bed. For a volume V- of the mix­

ture, the fraction occupied by the sediment is Vcv and that by the
 

water is *(l-c v). If os and (f are the mass density of the sediment
 

and the water, respectively, then the mass density p and mass density
 

fluxes Pu and pv of the mixture along the X and the Y directions
 

are given by
 

P M PfCl-cv) + PsC v (A-1) 

p. U ufpf(-Cv) + uspscv (A-2) 

p.v = vfpf l-cv) * v sPsc v (A-3) 

where
 

u is the velocity along x-direction,
 

v is the velocity along y-direction,
 

the unscripted values refer to the mixture and
 

the scripts f and s refer to the water and the sediment
 

phase, respectively.
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The continuity equations for the 'two phases are
 

water:
 
[F (1-cv ) Uf] + - (Pf(1-Cv)vf] a 0 , (A-4)
 

sediment: i. 

4 *[sCvs] U 0 (A-5) 

Adding Equation ,(A-4) and rA-S) and substituting Equations (A-I)
 

through (A-3),
 

__u + av 0. (A-6) 
•ax ay
 

Since both the sediment and the water are incompressible, Equations
 

(A-4) and (A-S) can also be added to yield
 

a [c us + (1-c v ) uf] + L [cv vs + (l-cv)vf] - 0 . "A-7) 

The momentum equations for the two phases along x and y directions are
 

water:
 

[Pf(l-c v ) uf] + L- [of(l-c v ) uf * vf]­

of(l-cv)gx - (i-cv) - (-cv) [- *Lf- Ra (A-8)

V ax axI 'Xxf ay> x 

aa 2 
+ [f(l-c ) vf] ­)f]-( 

Pf'C !P-(-C(1- ) (L a T R (A-9) 

0f~ l-cv (c 

Of1C~y- (-v ay- -v) ax- yxf - ay yf y
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sediment:
 

a 2
 
(p3 v s . -p c v ]
 

PsCgv cv - c [ TXs y s + Ry (A-10) 

a [P~ c~ u5 ] 1 2 

p - a r~ +C aVT *R (A-11)
 

where gx and gy are the components of gravity and and are
Rx Ry 


the forces due to interaction of the two ph.ases along X and Y
 

direction, respectively. T and T are the shear terms subscripted
 

f for the water and s for the sediment phase.
 

If w is the fall velocity of the sediment and the relative
 

velocities of the sediment and the entraining fluid mass are given by
 

uf -u s (A-12) 

vf -w v s (A-13) 

then from Equations (A-2) and (A-3)
 

1 

u•-- [f pf(-Cv) *uf c ] (A-14) 

and
 

v- [vPffl-c) (vf - w)p Cv] 

-- wc 
(A-15)
W 0 v
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Using Equations (A-14) and (A-is), Equation (A-7) is
 

u f] + [ci, G v ,Vvfl 0 
x (c v uf + (1-c) 

or, 

au a 
W) (C--) Vf]O

TU [cv(vf 

or,
 

p w Cv(1-c v ) 
-
a c cV) 

a PSau au 
.x- T- T- [ v W.- - V -. S f) T V p 

(A-16)
 

Also adding E4uations (A-8), (A-10) and Equations (A-9), (1.-il),
 

and using Equations (A-12) and (A-13), one gets the momentum equations
 

X and Y directions as
 
for the sediment-water mixture along 


ap aouv+aT •+ _ (A-17)
a0u2 

PY
ax 


2C (1-c v)w
aT a ...xP2 +_in____-L[ aiyapuv + _ 0. aL~ 

ax *ay Pg y ax ay ay 

(A-18)
 

where
 

Txy Txyf xys
 

andTyy yyf 


T' *T +• 
xx xxf xxs
 

can be achieved for
 
Considerable simplification of above equations 


small concentrations.
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If cy << 1, then cv(-C v) Uc v and the volumetric continuity 

Equation (A-16) can be written as 
. 

a 	 c CS-i) yyv (A-19)-

where S is the specific gravity of the sediment. 

The mass conservation equation for the solid phase (A-S), can be 

reduced with the help of Equations (A-12) and (A-13) as 

ac ac ac 2 2 ac
V v -T- ( f 2 c + 1) - 2c s w. 

u- +v - - v v 

(A-20) 

In Equation (A-l8), the magnitude of last term a/ay [cv(1-C v)/P] 

is smaller than other terms and can be dropped to yield momentum 

equation along Y-direction as 

pOv aT>,a(Puv) + 2 P + 	 (A-21) 
ax ' ay " y - ay ax -F .
 

