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PLOW IN SAND:BED CHANNELS

The flow of water in sand bed channels has been studied 0 fornulate
resistance and transport functions for a given depth energy gradient and'
bed- material The study was based on the flume data obtainead at Colorado
State dniversity 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.

It was found that in sand- bed channels with general bed- movenent
the sand boundary always behaves as hydrodynamically rough., For width-
depth ratios varying from 3 to 60 the wall-correction applied to the
smooth walled sand-bed flumes was found to over-correct so that the re-
sulting characteristics of the resistance to flow became dependent on
the width-depth ratio. For these reasons, it is concluded that the flow
in sahd;bed channeis with width-depth ratios greater than 3 should be |
anai;sed‘on the basis of the averagc depth witheut using the wall correc-
tion and without applying a smooth to rough transition function.‘ In
plane sand-bed.flows the grain roughness is related to 084 of the bed-
matorial::t;'. | - “

The sand-size bed-materiaIJsanples from the Rio Grande and West
Pakistan canals exhibit a lognormal particle size distribution in the
10th to 90th percentile size range. This distribution is convenient for
the engineering computations of equilibrium flows in sand-bed channels.

In the sand-bed channels, because of the local non-uniformity of
flow it is not possible to represent the mean vertical velocity distri-
bution by the observations on a single vertical. A mean velocity profile

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

111\



distribution in the inner layer based’ on’an-"effective shear velocity."
The value of von Karman's «. in the. outer layer of the flow in sand-bed

flunas vas analysed and it was found to be related to parameters vhich

s
J

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

' It.vas also found that a single resistance function cannot be used
to analyse the flow over all the bed configurations Therofore, separate.
resistance functions vere developed for the upper regime the lower
regile.and the transition zone. These functions predict the average:

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

data used

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

to be in accord vith the observed gradation in flumes over the whole range
of transport and bed forms

fhalid 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 problea of flow over sand-
bed channels is encountered whenever relative motion between water and
an erodible sand boundary exists. Once the threshold conditions for
movement ‘of bed-material have becn 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 ol the boundury on turbulence character-
istics of flow, suspension of bed material and the effect of such
suspeh&ion on dynamics of flow. 'These processes, which are not
adequatel& 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
empirical 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, not fully understood. For description of the vertical
velocity distribution in turbulent shear flows, a two-layer model is
currentlf acceptéd. This divides the turbulent part of the flow into
a wali”iayér and an outer layer. This division also corresponds to '
the differences in certain turbulence characteristics in  the two
layers. Flow over a sand-bec imposes conditions for which the clear
water turbulent flow theories do not provide an answer: ' These condi-

tions, wiiich $tem mainly from the mutual interaction of 'flow and the



boundary, create some gross changes in ;hp;yprtical distribution of
velocity. Efforts have been made in the past to explain these changes
in terms of the suspension of sand’;héjthe phenomenological theories,
but an important aspect of flow in sand-bed channels has been neglected
in these studies. This aspect is related o the local acceleration
over part;'of.thp,bed forms. It is difficult to ascertain how much of
the grogahqffects_noted in velocity profiles are due to these accelera-
tions and how much are due to the suspension of sand.

The engineer, in general, is concerned with the discharge of water
and sediment, size distribution of the transported material, channel
geometry and stability of the geometry of the alluvial section. Lateral
stability of the section is evaluated by regime theories and dealt with
by standard channel stabilization practices. The vertical stability
(of the bed) is related to the time scale of the phenomenon. In most
cases of engineering interest two-dimensionality and time-homogeniety
of the process can be assumed at least as a first step. With these
restrictions, the vsriables of interest reduce to the properties of the
fluid and the sand-bed, depth of flow, energy gradient, water discharge,
sediment load and size gradation of the transported material. . The
sediment load is recognized as conisting of an indeterminate fine
material component and the doterminate bed-material load. For a given
sand-bed qnd fluid, ;hero are four rena;nipg yariables. viz,, water
discharge, bedematerial load and its sizovgradat;on, depth qf flow and‘
energy gradient. Xnowing any two of these variables, it should be
possible with the help of a resistance and a transport function ta
determine the two remaining variables. _Hoquer.qthg»gosistange)qpqlﬂ

the transport. functions are not always Jipgle;yqxupq,funq;iops,_‘Lt,is_



known that under certain deptﬁ-sldfo édﬁbfﬁxfidné,’the flow over a sand-
bed may resﬁiéveiéﬁor in én uppév fo;iue sif&ition.or in a lower régino
situation. The former is characterized by both higher velocities and
transport r;tes and the latter by both lower velocities and transport
rates, Aighough, the range of conditions in which a multiplicity of
resistance and transport solutions can exist is not known it is in

this raﬂéelthat it may be possible to uniquely determine only one of
the fourfﬁéfiables from the known values of the other three.

The problem of predicting the bed-material transport rates, with a
knowi: velocity, depth and bed-material is considerably simpler than
that of predicting both the velocity and the transport rate. The
reason f;f this lies in the final regime and turbulence structure of
the flow. Both the mean velocity and sedinént 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.



This dissertation 1s concerned with the 1nvestigation of two-
dinensional tiue honogeneous 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-
paterial transport for the given properties of water, sand-bed, depth
and energy gradient The prediction of the regiwc of flow and ine
uniquencss of this regime are important steps in the analysis of flow
in sand-bed channels. Therefore, it is also nocessary to investigate
these aspects of the flow fo 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-dinensionality and time-homogeniety of the flow phenomena are
realized. Some field data from the Rio Grande in New Mexico and the
West Pakistan Canals are also used to extend the predictive relations

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



CHAPTER II
" DATA USED

Data available «n flow in sand-bed channels are of two types, viz.,
those obtained under controlled laboratory conditions and those éollected
in natural rivers gnd angls. The field data (rivers and canals) are
generally charapgerized 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 seepago 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 proceduﬁes
hggubppp published as U.S. Geological Survey Professional Papér No.
462-11(}966), entitled "Summary of Alluvial Channel Data from Flume
Experiqents. 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 nqnﬁpal gigth of 2 feet (actual width 1.969 ft) and the other 8 feet

: e



wide. In all, 339 runs were made unaor'ooailibriun conditions. The
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-latorial
‘Median diameter (mm) o 0.19 - 0.93
éeometrio standard deviarion, b 1.25 - 2.07

Flow

Mean depth (£t) 0.19 - 1.33
Mean reiocity (ft per second) 0.65 - 6.34
Energy gradiont (percent) 0.0055 - 1.928
Bed-material discharge (1b per

sec per ft width) up to 12,51

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

Published data for these runs include all the hydraulic and
sediment variables. Some data, such as the complete size distribution
analyses of bed material load, have not been published and were
obtainod from the original records

In connection with the analysis of plane-bed runs, some inter-
modiaie width-depth ratios between those provided by the 2 and 8
foot flano'woro needed. For this purposovand for testing the resistance
function derived 15 Chapfor VIII, £lume daia reported by Barton and
Lin (1955) were aiso used The data'wﬁich are roforred to in this
text as Barton- Lin data were collected at Colorado A & M College, in’
ad foot vide flune with P sand of 0. 18 am median size and a geonotric

standaro doviation oanbout 1.25. No other laboratory data vere used.



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 neerly.constapt_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, o 1.22 - 1.50
Flow
Average depth (ft) 2.5 - 10.6
Mean velecity (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 transpdrt
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



and at Albuquerque, New Mexico. Nordin and Beverage have listed all
the hydraulic ‘and sediment’ variables for these sections including
bed-material size analyses for each observation. In most of these,
however, the slopes have been adopted as averages from other studioes.

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

‘Bed-material
Median diameter (mm) 0.18 - 0.45
Geometric standard deviation, o 1.29 - 3.72
Flow
Mean depth (ft) 0.52 - 4.80
Average velocity ‘(ft per sec) 0.99 - 7.82
Energy gradient (percent) fairly constant
Albuquerque 0.11
Bernalillo 0.086°

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

Total sedinent loads for these sections had been calculated by the
Modified Einstein Procedure, and reported for all sediment sizes as
well as for sizes greater than 0.062 m». In using these data the

'~J~

reported total sediment load in size range greater than 0.062 mm was
oy

taken as the observed total bed- uaterial load This was done for
want of a better definition of‘the indeterainate fine material 1oad
for individual observations | These data are referrcd to in this text
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

send-nixtures. Also used for this purpOso were al‘ ‘he bed-laterial



analyses reported for the West Pakistan canals for 1963. These analyses
were obtained from the Canal and Headworks Data Observggipn Prograa of
West Pakistan Water ana éower Develorzunt Authority”(196ﬁj;

‘In. this 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 (1965) 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 through:the computer. Specifically, these sets
pertain to the variables involved in the resistance phase, the transport
phase, the bed-material gradation and the x 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
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CHAPTER- 111,
TURBULENT FLOW IN RIGID' BOUNDARY CHANNELS

Flow. over! sand-bed: channels: is different from:rigid boundary. flows
in that the interaction between the. flow and the boundary. is not simply
a function of the roughnosSkheight‘viscous-layer-thickness ratio. In
sand-beds,. once thd:general-movenentrhas started, the flow and boundary
interact 'in a more complicated manner. Salient features that differen-
tiate flow over sand-beds from rigid boundary flow are as follows:

(1) In.sand-bed channels, the flow and boundary shape are inter-
related. After general movement of the bed has started, the sand-
bed is distorted, giving rise to bed forms. The shape, size and rate
of movement of these forms vary with the flow.

:(11) 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-
dunes. Similar relative roughness sizes are generally not encountered
in rigid boundary flows:. :

(£ii) ‘A-sand-bed is not impervious. Unlike rigid boundaries,
therefore, there .is .a possibility -of flow, however :small, penetrating.
into the bed.' Thus; the turbulent fluctuations normal:ito -the.flow do
not always vanish at the boundary.

- (iv). The boundary in the case.of .sand-beds is moving at both the-.
grain.and “the bed forp scales. Grains rolling at .the boundary may
introduce additional shear by their rotation:and .change the -turbulence .
level close to the boundary by their wakes. The movement of bed forms,
on the other hand, creates unsteadinoss of flow at a vertical due to

the changing bed elevation and flow pattern.
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.(v) At advanced stages of movement, bed-material 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
(dunes), the flow is no longer uniform. Both the depth and velocity
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
analysiﬁ of flow over alluvial beds, relies on the rigid boundary
turbuient flow theories. Before proceeding with the resistance problen,
a brief sunmary 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 commonly studied are either
the boundary layer flows along plates or symmetrical conduit (pipe,
channel) flows. These are similar in their mean flow patterns and dis-
t}ibution of turbulence quantities in the vicinity of the wall. Farther
away, however, the boundary laye- flows exhibit intermittency of tur-
bulence near the outer edge of the layer. Similar intermittency 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 (1954) that the roughness function for fully rough flow' -
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are the Same £of a’ given roughness geometry in pipe, chanhel and zero-
pressure gihdiéﬁt B;undary layer flows. In open channel flow, if the .° =
Froude number of the flow and the size of the bed forms is small, ths"
free surface is nearly plane and fully developed turbulent flow can be
approxinéiea ﬁy'h'bsﬁndiry"layer flow with the boundary layer thickness
the same as the depth of flow. This would be more nearly so in channels
of larke”widtﬁ-dbpth ratio and in the poriioné 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

In turbulent boundary layer flow thrce regions of mean velocity
distribution are'recognized. There is a ‘ery thin region close to the
wall, whe;e viscous effects dominate. This is called the viscous sub-
layer.. This layer is charactqrized by a constant shear stress equal tg’
L the boundary shear stress and has a time average thickness of
about Sv/U,o » where v is the kinematic viscosity of the flu;d_and
U,, is the shear velocity. /?;75 . Flow in the viscous sublayer is
neither entirely.laminar nor steady. It undergoes periodicvgyowth and .
disintegration, so,that the same set of fluid particles is not as:ocig;ed:
with it at all times. The velocity profile in the viscous sublayer is
linear. over most-of its thickness but departs from linearity almost
abruptly near ;ts_end. .

Beyond the .viscous layer and.up to about a distance of 0.1 to 0.2 .
times the boundary. layer thickress, is ;hg equilibrium }ayer:,,Thig

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

......

equal to Ty 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 Plov in the fully turbulent region has "siullarity" in terms

of the shear velocity U as the reference velocity and v/U as

. ‘

the reference length. The velocity profile in the inner la,er is

given by
u U; y
ﬁL"AI" 0. +B - (3-1)
N v
o
|
where
uy is the velocity at distance y from the boundary and

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 (Rotta, 1962),

u - \u

v,
_ﬂﬁ"_x.f[g.,uﬂ (3-2)
'O . .

derived from dimensional c0nsiderations If this relationship is

applied up to the inner layer, an asynptotic form of the Velocity

defect law 1s obtained as

s

um-u U.o.: : .
—U—Z--Alni'*B[u ] . (3-3)
*o max
where. - ¢!
Uoax is the velocity at the outer edge of the boundary layer and
d is the boundary layer thickness
,_U'.“'gl".\
Experinental results show that the dependence of B on ©  is weak
o ax . :

and is quantitatively not yet known

The observed velocity profiles in fully devoloped turbulent
t

boundary layer and conduit flows shov a close fit to the logarithmic
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velocity profile (Equation 3 l) in the inner layex. However, velocities
in the outer layer show systematic departure and the velocity defect
law (Equation 3 3) gives anlumderestination of velocity. This has
sometimes been corrected by the adoption of a parabolic function forv
the velocity defect law in the outer region (Hama, 1954) or some other
correction terms in the logarithmic form of velocity defect law (Hinze
1959, p. 483)

If the flov boumdary is not smooth and the protuberances on 1ts

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

a transition from smooth turbulent €low of Equation (3-1) which becomes

u . oyu, . _ ,
g A ) v Bl (3-4)
where .
’ U
Rk o 0 ks and
s v

ks is the slze of the roughness

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

becomes dependent on the roughness height ks as the reference length

and the velocity profile is given by.

u
ﬂY— = A ln ({;) + B (3-5)

*o
where constant Bv is now dependent on the type. shape, size variation
and concentration of the roughness elements
Logarithmic velocity profiles given in Equations (3- l) ’o (3 S)
can be derived by theories such as Prandtl's and von Karnan s. In

I, .".4 l ‘
Prandtl's mixing length theo'y, the shear stress is constant and the

PR vl PN N R e

mixing length lncreases Ainearly with distance from the wall resulting
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in Equation (3-1). With vqn!Karlan'guf}P§lg?i;y hypothesis, the mixing
length is proportional to the ratio of the first agd second deriv;tives
of the {ocal velpci;yf _This conbineq with a linearly var}iﬁg shéar
stress gives a velocity defect law. However,,ig is not necessary to
invoke any of the phenomological theories to derive the log velocity
profiles‘discusged above. Milikan (Hinze 1969, p. 469) has shown that
it is'ppgsible to derive log yolopitx pxofiles‘entirely on the basis of‘
functional relations and an overlapring region where both the inner o

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 cgnsideration of
turbulqpce characteristics. Townsend (1961) divided the turﬁulent
boundary layer flow into an "inner layer' and an "outer layer".
According to him, the inner layer, which is also the constant stress
layer,.;s.vory nea:ly 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 %n.thﬁ outer
layer. Measurements of turbulence quantities in the inner and ou;e;..
layers indicate the diffusion of turbulence energy to.tho outer layér.
The inner and outer layers thus interact, but they have difforontj.

RPN

turbulent-flow iechanisns.'
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‘Towards the wall the contribution” to the turbulence energy by’
largef:eddieg ddcfeéSésrhhile'that'ﬁf!ihe';naller eddies increases.

In the éﬁféf'lafef,'th;'snailer eddies (hiéher ffoquenciesi are found’
to be somewhat isotropic and the large scale eddies aro elongated along °
the mean f1ow direction.

Thé size of eddies, in the two layers, brings about another dis- -
tinction between the outer and the inner layers. As the larger eddies
in the ouigf iﬁyervare Sloﬁef 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 determined by the distribution of wall stress for some considerable

distance upstrean.

Effect of ﬁéhnd;ry-koughpess on Turbulent Flow

It h;g;éiready'beeh'stated that if the size of protuberances on a
flat plate is not smaller than the viscous sublayer, constant B in’
Equatidn (3-5) becomes a function of foughnoss Reynolds number Rks'
Nikuradse's data on pipes, éidﬁg with other experimental results, shows
that for valﬁes of Rks greater than about SS, the law of the wall is
altered such that,‘in the inner layer, "similariiy" is in terms of some -
proportion a of the hbédldfé'rodgﬁness héight. k and the shear
velécity U,o. The boundary then becomes fully rough and velocity

distribuiion in the inner layor-becones,

u
Heie ACIn ()6 B, Ry >SSt (3-6)

*0

ks = ak, a = a{roughness shape, concentration, etc.]
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Physically it is interpreted that the transfer of momentum takes placé
by action of forces normal to the ﬁhil“ﬁurfaéé, and this transfer may
depend weakly or not at all on the fluid viscosity.

.Fbllowlng Clauser (1956) and Haxa (1954) the form of Equation (3-4)
has been retained, through the whole range of smooth-turbulent to rough-

turbulent regime as

== Aln =2 +B -2 | (3-7)
'o v 'o
where
U, ks
e eAIm—2—+B-B and (3-8)
*o
B, 8l are constants for a particular roughness shape and concen-
tration.
éxpérimental data from different types of roughness show that
Su is not a universal function of Rks but for a given roughness type,
*o

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

theorotically derived function for , Equation (3-6) may be written

Au
U'o
with either A, B or v as a function of Rks' (This will be discussed

in greater detail subsequently.)

Effect of Roughness Shape and Concentration

The. form of transition from smooth-turbglent to foughfturbglqnp .
flow in a resistance diagram (like Moody's) depends on the size dist%i-'
bution of roughness elements. Nikuradse's data, which were collect¢¢ h
from densely packed, uniform-sized, sand particles glued to the inside
of the pipes, show a more abrupt transition than non uniforn sand rough-

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

functiqnai:reiationship,of in. Equation 3-7 would reflect the

du
Uag© -
manner of transition. .
Roughness patterns other than densely packed have also been studied.
Some. of 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'ih open-euannel; Koloseus
and Davidian (1966), sand particles and cubical elements in open channel;
0'Loughlin (1965), cubical elements in closed rectangular channel;
Perry et al. (1969), square grooves in boundary layer flow. These
investigations bring out some inportauthaspects ef‘rougﬁness conceutra-
tion and types.

Concentration of roughness eleuents A has been defined by

K’
Xoloseus and Davidian,volLoughiin and others as the ratio of the sum

of projected areas of roughness eloments normal to the mean flow, to the
total floor area. Ratio of equivslent sand roughness ks (in terms of
Nikuradse's roughness) to the physical dimension k of the roughness
olement gives a dimensionless measure of the roughness offered by a
geometry and concentration. From 8 study of. %3 _ Versus copeentratien
xk, Rouse (1965) concluded that to about xk = .15, the resistance
varies in direct proportion to the concentration and the maximm
resistance occurs at a concentration from .15 to .25 for different
geenetries After this optimum concentration, the resistance decreases
in all cases, but the pattcrn and rate of decrease varies with the
roughness geonetry and arrangelent " Reduction of roughness beyond the
optimum concentration is explained by mutual interference of the rough-

)

ness elenents
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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

4]

v,.:"‘i-::, I e . co s . -
elements‘on a smooth boundary is not valid for certain roughness pat-’
terns like narrow grooves cut in the wall. This type of roughness
has been studied by Perry et al. (1969) and they term it "k" type

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

Vortices Generated at Roughness Elements

The effect of roughness clements 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 gene:a;ed behind roughness clements. These vortices counteract the
danping‘effgct of Qiscous forces in ihe vicinity of the wall. O0'Loughlin,
(1965) ;onsidering the effect of roughness elements, argued that the
turbulendé-produced in the zones of intense shear downstream of the
elements, intensifies the mixing or transfer of momentum above that
otherwiso present in the flow. For a sequence of roughness elements,
he called the integrated effect of these elements a 'wake layer' of
approximately uniform thickness with highly intense turbulence. Outside
this wake layer, O'Loughlin considered the turbulence characteristics
independent of the nature of the roughness elements. This concept is:the
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 ¢' in the region of flow close to

the wall as
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€ 1 .
- clog
whore

€ is the eddy viscosity due to smooth wall with logarithmic

log
velocity profile and

€, . is the increment in eddy viscosity due to enhanced turbulence
of thg_yjke layer.

By definition

The above approach of increasing the value of €, to accouht for the

effect of large roughness element on the vertical velocity distribution

amounts to a reduction in the value of A. This implies that %2-

L ]
0
in Equation (3-7) is made to depend on €, also.

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, yelocity profiles in the.inner. layer
show a systematic deviation:from the logarithmic velocity distribution.
This can. be 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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deternining the reference levels in natural open channel controls or the -
lower limit of a three parameter lognormal distribution (Aitchison and-
Brown, 1957).

- Assuming that' y is measured from the mean bed elevation of the

rough- boundary; the wall-law can be written as

ﬁ.“:\ A :
Y oA In—2 o +B- i (3-9)
‘o e v '0

If the inner law is now considered for fully rough flow with vary-
ing roughness arrangements, for which e is unknown and for which
coefficient A is not a universal constant, the velocity equation for
the fully_{pughrfloy can be written as

u

'L'F = A In - (%_’s % + 8 (3-10)
*o
where '
A = Alkr],

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

;f; =Am D . (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 -0.03; is
reported. Perry and Joubert (1963) reported an average value of e

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

both of which were conductéd with boundary layer flow oh square bar
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typq.;opghnp;s,plgcpdtnqrmql_to £1pw.31(Por,groovehtypo.Pd" roughness,
Perry. gg.gl”_(1969).;cpqrt'that. e .is.not related Fofphq,:oughnpss.
height).

The velocity, distribution in; the inner. layer can now. be expressed,
using the fact that the displacement . ¢  of the origin. for logarithaic:.
velocity profiles on fully rough boundaries 1§,rela;ed)to the height
of %h;lfoughness element for a "ké? typ; toughness. ‘Thisfis.iﬁ
contrast. to some other mcthods which amend . A (like 0'Loughlin's),

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

influence of roughness elements on the boundary.

A Velocity Distribution Equation for Inner Layer in Plow Over large

Roughness Elements

Since the displacement e, of the origin for velocity profiles
on rough boundaries is proportional to the height of roughness element,
ks and the constant of proportionality deoends on the type and con-

centratidﬁ‘of.thélféugh;;§§‘;lbieh%s, it is possible to write
e = a ks

where
.8y - al[kr] .

Introducing this value in Equation (3-11) gives

u, L. y + 8, ks|r .

U.Lo L .2 Ao ln(—m—) (3’12)
where

A= 8y Ao

A, gb2.$,_:}s,tpe,vplue_qf, A, .for..x.= 0.40,
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and
a, ® azlkr] as discussed for Equation (3-10). Equation (3-12)
can be further simplified.to

| Uz— a8 A, ln(s—£;9 (3-13)

)
is replaced by

. a5
(r{— AR
Equation (3-13) can then be written as

u

UZ;_ = A 1“(259 + B (3-14)

*oe .
where
B ig a‘cﬁnstaqt for fully rough flow,
Ao. i§ a universal constant and
U'oe:' l),°°(a2 83) is called the effective shear velocity in the
inner‘lgyer.

