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SYNOPSIS

This thesis on resistance to flow in open channels includes
an experimental investigation of some of the basic ,ctions and detalls
of the steady and of the unsteady parts of the motion. The experi-
ments were done in a glass walled channel using clear water and with
smooth as well as rough beds of non-mobile material though one bed
was of ripple mark type having been generated hydraulically and sub-

sequently consolidated.

Certain analytical expressions for the friction coefficient
for laminar flow in wide rectangular section are verified experi-
mentally and the lower value of the critical Reynolds number for this

section is established.

To find the effect of the air water interface on the turbulence,
measurements are made in two-dimensional fully developed turbulent
flows using a photographic technique and the results are compared with
those previously obtained in pipes. Also the effect of roughness on
turbulence is investigated and the results with different roughnesses

are correlated,

In an attempt to detect the secondary currents in straight
channels, a photographic technique is developed to visualize and
record the motion across the main flow. From the photographs some

patterns of the secondary currents are mapped out.



iii

The problem of resistance to flow is finally considered.
Smooth channel results are compared with those of smooth pipes and
the effect of depth-width ratio on the resistance is disclosed. For
the channel with various forms of bed roughness and smooth side
walls, the surface roughness in terms of equivalent sand roughness is
evaluated from velocity distributions and from the friction
coefficient results. It is shown that for such cases the method,
proposed by Einstein and Johnson, commonly used to eliminate the
effeet of side walls for evaluating the bed roughness gives misleading

results.
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Rb

NOTATTIONS

Meaning .
Area of cross-gection
Width of flume
Chezy's coefficient, in V = C./ﬁgj

Diameter of pipe

Depth of flow or half distance between parallel

LETNE

Friction factor, in h = >aD

Acceleration due to gravity.

Head loss

Linear measurement of roughness.
Nikuradse equivalent sand roughness.
Prandtl’'s Mixipg length.

Wetted perimeter

Discharge

Hydraulic radius, %

Bed hydraulic radius.

Wall hydraulic radius

plates.



u
u

1
u',v',uw!

viii
Radius of pipe
Hydraulic gradient or slope of chanmnel for uniform flow.
Local instantaneous velocity in direction of main flow.
Local mean velocity in direction of main flow.

Turbulent velocity components in x, y and 2 axes
respectively.

y/u"?, Yy, w'2 Root-mean-square values of u', v' and w',

v

Vxo

Vx

Vxb

X,Y,%

< R

Average velocity of flow, Q/A.

Shear velocity at the bed, in central plane for two-
dinensional flow. /7T0 ;/Egé
e

Average shear velocity over the wetted perimeter,

JE _JERes
P

Average bed shear velocity, /EE =./§bgs.
p

Distance from bed.
Coordinate axes.

Universal turbulent constant.
Specific weight of water.
Mass density of water.

Dynamic viscosity.



2 Y Kinematic viscosity, %

TO Shear stress at the bed, for two-dimensional flow, pgds.
T Average shear stress over the perimeter, pgRs.
b Average bed shear stress, pgRbS.

' . v

A Coefficient, 7 —

x u'v!
. . = [
: Coefficient of correlation, u v Also used as

stream function in Chapter V.

g JT\ ’ K Vorticity components in x,y and z axes respectively.



CHAFTER I Te

GENERAL INTRODUCTION

The hydraulic aspects of flow in canals and rivers, sugh as
the resistance.they offer to the discharge of flood water and their
capacity to bring clear water for agriculture and town supply, are
problems difficult to investigate in the field where even the simplest
basic actions may become obscured by natural irregularities beyond

control.

In the laboratory, however, it is possible to simplify and to
restrict the variables and treat the problem as one of steady uniform
flow in a channel in which the depth of the stream and the velocity
of flow remain constant with time and distance. These are ideal
conditions seldom occuring in the irregular channels of natural water
courses, nor are they often found in artificial ch;nnels of uniform
cross section since these are usually obstructed by various weirs or

other structures across them. Yet it is clear that such simplifications

are essential in a search for a sound knowledge of the subject.

An attempt to derive a formula for predicting the velocity in
open channels was made by De Chezy in 1775.. In the well known Chezy's
formula the coefficient, known as Chezy's coefficient C, being
dimensional was later expressed in a non-dimensional form and since

then many expressions have been put forward to evaluate its value, by
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many workers in this field, the majority relying mainly upon an

empirical approach.

A new trend, however, started at the end of the Nineteenth
Century with the work of Osborne Reynolds who investigated the
mechanism and stability of the two types of fluid motion - laminar

and turbulent.

In Jaminar flow, where fluid particles move in parallel layers,
certain forces, tending to equalise the speed of the different layers,
come into play in the form of shear stresses due to the cohesion and
molecular momentum exchange between fluid layers. These effects are
represented by the viscosity of the fluid, defined by p in the
expression, T =y %&, and are fully included in the Navier-Stokes
equations. For steady motion, these equations have been solved for

various boundary shapes and the derived friction coefficients agree

with those measured experimentally.

In turbulent flow, the mean values of velocity and pressure
Nave o e
e»e superimposed witlk turbulent fluctuations and the motion of the
fluids is steady only in so far as the mean values are concerned.
Reynolds, in his theoretical zmalysis, demonstrated that the super-
position of fluctuztions on the mean motion gives rise to additional
stresses, and that the Navier-Ctokes equations are satisfied by the

mean values of the turbvlent flow if the viscous stresses are increased

by the additional turbulent stresses - now also known as Reynolds



3

stresses. In two dimensions the resulting expression for the shear

stress reduces to: 3
- — [}
T = [ dy pu'v ]

in which the second term representing the turbulent shear stress is
the temporal mean of the product of the turbulent fluctuations u' and
v!, multiplied by p. It is observed from experiments that when the
Reynolds number is large, the term p %% is usually very small compared
to - pﬁTg? and therefore is usually neglected. However this is not so

very close to a wall where the viscous forces usually tend to dominate

the flow.

Although the Reynolds equations suitably represent the
turbulent flow, in practice they are not sufficient to determine the
unknowns which are of practical interest e.g., the velocity

distribution or the friction coefficient.

With the development of Prandtl's mixing length theory, a new
approach started to represent the mechanism of turbulent flow. This
resulted in Universal logarithmic velocity distribution for two-

dimensional flows.

The friction coefficient laws for flow in circular pipes and
between parallel plates can be derived by an integration of the logar-
ithmic velocity distribution to obtain the average velocity of flow in
the section. An open wide rectangular channel can be compared with

that of flow between parallel plates if it is assumed that the free
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surface does not affect the motion. A complication arises when the
rectangular channel is deep in relation to its width. Under these
conditions the position of maximum velocity is usually displaced
downwards some distance below the free surface, and this is the
result of a secondary current in the form of a spiral motion, in a

direction normal to the main flow.

The present study was concerned with the resistance and some
of the basic factors which influence the flow and was made on a
rectangular flume with smooth glass side walls. The bed conditions
were changed to various forms of roughness including one with a smooth
glass bed. The general set up of the flume with measuring dévices

and different bed forms is described in Chapter II,

In the preliminary investigations on the flume with smooth
bed, some measurements of the friction coefficient under laminar flow
conditions were made to investigate the onset of turbuleﬁce; some of
the previous work on rectangular pipes ana open rectangﬁlar channels
is included together with the description of the present results in

Chapter III.

Chapter IV deals with turbulence measurements. There have
been many previous measurements of turbulent quantities in pipes and
closed rectangular channels and mainly air has been the working medium
and the hot~wire anemometer the instrument. Also some attempts have

been made to measure these quantities in free surface flows but the
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results have been unreliable because of lack of suitable instruments
for use in water. However a photographic technique, described in
(I1.4.2), reveals some of the basic information needed to understand
turbulence in two dimensional surroundings with a free surface. The
measurements were made along axes X and ¥, in the direction of main
flow and normal to the bed respectively. Previous results, mainly
concerning pipes and closed channels are summarized and broughf to—.
gether in a dimensionless form. The present results include some with
a smooth bed and these are compared with the previous results on pipeﬁ
and closed channels, and the effect of the free surface in modifying
the turbulence is established. Also the effect of roughness in
relation to the intensity of turbulence is investigated and correlated

with beds of different roughness.

Chapter V deals with the study of secondary currents in straight
channels. For nearly a century, the well known depression of the
position of maximum velocity has drawn the attention of many engineers
and the cause of it is attributed to a kind of spiral motion with
components in the plane normal to the main flow. Such a motion is
found to exist in most conduits except those of circular cross section.
Theoretical considerations show that the phenomenon is associated with
the three-dimensional structﬁre of turbulence in conjunction with
changes in the direction of the boundary. Various patterns of this

motion have been suggested based on experimental findings and hypotheses.
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Recently, with further development of hot-wire anemometry, the motion
near the corners of rectangular conduits has been investigated to
find the magnitude and direction of this motion but no direct
observation has previously been made on open channels. A phéto—
graphic technique, described in (II.4.3.), was developed to visualize
and record the motion of illuminated particles moving in a direction
normal to the main flow. With the aid of the photographs, an attempt

is made to map the patterns of the secondary currents,

Finally, in Chapter VI, a general study of the friction
coefficient is made in analogy with the laws of friction in pipes.
Some of the previous work is reviewed in comparison with the present
experiments, In the case of a channel with rough bed and smooth side
walls, the value of the equivalent sand roughness is obtained from
velocity profiles derived from the local instantaneous values measured
from the photographs. The corresponding friction coefficients were
obtained by two different methods, one by neglecting the effect of side
walls for small depths of flow and the other by using Einstein -
Johnson's method to eliminate the effect of side walls. The results

are compared with those obtained from the velocity profiles.
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CHAPTER II

EXPERIMENTAL SET-UP AND PHOTOGRAPHIC TECHNIQUES

I1.1. GENERAL SET-UP

The experiments were carried out in a 40 ft long glass walled
tilting flume, with average width of 1.005 ft. Water surface levels
were read by a point gauge mounted on a carriage which moved on rails
fixed on top of the flume. Photograph, Fig. (II.1), showing a part
of the flume near its inlet gives some details. The rails were
adjusted until within & 0.005" of a plane parallel to the still water
surface when the flume was horizontal. The deviations at the
measuring statioqs were then recorded and subsequently applied as
corrections to all later gauge readings. The various bed forms

studied are described later in the next section.

The water was supplied from an overhead tank, by piping
connections, to the inlet of the flume and the rate of flow was
controlled by a valve. To dissipate the energy of water,.some
baffles and screens were introduced in the inlet tank, A tail-gate
provided in the outlcet tamk was used to control depth of flow. Two
butterfly val#es, fixed in the bottom of the outlet tank and connected
to two different pipes, discharged water either into the sump or into
the measuring tank, The pipe carrying water to the measuring tank
was taken sufficiently down to remain always submerged, so reducing

the disturbances in the tank.
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The measuring tank had a plan area of 117.5 sq.ft. and an

effective depth of 3 ft., so giving a total volume of about 350 cu.ft
available for measurement. A poinf gauge, connected to a magic eye,
was installed in a stilling well for measurement of .depths in the
tank. The tank was alsoc calibrated by weighing but no difference was
found from that obtained by linear measurements. The measuring tank,
which was a part of one iarge underground tank, was connected to its
other part by a valve and a pump was installed there to drain the

water into the sump.

The pump, supplying water to the over head tank, was kept
running while the experiments were performed to get a constant head.
The sump water was constantly recirculating through s Filter Plant,

installed in the laboratory.

IT.2. BED FORMS

The first part of the investigation concerned the resistance of
an already preparcd stabilized sand rippled bed. To find the average
ripple height and its length, three longitudinal profiles of the bed,
one at the centre and two at 3 inches from the side walls, were
taken. The depths were mecsured with point gauge and the readings
were recorded to an accuracy of + 0.010". More than 50 ripples were
covered in each profile and the mean values obtained are given in the

table below :
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Table II.1.

Average Standard Average  Standard Av.Rippf;
. Ripple deviation Ripple deviation height
Profile height length Av.F%ppIe
Ginches) (inches) (inches) (inches) length

At 3" from L.H.S. 0.310  0.060 3,855 0.430  0.081
wall
At centre of 0.320 0.060 3,860 0. 400 0.083
flune
At 3" from R.H.S. 0.320 0.060 3.870 04500 0.083
wall

From the table above it is seen that the averaée values for the
three places do not differ much and are within the accuracy of the
measurements. To describe the form of these ripples, a small length
of these profiles is shown in Fig. (II.2). Also té show how the bed
varied across the flume, full contours of the bed, except within an
inch of the two side walls, are shown in Fig. (II.3), over a length

of few ripples.

The second bed investigated was formed by filling up the
troughs of the ripples with gravel just up to their crest levels. A

photograph of the resulting bed is shown in Fig. (II.4).

The third bed investigated was formed by adding gravel until
the crests of the ripples were fully covered. This bed was made as
plane as possible with a spirit level and point gauge readings taken

on a plate, kept above the bed. The bed form is shown by a photo-
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graphs in Fig. (II.5).

The gravel for the above two beds, was fine gravel (size 2 m.m
to 6 m.m). A plane rouéh bed could be obtained with this gravel and,
moreover, it did not start moving in the range of shear velocities
investigated. For example, taking the median diameter of the grains
as 3.6 m.m, the shear velooity at which they could move, according
to Shields' diagram, would be 4.0 cm/sec. This value of shear
velocity would correspond to a depth of flow about 10 cm., for the

slope of the flume 0,0015.

The last bed investigated had a smooth glass bottom, about
36 ft long. The glass for the bed was supported on sand. Machined
cross~pieces of aluminium 2" wide, #" thick and in lengths slightly
less than the width of the flume, were placed on a prepared planc
sand bed at distances of 3' - 73" where the flume had braces to hold
the side glass walls. More sand was filled inbetween the cross-
pieces tb make a plane level bed. The glass plates, 1" thick, 11"
wide and in lengths of 7' - 3", were laid on the sand bed with ends
over the cross-~pieces. About one ft length of a glass plate where
the photographs had to be taken was painted black from the bottom.
All the joints were filled with a putty (Arbosfrap) and carefully
smoothed. The two ends of the bed were sealed and a trans;gh in the
entronce was provided by a ramped wooden board. Before any

experiments were made, levels were taken with point gauge on the
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glass bottom and the bed adjusted accordingly. The greatest

deviation of the glass bottom from a perfect plane was about £ 0.005".

II.3., EXPERIMENTAL PROCEDURE

In order to determine the friction coefficient, the usual
measurenents of depth, discharge and slope would be required. Dis-
charge and slope were treated as independent variables and depth as
dependent variable. For every slope of the flume the inlet valve was
adjusted to give various discharges; uniform flow was established by
regulating the tail gate until the same depth was obtained throughout
the measuring zone. The depths for this were measured by point gauge
at 5 ft intervals in a 15 ft length of measuring zone, starting from
15 £t after the entrance. When the free surface was smooth, water
levels could be measured within & 0.001"; however when waves appeared,
the depths were taken to be average values over crests and troughs of
the waves and the accuracy of measurecment then might be up to
% 0.010". The flow was sub-critical throughout with Froude number
much less than unity. A thermometer was installed in the inlet tank

to read the water temperature within + 0.1°C.

II.4. PHOTOGRAPHIC TECHNIQUES

IT.4,1. INTRODUCTION

Since the early days many photographic and other methods for
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visualizing fluid motion have been developed. Recently Clayton and
Massey (1967) have summarised the methods particularly suitable for

water and given an extensive bibliography.

Outstanding among these techniques for use with water is one
in which highly reflective tracer particles are held in suspension,
and strongly illuminated by a thin sheet of intense light, so appear-
ing as bright points when vicwed from a direction perpendicular to
the light. The motion of the particles in the illuminated plane can
be photographed to provide a record in the form of streaks whose
lengths vary according to the velocity of flow and the duration of

exposure.

The tracer particles may be gas bubbles, droplets of immiscible
liquids, or solid particles of some suitable substance giving high
optical contrast with the surrounding fluid. The paths of the tracer
particles are likely to be identical with the flow paths of the fluid
particles only when their size is very small and their density is the

sane as that of the fluid.

If the duration of the photographic exposure be known, the
velocity in any region in the illuminated plane can be obtained from
a photograph of the paths traced by the illuminated particles. How-
ever, when the flow is turbulent, the tracer particles may be lost
because they completely cross the thin sheet of light in the trans-

verse direction. The loss depends on the width of slit and on the
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intensity of the turbulence,as well as upon the duration of the
exposure. One way of overcoming this difficulty is by putting a
rotating disc, with slots, either in front of the illuminating
system or in front of the camera. Then the paths of the illuminated
particles are obtalned as a series of dashed streaks, from which the
particle velocity may be computed. The installation of such an
optical chopper can be avoided by using an clectric discharge lamp
which has the advantage over a continuous light source that it
provides virtually continuous but interrupted illumination with a pulse

from the ordinary A.C. supply.
I1.4,2. PHOTOGRAPHS TO MEASURE TURBULENCE AND LOCAL VELOCITY

As mentioned before, the local velocities can be computed from

the total lengths of the streaks recorded on the photographs.

To obtain local instantaneous velocity along X axis, in the
direction of main flow, and turbulent component along y axis, normal
to the bed, the photographs were taken in plané XY at the centre of
the flume where the main flow was substantially two dimensional. To
be free from anomalies from upstream, the photographic section was
selected to be at 30 ft, from the flume entrance. The general
arrangement of the photographic equipment, showing the position of
lamp and camera, is shown in photograph Fig, (II.6.a) and diagram

Fig. (II.6.b).

The tracer particles used were a plastic powder, with trade name
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TELCON, white in colour and with good reflection property. The

specific gravity of the powder was about 0.95 which is about 0.05

less than that of water. This difference in specific gravity is
sufficient to create discrepancies in particle velocity relative to
that of water; but for this difference of specific gravity the rising
velocity of 0.1 mm diameter particles is no more than 0.3 mm/sec and
such ﬁarticles will follow the fluid motion more faithfully than larger
ones,. But unfortunately, better photographs can be obtained with
larger pérticles since these would reflect more light. In view of this,
particles of various sizes were tried and it wés found that with the
illuminating system available, the suitable minimum size was 0.10 mm to
give photographs bright enough to be analysed without much difficulty.
Therefore particles which passed through B.S seive 100 and were
retained on seive 150 were used. The suspension of the particles in
water was made by adding a little "Teepol" and the lighter particles
which floated very quickly were skimmed out. The suspension was fed
into the flowing water at a place about 15 ft upstream from the photo-

graphic section, through a fine tube, (Photograph Fig. (II.1) ).

The lamp used was a water cooled Mercury vapour lamp of 500W
connected through a ballast to the A.C. supply with frequency 50 C/S.
Thus the light flashed 100 times a second which served as the funda-
mental timing device in measuring the velocity of the tracer particles.

This lamp was mounted on an optical bench, supported on two stands,
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adbout 3 ft above the flume, It was adjusted to be exactly above a slit

to give a thin vertical sheet of light at the flume centre. The slit,
provided in the bottom of a box, was kept near the water surface. Its
width was 0.25", the minimum possible, to avoid excessive lateral loss

of particles due to turbulence. No light, other than that coming through
the slit, was allowed and the photographs were taken with dark back and

fore ground by covering the whole system with a black cloth,

The camera, mounted on an optical bench was set parallel to the
glass side wall of the flume. For exact focussing, a scale was
introduced into the water at the flume centre below the illuminated
plane of light and a photograph of the same scale gave the magnification
ratio. Altogether a length of about 5 inches, along the x axis was
explored, thus the photographs covered about one ripple length; and

this length was kept the same for the other beds also,

A Praktica VF reflex camera, for 24 x 36 mm pictures, with
interchangeable lens was used. A Merritar lemns, focal length 50 mm
and f/2.9, with small extension to take close photographs was attached
to the camera. The photographs were takem with aperture ratio of
/2.9 and the exposure time of 1/6th second so giving about 16 dashes

in each streak. Tri - x pan Kodak film was used for all the photo-
graphs.