Following the method of time average and fluctuating components of
 

all fluctuating quantities, equations for the two-phase turbulent flow
 

can now be derived.
 

Let 	 u u + u'
 

V U V* V
 

p p + p'
 
c C + C
• V 

and
 

P 	 P + +p,. 

Equation (A-1) yields
 

PP •Pf(l-) - fC, + OScv + Os C; 



166
 

Since 

P U Pfl4c) + s c,, 

p, a (%- Pf)cI (A-22) 

Similarly Equation (A-19) yields 

+au- ay (Ss-1) w (A-23) 

Equation of mass conservation (A-6) gives
 

ax ay + ax + 

For P Pf,(l-c:) + s C 

and
 

IU (P - Pf) CO 

the equation of mass conservation can be reiuced to 

acaZ a-uT-ET a vcT ( -1) ac 
V - Cv v V (ssV

I +• a + ax • ay P " Pf way 

For a small cv t 0 P f and 

c T cr a v 
- aFv _ ac_ v aiiTET a _ 

ax 5 V ay ax ay (A-24) 

The momentum Equations (A-17) and (A-21) can be similarly treated
 

to yield the Reynold's stresses in a two-phase flow. Equation (A-17)
 

gives 
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a U 	 a !p 2 2a 

P I u) - TU- TuV :-r-.-	 (A-2s)
-o'u'2 ~ y CTXy 

And Equation (A-2i) gives 

+~i-_ a 	 -­

aov - y M., + L Cr( - -P T'u'V - ;jjT - z-
a ay ay , ax yx 

a 	 - _ 
pv , 	 P+ - - 2v T "'v- pv--') 	 (A-26) 

Comparing Equations(A-ZS) and (A-26) with Equation (A-17) and (A-18), 

the turbulent shear stress in a two-phase flow 

TxyCT) 	 - - Tuv- - u_v - 77 - V p'u 

- - 0U- - (Ps - Of) [_ vVV •* C ' '+ u'v'c'I. (A-27)° V 

Vor uniform flow conditions, when all the derivations with respect
 

to x vanish, Equation (A-19) gives
 

V U " 	 (Ss-l) w( A-28) 

and
 

v* 	 -(S-1) W cv (A-29) 

From 	 Equation (A-4) 

itC(1-c v ) 0, 	 (A-30) 

from 	Equation (A-S) 

v c - 0, M-31) 
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and from Equation A-24)f'
 

integration of the last equation yields
 

V ,v C [ , ,-TyT)- - PF -- - 'wcP S -1) w v (A-32) 
VV V V (s. V 

Again, for c <, o 


vTc w c (c(A-33)
V 

The turbulent shear stress, Equation;(A-27), becomes
 

T) ith- sW - values oT)rtu - (p Pf) cv + xy scV+V0VU
 

Rare, since IvI v '~' V,u 

and since < w, (for c <,<). the last two terms can 1)e.dropped.,so 

that 

-r T) -P77' - (P~ - Pf u-w- c (A-32) 

This is the approximate equation for turbulent shear stress in sediment, 

water mixture flows with small values of cv
 

The differential equation for the variation of 'the sediment
 

concentration can be written for uniform flow conditions :with.the help
 

of Equations (A-30), (A-31) and (A-13). Introducing the time average
 

and fluctuating components of various quantitios, (A-30) and (A-31) give
 

(A-3S)
 
v v(c•) =vrT T) (A-3S)
+ 0f V f v 

~Zcv * y .o. (X~-36) 
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Using Equation CA-13) with Equation (A-36) 

- w) Ev + - o. 	 (A-37)
 

Defining turbulent diffusion coefficients for the liquid and solid phase
 

as
 

and
 

, vjrlc
uV
 

and by eliminating vf 	 between Equation (A-3S) and (A-37), 

dc 

where the overscore of the time'averaged volumetric concentration has
 

been dropped.
 