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

oe
velocity distribution in the inner layer, with the origin assumed at the
mean bed elevation, as is actually observed with large roughness elements.
It alfo_accogn;s for any change in A, that occurs due to these elqmoqt:
or otger causes. équation (3-14) will be used in deriving vertical vélo-
city distribution in sand-bed channels, where large roughness elements

are present and the turbulence structure close to the boundary is

affected by ‘rolling and suspended particles.
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_ GHAPTER IV
TURBULENT FLOW IN SAND-BED CHANNELS

In sand-bed channels, there is an intoraciioh between the £low” and
the boundary, such that as the flow increases the toundary distorts in-
to bed forms and the boundary material is mixed with the flow, in sus-
pension. The interaction between the flow and the bouﬁdafy in shallow
water flows is well known in open channel hydraulics. This led; Exner
(Leliavsky, 1955) to combine a simple continuity equation to the bed
paterial and water dischary, to yield an equation for approximate bed
form shape and growth. Similar but more complex methods have since .
been applied by Anderson (1953), Kennedy (1961), Mercer (1964),
Raudkivi (1966), Gradowczyk (1968), Engelund (1970) and others to pre-
dict the stability of the boundary and rate of growth, direction of
travel and other aspects of bed forms. The effect of the sand bed on
the turbulence characteristics O?“éioﬁ is, hdweQer, not dealt with by
these theories. In considering gross tfaﬁspdrt and resistance parameters
of sandigéd‘flsds;'ii;is necessary to know the differences introduced
in the structure of flow from single phise rigid boundary flow. Some
of these aspécis are discussed in this chapter; A gfoss measure of the
change in turbulence characteristics of flow over sand bed‘channels is
provided by the -hange noted in the value of von Xaruan's x. This
change is analysed in Chapter:VI for th04Velocity profiles observed in

the flumes.

Effect of Bed. Forms .

The most important aspect which differentiates 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 thgt
corresponding to beginning of movement (e.g., Shields' qrite;ion). sand
bed channels are not different from rigid boundary chanﬁ;ls,”efcept with
regard to the porosity of the bed. Flow resistancg is the only aspect
involved and can be analysed as for a rigid boundary with sinilar rough-
ness. As the shear is increased, 1ndiv1duyl grains staft to move and
the intensity of movement increases with inchasing 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 sfstematic study bf these forns,_the conditions of their
form#tion and characteristics of flow resistunce and transport associated
with ind;vidual forms, was one of the objective of the flume studies |
carried out by Simons and Richardson (1963). They divided the bed
forms into two different regimes, lower and upper, with a transition
region b;tweeﬁ. This classification is based on the mode of transport
and energy dissipation associated with each regime. A criterion for
the predigiion of bed forms, from known stream power and median fall
dianetex;'was also given b Simons and Richardson (1966), (Figure 4-1).

¥ﬂ; sequenco of bed forms occurring on sand beds witl: increasing
stream power is

Lower Regime

H
Ripples

Dunes with ripples superposed
Dunes

Transition’
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Upper Regime
‘Plane bed
:Antidunes
Standing waves
Antidunes
Breaking antidunes
LChutesqand Pools
| Siug tlow.
In general the transport increases from lower to upper regime with a
possible minor reduction as bed form changes fron dunes to a plane bed,
uhile the resistance t5 flow increases within lower and upper regime in
the sequence of bed forms given. In the lower regime, the resistance
is much greater than that due to grain roughness. In the transition
region, the resistance decreases from dunes torantidunes and is some-
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 phenonena. '
The consequence of the range of bed form, which can occur in a
sand bed, is that the boundary roughness is not a property of the sand

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

Plane-Bed Form in Sand-bed Channels

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 with significant movement of bod-material is a distinct

form wh{eh conthgn;‘all other feetUreQ’ef;flow in sand-bed qhanne;s'
except the complex boundary configuration associated with other bed
forms. it, therefore, providee an opportunity to study some aspeets
of flow in sand-bed channels, which cannot be isolated, in the prgﬁenee
of other bed forms.

There is some disagreement about the occurrence of plane sand-bed
conditidn in the lower regime. Mercer (1964) gave one point of view:
"In\}ne_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 immediately downstreal
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
mn. In the flume data, plane -bed runs in the lower regime, with
significant transport of the bed-material were reported for coarse

sand only (D = 0,93 mm). For fine and mediun sands, this form was

50
not experienced in the lower regime

Conditions under which steady plane-bed forms occur in‘the transi-
tion negien and the uppor regime can vary with tho fall dianeter nnd
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 "max
Fall diameter B 7 2 (ft 1b per sec
(mm) _ -.Flume . . (1bs per ft7) per ft width)
.18 - .19 -8 ,.054 - 'aOSS .202 - .299
.27 - .28 8 .057 - .090 209 - .416
.32 - .33 2! .092 - 193 .563 - 1,273
45 - .47 8 106 - .251 460 - 1.783
54 2! 149 - 193 826 - 1,225
lp 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 is omitted.

Within ehe range of dep;h and slope studied in the flumea, it can
be stated ahat fhe maximum value as well as the range of Pmax for
which plane eea cendition can be achieved increases with iacreasiag
fall diameter for a given flume width, but the range of Pmaxl'for a
given sand narrows.as the flume width is reduced.

In.eertaln transltions TUnsS, Sinona 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 regile
condl}ions can be achieved as 8 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 beh;vior. even iz the bed forns 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 (1957), when conparing velocity profiles in flows with and
without euspensions, that the sediment laden flow had & nigner 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 particlee on the velocity profile
is not disputed, there is considerable divergence of opinion on the
mechanism throuéh which it takes place. Vanoni and Brooks (1963)
and Einstein and Chien (1955) believe that the‘presence of sediment
dampens the turbulence and hence reduces eddy viscosity of the flow,
Einstein and Chien (1955) 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 vith the observed Kappa value
in flune 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 = .661 d to .01 d, was oetter.correlated with the observed values
of Kappa. | | | | | i

The study of Elata end Ippen (1961) was nade in a8 2 1/2 foot .

wide, 40 foot long flume with neutrally buoyant particles of specific
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gravity 1.05. Eighty five percent of the particles had diameters
between .1 and lSS m uith a uniformity coefficient (060/010) of 1.2.
The fall velocity of these particles was 0 1 cm/sec in wator and
volumetric concentrations of 0 to .27 were used In ‘addition to the
general hydraulic and depth measurements, turbulence intensities and
spectra in the moan flov direction woere also measured for some of

the runs. Observations by Elata and Ippen differed from Vanoni's in
the sense that the particle concentration was found to reduce the
velocity gradient near the bottom of the flume and to increase it (as
obsexved by Vanoni) in the outer rogion. Also their measurements of
u'? showed that its value increased with the concentration instead of
decreasing as might be suggested by the hypothesis of dampening of

turbulence. Elata and Ippen reasoned that the cffect of suspensions

-

was not to dampen the turbulence but to alter the structure of
turbulence such that in higher frequencies, the turbulence intensity
was increased in the wall-layer and this changed the equilibrium
conditions in the outer layer, to result in an increased velocity
gradient there

The value of Xappa was measured by Elata and Ippen, from the
tangent to semilogarithmic plot of the velocity profile at the surface.
They found that X thus measured was a function of the linear
concentration of particles A as x = «x (l - Sl), where %o ,.the

value of von Karman s Kappa in clear water flow is 0. 40, The'velocity

profile was deduced from their observations as

T R T : L :
e Yy L ey Gre00n (- PO (a-1)
;M..O?.",":- Lo YRS SR T
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where Uiax is the;maximum velocity at; the su;face.,;u.d--is;tho
boundary shear velocity,:»y:. is the; distance from bed and .d is the
depth of flow.

Hino (1963) developed ¢ 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
reduciion'in turbulent viscous dissipation. He also derived the
accele;;uion 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. I!ncorporating these two
concepts in the velocity distribution equation, hs integrated the
velocit& unuauion and further obtained prediction equations for «x,
decay time of éddius; eddy viscosity ¢ and u'? 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 (Hino, 1963) defiVeu from the energy eﬁuation for

density-varying flow as

1 . B (r-1) Cog w(d-$,) : ,
= ‘—- + 3 h (4'2) :
o U,o(ln 3: - 1)

X |-

where

K ang,:5° are the von Karman's Kappa for sediment laden flcw

and clear water, respectively,

C, 1is the average volumetric concentration of sediment in the flow

section,
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Y 1s'thb'speéifinweight'ofithe paterial in:suspension,
w *is: the fall:velocity of the material: in’ suspension, -
d is the depth of flow,

'63“fis~the’thickness of’ the viscou:: sub-layer, -
Uyé'isfthe'shear=velocity and -

g is'the gravitational acceleration. -

.
Sediment Sucpensions as Two-Phase Flow

Flow of solid-water m1xtures has also been studied as a two- phase
flow probleu, in which the interaction of the so .td and liquid phases
has been censidered to a varying degree A summary of the developnent
of two-phase flow.theory is given by Vasiliev (1969) . In Appendix A,
equations of motion for a two-phase solid water flow are considered
and exprcssxons for continuity, concentration and shear are derived
for open channel uniform flow. Equation (A-34) gives the shear for

these conditions as

NPT vy R - ; : - : -
‘xy pru'y (ps pf) uwe, (A-34)

[y

It is not possible to solve thxs equation on the basis of a
phenomenological theory of turbulence (e.g., Prandtl's etc ), because
the volumetric concentration c_ is unknown. In one phase turbulent

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

SR I 93737 s v (1- ﬁa .

Xy (o) Yo i

Subscrieiiug-iﬂe sinﬁle'ehese flow as £, Eeuétfoﬁ (A-34) can be ‘re-

written as
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%o (1..7..5.') .

Tof(l nuia‘-_(os - °£)'"y LI

gice) s
Also, in the outer layer

' du
(11- - ox2y2- 2
T, (11-.4) = px?y (—&-)
and for sn§11 Cyr P ®Pg

therefore,

]

. (Ds - Df)uy v oc,
Q- 51)

%o

2. N (4-3)
The average value of 'x/xo in the outer layer would be the average of
the right‘haﬁd'Sido, over the outer layer. Since uy and c, are

not known yet, one could replace the local values by average values -

and a function of the related variables. Thus

X | (3 -0 ) vwe 1/2
o s f v
—u (1 ¢ . .« £.) 4-4
X ( pf U.o2 1 ( )
du

where? fl- fx [{','. 372- M, €, U'o]° Zagustin and Zagustin (1969),
derived a similar form for x over the whole depth of flow and

showed that

Ko . wa P, = P Vow ¢
‘:‘ - /1 +96.5 (—F) ¥ ' (4-5)
o Pg U*o

.
.
e .

fits Missouri River and Vanoni's data among others.
All the models of the pffe;t of suspersion on the momentun dif-
fusion of flow discussed above, express x in terms of the flow and

sediment concentration parameters. In utilizing the change in «x



for predicting the velocity distribution in flow, the gross resistance
of flow or the sedimunt transport, these parameters. are not known .

a priori. Therefore, a prediction of x cannot be used in for-glating
a resistance or transport function for flow in sand-bed chanials; wa?“‘
over, the study of effect of suspensions on tufb?i;nt characteristics

of flow 1is important in the context of the theory of turbulent flows in
sand-bed channels. For this reason and for eliciiing some of the

problems involved in defining x 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:flqu, th;.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 partly immersed in the viscous layer exist.

In disgqssing the stfucture of the innqr layer, it has been
stated (éﬁapt;f Iffijtgaﬂpiﬁ tgrbﬁi;ﬁt floﬁ, the reference length for
similarity of‘th; fléQ ové} a ;oﬁgh boundary is a funétioﬁ of.the
relative thickness of the viscous sublayer and the roughness si;e. ih
the smooth to rough turbalent flug?trgnsitiqn.‘thg rgfgrencé lengthiﬁ
is a function of the roughness Reynolds number Rks’ whereas in the
fully rough flow (R, > §5) the reference length is proportional to
the roughness size alone. It has also been ‘stated that the viscous
sublayer does undergo periodic growths and bursts and that eddies can

penetrate into it.
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It is easily visualized that when grains r' the boundary are
moving"gdA}tional disturbances in the yiscouszgublayor are being
created by this movement. Depending on the relative size of grains |
and the fgblayer'thickness and the intensity of grain povenent, the
sub{ay&f would pe bursting from point to point into turbulent spells
nor§ fr;qgent}y than in the absence of movable grains. Result of
this activity Qould 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 this:connéction stated: "Por flow with a suspension, however, it
is doubtful 'i{f one can defino a laminar sublayer at all".

‘Apart 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
dorived an additional shear term, which was added to the turbulent'
shear to yield an origin correction (e in Equation 3-10). This term
depends on the size, specific weight, rate of transport and angular
rotation of the particle. Yano and Daido (1969) studied the velocity
profilek‘in‘a 30 cn wide flume with spherical particles 7.43 ca in
oiameter and a specific gravity of 1.44. By introducing some correction '’
(based on other experiments) in' the angular velocity of a rolling-paifiglgi
they were able to show that, with the change in ordinate, a logrithmic '

profile resulted with a constont x = 0.40.
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The ¢Efect ‘of contact losd on flou in’sind-bed channels is,
therefore:"tﬁoféia. By influencing the stabilit; of tﬁe}viicous sub=-
layer, it alters tﬁé'rodéﬁﬁésﬁ of the boundary and by‘induciﬁg addi:
tional shear close to the béundary, it causes a shift'in the viffuai ‘
origin for ‘the logarithmic velocity distribution. Both aspects'wiil be
subsequently used in foriulafiﬁg'a resistance function for sand-bed

channels.

Effect of Bed Porosity

Sand-beds are porous in contrast to rigid boundaries. In natural
channels the bed porosity can be important, due to seepage inflows or
outflow, in determining the bed forn (Simons and Richardson 1963). In
flupes, because of the small hydraulic gradients, there can be no
tangible net flow through the bed over the flume length. In the dune
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).

In a plane bed, athough there are no local hydraulic gradients ..
imposed on the bed, the porosity can affect the flow close to the wall,
in two ways. At an impervious wall, the no slip criterion (%%ln_OJO)
has to be satisfied at the wall. In porous boundaries the velocity..
yould dg?p,at the boundary, but to a non-zero value. The effective
wall sprface may therefore be located below the_bpgndary, thereby
yielding a larger equivalent roughness size.

Porosizy of the wall can afso have an effect on the

turbulent velccity fluctuations at the wall. For an impervious
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boundary ;these.fluctuations have to vanish at the boundary.. On a .
porous ;boundary they may not vanish, thereby yielding a smaller viscous
layer thickness 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 foam.,of 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 spproached.

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 by 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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equivalent sind .roughness 'in such:channels“and to-affect: the -hydro- i i
dynamic ‘roughness ‘of the!boundary. :'This-influence ‘is investigated for--
plane-bed cruns’in Chapter VII and the results are used in the resistance:
analysis:suhseéuently made. Influence of large roughness-oleneﬁts'in~'
the shape of bed forms and of -the contact load has been found to jaduce
a shiftin:the effective -origin of the velocity profile. - This is used -
in Chapter VIII in conjunction:with' the velocity- distribution proposed
inﬂChaﬁté; III. The shift in the origin. e, the ‘effect ‘of suspension
on the:turbulent characteristics and the change -in eddy viscosity

caused by the large roughness elements (bed forms) are all combined

in an effective shear velocity in the inner layer, to define a
logarithmic velocity distribution based on x = 0.40. With this
approach, the ‘change of «x ‘value in sand-bed channel flows, needs to

be investigated in the outer ‘layer only -and this is done in Chapter VI.
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CHAPTER V
- PROPERTIES OF NATURAL SAND-MIXTURES

In‘ghabgtudy of flow and transport phenomena in sand-béd channglg,
sediment properties enter in two ways. Sediment moving as a contact .
load determines .the shapq and angularity of the bed forms, while that
moving in, suspension 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 partic}e
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 particles as .they are resting on the bed (Lane and Carlson, 1954)
and their hydrodynamic stability or instability during free fall
(Stringham.et 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 size have been
defined variously. Current (1970) definitions for these proporg?es
are given. in the progress report of the ASCE Sedimentation Committee

(1962)
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Shape is defined in terms of sphericzg;ffahich is the ratio of the
surface area of a spnere of .the same volume of the particl;“to the
surface area of the particle itself. Wadell's (1933) definition of
sphericity is.tne‘retio of the diameter of a circle of the same area as
projected by the particle (when resting on its larger face) to the dia-
neter of the snallest ‘circle circunscribing this projection. This is
roTre convenient for sand size particles In the fall velocity studies
of sand grains, the'shape is defined by Corey's snape factor c¢//ab
where &, b and ¢ are respectively the longest, intermediate and
shortest nutually perpendicular axes of the particle

Angularity of a sodiment 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 p;rticles is defined either in terms of the sieve
opening diameter.through which the particle will just pass or as the -
sedimentation'dianeter, which is the diameter of a sphere of the same:
specific Qeight‘and terminal settling velocity as the'given particle °

in the same sedimentation fluid.

Variation of Particle Properties in Natural Send4ﬁlxtnree'

Sands found in the beds of hatural streams are'"product of both-
heritage and'envircnnent“ (Pettijohn; 1957).° Size, gradation,- -
sphericity,'rcundness, shape factor and other characteristics of sands‘ -
are depen&ent on the litnology"andlecructure of the parent rock as well:

as on the mechanical and chemical agents acting during transport from -’
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thoir source of origin and the process,of transport. In sands, the
lithology and structure of the parent rock becomes less important. .
The sphericity and roundness. of sand, sizes are theoretically, mutually .
independent properties of the particle geometry. In nature, because
both the.sphericity and the roundness are related to the history of
abrasion and transport of the particle, these properties are closely
related to each other. Both the sphericity and 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 (2.6S). However, the size shows the largest
variation of the particle properties within a single sample. Distri-
bution of sizes in a sand sample is usually given either as a frequency
or cumulative frequency function of sizgs by-indicating the fractions

of the sagple welght in cortain size ranges or below certain sizes.

The latter method is more common becaus; the frequency distfibﬁfipn
curve is dependent on the number of classes selected if such ;;nu;bprr

is too small.

Size Classes for Sand Mixtures

The original classification of size ranges is due to Udden
(Pettijohn;{1957). This classification covered sizes from clay to:

KEY: oot ..
boulders and as such had to be based on a geo,etric scale to represent
LI IR
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all size-classes: It used iarger units for larger sizes and smaller®” *°
units for smaller sizes.’ Udden selected 'l 'millimeter as the basic scale
and derived all other sizes in r~tios of 2. This scale had a diadvan-
tage because in well-graded sediments it'yielded few classes. The =~
introduction of a 'vZ class interval by Taylor increased the number
of size-classes but resulted in odd and irrational sizes. ‘In"1934
Krumbein (1934) proposed his phi-scale to overcome the disadvantage

of irrational class limits and mid points. There have been other scales
of class limits proposed beside those based on ratios of 2 and' /2 .
Somewhat similar to Krumbein's phi-scale,‘GoncharoV (1964) adopted a
grouping system in which the classification group number is about twice
the logarithm of the average grain size (in microns) of the group. The
scale currently accepted in eﬁhiﬁeering (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 om and a class

ratio of 2’ is given below:

Scale of.Sand and Silt Sizes . .

o ) Size limit

Class name ' B ™ " microns

Very coarse sénd ' é-l o - fOOO-lObO
Coarse sand 1k1/2 .000-500

Medium sand 1/2-1/4 $00-250
Fine sand 1/4-1/8 250-125

Very fine sand 1/8-1/16 125-62 .
Coarse silt - 1716-1/32 - 62-31"

Medium silt. 1/32-1/64 31-16 .
Fine si}; ' A }/64-1/128 16-8“

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

It has long:been recognized-that the frequency.curves of natural
sediments are skewed. For such distributions it becomes. necessary to
specify more than two paramoters. In geology, four attributes of
measured frequency distributions are frequently used. These are
as follows:. :

(1). Average taken as the.median size (50th.percentile)

(2) .Sorting.coefficient as the square .root of the ratio of 7Sth
and 2Sth' percentile

= M55/Dys -

(3)" Skewness as the ratio of the product of 75th and 25th percentiles
to the square of the mcdian size

_Dys a5

5o

(4) Peakedness or kurtosis measured as

Where D is the 75th percentile of the measured cumulative size

75
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.
Siﬁilarly the modal class in these mixtures falls in a certain well
defined size range. For alluvial deposits, the deficiency occurs in
124 mm size range and the modal class is generally found in'1/8 - 1 mm

size range. Different reasons have been adduced in the past for this’
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phenomenon. In 1914 Udden (Pettijohn’, 11957, <p, -48) 'ascribed the .
deficiency tb non-représentative:sampling. -:Pettijohn (1957, p.: 50)
summarized the possible causes of this deficiency by concluding that
either siuch-sizés ‘are structurally unstable or that the process of
rock disintegration is such that it produces -more -of certain sizes
and less of others. Pettijohn also considered the hypothesis of
selective transport, but observed: “'Hydraulic considerations might
preVéﬁE Eheif‘deposition'in"sono’particular!placo-oriwith certain -
other sizes but can hardly prevent their deposition everyvwhere.'

Yatsu (1955) studied the grain size frequency curves for the
- deposits of-graded rivers ;pvgqpsrg},Jppan, _He found that in the case of
deposits falling entirely in gravel or sand size ranges, the frequency .
curves showed only one maximum. For the deposits containing both gravel
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
always fell in 2 - 4 mm sizeﬂra;ge. Yats; a&so)observed breaks in the
exponential profiles of the river studied by him, which occured_when
the bed material changed from gravel to sand. He considered the profile
of the:;&;e¥;‘hb;ﬁ;asgiygﬁ‘}h; bed material ana'cghcludéa that the grain
size reduction from pnbbles (greater than 2 mm siio) to sand (less than
2 mm size) is a discontinuous process which rarely produced particles
in the range ~° . - 4 mm size.

In natural rivers, it becomes difficult to separate a cause from its
effects. .The river gradient for example is interrelated with the bed
and from Yatsu's 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 minimum and lodpl’class.ip.natural sand-mixtures is a
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result of the chemical and lechanical processes of size reduction as’
well as the mode of transport This brings out an area, in vhich the
aoplication of the mode of transport and difforential transport of
various fractions of a sand mixture may be iaportant

Another characteristic of natural sand-mixtures relatos to the
distribution of sizes within a sample. Some workers like Udden (1914,
quoted in Pottijohn, 1957), and Krumbein (1938) came to the conclusion
that sediment size frequency follows a lognormal probability distribution
Doeglas (1946) on the other hand,‘founq.that in the 5-500 micron range,
well:sorted.sediments; followed .a normal probability distribution.
Friedman (1962), after studying some 612 ancient and modern sand samples,
concluded that: although his: samples showed a departure from lognormal
distribution in the "tails'' as well as in the skewness and kurtosis,
the departure was not significant to invalidate the distribution
paraseters derived from lognormal distributions. In his study, Friedman
found an average value of absolute skewness of 0.76 and of kurtosis of
5.31 versus 0.0 and 3.0 for lognormal distributions.

Nordin and Culbertson (196'), 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 (1952), using river-bed sand'data=collected.by the Natural
1ose§rtn'Council of Canada’,'made s common plot of all,data, normalized

by dividing with the mean size (circa) of each sample,.on log probability
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paper. The plot showed that in the cululative frequency range of 10 to
950 percent the data were lognormally distributed

An impetus to the adaption of lognormai distribution to particulate
matter also came frou chemical engineering (grinding processes) and
sedimentary petrology Hatch (1933) pointed out that in the case of
non-unifonn particulate matter obtained by crushing, chenicai procipi-
tatien and other means, the frquency of particles by weight is log- :

‘normally distributed.