Sufficient exposures (about 20 to 30) were taken to record al-

together 200 or 300 streaks for each depth of flow. The film was
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projected through an enlarger onto a sheet of squared paper to read
+ 0.5 mm. It was magnified five times the original size and hence an

accuracy of measurements + O.1 mm or 0.004" was obtained. In each

streak 10 or 15 dashes for a time of%%%cn‘%%%seconds were measured to

estimate values of local instantaneous velocity components in the X and
Y dircctions. Some of the paths traced by particles during any
exposure, perhaps 1 in 10, were curved in which case a small number of

dashes in straight portions were measured.

IT. 4.3. VISUALIZATION AND PHOTOGRAPHS OF MOTION IN A PLANE NORMAL TO
THE MAIN FLOW

Certain puzzling features about secondary currents in straight
channels }é;é’to the development of the photographic technique described
below. The aim was to visualize the motion of the fluid in a plane
normal to its main flow and to record it photographically. The method
is based on the principle that if the motion of the fluid is made
visible by brightly illuminated tracer particles and is observed
axially such that the main flow is directly towards the observer, then,

on average, only the secondary currents would be seen.

In certain preliminary investigations, for flow visualization
in a cross-section, a 12" wide mirror was installed, in the outlet tank,
facing the main flow and at 450 to the flume cross section. At about

10 £t upstream from the outlet tank, the cross section of the flume
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was illuminated by passing a beam of light through the glass side wall.

A Cathetometer telescope was installed on the outlet tank, above the
mirror, and it could slide horizontally across the width to observe
the motion of tracer particles coming from upstream. These got
illuminated when they passed through the lighted cross section. The
remaining portion of the flume was covered with black cloth to give a
dark back and fore ground. When the telescope was sharply focussed,
the illuminated tracer particles appeared as bright points and some of

their path lines in the plane normal to the main flow could be observed.

To record this motion, the telescope was replaced by a suitable
vhotographic equipment installed over the outlet tank, It consisted
of a telephoto lens screwed on to the bottom of a vertical aluminium
tube, painted black inside, and on the top of which was mounted the
camera complete with bellows extension. An Aero-camera £/5 lens of
focal length 500 mm was used. The design calaulations for the photo-~
graphic equipment are given in Appendix (I). As the mirror was of an
inferior quality, good photographs could not be obtained with it, and
hence was replaced by an old 4 3" Wray prism,. the largest available.
The prism was attached to the lower end of the tube, below the lens,
by brass strips, slotted for small adjustments. In front of the prism
a water-filled perspex bB¥e was attached to avoid distortion due to
surface waves. The photograph Fig. (II.7a) and diagram Fig. (II.7b)

show the various units. The whole arrangement was mounted on a levelled
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horizontal steel frame, clamped to the top of the outlet tank, such

that the tube and its mountings could be slid across the width and
indeed moved in any direction. The lighting arrangement consisted of
the 500 W water cooled Mercury vapour lamp, a condenser, slit and a
field lens mounted on an optical bench, shown in photograph Fig. (II.8).
The glass side wall was blackened except for a slit, one inch wide

and about four inches deep, through which a nearky parallel beam of
light passed across the darkened channel. Again, for correct focussing
a scale was photographed in the illuminated cross section. The prism
and the tube, holding the lens and the camera, were adjusted to be in
correct position so that the rays reflected by the prism were vertical

and along the axis of the tube until the sharp pictures were obtained.

It was necessary to identify the direction of motion of each
particle, traced on the photograph for knowing the direction of the
secondary motion. To do this, one-half of the width of the slit on
the glass side wall was covered with a small strip of unexposed
developed film to allow less amount of light through this than the
other half. As the particles travelled from dim light to bright light,
such difference of illumination was observed on the streaks traced on
the photographs, each streak showing also the direction in which the

particle was going.

As about 5" width of the flume could be photographed each time,

an attempt was made to cover the .-full width of 12" by taking over-
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lapping photographs in three stages. Unfortunately the intensity of

light decreased as it passed through the water and hence good photo-
graphs could not be obtained close to the side wall away from the
light source. Hence the photographs were taken only in two stages
and therefore covered about one-half of the flume width. Different
gperture ratios and exposure times were tried and it was found that
with aperture ratio £/8 or f/11 and exposuwe time % sec, good sharp

pictures with .enough traces were obtained.

Enough photographs were taken to get statistical mean values,
s0 eliminating turbulence and disclosing the residual patterns of the

secondary currents.

A maximum depth of flow of about 2.50" could be investigated with

this arrangement.
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CHAPTER IIT

THE ONSET OF TURBULENCE IN RECTANGULAR CHANNELS

In a fluid of kinematic viscosity v and density p flowing
between parallel walls, the critical value of the pressure gradient,
dp/dx, which will generate a flow in which turbulence is just self-
sustaining, can be defined by a Reynolds number RV, or RVx, where Vis
the velocity defined as discharge divided by thevcross s:ctional area,
B is the hydraulic radius being the cross sectional area divided by
the wetted perimeter, v is the kinematic viscosity, Vx =_/§; T =
R %E, and when there i% a free surface with gradient S, pr=_/§Er .

As Osborne Reynolds (1883) explained, the criterian as to whether or
not the motion will be turbulent can be stated in a number of ways.
For example, there is a M"lower critical velocity' below which all
disturbances are so damped that they decay as they are carried along
by the fluid and, far downstream, the motion ultimately becomes steady.
Also for each particular disturbance, or set of disturbances, there i~
a "higher critical velocity" below which decay always occurs, and
above which disturbances rapidly grow to become what is known as fully
developed turbulence, which is a self supporting random set of
disturbances moving along with the particular volume of fluid in whicl
it originates. The manner in which such disturbances are diffused
laterally and longitudinally remains a topic of considerable interest.

Possibly the following experimental observations are relevant,.
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Schiller (1921) established that in pipes of circular section
the lower critical velocity is very nearly given by %¥ equal to 550,
and he went to considerable pains to establish that disturbances of
all strength did really decay when the pipe was sufficiently long
and the Reynolds number %¥ below 550. Since this concerns stability
one would hardly expect the critical Reynolds number to be the same
for all shapes of the cross section. Later, Schiller (1923), studying
the friction in various pipes, obtained the value of the lower
critical Reynolds number %¥ equal to 570 for a pipe of square cross
section, with an entrance length of 220 R. However, Davies and White
(1928) experimenting with wide retangular pipes, whose width ranged
from 170 times the depth to 40 times the depth, found that the very
large disturbances caused by a sharp corner at the entrance to the pipe
had completely decayed in a length of 54 to 80 times the depth when
%¥ was less than 700, but they still persisted when %g exceeded 720.
Davies and White also distinguished a much lower critical value, which,
they considered was due to the first sign of the éhedding of
disturbances from the entry. But, as Taylow pointed out, and White
(1929) later confirmed, this could have concerned the persistence of
helical motions of the kind found in curved flows. Cornish (1928) in
an investigation of flow through a rectangular pipe (with sides
1 : 2.92) found that the entrance disturbances persisted up to a

distance of 40O R and the lower critical Reynolds number obtained was

525
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An interesting variation occurs with the experiments of Allen
(1934) who worked on an open channel where the width-depth ratios wero
in the range 2.81 to 0.525. At first sight a rectangular channel ncy
seem like one-half of a closed rectangular pipe with the free surface
corresponding to the mid plane of the pipe and both being planes of
zero shear stress., However, concerning stability the difference in
dissipation in the plane of the free surface would be quite different,
and Allen's type of experiments are seen to be of great importance. The
value of the lower critical Reynolds number %¥ for smooth chammel, with
obstructions in the entrance, he obtained was 1400. This value is aboul
twice the value Davies and White obtained in wide rectangular pipes and
about 2.6 times the value obtained by Cormish in a narroms rectangular

pipe. He attributed this to the frce surface which '"favours stabilit;™.

Since then Horton (1934), Straub (1939), Owen (1954), Straud,
Silberman and Nelson (1958), Allen and Ullah (1967) and many others
have worked on open channels of various sections. These works have becn
summarised\by Allen and Ullah (1967). Various values of the criticel
Reynolds number, even for same cross sectional shapes, have been
reported and it is difficult to know as to how far the varying entry

conditions influenced their results.

In the present experiments, the entrance was initially designed
for minimum disturbances. The discharge and the slope were varied and

the width-de-th ratio was in the range of 60:1 to 30:1. With this



320

entrance, the critical value of Egi was about 61 (or %g equal to 1250).
The resulfs are shown in Fig. (III.1) and are seen to follow the two

theoretical curves, for flow between parallel plates, for laminar and

turbulent regions.. The curve on the left for laminar flow is Q%:= %
RVx v RVx

-~ and that on the right for turbulent flow is Ve~ 5.75 log1o ==t
5.0. When the flow was in the critical range, eddies could be seen
coming in series from the entrance and were clearly marked on the water
surface. Two distinct depths occurred for the same discharge; one
when the eddies were passing the gauge point, this depth being greater;
and, the other : when the eddies had passed off, this depth being
smaller. These points are marked by crosses in Fig: (III.1)., This
critical value of %¥ namely 1250 is less than the lowest wvalue obtained

by Allen although this entrance was smoother than his.

However, in a new series of experiments, the entrance of the
present channel was partly obstructed by some course angular gravel
varying from 1" to 2" in size to see what effect this would have on
the critical Reynolds number. The results shown in Fig. (III.2.) are
in good agreement with the curve for laminar flow up to Bgﬁ equal to
4.5 (or B equal to 670). 4t X equal to 48.5 (or B equal to 735),

there is a deviation from the theoretical curve showing a drop in the

value of %x of about 6 per cent.

It may be mentioned that the eddies created by the obstructions

in the entrance travelled progressively larger distances down stream
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both when the water depth was increased and also when Egﬂ was increased
independently. At B¥§ equal to 44.5 (or %¥ equal to 670), the eddies
completely died out within 4 to 5 ft. from the entrance, giving L/R
equal to 200 to 250. The eddies thus did not reach the test length
which was at 15 ft.(% = 750 approx) from the entrance. At Egﬂ equal to
48.5 (or —RVX equal to 735), the eddies did not die out completely and
some continued throughout the length of the chamnnel. As B%E was further
increased, the value of %k decreased; but the sudden drop, like the one
observed in Fig. (III.1), did not occur when the entrance was obstructed,
Fig. (I1I.2). 1In Fig. (III.2.) the transition from the laminar to the
turbulent region is via a more rounded curve than in Fig. (III.1). In

both Figures, fully developed turbulent flow starts more or less at the

same value of Bgﬁ, nanely 100,-

Taken as a whole, the present results show that the lower
critical value of %¥ ( as defined above) for wide rectangular channels
is approximately 700. This seems to be valid for frec surface flow as

well as for closed rectangular pipe flow.
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GHAPTER TV

TTRBULENCE MEASUREMENTS

Iv.1.,  INTRODUCTION

In turbulent flow, the velocity and pressure with which
one is concerned fluctuate irregularly in time and space over
their-temperal mean values., Although these mean values give a
complete piecture of the motion, yet to get a deeper understanding
of the mechanism of the turbulent flow, particularly of the forces
concerned, one requires information regarding the magnitudeé and
the variations of the turbulent fluctuations., |

The simplest type of turbulence, idealised‘theoretically,
is the isotropic turbulence, the statistical featuresof which have
no preference for any particular direction, . Next is the homo-
geneous turbulence whichha: the same stfucture throughout the flow
field. However, the type of turbulence which occurs most fre-
quently in nature, namely the shear flow turbulence, differs
greatly from these ideal types primarily because it includes a
gradient of the mean velocity and a gradient of the average shear
stress, Two frequently occuring types, i.e. the '"wall turbulence"
generated by friction forces at the wall, and the "free turbulence"
generated by the flow of fluid layers with varying veloéities,

passing over one-another in the absence of the walls, also come
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into this non-isotropic class. The present investigationfioncerned
. Solely with such a non-isotropic shear flow and wall turbulence,

generated at the bed of a channel by friction forces due to the

flow of water.

In a flow consisting of a parallel mean motion in the
direction of the x axis, where the local mean velocity, u, is a
function of distance normal to the wall, y, only, the shear stress
is mainly due to the velocity fluctuations which transfer the
momentum from layer to layer. The magnitude of this shear stress
is given by - € u'v', where u' and v' are the velocity fluctuations
superimposed on the mean values in the direction of flow and normal
to the wall respectively. The mean value of the product of u' and
v', ETVT, is zero, when both the components are randomly distributed
as in the case of isotropic turbulence,

The main characteristics of the turbulent flow at a certain
point are conveniently defined by the magnitude of the velocity
fluctuations, u', v' and w', in the directions of the X, Y and Z
axes respectively, and the correlations between thems If the
local instantaneous value of the velocity is writtemn as u = a + u'
(where the overscore denotes the average value and the prime its
turbulent fluctuation) then by definition, u' = O. It is not
possible, therefore, to take the average value of the fluctuations

as a measure of the turbulence. However, the average of the
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prosse s

absolute values of the fluctuations, i.e., |u'l , or the maxima of
the fluctuation, |u'| max, may be taken as a measure of the turbulence,
But the magnitudes of the turbulent fluctuations are usually
represented by their root mean square values, i.e. WFEEET etc.,
which is a particular measure of the average required in connection
with stresses. The magnitude of the turbulence, presented in this
form is designated as the intensity of turbulence. The relative
intensity of the turbulence is expressed by the ratio of the
intensity to some mean value of the velocity. This mean value may
either be the local mean velocity, u, or the average velocity of
flow in the section, V, or, sometimes, the maximum local mean
velocity, (u) max., or alternatively the mean shear velocity at

the bed, on.

One aspect of the correlation between two velocity
fluctuations is given by the mean value of their product as shown
above, Often, a correlation coefficient (Weatherburn 1946) is
used to define a particular relationship between the fluciuating

components. Such a correlation coefficient between u' and v',

measured at a point, is expressed as u'v'/ 1ﬁ;§§ Wﬁ;;?. This

correlation coefficient can have any value between -~ 1.0 and +1.0.
It is zero if the fluctuating components are randomly distributed;
and is equal to unity if they are proportional to each other. It
is negative if one component has a positive value and the other has

a negative valuee.
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In the present work, the average values of the turbulent
quantities were determined in approximate ways. When measurements
are taken at a fixed point in space over a long period of time then
their time average is a true measure. Alternatively, when the
motion is homogeneous, the average with respect to space at a fixed
time is a satisfactory measure. However, the experimental conditions
were such that, neither the time-mean nor the space-mean at any point
could be ascertained; and this being so, a nearest convenient substi-
tute was evaluated, by averaging the local instantaneous values, as

described later in (IV.3.).

IV.2. MEASUREMENT OF TURBULENCE

A field engineer interested in the measurement of velocities
in a river, using a sensitive current meter equipped with an
electrical registering device, is likely to detect certain departures
from the mean values on his record. Similarly, a research worker in
the laboratory, using a pitot tube in a pipe or a channel, indeed,
finds the same type of fluctuations in the readings of his instru-
ment, The engineers, seeking mean values, sometimes take measures
to dampen these fluctuations. However, recently the fluctuations
themselves have been the object of the measurement and it is inter-
esting to review some of the main results,

Fage and Townend (1932) were probably the first to use an

ultra~-microscope with a moving objective to measure the turbulence.
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In a pipe, the minute partic’ les usually present in water were

made visible by intense light and examined by an ultra-microscope
against a dark background. They measured the "maximum values"

of the turbulent components u', v' and w's At the centre of a
pipe, they found the three components to be approximately equal in
magnitude approaching isotropic conditions. Near the wall, the
magnitude of v' relative to the mean velocity in the pipe decreased
to zero while u' and w' increased., They examined the flow very
near the wall in a ‘square pipe, right down to a distance of EBf%BE
inch from the wall, and observed that owing to the tendency of the
component v' to vanish at the wall, the flow tended to the laminar
type, although the motlons of particles in the laminae were sinuous.
Fage (1935) extended further this work on circular pipe and found
that the tﬁrbulent components relative to the shear velocity on

have their maximum values at a distance of g%—'—-L-Fyfrom the wall,

Fage (1933) also examined,the flow in a squarzopipe with the sides
artificially roughened in pyramidal form and compared these results
with those of a smooth pipe for approximately the same value of
Reynolds number,,§¥ « The turbulent components when related to
both the local mean velocity and the average velocity in the pipe
were found to be greater in the rough pipe than in the smooth pipe.

Other investigators have successfully used the hot-wire

anemometer to measure the various components of the turbulence.
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This method is particularly suitable for air-flows. Interesting
results have been obtained in pipes, closed channels and in the
boundary layers on flat plates.

Wattendorf and Kuethe (1934) carried out such measurements
in the central section of a closed channel, 5 cm.wide and 90 cm. deep.

They measured only the intensity of the u' component. From their
12
results (for one value of Reynolds number) plotted as =-— 4 5
(W __.
against the distance from the centre, they concluded that a straight
line could be drawn through all the points except those close to the

wall or very near the channel centre. Moreover, the relative

12

intensity, ?{u y taken at the channel centre for fully developed
W max

turbulent flow, decreased with the increasing velocity which showed

that u'2 was related to ﬁ:o, the shear stress at the wall,

Taylor (1936) has described the measurements, obtained by
Simmons, in a pipe 2% inches diameter, of u'? at points along the
radius of the pipe. The maximum air velocity in the pipe was 9.50
ft/sec. The curve plotted as Véfﬁg against the distance from the
centre of the pipe rises towards the wall and then suddenly drops to
zero at the wall.

Hall (1938) measured v/iFE in a pipe of 3" diameter for two
values of Reynolds number, corresponding to maximum valocities of
8.4, ft/sec and 18,4 ft/sec. He concluded that the shape of the

‘ ' Y R
curve relating = and =&, where y = .distance from the wall and

=



k2,

v = radius of the pipe, depends on the Reynolds number only,
except in the region near the wall, Furthermore, he compared
his results with those obtained by Simmons for the same Reynolds
number and the agreement was good.

Reichardt (1938) succeeded in measuring Y u'? as well as
?/:Eg. He used a closed channel 100 cm.wide and 24,4 cm.deep
(aspect ratio 4:1). The measurements were made at the central
section, with a maximum velocity of 100 cm/sec. He plotted his
results as vfifg and 1/§$§ against the dimensionless distance
from the wall. The maximum intensities were found to be near
the wall and both components diminished to zero at the wall.
He found that the magnitude of 1/555 did not vary considerably
over the section, with its average value about 0,04 (a)max’ whereas
7/§E§ varied greatly with a ﬁaximum value of 0‘13€E$ax very close
to the wall, Reichardt also measured the values of -u'vh It
was confirmed that its value is zero at the channel centre, with
a maximum value near the wall outside the region affected by
viscous forces. He also obtained the value of the coefficient
of correlation between the turbulent fluctuations, u' and v', and
its maximum value, -0.45, occurred in the region away from both
the wall and the channel centre.

Detailed and rather complete measurements of the turbulent
fluctuations, u', v! and w', were taken by Laufer (1951), in two

channels 60 inches wide, and 1 inch and 5 inches deep respectively.
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He used one value of Reynolds number in his 1 inch channel and

three values of Reynolds number in his 5 inch channel, The
distribution of 7/EEE shows the same general trend as that

obtained by Reichardt. The magnitudes of W/E;E and Yw'e for

the same flow conditions are equal at the channel centre but 1/€$E
increases rapidly towards the wall. This is in accordance with

the results obtained by Fage and Townend for the meximas. The
measurements of Y/ u'c were taken very close to the wall and revealed

that Y u'2 relative to local mean velocity increases very rapidly

V.
yXO

near the wall and reaches a maximum value where ~ 17, then

n'é

drops znd tends towards a constant value of 250,18 at the

o

wall. This supports the observations reported by Fage and Townend,
who examined the flow very close to the wall with ultramicroscope

and found that, although v' is suppressed at the wall, the motion
remains sinuous in the direction of flow, Laufer could not obtain
the measurements for v' and w! very near the wall. The intensities
of v/ifg ’ 1/:?3 and 1/5;5 compared cither with the local mean
velpcity, 1, or with the maximum mean velocity (ﬁ)max’ when plotted
against the dimensionless distance from the wall are seen to decrease
as the Reynolds number increases. This confirms the results obtained
by Wattendorf and Kuethe, who measured only ETZ at the channel

centre, for various values of the Reynolds number. The results of

- u'v! agree well with the shear stresses as calculated from the

pressure gradient. Also the magnitude of ~ u'v' decreased to zero
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near the wall, where the viscous forces dominate the flow. The
values of the correlation coefficient obtained in the two channels
for different values of Reynolds number varied slightly. These
results are discussed later.