For c << 

dcv 
(Cs + cv (Cf- Cs))-- + cv w aO. (A-38) 

This is the differential equation for the variation of the sediment
 

concentration along the depth of the flow.
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APPENDIX,B
 

LOGNORMAL DISTRIBUTIONS AND ESTIMATION" 

OFTHEIR PARAETERS 

Two-Parameter Lognorual Distribution 

,If two variates X and Y are defined as. Y l 0 < X <ln[X], 

and if, Y has a gaussian distribution with mean. p and standard 

deviation a 
y
 

-"(a V-
y ay1 yu 

then, variate X is said to have a lognormal distribution, and is
 

distributed as
 

x 1p 1 1nx-u 
F-'(x) ffxlad
X o 0y 

y 

If W is another variate defined by 

n
W.r a.X , o < X <
 

then distribution function of W is given by'
 

w 1n w-u 2
 
Fw(w) f 1 . ) ] * dw
 

where
 

a an • o
 

A7 a n uy ln a and
 

Z =1p W.
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A lognormal distribution is skewedaid 
its mode, median and moan 

are given by a value of X, egq.. to 

2 e U Oy- a U 
a "arespectively.e
a e 


X corresponds'to the
 Xso of a lognormal variate
mre median size 

Y (m: n (X]) imdto the median 

Of its transformation
median size of' 

0n
 

:' 
WSO "of any power transformtion W(ua Xn) . This is aiso true of 

size 


other quantiles.
 

about the origin is,
rth moment of variate X
The 


U a(Xf xr f1 (x) -dx 
0t
 

•ry
uf fy(y) dy 

(B-)
" Iy]
[T a Tyr*
exp 

The two-parameter lognormal distributions 
are multiplicatively
 

the normal distributions are additively
 
reproductive in the same sense as 


YI and Y2 are
 
If two mutually independent variates 2) te
reproductive. 2.n 2"(U2 


Y -.Na( a '
 
Y2 N.(.Si
normally distributed as 


is also normally distributed as
 Y Y1 * Y2their sum 


1 , o12 *02. 2). For-the lognormal distributions, the.
re­.Nl 2 


Y - N( * U a01 


productive properties are as follows.
 

o < X
If, Xl LN(Uy , a 

X2 LN(uy2 , 0y2) o < X2
 

are mutually independent random variables, 
then
 

* °y 2 'y
X a XI .X2 - LN(UyI 2 y2X.XX1 1) 
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Three-Parameter: Lognormal Distribution
 

The lower: bound, for. the .tworparanketer. lognormal: distribution is. 0.
 

However;.if the,.lower bound, is different, from 0, and there exists. a
 

lower bound.,..r, such that
 

x, (X - T) - LNy, 2) 

then X has a three parameter lognormal distribution. The mean, mode
 

and all quantiles of a three-parameterlognormal distribution are simply
 

shifted by T 
 from their'values in.a.two-parameter distribution. Also,
 

the moments about the mean of a three parameter distribution are the
 

same ns for the two-parameter lognormal distribution. A four-parameter
 

lognormal distribution can be created if there is also an upper bound
 

for the variate. Thus if
 

x2 -N'OX- T 02)
 

then X-1 is distributed as-a four-parameter lognormal distribution.with,
 

lower and upper bounds as T and 8, respectively.
 

Although, the three-and four-parameter distributions are more
 

flexible and 'can'be fitted to a variety 0f empirical distributions, tho
 

estimation procedures for the parameters become less reliable and
 

cumbersome than for the two-parameter distribution.
 

Estimation of Parameters
 

If there is a sample of size n from a lognormal population 

X - LN( y, 2), parameters uy and ay 2 canbe estimated from the sample. 

The problem'of estimation-is basic to the theory of mathematical 

statistics and estimators are assigned various qualities like consistency, 
.......................
..... 

http:However;.if
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unbiased, minimum variance, efficioncy.Masiffi.i'ency. . etc. ",.Kendalls 

and Stuart, 1967).- For l'ognormal distributions, Aitchson and Brown 

(1957) have' di'scussed five estimatilon',methods, namly, (i) the method 

the method of
of maximum likelihood, (ii)the method of moments, (iii) 


Relevants
quantiles (iv) the graphical method, and (v) mixed methods. 


equations of these methods are given below with remarks on their
 

efficiencies.
 