Processes Yielding Lognormal Distribution

The lognormal‘ distribution is so commonly observed in:nature that
" Alitchson and Brown (1957, p.2) state:

"Man 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:be -stated that if the.processes underlying

change ‘are multiplicative the resulting distribution is. lognormal
“just as when the'processes:aré additive; the resulting distribution is
normal,

A variate subject to-'a process of change is said to obey the law
of proportionate effect if the change:in the variate at any step of
the process is a random proportion of the previous value of the variate.
Thus'if"Xj ‘is’-the value of the variate at: jth . step and set {cj}

is mutually independent and also independent of (Xj},.the;process

fie Xj -“xj-l = cj}xj-i.
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has a proportionate effect. For such-e process, assuming.that the.
change at each step is small, it can.be.shown 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 ccn 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 th¢ for such processes the resulting distribution
is lognormal. 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 involQed in the generation of alluvial sediments
aré more coaélicated than the simple breakage pfocess assumed by the
above mqntioned aﬁthors. For alluvial sediments, at least two
.general processes are acting simultaneously; mechanical wear and
differential transport.

3g;pani;al agents working on the particles during transport are
mutuai iﬁpa;t, ;brasion and crushing of the particles.‘ Tﬁey are defined
as "abr#sion" due to the mutual rubbing of'particles, "impact" due to the
collision of particles Pnd "grinding" due to th;qérdghing of smaller
particles ?y 1ar§or ones (Krupboin, ié{l). |

The differential transport of a given mixture merely impiios that

smaller particles are moved easily aﬂd mbré rapidly than laiéor'safticies.
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This is of course directly related to-the mode of transport..Smaller.. .
particles will ‘cover.a larger proportion:of the distance by..suspension,
in which case they ‘are traveling at orabout the .velocity .of the
surrounding fluid medium. Larger particles, on the other hand, ; would
travel nostly’es!contadt’load;fwhich*movesfat puch. 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
concentration of particles’ and the velocity of flow:: In a given flow.
over a sand-bed the concentration of smaller sizes is more uniformly
distributed in the vertical while the larger sizes are more concentrated
near the bed. The velocity of flow increases with increasing height
above the bed. Thus, among the particles moving in suspension the
smaller particles on the whole are transported faster than the larger
particles Therefore, in s gisen flow, the downstrean transport of
particles in a sand bed is a function of their size at any stage.

The probability of necnanical wear is dependent on the size of
the particle and the presence of.other sizes. The product of mechanical
wear, in the case of abrasion is "dust" (Krumbein, 1961) and in the case
of impact and gr;nding is both 'dust" and larger sizes. Since impact
and érinding 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 nixtore, there always
are some particles which are mainly transported by suspension and others

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

fraction of a step (in space) which a particle travels by
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Since Eho chances of abrasion and impact are greater for a particle
roll}Pngﬁlﬁno.be§ thaﬁ the one in suspension, the probability of
mechanicai-;ear.of a particle is also dependent on its size.

P;pcpssos of nc;hanical wear and hydraulic sorting can, therefore,
be redﬁépa to "processes with proportionate effect’ and a theoretical
analysis bf thé-asymptotic distribution of tﬁo size frequency can be
nade.. This 1s_eas;9r for sand sizes than for the gravel sizes, because
the pfﬁ&uct of ;echanical wear in sands can be excluded from considera-
tion. H;wevof,ievalﬁation of set cj is not easy because the hydraglic_
conditions are implicitly related with the median bed-material size
and its digpersion. 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. Nev&rtheless, 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 Sowting

“ Sternberg (Lelliavsky, 1955 and Krumbein, 1961) had shown in 1875
that the weight of a pebble decreases exponentially during abrasion.
That is!‘ the change in the weight of a particle is proportional to' the
original weight and the distance travelled by the particle. Thus,

thre,;wt..is_thqhwoight of .the: particle after.traveling-a distance L,
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LA is the original weight and a is'a coefficient. Sternberg also’
stated théé'fﬂi gfadiehf 6} a'ﬁra&ed‘}i§éf:fdlléég.ﬁuiag;fifhﬁié éu;ﬁ;.
In many natural channels it has been observed that'ihé size reduction of
sediments follows an exponential curve as ‘stated by Sterhb;rg's law.
(Krunbbfﬂiﬁibii, ﬁafaj;'i964 hna btﬁers). For a time, it was believed
that since the size reduction f0116w3 Storﬁborg'gllaw, the essential
mechanisn in size and shape change was the one stated by Sternberg.

‘The mechanical wear of the paitiéles has been sfudied in tumbling
barrels b; Daubree (Krumbein, 1941), Wentworth (1915); Schoklitsch .
(Krumbein, 1941) and others. These experiments showed that for
"abrasion", the size, whether typified by weight, vblune or length
reduces by the Sternberg's relationship, but that the coefficient ‘a'
is a funcfiénTof the velocity of movement of the barrel, size distri-
bution of the particles and the kind of rock of the particles. Thiel's
experiionts'(1939) among others also showed that the raté of abrasion
of sand is much slower than that of gravels and larger sizes.

It was apparent from tunbling.bhrrel experiuenis that in sand
sizes the rate of wear is té; small to explain the size reduction
found in natural channels, and that mechanical wear is ineffective as
far as the size reduction of sand sizes in natural channels is concerned. .
The importance of h}draulic.sprting 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., (1965) ‘also concluded that in lower regime flows'#
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the median‘'disméter:and geometric standard-deviation of the .transported
material are smaller ‘thén that of the bed material. ‘(In the upper

regime both’the parameters approach:their values in the bed material).

Advantages of -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 ;re all other factors related to some power of the
diameter. Tﬁesé ihclude areas projected to the flow (in computing drag),
number of pafticlés 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 pérticular size fraction is assumed to be the same as
the percentage of the size fraction in the bed-material sample, then a
lognornal'distribution is tacitly assumed. Hatch (1933) showed by
mathematical analysis and by experiments that with a lognormal distribu-
tion the dist;iﬁution 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
disédséioﬁ of‘three such distributions and of the problem of estimation
of their paranoters is given in Appendix B.

Iﬁ thﬁ“r051stahco and transport phenomena, the effect of tails of
distribuilons are insignificant if the phenomena are time steady. For

example, in the case of resistances to flow, it will be shown ghﬁt;fhd
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grain roughness-is related to.the 84th 'percentile. . In;transport com-
putations, the lower tall is.more.important because of its.greater
contribution to.the-total sediment discharge,. than other.fractions 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
phenoaena, the range of interest of the bed material gradation is from
about 10th to 90th percentile. An analysis of bed-material size distri-
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
included both river and canal data. For rivers, the bed-naterial data
from Albuquerque and Bernalillo sites on the Rio Grande (Nordin and
Beverage, 1965) were selected, and for canals, West Pakistan canal data
(West Pakistan Wapda, 1963) were used.

Data reported in all these cases are given as percent finer than
standard diameters. For Rio Grande, these diameters vary from .062 to
16 =a increasing in ratios of 2, while for the canals the standard dia-
meters vary from 0.062 to .700 ma increasing in ratios of /71 In
generai these samples do apprpxina;p a lognormal distribuiion in the
bulk of the distributions, agd also have the usual deviatio;s ;t tﬁe tails.

(1) 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 lpcation o£ Qhe salpling.po;nt wifh“

respect to thg dune» if that happens.to be the bed fora. Brush (1965)
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has shown the mean partlclo size variation ‘along a duno surface ﬂe
concluded that evenly spaced surface samples along the dunos vould yield
a mean si;g smgller 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 h}drograph.
In rivers, the sediment available in the bed depends on the sediment
inflow from upstrean sections, bank cutting, tributary inflows, etc.
Since ell 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 pf a total of 139 observations, feli in the range 0.27 mm -
0.31 mm. This type of variation, but with c large range of median .
diane;ers. is also typical of the sand-beg reaches of rivers in West
Pakistan. Experience with the sediment samples collected Qt 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 gradgtion 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 Pso  Das
parameter and average quantile standard deviation ([0 = 3 D 5——9]
rott 2 16 So

for the 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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(tis Conclusion - The normalized distributions ‘are plotted on’
1ogi§r553${ii£y scale for tne:rirer'data'an'Piﬁure 5-1 and for the
canal data on Figure 5-2. The river data comprise 112 bed-material
sanples from tﬁo 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-naterial 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 paranetcr lognormal distribution was also
tried for the river data. fhc lower limit in this case was maintained
as 0.06é lﬁ because this size éenerally forns the limit between the fine
material and the bed-nateriai load in sand-bed channels. The departure
from lognormal distribution increased in this case.

The above analysfs 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 paraneters: the median
size and the geometric standard deviation. These parameters are
definedzin Appendix B and the relative merits of their methods of
estimation are discussed. For applieation 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 D ., Do, and Dg, are read to defirie the median and '

the average quantile standard deviation (o). With a given Dso and
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and o, computation of other percentiles with. the help of standard

0.385

normal distribution tables is an easy matter. Thus, 0654?1050 o

o8
0-0.385

and O, = . Lognormal distribution of sand mixtures in flunme,

35
river and canal data were ‘used in this.study, in the .computation of - ..
different percentile 'sizes, mean sizes of bed material fractions, etc. .
Use of this approximation to the actual ‘distribution is adequate for
most 6n§ineoring’conputations relating-to steady phenomenon in sand:bed

channels.. -
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. CHAPTER VI
ANALYSIS FOR von KARMAN'S «x "IN FLUME RUNS

Velocity profiles-in flov over sand beds are-typified by three .
regions. The region .close -to-the bed is directly influenced by the.
location .of the vertical with respect to the bed form. In ripple and
dune runs, -the flow separates:' from the boundary at the crest .of the bed
form to reattach on the upstream slope of the next form. A vertical
located over one of the eddy zones experiences reverse flow in this
zone and with the usual observations of velocity, it becomes difficult
to define an origin for the depth in the profile. In plane and standing
wave runs, there is no eddy zone, but the effects of contact load and
the uncertainty about the location of origin for depth, introduce a-
curvature in the velocity profile. In a region close to the surface,
there is a "cut-back" in the velocity profile caused by the secondary
current. In the middle zone between the surface and the lower zones, the
velocity profile is less effected by an error in the location of origin
for y (because of larger absolute values of y ) or by secondary cur-
rents. However, :n this region if the bed forms are large compared to
the depth of flow, the profile reflects the accelerations and deceierations
of flow that occur with vﬁrying depths as the flow travorses the bed forms.

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 velocitios in a flume is affected by the three dimensionality of the
bed forms. To gauge this variation in flume runs, the average velocity
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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and width ‘of the flume. It was found that, in general; the -average. .
velocity observed in the verticals varied from 0.8 to 1.2-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. ln 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 cffect is not generally noticed.

Ignoring the acceleration effects, the velocity profile in the middle
region corresponds to the outer layer cf 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
the reciprocal of von Karman's r. The function B[ﬁii;] of Equation

(3-3), is not known in rigid boundary flow except that its dependence
U,

Umax
(3-3) would plot as a straight line on semilog paper and the slope of

on is weak and generally B is taken as a constant. Equation

the velocity profile would give the value of Kappa as
x = 2.303 U,O/(u2 - ul) (6-1)

where
U,° is the shear velocity ¢t°7p and

(u2 - ul) is the difference in velocity over one log cycle.

In the presence of local acceleration of flow, the observed value
of x increases because the accelerated flow tends to be more uniformly
distributed in the vervical. For decelerations, the offect may be the

opposite. Downstream of the bed forms, where wake effect of roughness
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elements isrpresent;:values,of =« @&y increase or .decrease depending, .
on the relative .effects of deceleration and the wakes. If one can
accept the concept of an average velocity profile in a sand-bed flunc-
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
of x defined,in Equation (6-1). . In the absence of such an observation,
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 dependonce

of x on alluvial flow parameters may still be studied. It is under-
stood that the accuracy of such a derived correlation between «x and the
flow parameters, would fall with an increasing noise (change in x due
to local acceleration effect) to signal (change in x due to alluvial

flow parameters) ratio.

Analysis of x for Flume Data

In the flume data, velocity profiles have been observed for 252
runs out of the total 339 runs. Seventeen of these runs have no
sediment discharge becaute 1, < T.. For the 8 foot flume, the section
in which the velocity proriles were observed, was located from 95-115
feet from the head box. In general, velocity profiles on three verticals
at 1/4, 1/2, 3/4 width from the wall vere observed. In some runs only
one vertical at the middle of the section was used.

In this study, all the velocity profiles were plotted as log of the
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 forp. the total depth in the vertical may be more

or less than the mean depth of flow. Some typical profiles for
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different bed forms are shown in Pigures 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 depth and the upper region
constituted about twenty percent of the local depth. These two regions
were‘excluded from the analysis for x. 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 « 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 iine was obtained by a least
square regression of log y versus uy (Draper and Smith, 1966). 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 Ho
at an a level of 0.95. The velocity profiles for which Ho was true
at this a level or which had fewer then three velocity points were
eliminated from the analysis.

The average shear velocity, U'o in the flow section was computed

as v/gdS and the values of x were computed from Equation (6-1) for



each observed vertical in the flow section "Tﬁervalue of"x' for’a flow
section was assumed as the average of K values obtained from the a
individual verticals This value is labelled X
Shear velocity in the vertical may also be defined as the local
hear velocity u, o based on the local depth, dz. Average values ofA'
x in the flow sections were also computed with U, and labelled Koo
An attempt was also made to generate a composite velocity profile
in the central portion of flow depth. This was done oy normalizing
the individual velocity profiles in a section over local depths and
a.crage velocities in the verticals and treating the combined-nornalized
profiles as one profile. The «x value from the composite normalized

velocity profile was computed on the basis of U, . This value is

labelled X0

Various parameters have been suggested in the literature for
possible correlation with x in sand-bed channels. Some of these have
already been introduced in Chapter IV'in the discussion of the effect
of suspensions. In general, the region of flow over which these
parameters are supposed to predict the value of x are not detailed.
As seen from the discussion of velocity profiles on sand-bed channels,
one logarithmic velocity distribution cannot be applied to the whole
depth of flow. Nevertheless, all the parameters reportedly correlated
with x were computed for each flume run and their correlation with

x and <, and «x values were studied. These parameters are des-

1° 2
cribed in the following paragraphs.
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ParanetersiStudied-" -

(i) Einstein-Chien parameter - The Einc*ein-Chien parameter, as.
defined by them (1954) is the ratio of the power consumed in .supporting

the suspeﬁaéd load to the total power expended by the flow. This is

written as
ncCw p_-p
I 4 s  f
v (6-2)
i=sl S os

where

Ct is the concentration by weight of se§iment in the vertical
of a size fraction;

w 1is the fall velocity of the size fraction,

V  is the mean velocity of flow,

S is the energy gradient and

PP BTE 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.

Einstein's definition of suspended bed-material load (1950) extends
up to a bed layer of thickness equal to twice the mean grain diameter
of cach 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 Lecomes 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
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error introduced by the unsampled zone will be small. The concentration .
Ct in Equation.(6-2) 'thus remains a somewhat ambigious quantigy. |
The sampled:concentration for suspended bed-material load is
reported for the: flume runs in USGS Professional Paper 462-1 along with
the concentration of ‘fine sediment (bentonite clay) when it was used.
The nediqq 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
subject to errofs dﬁeréz air;éijkaétion 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
suspended bed-material load reported for the flume runs are indicative
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
the bed load itself. Some runs in the data, show larger measured
suspended load than the total load on this account. In view of this
uncertainty in the moasurement of suspended load, the Einstein-Chien
parameter was calculated on the basis of the total load concentration.
The median diameter of the suspondéd load in sand-bed channels is
always smaller than that of the bed-material. For the flume runs, the
average of the median diameters of the sampled bed-material suspended
load for individualrréﬁs was computed for the whole ser‘es of runs
for each sand. This average median diameter corresponded to about 9th

to 26th percentile of the bed-material of each series. For six sands

(Tables 2, 4, 5, 6, 7 and 8 of the flume data), the average suspended
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bed material load size was related to 12th - 18th percentile of the
respectiye bed-material. As an average, the median bed- naterial suspended
load ?iee‘was assumed as 16th percentile of the bed-material, 016'

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, 1is given by

4 PsPf
w'./(;i( pf)gon

where

D is the nominal diameter of the particle (i.e., the diameter of
a sphere that has the same volume as the particle),
is the drag coefficient for the terminal fall velocity and

all other terms have been defined earlier.

D in the case of naturally worn sediments is
wD
related to the fall velocity Reynolds number (—;20 and Corey's shape

The drag coefficient C

factor (c//ab). Graphical relations for CD are available in the
Inter-Agency Committec on Water Resources' Report No. 12 (1958).
Rubey (1933) had provided an equation to determine the fall velocity

of sands as

/% g(s,-100% + 36v% - 6v
W = 5 (6-3)

where
S is the specific gravity of saud,
v is the kinematic viscosity and

D is the particle diameter.
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Although, Equation (6-3) does not account fdf fhé'éhipb and other geo-
metrical propeities'of the particles it was used to determine the fall
velocity in this study because of the faciiity of its use on the computer.
The fall vofdciiiés were based on the actual kinematic viscosity v
reported for each run.

The éxpreésion for the Einstein-Chien paramétbr'was derived as

follows:
C.w '
1.65 t 16
2.65 V.S ' (6-4)
where
Y16 is the fall velocity for 016 and all other terms have been

defined earlier.

As an alternative to the use of suspended bed-material load size of

Di6* the Einstein-Chien parameter based on Dy was also computed as
C.w
1.65 "t 35
7.65 VS (6-5)
where
LTS is the fall velocity of the 35th percentile size of the bed-

material.

(ii) Shimoura's prediction equation for Kappa - An approximation
of Hino's prediction equation for « for small concentrations is given
by Shimoura's Equation (4-2). A value of 8 in Equation (4-2) was
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 084'

Shimoura's prediction equation was thus written as
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(Ds~of) V(d'D84) cV

1 1
—= —+ 4.8 (6-6)
K K o 3 d
0 f U'o (In s 1)
84
where
< is 0.40,
o
w is the fall velocity of the representative size,
d is the depth of flow,
084 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°%).

As for the Einstein-Chien parameter, two values of «x were computed
from Equation (6-6); one based on Y16 and the other on LETE

(iii) Fall velocity-bed diameter Reynolds Number - Abdel-Aal
(1969) had reasoned that since the upward velocity of an eddy close to
the bed can be assumed to be a fui.stion 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
for the grain

of x . He used w for the fall velocity and D

35 65
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 «x.

Tho parameter D6Sw35/v , which has the form of a Reynolds number
was also computed using two combinations of fall velocity and roughness
size as follows:

D W
65v 35 (6-7)
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and

D, W
_84 16 (6-8)

\Y

Since these parameters are only dependent on sediment and the fluid
properties and they dp}po;‘§pyolve the flow parameters, it does nét‘seom
correct to use these as predictors of «x. However, these two parameters
were studied along with others.

(iv) Elata-Ippen's linear concentration - In the analysis of a
sheared grain dispersion Bagnold (1956) introduced the linear con-
centration ) as the ratio o’ grain diameter and the mean radial
separation distance betwecn grains. This is related to the volumetric

concentration of particles as

1 .
Ao T 1L (6-9)
(1;3-1

where
Cv is the volumetric concentration of the solid particles and
C° is the maximum possible value of Cv.
Elata and Ippen (1961), also found that the x value obtained
from velocity profiles of flow with neutrally buoyant particles was

related to ) as

k= x (1-.152) (6-10)

The ratio between volumetric concentration Cv and )\ was experimental-
ly determined in their study for the particles used.

Hino (1963) had also considered the reduction in offective space
for the liquid to dissipate energy by turbulent viscosity as proportion-

al to (1 - ascv), where a is the ratio between the effoctive diameter
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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 Co can be obtained from soil mechanics texts. Terzaghi and

Pock (1948) give values of porosity of sands as follows:

Uniform sands, dense n, * 0.34
Mixed grain sand, dense n, *® 0.30
Uniform sand, loose n, * 0.46
Mixed grain sand, loose n, = 0.40.

The maximum volume concentration C° is given by (1 - min. porosity).
For flume sands, a value of Co was adopted as 0.70, corresponding to
dense mixed grain sands. Both A and (1 - .15)) were studied for
possible correlation with «.

(v) Two-phase flow parameter - In Chapter IV, a relation between
the x 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), fl accounts for the replacement of the

integration over the outer layer of the term zontaining the velocity
qy, the suspended load concentration <, and the median size of the
suspended load by their average values in the flow scction. The

analysis of data showed that a constant numerical value of 30 for fl

with 016 as the representative size of the suspended load yielded

better correlation with the x values than other combinations of values

of fl and representative suspended load sizes. Therefore, a parameter

T representing the effect of sediment suspension on x on the basis

f’
of the two-phase flow was defined as
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30(0‘;bf) Vw,C

Tf = (1:+: ps . }g Y) o (§'l1)
f 9’0 . AT
where o

v 15 the average velocity of fiow,
Cv is the volumotrié concentration of total tiahspofted load
(including the fine material load)

W is the fall velocity of the bed material ‘blé. at the given

6
viscosity,
U'o is the shear velocity and
PP are the mas; AQnsify of the sediment aﬁd Qatef, respectively.
In addition to the above ﬁarameters the Froude number of the flow
and the (dimensionless) Chezy's resistance coefficient C//g were
also computed for all the flume runs. Chezy's C//g is the ratio of
mean velocity to the bed shear velocity. This parameter represents the
overall resistance to flow and hence thé offect of bed forms and other
resistance characteristics of the flow. Froude number is important be-
cause of its effect on the bed forms and other characteristics of open
channel flow.
The values ¢f some of the parameters dofinéd above and of the «x
values Xy x., and XN for all the flume runs are tabulated in

2
Appendix C for reference.

Prediction of «x

As discussed earlier in this chapter the values of x obtained
from the individual velocity profiles arec not representative of the
ngverage' vertical velocity distribution in the flow section. In-

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 LY and : Kpe Assuming thz* the velocity

profiles- are randomly ‘located ovor the bed forms, the deviations from
the "tfhe" values of x can be considered as a random component. A
statistical’ analysis of x 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 threce kappas computed for each run X, (the value based
on local shear-velocity) and Kn (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 P and x, were dropped.

Out of 252 runs for which x 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
uot significant at an a level of 0.95. The velocity profiles for
the remaining 213 runs were further classified, 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 distribution extended beyond the mean hcight of the form above
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 acceptuble while the
prediction parameters were tosted for both the 'good" and the 'poor' runs.

The values of x, are plotted against:Einstein-Chien parameters

in Figures (6-15) and (6-16). Points corresponding to various runs are
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ropreiéﬁtéd~by'a~i5ttof'synbol‘rolated-to=the:bod form. .-Letters.. R,.: -~
D, T, P, S, A and C- stand for ripple, dune, transition, plane, .. : =
standing wave, antidune and chute-pool, respoctively. Also plotted on
these figures is the curve given by Einstein und Chien. Out of.148 . .
points plotted in these figures, only about a score fall on or about
their curve. All other points plot much higher. According to the
description of velocity profiles presented earlier, a correlation between
either of the parameters and 3 would have yielded an even:spread
about the prediction curve. I1f such a correlation was derived froa-
this data, the prediction curve would be much higher.  As.shown sub-
sequently, some other paraneters provide a better correlation with the
observed kappa values.