Laufer (1954) also carried out turbulence measurements at
two very high Reynolds numbers in a 10 inches diameter pipe. The
corresponding maximum mean velocities were 10 _ft/sec and_100 ft/sec.

ul 335

?
He represented his results as v ' 7 and ; against
Xo X0 X0

% « There is no significant influence of the Reynolds number on

the relative intensities when plotted in this way.

Similarly, turbulence in various boundary layers has been
investigated experimentally in many laboratories. The results
show the same trend as those in pipes and channels and are summarised
by Hinze (1959). He has compared the results obtained in the
boundary layers on smooth and rough surfaces and concluded that the
ratio between the relative turbulence intensities, for the rough
wall boundary layer and those for the smooth wall boundary layer, is
roughly equal to the ratio between the corresponding wall shear
stresses,

The hot-wire anemometer has not been successful in water
due to various difficulties such as the collection of the air
bubbles and other foreign materials on the wire., Kalinske (1940),
in Towa, used a photographic technique to measure the turbulence .

intensities in a 3" conduit. Droplets, 1 mem. to 2 mem. in size,
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made from a mixture of carbon-tetrachloride and benzene having
specific gravity equal to that of water were used and illuminated
by a narrow plane of light. Photographs of these droplets flowing
in water were taken on a motion picture film, Sufficient data were
obtained %o calculate ?/E?E and 1/:f§. Assuming that the droplets
of such a size can follow the motion truly, the technique seems
attractive although sometimes the motion picture cameras are apt to
be inconvenient.

Flsewhere, several other techniques are being developed for
use in water particularly with free surface flows. Ippen and
Raichlen (1957), at the Massachussets Institute of Technology (U.S.A.)
used a combination of a total head tube and a rapidly responding
pressure transducer to measure the values of 1/§T§ in a free surface
flow. Grossman, Li and Einstein (1957), in Berkeley (U.S.4.),
developed a method based on eleétromagnetic induction and carried out
their experiments on water flowing in a 2 inch diameter pipe.

Chuang and Cermark (1965), in Colorado (U.S.A.) used electrokinetic
transducers for the measurement of turbulence in open channels;

the turbulent velocity nearly instantaneously causes fluctuations of
the electrokinetic potential, which can be detected by electrodes on
the transducer., Schuyf (1966) in Delft, used a propeller type current
meter 1.50 em diameter to investigate the extent to which turbulence
can be measured in water with this instrument. Raichlen (1967), in

California (U.S.A.) with a hot-film anemometer, obtained some limited
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indication of the turbulent fluctuations in the longitudinal axis

in a rectangular open channel. Because of the technical limitations,
none of these instruments has revealed the motion in the vicinity of
the free surface of an open channel. Moreover, all are still in a
preliminary stage needing further developments before their readings
in water can be relied upon.,

From hot-wire anemometry, on air flow inpipes and channels,
it is known that in general the intensity of turbulence relative to
both the ldcal mean velocity and the maximﬁm vélocity of the flow,
decreases with increase in the Reynolds number. Howevef, Laufer's
measurements in a pipe show that when the turbulent intensities are
related to the shear velocity, the distributions tend to remain the
same for all values of the Reynolds number. To examine this hypo-
thesis, the results of several investigators are brought together

and plotted in Figures (IV.1., IV.2. and IV.3,) as —
2 X0 X0

against the dimensionless distance from the wall.

and
X0

The values of the Reynolds number, the shape of the section and the

aspect ratio are given for each flow condition. There is a wide

range of the Reynolds number and although there is some deviation

of the points from the general trend, it is not very systematic:

all the points lie in a strip of small width. Such a deviation may

be due to the different kinds of instruments used by the various

experimenters, to the different calibrations, or to some other

factors not obvious at this stage. However, on the average, the
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1
value of @ varies from 0.80 at the centre to about 2,50 near

X0 pry-J
the wall, the value of varies from 0.65 at the centre to
X0 oyl

about 0,95 near the wall and the value of varies from about
X0

0.65 at the centre to about 1.20 outside the wall region.

IV.3, THE TURBULENT QUANTITIES MEASURED IN THE PRESENT

EXPERIMENTS

To investigate just how the free surface of an open channel
may influence the turbulence, the photographic technique already
described in (II.4.2.) was used particularly to determine the
turbulence components in the direction of X and Y axes, where the
X axis is parallel to the b:g and in the direction of the main flow
and the y axis is normal to the bed. Photographs of white particles
dispersed in the water were taken at the centre line of the channel in
in the xy plane. Each streak recorded on the film gave two com-
ponents of the velocity at the particular place. The resulting
component in the x axis was assumed to be the local instantaneous
velocity, u, and likewise, the component in the y axis to be the
turbulent fluctuation v'. The local mean velocities in the direction
of flbw were obtained by averaging the local instantaneous velocities
and the turbulent fluctuations uy' were obtained from the difference

of the instantaneous and local mean values. The product of the

turbulent fluctuations u' and v' gives the local instantaneous value
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of the Reynolds shear stress. The values of u, v' and u'v'!, s0
obtained at various heights, were plotted on graphs with each

point representing the streak measured at its particular depth.

It is obvious that the result obtained from these streaks approaches
the true value only when the number of streaks approaches infinity.
To be practical, and to economise time in analysing the photographs
and making the calculations, a compromise was made between the
number of streaks measured and the accuracy of the results obtained.
200 to 300 streaks were measured for each depth; more streaks were
measured for larger depths than the smaller depths of the flow.

To obtain the mean values of the velocities at various heights above
the bed a number of strips of small width were tak:sn énd the instan-
taneous values in each strip were averaged. The width of strip in
the case of the channel with the rough bed was made equal to 4 m.m.
so0 that there were 20 or 30 points in ‘each strip to be averaged.

But in the case of the smooth bed, the width of the atrips varied
from 1 me.m. near the bed to 4 m.m. near the water surface. Very
close to the bed, where the turbulence was weak, a single streak could
often be relied upon to represent the velocity at a particular point.

u'v', Y u'2 and v'2 were evaluated in the same manner. The

t<rt
correlation coefficient = ° /7/u'2 Y v'2, was eventually computed

from the above quantities.
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IV,4, EXPERIMENTAL RESULTS

IV. b1, RESULTS OBTAINED ON SMOOTH BED

By varying the depth and slope, four different values of
the Reynolds number were included in the experiments with the
smooth bed, with depths 1.55 @.m, and 2,58 c.m. for the slope of
the channel 1 in 2000 and 2.555 cem. and 5.085 c.m. for the slope

4 ¥
1 in 1000, The values of the shear Reynolds number -yxo were

132.2, 283.0, 394.0 and1115.0 respectively. The first two depths
for the slope of 1 jn 2000 were so chosen as to have fully developed
turbulent flow together with such low values of the wvelocity, that
informative measurements could be taken near the wall., For the
slope 1 in 1000, the depth 5,095 c.m, was the deepest consistent
with two-dimensional conditions, i.e. nearly free from side effects
at the centre of the channel and was also the shallowest consistent
with absence of surface waves. Photographs for few depths, to
represent the flow on this bed, are attached in Figure (IV.4.).
The local instantaneous values of u, v' and u'v' obtained from such
photographs for different depths are shown on graphs, given in
Appendix (III), with each point representing the streak measured.
The values of different turbulent quantities calculated from these
graphs are given in Appendix (II.B.), Tables (1 to 4).

The values of ¥ u'? related to the shear velocity, on’

are plotted against the distance from the wall made dimensionless
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with the depth of flow. TFigure (IV.5.a.) shows such results for
the flow with depth 1,55 ¢.m. and slope 1 in 2000 and the Figure

(IV.5.b.) shows the results for the other three flows. Although

12

¥
X0

with certain value at the water surface and increasing towards the

the distribution of

has the same tendency in the two diagrams,

bed, the mean curve drawn through the points of Figure (IV.5.a) lies
higher than the mean curve in Figure (IV.5.b). This may be ex-
plained as follows.

Near the wall, the curve in Figure (IV.5.b.), splits into

three different curves, one for each flow. Also this figure

!
demonstrates clearly that the relative intensity 43 increases
X0 L

rapidly near the wall in*the transition zone where turbulent as well

as viscous stresses influence the flow. The maximum value of
X0

occurs near the wall, at that place where the turbulent stresses

begin to diminish and then rapidly drops to zero at the wall. This

*
is in accordance with the motion in pipes or closed channels as known

from investigations with hot-wire anemometers. Moreover from

Figure (IV.5.b) it is clear that the position'of the maximum value
ute

v
Xo

on is large. The depth and also the shear stress Vko for the flow

of

depends on the value of on, being closer to the wall when

a
in Figure (IV.5.a) are very small and so the wall region occupies,lax}e
enough part of the depth of flow. In the wall region where the
]: t2
magnitude of the relative turbulence intensity ; is very high,
X0

the curve for this smallest flow generally lies higher than for the

other flows,
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Very close to the wall, lLaufer, from his measurements,

showed that according to wall proximity law of Prandtl, the re-

yv
lative intensities are functions of —qgg . _His results are

1/u|2
Vo Vxo
curve up to oY) X 60, for all values of the Reynolds number,

shown in Figure (IV.6.). The points for lie on a single

both for the pipe and the channel flows, except for the two
values of high velocity channel flow for which there is no
obvious reason. The results obtained in the present experiments
close to the wall are plotted similarly in Figure (IV.7.). Al-
though there is an insufficient number of points, the mean curves

12
for 1£§fi and

show the same general trend as obtained by

X0 X0 12

Laufer. The maximum value of ; occurs at )fo ~213, whereas
2 Xo yv
the maximum value of - occurs at —;%9 ~ Lo,

(e}

The value of

1)

from Figures (IV.5.a, b) at the free

X0
surface is about 0.80, whereas near the wall it varies from about
2,10 to 2,40, The values of 7 for pipes and closed channels
xo

at their centres and near the wall obtained from Figure (IV.1.)
are in the range 0.75 to 0.85 and 2.0 to 2.70 respectively, Thus,
3{"75

despite the free surface, the distribution of remains the

‘ pdo)
same in an open channel as it is in a pipe or in a closed channel.
N 12
The relative turbulence intensity v is similarly
plotted against % in Figures (IV.8.a) and (IV.8.b). Figure (IV.8.a.)

d
gives the results for two depths 1.55 c.m. and 2.58 c.m., taken with
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slope 1 in 2000, where the slow motion near the wall could be

measured down to U = 3v, . Fgure (IV.8.b) gives the results

for the other two depths. Mean curves are drawn through the

points in these two figures and the curve of Figure (b) is super-~

imposed on Figure (a), shown dotted. Except near the wall, the
yv'a

two curves are nearly the same. The relative intensity v
‘ X0
is zero at the free surface and increases towards the wall. Its

xol\/
..\./ ~'I+O

(Figure IV.7,), where the turbulent stresses completely dominate

maximum value occurs near the wall, in the region where

the flow, In the transition zone, e,g. when ?io < 40, where

the viscous forces influence the flow, the fluctuations normal to

5

the bed are reduced. Therefore the magnitude of ; decreases

pidel
in this region, with its zero value occurring at the wall., In

Figure (IV.8.a), the curve near the wall splits into two, deviating
from the main curve, in the region where viscous forces start

influencing the flow. In this region, the relative intensity is
NA'Z

lfo , as shown earlier in Figure (IV.7.). The maxi-

function of

v12 . . .
for the two flows in Figure (IV.8.b) is

mum value of
X0
about 0.95. The results obtained on pipes and closed channels

represented in Figure (IV.2.) give this value in the range 0.8 to
1.10, their mean being 0.,95. The present results are in good

agreement with the previous ones in the region O < % £ 0.60

12
beyond which they deviate. In the case of an open channel 3
X0
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approaches zero at the free surface, whereas at the centre of a
pipe or a closed channel it has a finite valﬁe;' the shear stress
in both cases is zero at these planes, At the central plane of
a pipe or closed channel, the turbulent fluctuations can occur at
right angles to this plane and pass masses of fluid from one side
to the other, but they contribute nothing to the mean shear stress
since the correlation between u' and v' is zero there, | In an
open channel, the masses of fluid do not usually come out of the
free surface, and usually the turbulent fluctuations at right
angles to this plane are completely suppressed. There Eeing 1o
v' component, although the u' component still exists, the shear
stress is zero. From the present results it seems that the in-
fluence of the free surface on the v' component of turbulent
fluctuations occurs significantly within a distance of 0,40 times
the depth from the water surface,

It is interesting to note that near the wall the magnitude
u'2 |

¥
X0

maximum well inside the viscous region; whereas the magnitude of

of increases rapidly in the transition zone reaching its

12
,"‘; decreases in the transition zone with its maximum definitely
Xo yv

beyond the limit of viscous influence at the place, )fo = 40,
where the turbulent stresses completely dominate the flow. This
is what Fage and Townend (1932) obtained by observing maximas of
the turbulent fluctuations with their ultra-microscope. Also

Laufer (1954) obtained the same results in pipe flow. But Fage
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and Townend who examined the flow very close to the wall, at
E5f%55 inch, observed that although the turbulent fluctuations
at right angles to the wall seemed damped completely and flow
tended to the laminar type, yet the motions of the particles
parallel to the wall were sinuous. This ﬁay pass unnoticed
by ordinary instruments and particularly with the present photo~
graphic technique where foreign particles of about 0.005" size
were introduced to study the motion.

The total shear stress at any point in turbulent flow is
given by the relation T= Ak %&ﬁ- - Q u'v', Very near the wall

in the viscous region where the turbulent fluctuations tend to

zero value, the total shear stress is determined by the term

an
dy °
whereas in the fully turbulent region, the viscous term con-

In the transition region, both terms play their part;

tributes very little and the total shear stress is given by
- Qutvr,

The values of _.I;ﬁFT, made dimensionless with jé?, where
”E% = Qg ds, are plotted in Figure (IV.9,) against the
dimensionless distance from the wall. For all the four values
of Reyneclds number, the points lie around the theoretical straight
line except near the wall. As the wall is approached, they start
deviating from the straight line, the position of the deviation

depending on the value of the Reynolds number. This effect is

clearly shown in Figure (IV.10.) by plotting the dimensionless
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turbulent shear stress against the wall shear Reynolds number.

u'v! J on
In the wall region T seems to be a fuiction of a2 b0,
v /s
when reaches its maximum value.
TZV%

Figure (IV.11.) gives the values of the correlation co-

u'v'

points remains horizontal in the central portion, approaching

efficient,\+/ = +« A mean curve drawn through the

zero at the bed and at the free surface. The mean value of the
correlation coefficient in the central region is about - 0.53.
The values of the correlation coefficient obtained by previous

workers for different flow conditions are given in the table

below.
TABLE IV.1.
Aspect ratio d ¥ da U
Experimenter of channel X0 —DEX ky
section i Y
{ Reichardt (1938) Loz 1 405.0 8,63 ~0.45
Laufer  (1951) 60 : 1 531.8 12,200 -0.63
Laufer (1951) 12 t 1 5218 12,300 -0.50
Laufer  (1951) 12 ¢ 1 1175.6 30,800 ~0.45
Laufer  (1951) 12 ¢ 1 2263.3 61,600 ~0.40

In the above table there seems to be no regular variation of

the correlation coefficient with the Reynolds number, the flow being

substantially two dimensional in all cases. The average value seems

to be nearly equal to -0,E0.
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Iv.4.2 RESULTS OBTAINED ON RIPPLED BED

As the ripples were about 1 c.m. high, the depth of flow
was made deeper for this bed than on the smooth bed, but not so
deep that the side walls could be likely to distort the flow in
the central plame, A total of five depths with two different
slopes of 1 in 2000 and 1 in 1000 were used; the width-depth
ratio varied from 8:1 to 5:1. Two photographs for about the
same depth but different slope are attached in Figure (IV.12) to
represent the flow on this bed. The local instantaneous values
of u, v' and u'v' obtained from such photographs, for various
depths, are plotted on graphs in Appendix (III). The turbulent
guantities calculated from the local instantaneous values for
different depths of the flow are given in Appendix (II.B.),
Tables (5 to 9). -

The turbulent intensities w/i;g and 1/:f§, related to the
shear velocity, are plotted in Figures (IV.13.) and IV.1k4.) res-
pectively for all the flows. There is much scatter of the
points particularly in Figure (IV.13.) for ¥ u'2, because the
depths taken were large and the number of streaks measured was
limited. Moreover some liability to error was unaioidable since
the local mean velocities, which weré obtained by averaging in-

stantaneous values, may not represent the true values. However,

the average values obtained from a number of flows concern a
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larger sample and are probably reliable. Mean curves through
the points in the Figures (IV.13.) and (IV.14.) are drawn only
s0 far as the ripple crests, as there are insufficient points
for reliable results inside the troughs.

'2
The curve of 14%—— in Figure (IV,13.) has a value about
X0

0.85 at the free surface and towards the wall rises to a value
of sbout 1.35 at y = 0.18d. Then it has a tendency to fall
again giving the indication that the ripples tend to restrict

. the turbulent component in the direction of flow, which is in
marked contrast to the smooth bed where the corresponding fluc-—
tuations increased rapidly until quite near the bed.

' v'2 . . :
The mean curve for ~~%— , in Figure (IV.14.), with its

zero value at the free surfaczorises towards the rippled bed as
observed in case of the smooth bed, but near the bed, it increases
rapidly instead of diminishing, giving a value of @ as great
as 1.35 at y/a = 0,10, In the region of the ripplzg, the
eddies no doubt rapidly pass the crests of the roughness so
increasing the intensity of the turbulent fluctuations at right
angle to the wall, while at the bed the main stream lines tend
to follow most of the bed profile.

The values of the turbulent shear stress are plotted in

Figure (IV.15.). Although there is much scatter of the results,

the points lie around the correct straight line calculated from
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slope and depth, and therefore completely account for the external

forces,

u'v!

a.
Vo

plotted in Figure (IV.16.). The mean value of the coefficient

The values of the correlation coefficient re

in the central region, away from the wall and the free surface,

again is about -0.50.

IV.4,3 RESULTS OBTAINED UN RIPPLED BED WHEN THE TROUGHS WERE

FILLED WITH GRAVEL

A total of five depths, with the width~depth ratios from

8:1 to 4.5:1, for two slopes, 1 in 2000 and 1 in 1000, were
d on
V
photographs at nearly the same depth, for the two slopes, are

varied from 600 to 1400, Two

investigated. The value of

attached in Figure (IV,17.) to represent flow on this bed. The
local instantaneous values of u, v' and u'v' for various depths
are plotted on graphs in Appendix (III) = The turbulent quantities
calculated from the local instantaneous values are given in the

Appendix (II.B.), Tables (10 to 14).

lz
The relative turbulence intensities 145::— are plotted in

v
X0
Figure (IV.18.) and a mean curve is drawn through the points. The
2
value of ?; obtained at the free surface is sgain equal to

X0
0.85 and increases towards the bed reaching 1.40 at E = 0.10.
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vlz
The values of <= are plotted in Figure (IV.19.).
X0
The mean curve drawn through the points, with zero value at the
12
free surface, rises towards the bed giving the value of =t
X0
equal to about 1.0 at % = 0.10.
I g ‘
The values of —a—— are plotted in Figure (IV.20.) and
T&vé

are seen again to agree well with the theoretical line except

close to the bed.