"(I:);Method of'Maximum Likelihood,
 

!f m-and s arethe maximualikelihood estimators of
 
1 1 

P and a2 then.'
 
y y 

a I " In [x 

2 1 (In [x ,,3)2 

and are
 
Where n is the size of 3ample x1, x2 ,..., Xn; m s1 

are given by
minimim va'riaceiunbiased 'estimators.and their variances 

0224
 

var (a -L and var (sD)' .. jn 

1. Consistency. An estimator is consistent if the variance of the
 

sampling distribution decreases with the increasing size of sample.
 

An estimator is unbiased if it is consistent and its
Unbiased. 

expected value is value of parameter (in population) being estimated.
 

Minimum variance. An estimator of a function of a parameter which
 

has smaller variance than any other estimator is called a minimum
 

This is no: bound to the size of sample.
variance estimator. 

Among consistent, asymptotically normal estimators of
Effcient. 


some parametric function, that with the minimum variance in large
 

samples is called an efficient pavameter.
 

Efficiency of an estimator relative to an efficient estimator is
 

defined as the reciprocal of the ratio of sample numbers required to
 

give the estimators equal sampling variances.
 

Sufficient. A statistic is sufficient if it provides all the
 

information ,bout a parameter under estimation and given a sufficient
 

statistic no other function of any other independent statistic provides
 

any additional information.
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(2) 	 Method ,of Moments. 

-.In this,method, the first two sample moments are equated.,to 

2
the 	expressions for u and a from Equation (B-i). If a and s
 

are 	the estimators from method of moments, then
 

exp (a + 1 S2) .I 1n 

x i - 2
{,2 T 2 2 -n I, " 


exp (2m + 2 s )xI­

2 2 n 
 xi X
 

L xiwhere - n" 

This yields
 

x	 2in2ini] xi 	 .2 	 2 n 


2' 	 n 
and s2 in (xi -x 2 in I Xi2 ~ 1 1T n =1m
 

2 2
 

rapidly as a increases.y 

(3) Met'rod'of Quantiles 

In this method, the sample quantiles are equated to'.the
 

expressions in terms of estimators m3 and s5. Thus, if Xql " and
 .1 

Xq are the quantiles of X, of order q, and q2 (q. < q) then, 

vq2 	in [Xq q ln[Xq2 

q2 	" q,
 

In (X2] - in [X I 

and s3 2 -q 1Sq2 ql 



-- 

176
 

q1th order quantiles of standardized
Where V and vq are q2th and 

normal distribution and =3 and s3 are estimate's''f U' and 'ay 
t.i "'s.'are'of". .woi..-i'i: 11.. 1 t 'is I•t' 

achieved in this method wh'en the quaitiles are of
Maximum ffic y is 

order qomd .- q then 

V " V IV
l- q0 	 o 

and
 

a 1 (In [X1 q ln[X ,
a3 T .0o]
 

-3 2v	1 (ln[Xl-qo]- ln[Xqo]
 

000
 

for the maximm large sample efficiencies are
Optimm values of qo 


vy-, the values are 27 and 73% and for
different for Py and a),. For 


At 16:and.84% quantiles these efficiencies for
 a, these are 7 and 93%. 

u and a> are 70% and 53% respectively, compared to their respective 

maxima of 81% and 6S%. 

:(4), ;Graphical jMethod. 

The graphical method consists of plotting the cumulative 

normalized frequencies on the logarithmic probability paper and 

determining:,m4. and, s 4 .as follows: 

m4 n In[X 50]
 

Xso- x84
 

543in16 so
 

an empirical test of these methods on 65 sets of lognorual data,
 

Aitchson and Brown (1957) found that the order of these methods in terms
 

of their efficiencies in estimating both Py a... is:
 

In 


http:16:and.84
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Maximum Likelihood closely followed by Method of Quantiles Method 

of Moments, Graphical Method. They recoamended that in view of the 

falling efficiency of method of moments for increasing ay2 and the 

large samples, of quantilesexpense of computations for the methods and 

graphics to be used. 