Figures (6-17) and (6-18), show -the observed 3 values -versus - -
the values computed from Shimoura's Equation (6-6) for Yie and Waco
respectively. Lines of perfect agreement are also- drawn on these . :-
figures. An attempt was made to improve: the correlation between the-
observed values of x and those predicted from Equation (6-6) by. :-.
using values of B8 "different from its -value (4.8) given:by Shimoura..
However, no definite improvement could be:made by: such. a. change.

Plots of volumetric concentration Cv'?and.linear concentration.-..
A versus computed x, are éhown~in‘figures-(6-19).and.(6-20);~»For
Cv' a ninimm eﬁvelope for « can be-drawn, Figure (6-21).shows
(.:o/.<1)2 plotted against 1.65 C,wcV/u2  (Equation 6-11).- Particle
size-fall velocity'paéaméters"w35'06s/v and w1608a7v:-aro:plot;ed.
in Figures (6-22) and (6-23). As expected, ‘no correlation between

these parameters and 'the observed kappa vdlues .is apparent...
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Statistical Analysis .

As shown by Figures (6-15) through (6 23), the paranetric relations
so far suggestod are not adequate for predicting the values of K
obtained. from the .flume runs. Considering the presence o} a random
disturbance in the computed values of x» @ statistical analysis was
made. to bring out the parameters most closely related with Ky This
was done by alstepwise regression (Draper and Smith, 1966) of theblog-
ari}nn,of .y versus the logarithms of all the parameters studied in
the aoove.ﬁ ) | )
Statistical relations in contrast.with functionai 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 randon errors. Tne problem of |
detegnining the relation between_ 3 and the flow and sediment para-
meters is akin to the investigation of a functional relationship,
between the dependent vaaiable Xy in which random fluctuation aae
present and.the independent variables in which measurement errors oossibly
exist. _Anotner problem, inherent to the field of sedimentation is.tnat of
mutual interdependence of the independent variables. In the geneaal o
problem of flow of water in a self formed sand-bed channel, none of{"”
.tne‘eariables can be strictly considered independent. It isronly in
fegard to the time scale of a phenomenon in this field _that one of the
.eriables may be taken as dependent and others as independent. This
‘oonplexity of mutual interaction has been discussed in the earlier
lcnaoters of this study. In the present context, it can be briefly -
restated that the mass diffusion of the fluid is influenced by the

o\,_i

forl of the boundary and the sediment-in- suspension and, at the,saﬂe
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time the boundary and the suspended sediment are strongly influencéd’
by;;ne fioo established in the section. Statistical analysis,”in’ such
cases can be used to bring out the relative importance of various
interdep;noent variables and a causal relation can only be adduced’
from the consideration of the physic.l phenomenon.

Stepwise regression, in general, proceeds from a correlation matrix
of tﬁé oependent ond.ali the independent (though iutuaily dependent)'
variables. The voriabievselected for rogreséion is the one most highly
correlated Vlth the dependent variable. After removing the effect of
this variable the method is repeated with the renaining variables.

This is,dono 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 paromotcr most highly'correloted with Kl" is the Froude number
F of thc flow. After removing the effect of F ', the next highest
corrolation was found with the gredation o of the bed material. In
the next two steps, paraleters 'I‘f (Equation 6- 11) and Chezy's C//g
'were the ones most highly correlated with ri; The following regression

equations were obtained in the 4 successive Steps.

0.528
Kl = F.—ﬁ' (6-12)
'60.34 x S
Kl =0 282;6—:7'{ . (6'13)
ou{3l . :
= 0.298 _ 6-14)
1 ';3.I§T76.15 o

¢ (6-15)
AT ¥
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The computed «x values are plotted versus these parameters in
Figgrg;T(§724) through (6-27). The best correlation is giveﬁ ﬁ) ﬁhe.
Equation (6-15). A discussion of tle variables in the dimﬁqsipﬁlés;'
parameter invqlved in Equation (6-15) can now be made. 7 |

bJ,Dgganqndana (1962) worked with two sands of median diane;erlpﬂ33uﬁ
but_ﬂ%ffq;@nt geometric standard deviations (1.25 and 2.07) to siud;'vr
the effect of bed material gradation on flow in alluvial channels. ﬂ;
‘noted, "...The resistance to flow covered»by form roughness of the
;radqd sand is lower than for the uniform bed material with the ripples,
_dunes, transitions and antidunes as bed roughness'". He explained the
higher form roughness exgerienced with the uniform sand in terms of
the:gplgpiye shapes and sizes of the bed forms experienced with the
"two sands.  In general, Daranandana found that the ripples formed Qith
the uniform sand were more angular and larger in both length and
_agp{i;ude.than those formed with the graded sand. With dunes, he
fognq that the dunes with ripples superpo;od.on their back were formed
in the case of uniform sand but not with the éradod sand. In the o
antidune range both the amplitude and amplitude-length ratié‘of ihe
_.antidunes formed with the uniform sand were greater than those
experienced with the graded sands. ' o

It appears that the more angular bed fo:ms of the upifqra sand o

increase the turbulence generation in the inner layer and the d;ffusion
of small scale turbulence to the outer layer is consequently increased.
This, changes the equilibrium condition in the outox.}ayor‘gnd‘increases
the mcan velocity gradient in it. Value of «x .}n th?_gpte?_fayer would
then be smaller in the case of unifpr?,sanas esJ??flpcsqg_by §gu§t;on=:

(6“15).'.
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The relationship between the n"JaiﬁJ in'a two phase flow = e
containing sedinent in suspension was derived in Chapter IV (Equation
4- S) as inversely proportional to the square root of Tf In Equation
(6-15), the index of Te is found as 0.11 against 0.5 predicted in
Equation (4 S) Paraneter Tf involves the ava-<ge velocity V: the
shear velocity U, , the total volunetric concentration C and the
fall velocity “16‘ Thorefore, it is related to the Froude number F
and resistance coefficient C//g . The reduction of the exponent of Tf
from 0.5 predicted on the basis of two phase flow analysis to a value of
0.11 in Equation (6-15) is caused by its interdependence on other paraneters
in the equation and therefore,'is understandable. |

‘The Froude number F, determines the relative phase of the bed
ano the water surface. 7he interaction between the two is therefore, related
to F. In subcritical flov the increment in average velocity of flow
over a positive step would increase with increasing Froude maber of the
approaching flow. In supercritical flow, the water surface is in phase
with the bed and the decrease in averago'velocity over a similar step,
vould.oe.doretwitn‘higher 'F values of the approaching flow. Thus, the
effect of increasing the Froude nuaber in both subcritical and supercritical
flow is to increase the successive acceleration and deceleration as the flow
traverses the bed forms. This should result in a more uniform velocity
distribution in the outer layer with an increased « value. Relation’

between «, and F in Equation (6-15) 15. however, opposite to this' '’

1
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 portidi”’

of the velocity profile, which followed the log-velocity relation, ' !
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The Froude nuabers for different runs co,pqted from the data given by
Sayre and Albertson (;263, Tab%g‘l) are Pﬁé%?°é_é8§?ﬁ3t 3 ip Figgre
- (6-28). It is seen that (for higher roughness conceqtrﬁtionsj < in-
creases with an incruasing Froude number as argued asovg. The cdnéf&dié-
tion between,;he;rigid boundary and alluvial channel flow éaﬁﬁot ber |
explained at present and must be connected with the behavior of the bed
{oras with the Froude number of flow.

Chezxzﬁ dimensionless resistgnce coefficient C//g is the ratio
of mean yqlécity to shear velocity. In the review of rigid boundary
turbulent flow, it was stated that in the outer layor velocity defoci
law (Equation 3-3),_ B has a dependence on U'o/umax . This does not
imply a dependence of Kappa on this factor. Ih'lok;velocity equations |
for rigi@_boupdary flow, a higher value of «x is associated with a |
lower vglup of the resistance ;éefficient of flow and vice versa., The

relation botwqcn x, and C//E in Equation (6-15; indicates a similar

1
trend.

The above discussion of tho‘parnneters contained in equation (6-15):
indjcates that in sand-bed channels, Kappa in the outer layer is rolated:
to the total suspended load as ue}l as to the parameters representihg the
shapg,;goqqentrqtion and angularity of the bed forms. This conclﬁsion is
significant because so far studies éf Kappg value have been generally |
restricted to the effect of the suspendedlload.

fn 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

charactcrized by two breaks. Therefore, an average slope of the profile
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over the whole depth has no significance The prediction Bquation (6-15)°
has been deternined fron shallou flule flows and these ‘data show '
greater variation in the profile slopes ‘due to the effect of bed forms.

It is not discernable with the data in hand, as to how this equation

works for field channels. However, the advantages of deriving this
equation-fron'flume‘data, have been the use of a larger range in the
values of bed material standard deviation, Froude number and Chezy's

c/’g , than are available in the data for natural channels. This pre-
diction equation is eupirical and restricted to the data from which it has
been derived.

In riéid boundary hydraulics x is raken as a constant. However,
Kappa enter;‘tne resistance equation. If a resistance eqnation 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
deternined unless both the resistance and transport functions have been
solved Hence this study of Kappa perhaps cannot be used in the
transnort and resistance functions, but is useful in as much as it

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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. CHAPTER VII .
_Rssrsi'Aﬂcé FUNCTION FOR PLANE SAND-BED FLOWS

The characteristics of turbulent flow.in rough and smooth channels
has been discussed in Chapter II1I. For engineering.purposes, a
rosigt;ﬁce function is required which relates tho:6verall 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"o 2 |
f=38 GTTQ (7-1)

where
V is the average velocity of flow and

Uao is the shear velocity /r°7p.

The logarithmic velocity distribution (Equation 3-1) can also bé *

written' as
U e e .
UL “w A In'L- - (7-2):
%;9 \‘XQ’

where

Yo is the distance from the bound#ry Atiwﬁié; the velocity is
zero; “‘Equation (7-2) may not represent the .actual velocity distribution
close to the boundary (e.g., viscous sublayorf.’sut 15 éonvenient 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 Karman's x. Nﬁnggfpgl'values of ‘x- and 'y - ‘have - e
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been obtained from Nikuradse experiments'on:artificially roughened pipes
as «x = 0.40, y % 0.1v/U, for smooth-turbulent flow and y, = k/33
for rough-turbulent flow. The resistance functions for the turbulent

flow in'pipes are (Schlichting, 1968) -

| _RU,
=" 2.0 10g-(4.51 —) (-3

for the s!qothvboundary and

1. . ~ R +
=—'="2,0 log (14.8 — (7-4) .
/F ks

for the rough boundaryl,

where
R is the hydraulic radius of the pipe,
ks is Nikuradse's roughness height and
v is the kinematic viscosity.

Equations (7-3) and (7-4) can be written in terms of Yo 88
e T N . - . ‘.

1 R
2 = 2.0 log (.451 =) (7-5)
3 Yo

In order to obtain one resistance function for the whole ;gnge,of.SQOch-

turbulent to rough-turbulent flow, Colebrook and White (i939), conbinéd

values;of Yo for the two regimes as

1 e oaae i, ks 02,51
L 5-2.0 log’(= o1 2223 (7-6)
v 14.8R R"f

lValuovaof the coefficient on the right hand side was found by Prandtl as
2.0 from Nikuradse's data. For a value of « = 0.40, the value of 'the -

coefficient would be 2.03 instead of 2.0.


http:log:C14.8R
http:log.,(4.Sl
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For open”éﬁnnnel'fiow; Keulegan-(1938) ‘applied the log:velocity law
to Bazin's'datd to obtair equations which“can be'written-as: :i

1 e Ru'o
— = 2.03 log (3.67 —) (7-7)
'/? o, v

NEE
for the smooth channels, and

1. 2.03.1008 12,27 & (7-8)

/E ks

for tnghrpqgn,channpls,_wherp 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

. e RU,
2« 2,03 log (2.59
/'t

S (7-9) *

A resistance function covering the smooth to rough-turbulent range for

open channel flow was given by Thijsse (Silberman, 1963, p. 106) as

12.2 R
=:2.03 log (5787 5 + s o -10)

1

7
Where 6v: is the viscous layer thickuess (11.6 Y/U'o) and .ks is4the
equivalenf roughness size. Einstein (}950), also gavs a function for
effective roughness in the transition zone which is similar to the
transition fnnctipn obtained from Nikuradso's data (Schlichting, 1968
Fig. 20-21). 7 |

The sand roughness used by Nikuradse consisted of unifonn size
sand grains, tightly packed and glued to the wall This roughness isA

accepted as almost a standard roughness and othor roughnossos (k) are
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expressed . in:terms. ;of it as equivalent rsand, roughness (ks) .SQP°.

values of ks/k quoted:by;Colebrook. and White (1937) are.given below:

Surf?ee ks/k
Uniform sand 0.35 mm diameter 1.36
Hamburg sand 1.35 mm diameter 1;64.
Cup-head rivets touching 2.6 mm radius 1.40
Pgiisﬁed spheres touching 4.1 mm radius 0.63
Cup-head rivels, S diameters apart 2.6 ma radius 0.12

For studying the effect of sand aixtures Colebrook and Nhite (1937) used
a basic roughness of 0.35 mm diameter sand grains with different pat- '
terns of 3.5 mm diameter grains. They found that the largoe grains, even
in small proportions, increased the roﬁghness 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 D6S
as tﬁe'equivalent roughness ks. Meyer-Peter and Muller (1948) defined_

D as the roughness size. Goncharov (1964) recommended that D95 be

90
taken as the roezhness size, while Engeluﬁd (1966)‘5tated that 2 D65
is the equiveient roughness size. Richardson (1965) found in the
analysis of plane bed runs that the representative roughness‘size'is
given by Dgc. An effort will be made in this study to resolve this
question of representative roughness.

Another problen in the analysis of laboratory studies of sand-bed

channels is that of difference in the roughness between the smooth flume

walls end the rough sand bed. If hydraulic mean radius 1§ used as ‘the *
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measure of flow depth and geometry, a scale effect is introduced due to

varying 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 EBinstein

(1942) and Johnson (1942).

Correction for Side-Wall Friction

The concept of separating the wall friction from bed friction.yaQ.
given by Einstein (1942) as:

""The 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 #s transferred
into eddy energy along the corresponding surface unit, and these eddies
are acc:lerated 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
radius .in:a 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 |
function for smooth pipes (first obtained by Prandtl), Equation (7-3).
In Einstéin's application of Manning's friction formula, the value of
n for thergail is to be known, whereas in Johnson's method, a trial and-:"
error solution is needed. Vanoni and Brooks (1957) ilpfoved Jghgson'g
procedure by showing that if the same average velocity ii apélicable'fo

both bed and walls, then
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~RooRr -
r L] ? '(7:‘11)- -
w
where o
' ARVV
Rw is the wall Reynolds number, " ,

Rw is the hydraulic radius associated with the ;alls Qnd

£, 1s the wall friction factor. Ce e e
Vanoni and Brooks also based the wall friction-on ‘the smocth-pipe
formulae (Equation 7-3) and their method of analysis obviated & tria
and error solution. '

As far as Einstein's first assumption is concerned, it’'is valid
if the flow along the'ﬁédn:airection'is'nof oscillating (as it generally
does in the presenée-of bed forné). However, a more logical division
of thé:flow section can be made along lines orthogonal to the isovels.
Since there is no shear transfer ac:oss these lines, the segments of flow
formed by them can be treated as entities. If one divided the wall and
bed reyx.ons on “he basis of isove!s, one would find that the mean
velocity in the segnent‘pertaining to the wall would be smaller than. '’
the néhh velocity in the section and still smaller than the mean velocity. :

in the bed segment. The effect of different mean velocities in the bed -

and wall segments is studied in the following pardgraphs.

Effect of Unequal Velocities in Wall and Bed Regions on Wall Correction

If the mean velocity in the wall region V_ is o ‘times the

mean velocity V in the section, using symbols of Equation (7-11),
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Also using the definition of £, Equation (7-1),

f f.
2w
Rw N T R

“"d.ta.
R
Sl B (7-12)
w A .

Since theltotal area.of flow is.equal to the sum of wall and bed
segments

2
2 fw

Ay nl g

where
W is the width of the flume,
(d§_f%s 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 aro as defined earlier.

The discharge in the wall and the bed ségﬁenis:aro'

T S '3f

w
Qs 2nvoe g R
Qb =Q: - 0‘

3 rfg
= W V d f72 q-v~'al Y R

and-‘the mean. velocity in tﬁa_bed sedment is,

ﬁ'd' fQ"'
==
E 3

-

N-2a

(7-13).:2:*
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From Equation (7-13) and using definition Equation (7-1),

s 3 3
1 -2 02 ( 1 ) w
£ 1 '\T « isl t

?E = (1 + 231) {

s f 12 (7-14)
1-2ad (—L) o
1 T+ Esl' £
where s, (the ‘nverse of aspect ratio) is given by d/ﬁ.
Similarly,’ the ‘expression for the ‘hydrauli&‘¥adius:of the bed
segment can be written as
-d{1-2ad i (=L ) (7-15)
R 1 T 1T+ fsl '

For values of a = 1, Equations (7-14) and (7-15) reduce to

fb 251 ,
and
2fw sy : y y
R, = d (1- - S 251)}. (7-17)

If the values of 'fb and Rb are denoted by a subscript o for values
derived from (7-14) and (7-1S) and subscript 1 for values deriQed on

the basis of a, = 1, the ratios of these quantities can be written as

Q2
Cme

51 f 3t % A2
q, U awm) @0 UoreaEs) O

fbl . . (7:18)
2 r ; in
bo Q-2 af (-i—,—l;s—l), (3':,% )
and o |
—sl fw
R, 1 - 2(1—;7‘;) h
R . - - (7-19)
0

2 1 w A
1-2a0 (3—7_5;;) (?‘90
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The order of magnitude of error introduced by assuming velocities
in wall-and bed segments equal to the mean velocity can now be -worked
out from Equations-(7-18) and(7-19).

. §
(For''s) = 0.5,7(z9, = 0.2 and a, = 0.7,
fo1,

- 1,06
oo

and

1 o g6

Boo

For S equal to 2.0, these values are obtained as 1,10 and 0.93,
respectively For a valdc of °1 <1, and ignoring the incquality of
average velocity in the wall and bed segncnts, a positive error is

M

introduccd in the bed friction factor and a negative error in the bed
hydraulic radius However, the above analysis shows that ‘the nagnitude

of these errors is small, as compared to other uncertainties involved.

'

Resistance Function for Smooth Flumes

" Por determining the friction factor £, Johnson (1942) used the
resistance equation for smooth pipes, Equation (7-3). Vanoni and Brooks
adopted the same function in deriving the £ versus R/f curve.
Equation’ (7-9):‘was obtained by Tracy and Lester (1961) ,from & highly
accurate’set of 50 measurements in-a 3 1/2 feet wide,. 80, feet 1opgaflu?¢,'

4 )

to 5.3 x 107, Their

covering a Reynolds number range of 3.6 x 10

resistance function, which gives higher values of f is more pertinent

to flumes than the Equation (7-3)'obtained from pipe flow.
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Since the*smooth<pipe eouation)continueSoto be used.(Abdei-Aal,”1969),-it
was considered feasible to check some smooth.flume, data against both the.
Equations (7-3) and (%-9). AbdelzAal, had-given the‘snooth flume experi-
~ental £ and R/f values from his experiments. These values fall on
Tracy and Lester's curve rather than on the pipe curve. Therefore, £or7
applying smooth wall correction, Equation (7-9) was adopted in this

study and a curve of f versus R/f values was constructed after

vanoni and Brooks. This is given in Figure (7-1), and its numerical .

values are tabulated in Tavle (7-1).

Analysis of Plane Sand Bed Runs

As discussed in Chapter 1V, plane bed condition in sand bed channels
can be exporienced in lower regine with no moveaent or with significant
novement with bed material size greater than 0. 6 om. This condition can
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.fioy_sections, .
Such runs therefore provide a:good opportunity-to study the questions. about
smooth-rough transition, equivalent.roughness, wall correction; etc.,
which have been raised earlier.

Resistance functions like Equation (7-6).and (7-10), which apply. ..
throughout - the range'of-sioothfto rough-turbulent- flows, .can be written

as
L0310 (6 1) (7-20)
%3
eyt

where the coefficient 2.03 has been retained to correspond to x = 0.40.

For Colebrook-White Equation (7-6), & is
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[ 1‘.8 ! - Y 1
£ —0 (7-21)

"R

For the values of Rks ‘from.S to 60, the value of { varies from 9.0 to .
14.0. Pactor £ 1is 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 S1 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, tho 13 runs were dropped.
Run 5-26 has some basically different characteristics from other plane-
bed runs and:was 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¢, 0.18mm - 0.93 mm °
Geomotric standard deviation, o ' 1,25 - 2.07
Flume width, W | - 2 feet - 8 foet
Mecan of depth of flow, d .30 feet- 1.03 feet
Aspect ratio (W/d) 2.81 - 267
Roughness Reynoids.number ' '
WagDo/V) o - 2.55 - s2.1
Flow Reynolds number (4dV/v § x 10° - 1.08 x 10°

All the runs were analyzed for ks equal to 033’.035'_p50’ 065’

067"084" and JDQO. These values of . ks were conputed,for.pqgh sapq
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as given in Table (7-2). For certain runs individﬁnl valuognof*ﬁedian.
size have been reported (column 13, U.S.G.S., pp. 462-1). Mean bed-
material ‘gradation. curves for each/sand were used in'proference to. the. -
size gradation”values’ reportéd: for individual: runs- because individual
samples can suffer from randomierrors. which: are eliminated in-the. average
of many samples. The analysis was'made both with and without:wall-.
corrections. “ When:wall corrections were made, Equations (7-16).and. (7-17)
were used’ to determine. the bed friction factor and the bed hydraulic ..
radius: . For determining fg‘} 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 £

was computed and values-of £ ‘were determined from Equation.(7-20)..
Values of the -aspect ratio, flow Reynolds number R and roughness.Reynolds
number Rks were 'also‘computed in eachicase.:’ - -

The values of €, for each combination of conditions were statisti-

cally analyzed for v;?;;qﬁqanQ frr possible correlatioﬁ yith the aspect

ratio (W/d), R and . R _. A two tail test for null hypétb°515 an an

a level of 0.95 (Draper and Smith, 1966) was then made, for each combina-

tion of these variables. . . |
The results of: the statiff}gal analysis of ¢ values and its_corrp}a: )

tion with roughness Reynolds number Rks are shown 19?;?10?(2-3) for

each percentile tesiﬁd; " Similar results for £'s correlation'with the

aspect ratio ;i% ‘shown' in f%bie’(?-h). Table (7-5) gives'a summary of -

the observed ‘dats <of runs’ used Yhithis analy'sis'along with the values Of

£, R, Ri; “and ihb\h§péét-rnti€\for both'‘the ‘conditions of .dnalysis, i.e., !
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with wall-correction and without wall-correction. The results shown in
Table '(7-5) are based on an equivalent roughness- proportional t0 * 084
The conclusions about the equivalent roughness size wall correction and

NI

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 coefficient of variance (which is.a dimensionless measure of
the spread of a distribution) in both the conditions of wall-correction
decreases as the effective roughness size is increased from 033 to |
090' The nininun 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 lognornai distribution for sizes from the
10th to 90th percentiles of the cunulative size distribution. At the
upper lilit 090’ however, individual samples do show some departure
from the lognormal distribution. Also in small samples, the error in

the estimation of D is likely to be large. For these reasons and for

90
reasons of convenience in the definition of effective roughness size it
is concluded that the effective roughness size in sand mixtures should be‘
related to the 84th percentile, which for lognormal distributions is

given by

083-' DSO'° 0 (7-22).