Tyt

are plotted in Figure (IV.21.). The mean value of the coefficient

]

The values of the correlation coefficient .

in the central region is again about -0.50,

Iv.4.4, RESULTS OBTAINED ON FULLY GRAVELLED BED

Two depths of about 5,0 cem. and 6.25 c.m, were taken for
d ¥
each of the slopes of 1 in 2000 and 1 in 1000. The value of 7/xo

varied from 750 to 1500, Two photographs for depth 5.0 cem., one
for each slope, are attached in Figure (IV.22.) to represent the
flow on this bed. The local instantaneous values of u, v' and
u'v'! obtained for various flows, are plotted on graphs in
Appendix (III), The turbulent quantities calculated are given in

Appendix (II.B.), Tables (15 to 18).
nte

The values of are plotted in Figure (IV.23,) and a
X0

mean curve is drawn through the points. The mean value at the

free surface is 0.65 and increases towards the bed giving the value
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of 1.50 at ¥/, = 0.10. The value 0,65 at the free surface is
much lower than the values obtained in the three previous cases.
There seems no obvious reason for this. Perhaps the discrepancy
could be statistical, in that the streaks measured may on average
have had instantaneous velocities nearer to the mean velocities,
though the odds against_this could be quite great.

The values of Ll are plotted in Figure (IV.24,), The

v
X0

mean curve, having zero value at the free surface, rises towards
the wall reaching a value of about 1.10 at % = 0.10,

The values of - u'v' are plotted, as before, in Figure (IV.25),
The points lie around the theoretical straight line,

The values of the correlation coefficient are plotted in
Figure (IV.26.). The mean values of the coefficient in the

central region is again about - 0.51.

IV.5. TURBULENCE AND THE SEVERAL BEDS

The previous investigations on pipes and closed channel
sections with smooth surfaces, revealed that the intensity of
turbulent fluctuations depends only on the shear velocity at the
bed., Assuming this to be valid for rough surfaces, the present
results relating to the various beds have been plotted accordingly
giving a set of mean curves each for a different bed. It is
interesting to see to what extent these curves for the various

bed conditions can be correlated.
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—
The curves of 14%—-— obtained on different bed surfaces,
X0

excluding the wall region, are represented in Figure (IV.27.).

In the upper region, all the curves except the one for the fully
gravelled bed, which shows some discrepancy near the free surface,
lie within a narrow strip. Near the bed, and for a distance of

0.25 times the depth from the bed, the relative turbulent intensity
ute

¥
Xo

highest value occurs for the smooth bed and its lowest value for

is evidently affected by the bed conditions, since its

the rippled bed. In this figure, curve (5) represents the mean
of all the curves, for various bed surfaces.

Similarly, Figure (IV.28.) represents the mean curves of

w12

'S
Xo

bed, most of the curves lie in a narrow strip. However, the curve

with various beds. Again, in the region well away from the

for the rippled bed is clearly different, and reveals a distinctly
more intense turbulence extending throughout the stream. Possibly,
compared with the size of ripples which were about 1 c.m. high,

the range of depths investigated (none exceeded 6.5 c.m.) was too

v'2

¥
X0 -

ness; and so the eddies generated by the bed ripples influenced

shallow in which could not be independent of the bed rough-

the whole of the flow giving higher values of the v' component

even near the free surface. Also the points for the rippled bed
w12

have their maximum, -;1—- , near the bed, whereas those for the
Xo

smooth bed have their maximum little away from the bed. In view

of these differences, the points for the rippled bed were ignored
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when drawing the mean curve in Figure (IV.28.), otherwise the
dotted curve would have been the mean.

Hence, except very ciose to the wall, there is substantial
support for the view that the turbulence at any point depends on
the position of the point and on the shear stress at the wall, and
on these two variables alone; it is independent of the nature of
the wall or of other variables such as Reynolds number or Frodde
number,  Therefore, the mean curves drawn in Figures (IV.27,) and’
(Iv.28.) for u' and v' can be taken generally to represent thé two
dimensicnal flow in wide open channels.

Near the wall, particularly for the two extreme cases, the
smooth and the very rough beds, it is evident that when the tur-
bulent intensity of one velocity component becomes great then the
intensity of the other component becomes small, For example

uté . - .
near_the smooth wall, in the transition zone, increases

X0 )

whereas Vv decreases, but for the rippled bed near the wall
vl Xo quta . .

increases and 7 decreases. Such a relationship would

X0 X0
be expected if u' and v' happened to obey the same statistical

distributions and if they were completely in phase, since their
product determines the Reynolds stress.
When the intensities of the turbulent fluctuations in this

j{“72
open channel are compared with those in pipes, the value of Vu

;Tz X0
is found to be the same, though the value of v is character-
Xo

istically different: since, in the open channel v! is zero at the
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free surface whereas it always has some definite value at the
centre of a pipe. Regarding v', this influence of the free
surface is clearly seen to extend to a distance as far as 0.40 d
from the free surface.

Although the relative intensities of the turbulence were
not actually calculated in terms of the local mean velocities or
in terms of the maximum velocity of the flow, it is obvious that,
expressed in these terms, they are greater for the rough surface
than for the smooth surface: since, for equal Veo! the velocities
are higher with the smooth surface than with the rough surface.
Such values can be obtained readily from the foregoing results,
since the necessary values of the local mean or maximum velocities
can be estimated from Vio' The relevant data can be found in the
same Tables in Appendix (II.B).

The value of the correlation coefficient in the central
region, away from the bed and the free surface, seems to be con-
stant, for the various bed surfaces. Its value obtained for the
rippled bed and the bed with gravel filled in the troughs of the
ripples is -0,50 but for the fully gravelled bed and for the smooth
bed its value is -0.51 and -0,53 respectively. Previous workers
give the mean value equal to -0.50 for smooth pipes and closed
channels at all Reynolds numbers., It seems that the correlation

coefficient has a constant value, irrespective of the nature of the
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wall, and the average can be taken as -0.50. In mixing 1enéth
theories one of the assumptions made is that u'~~v'; also the
correlation between them is assumed to be constant. These
assumptions seem to be justified.

In conclusion, iv may be said, that the present investi-
gations give some idea about the variation of the two fluctuating
velocity components u' and v' on various bed surfaces, and parti-
cularly in the rzgion of the free surface of open channel flow,
At present, not much can be said about the third component w',
except that we have the work by Fage and Townend (1932), who
obtained the maximas in square and circular pipes, and the complete
work by Laufer, (1951, 1954) for closed channel and circular pipe;
but its magnitude in open channel flow particularly near the free

surface is a question which remains unexplored,



5.
CHAPTER V

SECONDARY CURRENTS IN STRAIGHT CHANNELS

vV.1. Introduction

Secondary currents in open channels or closed conduits nay

be described as regular and systematic motions occuring in the plane

of the cross-section; and complete in themselves so that they may be
regarded as separate circulations superimposed on the main flow and
transforming it into helicoidal type of flow. Sccondary currents occur
most typically in bends of pipes and channels of every cross-sectional
shape and are associated with the pressure gradi-nts due to centrifugal
action. The type of szcondary motion with which the present study is
concerned, occurs in turbulent flow only in straight channels with aA

free surface or in straight non-circular pipes.,

These secondaries have long been a topic of discussion and,
from time to time, a number of different patterns, based partly on
experimental findings and partly on a variety of reasonings, have
been suggested. The existence of these motions were recognised about
a century ago, when the search started to find the cause for the
maximum velocity occurring below the free surface in rivers. Darcy
and Bazin (Bazin 1865) considered the problem of maximum velocity by
working on channels of different cross-sections. For rectangular
channels, they found that, with large width-depth ratio, the maximum

velocity occurred at the free surface; but, with this ratio less than
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five, the maximum velocity was below the free surface, Similarly,
in semi-circular channels, as the depth increased, the isovels were
distorted so that the maximum velocity occurred below the free surface;
but in 900- triangular channels the marimum velocity always occurred
below the free surface. No clear reason was given for these
observations but it was suggésted that the cause of these irregular-
ities in the upper regions was perhaps due to some interior fluid

novenents.

Francis (1878), confident that always the maximum velocity
in open channels occurs below the free surface even when the wind is
in the same direction as the current, suggested the cause to be slow
water masses rising from the bottom, finding their way to the surface.
He demonstrated the possibility of such an action by discharging white
wash through a pipe near the bed in the middle of the channel and the

white wash eventually appeared at the surface mot very far down stream.

Wood (1879), considering the demonstration by Francis, argued
that a downward flow of water must occur to replace the water rising

from the bottom.

While working with floats for velocity measurements,
although Cunningham (1882) attributed the depression of maximum
velocity to the resistance caused by air, he drew attention to some

possible kind of transverse flow.

Stearns (1883), Moller (1883) and Gibson (1909) categorically
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suggested the existence of secondary currents; Even though the threce
investigators had been working independently and gave different
reasons, yet all three suggested the same flow pattern - two symmetrical
cells, their movement being directed towards the centre of the channel

at the surface and outwards along the bottom as #ketched in Fig.(V.1.)

Nikuradse (1926) carried out velocity measurements for turbulent
flow in a smooth rectangular pipe and an equilateral triangular pipe.
The isovels, instead of having rounded shape near the corners, as known
to occur in laminar flow, showed marked indentations and the values of
the velocities in the éorners were high. Prandtl (1927) attributed
this to the secondary movements occurring in conduits of non-circular
cross section., He explained the existence of the secondary currents
in straight conduits based on the assumption that the turbulence
fluctuations along the isovels are of a greater magnitude than those
perpendicular to them. Based on this hypothesis and from momentum
distribution he deduced resultant forces pointing towards the convex
side of the isovel, with their greatest magnitude at places where the
isovels have their greatest curvature. While his hypothesis regarding
the turbulent fluctuations of this particular type may be open to
question, the secondaries predicted by him were satisfactorily
confirmed by Nikuradse (1930).in an equilateral triangular pipe by
taking photographs of skimmed milk injected at the various points over

the section.
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Casey (1935), working on a broad chamnel with mobile Sed
and turbulent flow, observed some hollows and ridges on the bed. The
patterns of the secondary currents assumed by him are reproduced in
Fig (V.1), which shows that the material is shifted from certain places
and deposited at others by these secondary currents. As seven hollows

occurred in his channel, seven pairs of circulation were suggested.

Vanoni (1946) also noticed this kind of motion while working
on transportation of suspended sediment. He observed bands of sand
parallel to the flow on the channel bottom and suggested four pairs of

circulation in the cross-section, shown in Fig (V.1.).

If the pattern suggested by Vanoni is compared with that given
by Casey, it is noticed the motion is downward where the bands of the
sand were observed in Vanoni's experiments whereas it is upward on the
ridges of the mobile bed in Casey's expereiments. This gives motion in
opposite directions in the two cases, one with suspended sediments and
the other with mobile bed. Also the number of pairs of the cir;ulation
is less in Vanoni's case, which might have been controlled by the width- -
depth ratio of the channel. From his paper, Vanoni seems to/be of the
opinion that the secondary currents are due to the ﬁon—uniform
distribution of sediments across the flow. But the difficulty remains

that these have been observed even with clear water flows.

While discussing Vanoni's paper, Powell and Nemenyi suggested

certain other patterns based on Prandtl's hypothesis. These are re-~ .
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produced in Fig (V.1).
The lack of agreecment in the patterns suggested by various

writers (Fig (V.1). ) is because no direct observations were taken.

In so far as flows in closed conduits is concerned, the hot-
wire anamometer has been successfully used to measure the secondary
currents. Investigations on secondary currents, using hot-wire
an@mometers have been made on rectangular and square sections by
Brundrett and Baines (1964), Gessner and Jones (1965) and Tracy (1965).
The measurements on rectangular sections were restricted to the
corner regions only. The pattern of the secondary currents disclosed
by them, confirmed that predicted by Prandtl. The magnitude of the
velocities of the secondary currents were found to be much smaller
than the root-mean-square values of the turbulent fluctuations, and

their maximum was perhaps 0.38 Vxo (Brundrett and Baines 1964).

However, flow with a free surface concerns liquids and no
such instrument, as hot-wire aneﬁometer, exists for them except
possibly the hot-film anemometer. Liggett, Chiu and Miao (1965)
investigated certain parts of the secondary currents in a 900— :
triangular channel, using this ingtrument. Their measurements,v
because of the 1imitafions and the tedious calibration of the
instrument, were restricted to the corner region only. The results
obtained sﬁow definite motion towards the corner and then along the

side walls.
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Ve2e ANATLYTICAL CONSIDERATIONS

For a secondary current to exist it must, by definition, be
in the form of a loop and this pre~supposes the existence of angular
velocity or vorticity about an axis parallel to the main flow direction.
It is interesting to consider the conditions which occur in a field

possessing vorticity.

Lamb (1932) showed the three Navier-stokes equations for
lateral equilibrium could be converted into a form concerning rotat-

ional equilibrium thus

A L .8, ,8,,25 u you 7ou
3t TS T Vay TV "Sax"Lay*Eaz*"
28 32 2
y(aé’+a‘2§+a§) ceveees(T)
ax=  ay" oz

where u, v and w are the velocity components andg, "f\ and E are the
vorticity components, along x, y and z directions respectively; v is
the kinematic viscosity of the fluid.

The three components of vorticity are defined as :

L L .
T dy ~ oz
N - ou_ o
9z ~ ox
ox ~ dy

The equation of continuity is -

du ov _ow _ N ¢-)
xtay*tae:E T° reee(@)
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and there exists a corresponding equation for continuity of vorticity,

given by Einstein and Li (1958), as :

38 3F
= 5§ 22 = ceeeeea(3)

For turbulent flow all the velocity and the vorticity components
can be separated into their mean and fluctuating components, designated

by overscore and prime respectively, such as u = u + u, § E, S

For uniform flow, with mean flow in the direction of x axis,
if Eq. (1) is transformed in such a way and averaged with respect to
time, the following relation is obtained after using Egs. (2) and (3)

to eliminate some of the terms.

- - oF —_— — 2 2
0% - 9% § a 2 2 9 e 0 —
TV 3t a = 3y (V"= w'?) + 5= (V) - 332 (v'w') + =
2s 2z
a\§ ag e o9 000 (L“>
z’(a + 375 )

Einstein and Ii (1958), examining the case in whichgf ig zero
everywhere at any instant, obtained the corresponding relation for the

rate of growth of vorticity as :

T 2 T, e 2 — 2
85 . & (v'a— 2) + Q—E (v'w') - g—é(v'w‘) ceesees (5)
at  oyo= dz oy

From Eq. (5) they concluded that secondary currents can not
exist with uniform laminar flow in straight conduits; and that, in
turbulent flow, secondary currents can develop only when the terms on
the right hand side of Eq. (5) have values different from zero, which

they expected to occur chiefly in the region of frictional boundary
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particularly where the lines of constant vclocity are not parallel.

For steady flow §§ is equal to zero and Eq. (4) is written asj
z ¥ N 2 —_— 2 2% 2g
T8, 589 (v'z_w’a) + 9—5 (v'w') - Q—E (v'w') +v(é—§ + g—?
ay dz dyoz oz oy oy 3z
ceessal(B)

In the above equation, the various terms can be given physical
interpretation. The terms on the left represent the convection of
vorticity by secondary flow. The first three terms on the right can
be regarded as representing the production process and the last term
representing the dissipation of vorticity by viscosity (Brundrett and

Baines 1964),

—

For isotropic turbulence v'2 = w'2 and v'w' = o and for
homogeneous turbulence, the derivatives of these quantities with respect
to any space coordinate have zero values. Hence the conditions

favouring the growth of secondary currents are that the turbulence must

be anisotropic and non-homogeneous.

For two-dimensional flow between parallel plates or in a

circular pipe, v'w' is zero every where. At the centre of the section,

—— e

measurements show that v’2 = w'a, whereas near the wall and away from

the centre v'2 - w'2 is not zero and the contours of equal v'2 - w’2
are parallel to the boundaries. Also the value of g; (v’a— w'a) is
2 —— —
different from zero but (v'a— w'a) (or its counterpart for
dyaz

circular pipe in cylindrical coordinates) is zero. Hence the secondary
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2
currents can not develop in these two cases also. . The term 5;3;

(v‘a- w'a) cannot be different from zero unless the pontours of equal

B *r—

v'a- w'2 are not parallel in the Y2 plane. This can be expected to

occur, in rectangular or other polygonal sections, near the corners
' P g

where the boundary changes direction.

Such corners have been investigated by hot-wire anemometry

2 v ORISR
(described earlier) and it has been shown that ‘25_72 (v‘z- w'a) is
dy 9dz :

different from zero there. Although the production terms establish
reagson for the existence of the secondary currents, they de little to
. predict their pattern which is revealed only by measuring the three

velocity components throughout the section.

Such considerations can be applied to flow near a free surface.
It has been shown in chapter IV that for two-dimensional flow the
structure of turbulence near a wall is the same for a free surface as
for flow under pressure. But in an open channel as the free surface
is approached the magnitude of-;Té diminishes to zero, and in the

present experiments the effect of this was observed to extend as far

as 0,40 times the depth from the water surface..

How important a role the free surface plays may be seen by

considering a wide rectangular channel with large width-depth ratio.
-
2

At the free surface near the side wall the value of agaz & -w'2) can

be expected to be different from the corresponding value obtained for

flow in a channel under pressure. This statement is based on the
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reasoning that v'2 is zero at the free surface, whereas w'2 may have
the same or different value from that in closed channel. Hence strong
secondary currents can be expected in an open channel and, if the width-
depth ratio permits, they may extend to the central plane, depressing
the filament of maximum velocity. The isovels obtained iﬁ semi -
circular channels, by Bazin (1864) and recently by Sharp (1966) and
Replogle and Chow (1966), show that these are not parallel to the
channel boundary; and as the depth in the channel approaches half the
diameter, the maximum velocity occurs below the free surface. Thus
some secondary currents exist in semi-circular channels also although
there is no change in the profile of the boundary except at the free-
surface. If this conclusion is correct, the production terms are
sustained at the free surface near the wall and in result the secondary

currents are generated.

V.3, RESULTS FROM PHOTO-METHOD

Using the photographic technique, described in (II.4.3), the
motion in the plane of the cross-section was revealed., Through the
view finder of the camera,.the picture at first appeared as a confused
mass 6}rstarry lights moving irregularly like motes in a sunbeam, and

the picture seemed devoid @f pattern except very close to the side wall

where the motes appeared to be shooting at great speed.

Individual photographs such as Figs.(V.2),(V.3) and (¥.4), may not
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show any pattern and to a glance, they may even fail to disclose any
upward flow near the wall, though this upward stream seemed very strong

when seen in motion. However, certain features of the secondary motion

emerge when such photographs are analysed numerically.

This may be done by combining many photographs, since the sum of
turbulent displacements tends to average to zero, while displacements
due to steady currents, remaining always of the same direction, tend
to reveal the secondary flow. Similarly in the equation'of continuity,
the flow being uniform, the axial space=-derivative of the motion, when

averaged for a long period of time, becomes zero.

Thus, with velocities suitably time~averaged, the equation of

continuity is
i | v . oW

x T 3y oz T
and with no change in u, along the channel in the x direction, the two

components v and W across the channel are related by :

v ow
oy Tz = °

which is satisfied by a stream function such that

FRU - 4 = 4 0¥
Vv = - 30 and w = + 3y °

and contours of ¥ = constant are stream-lines in the plane of the cross-
section. These contours describe the motion whose direction at every

point is given by the time-average of the streaks photographed.



110.
Thus from the combined record of many photographs (Figs.(V.5),
(Vv.6) and (V.7) ), conveniently subdivided into a number of small
squares each containing a score or more of streaké, the total Iateral
and vertical displacements in each square were swmed up, and the sum
was divided by the number of streaks (including stationary stars) so
giving the components of the displacement of a typical particle in

each square of the cross-section.