In the size analysis of sand samples if a lognormal distribution is 

applicable, the two parameters required to define this d3stribution 

D,, and gradationare vy and ay. In practice the median diameter 

D D 

o-1 s,D +D 8 of the sand-mixture are usually reported. For a 
fD16 D50 

two-parameter lognormal distribution, D50 and a are related to Uy 

and ay as
 

14y 2 ln [DSO] 

and
 

Cy - ln [a) 

The qth percentile of the sand size distribution Dq (i.e., q percent
 

D q) in this case is
of the mixture is finer than the size 


Dq so q 

percentile of standard normal distribution
where vq is the qth 


- 0.38S and
[-N(O,1)]. Thus, for q - 6S%, vq 


- 5 0.385
D6S *D sOo a0 . 8
 

q a 3S%, vq -0.385 and
similarly for 


Dso a-.38S
D3S 
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APPENDIX C
 

VALUES OF K AND RELATED PARAMETERS FOR FLUME RUNS
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The Symbols-.Used' in.the .FoI lowing ' Figures have the 
Following Meanings 'Unless Otherwise Indicated. 

)"Symbols Representing Bed..Forms 

R Ripple-
D Dune 
T Transition 
P Plane 
S Standing Wave 
A Antidune " . 

C Chute and Pool 

(ii )' Symbols Identifying Data 

B Rio Grande at Bemalillo, N.M. 
G Rio Grande at Albuquerque, N.M. 
W.. West Pakistan Canals 
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FIG. 4 - I 	 PREDICTION OF BED FORM IN SAND-BED CHANNELS 

(AFTER SIMONS AND RICHARDSON, 1966) 
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FIG. 6?. PROFILEVELOCITY "6-32.IN RUN. 
PLANE BED 
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FIG. 6-'2 'VELOCITY PROFILE IN RUN 5 -05-
RIPPLE BED 
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FIG. 6-3 	 VELOCITY PROFILE IN RUN 5-17 
RIPPLE BED 
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FIG. 	 6-6 VELOCITY PROFILE IN RUN 9-01 
DUNE BED 
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Distance from Wall £ 1.5' Intercept ' 5.822 Slope 1.490
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DIstance from Wall 6.0' "Intercept 34.612 Slope'- 2.469 
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Velocity in Fet Per Second 

FIG. 6-11 VELOCITY PROFILE IN RUN 4-30 
TRANSITION BED 
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FIG. 	6-13 VELOCITY PROFILE IN 'OUN IO-68 
STANDING WAVE 
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For'Lgend See Poge 185 . .
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"FIG. 6- 15, VARIATION 'OF KARMAN'S., KAPPA (2 13 RUNS) 
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For Legend See Poge 18S
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Ftr Legend See Page 18S
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FIG. 6-17, KAPPA PREDICTED BY SHIMOURA'S i EQUATION (213 RUNS) 
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For Legend See Poge 185 
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FIG. 6-19, VARIATION OF KARMAN'S KAPPA (213 RUNS) 
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For Logend See Pogo 18s
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FIG. 6-20, VARIATION OF::KARMAN"S KAPPA (213 RUNS ) 
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FIG. 6-23 ,VARIATION OF KARMAN'S KAPPA (213 RUNS) 
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I0o For Legend See Page 185 
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FROUDE NO. (SAYRE-ALBERTSON DATA - 1963) 
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FIG. 7-2 ', VARIATION'OF C WITH ASPECT RATIO - PLANE BED 

RUNS, WITHOUT WALL CORRECTION ( ks x D64 ) 
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TABLE 
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.012 
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.021 
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.023 


.024 


.025 


.026 


.027 


.028 


.029 


.030 


.031 


.032 


.033 


.034 


.03S 


.036 


.037 


.038 


.039 


.040 


.041 


.042 


.043 


.044 


.045 


.046 


7-1 VALUES OF FRICTION FACTOR f VERSUS R/f 

BASED ON TRACY AND LESTER (1961) 