It will be subsequently shown that the friction factor f in plane bed

runs is given by
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l—_gsz.os log‘(2:4a§g—0:. (7-23):
/T 84

Comparing this equation with Keuleéanls‘(eouation 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 o§4 (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 flunes has already been discussed. It would
appear that once an appropriate correction for wall condition has been
made, the flow phenonena would be independent of the aspect ratio (w/d) “of
the flow section. Figure (7-2) shovs a plot of £ 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 therc is no apparent dependence of z on the aspect ratio.

(W/d), the application of the wall correction introduces a strong

S S
Ves.

dependence of { on the aspect ratio (N/Rb) of the flow section.
Correlation coefficients of ¢ with the aspect ratio (Table 7-4) show
that-for the representative roughness size 084' the correlation on
applying the wall correction increases from 0.255 to - 0.546 and the null
hypothesis changes from true to false. Since a higher & value is

associated with a smaller friction factor, it appears that the'uall
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correction. over-corrects to,the, extent,.that dependence on the aspect
ratio of flow becomes worse than it would otherwi;o‘bq.l It is difficult
to suggest a definite reason for this phenomenon without further experi-
nqntgl investigation. -

Lo .

Hoyeyer; it can be concluded that with moving sand beds with aspect

ey o

r?tgos of flow exceeding about 3, a realistic analysis'of roslstahcé can.
RN :

be made on the basis of the average depth'of fiow. without making any

S SN
wall-correction.

Smooth to Rough Flow Transition

The relationship between £ and Rks for the Colebrook-White .
transition function:has boen given in Equation-(7-21). Correlation
betyeep. £ and Rks for both the analyses of plane bed runs (with and
uithbut wall-corrections) are given in Table (7-3). The £ values are
plotted against corresponding Rks values in Figures (7-4) and (7-5).
Figure (7-5) also shows the relationship of Equati9n (7;215. Both the
figures and correlation coefficients (.069 and -.103) show that '£' has
no dependence on the roughness Raynolds number. o

It has been discussed in Chapter IV, that the effect of ﬁovement
of bed particles, as well as of the porosity of th§ bed, is to‘disrupt
the viscous sublayer. It has also been aFgued that thq rigid b;uq&;ry
smooth-rough transition is not applicable to moving sand bea§. Aﬁa}ysis

}

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'chahnd1s’ with'movement' of: the'bed’ material,> the/boundary: 1.

is always hydrodynamically rough.

Resistance Function for Plane Sand-Beds

As shoun above, the applxcatlon of a wall correction to plane sand bed

1

flune runs nakes their resistance factor dependent on the aspect ratio of
the flow section Also it has been shown that with the novement of the bed-
material, the boundary behaves as hydrodynamically’rough A questlon can
now be raised whether, the flow resistance in these rutis is related.to |
the x values obtained from their velocity profiles or to their

total sediment loads.

For a variable «x, Equation: (7-20) can be written.as

Lo« B2 op (e 5 | (7-24)
: 84 - . . .

/T oK

where the hydraulic radius R has been replaced by the average depth

d (for no-wall- correctxon) , 084 is the equivalent roughness size

for the sand-bed.and factor £ is'defined'ln Equation (7-20).
For the plane bed runs in which the velocity profiles had been

observed values of ; were computed for each profile on the basis of

~;H

U The average of these K values for the number of velocity proflles

.o‘

observed for each run «x vas-t‘ben:calculated.1 Using «x,, the

l'

| : .
e, '

value of € for individual runs was computed from Equation (7-24).
P S I L B | . . ' . :

These values of § were widely scattered and it was not possible to

relate these with the flow parameters. Similarly, the value of ¢

obtalned from Equation (7-20), were analysed for: a possible dependence-A

vo»
i

1. Refer Chapter VI, "Analysis of «x: .For Flule Data," for varloua“:
dofinitions of x in flume studies
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on the total sediment load. No such dependence was found either. From
the ana}ysis‘of fiu;oqaata iéfis éonélﬁdod that the resistance factor -
f for blane éand-Bé& ruh; 1s‘n6t related with the values of x obtained
from velocity profile§ orlwith the total sediment load of the flow.. -

T& evaluate the re;ist#nce function for plane sand-bed runs for

e, e, , , '
an unknown but constant value of «x , Equation (7-24) is written as

1 d
— =a+blog () (7-25)
/E Dg4
where b = 0'212 and
a=blog ¢.

Tho values of a and b for the 2-feet and the 8-feet flume data as

obtained by least square regression of L versus log (%;9 are
a=2,21 and b = 2,21,

Equation (7-24) for these values is

L.2aeg g2 (7-26)
%3 84

and the value of x 1is 0.368.

For a value of «x = 0.40, Equation (7-24) is

1 : d
— = 2,03 log (2.4 ) . (7-23)
E Dgy

In the analysis of x in flume runs (Chapter VI), it has already
boen shown that a priori prediction of x in flow over sand-beds is
not possible. Neither it is known as to how the average value of «x
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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equation_ for.plane. sand-bed, channels in this study The values of
observed. friction factors fo? and those predicted fron quation (7 23)
fp are given in Table 7-6. Also given in this table are the values

of total load concentration in PPM. In about tyo-thirds of the cases,
the diffsrence between the observed ane_the predieged values of frietion

factor f is less than or equal to 0.003.
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, CHAPTER VIII

' RESISTANCE 'FUNCTION ‘IN SAND-BED CHANNELS
Anp}ysi;,oflp}ane'bed Tuns (Chaptor_vllj,hés fhdwn ;h;t‘thé

equivalent roughness size of a plane sand-bed, 1n.terms of Keulegan's
resistance equation is given by about Sfl 084' This value was seﬁn-
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
:;~2f03 log (g-)

. .8

D B LI

Rl

where 'i: is termed the absolute roughness, and f is the Darcy-
Weisbach friction factor for the flow. This equation gives,

-1
2.03/F

k 's'd 10.
a

On the analogy of plane bed runs if the equivalent roughness for sand-
beds is related to 084' they can be made equal for simplification as

%s.” Pas

ey,

Then the ratio'of'absolute roughness to Nikuradse's sand grain‘ roughness .-

is
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For Keulegan's resistance equation,‘rkg/ﬁé;’i)b}08 and for plane beds,
k /D = 0.42. Values of the ratio of qbsqintehrcughnere,'ka to 084’
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). Tnus;“in sand-"

"l"',.

bed channels, the overall roughness to ‘flow in terms of k "has a 300
fold range';ith~the minimum value souewhat higher "than Keulegan's.
Evaluation of the resistance to flow in sand-bed channels has a)ways -
been ; nifficult problem. Except in rogime methods, which use =n
integral anproecn.te ali;viailiieve; most of the resistancs funitions
so far developed, divide the total boundary shear stress T in two
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‘
L 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
component relating to bed forms in such wethods is relatedito some form
of Shield's shear parameter. However, these methods do not mnake a |
distinctien between different regimes:of flow .and consequently.their
results are either valid for one of ‘the regiues:or7being 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,reginee,,‘Ihey:ceneidereq the‘ailuviai y
channels resistance as an adjustment in slope or depth, in the resistance
due to hydraulically smooth boundaries (Equaticn 7-9) and provided

curves relating this adjustment with depth énqgenergy gradient for

different regimes.
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. +iIn:addition to the.overall.resistance to flow, sometimes the vsrtical
velocity-distribution is required. for the flow .on sand-beds, as in the
computation of suspended load .transport and in other engingeriqg problenms.

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 I1I), it was concluded thht the uncertainties about the location]
of the origin for the velocity profile, the value of von Karman's «

t

and other factors can be combined to yield a velocity distributiqn-if‘

the inner layer in terms of an effective shear velocity U see

.oe »

Equation (3-14). ‘There ths ratio U Moy was;given aé;é-func;}pqwa}

*oe
of the roughness characteristics of the boundary and of other parameters
which affect the value of x . The eifective shear velocity in sand-bed
channéi#ﬁéagnof be pfed{éted directly because neither the roughness
characteriétiéé ﬁor x are known before hand. In Chapter-VI, the value
of « was.anaiyzed in the oﬁter layer of the flume runs from the
observed velocity profiles and it was found that x is related to
parameters which are not known a priori in problems where the resistance
function or the velocity distribution is to be used. However, the concept
of éffective shear vélocity in the inner-outer layer model of rough-
turbulent flows can be used to define the velocity distribution and
the resistance to flow in sand-bed channels.

fﬁ”tke,discussion'bf velocity profiles over sand-bed channels (Chapter,
VI), it has been explained that the concept of a typical vslocity profile °
in such chaﬁhéigwéhﬁ'ohly be accepted on the average. ‘Individual profiles

in sand-bed channoisiafé'iiiely to show large variations 'from the average -
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depending on their location with respect ‘to’ the bed ‘formé. - In:the following
paragrapn§ a velocity distribution 'is presented for such’an ‘average:profile.v
Consider the flow in a sand bed 'channel with“average depth 'd “and-

average velocity V.

—Ymox—"
1> «»+ == t=—Surface Cutback —..: :
: "4 Woter Surfooe qtl
, "“Surface Layer - g ,)
7’ RTINS < :
Outer Layer
Inner Layer Th
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 tae height of bed forms
above the mean bed elevation, a surface layer, which con;ains the effect
of cutback in velocity profile due to the secondary currents an& the
region between these. two lovers,-labelled as the outer layer (becau;;
it is analogous.to. the outer. layer of the turbulent boundary layer flows)
In terms of the dimensionless ordinate ns= l (y being the distance
from the mean bed elevation) the limits of these layers are shown as
" and Ny, Ordina;c,,no' is thq_gxstance'from the mean bed alnnation
at which the yolp;itx.1§_Pqualqt9“9.;_

Using. the analogy of .turbulent f}ogﬁpypg’nydrpulicaxly rough

boundaries, .the velocity distribution in these layers is,


http:limits.of
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Inner layer:

n_n<nl' o

o
un ) l"“ n
— = —1n (=), (8-1)
U'oe “o no '
14,
u =0
o

Yoo
O.uter layer:

mnIm
“max - n -1
o
L]
C S0
XK = x g8 [c .Fo > ]
o®l v’ /g U'o
Surface layer:
u - u
N - ' : '
—'ﬁx—— . 71 In(n) ¢ £, [n]. (8-3)
*
S0 :

Equations (8-1) -through- (8-3) are explained below.
In the inner ‘layer, the origin for measuring the distance.froa a
rough boundary for a logarithmic velocity distribution is below .the mean

bed clevation by a distance e (see Equation 3-10). .The value of «
: : S P I
in the logarithmic velocity profile (for the inner layer) thus ‘obtained

is dxfferont fron its "universal" value ‘o firstly bocauso of the

shift e 1n the origin and secondly due to the 1nf1uence of the sus-

pended lord, the contact load and of the bed forns on the momentum

1y -
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diffusion in the flow close to the boundary. All of these eftects 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 the

*0e’
origin‘ééf)the measurement of the distance n from the'bogﬁdafi b;congs
coincident with the mean bed elevation and the "universal'' value of |
von Karman's kappa (xo) is used.

In the outer layer, the inclusion of the shift e in the orig%phfqr
defining a logarithmic velocity profile becomes unimportant becaus; of the
larger absolute values of n. Also if the velocity profile is based on
the actual value of x , there is no need to introduce a change in the
shear véi;éity in this region. Thus, the velocity’défhct law, Equati?p
(8-2), is based on U'o and the actual value of X for the flow in this
rogion. As shown in Chapter VI, x in the outer‘};yer'is rolated to.

K, by a function 8 of the parameters given in Equaéion (6-15). For
a given sand-bed and flow, ) is a constant.

For the surface layer, the velocity profile is considered as- an
cxtension of that in the outer layer with the difference that there is
a cut-back in the velocity near the water surface. }n quption (8-3) ,
a correction term fl[n] is incorporated to account for this cut-back:!

For a given sand-bed andzflow,!nfle;is dependent.on: n-only. In .

the velocity: profiles observed:in.the.flumes, flln]. can be expressed .

as the parabola:

e, e 2 ceat RPN R o
= . )
fl [n,] ,_?1[{’_ 0‘.'8'\] _ for 0.8_ <n<l, | (8-4)

The coofficient al 1n Equation (8 -4) is a func‘ion of the secondary
. ) .. : o Lil -'vlu
currents and hence al depends on the geometry of the flow section the
SRR LN TS 1
distribution of roughness pattern across the suction, etc No attoupt
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was made to relate 8, to other parameters in the flume runs and an

|

average, va_iv.p of 8- 35.0 was found. In natural channels with non-
rectangular sections, the value of 8, would probably be smaller.
Using the form of fl [hn] given above the velocity distribution

in outer and surface layers can. be.combined as

u - u
max n -1 n
Ueg - x ) e 1) 8y {1 - 53]
for n <n<1 (8-5)

whare I(n) "1s'the indicator function such:that

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-
lapping region aroung n = n o the velocity profile in the depth of

flow can be written as

Uy, : S
oe n -
n " in (n_) for N <NEm and (8-6)
o (0
T
S | n U < o
up = =2 ) ¢ =2 1@ 1) U, 0,01 - 2 for nj<nc
n (¢] "o o081 " '
(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
(Equation 3-10) is negligible conparod witn t}:e; distancos fron tho’ o
boundary even in the inner layer. Also other conditions like the presence

of suspended load, rolling contact load and bed forms whién.effeét-,tho -
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momentum diffusion in the flow over umobile boundaries are absent. There-

fore, the vertical velocity distribution for such flow can be expressed

in terms of U'o and x, 8as
. —2 Ny - ' .
unp - ln(no) I(n) U,, 8, Q 573)
for ng £ns< 1.0 . (8-8)

In Equation (8-8) the subscript p refers to the rigid boundary flow
and for want of more accurate information, regarding.the difference
between the surface cut-back in the rigid boundary and the mobile
boundary flows, the form of f,[n] as given by Equ;tion (8-4) is
assumed. For similar sands in the rigid and mobile boundaries, the value
of n_ in Equation (8-8) is equal to its vaiu; in Equatioﬁgﬁfa-l)
through (8-7).

Equations’.(8-6)1 and: (8-7).can bo.integrated_fgr the flow over the

sand-bed and Equation (8-8) can be integrated for the rigid boundary

flow (with similar grain roughness) from No ™ 0 to 1 to yield
'\ﬂ»(."‘ ’
U g, (Vo ¢+ p,) ¢+ B
u.m3 (\11 f P )1. B : (8-9)
*0 Sp ot 2 -
where
1
Ve = 1/U, [ u - dn for the mobile sand-bed,
w4V ol B -

D U - e - ..
V_e1/U, [ u_ - dn for the rigid sand roughness,
;lo or! ng

DU |
o, = [ 1(n) a,(1 - n/0.8)* dn
LI0es o v
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and

Wig el f1 n e om )
By'= %y (1 ¢ Inny - ny)

Equation (8-9) provides a basis for deriving the resistance fupftion.'
for flow over sand-beds in terms of the velocity distribution. Tﬁi;
equation can be somewhat simplified by aSQuling that the unknown value
of g, is épprbxilqtelyﬁequal to 1.7/ Also, the value of p, is small
(0.14 for the flume runs) and since it appears as an additive tern to
both Vf
and the denominator, it can be ignored. Equation (8-9) then becomes

and Vp (which are of a much larger magnitude) in the numerator

U'OO . vf + 82 (8-10)
U'o Vp +B,

For the inner layer with ny = .15 this equation can be written as

(._g H

v Ve - 2.62
l_1122 - Vg;Lﬁfiii (8-11)
*o p. .

Using Keulegan's resistance Equation (7-8), Np is

V_ =2.5 1n(12 27, - (8-12)
P ks
where
mpte ot
» 084
"ks " Td. .
With a known value of Vf Dgar d--and S, the vertical velocity

distribution in the average velocity profile over a sand-bed: can’ be
computed from the above equation. To verify the above velocity profilo.
a conparison is nade with the natural river obsorvations given by Toffaleti

AV Yy . ot

(1963) for Atchaflaya River at Simmesport. For 8 084 = 0, 0049 ft,
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-4

= 10 and U,O/U = 1.8, the values of un/v for various

ks *oe

relative depths computed from Equations (8-6) and\}B-?)ra;e,given below,.
along with the average values from some 500 field observations reported

by Toffaleti.

.n qn/V 7 . un/v
Computed from Eq. o Reported by
'(8-6) and (8-7) Toffaleti (1963)
0s .755" ..
10° .814 .811
s .851 -
.20 .893 .893
.30 959 959
-40. +1.009 1.009
.50 1.038 1.042
.60 1.067 "'1.066 -
.70 1.091 1.085
.80 w1412, 1,097
.90 1.100 1.104

A plot of the two profiles is shown in Figure 8-2. The agreement

between these profiles is good and may be further improved near the

water-;urface,by-gpplying';he cut;hack;corygctipn-fron a value of n

’

somewhat less than 0.80.

Prediction of the Rogimes 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 peat‘important contrihutions in the field of fluvial hydraulicsﬁ }
Experiencekuith the application ofvuarieue resistance functions'te the “'.
flume and the canal data in this inuestigation has shown that different4
functions have to be defined in at least the two regimes and the transi;
tion zone. A method for predicting the foru of bed roughness has been
provided by Sinons and Richardson (1966). This method, which has
nlready been referred to in Chapter IV, distinguishes between different
forus on the basis of nedian fall diameter of the sand-bed and the
pievailing stream power P(-rOV), see Figure 4-1, If different resis-_
tance functions have to be used fer different regimes, it is necessary
to have some guide for predicting the final regime of flow before a
resistance.functien is appiied.” This is especially true for the problem
under inveatigation, in which the resistance and transport functions for
flow over a sand-bed have to be aolved for a given bed-uaterial, depth
and energy gradient. | |

Evaluation of the ratio of the absolute roughneas ka to 084 of
the bed-laterial size (Figure 8-1) has shown that this ratio for sand-‘
bed channels has a minimum value somewhat larger than the Keulegan'a'
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 ;trea- power Pnax’
that can possibly occur on a sand bed is given by prU3 , 'where 'Vp;
is defined by Equation (8- 12) The value of ?lax for 8 given sand'
bed is uniquely determined by the bed-materiai 084’ depth d and the
energy gradient S.

A study ef the maxinun strean'power P and the regile oflflow

for the flume data showed that it is possible to predict the regime
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of flow fron the value of P, and the neoian'fall‘dianetet of the
bed-material ’ It was found that for a given bed naterial in the flule '
Tuns, all:values of Pnax below a lihiting value resulted in the lower
regime bed forns kplane bed, fipples,-dunes) and all values of 'Pman
greater tban'another liuiting value resulted in the uppei regime.bed
forms (transition, plane, standing uave, antidunos. chutes and'poolsl.
For valuoa of 'P;a* between these two'liniting values, the bed forns in
the flumes were either of the lower or of the upper regime. The linits of
P ax for various sands, correspondinp to above conditions are given in
Table 8-1 and are plotted against median fall diameter DSo in Figure
8-3. Envelopes for these velues have been drawn as straight lines in
Figure‘8;3. ‘lt is likely that if depth-slope combinations other than
those uaed in~flune 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 mm - .93 mm), the envelopes may depart from the straight
lines indicatedb Thi; seems'morellikelyifor nedian fall diameters greater
than 1 ma.

In this investigation many other paranetric conbinations were also
tried, but all of these resulted in more conplicated limit curves
without giving a better prediction than the ? D50 combination.
The limit curves sbown in Figure 8- 3 were therefore adopted for predicting
the final regine of flow and’ for selecting the resistence function
to be used. ‘

The implication of Figure 8-3 is that a depth-310pe combination for
a given sand falling belou.the lower envelope would aluays result in

a lower regiueﬁbed'forn; while that falling above the upper envelope

would always result in an upper regiwe bed form. For values in between
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these,tﬁoulilits, the;bed.forq may be either in the lower or.the upper
regime.;;lt:is.belieyed that it is in a part of this internediate‘range
that a lultiplicity of flow solutions (Chapter I) can occur. On the
basis of the enisting,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 averagel
velocity in the flow section to the effective shear velocity U'oe in
the.inner layerfl Paraneters Vf and Vp in this equation can also be
interpreted as dimensionless Chezy coefficients (C//g) for the observed
velocity and the maximum possible velocity on a rigid hydrodynanically
rough boundary. To solve the resistance equation and to determine the

velocity distribution in the vertical, ratio U, /U must be deter-

*oe’ ‘o
mined. This ratio is always less than unity. Therefore, U'oe can
be expressed as
ufo- Ufo-e t.AUfb , ‘ . (8-13)
i Y N .
U'oe as derived in this study, seems sinilar to the grain associated
shear velocity (U ) defined by Einstein (1950) ' There is a
difference in the derivation and interpretation of U, g used b;
Einstein and U used here. Shear velocity U, g is the result of a

division of the bed hydraulic radius into the resistance associated vith "

s ’

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 uniforn flow On the other hand, U is s corrected shear velocity/

*oe0
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in the ‘inner layer (of a thickness of about one-sixth of the flow depth
near the'houndaryi'vh{chgaccounts5for‘the followini'dlstlnct'factors;'"
effect of suspended load rolling contact load, porous boundary and
change in the orlgin for logarlthnic veloclty proflle due to these
factors and due to the bed forms.

Since AUEO is caused by the mobility of sand-bed, it correlates
with the Shields' parameter
2. ..

b”-oé'

S =
-'tYs7ijE50'

where

y;“ and Ye refer to the unit velghts of the sedlment and the fluid,

respectively.

The values of V/AU} Cand 1/S are plotted in Figure 8-4 for the
flume and the canal data for a value of nl = 0.15. The points in the
lower, upper and lnteruedlate P x:' DSo range are separately shown
in Flgures 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/AU, and S for the’
predlctlon of veloclty, a solutlon curve ls to be provlded so that for
a given bed-material, depth and energy gradlent the value of U'oe
for which both V/AU. and S are colncident with the cur\e gives |
the correct solutlon The value of U can be determined from such
a curve either by a trlal and error solutlon or graphically by the
lntersectlon of V/AU S curve for the given data with the solutlon

L

curve. As U,°° and AU are related to each other by Equatlon (8 13)‘

a correlation betveen WAU.n and S exlsts besides the functlonal
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correlation)being sought. A word of caution‘is necessary in such cases,
becau;e 8 group;ng of data points'around a'nean curve doos not necessarily
imply that predictions from the mean curves will be equally good To -
illustrate this point Figure 8- 8 shovs the mean curve obtainable from
the intcrmediate range runs (Fig. 8-7) and the loci of V/AU - l/S
points for five different runs. It may be seen that although the
solution points are locbted 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
the solution On this account, the solution curves do not necessarily
correspond to the mean curves obtainable for different ranges.

Por the louer and upper P nax D50 ranges, the solution curves
are given in Pigure 8-9. The drooping portion of the upper curve around
S = l;b.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 Figure
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 segnented 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 ll). -

| SN IR i.

the nean velocities were predicted on the basis of these resistance
. PR | ',, « [y
curves. For each run the value of P was conputed to deternine the

IS FUY * ‘1, ' . R Pt M

range to which the Tun belonged lf this range was upper or lower, values
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of 1/S and V/AU were computed for different U values, starting
fronit;e larg;st‘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
obtained on the upper curve of Figure 8-9 for the canals. For the flume
data the solutions for the intermediate P max Dgo range ‘were obtained
on the upper curve of Figure 8- 10 for the upper regime bed forns and on
the lower curve of Figure 8-10 for the lower regile bed forms. -‘An'.
exception to this was made for the transition bed form runs of 0 93 mm
sand, which ‘fell on t'e lower- intermediate cure.