Because the same streaks were concerned, the total time for the
horizontal displacements was identical with that for the vertical dis-
placements, and consequently in each square, the vector sum of the many
streaks lies truly along a stream line of the secondary in the square
in question, and does so independently of the timing of the shutter of
the camera, and independently of the width of the illuminated gap, and

of the speed of flow across it,

However certain difficulties occur with this method, and chief
among them is an apparent lateral displacement due to optical parallax
as particles move across the lighted gap in their movement towards the
camera. All particles other than those exactly in the optical axis
appear to be moving radially away from it. The illuminated gap was 25
m.m, the distance to the camera 2,400m, and the depth of the stream
60 m.m. With such dimensions the parallax sometimes exceeded the dis-

placement to be measured.
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k= *'_4 Streaks of ten photographs near side wall (one shown in Fig.V.4,)
and of ten photographs in centre are traced .
Numericals give number of streaks including stationary stars
in each square selected .

FIG.V.7. COMBINED RECORD OF PHOTOGRAPHS IN CROSS=SECTION (SMOOTH BED) .

el
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However, the geometry of the parallax is simple (Appendix I)

and each displacement was appropriately corrected.

Another error was more difficult to eliminate. The sample of
particles was insufficient and the effect of individual excursions due
to turbulence often obscured the steady displacement o At each place,
25 streaks or more were averaged; yet the average of the turbulence

may sometimes have deviated from zero as much as one-fifth of a streak.

The camera shutter remained open much longer than the time
taken for a particle to pass through the gap and therefore many of the
streaks, perhaps more than one-~half of them, continued completely
across the illuminated gap. The displacements due to such streaks
therefore occurred in times inversely proportional to the local
velocity W which varied appreciably from place to place. Thus different
times should have been used when calculating the displacements depending
on their position. A4lso the number of the stars needed correction as
some of them appeared stationary, because they were caught by the shutter
of the camera either as they were going out while the shutter of the
camera was opening or coming in when the shuttér was closing. This
correction also depended on the local velocity. However the two
corrections tended to cancel each other, and for convenience of
calculation, the time for all streaks was assumed equal. Had time
permitted, the errors due to these known inequalities of time could

no doubt have been eliminated, though the pattern of the streamlines
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would not have been modified very much.

Such errors, when present, tend to disclose themselves by
deviations from the roquirements of continuity. In the ideal case
when the shutter of the camera is open for only a brief time compaped
with the time particles take to cross the gap, then all displacements
in different parts of the photograph represent velocities all to the
same scale. Thus the vertical and horizontal components of such dis-
placements represent Vv and w to a scale depending on the exposure time.

If correct, these components should therefore satisfy the continuity

B/2 a_
_f vdz = o Jf wdy = o
o o

and should do so because the same stream line bounds top and bottom,

y=d, ¥y = 0, as bounds side and centre, z = g y 2 = 0. In applying

requirement:

this test the interpretation was replaced by the simple finite

summations:
12 5

——

, Wn=o0, € Wn =0

thus making-use of the fact that all the heights and widths of the
squares were equal. In short, the observed vertical displacements in
each row of squares should sum to Zero, and the horizontal displacements
in each column should alsoc sum to zero., Thus with 5 rows and 12 |
colunns, a total of 17 tests were possibles. Perhaps about one third

of these summed satisfactorily to zero or nearly so. Errors when found

were distributed.
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The resultant displacements for the three sets, Figs (V.5,6,7),
appropriately corrected for the optical parallax and continuity re-

quirements, are given in Figs. (V.8.a,b,c).

When integrated in the usual way, the two components of each
displacement or velccity gives rise to two values of stream function
Y, according to whether w or Vv is used, thus:

Ya = kfb + j;z vaz 3 Wb = ﬂjo + j;y way.

Taking a convenient value of Yo, equal to 20, the values for
\Va énd\f)b, corrosponding to each displacement are given in Figs.
(V.94a;b,yc) for the threec sets. The resulting stream lines are
consistent with all M values, within % 1, except these marked with

crosses over,

Regarding the patterns of these secondary flows, perhaps the
chief difference to be seen between the three cases is that for the
rippled bed the secondary motion is seen to be divided into four
distinct célls (Fig.V.9.2) whereas for fully gravelled and smooth
beds (Fig.V.9.b & c) a clear pattern is found only near the side wall
where the motion is seen to be towards the corner. The upward motion
along the side walls, from bed towards the free surface, is common to

all the three cases.

With plane beds (rough or smooth) the patterns seem to satisfy

Prandtl's hypothesis. Two cells are obtained but the one near the
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(a) Resultant displacements on rippled bed scaled
for 10 particles in each square .
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(¢c) Resultant displacements on smooth bed scaled

for 20 particles .
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FIG.V39. STREAIM FUNCTION VALﬁES AND RESULTING STRLAMLINES .
(Values with crosses above are omitted)
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side wall secems more definite than the other and hence the second one

is shown by dotted line.

For the rippled bed the most striking feature is that the
stagnation point, previously in the corner, has now moved well away
into the bed and the flow is now,: outwards towards the side wall.
Perhaps the ripples dominate the flow patterns. The patterns obtained
here confirm thosec suggested by Casey (Fig.V.1) in explanation of the
ridges and the hollows which developed on a mobile bed, but in the

present case there are fewer cells.
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CHAPTER VI

FRICTION COEFFICIENT IN OPEN CHANNELS

VI. 1. INTRODUCTION
The formulae in use today mainly stem from the work of

Antoine de Chezy, a French engineer, who, in 1775, derived his
classic formula relating the speed of flow in open channels to their
size and slope. He reasoned that the resistance to flow would
vary with the wetted perimeter and with the square of the velocitys
and that the force baléncing this resistance would vary with the
area of the cross-section and with the slope of the channel bed.
Chezyt's formula is expressed as:

V = CJRES Teeea(1)
where V is the velocity defined as discharge divided by the
cross sectional area, R is the hydraulic radius being the cross-
sectional area divided by the wetted perimeter, S is the slope
and C is known as Chezy's coefficient, This C at that time was
regarded as a constant for each particular channel. The dimensions
of the two sides of Eq: (1) do not balance unless C includes
length and time; and this difficulty was not resolved until early
in the last century, when Weisbach developed an almost identical
formula, intended originaily' for flow through pipes, and usually
written in the form |

h 'L'Li"']':)' év'z- ) fV2 IO.(a)
g

D S = 3%R
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"in which f is known as the friction coefficient whose magnitude
depends on the roughness of the walls, and D is the diameter in

the case of a pipe. When Eq: (2) is written as

v . eens en(22)

it becomes identical with the Chezy's formula. C is then inversely

proportional to f related by the identity
- | & c _ /2 'f
C ’ 7~ or 5 = /f ess(3)

Howeve;, since 1930 the work of Prandtl and of Nikuradse,

has led to a simpler form in which Eq: (1) could be expressed as
| V = (b Vx .-...'(ll»)

where Vx =J§~§_§, and is a coefficient replacing C or f. Thus

the ratio %; i.e.,@), embraces the whole mechanism of the

dissipation of energy in a moving fluid. That the coefficient C
was not a constant was demonstrated by many earlier investigators

also.

For instance; Darcy and Bazin (Bazin 1865) working on
channels of various'shapes and with various wall surfaces,
demonstrated very clearly that these coefficients (C and f) were
not conStan%?&aried with surface roughnessland other variables.
Subsequently, other investigators developed numerous empirical

formulae seeking to. predict Chezy's coefficient C for various
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kinds of pipes and channels. Most of them had introduced
different coefficients for each particular kind of surface.
Such formulae are summarised in the Progress Report of Task

Force (1963) on "Friction Factors in Open Channels'.

Two outstanding contributions to the subject were
due to Osborne Reynolds; in 1883 he showed that %¥ was the
criterion determining whether a motion would be laminar or
turbulent; and later, in 1894, while attempting a numerical

. s s DV
predietion of the critical value of ™ he showed that the

mean intensity of the forcef due to turbulence was no more
-
than the mean value of;;QQQeLtand v'are the fluctuations of
the instantaneous velocity components. These two contributions
provided the essential basis for the later evolution of the

logarithmic veloecity formula developed in Gottingen around 1930

and now widely used.

Perhaps the full implication of Reynolds; earlier work
remained obscure until Stanton, in 1911, suecessfully correlated
the distribution of velocity kﬁdﬂ;é%; aecross the diameter of a

witn DV v
. . . .
number of pipes of different sizes, = or any of its

C ‘ ' DV
equivalents ( =-, 2 ) is expressible as a function of <7.
Je ' VE P
Such an inevitable sequel was indecd achieved by Blasius (1913)
in Germany followed independently by Stanton and Pannel (1914) in

England. Blasius, using the results of earlier investigators,
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showed that all experiments on flow through smooth pipes conformed

to the formula

DV, -
f = 0.3164 / (9)4
Vx,2 DV >
or (-‘-,—) = 00395 /(g)w , eea(5)

which is valid in the range 3000 <:_%§% <: 80,000. Stanton and
Pannel had already started experimenting with the flow of oil,
water and air through several pipes of different diameters. The

2
mass of information thus obtained plotted with (!%) against %g

gave a single curve in the range 5000(%( 200,000, For nearly
twenty years the curve remained the standard source of information

on flow through smooth pipes.

In the early twenties, the problem of hydraulic roughness
was investigated by Hopf (1923). He showed that the resistance
is affected not only by the size of the roughness irregularities
but also by their form. He distinguished between #he two extreme
cases of granular wall roughness and wall waviness. In the
former, the friction coefficient, while nearly independent of
Reyﬁolds number, is mainly dependent on the relative roughness;
and, in the latter, it depends on Reynolds number yielding,
however; higher values than for the smooth pipe case, This was
confirmed by Fromm (1923) by his experiments on flow between

parallel plates of different surface roughnesses.,
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Hopf's attempts to solve the resistance problem for wall
waviness have so far proved unsuccessful although the granular
case was resolved successfully by Nikuradse, in 1933, on the basis
of a far reaching assumption suggested by Prandtl for turbulent
shear stress Qizgsl Having proved that the relation between the
turbulent shear stress and the velocity was impossible to predict,
Prandtl considered the following very crude model in which the

om eddy
turbulence was represented by whiz® created by difference of velocity.
He considered that Li and \J’ would simply depend on the average
size of an eddy, L, and on the difference of the mean velocities
existing at the near nad distant extents of .. The resultant
formula for the time-mean stress .
T -2 &% venl6)
YL

is well known. Here the subscript * is a reminder that the
positive and negative values of kﬁ and \J’do not necessarily
occurr at the same instant so that L(\lehile apparently ig the
nature of a square of a velocity, may yet be of either sign.
In the above, Prandtl proposed Q,as an empirical coeffieient.
repfesenting not only the effectivé physical size of the eddies,
but also including such unknowns as the phase relation between
W and \Jiand any other imperfections of the model. For the
known velocity distribution, he suggested { - O.4y, y being

the distance from the wall:! this has proved to be a sufficiently

close estimate for predicting the relation between velocity and
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resistance; An extension of Reynolds' original approach to the
problem of fluid friction via the mechanism of turbulence can be
seen in the publications of L. Prandtl, G.I. Taylor and Von Karmam,

(1915 to 1932).

The various mixing length theories (Goldstein 1938,
Schlichting 1955) have led to the formulation of the laws of
velocity distribution in pipes and between parallel plates. The
well known Prandtl's velocity distribution law for two dimensional

turbulent flow can be written as:
a1 X o
Tro = logey_1 ees(7)

where U is the local mean velocity at a distance y from the wall,

Vyg equalsj'?%? (called the shear velocity),¢, a characteristic

of turbulence, is a universal constant, and y, is the distance

from the effective hydraulic wall defined such that ¥ = O
when y = Y3 The above equation is also written in the general
form as
¥ omax - O 1 r .
e tsapmaaxhamos. - — lO - ‘se @
T, =18 § (72)
where‘az = U max at y = ¥, the radius of pipe. For flow

between parallel plates, I* is replaced by d, the half distance

between the plates.
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The "Shift" y in Eq: (7) depends on the nature of the

wall surface and is proportional to %EL for smooth surface and
O

to K, the size of roughness, for rough surfaces. Very comprehensive
and systematic experiments by Nikuradse (1932) on smooth pipes

yielded the values of constants in Eq: (7): oL =0.40 and

Q.11

y1. = Vo

With these values Eq: (7) for smooth pipes can

be written as

o %0
_V_x: = 5.75 108102-—9_ + 5.5 0-0(8)

Nikuradse's (1933) experiments on rough pipes with
uniform sand roughness gave the value of 3& = %% y where
¥s is the size of the sand particles. This value for ¥1 is
valid only for Nikuradse's uniform sand roughness but different
values are obtained for other kinds of roughness. However, the
above expression, ¥1 = %g , 1s generally used as the standard
for the roughness and is termed the equivalent sand roughness.

The formula for velocity distribution for fully rough turbulent

flow then is

3 _ J
T = 5.75 10g1o =+ 8.5 eea(9)

From the above it is obvious that the wall will act as a smooth«

surface vhen 52 4;_911115! or Xe¥xo L 33
o SR T
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From Egs: (8) and (9), the corresponding equations for

average velocity of flow in pipes can be derived and written as

v . YVxo

Il 5.75 logig =y * 1475 ... (Smooth)...(10)
and

v

Completely

i}

. v,
Ve = 075 logyp kg ot 7

Bquation (10) is in good agreement with experiments over a wide
range of Reynolds number and certainly in the range 4 x 10° é;
Are 6 . . .

35S 3.2 x 10°. Nikuradse's experimental results from rough
pipes also agreed with Eq: (10) provided that the pressure
gradient was such that §§E¥§2 £ 3.3, Fully rough conditions
occured only when Eﬁigﬁgﬂ} 60. Between these values i.e.

3.3 <-I-<-s-,-.‘}c-9- (60, the flow was in a transitional state

influenced both by the viscosity and the roughness.

Colebrock and White (193?), working on pipes of non-
uniform surface roughnesses, made a partiéular study of the
transitional zone. These experiments and also the results
available on commercial pipes of cast iron, wrought iron and
galvanised steel showed a gradual transition from smooth law
at low velocities to rough law at high velocities in contrast
to the abrupt transition in Nikuradse's experiments on artificial
uniform sand rbuéhness. They later (1939) established a transition

law, by combining the smooth and rough pipe~laws, which agrees



128

well with the experimental results obtained on commercial pipes.
In the present notations, it can be written as
*

v Ks 1
Veo = " 905108 40 (355 + 155 Duxo ) cor (1)

Y

In the case of non~circular pipes the question arises
as to what values should be used for the constants in the above
formulae, and also as to what parameter would best replace the
diameter D. For laminar flows, it has been shown that the use
of the hydraulic radius, with a corresponding change of the
coefficient in the resistance formula, is adequate for all
shapes of cross section.For turbulent flow, Schiller (1923)
investigated this question for pipes of‘triangular, square,
rectangular (aspect ratio 3.5:1) and star shaped cross sections.
Using hydraulic diameter (equal to four times the hydraulic
radius) as the linear dimension in the expression for Reynolds
number, results obtained for the square and rectangular pipes
agreed well with the Blasius formula; however, the Reynolds number
in both the cases did not exceed 60,000, The results for the
triangular section were in rather satisfactory agreement with
the Blasius formula but those for the star shaped section fell
around another line intersecting the Blasius' line. Experiments

by Fromm (1923) and by Davies and White (1928) on smooth rectangular

*®
Value 5.65, with slight variations in other numerical values,

better fits certain discharge measurements than 5.75.
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pipes of large width-depth ratios indicated greater friction
than circular pipes if the hydraulid diameter was used as the
linear dimension in the expression for the Reynolds number.
Fromm suggested a law similar to that of Blasius, but with
different values of the constants. Huebscher (1947) made tests
on three galvanised sheet metal pipes of circular, square and
rectangular (aspect ratio 8:1) cross sections with the same
hydraulic diameter. For equal values of the Reynolds number
the friction coefficient was found to be the same for
circular and square pipes but higher values were obtained for the
rectangular pipe. Harnett, Koh and McComas (1962) conducted
experiments on a square pipe and two rectangular pipes (aspect
ratios 5:1 and 10:1) upto an approximate value of Reynolds number
2 x 105. Their results for square pipe agree very well with the
Blasius law but for the rectangular sections the friction is

slightly higher.

Although the use of hydraulic radius or diameter for the
linear dimension in defining the Reynolds number has been questioned
by someX:Gunn and Darling (1963i5, it can be seen from the
results quoted above that the frictional characteristics of
square pipes and rectangular pipes of small aspect ratio agree

well with those of circular pipes. But the friction coefficient
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of rectangular pipes of large aspect ratio is found to be higher.
This can also be predicted by integration of Eq: (8) for an

infinitely wide rectangular pipe which would result in

V'l dv.
"7}; = 5.75 10810 ';30 + 3.0 000(13)

with d equal to half the distance between the two long plates.
For this case, d can be replaced by the hydraulic radius R and

Eq: (14) can be written as

%—~ = 5.75 log,, BZ%F + 3.0 (parellel platS-smooth)

Xo
voa(132)
Similarly Eg: (10) for smooth circular pipes can be written in

terms of the hydraulic radius as

Vv RVxo . . '
7 5.75 10g10 Y 3.48 (Circular pipe smooth)

Xo

es s (103.)
In view of the previously quoted experiments, Eq: (10a) can be

accepted to be valid for square pipes also.

Thus the results on smooth rectangular pipes of various
aspect ratios may perhaps be predicted to lie within the two
extremes defined by the lines given by Eq: (13a), for large aspect

ratios and by Eq: €10a), for square pipes.

The corresponding formulae in terms of hydraulic radius
for flow between parallel plates and circular pipes using Nikuradse's

sand roughness can be written as
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y_ _ R e
Vag = 5.75 1og,q, K + 6.0 (parallel plats rougéz(14)
v R . . '
v— = 5.75 log = * 6.48 (Circular pipes rough)
X0 10 Kg »eo(112)

From these it is apparent that the laws governing the
resistance toAflow in circular pipes and rectangular pipes differ
only slightly when hydraulic radius is used as a length parameter.
Hence in Colebrook - White formula, the diameter of pipe D is
generally replaced by 4R and is used as universal law for all
types of conduits and flow conditions. Ackers (1958) has used

this formula to prepare several useful charts for design purposes.

The application of the above laws to flow in open channels

is discussed in the following section.

VI, 2. APPLICATION OF LOGARITHMIC IAWS TO FLOW IN OPEN CHANNELS

Despite many centuries of intense study of open channel
flows, some of the main features of turbulent flow in them still
remain obscure. Indeed progress in the study of pipe flows
has been so much more informative that, today, some of the
problems of open channels seem best resolved by partial analogy

with pipes.

For example the universal velocity distribution formula
Eq: (7), originally derived for a small region close to the wall

has, in the case of pipes, been found valid even as far from the
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wall as the centre of the pipe. In an open channel, however,
while the structure of turbulence near the wall, is found to be
the same as in the case of a pipe, there is one fundamental difference
between the two flows. Since in the case of a pipe at its central
plane there is transfer of fluid mass acrcss the plane and the
component v may be great where as in an open channel a fluid

mass can not come out of the free surface and V' must be zero
there. It has been shown in Chapter IV that the effect of the
free surface on suppressing the turbulent velocity component

at right angles to the bed is noticeable as far as about 0.40
times the depth from the free surface. Although this great
difference is inherent between the two cases yet the criterion
that the time-mean product of the turbulent velocity components,
-;;:;;, which represents the ratio of the shear stress to the

mass density of the fluid is zero at the centr; of a pipe, as

also at the free surface of an open channel, allows comparison
between the two cascs. Since the variation of shear stress,

from the wall to the free surface in an open channel and from

the wall to the centre of a pipe is linear, the respective
velocity distributions are usually described by similar laws.

Experimental results also support this view.

Nevertheless, Ellison (1959) has attempted to derive

another law for the velocity profile in a broad open channel.
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Since the motion near the free surface differs from that in the
constant stress region near the wall, he introduced a new empirical
mixing constant for the free surface analogutts to the universal
turbulent constant for flow near a rigid wall. He obtained a
number of different welocity profiles by assuming various values
for his mixing constant and compared the results with logarithmic
velocity profiie but none of them agreed with it. One of his

basic assumptions was that "the components of %turbulence which
contribute to the eddy viscosity near the surface are determined
entirely by local quantities without any direct dependence on the
total depth of flow". But this assumption seems contradicted by
the present measurements/Chapter IV. Moreover his arguments led
him to the results that the fluctuation in horizontal velocity
must be zero at the free surface meaning thereby that it moves as a
rigid sheet. Since this is not so, he modified his theory in

such a way that it applied only to the eddy viscosity, and thus

eliminated the horizontal component of turbulence.