R/f f R/f 

.104E+09 .047 .803E.0S 

.617E+8 .048 .736E.05 

.384E+08 .049 .677E+05 

.250E+08 .050 .624E.05 

.169E 08 .051 .576E+OS 

.118E 08 .052 .S33E05 

.8SOE+07 .053 .494E*0S 

.62SE 07 .0S4 .459E 0S 

.470E 07 .05S .427E.0S 

.360E+07 .056 .398EOS 

.281E+07 .0S7 .371E.0S 

.222E+07 .0S8 .347E+0S 

.178E+07 .059 .325E.0S 

.144E*07 .060 .30SE.0S 

.118E 07 .061 .286E+0S 

.980E 06 .062 .269E.0S 

.820E+06 .063 .2S4EOS 

.691E+06 .064 .239E+0S 

.S87E+06 .06S .226E.0S 

.S03E+06 .066 .213E 0S 

.433E+06 .067 .202EOS 

.37SE.06 .068 .191E+OS 

.327E+06 .069 .181E+0S 

.287E+06 .070 .172EOS 

.252E+06 .071 .163E.05 

.223E+06 .072 .1SSE+OS 

.198E+06 .073 .147E+0S 

.177E+06 .074 .140E 05 

.159E 06 .075 .134E.05 

.143E 06 .076 .128E.05 

.129E+06 .077 .122E 0S 

.116E+06 .078 .116E 05 

.106E+06 .079 .111E 05 

.961EOS .080 .107E05 

.877EOS .081 .102EOS 
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TABLE 7-2 SIZE DISTRIBUTION OF SANDS 

Ref Table No Geometric standard 
USGS P.P. 462-I Median'size M deviation 

2 0.19 1.30 

3 0.27 1.56 

4 0.28 1.67 

5 0.45 1.60 

6 0.93 1.54 

7 0.32 1.57 

8 0.33 1.25 

9 0.33 2.07 

10 0.47 1.54 

11 0.54 1.52 

Barton and Lin (19S5)' 0.1'8 1.25 
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TAUS 61 WARATI9 OFW t 6 FORTICSPLW DATA 

I&Eam., Stft. Poev Pm 
(I) "" tt'tbaecl4, ft 

Re(. Tobi, No. limes P1, I§Di. SteJAd 
6 g x 1i3 

Up*er Uait t .lt Lowr Unit 
ra for

0 f1it - lvtis . ft for 
s Lawr Regimeslirr 	 Region 

2 ' .6' 1.30 .610 .202 .202 .412 .412 

3 US "1.6 1.340 .112 .312 .SS .ASS 

4 .918 1.67 133.2 .20? .207 .421 .421 

s 	 4 2..3.0 . s
(4) .2 3 .89 .119 

)
4. 00 3.010 -1.660 1.6603.01 1 	 OO1.0

7 1.049 1.S7 1.645 .215 .211 .401 .409 

1 1.21 1.311 .31 . .0 .$01.002 

1 2.07 .179 	 .21Si.052 	 2.240 

10 1.341 1.54 2.34 .460 .460 - .543 .043 

I1 1.770 1.2 2 .6 .316 .16 -1.070 1.07 

Not",: 1. Table numer ieotrr* to is from M$ Protesito"I eper 	No. 462.1. 19064. 
2. 4 based on lognormal distributlin - 0 a . 
3. 	 Nima possible stirea poer based on I K IeS's vel0city E4qutiOe (1-12). 

UTpper limit lower refors to the vili of v -;ulted in lower regi. bod fetusfor regime vh< 
only. toer limit (or Ler regime similarly refers to volue of Piet wkicb resulted In upper 
regime bed (orms oely. in the lteruediate resge of Ps both %"orsad lomer regime bed form 
resulted In the fluses. 

4. 	Iscludin rum -126. 
5. 	 !€clud ig plaAbtd run% before dufes,. tich ot* pert of lmer regim. 

TAILL 5- CI001iATtS OF STUIGT SIOM1TS (0 LOG-LOG PAI) OF RISISTISAC1 C S 

3.JA OP (P -0S0 ) UIPPII Ul - Ui§"-- Lt
 
I1TI.9§DIATI I 1TO.IAT!1
 

I/$ V/U.0 I/S V/M.* 1/S V/&U*o 	 I1/S V/Uo 

.9 S.0 1.2 3S.0 1.1 33.0 	 S.0 13.0 

1.1 IS.0 I.S 3S.0 1.7 20.0 6.6 13.0 

1.3 20.0 2.5 25.0 3.0 IS.0 11.0 11.0 

3.5 22.0 5.0 15.2 6.0 11.0 	 20.0 11.0 

2.0 M0.0 10.0 17.0 10.0 10.0 30.0 12.0 

4.0 IS.0 IS.0 37.0 I1.0 10.0 40.0 16.0 

10.0 17.0 21.0 11.0 50.0 22.0 

1S.0 37.0 30.0 11.0 5S.0 1.0 

Mte, 1. S to Sield' 1I. Pot plotted cr.e rfeoTe to PFige 8-9 "A 
-e10. 