For the runs falling in the interltdiate range, solutions were alsoi
obtained on the alternate curve in Figure 8- lO to test if both the |
solutions gave consistent prediction of the bed foru in terms of Simons-
Richardson criterion. Figure 4- l Most of the runs did yield strean
power P for the velocities predicted by upper- internediate and lower-
internediate curves vhich 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 vith Simons- Richardson
criterion However, in some runs the solution from lover internediate
curve indicated a lower regine bed forn, while that fron upper -inter-
mediate curve indicated an upper regiae bed }of;‘ |

Twenty-Five runs from Barton and Lin data (1955) have also been
analyzed on the above basis. For the prediction "elocities in all the
383 cases (co-prising 315 runs of the flume data, 25 runs of Barton-Lin
data and 43 west Pakistan canals) the.error, percentage error and other
paraletors including the aspect ratio (N/d) and roughness Reynolds

AN : R T 25 CHI GRS § R ‘.,
number Rks were coaputed Values of predicted versus observed
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velocity ‘are plotted ‘in Figure 8-11 cn-an‘arithmetical ‘scale. The figure
also“shows the +15% deviation lines: Considering the range of condition
represented 1n’th1$'éhaly$is'(Chapter'II);-the-solution curves seen
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-rectangula:r 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
precdicted 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.

Summary
In this chapter, an empirical model of the velocity distribution in

‘sand-bed channels has been formed. Integration of this distribution
yields a relation between the effoctive 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/4U,  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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i{f the bed-material, depth and-slopo are known.. Three hundred eighty-
three. sections :including -43.canals from West Pakistan have been analy;pd~
on the basis of -these - curves -and :show :velocity predictions within 15
percent of the observed values in most of the cases. Exa-plelproblensl-'

are solved in Chapter:X to-illustrate, the:use of these resistance curves.
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i CHAPTER IX
TRANSPORT FUNCTION FOR SAND-BED CHANNELS

After the threshold conditions for the movement of sand-bed have
beeniexcéeded in a flow, :there is a net transport of sediment past
any section. -This transport consists of particles which may be moving
by rolling-along the bed and others which are .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 of sediment moving past a section .is called the,
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 sizés. ' If the 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 of s
continuous size variation,-tho.difforenco between the availability.

and capacity of transport is noticeable at the lower end of the
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cumulative size distribution curve. THe'portion 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,
this load is taken as consisting of sizes les: than Dlo of the-bed- ',
material by scme'investigators (Einstein; 1950 and others). Alternatively.
some investigators like Colby (1964) and Nordin and Beverage (1965) have
used the portion of the total. load:finer than :062 om size as_the fine
material 16ad for their situations. :Since for this part.of the total
load, capdcity 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

of the total load. The rest -of the -total load is called the bed-material.
load.

Bised on the mode of transport;, the bed-material load.can be
divided”into:shsbended and contact (or bed)'load fractions.- This
division, though somewhat hazy ‘close to the bed, is necessary because
the transport mechanism of the two modes -is different. -Contact .load.
is that part of the bed-material load which during its movement is
cont}nﬁously-supported by the bed, while suspended load is the part
whose weight is supported by the-transporting 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 the:cause of bed form move-

ment and can be ‘expressed after Simons oet'al.,»(1965a) as
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8 3y
] obt, . e o b )
w T gy, 5 - (9:1),
where

Bhe is the rate of transport of the contact load in weight per unit
width per unit time,

n, is the porosity of the surface of the bed,-

Yg 2eibd thetunit weight of the bed-material,

128 4s:the' elevation of the bed and-

t :is the time.

Averaging V' over lengths of timo.greater than that required for the
passage of a bed- form:past.any section, yields the concept of equilibrium
of the bed. " If on such averaging, :5;;733'- 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 phenoaenon 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 associated-change in the bed form. Evidently, such a homogeneity
can only .be created under ‘controlled -laboratory conditions by continuous
running of flow:over a sand-bed at constant discharge and slope. , In
natural channels, the discharge .is continuously varying in genersl and .
the state of homogeneity at any instant depends on the rate of change
of discharge' and the ‘related rate of adjustment by the bed.

As a2 last part of this study of flow:in sand-bed channels,. the trans-
port function)for d ‘time. and:space homogeneous. conditions,will be.derived.

The objective is'to formulate:a- transport function, which predicts the,
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bed-material load as well as its gradation. The fine ﬁéporial'load?isj
indeterminate and will only be considered in as much as it effectsbthe
apparent viscosity of the fluid and hence the fall diameter of the

particles.

General Porm of Transport Function:.:

In view of the difference in the' sedimentitransport mechanisa: close
to the bouLdary from that in the region.of flow away from it, Einstein
(1950) introduced the concept of a bed layer. The bed layer-is a-layer
of thickness equal-to twice the diameter of each sice fraction of the
bed-material under consideration. The division between the:suspended
and the bed load was also made by Einstein on the basis of. this layer.
The bed load 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. .

Nith the bed forms other than plane, the.bed elevation, as well
as the portion of transport moving as the bed -load varies along the bed
form. The'concept of the bed layer, as originally defined by Einstein,
therefore breaks down in:such cases. ' Howevor, the assumption of a
"bed layer" is necessary-foritwo reasons.: One is to account for the
difference in’the 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 ‘¢lose to the boundary will be assumed here. :

In the case of sand:-mixtures, the transport rate.of -different:

particles 'is a furiction -of -their -size.'In‘non-uniform.sand-beds, it:is..
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convenient to divide the bed-material into a number of size fractions and
to consider the transport phogpnpnonAfor each size fraction as d;fefﬁinﬁdr
by its geometric mean size.

The unit bed-material transport rate g, (in units of weight per

unit time per unit width of the flow section) of size fraction i of .

the bed-material can be written as

B " Bpy * Bgy

in which g, and g are the bed load and the suspended load trans-
port ofisize fraction .4, ..respectively. Similarly the total bed-material

transport: rate: giﬁ;,can:bo‘writtqp as .

n n n
8 " L 83" L 83 * L Bgy "8y *8 (9-3)
Be T L BT B Tl B b * Bes

where n 'fg"tﬁd number of size fractions into which the ‘bed-material-
is divided. "
‘The " suspended load, g,y Of the size fraction i in terms of the

concentration of suspended sediment and the local velocity is’

881-:rd.nfl Cni U d? (9-%5“
ai .
where,
n;; is the dimensionless thickness of the bed layer,
'L‘Cﬁ; is-fﬁe concéntration of suspended sediment in dnits of wbigﬁt

‘pér ﬁnit volume of the nixturé at n ,
u_ is the velocity along the mean direction of flow at n ,
n is thebdimensionléss eleQation above tﬁe idan bed Ievei, and

the subscript i refers to the size fraction.
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Gradation of the total bed-material load in terms of the portion”

of the transported material in the size fraction i "of the’ bed-material IR

fgi is |
4 gi
fo1 " g, N )
where
n
121.f3i 1

To evaluate -Equation’ (9-3): through: (9-5) hypotheses about the movement
of material in the bed layer and the variation of 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-
portingheddy under the influence of gravity. Becaose'of this slippage’
between the eddy and the sediment and the mass exchange of the eddy with

layers of smaller concentration, the oedjnaterial concentration in the o
vertical reduces with distance fron the bed. Instantaneous concentrations
of bed-material at any point in a vertical experience great variations
However, a time average concentration at each level can be deternined
to define an average concentration profile 1n the depth of fiow

The equation for the variation of concentration in the vertical has

. 3.0
been derived on the basis of momentum exchange in the sediuent-liquid


http:height.to

119 .

mixture (ASCE Task Committee, 1963). For uniform flow conditions, the
deriv#iién'bf tﬁ; "d;fferoir'\!tti.ai ecj:u'itio;i for thé concehtrhtioﬁ i)i;t;fiie is
presented in Appendix A, see Equation A-38. In general, not enough is -
known about the behavior of the diffusivity coefficient cs' for the
sed'i;:‘ent but it is related to the turbulent diffusivity for water

as ¢, = ] €¢ where 8 = 1. Por this condition Equation (A-38) reduces..

to oo,
dC
Bcf _xdy . Cyw =0 (9-6)

in which Cy is the concentration of sediment in weight per unit volume
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

€¢ with y 1is required. For turbulent flow with €e >> v,

te ™ — . (9-7)

For a logarithmic velocity distribution and a linear variation of the

shear t along the depth ¢, is parabolically distributed as
. ) A o
ee mxUay (y - ) - . (9-8) |

Integration ofAthe differontial Equation (9-6), then yields,

(@]

¢ “lbm o) (8-9)
2o Mg o 8 ,

where:* ‘i -
i'-'-s?‘-a— is the Rouse number and ° " (9-9a) -
(oo 0%0 '

di i

[P}
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g is the dimensionless reference level at which the concentration

is C

Ng'-

For a-logarithmic.velocity distribution and a constant shear stress
cqual to the.boundary shear. stress to,'hﬁquation (9-7). yields, a linearly,

increasing value.of ¢¢ ,.. 85, .

€e ® ‘ou'o y . . (9-10)

The relative concentration equation in this case becomes

c n
Cg_ o (E_g)z (9-11)
!1a L

If a constant _va_lueof..ef is assumed, the relative concentration

is given by

n °°f (9412)

Equatxons (9 9), (9 11), aﬁd:(§-1i):piovidé’values'of the relative
concentration in the vertical for various distributions of ° cf. '
Of these, Equation (9-9) is the one most widely used and it has Peen _
verified for both the laboratory flumos and the natural channels. How-
ever, the values of 2 obtained from laboratory and fielo dato.shoé a
departure from that given by Equation (9-Sa) for a value of 8 = 1.
Anderson's study for example, showed that the values of 2 measured from
concontration profiles of Enoree River were smaller than those computed.
from Equation (9-9a). Similar rosultguworotobtognod by Colby and Hembree
(1955) in their study of Niobrara River. A lower z value in'dn} of the

three equations means higher relative concentrations throughout the depth.


http:value-.of

121,

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
diffgrqpt distributions of € fhoy yield nearly similar distributions
of concentration. Equatioﬁs (9-9) ahd (9-11) both plot as straight lines -
on log-log paper, with the ordinate (liﬂg for Equation (9-9) and n
for Equation (9-11). Equation (9-9) has no pdrticular advantage over
the latter, e*pecially when the uncertainty about the value of 2 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, thation (9-11) corresponds
to the conditions stipulated for tho iﬁh?r iayer and thation (9-9) for -
the conditions of the outer layer. Values of relative concentrations
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 colunnrz, ha;e been based on
Equation (9-11) in the inner layer (n < 0.15) and on Equation (9-9) in
the ;uéer 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 tw&-layef
model of flow and those obtained -from.the conventionally.used
Equation (9-9). |

' Por 'sand mixtures, the above Jorivationsﬁpf relatigg;cop;entration
apply to individual size fractions of the nixtﬁre. There is an affect

of‘the concentration of sediment on the fall velocity of individual

particles, but this again isismaller than the uncertainities in z.
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Evaluation of the Suspended Load

To evaluate the total susponded load in flow over a sand-bed, “the
model of an inner layer up to 0 lS d fron the mean bed olevation and
an outer. layer fron 0.1sd to d developed in Chapter VIII will be used‘
Near the water surface the cut back in the surface layer will be ignored

.

as in the developing of the resistance function. In the context of the

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.

The vertical distribution of sedinent for size fraction i and:iocai

mean velocity in the two layers are given below.
Inner layer

ngy <N <18

a
Voo In (33.35 “/) " (9-13)
u = n .35 — -
n Ae.lco . S My
a5 ,
C.imC .. (=) (9-14)
ni Nag M ‘
Outer layer ..
15 <n < 1.0
u s =2 [1 ln(33'35‘x ) .. ln( )] . (9-15)
n o« Re : ®
o Nks
Aezi 3
LY e vir0.155, i 1-n,71 )

In Equations (9-13) to (9-16) ‘which pertain to the fraction. i of the ped.

material, Ac is the ratio of total shear:.velocity U, to.the effective
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shear velocity U and Ae > 1 as discussed in Chapter VIII. Por
AR .- 'oe — \ - ) p

’ ]

the 1nnor'ltyér. th; concoﬁtration diﬁtribﬁiion.is;baséa on Equation ,
(9-11) in conformity with its shear distribution. Equation (9-16) for‘
the outer layer is based on Equatiqn (9-9) for a similar reason.

The dimensionless grain roughness ks is given by ks/d = 084/d and

n is the dimensionless distance from the mean elevation of the

al

boundary at which the reference concentration is Cn . As discussed
20 . .- ai
i
subsequently, "y " T where D1 is the geometric mean diameter of

thoufrpction 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 inéornation about the variation of bed-material

concentration with the depth is not available. Therefore, it was not

A ]

possible to directly verify the applicability of the exponeni Aozi "in

Equation (9-14). However, analysis of the flume data for the total bed-

]

material transport showed that a greater consistepéy'in.thé'traniport’

function was obtained if exponent Aoz1 is replaced by . With this

s~

T ) :
change Equations (9-14) and (9-16) become o

[ , = -
C"i Cn (——'1 ) for Nag <M < 0.15 . (Q 17)
ai
and
n z z et
ai 1 1-n.74 . ey
e Eni C“.1 (0.85) ( . ) for 0.15 < n 5_1.0‘_. (9-18)

The total suspended load for size fraction .i,‘)egaluated for the .
] . L. el “ ' IO } 4 . %
velocity and concentration distributions given in Equations (9-13),

(9<15)) (9-17) and (9-18) is



124

‘f‘ R SUTO N
ci g :
by 7,208 Uug 45D G g (4 T8 G T 0 0] 609

where

e SR T , o e o
(-9?-515' is a dimensionless weighting function-for the reference
b O i

concentration of size fraction i

‘ci is the critical shear for size fraction 1

L is the boundary shear stress, YdS

33.35
Nai 1"(—n ) e 1-2 o : e _ .
A1 - ks {(94l§0 1.4y, for z 41 (9-20)
Ciez) e Nai S :
0.15.17% 15,1724
(n. ) In(.15) - 1"(“31) (ﬁr—ﬂ -1
Bi = ni{ ai. (1- ) — - al 2 -} . (9-21)
_ e B! a-z)
for 241 | o '
1
' .E'
1 S.0
C; =0y f:lnlajfg°(;;f9 | (9-22)
s
z
n O |
ai
b - Ggs) o (9-23),
S S 4
. '11 = (=) - dn (9-24)
as N
and
o 1 1' 21:}..‘ .__\_ it -
J1 . | =) *1nn - dn ‘(9-25)
Jas "
when z = 1, values of A ™" and’ 8'1”&:0','
A= o In (2%:529- In (%4159 and (9-26)

= ks ai
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1
B ng {ln(o lSnai) ln (

0.1
e ! _.\2 S) - 827

ai;

I
re

In Equation (9 19) throngh (9- 27), all other symbols have the same

meanings as previously given. Cn , in Equation (9- 17) is as yet unknown‘
ai
It has the units of weight of sediment per unit volune 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

For any consistent system of units used for Cn ,» U and d,

Bsi- ai
resulting units of 8g; 8re in similar units of weight per unit time

*0

per unit width of the channel.

Evaluation of the Bed Load

In the above evaluation of the suspend?d load, the reference -con-
centration has been taken at a dimensionloss distanc; Nai ffon the bed
for the size fraction 1i. The distance !n:=.0..to .n =My is defined.
as thg;bed layer. As explained earlier, the concept of bed layer is
artifiéial in general but it is expedient. The bed load is coﬁtainéd in’
this layer and is assumed to be moving with the flow velocity at the top,
of thé‘layer with a uniform concentration.in itssthickness. :In graded
sand beds, the thickness of ‘the-bed- layer can bc either .assumed. similar
for all size fractions or as a variable related to the mean size of each
size fraction. In thisz;tﬁdy it was found that fof the flﬁncAdatalg
variable thickness of the bed layer gives a better prediction of tho
gradation, of the transported bed-material.than, some other as;gypt}ogs.
Therefore, the bed layer kor diffefant size fractibns is hssunodlfb have
a thickness cqual to twice the geometric nqap.diape;qr (01)_n9§ each s%;e
fraction., For, this condition the bed ;di..gbi in terms of concentration

c 'iﬂﬂ.!;
ai



126

T -t L i¥133.35 n
e 250, n.=—5 ¢ In s
o ai to nai

N : "d . . ) .
gbi nks ) * -A_O- (9 28)

i
'h°r9_:ﬁai.';73_i and all thfﬂothe; tfrns are as defined earlier.

Evaluatioﬁ“of the Reference Concentration

The total'idad gg for all the fractions of the bed material can now
be oﬂtained;by usin§ Equation (9-3) in conjunction with Equﬁtion'(9-l9)
and (9-28). 'Thc reference conceﬁtration Cn . for the ith fractidn'
pertains to tﬁe bed layer. In this layer th: relative concentration of

each fraction is the frequency of its availability in the bed material

itself. If n fractions represent equal proportions of the bed-gaterial

o :
c ==¢C ,
g MO0

a1, 2,...,0
and the total bed-msterial transport is

8, " ¢ . F (9-30)

where
% "= concentration in the:bed layers in weight of sediment per unit

' volume of the water sediment mixture and,

. - X i
F, = o (>——=<i n, In(——)
1 i)-:l to . Ae i r\ks
R To T Tedy ) C iRy . _
« d {l (— ) (g (Ai . 81) . c‘ri ‘. 0111}] - (9-31)
i=1 o -

The size renge of each fraction of the bed-material can be obtained
from the lognora:! di;irlﬁbtionibafaietéfg;'D;b ‘and o * (Appendix B), '

and its geometric mean size determined. Alternatively, the cumulative
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(percent finer) gradation curve can be used with the percentiles of mean
fraction sizes determined from lognormal distribution. For ns= 5 the
geometric mean sizes of the fractions correspona to 090' 7’ SO‘ 029

and D Critical shear Tei for these sizes can be deternined fron

10°
Shields' diagram. All the terms in Equation (9-30) are either ‘known .
or can be computed from known bed-material (median size and geometric
standard deviation), effective shear velocity U'oe’ depth and energy
gradient. Therefore, the quantity Pl is full} known and it has u51£§
of discharge. intensity (velocity times depth)

Analysis of flume data showed that the mean reference concentration

is related as,

]
¢ - s° 75 Uso ) (-32)
*oe o
where
'Sﬂyia"Shields' parameter, °U30e/( "Yf)DSO

RN

wgb' is the fall velocity of the median:size DS0 in the fluid
'Hediun.
U'oe is the effective shear velocity defined in :Chapter VIII
and, L
Y 'is“the“specific weight of the sediment.

s
Both the Shields' parameter and the fall velocity ratio are dimensionless.

Transport Function

Introducing the functional relationship of vCS in équationi(§:30)

gives the transport parameter

W
30y f - (9-33)

0.75 (
U'oe . ?

G '”Y; S

G is:in units of weight-per unit time per unit width.
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The relation betueen 3t and G has been obtained for the flume -
data by analyzing all the runs with bed novement | This analysis ‘was '
carried oot 8s follows

For 8 given average bed- material gradation crves, yeonetric mean
sizes of five fractions of equal frcquency (0.20) were selected for each
run. For these sizes and the given depth and energy gradient the factor
F1 was conputed The effective shear velocity ratio Ae to be used in’

F could have been obtained by solving the resistance function in

1
Chapter VIII Hovever, since the average velocity of flow was known,

Ae was conputed fron Equation (8 ll) The fall velocity for each
fraction size was computed by Equation (6-3) for the kinematic viscosity
v corrected for the temperature and the fine material load'(colqnn 23,
USGS P.P. 462-1, 1966, Tables 2-11). The value of the.transport para-
meter G was computed for[each-run from Equation (9-33). The gradation
of the bed-material ‘transport .was also computed with the .help of Equation
(9-S). Values of measured g, “ere plotted against couputed values'of
G to determine the transport.function.- .

The relation between the total bed-material transport per unit
width 8, and the transportiparameter, ;G . for.all the flume runs is
shown in Figure 9-1. . Torindicate the difference, in this relation
between the two regimes of flow, Figure -2 shows the data relating
to the _upper and intermediate (P - )SO) range (Chapter VIII) and
Figure 9-3 shows.the same’ for.the runs in the lower (P 50) o
rarge. These figures show that the transport function is different'
in,the -two ranges. Figure 9-4 shows all the flume runs and the Rio

Grande data (Chapter II) analyzed in the same way as‘flﬁme runs. The

river data comprise 112"p5ints’) dost ‘of‘which fall with~the flume data;
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and show the applicability of the analysis to both the river and the
flume data. The derived relation between 8, and G is shown in Figure
9-5. The acéagiéghgf'tﬁfs'réiation'1n predicting ihé‘tofél'bed—uaierial
discha;ge,is‘;hg,saqe as indicated by the scatter én Eigures (9-1) through
(9‘4)°¢nTbS,“5°-9f the transport function in the computation of the total
bed-material load will be illustrated in Chapger X. |

.. -The size gradation of the total bed-nateria}_transport as predicted
by the transport parameter developed inrthig'chapter and as observed inrh
the flume runs was also studied in this analysis. In general, five size
fractions are not enough to comple;ely_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 pred;ction of size gradation. In Figure 9-6 through 9-10, the observed
and the computed cumulative size distribution curves of the bed-naferial
transport in flumes are shown for five different sands. For each sand,
the coqggp?sop is made for four different transport rates from the low?st
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 1bs 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 308&: ‘It iay be stated that the Einstein's method (1950) in general
predicts a much gfeater median size of the bed-material .transport in: the-
louor'reéim£ funs of the flume data than is actually observed.

For ‘the use of tﬁe‘transport'function to predict the bed-material-

tégﬁéﬁdit'in Sand-Bed'éhénnels,.graphs have been developed in Chaptcr !

The use of ihesé'grﬁphé‘is also illustrated there by solving an ‘example.
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. APPLICATIQNS‘0F,TH£:R£SISTANCB AND TRANSPORT FUNCTIONS

" The régisiance hnd't%ansbbrt functions devéloped in Chapters VIII
and IX can be used for solVing’enginee}ing pfbblems related to uniform
flow and equilibrium (bed)‘cohditions in sand-bed channels. The resis-
tance function can be used to pfcdict average velocity and bed form, for a
given energy gradient, averdge'depth of flow, median bed-material size -

D.. and bed-material gradation “a. The'transport function can be used

S0
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 tﬁe average velocity of flow is needed in addition
to fhe data required for the application of the resistance function. If
the average velocity is not known, the resistance function can be used

to determine it before using the transport function. In this chapter,
thé aﬁplications of these two functions will be.illustrated and graphs

will be developed and ﬁresenfcd as an aid in solving the resistance and

bed-maiefial transport probleas.

Resistance Function

Except in the range of slope-depth cpnbingtiqqs,'where pon-uniqve
solutions mcy exist, the flow resistance problem reduces to the
determination of average velocity for a given slope, depth and bod-‘u
material. To determine the average velocity of flow, the resistance
curve appropriate to the regime of flow is selected first. This,sq*ggtioq'
is made froa the Pnax - D¢y _range (Figure 8-3) of the data. ﬁ}f the

range is upper or lower, the corresponding resistance curve of Figure

(8-9) is used. On the other hand, if the data fall in the intermediate
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range, the solutions aro obtained: from both the upper-intermediate and
lower-intermediate curves of Figurg 8-10 and checked for the predicted

bed form from Simons-Richardsoh‘ef;torionVkFig. 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 such“cases cannot .be predicted. The above method is illustrated in

the .following with -the data of flume runs 2-31 and 2-07.