The usual logarithmic velocity distribution has been found
to agree well with the actual velocities measured on the centre
line of the channel, where the motion may be expected to be two
dimensional. The value of °(,, the shear stress at the bed, in
such a case is exactly equal to ggds and the value of Vxo is then

precisely known. Measurements by Vanoni (1941) on the centre
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line of a rectangular flume confirmed Eq: (7a).. Subsequent
measurments by Vanoni (1946) in a flume with clear water f}ows
and also with sediment suspensions showed that the value of the
universal constant,e¢, which is about 0,40 for clear water,
decreases in suspended sediment flows. The presence of suspended
sediment perhaps damps the turbulence, and changes its structurec.
Tracy and Lester (1961), investigating the friction coefficient
in a rectangular steel flume with inner surfaces covered with
synthetic enamel, also measured the velocity profiles. Their
average results, for two dimensional conditions at the centre of

the flume, when plotted as %1— against log 1!%9 lay somewhat

Xo
below the line given by Eq: (8), while individual values of Vx,
appeared to define straight lines parallel to it. The flume had

some waviness which may account for such parallel lines.

Attempts have been made to derive the laws for friction
coefficient in open channels based on logarithmic velocity
distribution. Formulae (13) and (14), derived for flow between
parallei~plates,‘can be assuméd to be applicable for flow in a
recfangular channel of large width-depth ratio. Bﬁt in narrow
channels the problem is complicated by the non-uniform distribution
of shear stress along the perimeter and also by the presence of
secondary currents, No doubt‘these two factors are present also

in pipes of non-circular cross section. . But in open- channels the

existence of free surface seems to emphasize the effect and leads

-
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to a curious’depression of the location of maximum velocity.
How this affects the friction is not really known but it is
generally believed that the friction coefficient increases

because of the secondary currents.

Keulegan (1938) attempted to appiy logarithmic velocity
distribution to predict the friction of open channels by introducing
several coefficients to include the channel shape, free surface
and non-uniform distribution of shear stress. His general
formulae when simplified are the same as Egs: (13) and (14) for
flow in a rectangular channel of infinite width with the terms
ﬁ3-€§ %; added on the righthand side. For smooth channel his
equation may be written as:

%; = 5.75 1log —}:}X + 3.0 +(3.-"é¥.; .o (15)
The coefficient ﬁ3 takes the channel shape into consideration.
It is constant for 90° - triangular channel having value of 0.48.
For rectangular section, it takes on the value given by
5.75 Log,, (%) - 2.5 % , being zero for a channel of infinite
width and O.48 when depth equals half the channel width. Hence
the equations for 90o - triangular channels and rectangular
channels of width-depth ratio 2:1 become the same as for circular

pipes but for the term éi The coefficient & , the magnitude

3
Vi'
of which will depend on the cross sectional shape, was introduced
to take the effect of free surface and non-uniform distribution

of shear stress along the perimeter. Kaulegan, assuming these
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corrective terms to be small, merged them into the wall
constants, and computed the values of Kg for different wall
materials in Bazin's data. Bazin's wooden channels
appeared to behave as a smooth wavy surface at low values
of the Reynold's number and tended to be rough at high

values of the Reynold's number.

Further investigation on these lines was made by
Powell (1946). He experimented on rectangular channel, with
a smooth surface and also with artificial roughness of
square steel strips extending up the side walls. Powell
varied the slopes of the channels and included -a particularly
wide range of widthe-depth ratios from 10:1 to 2:1. The
treatment of his data was based on Keulegan's theoretical
considerations although he neglected the effect of the
free surface and non-uniform distribution of shear stress
along the perimeter. In effect, for smooth channel his
method was to plot %; -‘3 against the logarithm of the
Reynold's number, based on hydraulic radius and shear
velocity. For the l;rger depths and so for the larger
Rejnold's number, the measured velocities were generally
higher than those given by formula (15). The slope of the
line on the logarithmic plot therefore tended to become
steeper. Similar results were obtained also for the rough

channel. - Powell attributed this to a smaller value of the
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universal constant,.about 0.33, in open channels. In the
discussion, Keulegan reasoned that non-uniform distribution
of shear stress could not be neglected if % was large, With
certain assumptions regarding the distribution of shear stress,
the coefficient 22 (as in Eq: 15) was found to be negative

and hence was expected to give higher velocities.

Kirschmer (1949) presented his own experimental
results on a smooth concrete rectangular channel along with
those of Raju on '"theoretically smooth" rectangular channel
and of Varwick on (i) smooth trapezoidal channel painted
with tar, and (ii) trapezoidal and triangular channels
roughened with three different Nikuradse's sands on the walls.
On comparing the aforementioned results with those on pipes
for the same values of &%¥, or %, the friction in all the
channels was found to be higher than in the pipes. Besides,
for the same degree of roughness, the friction coefficient
was found to depend on the shape of the cross section and to
inerease in the order: (1) trapezoidal, (2) triangular,

(3) rectangular. This increase was attributed to the secordary
currents which were said to be more pronounced in rectangular
than in triangular of trapezoidal sections. An objection to
this conclusion is that the same kind of effect would have

been obtained, had the surfaces been not perfectly smooth.

Also the rough channels are likely to have been rougher than
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those of Nikuradse's rough pipes even though the same sand was

used.

It can be said that the discharge of open channels
of known roughness can be predicted reliably from pipe theory
within T 3 percent. Yet two of the main puzzles of open
channels, the effect of the corners where sides and bed join
and where sides and free surface join, and also the effect of
the existance of the free surface itself, remain unresolved.
Certainly square pipes results demonstrate that four corners
do not increase the resistance coefficient, and we may guess
the corners are compensated by the secondary currents they
generate, though the details of such compensation or over

compensation remain to be explored.

Regarding the free surface, here the puzzle is very
difficult because it includes the strange behaviour of water
just below the surface where often a considerable patch of
unresisted water remains apparently unaccelerated while
subject to the action of gravity and slope. At the surface
itself, turbulence exists, yet it is of a pseudo two~-dimensional
kind in which its third component, but not its derivatives, is
zero. Thus at this stress-free place the turbulence cannot

be as three dimensional in an open channel as at the centre

of a pipe.
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Therefore experiments with 90o - triangular channels

seem particularly interesting. Their cross section is. half

a square, like that of a 2:1 rectangular channel, though their

free surface is 40 percent greater. Unfortunately the two

shapes, the triangle and the rectangle are also very different,

and the several actions seem almost impossible to disentangle.

However the discharge of smooth triangular channels

has been measured by some invéstigators and their results

are given in table below:

TABLE VI.1.

Investigator Experimental details Remarks
Owen (1953) Flume length: 55ft. The results lie on
Slopes: 1 in 2000, a line parallel to

Moeller-Hartman

(1957)

Powell and Posey
(1959)

1 in 1000 & 4 in 500. circular pipe law

Depths: Upto 10 inches. giving low values
of friction coeffi=
cient.

Flume length: 150 ft. Friction coefficient
Slopes: 1 in 1000, 1 is slightly less for
in 600 & 1 in 340. slope in 1000 and
slightly higher for
the other two slopes
*®ircular pipe law.
Flume length: 40O ft. Friction coefficient
Slopes: 1 in 2000 to is about 7% less
1 in 500. than that given by
Depths: Upto 2.5 ft. circular pipe law.
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As described earlier, such low values of friction
coefficient have also been obtained by Fowell with a smooth
rectangular channel of large depth-width ratios. Thus
regarding a 90° - triangular channel as equivalent to half
of the square pipe, the only possible explanation for the
reduced resistance is the presence of the free surface and

non-uniform distribution of shear stress along the perimeter.

VI. 3. EXPERIMENTAL RESULTS ON SMOOTH RECTANGULAR CHANNEL

VI. 3,1. VELOCITY MEASUREMENTS

The mean values of the velocities, at various points
along the depth in the central plane of the channel, were
obtained from the local instantaneous values from the
photographs as described earlier in (IV.3). These values
and the various other quantities calculated for depths of
flow 1.55 cm. and 2.58 cm. with slope of the channel 1 in
2000, and 2.555 c.m. and 5.095 c.m. with slope 1 in 1000
are given in Appendix (IIB), Tables (1-4).

[

¥Vxo
against log are
Vxo B 32

The results plotted as
shown in Fig. (VI.1),; where ﬁ.represents the mean velocity at
a distance y from the channel bed. The universal velocity
distribution law for smooth surfaces given by Eq: (8) is also

represented by line (2) on this diagram. Outside the wall

region, for l%%g;leO, the measured velocities for all depths
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agree well with Eq: (8), except when the depth of flow was
5.095 c.m. with slope 1 in 1000, for which the velocities
were some what Jlower giving points slightly below the line.
There is no obvious reason for this except that the joints in
the glass plates on the bed or same surface waves or both

might have slowed the motion.

Originally the universal velocity distribution (Eq: 7)
was derived by assuming viscous stresses to be zero in the
basic expression for the shear stress, W:==,LL'%§' - Q_JT—;'.
Hence Eq: (8) tends to be inacurate in the region very close

ettt

to the wall where it over-estimates € u' v' and under-
estimates A&l %%. This region of inapplicability extends from
the wall upto the region where 2%52 approximately equals 40,
and Eq: (8) is valid only when u__ > 14.0. The region near
the wall is difficult to explorzxgecause y is so very small
(for example when Vxg = 1 cm/sec and V= 0.01 c.m.a/sec. then
the whole region lies within 4.0 m.m. of the wall) that it is
not possible to measure the velocity there with ordinary
instruments such as a pitot tube. However, using hot-wire
anemometers, Reichardt (1940) with a closed channel and
Laufer (1951, 1954) with a closed channel and with a pipe,
have successfully mapped out this region. They confirm that

extremely close to the wallGregion exists where viscous

stresses appear completely to dominate the flow so that the
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R . Q AL
velocities follow the relation = , as shown by
VXQ :)/

curve (1) on the diagram. UWith some uncertainty of measurements

- very close to the wall, the agreement with this relation is

. U oL IVxo .
fairly good upto e N 6 or = ~, 6. Hinze (1959), on the
o

basis of results obtained by Reichardt and Laufer, reports

Y
this value of Z;o to be between 5.0 and 6.7.

In the transition zome, where turbulent stresses begin
noticeably to retard the flow, various simplifying assumptions
have been proposed to predict the velocity distribution.

Hinze (1959) discusses fully the details of the various
assumptions and compares the results with the experimental
values actually obtained by Reichardt and Laufer. The curves
for the several relations deviate some what from each other,
and because of scatter of the experimental data in this
transition region it is difficult to decide which relation
satisfies the experimental results best. Reichardt's data
generally lie below Laufer's data, perhaps due to the fact
that Laufer (1954) applied additive correction upto + 10%

to the measured values near the wall reasoning that the hot
wire indicates low values near the wall. Hence if Laufer's data
with his correction are accepted as more accurate than -
Reichardt's data, his results confirm the curves of Rotta
(1950) and Reichardt (1951). These two relations are used

to compare the results obtained in the present experiments
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and are described below.

Rotta, considering that in the transition zone the
total shear stress is determined both by viscous and turbulence
effects, and putting yo for the distance from the wall upto
which the viscous stresses completely dominate the flow,

assumed { = ol (y - yo) in Prandtl's expression Ct::

(af? /%E QE, and derived the relation,
—_— e
u t ‘j(2£on) _X LA 1oge\“21Vx° ( ivxg)
) -1if2
+ Yo Vxa
Y

- : - u _ Y¥Vxo

For y = yo, this formula reduces to Vag =V and for

large values it becomes:

u__ 1 Wxo , 1 Yo Vx
Tag = > o8 3 + 5 (log, W= 1) + ] :

which is the same as formula (8), withé&v(log hot - 1) + 1o Yx0
e WV
equal to 5.5. This gives Xﬂsgﬁg - 6.83 for ok = 0.40.

With these values the relation is shown by curve (3) on the

diagram in Fig. (VI.1).

Reichardt, in the expression, = b +€ ) %E
¥
y . v IVxo
‘ Vxo o Vxo 2/ .
= Jxo _ -~ h
assumed & = ( 5 3 ) tank ys Voo ) and gave the relation
- YVXD OVXO - -b YV
u 1 L3V =( / ) Yxo —Xo
Vg © = Log, ( 1+.X—-"-C‘-ﬂ ) + Cl1 - e ¥ - 1! e RY
¥ Vxo

 °4
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f
In the above, withe< = 0.40, he assumed 29-21"-9’:::11 for

= 13 and for the constants ¢ and b he obtained values 7.80

€
A
and 0.33 respectively from the corresponding boundary conditions.

With these values for the constants the relationship is shown

by curve (4) on the diagram in Fig. (VI.1).

The deviation between the two curves (3) and (4), has

a Wxo
Voo at ~7 =

a maximum value of about 10% of 10. The present
experimental results in this region seem more to support curve
(3), obtained from Rotta's expression, than curve (4), from

Reichardt's expression.

Vi.3.2. FRICTION COEF.ICIENT

The results for uniform flow, for each of four slopes
0.0005, 0.0010, 0.0015 and 0.0020, are given in Appendix (IIA),
Tables (3-6). The maximum depth of flow was about 4,50 inches
for the smaller slopes. But for the steeper slopes the maximum
depth was less, since a discharge of about 0.65 cu.sec. was the
maximum that could be run in the flume without undue disturbances

or waves from upstream or generated locally.

In Fig. (VI.2), the results are plotted as %— against
b4
log 5%}. Two lines, denoted by (1) and (2), are drawn on the
diagram representing Eq: (13a) for flow between parallel plates

and Eq: (10a) for smooth circular pipes(valid also for square

pipes) respectively. With smaller depths, the points generally
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lie on the line (1), satisfying Eq: (13a). But as the depth
and hence the depth-width ratio increases the points approach

the line (2), given by Eq: (10a).

Although it would seem that the line (2) could be the
upper limit for the points for a depth-width ratio of 1:2,
which corresponds to half of a square pipe, some of the points
lie above this line even as the maximum depth-width ratio
attained was no more than 1:3. 'These results contradict the
general concept that for large depth-width ratios the friction
coefficient increases and the average velocity decreases
becauses of the secondary currents. Such small friction
coefficients or such high average velocities have also been
reported by other investigatorsi;Powell (1946) on rectangular
channel and Owen (1953) and Powell and Posey (1959) on 90° -
triangular channels} . Kennedy and Fulton (1961), working on
smooth rectangular channels, also obtained higher velocities
than given by the smooth pipe law and suggested that the secondary
currents probably reducethe effect of boundary roughness and
so slightly increase the channel capacity. It is difficult to
ascertain how far this statement is correct; however the effect
of the secondary currents and of the non-uniform shear stress
distribution along the perimeter, together with the effect of
the free surface inhibiting the vertical component of turbulence,

may be the causes of reduced friction and higher average velocity.
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Since the Reynolds number, E%F , changes with depth
of flow, the effects of the depth-width ratio and of the
Reynolds number can only be separated by comparing results for
different slopes, by selecting particular runs all having the
same depth, or all having the same Reynolds number., As a
7ﬁatter of convenience such values are obtained by interpolation
with good accuracy from the plot of depth - discharge curves.
In the present experiments this effect was investigated and

I versus Rix is plotted in Fig. (VI.3), with different

Vy ¥

symbols for each of the six different depth-width ratios

shown. For each depth the values of %;E varied over a two-
fold range, as the slopes were varied from 00,0005 to .0020.
Then the results for each depth can be represented by a straight
line as shown in Fig. (VI.3). From values of %; read from
these straight lines Fig. (VI.3a) has been prepared showing
how %ﬁ varies when the shape-factor, d/B, is changed while

%%? remains constant. Clearly this diagram, Fig.(VI.3a),

shows a general tendency for the deeper and narrower channels
to flow somevhat faster. The differences are small, no more
than 2 or 3 percent variation in ¥¥ due to doubling the depth-
width ratio, nevertheless this evidence is sufficient to
confirm the previous interpretation of the points in Fig.(VI.2)

where they are secn gradually drifting from line (1) to the

line(2). Fig. (VI.3a) confirms that the drift of Fig. (VI.2)
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is in fact wholly due to changé in aspect ratio and therefore

does not denote a change in the "universal constant®.

VI.4. EXPERIMENTAL RESULTS ON_RECTANGULAR CHANNEL WITH ROUGH

BED AND SMOOTH SIDE WALLS

VI.4.1. DETERMINATION OF DATUM FPLANE FOR MEASUREMENT OF

DEPTH WHEN THE BED I5 RCUGH

The datum plane is defined to represent the origin
for vertical measurements and it lies somewhere between the
crests and the froughs of the roughness and its precise
position may depend on the shape and concentration of the
particular roughness. Nikuradse (1933) determined the location
of the wall of each of his rough pipes of uniform sand
roughness by calculating the equivalent radius of a pipe,
having the same volume as the volume of water contained in
the rough pipe. Similarly, Schlichting (1936), working on
closed rectangular channel with three fixed smooth walls and
one interchangeable wall, fitted with various kinds and patterns
of roughness elements of known dimensions, computed the volume
of roughness elements and divided it by the area of the plate
to find the zero level. Similar methods have also been used
for an open channel by Reinus (1961) working with sand rough-

ness and steel balls fixed on a smooth bottom.
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This method of "equal volume™ for determining the
datum gives satisfactory results only when the size of the

roughness is very small compared with the depths of flow.

In an open channel the datum plane may be said to
be correctly chosen when the curves of velocity distribution
and of discharge both extrapclate smoothly to the same zero
point. It is also convenient that this should be on the same
straight line as those points of the semislogarithmic plot
which are not far from the wall. Einstein and El-Samni (1949),
from mean velocity variation over a bed on which were fixed
hemi-spherical elements, found that the semi-logarithmic plot
was a straight line when the thecoretical bed was assumed to
be at a distance 0.40Y below a vlane tangent to the top of

.the hemi-spheres of radius r.

Any difference in the position of the datum plane
may appreciably change both constants in the semi-logarithmic
plot, and the slope of the line may appear to differ from 5.75,
and so may lead to wrong conclusions. Sayre and Albertson
(1963), performing experiments on a rectangular flume with
steel metal baffles fixed on the bed, measured the depths from
the flume bed and reported a slope of 6.06 for the semi-
logarithmic plot. Had the datum plane been taken slightly
above the flume bed, a slope of 5.75 would have been the

result.
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In the prescent experiments on rough beds, one with
stabilized sand rippled bed and the other two with gravel
filled in, it was impracticable to use the "“equal volume'
method. Nonetheless recently Vanoni and Hwang (1967) have
used a method based on ‘fequal volume' by filling a known
volume of dry sand in the hollows of the stabilized rippled
bed and determined the mean elevation. This may not always
give satisfactory results, particularly with small depths of
flow, as seen from Einstein and El-Samni's experiments.
Hence in the present work the position of the datum plane or
theoretical bed level was found by trial,'by plotting the
mean velocity distributions with various positions of the
origin, till a satisfactory straight line in the semi-

logarithmic plot was obtained.

For the rippled bed the datum was found to be at %?

of average ripple height below the mean crest level, the
average ripple height being 0.32 inches or 8m.m. when the
troughs of the rippled bed were filled with gravel upto

crests, the mean crest level was found to be a satisfactory
position of the datum plane. For the fully gravelled bed,

the datum plane was taken at half median diameter of the gravel
below the average top grain level, th& median diameter being
3.6m.m. This gave a good straight line of the mean velocity

distribution in semi-logarithmic plot. The top average grain
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level was found by taking the readings with point gauge at
various distances along the flume on top of a plate of known
thickness and of a size, 10 inches x 10 inches, to cover
perhaps 5000 grains. The maximum deviation from the average
of such readings was about * 0.015 inches. By subtracting
the thickness of the plate from the average value, the mean

top grain level was obtained.