0
S. 	Fo pgas so ran* rfer to Figure 6-3. 
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TABLE 10-1. VALUES OF A ln -33 *3S 

SNO 'ks Al 

1 

2 

3 

* 
4 

S10 

6 

7 

9 

10 

106 

S x 10 6 

10 

-s
S x 10 

-

S x 10- 4 

1o-3 

8 x 3 

lo-2 

S x 10. 2 

17.3 

15.7 

15.0 

13.4 

12.7 

11.1 

10.4 

8.8 

8.1 

6.5 
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11 .0 .04.40 .1014 1 .813.41. .400 41 .11041 .10"4 .114-01 .SIN41 .341413 

So 1.1 .$.I 41 .. 41304 .3411 .140-1 .0414 1 .­low411 .**.*I .33lll41 

33 0.0t .443343 
" 

.440.43e . 00041 .0*3.014 .310441~e 
" 

.443141 .33*3I441 .W.* 41 .34343.e .110114I 
" 

13 16490 42 4 . 411-01 .33341.4000-C 4014 S.C 1801 .1411 *1444 

O.- 0 % ..lf1S" .1 4 .. Ha141 

0 0l , .ll il •30 l l II .40 0,Tau10 .0 I, 30 2 

40.0 .13110 .110.60ft .3*113R." -974- 14.411 4141414 .6.44041 ."61310 .044. 13.4 

3 0,.0 .04,11-04 .tM013 .342 $ .41 .S-13.12 .2019.0 .23.31.0 .31.0 no.4N44 411.0l 

9431.90 .41 00.30.0 333343 "944 3o144.42 .13311.01 .47331.11 A.310. .03.0 sin." 

4 0.90 .3.4 ,343,03 14" $1 .111. of .140.31 .414M-$I .1411191 .16n1.41 .1841-.w l43 

I f.1.3.s4l 3204.13 14413 1904 l.1 .'4 3440. .0403 . 1 44. 1 14s1. 

0 0.$I". 3 .Ji30.04 834.0 11 7 .34 .441100-41 .0114. .1"4 .1 344. 64444 

3 .1 .31.1- .ion-s4 SM44.44 4'".4" .11144 .113.01 .1011401 fta44tj 94191 G?34 41 

* 1.0 .1 40 U414-* l.23,bi 10 96 .10.3 .-011.41 .1101161 .1441.93 .2 611 e4.dl I 

O 1.04 .11-41119 . 30.11 .91.44 .4 41.0 .741061 .010141 .8,41111 .41-1403 ".*l1. $111,1 

1 I.ll .10143 .3 1111 .3Il .1 .101.416 .10.-01 .23340 .8w3* .11114.1 4044101 $S44.41 

i3 ."0 I40a4I .34283 .041. . .11.440I1-411 .11l4" .*0044 .41*39, 31I 9* l.41U4 

13 30 39111 .40 .341-46 .311104110 .900.1 .N*.4i .44-4.9 .304.3 Sam4.43 

I$ 3.90 .10 31 0 .1111.34111.. vw ft 801.4 41 -4s* 

14is .0 
l 

3.90 * .340.40 .21.4uN.140.8 i.394.1300441 .21341131.40 . I444.439149 

23 0.0l * . .3*3kI44 .104.0I 
I0 0..l$ Ion*t .104144 

1*In*." I11 "414 
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TABLE 10-6 VALUES OF b nIln( a)

1 a nks
 
na
 

10 - 6 " 6 	 - 4 i0 - 4  10- 3. x 0- 3 Io- 2 S ilo 2S.No. nks 	 S x 10 10 S x 10 10 S x 