Given data:
Depth d = 1.02 ft
Slope S = 0.00043

%

o= 1,30

= 0,19 mm

to find average velocity of flow and bed form,

(fj Selection of resistance curve

Uy, = Y8dS-

/37.3 % 1.02 x 0.00043

0.119 ft per sec

D,, = D.. xo0

g8a ™ Dso
= 0.19 x 1.30
= 0.247 ma = 0.810 x 10">ft

Thial
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hne=gciey w32,5-1n(12:27- d. R
p (2:27 by

. 2.5 1n(i2:27 X 1.02)

0.810 x 10°°"
= 24,11

.P -lesV
.. Bax

*o 'p,

= 1.94'x (0.027)° x 21.65
= 0.078 ft-1b per sec perrftz.

‘From ‘Figure 8-3 for D., = 0:19 en the upper limit of P .. - for.
the lower regime bed form curve is 0.164:ft-1b per sec per ft;. Hence,
use the lower range resistance curve.

(ii) Computation of effective shear velocity p'oe

From Equation (8-11) and (8-13):

Ax - £ (10-1)
*o U,
08,2
l-(u)
*o
and
V. » Usoe (V- 2.62) + 2.62 .vi. (10-2)
tu p . -

*0
Also, from Equation (8-14) for g = 32.2 ft2 per sec,: o = l.9§

slugs per ft3 and Ss = 2.65, the relation between U, , and Shields'

shear parameter S 1is

U - B5.I30_5 . ' (10-3)

*oe 50

From Equations (10-1), (10-2) and (10-3)

B .
o " (10-4)
*0 J/ ] $3.13 Dg,S
"Gi“"“

*o
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Introducing values of U'o’ Vp and DSO' Bquation (10-4) reduces to

v__ 3291 T+ 2.62
KU.O T 3338

)’lu,.l): )

Values of V/AU.° are now calculated for different values of shear para-

meter S  as. given below: ..

1/$ s Y
au,
3.0 0.333 46.2
5.0 0.200 23.8
10.0 ,0.100 14,9
20.0 10.050 10.6
$0.0  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),

y /83113 x 0.623 x 107
0oV B3

= 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 (9-15).
(1i1) Determination of average velocity
From Equation (10-2)

Ve vf U'.o

= (V- 2.62) Uy, ¢ 2.62 Uy
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= (21.49) 0.042 + 2.62 x 0.119

= 1,21 ft per sec.

The actual average velocity obtained in the flume was 1.30 ft/sec.

%) Predieticn oF bed'forn,

Simons-Richardson criterion for bed form prediction can be used

with the computed velocisyiio determine the bed form.

Stream pover P = pufov B

. 1994 x (0.119)% x'1.21
= 0,033 £t-1b per séc per £e.

1

Froa Figure 4-1 for Dg, = 0.19 =m and P = 0.033

ft-1b per sec per ftz, the indicated bed form is rippld;;aas

actually observed.in the flume.

(v). .Treatment for intermediate range .cases

The problem solved above belonged to the lower (Pnnx - DSO).t

range. For cases belonging to the upper range, & similar solution would

apply, except that the upper range curve of Figure- (8-9) woqld‘be used.

To indicate the use of the resistance function in the internediato‘range,

flume run 2-07 is now analyzed, with the given data. . :
‘"Depth"d'= 0168 ft' °
'Slope 'S =»°0.0014° -
DSo = 0.19 mm
o= 1,30 .

(a) Selection of resistance curve.

0o = 0-175 fps

U
D.. = 8.1 x 104 £t
ga = 8

V. = 23.10

P-‘x- 0.240 ft-1b per sec pgr ft.



135

From Pigure 8-3 the regime of flow could be oi;ho:,uppor_Qn-lpﬁﬁr.”hthis
indicates the use of resistance curves for the intermediate range in
Figure 8-10.

(b) Effective shear velocity. .

Equation (10-4) for the variables of this problem reduces to

enc

v " 21029 /84 2062

o BRI . L N
and values of VVAU,O for different S values are obtained as

1/8 . . v/8u,
s 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 on the upper and lower intermediate curves
are as follows: =
ﬁbpeé-iﬁterﬁediate curve
I1/S = 1.6
Voo * 0.144 ft per sec
V = 3.4 ft per sec -

P’ = 0.20 ft-1b per sec ‘per ft.
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~.{ower-intermedidte’ curve -

‘1/8 =.9.5 -
Uege -~ 0.059 ft per sec
v = 1,7 ft per sec

" prr 4:0.100 ft-1b per sec per ft.

From Figure 4-1 the bed form prodiction for both the solutions
is dunes. Hence the solution obtained on the lower-intornodiate curve,
viz,, V= 1'7 fﬁqpof oeo is correct. (Actual velocity observed 1n tho
run is 1.78 ft.per seo ui;h‘o.dune bed form) “
If the bed forms predictod from both the curves were upper regime
bed forms, the solution obtoin;d from the upporiintorlediato curve
would have been adopted. If, however, the bed forn regime corresponding
to upper-intermediate curve was found as upper an& that for the solution

fron lower-intermediate curve was lower, there is no way of indicating

the correct solution by this method.

Transvort Function

Eagineering problons,ro}a;ipg,;oﬂphohtrggspoyy‘oftsoogpong by
flow over sand-bed channels involve prediction of bed-material logd,
size-distribution of this load, vertical dist:ipupioq_of,godilong con-
centration and of the sediment transport. Equations (9-19) through
(9-27) and Pigure 9-5 can be used to determine these aspects. Coa-
putations needed for this purpose are easily performed with a digital
‘computer, but may hocopp,gy;ho;?opo when ordinary desk calculations or
slice rules are used. It is possible to simplify these computations
by developing graphs for different components of the transport parameter

G.
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!
. |

1) Developnentgef graphs’ - S
In general, the bed-load transport'conputations would involve

evaluation of seven parameters A, B, C, D, I, J .and 8 for each

size fraction, which are dependent on two or more of the following

variables.
Nag* the relative thickness of the hypothetical boundary layer,

2 Di/d~
nk ), the relative representative grain roughness 084/d

Ae, the ratio of total and effective shear velocities in the

/U and

v *oe

*o

’ boundary layer,
wi/k.U

zi, the Rouse nunber,
Graphical representation of paraneters Ai’ Ci and the bed inyer

can be siuplified by introducing

transport gpi
AL = m(”"”s) (10-5)..
ks
a2, = B (""’)l-zi 1), 1, 41 (10-6)
(1-2 Nai RS ¢ '
1
5.0, A®
(=
C, = In[—XS ] (10-7)
1 = Inl—13 B
and o
33 35 n o
) (10-8)

bﬁv ’ -
The trunsport parameter G for n equal frections (Equation 9- 33), then

becomes
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2.5U
*“Veg 0.75 ,“so0 Yo tei ‘._d__,
G= - Yss (5:329 ( igl ( T ) b Ao’
.d{ (° °1){r(u Ay B +COT +DI)] ¢ (10-9)

and fraction fgi of the bed-material load in size fraction 1

(Equation 9-5) becomes

Yo Tei d d ' ,
(——10—){bn. T (Al - A2, + B ) . d(Clvili . viJi)'}
£, = - — —
gl n T.-T n- o IR R ) .
) ,’—‘or <. :—ebu . 121 ( =) (Ae (AL - A2 ¢ )+ G0y
i-l'; o - T . L .o o
. 01]1’ . | (10-10)

Values of Al, A2, 8,¢C,, 0,1, J “and b, are shown in Tables
10-1 through 10-7 at convenient intervals of the independent variables
These are graphically presented in Pigures (10-1) through (10- 7) The

range of variables covered by these tables and figures is

108 <n <5x1072
N <
1076 < N <5 x 107
0.1 <z2<6
1 <Ae <7

(i1) Evaluation of critical'ehear

Por evaluating G or f T the value of cniticel shear :for the
geonetric mean size of eecn;frdet%enpis aiso needed l‘This can be obtained
from Shields' diagram by trial and e;ror. For constant kinemetic vis-
cosity v and specific weight of fluid Ye it is possible to express

the critical shear Te 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.g;D/v of 1,4, 10, 600 and 1000 with the following re-

sulting. equations:

T, = 0.0215 09  Sox10%<p<90x10? e - (0:11)

1, = 0.315 09633 gox104 <D <1.8%x10 £t " (10-12)
i e g A R T i . o

T, = 16.8 pl-262 1.8 x 107> <D < 2.2 x10°2 ¢t - (10-13)

S Lo 2. . S

1. " 6.18 D D>2.2x10 " ft. (10-14)°

These equations are valid for a value of v = 10'S ftz per sec.‘ Yy -“62.5
and Ss = 2,65. In view of the uncertainity asbout 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 recomputation. -

'(141) - '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 Figufe 10-1 through 10-7.
Sectigpi Rio_G;gnde at Albuquerque,:N. M. observed on March 26, 1954,
Givenjdgia: o |
5£;éharge, _Q‘41670 cfs
Width, W.= 333 ft
?séﬁ Dep;h,_d -.1.1? ft
;ean Velocity, V = 1.83 ft/sec
Energy Gradienp,_'sh-'QLQQII

Water Temperature, T = 47°F
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Bed-Material Gradation:
Size in ma:’ ©°0.125 0.250° '0.500 1.000 - 2.000 4.000 - 8.000
Percent finer than 2.2 37.5 88.5 96.9 98.5 99.0. .99.8.
To determine total bed maceiial load.tran§port.
(a) Determination of fraction sizes |
The gradation of bed naterial is plotted on log-probability
paper in Figure 10-8. From this pllo.,-..‘l)s4 = 0.456 ma., DSO = 3289 .,

and D,, = .189 mm.

D16
Thus,
D.,.. D o
o -‘% (581 . 55-9- --;-'(1.58'0 1.53) = 1!55.
2 Dgo  Dyg

For § equal fractions of lognormally distributed bed-matefial.their geo-
metric mean sizes of the fractions -are given by DQO’ D71"DSO' ng,.and

DlO' .and ‘for ‘the two.extreme fractions, the limit sizes are taken as D95
and DS.' These- sizes can either be interpolated from Figure 10-& or

calculated ‘from the lognormal distribution as below.

Percentile Interpolated Size Lognormal Size mm
R ft x 10°
Dgy .543 1.780 D¢ 0 - T506
.55 Lo
D,y .372 1.220 Dg 0 -'.368
0.0
Deo .289 0.948 Deqo = ,289
.55 '
Dy .227 0.744 DSO° - 227
D 169 0.544 D, o128 . 165
10 : RN S0~ ’

For illustration, the interpolated sizes aro adopted here.

(b) Computation of the transport paraneter ‘6.’
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Uy, ='v32.2 x 1.10.x70.0011,

= 0.197 ft per sec

SRRSO L I -
- 517 -‘9.27

L] ' -0 PR

12.27d)
D

V = 2.5 1n(
P 84

LERXY R
PPN 4

3

= 2.5 In(12.27 x 1.10/1.47 x 10 °)

L= 22.8.;
From Equation ‘(8-11) -

V - 2..62. :
U, =U,
*oe. - . *0: Vp‘- 2.62

6.65
= 0.197 x m

. = 0,065 ft per sec

Ysy  0.197

Ao = T, . - 0065 "

3.03

T, . ydS = 62.4 x 1.10 x 0.0011 = 0.0755 1b per ft’

~ . U. 2
§ wt_t08 u (0.065) . 0.084.
53.13 B, 53.13 x 0.948 x 10°>
N = D../d =1.47 x 10°3/1.10 = 1.336 x 107>
ks * Dg4 ' ' '

Using the above parameters, the computation of transpéft function is

0

illustrated in Table 10-8. Entries in this table are explained below.
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Line 1. Geometric mean size of different’sizé fractions of the
bed-material as computed above.

Line 2. Fall velocity of each size in line 1 as computed for v =
1.488 x 107 (corresponding to wgt;r teip#rﬁture of:4§°?)

Line 3. Value of 2 computed as wilxou. with Xo " 0.40.

o
Line 4. Critical shear Tei for each fraction cdﬁﬁuted from

Equations (10-11) :ﬁ;édhh’(fd-i4);

Line 6. Dimensionless depth Naj ™ 201/d computed for .each bed-
material size fraction. n is the thickness of hypo-
thetical bed layer for each fraction.

Line 7. A2i for each fraction, obtained ?56; ?iéﬁre 10-2 for ' °
corresponding values of z and Nai®

Line 8. Value of Ai for each size fractioh'computed as Ai =
Al x A2,. For n = 1.336 x 10'3. value of Al from
Figure 10-1 is 10.10.

Line 9. Value of 8 for each size fraction obtained from
Figure10-3 3 for, corresponding 2z anq Nai va;pes.

Note that values of 81 are always negatiQe.

Line 10. Value oft x— [A i] computed for each siae,ffqﬁpiog,
for Ae = 3.03. B

Line 11, 12. Valuss'of intégrals ‘1 and J, ‘as read from

o fig~ N 7 Note that values of J are always negative.

@;éé:f&i V;iuc;§% U 'f;;d.fron Figure 10- 5 for each size fraction.

M a7, . S . . v . . )
Line 14. Value of C conputed as Ci - Cl Di. For "ks =1.336°%
3

10° and Ae = 3.03, C, = 4.6 from Figure 10-4,
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Line 15, 16. Expressions computed for eacl size fraction from
. values of A, B, Ci,uﬁi, I,, J; and Ae.

Line.17. Obtained by multiplying line 16 with depthx d=1.10 and
. -1 AN e Lo
(—2-—51) for each size fraction. Note that 8 1s the

’

o
total suspended load J} size fraction i in lbs per sec

- per ft width. -

Linb‘ls;qualuérof b reﬁd from Figﬁre 10-6 for values of Nai
’ L

1i
and Neg and multiplied with factor d/Ae .
. T -7
Line 19. Obtained by multiplying line 18 with (-2;—519 for each

o
size fraction. Note that 8pi is the total bed load of

'size fraction i in 1lbs 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 fgi = gti/igi 8oy
Line 22. Value of the transport parameter G computed from Equation

(10-9).

(c) -Computation of total bed-material] load.

For G = 0.486 1lbs per sec per ft, Figurc 9-5 gives g, = 0.10 1bs
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 g, =® 0.13

1bs per sec per ft width.
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‘i) size distribution of bed-material loed.’
Values of f81 fef;eacﬁ frettien'have-been;caiculatea in Table
10-8. The size distribution of the bed-material load is then conputed

g

as follows::

Fraction Geometric Mean Percentage of Bed- - Percentage Finer

No Size mm Material load in than size fraction
©oi om0 gize fraction . in Bed-Material.;,

' Load

1 543 6.4 100.0

2 .372 6.5 93.6

3 .289 7.6 87.1

4 227 16 79.5

3 169 ~ 'e3.4 © 63.4

The cumulative frequency CQrQe‘fer'the bed-material load is plotted
in Figure 10-8. The median dieﬁeter of bed material ‘load is found as

0.135 mm, with o= 1 78 e
The number of fractions required for defining the grsdation of bed-
material load generally should be greater than 5. However, for computing

the total bed-material transport five fractions are:adequate.
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CHAPTER XI .-
SUMMARY 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 end field data.
The functions obtained can be used to solve engineering problems. The
main conclusions and results of this study are summarized 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-ihirng the vertical velocity distribution in
such flows. 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. ‘However, 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 efiuctive shear velocity

U Using the mean bed elevation as the-origin for vertical velocity

*0e"
distribution, and a value of von Karman's «x s 0.40, U'oe is that
shear velocity which.gives the same: logarithmic velocity distribution
in the inner ‘layer, as is actually observed.

*2.2 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 and ..

the porosity of the bed change the turbulence structure of the flow
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in the inner layer and tend to increase:the.effective roughness of the
boundary. Further it is concludeé.tbat in the.case of sand-beds the
viscous sublayer being subje;f;d éo e greater Aisiumbancc 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 properties of bed-material in the sand-size range have been
reviewed. It has been concluded that out of ‘all the properties of a..
particle in bed-material sand-mixtures, the particle size shows the
greatest'variafion.‘ An analysis of the size distribution in the bed-
material samples from the Rio Grande and the West Pakistan Canals b ¢
been made. This analysis has shown that in the range of .interest in the
time-homogeneous flow problems in sand-bed channel (i.e., 10th to 90th
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 percentile.sizes. A
summary of the lognormal distribution and of the moethods - for estimation
of its perameters has been presented.. It has been concluded  that the
methods of quantiles using'the cumulative size distribution curves is
an efficient and a convenient:method for estimating the:two parameters
of the lognormal distributions.:

4. A gross measure of momentum diffusion in turbulent flows.is:
provided by the von Karman's x. .A study of the boundary conditions .
peculiar to the sand-bed channels has been-made to show that because of
the local non-uniformity of the flow, a typical velocity profilo and
hence a typical value of x for the flow over a sand-bed cannot be
determined from one vertical. The velocity profiles observed in the

flumes have been analyzed to compute «x -values in the region
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corresponding’ to the outer layer:of. the turbulent:boundary.layer:flow.,
Analysis of these values shows that «-. 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
created by other configurations. It has been shown from the analysis
of such runs that the representative grain roughness size is related to
D84 of the bed-material. It is also seen that the application of
wall correction to flow in smooth walled sand-bed flumes over-corrects
for width depth ratios greater than 3 so that the two dimensional
conditions are better approximated by not'making this correction and
by using the mean depth of flow instead of the hydraulic radius. On
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
different regimes of flow. A criterion for predicting the regime for
a given depth, slope and bed-material has been developed. A resistence
factor in terms of the effective shear velocity is derived and resis-
tance functions for different regimes have been develop. . For the
laboratory flumes and the West Pakistan canals, the method predicts
average velocity of flow within 15 percent of the observed wean velocity
for most of_ the data used.

7. A transport function has been doveloped using the inner- outer
layer nodel 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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transport  function has:been:presented.as.a,graphical relation. between
the bed-mhtoridl'dischargo‘per unit width and .a transport parameter _G.
This parameter (0) 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
ence concentration is a function of the Shields' grain shear parameter
S and the ratio of fall velocity to the effective shear velocity, ySO/U'oe.
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 has 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
from the transport function is identical to that obtained in the flume
data in the whole range: of bed forms and transport.

8. Example problems have been solved to illustrate the use of the
resistanco and transport functions. To facilitate the use of the trans-

port function with ordinary ‘slide rules, graphs and tables have been

developed ‘to evaluate its components.

Recommendations 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 r}gid boundary turbulent flow theories
when dealing with sgﬁa;beds. “A ;ﬁalifgéive survey of the differences
between the two flows has been made in Chapter III. This survey brings
out the areas where additional research is needed to produce quantita-'

tive results. Future studies in the field of flow in sand-bed channels
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should concentrate on these _areas as well as on the easy and meaningful
leasurelent‘of turbulence quantxtles in sand-bed channels. It is believed
that the final solutlon to the problem of flow in sand-bed channels will
omorge 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.
Hotk 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 parametors 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 nean
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 abeut S should be maintained in smooth
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walled flune studies to remove the effects of varying width depth
ratioe:"To evnluate the wall correction needed with smaller uidth
depth ratios. some basic research is needed. This can be done by obér
serving the mcan velocity distributions in the flow tor similar bed
forms and average velocities and by dividing the flow in regions correl
«ponding to the wall and the bed.

In this study it has been argued that the viscous sublayer in the
flow of water on noving sand-beds is unstable because of the movement of
the particles at the boundary and the porosity of the bed. The instability
of the sublayer has also been indirectly inferred from the analysis of
plane sand- Sed runs. A direct experimental verification of this con-
clusion is a difficult task because of the small length scales involved
in the ;tudy of the viscous sublayer. However, similar conditions can
be sineleted by using more viscous fluids and larger (artificial) rough-

ness elements. Such a study should also be undertaken to clarify the

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
indopendent 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
sediment at a distance y above the bed. For a volume ¥ of the mix-
ture, the fraction occupied by the sediment is ch and that by the
water is v(l-cv). If Py and ng are the mass density of the sediment
and the water, rospectively, 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=pe(l-c)) +pcc, (A-1)

p.us= ufof(l-cv) +ugpp.c (A-2)

p.v = prf(l‘cv) * VPSS, (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 watcr and the sediment

phase, respectively.
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The continuity equations for the ‘two bhhses are

water:
3 )
35 [Pg(l-c.) uc) + Iy lpel-cve]l =0, (A-4)
sediment: .. .-
.3-‘.;[‘-,,“c-u! ] ‘ _3_ [9 c v ] .'0 . (A-‘-S)
x Wstv's ay Ps"v's :

Adding Equation .(A-4) and fA-5) and substituting Equations (A-1)
through (A-3),

3pu. épv - -
Since both the sediment and the water are incompressible, Equations

(A-4) and (A-S5) can also be added to yield

] 3
X lcv ug * (1-cy) uf] *ay

y [

- = ‘A-
v Vs *® Q1 cv)vf] 0. ‘A-7)

The momentum equations for the two phases along x and y directions are

water:

3 2, .3 : .
'37 [pf(l'cv) uf] + '5? lof(l'cv) uf Vf]

ap 2 ? i
pe(l-c)g - (1-c)) == - (-c)) (57 ?xxf * 3y ‘xyf] - R, (A-8)

) Sy L3 2,
X [0f(l‘cv) uf Vf] + W [‘.’f(l’cv) 'v,f] -

2

- - (l-c ) & . . C
pf(l cv)gy & cv) ay ( cv) [3x ‘yxf * ay YY¢ y
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sediment:

9 2 9
3% [Pg ©y Ug) ¢+ 3?7[93 v Us Vsl

ap 9 9

- C - —_— -

Ps Cv 8¢ = Ty 3x v 3z ’xxs * 3y 1xys] * Ry (A-10)
] ] 2
3% [°s Cy Ug Vgl ¢ 3y [og cy Vel *

LI 3 2 _
Pg Cy 8y - <, 3y cy [ax 1yxs + s;-ryys] + Ry (A-11)

where 8, and gy are the components of gravity and Rx and Ry are
the forces due to interaction of the two plases along X and Y
direction, respectively. Tx and Txy 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
ue = u (A-12)
Vg - W m V. (A-13)

then from Equations (A-2) and (A-3)

us= [uf pe(l-c ) + ug G cv] (A-14)
and
Vel (veogllee)) ¢ (v - W, €]
NS (A-15)

N o v
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Using Equations (A-14) and (A-15), Equation (A-7) is

2 2 ol Tt
5 [cv ug ¢+ (l-cv) uf] + 3y [cv v+ (l-cv) vf] =0

or,
u 3 SRR
= % [cv(vf - W) ¢ (l-cv) vf]h- 0
or,
3u _ du _ 3 Pg . " cv(l'cv)
I oll-a—y- n 5—y— ICV W - - w cv]l - (Ds -'x-Df) -5-;; (- 5 ].

(A-16)

Also adding Equations (A-8), (A-10) and Equations (A-9), (/.-11),
and using Equations (A-12) and (A-13), one gets the momentum equations

for the sediment-water mixtuce along X and Y directions as

9T 3T

2

dpu puv _ 9P XX Xy -

= + oy o8, - 3x * =% + 3y (A-17)

2 T 3t c. (l-c )wz

dpuv v - _ L _yx XY . 9 ( v v

X 3y P8y ~ 3y * Tax 3y P¢ Ps 3y 3

(A-18)
where

1xy " Xy ¢ * Xy ’
T =1 . and

vy " Tyve Y,

T =1 +

Considerable simplification of above equations can be achieved for

small concentrations.
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If <, << 1, then cv(l-cv) =c, and the volumetric continuity

Equation (A-16) can be written as
| 'ac;“
] = - (Ss-l) W I (A-19)

du v ) v cvcl'cv)

Xty by ey

where Ss is the specific gravity of the sediment.