VI.4,2. SURFACE ROUGHNESS MEASURENINT

Nikuradse's experiments on rough pipes with unifornm
sand roughness gave y, in Eqg: (7) equal to %% where Ks is the
size of the sand particles. Later it has been Qemonstrated
by Schlichting (1936) that, if K is taken as 'projected height"
or any other measure of the roughness elements, this value of
¥y is not a constant fraction of K, but varies with the shape
of roughness and even for the same roughness shape it varies
with different concentrations or spacing of the roughness
elements. The general practice has been to define the surface
roughness in terms of '"Equivalent Sand Roughness'". If, for

a fully-rough two dimensional turbulent flow is plotted

u__
' Vxo

against log y, a value of Y4 is obtained for that particular

surface using Eg: (7) and then the value of Kg, the equivalent
sand roughness, is obtained as 30 Yqe However, the value of

Kg obtained from a particular velocity profile taken at a

particular section will represcnt only some kind of average
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of the roughness immediately upstream of the section. &Since,
by its very nature, roughness is irregular, it follows that
velocity profiles taken at different places are likely to be
somevwhat different and to yield individual values of Kg varying
from the channel as a whole. Also, false measurements may
occur when instruments such as the pitot tube or the hot-wire
are placed close against a roughness element. In the present
work these particular difficulties were avoided by using a
photographic technique in which the motion of particles was
recorded in a field including a complete ripple length from
which an ensemble mean of a number of local instantaneous values
in 2 4.m.m. deep strip was obtained to represent the local

mean velocity at a particular height.

Another method of determining the mean value of the
equivalent sand roughness for a particular surface is from
the discharge and slope i.e. from the friction coefficient.
wWwhen the flow is fully rough and the depths are very small
compared to the width of the channel, the effect of smooth
side walls can be neglected and Eq: (14) for flow between
rough parallel plates can be adopted; Tor depths exceeding
0.1 B, the effect of side walls may be considerable and the

results may deviate appreciably from Eq: (14).
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To eliminate the effect of the side walls, the method

known as "Einstein-Johnson Method" (Einstein 1942, Johnson

1942) is frequently used.

A1l of the three above methods were tried in the present
experiments. The results and the resultins values of the
equivalent sand roughness obtained for the various beds are

discussed below.

VIi.4.2.1. FROM VELOCITY MEASUREMENTS

deal values of the mean velocities at various points
along the depth were obtained from photographs as described
earlier. The velocities and the various quantities calculated
for the three beds are given in Appendix (II.B), Tables

(5 to 18).

To evaluate y, as later described the results are

plotted as %;; against log y for various depths and Reynolds
numbers of flow, shown in Fiés. (VIi.4), (VI.5) and(VI.6) for
riprled, gravel filled in troughs of ripples and fully gravelled
beds respectively. The straight lines are drawn through the
resulting points, to correspond with the selected datums giving
a slope of 5.75. Although there is some scatter of the points
because of the inevitable uncertainty of the mean of =a

turbulent velocity, there seems no systematic dependence on the

ﬁeynolds number. Hence all the flows can be taken to be in the
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fully rough regime. Making use of the formula,

ISI

<l

- XL
o ° 5.75 log10 v,

b
the resulting values of Y4 and hence the eguivalent sand
roughness Ks (equal to 30 yq) for each bed are as follows:

Table (VI.2.)

Bed Ke
c'm.
Stabilized sand rippled bed. 1.645

Rippled bed with gravel filled in
troughs of the ripples. 0.72
Fully gravelled bed. 0.64
These give values for Eév%%g greater than 100, above
which most walls usually act as if fully rough.

VI. 4.2.2. ,FROM FRICTION COEFFICIENT NEGLECTING SIDE WALL

The depths and discharges for various slopes of the
channel were measured. The convenient least slope of the
channel was 0.0005 and this was increased by equal steps of
0.0005 upto the maximum of 0.0030 for the rippled bed,
0.0015 for the gravel filled in troughs of the ripples and
0.0020 for the fully gravelled bed. These were the steepest
slopes beyond which either it was difficult to determine the
precise depth of flow due to surface waves generated by the
'rippled bed or the grains of the gravelled beds started

moving. In all cases the velocities were much less than
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JEE, the Froude number at most being 0.60. Flows at depths

of about 4.50 inches and less were run for each slope on the
rippled bed and of about 4.0 inches and less on gravelled

beds. (Appendix II.A., Tables 7 to 19) The datum plane or

the theoretical bed for measurements of the depths on each bed
was taken to be the same as already determined from the velocity

profiles EFigs. (VI.4) to (VI.6)}.

When the friction coefficient is calculated for a
channel with rough bed and smooth side walls, the mean value
of the roughness appears to decrease with increase of depth
of flow, so giving greater average velocities in a deep
channel with smooth side walls than in one with rough side
walls. This is very clearly scen in Figs. (VI.7), (VI.8)
and (VI.9) where V_ is plotted against log d , V4 is taken

— Vx B
equal to\ﬁﬁgs and is thus the average for bed and sides.
More over the diagrams show that for a particular depth of
flow or value of g y there is no effect of slope or the

B
Reynolds number on value of %;, as the points for each bed
lie on a single curve despite the several different slopes of
the channel. There is some scatter of the points for the

rippled bed because of some uncertainty in measuring the

depths of ruffled water.
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It is known that the shear stress distribution along
the perimeter of a channel section is non-uniform even when
the whole perimeter is uniformly roughened. When the bed
is smooth and the walls are rough the phenomenon seems
ﬁarticularly complicated. For small depths of flow, the
resistance offered by the smooth side walls may perhaps be
very small compared to the resistance of the rough bed and
the walls can then be neglected. The results so obtained
are plotted as %—— , where Vxo is equal to Jdgs , against

X0
log 45y Figs. (VI.10), (VI.11) and (VI.12) for the three

B

beds; straight lines with slope of 5.75 are drawn through the
points for small values of % on each diagram. For larger
values of % more resistance is offered by the side walls and
the points start deviating from the straight lines drawn on
the diagrams giving lower values of %;; . Applying Formula
(14) valid for flow between rough parallel plates, the values
of Kg corresponding to the straight lines for various beds

are as follows:

Table (VI.3)

Bed Ks
C°m°
Stabilized sand rippled bed 1.125

Rippled bed with gravel filled in
troughs of the ripples 0.72

Fully gravelled bed . 0.64
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Two of the above values agree with those previously
obtained from velocity mecasurements (Table VI.1) but Kg for
the rippled bed is about 30% less than previously. The
reason for this was ultimately traced to a systematic variation
of ripple size, their height being 0.32" when averaged over
the whole test length, whereas their height was 0.40" in the
vicinity of the velocity traverses. Their shape and spacing
were also different, so perhaps no further explanation could
be sought and the value of the equivalent sand roughness for

the whole of the rippled bed can be accepted as 1.125 c.ma

VI.II.2.3. APPLYING EINSTEIN-JOHNSON METHOD FOR SIDE WALL

EFFECT

This method gives the expreésion:
A = 2Ay + Ap or Bd= 2RBw d + RoB,
where the subscript "w'" is for wall and "b" for bed.
Generally, in Manning's formula, some value of n is either
assumcd or predetermined from the experiments for the side
walls, and knowing the value of V and 8, the value of Ry
is obtained. Then from the above relation the valuc of Ry
and then the friction coefficient for the bed are determined.
In the present experiments, Blasius law, which can be taken
to be true for smooth open channels within the aeccuracy of
measurements, was used for the side walls to find Ry as

-

given below, 5

\
—_— 7
Ry = {o.vas (0‘2595) );,IVX



170

Knowing the value of Rw, value of Rp is calculated from the

basic relatione.

The values are given in Appendix (II.A), Tables

R
(7 to 19), and are plotted as v against log gh

Vxp in Figs.

(VI.13), (VI.14) and (VI.15). On the diagrams straight
lines representing Eq: (14) for the friction coefficient,
with values of Kg for the beds as obtained earlier in Table
(VI.2), are also shown. The results show that the points for
%;; lie‘above the straight lines drawn and this deviation
increases with the increase of depth of flow or value of Ry;
and, as a result, the values of K5 obtained by this method

may be considerably less than the true values and may decrease

with increasing depth.

VI.4.3., DISCUSSION OF RESULTS

The foregoing measurements of surface roughness
show that the constants obtained from velocity measurements
and by the method of neglecting side walls agrec except in
the case of the rippled bed where the velocity measurements
give the local value of equivalent sand roughness while the
second method naturally gives the mean value for the whole bed.
When the side wall effect was eliminated by the Einstein-
Johnson method the bed roughness obtained was far less than
its true value, and the error bccarme more as the depth

increased,
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However, according to Yassin (1954) this method
gives satisfactory results, despite certain deviations,
when based on Manning-Strickler formula. Possibly the method
may serve where much accuracy is not required, but in the
laboratory, where inaccuracy may lead to wrong conclusions

it would seem out of place.

Recently Vanoni and Hwang (1967) used the Einstein-
Johnson method to determine the friction coefficient due to
form drag of ripples. They performed the experiments on
two types of stabilized rippled beds in a flume with smooth
side walls. They argued that the friction coefficient is a
function of BE , where Ry is the bed hydraulic radius, e,
the exposureegarameter, is arealconcentration of roughness
eclements and H is the average ripple height. In the above
relation value of eH is constant for a particular rippled
bed and so their results plotted as %;g against log Ry will
not change thc slope of the line, which according to them
in the present notations is about 9.5. In the present work
if the datum plane on each bed for determining the depths
of flow was taken lower, the straight lines of approximately
same slope could have been passed through the results plotted
in Figs. (VI.13), (VI.14) and (VI.?15). But there secms
to be no reason why the slope of this semi-logarithmic
plot should change so much from the value, 5.75, obtained from

velocity distribution. Further, Vanoni and Hwang used Eq: (11a)



175

for rough pipes and from their results calculated the values
of eguivalent sand roughness for the two stabilized rippled
beds for different depths of flow. From this they concluded
Ve.eo.that there is no equivalent sand roughness for rippled
beds, and suggests that Kg values for surfaces that are very
dissimilar from sand-covered surfaces may also vary with flow
depth, thus making erroneous all calculations based on the
assumption of a constant K ". Indeed this kind of result

did appear to emerge from the present experiments when the
side wall effect was eliminated by this method, and did do

so not only for the rippled bed but also for the gravelled beds.
Hence actually it is not the rippled bed which gives a varying
Kg but rather it is this particular method for eliminating

the side wall effect which has given a misleading result.

In Figs. (VI.10), (VI,11) and (VI.12), where the
side wall is not taken into consideration, the results with
deeper flows are seen progressively to deviate more and more
from the wide channel law as more resistance is contributed
by the side walls. Robinson and Albértsen (1952) working
on a 9" wide and 14 ft. long rectangular channel, with
artificial roughness elements fixed on the bed and with
smooth side walls, experimented over a range of depths from
2" to 8.5", UHeglecting the side walls, they tried to pass a

straight line through the resulting points which werc plotted



176
in a way similar to in TFigs. (VI.10, VI, 11, VI,12), and the
slope of the line obtained was accordingly much less than 5.75.
The objection to such a relation is that it is not universal
since the slope of the straight line drawn will depend both
upon the degree of roughness and also upon the particular
range of depth-width ratio. As an alternative, it is perhaps

simpler to tabulate the amount by which %—v decreases as %
Xxo

increases. Table (VI.4) gives for certain values of % the

peércentage deviation of %—— from Formula (14).
X0

TABLE (VI.4)

from formula (14)

deviations of Voo
X0
a
B
Rippled bed Gravell filled Fully gravelled Mean
in troughs bed Value
0.10 -1.18 -1.0k -1.01 -1.08
0.15 -2.63 -2.82 -2.75 -2.73
0.20 =342 -3.96 «4,%0 ~3.90
0.25 =4 .15 -5.85 -5.23% -5.10

0.30 -5.80 -6.90 -7.10 -6 .60
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From the above table it is seen that the pércentage
deviations for the three different beds for each d/B are about
the same within the accuracy of measurements. Hence the mean
Vvolues in the last column can be used as corrections to the
formula which then can be relied upon either for predicting

v
v;— or conversely for determining Kg from an observed value
O

y_
Vo

of

For the moment the values in Table (VI.L) are

restricted to the range of the present experiments, namely

to 0.1 <kd/B ¢ 0.3, though, no doubt, when more experimental
values become available the table can be extended to cover

the whole range of practical interest.
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Ta

When the water upstream was disturbed the lower crtical Reynolds
number, %; , proved to be nearly 700 (P.35) as it is in closed
rectangular ducts. Evidently the stability of laminar motion
is not sensitive to the kind of restriction occuring at the

air-water interface.

—»2
The distribution of ; in the open channel proved to be
X0
numerically the same a?=%§ a pipe or in a closed duct, where
as the distribution of“%—— was characteristically different,
X0

and the effect of the free surface extended downward as far
as O.4 d below the free surface, (PP.55 & 63; Figs. IV.5b &
IV.8b, PP.57 & 61). '

Except close to the wall, the intensity of the turbulence was
found to be determined by the position of the point concerned
and by the magnitude of the drag at the wall, and solely by
these two variables: it was independent of other variables,
and of the nature of the wall. (P.92; Figs., IV.27 & 28, PP,
90 & 91).

The mid stream distribution of turbulent stress EEGT;'

agreed numerically with the straight line calculated from slope
and depth, and did so for all bed conditions. So, on the

centre line, the externally applied forces are carried wholly

by turbulenceﬁ neither secondary currents nor viscosity contribute.
(Figs. IV.9, IV.15, IV.20 & IV.25, PP,66, 74, 80 & 86).

In the present experiments, the coefficient of correlation,
utv!?

Yoz  Jyie

irrespective of the nature of the wall (P.93).

» had a constant value of approximately - 0.50,
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When the bed was plane (rough or smooth) the secondary currents
formed a pattern satisfying Prandtl's hypothesis, flowing
towards the corner and then away from it along side walls and
bed, and accordingly at each side the motion divided into a pair
of cells. However when the bed was rippled, the upper cell
became dominant, and the stagnation point was displaced a
considerable distance away from the corner, and flow was down-
wards towards the bed, thenalong the bed towards the corner,

and upwards along the side. There were then four distinct cells

in each half of the chamnel. (P.116; Fig. V.9, P.118).

Por turbulent flow in smooth rectangular channels of shallow

depth the friction coefficient, after allowing for the different
constants of integration, is exactly as predicted from the
empirical constants determined from circular pipes. Unfortunately,
for finite depth-width ratios, the relevant constants of integration
are not known, though certain investigations of square pipes and
of 90° triangular channels disclose some what less resistance

thdn circular pipes of equal hydraulic radius (Table VI.1, P.39).
This tendency begins to be evident in the present experiments
which extend to a depth-width ratio of 1:3. (P.147; Figs. VI.3 &
VI.3.a., PP.149 & 150).

Einstein and Johnson have proposed a method for separating

the drag of bed and sides of composite channels with rough beds
and smooth sides. However in the present experiments their
method was found to give a bed roughness far less than its

trume valuc, and the error increcased when the depth was increased.
Their method .- | the .refore is liable to give misleadingly

small results. (PP. 170-174).
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APPENDIX I
OPTICS OF PHOTOGRAPHIC ARRANGEMENT TO RECORD MOTION ACROSS MAIN FIOW.

I.A. DESIGN CALCUILATIONS.

Distance from illuminated cross-section to the
prism = 9'-6" (in water)

= 916" x £ = 7'-2" (in air).
Distance from prism to lens = 8" (in air).
Total distance from object to lens

= 712" 4+ 8 = 710" = 240 cm,
The thin lens formula is

1.1, 1

f u v

Where f is the focal length, u is the distance from
object to lens and v is the distance from lens to image
on the film,

We have f = 50 cm. and u = 240 cm.

. 1. 1 1
From 50 = §E6 +

v = 63 cm,
To obtain this image distance from the lens to the
photographic film, the camera was mounted with bellows
extensions, about 20 cm, in length, on a vertical
aluminium tube 45 cm, long; and the lens was screwed

to the bottom end of the tube.
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I.B. APPARENT OUTWARD DRIFT DUE TO OPTICAL PARALLAX

Error ___ = 3
- |
| |
-
// | ’
| e ; | 48 m.m.
,//’ ’ i
- {
Prism / Ovtical X { I
G Optical axis e
—s{ 25 MM e—I11uminat-
}@_" 2.400 m : > ed strip

s
For a particle pasing the illuminated gap at 48m.m. from the optical
48
axis, the angle of side ray = 2h00
<. apparent outward drift = %-8:56 x 25 = % m.m.

Similarly for a particle,

at 36 m.m., the drift = g—gﬁ x 25 = § m.m,

at 2% m.m., the drift = %%O_O- x 25 = % mem.

and
at 12 m.m., the drift = 12 X 25 = # m.m.
cHles 2400 B
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APPENDIX II

- EXPERIMENTAT DATA .
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APPENDIX IT.,A. TRICTIQN COEFFICIENT RESULTS

The wverious guantities in Tebles 1 -~ 19 are as
follows:

S = Slope of the flume

0 = Water discharge in ou.ft./see.

a = Depth of flow in f4.

\'a = @ , the average velosity in ft./see. where
Bd
B = the flume width (1.005 ft.)

R =4 , the hydraulic radius in ft. where 4L is the
P
area of cross section and P is the wetted perimeter

Rb = Bed hydraulie radius in ft, and is caleulated as
given in Ghepter VI,

Vs = JRgS, the average shear velosity over the wetted
perineter in ft./see,

Vo = J3gS, the shear velosity at the bed on the central
plane for two dimensional flow in ft,/see.