1 10-6 .351E-05 .256E-04 .581E ' .371E-03 .811E-03 .486E-03 .104E-01 .601E-01 .127E+00 .716E+00
 

2 S 	 x 10 -6 .190E-0S .17SE-04 .420E-04 .290E-03 .6SOE-03 .406E-02 .881E-02 .521E-02 .111E-01 .636E+00 

10- .S81E-03 .371E-02 .811E-02 .486E-01 .104E+O0 .601E+03 	 .120E-OS .141E-04 .3S1E-04 .256E-03 

-s 

4 S x 10 .602E-05 .190E-04 .17SE-03 .420E-03 .290E-02 .650E02 .406E-01 .881E-01 .521E+00 

10-4  S .256E-05 .120E-04 .i4iE-03 .351E-03 .256E-02 .S81E-02 .371E-01 .811E-01 .486E 00 

4 .602E-04 .190E-03 .17SE-C2 .420E-02 .290E-01 .6SOE-01 .406E+00 
6 S x 10 

7 10- 3 .256E-04 .120E-03 .141E-02 .351E-02 .256E-01 .S81E-01 .371E+00 

8 5x.10 3 	 .602E-03 .190E-02 .17SE-01 .420E-01 .290E+00
 

9 	 10- .2S6E-03 .120E-02 .141E-01 .3S1E-01 .256E*00 

-
10 s;x lo 2 	 .602E-02 .190E-01 .17SE+00
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TABLE 10-7 VALUES OF I ,:f (.-f-). dn A - f CAND-) 1n[nd 
.. 15 

S.No. z 1 . 

1 .0s: .8301E+0O -. 5794E.oo 

2 .10 .8159E+00 -.5948E+00 

3 .1s .80S4E.00 -.6118E+00 

4 .20 .7984E+00 -.6304E+00 

s .30 .793SE+00 -.6728E+OO 

6 .40 .7996E+00 -.7225E+00 

7 .50 .8160E+00 -.7804E+00 

8 .60 .8421E+00 -.8475E+00 

9 .70 .8779E.00 -.9249E.00 

10 .80 .9236E+00 -.1014E+01 

11 1.00 .1047E+01 -.1234E+01 

12 1.20 .1220E+01 -. 1524E.01 

13 1.40 .14S4Ee01 -.190SE.01 

14 1.60 .1766E+01 -.2407E+01 

is 1.80 .2178E+01 -.3070E+01 

16 2.00 .2722E+01 -.3947E+01 

17 2.50 .4979E+01 -.7618E+01 

18 3.00 .9S64E 01 -. 1519E+02 

19 3.50 .1902E+02 -.3103E+02 

20 4.00 .3880E+02 -.6462E+02 

21 S.00 .1706E*03 -.2923E+03 

22 6.00 .7886E+03 -.1376E+04 

23 .7.00 .3770E+04 -.666SE.04 

24 L0.00" ' .4667E+06 -.8437E+06 



TAILE 10-8 C8WTATION OF Th1W PARdUIr 0 FOR 3IO CMI AT ALKWUAM. N.M. 

00SOVATION DATED KCI 26, 19$4 

l~e !Fractiom Neo. 

me. Quantityi 1 2 3 4 

1. Gomotric Mm Site, Die 

x 103 ft 1.78 1.22 0.948 0.744 0.554 

2. Fel1 Velocity vt, ft/soc 0.206 0.147 0.112 0.002 0.052 

3. :I 2.61 1.86 1.42 1.04 0.664 

4. Critical Sheer vx 102 lb/ft 2 0.S73 0.451 0.384 0.3SS 0.330 
SO-ci 0.924 0.941 0.50 0.954 0.957 

6. "az 10' 3.24 2.22 1.72 1.35 1.01 

7. Al11x 10
3 

2.0 2.4 3.3 6.0 14.0 

a. Az• 103 20.2 24.2 33.3 61.2 141.4 

9. I x 103 -10.0 -10.1S -1S.S -2S.S -45.0 

10. (A1 * 81) x 103 3.37 4.64 S.89 11.0 31.10 

11. it 5.50 2.50 I.SO 1.05 0.80 

12. ]1 -8.00 -3.50 -2.00 -1.30 -0.80 

13. zx101 0.00 1.2 14.0 120.0 1200. 

14." c¢x 10S 0.00 S.S1 64.4 ss1. SSO. 

IS. (Cll,* PJi) • 10S 0.0 9.2 64.6 423.0 3450. 

16. (TA *6)I CI
L i 

9tJi) xa 103 3.37 4.73 6.S8 16.03 6.30 

17. x 103 3.42 4.90 6.88 16.83 69.74 

18. Ab 1 4.00 2.40 1.63 1.20 0.84 

19. 103 3.70 2.26 L.SS 1.14 0.81 

20. •1x 10$ 7.12 7.16 6.43 17.97 70.5 

21 fgl 6.4 6.5 7.6 16.1 63.4 

'."' . ' 
S

1.1 
t 

,1 @ 

"
 
40 2.65 62.4 ,0.156 a Lm ].f .O9 x 111.2x10 

. 

0. 1 , . . I 

* 0.484 lb. pr sac per ft. 
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