¢

The mass conservation equation for the solid phase (A-5), can be

reduced with the help of Equations (A-12) and (A-13) as

acv 3cv W acv 2 2 acv
U=tV Sy o Ty {pf(ch -c, ¢ 1) - 2, os} T W, 5y
(A-20)

In Equation (A-18), the magnitude of last term 3/9dy [cv(l-cv)/p]
is smaller than other terms and can be dropped to yield momentum

equation along Y-direction as

2 LR
3 (puv) IpVv - 3p yx Yy .
3x * oy P8y - 3y * Tax M T (A-21)

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 us=u+u'

vVayv ey

pe=p*p
and

Equation (A-1) yields

a ' - - t - '
peo = °f(1 cv) Pe cv * pscv t P cv

DUNAY
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Since
p = °f(l:cv) + DS CV'

p' = (o~ pelc! | " (A-22)

Similarly Equation (A-l§j yields

_ ac!
Ju' ov'! V. .
F + '57' - (Ss-l) w F (A-23) -
Equation of mass conservation (A-6) gives
3py , 3V dplul - -dplvl .
ax 3y M TR dy 0.
For p = pf(l-cv) v 0 €,
and
' n - '
the equation of mass conservation can be reduced to
r el Tal Tl - o
= acv - acv ) du cy . v <, ] p(Ss 1) - 35!
X 3y 3x 3y Py - Pg ay
For a small cyr P TP and
_ aq _ aq aE’?",' 3?'?",' aq
Yo Yy YT YTy My o (A-24)

The momentum Equatiors (A-17) and (A-21) can be similarly treated
to yield the Reynold's stresses in a two-phase floy._ Equation (A-17)

gives



167

-2 _
pu f WOV = n _22_ a_ _--'2,.__'_1_

x_ T3y PUV TP 8y <~ * 3% (Txx o 2t p'u

-oturd) %;-(rxy - VBT - BTN VT -, GV (A-25)

And Equation (A-21) gives

I | -
.. dpuv dov ey _9%p .93 v rre AP rvs Y3 AT 293 M
R TRl 3y o ay” 5% (Tyx vp'u ptu'v! - pu'v up'v')
+ %y- (Tx - p;TI -2v p'vl - p'v'i). (A-26)

Conpa:ing Equations (A-25) and (A-26) with Equation (A-17) and (A-18),

the turbulent shear stress in a two-phase flow

rxy(T) = -puvi -upivl - ptulv! - vpo'u’

- Ayt o - e Tyl e v o Tt Tulel -
= - pu'v (ps of) fu c,'vi + v Tul +ulv cv]. (A-27)

For'ﬁnifotﬁ flow conditions, when all the derivations with respect

to x vanish, Equation (A-19) gives
V- (Sl W (A-28)

and

vi= =(Sg-1) wey (A-29)
From :Bquation - (A-4) .
v. (I=c)) = o, (A-30)

from Equation (A-S5)

V-S cV = 0, , (K’sl)
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and from Equation (5,24)9.

Integration of the last equation yields

IR ESRTY "W e - . o (A
.y‘c& M TINIC =W §§S'I)<y <y - (A-32)
Again, for c, <<]
vici = wc . (A-33)
v v

The turbulent shear stress, Equation:(A-27), becomes.

2 - oufyul - - nw e +vetut Tvict].
rxy(T) pu'v (og pe) [q,y,gv +velu §,u_vrcv]

Hore, since |v'| < v,".u'v‘c; 2732c;.u' '
and since |V] < w, (for c_ <<1) the last two terms can e dropped so
YRR L S ARSI SR S TR

that
Ty = - pUTVT - (pg - pg) U W C . (A-32)

This is the approximate equation for turbulent shear stress in sediment
water mixture flows with small values of c, ‘ ’ -
| The differential equation for the variation of"fhe';edi;;nt.
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-Soj and (A-3l)‘givo
Ve T« Vi@ =0, | CEON

J—
Ve C, *Vielso. (A-36)
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Using Equation (A-13) with Equation (A-36)

('\7; - w) E; * vf' cv‘ = 0. (A-37)

Defining turbulent diffusion coefficients for the liquid and solid phase

as

dcv
Tl = -
°v V¢ €s dy

and

33;
(i-céi v} = e Iy’

and by eliminating V} between Equation (A-35) and (A-37),

3\)-.

dc ' '
v
(cs +c, (cf - cSl)u: y - qvﬁl7cv)=!-f 0, :
where the overscore of the tiné'avo¥a§ed volumetric concentration has
been dropped.
For cv<< 1,

d

c
(¢ * <y (cf - cs)) —a¥ te W= 0. (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

OF THEIR' PARAMETERS

Two-Parameter Lognormal Distribution

o 1L If two variates X and Y are defined as, Y = ;g[x],. 0<X<w
and if, Y  has a gaussian distribution with mean My and standa;d

deviation oy

Y
MOREN

1 : ~.:1 ' y-u R
-~ exp(- x ( —L)°) * dy
- o /I Z "o,

then, variate X is said to have a lognormal distribution, and is

distributed as

. X 1 1 In x-u 9 ’
FX(") = (J; m exp[ - 2 (c—yx)-;‘] dx:

If W is another variate defined by
LI a.x“, 0<X<m

then di§f¥igution function of W is given by

w in w-u 2
FyO) = [ —2—" exp[ = 5 (——=2) ] * dw
0 0. w/2x z
z
where
o, =n oy
W, = n uy + 1na and
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A lognormal distribution is skewed ' and its mode, median and mean

are given by a value °fﬁn§;,€$?f1 to
Y [ yespectively.

The median size X, of 8 lognormal variate X corresponds 'to the

R 4 . . . N -
sedian size of ng ‘of its transformation Y (='1ln (x]) ‘and to the meédian

size We, “of shy power transformation W(=a x™)." This is also true of’ P
other quantiles.

The rth soment of variate "X sbout the origin is,

wix) = J x" £ (x) - dx
onT RS B T

- [ o fy(y)'dy

exp [%-r2 oyz . N by]- - (B-1)

The two-paraseter lognormal distributigns_are uultiplicatively
reproductive in the same sense as the normal distributions are additively
reproductive. If two mutually independent variates Y, and Yé' are "
normally distributed as Yl - N(ul.,.qi) and y - N_(u2 , °§)~.Fb°9;

their sum Y = Y1 . Y2 is also nornaliy distributed as

Y - N(u1 * ¥y of . ~o§) ‘ For- tho lognornai distributions. tho re-

productive properties are as foliows.

2
£, X, - LN("yl' °y1)' o< Xl

1

2

Do
are mutually independent random variables, then

s ¢ - 2
X =X T Xy - LN(upy ¢ uggs Oy ¢ Oy))
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Throo-ParaneterfLoggormalfDistribution e

The lower: bound: for. the two-parameter. lognormal; distribution is. 0.
However,. if the.lower bound is different from O, and there exists. a

lower bound ::x, such that

) W
» 4 LA .

B “ur ‘ 2
o 0 Gy, o

RIS B

thgn X has a three parameter lognormal distribution. The mean, mode
and all quantiles of a three-parameter lognormal 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

Xy ) * W)
then X, is distributed as.a four-parameter lognormsl distribution with
lower and upper bounds as t and 6, respé;tively.

Although, the three-and four-paranet;; distributions are more
floxible hhdfcgﬁ be fitted to a variety of empirical gistpibutiéns, the
estimation procedures for the parﬁhetors become less reli#bl; ;nd

cumbersome than for the two-parameter distribution.

Estimation of Parameters -

If there is a sample of size n from a lognormal population

2, . : 2
X - LN(uy,oy), parameters by and qy

The problen’ of estimation-is basic to the theory of mathematical

can be estimated from the sample.

statistics and estimators are assigned various qualities ‘like ‘consistency,
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unbiased, minimum variance, efficioncy;i;@ffigianylf;otg;,\ﬁxqug};g
and Stuart, 1967). * Por lognormal distributions;, Aitchson and Brown
(1957) have discussed five estimation methods, namely, (1) ‘the method :
of maximum likelihood, (ii) the method of moments, (1ii) the method .of
quantiles (iv) the graphical method, and (v) m%gcd methods. Relevants
equations of these methods are given below with:fﬁnéfks on thoir |
efficiéncies.
%(1) ‘‘Method of 'Maximum Likelihood .-
1€ m, ‘and -32 are:the maximum-like)ihood estimators of

1 1
2 .
d , then:
by and o, en

B[

. N . .
mo= =] 1n([x]
}. o im] L. i L

l!‘l

Seal

(10 [x,]- w,)2
L n [xi -1)

Where n is the size of sample xl, Xy seees xn : ll and $ are

aininum variance unbiased éstimators and their variances are given by

var {Il) = and var {51}'- == .

1. Consistency. An estimator is consistent if the variance of the
sampling distribution decreases with the increasing size of sample.

Unbiased. An estimator is unbiased if it is consistent and its
expected value is value of parazeter (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
variance estimator. This is no: bound to the size of sample.

Eff cient. Among consistent, asymptotically normal estimators of
some parametric function, that with the minimum variance in large
samples is called an cfficiert pacameter.

Efficiency of an estimator relative to an efficient estimator is
defined as the reciprncal 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 cbout 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

.ow

the expressions for uy and 02 from Equation (B-1). If.le and s,

b4
are the estimators from method of moments, then
n
. 1 1
o e zsPenl N

19 2
oxp {2m, + 2 s,} = E-g.l (x; - x)

where x =

|-

-t

b 4
=] i

This yields

N. v g, ) n
.21n[lz x]-lln[lZ’
2 LR z. g
AT T N : N R . P
n 2 n
2 . 1 . . 1
and s} = In [~ g-l (x, X))]-21I( E'E-l X, J

and 32 are consistent estimators, but their-efficienciesfall off

2 2

rapidly 337135'“fddréé§osl'

(3) Method ‘of Quantiles
In this method, the sample quantiles are equated to“the
expressions in terms of estimators m, and sy. Thus, if qu and

xq2 are the quantiles of X, of order qQ; a?éf qz(gl < qz) then,

1 - 1
v n [xq ] vql n[qu]

12 1
J:NPS AT IURVR FRTE VERN
q2 - ql
(A AV SN EEERTT IR £ % B
In [X ] - ln [X ]
and s, = S
3 v -V
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where vq and vq are qzth and qlth order quantiles of standardized
2 1 o .
nornal distribution and m, and s, are estimates of u;‘and"'oy .
P TR L IR T L L DU T R TSPt T LU TP IO S
Naxi-unkbfficiegcy is achieved in this method when the quantiles are of

order do ‘and -f-qo (q&i; %ﬁ,:tﬁdﬁ”'

and

1
m, =3 (In [Xl_qolo ln[XqO]) ,

]- 1n[xq D

1
S, = Qnlx
3 ivo l-q° o

Optiluh values of Q, for the maximum large sample efficiencies are

b4

different for u, and Oy For by (the values are 27 and 73% and for
o, these are 7 and 93%. At 16 ‘and .84% Quantiies thoﬁo efficiencies for

e

uy and °y are 70% anq 53% respectively, compared to their respective
maxima of 81% and 65%. l . |
1(4) ; .Graphical ;Method .
The graphical method consists of plotting the cumulative
normalized frequencies on the logarithmic probabi}@ty,papqr-qﬂd:,

dotorminingfsn4; and; S, 88 follows:

m, = ln[XSO]
I e i' ; X
1 50 84
s, =1In [x ( + }) .
4 7 X X5

In an emp’rical test of these methods ca 65 sets of lognormal data,

Aitchson and Brown (1957) found that the order of these ﬁothods in terms
. WL " . . . .
is:

 F
of their efficiencies in estimating both My gpd__qy
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Maximun 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 o: and the
expense of computations for large semples, the methods of quantiles 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 distribution

are and oy In practice the median diameter D., and gradation

D D
1 S0 84 .
o[--f (B;Z + 5;39] of the sand-mixture are usually reported, For a

two-parameter lognormal distribution, DSo and o are related to uy

d as
and o

uy = 1ln [Dso]

and

°y = 1n [9)

The qth percentile of the sand size distribution Dq (i.e., q percent
of the mixture is finer than the size Dq) in this case is

v

- q
Dq DSO o

where vq is the qth percentile of standard normal distribution

[-N(0,1)]. Thus, for q = 65%, vq = 0,385 and

0.385
Dgs ™ Do © ,

similarly for q = 35%, vq = -0.385 and

-0.385
Dy = Dgg ©
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APPENDIX C
VALUES OF x AND RELATED PARAMETERS FOR FLUME RUNS
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+ The Symbols-.Used: in- the ~Following ' Figures have the
Following Meanings “Unless Otherwise Indicated.

) Symbols Representing Bed. Forms

R Ripple -

Dune

Transition
Plane

Stonding Wave
Antidune - - -
Chute ond Pool

O P 0OV 4 O

(il)' Symbols Identifying Data

B Rio Grande at Bemalillo, N.M.
6 Rio Grande at Albuquerque, N.M.
w. West Pakistan Canals
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FIG. 6-26 VARIATION OF KARMAN'S KAPPA 'WITH PREDICTION
PARAMETER (148 RUNS )
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FIG. 6-28, VARIATION OF von KARMAN'S KAPPA
FROUDE NO. (SAYRE-ALBERTSON DATA -1963)
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TABLE 7-1 VALUES OF FRICTION FACTOR f VERSUS R/f
BASED ON TRACY AND LESTER (1961)

£ R/ £ £ R/ £
.012 .104E+09 .047 .803E+05
.013 .617E+8 .048 . 736E+05
.014 .384E+08 .049 .677E+05
.015 .250E+08 .050 .624E+05
.016 .169E+08 - .081 .S76E+05
.017 .118E+08 .052 .533E+05
.018 .850E+07 .053 .494E+05S
.019 .625E+07 .054 .459E+05
.020 .470E+07 .055 .427E+05
.021 .360E+07 .056 . 398E+05
.022 .281E+07 .057 .371E+05
.023 .222E+07 .058 .347E+05
.024 .178E+07 .059 .325E+05
.025 .144E+07 .060 . 305E+05
.026 .118E+07 .061 .286E+05
.027 .980E+06 .062 .269E+05
.028 .820E+06 .063 .254E+05
.029 .691E+06 .064 .239E+05
.030 .587E+06 .065 .226E+05
.031 .503E+06 .066 .213E+05
.032 .433E+06 .067 .202E+05
.033 .375E+06 .068 .191E+05
.034 . 327E+06 .069 .181E+05
.035 .287E+06 .070 .172E+05
.036 .252E+06 .071 .163E+05
.037 .223E+06 .072 .155E+05
.038 .198E+06 .073 .147E+05
.039 .177E+06 .074 .140E+05
.040 .159E+06 .075 .134E+05
.041 .143E+06 .076 .128E+05
.042 .129E+06 .077 .122E+05
.043 .116E+06 .078 .116E+05
.044 .106E+06 079 .111E+05
.045 .961E+05 .080 .107E+05

.046 .877E+05 .081 .102E+05
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TABLE 7-2 SIZE DISTRIBUTION OF SANDS

sy

Ref Table No o Geometric standard

USGS P.P. 462-1 ° Median size mm deviation
2 0.19 130
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 o 0.54 1.52

Barton and Lin (1955) 0.18 , 1.25
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TABLE 8-] :SIPASATION OF 52D FOROG FOR THE PLIME DATA

) Mazimw Stream Power '-‘(3)
m . ) f2-10/sec/sq. ft
Ref. Toble Mo.  Median Pa}) Dia. Stendard S“ x 103 Upper Qalt Tatersedlate  Lower Linit
Dcn % 107 2 - Oevistioa .. ft for renge for
- . Lover Regive Upper Regime
3 ‘4 623 ’ ‘1.9 T .80 .202 .302 - 412 .42
3 .88 1.6 "1.380 I 312 - 388 588
4 .08 1.67 1.2 .0 L2307 - 4 a2
s - a8 1.0 2.3 am® s - ;e e
. 3lo19 K 4.700 1000 1.010 -1.600 1.600
? 1.049 1.%7 1.648 238 338 - 409 409
[} 1.002 1.3% 1.38) 358 L3838 - 300 .3508
9 1.082 .07 2.260 A - .28
10 1.341 1.84 1.348 460 L4060 - 843 083
1" 1.770 1.82 2.490 386 .388 -1.070 1.0
Motes: 1. Table mmber referred to 13 from USCS Profesionsl Peper No. &42-1, 1964,

2. Ogqg based oa lognormel distridution o Dgg x 0.

3. Mexlmum possidle stresm pover Dased on iy o Dgy and Keulegan's velocity tquation (8-12).
Upper 11elt for lower regime refors to the velue of Pogy WAL ~".ulted in lower regine bed forms
caly. Lower lielit for upper regime similarly refers to velue of Pggy which resulted in upper
regise bed forms oaly. In the intermediote renge of Pgyy Both upper snd lower regise bed forms
resulted (n the {lumes.

4. Bzcluling rum 3-26.

$. facluding plaae-bed runs defore dunes, which are pert of lower regime.

TASLL §-2 COORIOATLS OF STRAICHT SIOEXTS (OM LOC-L0G PAPER) OF RESISTANCE CVAVES
ANCE OF (P -D”) . wree urrta. LOWER- Lot
el INTES@DIATE INTED@®DIATE
V24 v/ay, 178 YW, o 1/8 v/eu, Vs v,
R/ $.0 1.2 3.0 1.1 33.0 3.0 13.0
1.1 1%.0 1.9 3%.0 1.7 0.0 6.6 13.0
1.3 2.0 2.% 28.0 3.0 15.0 11.0 1.0
1.9 2.0 $.0 1.2 6.0 11.0 20.0 11.0
2.0 20.0 10.0 17.0 10.0 10.0 30.0 12.0
4.0 15.0 13.0 17.0 13.0 10.0 0.0 1.0
10.0 17.0 3.0 1.0 $0.0 2.0
5.0 17.0 30.0 11.0 $3.0 2.0

oy,
. L] 3. Por pletted { " 8-9 and
_— . ter . ? curves vefer to Plgures

Notes: 1. S 1s Shield's Perame -(——1‘-—'.." ” 810

3. for v_l-o renge refer to Pigure §-3.
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tas

. TABLE 10-1 VALUES OF Al = 1n(33:3%)

' ' . ks

| f s¥o s Al
R 107 17.3
2 s x 10°° 15.7
E 107 15.0
-4 5 x 10"5.. '.13.4
s 107 12.7
6 5 x 107 11.1
7 107 10.4
8 s x 107 8.8
9 1072 8.1
10 5 x 1072 6.5
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TABLE 10-6 VALUES OF b = n_ In( nk—-“-)
] s
. na ’ . . - . . i 5

S.No. nys 108 5x107° 10° sx10° 107 sxi0™t 107 isix 1070 107?57 107
1 10°® .3S1E-05 .256E-04 .SSIE 21 .371E-03 .811E-03 .486E-03 .104E-01 .601E-01 .127E+00 .716E+00
2 5 x10°® .190E-05 .1755-04 .420E-04 .290E-03 .6SOE-03 .406E-02 .881E-02 .521E-02 .111E-01 .636E+00
3 107 . ,120E-05 .141E-04 .3S1E-04 .256E-03 .S81E-03 .371E-02 .811E-02 .486E-01 .104E+00 .601E+00
a 5x107° .602E-05 .190E-04 .17SE-03 .420E-03 .290E-02 .650E-02 .406E-01 .881E-01 .S21E+00
s 107* .256E-05 .120E-04 .i3{E-03 .3S1E-03 .256E-02 .S81E-02 .371E-01 .811E-01 .486E+00
6 sx10? .602E-04 .190E-03 .17SE-C2 .420E-02 .290E-O1 .6S0E-01 .406E+00
7 1073 .256E-04 .120E-03 .141E-02 .3513-02 .256E-01 .SB1E-01 .371E+00
8 5x107° .602E-03 .190E-02 .17SE-01 .420E-01 .Z90E+00
s 107% .256E-03 .120E-02 .141E-01 .3S1E-01 .256E+00
10 5 x 1072 .602E-02 .190E-01

.17SE+00

. S92
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TABLE 10-7 VALUES OF I «:f (==D)2dn- AND J = [. (321)% In[n)dn;
Coorooast as Vo o
S.No. z : 1 J
1 .05" .8301E+00 .5794E+00
2 .10 .B8159E+00 .5948E+00
3 .15 ".B0S4E+00 .6118E+00
4 .20 . 7984E+00 .6304E+00
5 .30 . 7935E+00 .6728E+00 .
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
n 1.00 .1047E+01 .1234E+01
12 1.20 .1220E+01 . 1524E+01
13 1.40 . 1454E+01 .1905E+01
14 1.60 .1766E+01 .2407E+01
15 1.80 .2178E+01 .3070E+01
16 2.00 .2722E+01 .3947E+01
17 2.50 .4979E+01 .7618E+01
18 3.00 L9564E+01 .1519E+02
19 3.50 .1902E+02 .3103E+02
20 4.00 .3880E+02 .6462E+02
21 5.00 .1706E+03 .2923E+03
22 6.00 .7886E+03 .1376E+04
23 7.00 .3770E+04 .6665E+04
24 10.00-: .8437E+06

4667E+06
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TABLE 10-8 COMPUTATION OF TRAMSIORT PARVETER O POR RIO CRANDE AT ALBUQUERQUE, N.N.
OSSERVATION DATED MARCH 24, 1934

Ane Frection Mo,
N, Quantity 1 2 3 ry s
1. Geometric Meaa 8130, D‘.
x 103 fe 1.78 1.22 0.948 0.744 0.554
2. Fell Velocity w, ft/sec  0.206 0.147 0.112 0.082 0.052
s. y 2.61 1.86 1.42 1.04 0.664
4. Critical Sheer v x 107 /e 0.573 0.451 0.384 0.358 0.330
T -t
s. L{‘— 0.924 0.941 0.9%0 0.954 0.957
. ,
6. ny 110" 3.2¢ .22 1.2 1.38 1.01
. A2 x 10} 2.0 2.4 5.3 6.0 14.0
s. A x 10} 20.2 2.2 5.3 81.2 141.4
9. s x10° -10.0 -10.18 -15.8 -25.8 -45.0
10. }; (A 8 x10° 5.37 .6 5.89 11.80 31.80
1. 1, 5.80 2.50 1.50 1.08 0.80
12 1, -8.00 -3.80 -2.00 -1.30 -0.80
13. o, x 10° 0.00 1.2 14.0 120.0 1200.
14, ¢, x10° 0.00 5.51 .4 $s1. $510.
1s. (€,2,¢ 9,3, x 10° 0.0 9.2 6.6 423.0 3450.
1
16. (E(‘l . .‘) . C‘!‘
+9J) x10° .37 .13 6.58 15.03 66.30
17, ety x 10° s.a .9 6.88 16.83 69.74
..
18. i‘—.- 1y, .00 2.40 1.63 1.20 0.84
19. ‘Ta&_g_’ x 10° .70 2.2 1.58 1.14 0.81
*Tee
20. [} x 10} .12 7.16 8.4 17.97 70.55
%0,
2. . . 1.6 16.1 i
' 6.4 .3 63.4

v 2.8 S g,
22. Gey s’" (u._.)” _!_’2 I« i )
Sino een . ga1 T30 &
[ -® 2.65 % 62.4 20,156 x 1.722 % 0.099 x 111.2 x 107
IR AY AL LN & RN A . |

e 0.486 1bs por sac per ft.
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