Vb =

JRng, the average bed shear velosity after elimineting
the effect of side walls in T4, /see. L
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Table 1. (Simple entrance)
Run Q d Temp, v R Vi v RV
No. 5 gg&ft/ ft, | OC lpg,/seq| f£t. [ft./sec.] V* Y
1, |0.0005 | 0.0022}0.0168}19.5 |0,1210}0,0162{0,0162{ 8.050 | 23,90
2, " 0:0032]0,0191} 19.8 }0.1665}0, 018410, 0172} 9.680] 29,00
3. " 0. 0064} 0.0242] 19.9 |0.2619]0,0230{0, 0193{13.600] 40.80
e " 0. 0094{ 0, 0276] 20,0 | 0.3398]0,€261|0.0205|16.569 | 49.50
5. " 0.0132}0,0310{ 20.0 |0,4225}0.0292{0,0217}19.490} 58,40
6. " 0. 0145/ 0. 0320} 20,0 {0.4503}0.0301}0,0220}20,470 | 61,00
7. " " 10.0358[20.0 |0.4022{0,0334{0,0232]17.337 | 71.57-
8. " 0,0201}0.0,971 19.6 | 0.4032{0., 04520, 027014, 950 {111.40
9. |0.0010 | 0,0041}0,0166} 20.1 | 0.2485}0, 0160]0.0227}10,950] 33,70
10, " 0. 0068 0,0194) 20.1 | 0. 34990, 0187 {0, 0245 |14, 258 | 42,45
11, " 0.0017|0.0233 20,1 } 0,5004}0.0223}0, 0268 18,680 55,20
12, " 0. 0147} 0.0250] 20,1 0.5863}0,023810,0277121,173%} 60,99
13. " - " 10,0300 20,1 | 0.4886{0.0283}0,0302{16,180| 79.06
14, " 0.0212{0, 0407} 20,1 | 0.5198}0,0376 |0, 0348 {14,940 J121.10
Table 2, (Obstructions in the entrance)
1. }0.0005 | 0.0072 o.ozadzlg.z 0.2853{0,0238{0, 0196 {14,570 | L2, 20
2, oo 0.0087{0, 0279} 19.2 |0.3115]0, 0265 |0.0206 {15,100} 49,40
3. " 0,0105{0,0328}19.3 ]0.3197}0.0308}0, 0223 |14.366] 62,00
L, " 0. 01421 0,0400{ 19.5 | 0.3522]0,0370]0, 0242, |14, 021 | 82,48
5. w 0.0199(0.04941 19,6 |0.4010|0, 04500, 0259 |1, 903 [110,60
6. 10,0010 | 0,0057{0.01841 18.7. | 0.3066{0.017810.0239{12,80 | 38,00
e " 0. 0068} 0, 0196 19,1 |0.3452]0, 01880, 0246 |14, 01 | 41,92
8. " 0.0077{0,0203{ 19:4. [0.375410.0195 |0, 0251 |14, 97 | 4k.55
9, " 0, 0085 0, 0215} 19, 5% |0.3915 {0. 0206 {0, 0258 |15.19 | 48,40
10. " 0.0123]0,0288]19.6. |0.42290.0273]0.0296 |14.28 | 73,80
11, " 0.0174{0,0363{19.6. |0.4776]0,0338]0,0330 [14.48 102,00
12, " 0: 023410, 0431} 19.7¢ }0.5397{0.039710,0357|15.10 {130,00




TURBULENT FLOW

192

Table 3, Smooth bed, Slope = 0.0005

Q a Tenp, v R Vi v RV,

Run I —

No. EZéft'/ £t. oC |et./sec.| Ft. [ft./sec] W Y
1. 0.02010.0497 | 19.6 | 0.4032| 0.0452{0.0270 | 14.95 | 111.4
2, 0.,028910.0618 | 19.8 | 0.4652| 0.055010.0298 | 15,64 | 150.2
3, 0.039710.0750 | 19.9 | 0.5267| 0.0652}0.0324 | 16,25 | 194.8
L, 0.,0520}0.0889 | 20.0 | 0.5819{ 0.0755}0.0349 } 16.69 | 243.0
5, 0.073910.,1092 { 20,1 | 0.6737| 0.0897]0,03%80 }17.7% | 315.2
6. 0.094810.1275 | 20.2 | 0.3794} 0.1017}0,0405 | 18.25 | 381.7
7. |0.125710.1517 { 20.3 | 0.8245] 0.1165({0, 0433 | 19,04 | 468,9
8. 0.1506/0,1712 | 19.8 | 0.8758| 0.1276{0.0453 | 19,31 | 530,0
9. 0.1954{0.2023 | 20.0 | 0.9610{ 0.1442}{0,0482 {19.94 | 641.3
10. 0.2532 10,2407 | 20.0 | 1.0470] 0.1627{0.0512 | 20.45 | 768.3
11, 0.3176 10,2817 | 20.0 |1.1219| 0.1805|0.0539 | 20,81 | 897.5
12, 0. 3357 10.3225 | 19.4 |1.1900| 0.1964{0.0562 | 21,16 |1004.0
13, 0.4572(0.3646 | 19.5 | L.2478} 0.2113}0.0583 | 21.40 |1123.2

Table 4. Smooth bed, slope = 0.0010

1. 0.021210.0407 | 20,1 }0.51981| 0.037610.0348 |14.94 | 121.1
2, 0.029110.0490 | 20,4 1} 0.5906{ 0,0446]0,0%79 |15.58 | 157.5
3 0,042310,0610 | 19.9 | 0.6896 | 0.054410.0419 | 16,48 | 209.6
k., 0.0595[0.0750 | 20.0 | 0.7889] 0.0653|0.0458 {17.21 | 276.0
5. 0.079610.0898 | 20.1 |0.8826} 0.076210,0495 |17.83 | 348.8
6. 0.1041 }0.1053 | 20.2 ] 0.9839} 0.0870]0.0529 {18.59 | 427.3
7. 0,139710.1270 | 20,4 }1,0954| 0,1013]0.0571 }19.18 | 538.8
8. 0.1763 10,1471 | 20,4 {1.,1924 1 0,113%8|0.0652 {19.70 | 641.1
9. 0.2293 10,1750 | 20.0 |1.3%036 ] 0.1298}0.0646 20,16 | 774.1
10. 0.2855 {0.2033 | 19.5 |1.3974 | 0.1448}0.0683 {20.47 | 900.0
11, 0,340 10,2296 | 19,8 |1.4925) 0.157610.0712 |20.95 |10%0.7
12, 0.42104 [0.2600 | 20,0 {1.5705| 0.17131{0,0943 [21,15 {1174.0
13, 0.4789 10,2879 | 20,0 |1.6552 | 0.18%0(0.0768 |21.56 [1296,3%
. 0.5448 10.3154 | 19.7 |1.71871} 0.193810.0790 {21.76 |1401.7
15, 0.6184 10,3462 | 19,7 11.7772{ 0.20501{0,0812 {21,88 }1525,0
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Table 5., Smooth bed, slope = 0.0015
Run Q d Temp, v R V¢ v RV
No. g:;ft'/ £, 0C |ft./sec| f£t. |ft./sec] Vir Y
1, {0,0180 } 0.0323| 20,0 {0.5540| 0.0304]0,0383 | 14,47 107.3
2. 10,0275 | 0,041} 19.9 |0.6595| 0.0383{0.0430 |15.34 151,5
3. j0.0434 | 0,054 ) 20.0 |0.7935| 0,0480}0.0484 |16.40 21h. 4
4, 10,0649 {0.0692] 20,0 {0.9390| 0.0608{0,0542 |17.33 303, 8
5, 10,0892 { 0,0840| 20,1 {1.0569! 0.07200.0590 |17.92 392, 5
6. 10,1340 }0,1075] 20,1 |1.2403| 0.0886]0.0654 |18.96 535.7
7. 0.1688 {0.1244 ] 20,1 }1.3502{ 0,0997]0.0694 |19.45 640,2
8. 10,2280 ]0.1508} 19.8 }1.5042) 0.1160}0.0749 |20.10 797.3
9, 10,2883} 0,1758{ 19,9 {1,6318{ 0.1303{0.0793 |20.57 951.3
10, [0.3522 { 0,1996| 19.9 |1.7560} 0.1428]0.0831 |21.14 |1092.5
11. }0.4157 §0.2250) 20.0 |1.8382] 0,1554|0,0866 |21.22 |1242,1
12, |0.4835 | 0,2500{ 20.0 {1.,9245} 0,1669{0.0898 |21.43 | 1383,0
13, }0.5640 }0.2779) 19.5 {2.0193} 0.1790]0.0930 {21.72 |1516.5
Table 6, Smooth bed, slope = 0,0020
1. 10.0273 {0,0375{ 19.9 |0.7232{ 0.0349 {0.0474 {15,25 152, 3
2, {0.0430 |0.0491| 20.0 |0.8715| 0.0447{0.0537 |16.24 221,2
3. |0.0647 10.0628} 19,2 |1.02601{ 0,0558{0,0599 |17.12 302,5
4, 10.0920 }0,0777} 19.3 }1.1789| 0.067310.0658 |17.91 401.7
5 10.1279 {0.0948} 19.4 |1.3417{ 0.0798}0.0717 {18.72 519,.7
6. [0.1759 |[0.1152] 19.5 |[1.5199{ 0.€937{0.0777 |19.57 663,3
7. 10.2304 {0.1358] 19.5 |}1.6877| 0.1069 |0.0830 |20, 3.4 808.8
8. ]0.2960 {0.1600{ 20.2 }1.8406| 0,121 {0,088, {20.82 995.2
9. 0.3657 {0.1842| 20,8 |1.9756| 0.1348]0.0932 21,20 |1181.1
10. {0,4519 |0.2129{ 20.9 {2,1120} 0,1496 |0,0981 {21,52 |1383.3
11, [0.5398 |0,2392| 21,1 {2.2459{ 0.1620[0.1022 |21.,99 |1567.5
12, |0.6184 {0,2642] 21,2 {2,329, | 0,173 |0,1056 22,10 ([1736.0
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Table 7. Stabilized sand rippled bed, slope = 0, 0005
Run Q a Tenp. v R Vi v Vko v Rb Vi b v
No. ggéft'/ ft. 0C  ift. /sec, £t. Pt./sec.| Vi rt, /sec.| Wio ft. |[ft./sec. Vieb
1. 0.0298 0,0941| 18.6 0.3155 0.0793 { 0. 0357 8.83 0, 0389 8.10 {0.,0882 0. 0377 8.37
2. 0. 0475 0.1228 18.7 0.3847 0.0987 | 0.0398 9,65 0. 0415 8.65 0.1126 0. 025 92.05
3. 0. 0658 0,1483 18.8 0. 4413 0.,1145 | 0.0429 10.28 0. 0489 9.03 0.1333% 0. 0463 9.53
L. 0. 0928 0.1814 18.9 0.5020 0.1333 | 0. 0463 10.99 0. 0540 9.42 0.1591 0ch 06 10. 06
e 0.1175 0.2077 18.7 0.5630 0.1469 | 0.0486 11.58 0.0578 9.7 0.1783 0.0536 | " 10.50
6. 0.1397 0.2312 18.9 0.6014 0.1583 | 0. 0505 11.91 0.0610 9.86 0.1953 0. 0561 10.72
7. 0.1688 1 0.2565{ 19.0 | o0.6549 | 0.1698 | 0.0523 | 12.52 | 0,0643 | 10,18 | 0.2117 | 0.058L{ 1l.21
8. 0.1985 0. 2825 19.0 0.6991 0.,1808 | 0.05L0 12,96 0, 0674 10, 37 0. 2285 0. 0607 11.52
9. 0.222% 0, 3049 19.0 0.7289 0.1398 | 0, 0553 13.19 0., 0701 10,40 0.2431 0. 0626 11. 6
10. 0.2367 0. 3148 19.1 0. 7482 0.1935 | 0,0558 13,40 0.0712 10,50 0.248L | 0,0632 11.84
11, 0. 2635 0.3399 18.8 0. 7712 0.20281 0. 071 13,50 0.0740 10,42 0.2651 .| 0.065.4 11.79
iz, 0.3178 0.3808 19.0 0.8303% 0.2166 | 0.0590 14, 06 0.0783 10,60 0.2882 0. 0681 12.20
Table 8. Stabilized sand rippled bed, slope = 0.0010
1. 0. 0479 0.1004 18.9 0.471) 0.0837 | 0, 0519 9.14 0. 0569 8.3 0. 0940 0.0550 8.63
2. 0.0637 0.1188 19.2 0.5339 0.0960 | 0,0556 9.60 0. 0618 8.63 0.1098 0.059L 8.99
3 0.0805 0.1353 19.2 0.5918 0.1066 | 0,0586 10,10 0., 0660 8.96 0.1236 0. 0631 9.38
La 0.1051 0. 1584 19.3 0. 6601 0.1205 | 0.0623 10.60 0. 0714 9.24 0, 142 0. 0676 9.76
5. 0.,1290 0.1775 18.7 0.7230 0.1312 { 0, 0650 11,12 0, 0756 92.56 00,1570 0. 0710 10,18
6. 0.1586 0.2008 18.9 0.7860 0.143, | 0,0680 | 11.56 0. 080L. 9.77 | 0.1747 | 0.0750 10.48
e 0. 2060 0.2343 19,0 0.8751 0.1598 | 0.0717 12,20 0. 0868 10. 07 0.1990 0. 0800 10.9)4
8. 0.2380| 0.2522 19.3 0, 9393 0.,1679 | 0,0735 12.78 0.0901 10. 42 0.2103 0. 0B22 11.43
9. 0. 2635 0, 2678 18.9 0.9787 0.1747 | 0.0750 13.05 0. 0929 10.54 | 0.2207 0.0842 11,62
10. 0, 3176 0,3050 19.2 1.0360 0.1898 | 0,0782 13.25 0. 0991 10.45 0,2470 0.0891 11,63
11. 0. 3561 0.3254 18.8 1,0887 0.1975 { 0,0798 13%,65 0.1024 10.64 0. 2589 0, 0912 11.94
12, 0.3917 0. 34,69 19.0 1.1234 - 0.2052 ¢ 0,0813 13.82 0.,1057 10.63 00,2727 0. 0937 11.99
13, 0.4.386 0.3757 19.0 1.1679 0.2143% | 0.0831 14,06 0. 1097 10, 65 0. 2894 0. 0964, 12,11

Y61
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Table 9. Stabilized sand rippled bed, slope = 0,0015
Run Q d Temp. v R B v Vo . Rb Vb v
No. ggéft-/ £t. 0c¢ Pt./sec| ft. |ft./sec.] Ve  |ft./sec.| Viko | ft. |ft./sec.| Vib
1. 0.0438 | 0.0845 | 19.1 0.5155 | 0.0723 | 0.0591 8.72 | 0.0639 8,07 10,0801 | 0.0622| 8.29
2. 0.06221 0.1030 | 19.1 0.6013 | 0.0855 | 0.0643 9.36 | 0.0705 8.52 |0.096% | 0.0683| 8.80
3, 0.0818{ 0.1205 { 19.1 0.6752 | 0.0972 { 0.0685 9.85 | 0,0763 8.85 {0.1114 | 0.0734| 9.20
L, ©.1019{ 0.1372 | 19.0 0.7393 | 0.1077[0.0721 | 10.25 |[0.0814 { 9.08 |0.1254 | 0.0779{ 9.49
5. 0.1279] 0.1565 | 19.1 0.8130 { 0.1193 ] 0.0759 | 10.71 | 0.0869 S.35 |0.1411 | 0.0826] 9.84
é. 0.15871} 0.1770 | 19.2 0,8920 | 0,1309 }0.0795 | 11,22 | 0,0925 9.65 ]0.1572 | 0.0871] 10.24
7. 0.2026 | 0.2039 | 19.2 0.9885 | 0.1450 { €.0837 | 11.81 { 0.0992 9.96 {0.1776 { 0.0927} 10.66
8. 0.2379 ] 0.2242 | 19.3 1.0558 | 0,1550 {0.0865 | 12.20 {0.1041 | 10,14 }{0.1922 | 0.0964| 10.95
9. 0.25221 0,2329 | 18,5 1.0772 | 0,1592 | 0.0877 | 12.29 |0.1061 | 10.15 {0.1987 { 0.0981} 10.98
10, 0.33%4 | 0.2758 | 18.9 1.2136 | 0.1781 10,0928 | 13.09 |0.1154 | 10.51 10.2283 | 0.1050| 11.56
11, 0.38451 0.3014 | 19.3 1.2692 | 0.18€% | 0.0954 | 13.30 |0.1207 | 10.52 {0.2466 § 0.1091| 11.63
12, 0.4357| 0.3227 | 18.5 1.3436 | 0.1965 | 0.0974 | 13.79 |0.1249 | 10.76 |0.2585 | 0.1118| 12.02
13. 0.5154 | 0.3600 | 18.5 1.424) | 0.2097 | 0.1006 | 14.15 }0.1319 | 10.80 }0.2823 | 0.1189] 11.98
Table 10. Stabilized sand rippled bed, slbpe = 00020
1. 0.04541 | 0.0783% | 18.7 |0.5600 | 0.0678 {0.0661 | 8,48 |0,0710 | 7.88 }0.0747 | 0.06941 8.07
2, 0,0637 | 0.0961 | 18.9 0.6595 | 0.0807 [0.0721 9.15 |0.0787 8.38 [0.0905 | 0.0764 | 8.63
3 0.0804 | 0,1098 | 19.0 0.7280 | 0,0901 |0.0762 9.55 |0.0841 8.65 {0.l1025 0.0813| 8.95
4. 0.1006 | 0,1249 | 18.9 0.8013 | 0.1000 | 0,0803 9.98 |0.0897 8.93 |0.353% | 0,0861] 9.30
5. 0.1286 | 0.1437 | 19.1 0.8908 { 0,1117 {0.0848 | 10.50 }0.0962 9,26 10.1310 | 0.0919{ 9.69
6o 0.1592 | 0.1624 | 19.1 0.9754 | 0.1227 [0,0889 | 10.97 |0.1023 9.5L |0.1461 | 0.0970 | 10.05
7. 0.1992 | 0,1845 | 19.2 |1.0740 | 0.1350 |0.0932 | 11.52 }0.1090 9.85 10,1632 | 0,1025| 10.48
8. 0.2328 ] 0.2025 | 19.2 1.1440 | 0,143 | 0,096, | 11.87 | 0.1142 | 10.02 }0.1770 | 0.1068] 10.71
9. 0.2866 | 0.2266 | 19.1 1.2585 | 0,1562 | 0.,1003 | 12,55 }0.1208 | 10.42 |0.1941 | 0.1118} 11.25
10, 0.37811 0.2721 | 19,4 |1.3827 | 0.1765}0.1066 | 12,97 {0.1324 | 10,45 | 0.2276 | 0,1210{ 11.43
11. 0.4252 10,2905 | 17.9 1.4565 | 0.1841 | 0.1089 | 13.38 [ 0.1368 | 10.65 {0.2390 { 0.,1241}| 11.74
12, 0.47511 0.3120 |*18.2 1.5151 | 0,1925 10,1113 | 13.61 |0.1416 | 10,70 |0.2536 | 0.1278| 11.86
13, 0.5293 | 0.3317 | 18.4 1.5879 | 0.1998 | 0.1134 | 14.00 }0.1462 | 10.86 | 0.2654 | 0.1306} 12,16
14, 0.5842 10,3540 | 18.5 1.6420 | 0,2077 {0.1157 { 14,20 {0,1510 | 10.87 {0.2799 { 0.1341| 12,24
15. 0.6239 | 0.3710 | 18,7 1.6733 | 0.2134 | 0.1172 | 14.27 {0.1546 | 10.82 |0.2908 | 0,1369 | 12.22

G661
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. Pable 11. Stabilized sand rippled bed, slope = 0,0025
F Rhn th / d Temp. v R 1] v V%o v Rb Vb \Z
- No.  [g8e: £t. 0¢C |ft./sea) ft. Ift./sec.| Vx Irt./sec.| Vio £t.  |Pt./sec.] Vib
L. 0. 0660 |0,0924 | 18.9 0.7111{ 0,0781 |0,0793 | 8.97 |0.0863 8.24 10,0874 }0.0840} 8.47
2, 0.0788 10,1020 | 18,9 | 0.7687| 0.0848 {0.0826 | 9.30 {0,0906 | 8.48 |0.0959 | 0.0879} 8.75
3. 0.1067 |0.1215 18.9 0,8740{ 0.0978 |0.0888 9.85 |0.0989 8.83 ]0.1127 | 0,0953 9.17
L. 0.1456 10.1458 18.8 0,9939| 0.1130 {0,095, | 10.41 10,1084 | 9.16 |0.1332 | 0,1033 9,62
S 0.1952 |0.1717 | 18.6 1.1313| 0,1280 {0,1015 | 11.15 |0.1176 9,62 10,1538 { 0.1111{ 10,18
6. 0.2308 |0,1896 18.6 1.2114| 0.1377 10,1053 | 11.50 |0.1236 9.80 {0.1680 | 0.1161 | 10,43
ra 0.2823 10.2119 18.4 | 1.3254| 0.1491 |0.1096 | 12,10 |0.1306 | 10.15 {0.284 | 0,1218 | 10.88
8. 0. 3365 10,2355 18.2 1.42171 0.1604 }0,1136 | 12,51 |0,1377 | 10,32 |0.2018 | 0,1274| 11.16
9, 0. 3868 [0.2552 18.5 1.5082| 0.1692 }0.1167 | 12,92 |0,1433 | 10.52 [0.2155 | 0.1317 | 11.45
- 10. 0.4320 10.2738 | 18.3 1.5697] 0,1773 ]0.1195 | 13,14 |0.1485 | 10,57 |0.2288 | 0.1357 | 11.57
. 11, 0.4566 10.2842 | 18.6 1.5988 | 0.1815 {0.1209 | 13.23 |0.1512 } 10.57 |0.2363 { 0.1378 | 11.60
12, 0.5293% {0.3133 18.4 | 1.6807) 0.1930 {0.1247 | 13.48 {0.1588 | 10.58 |0.2567 | 0.1435| 1l.71
13, 0.5831 [0.,3343 18.3 1.7359 | 0.2007 {0.1271 | 13.65 }0.1640 | 10.58 }0.2710 | 0.1475} 11.77
- 1. 0.6398 {0, 3550 18.6 1.7931{ 0.2080 {0,129y { 13.86 |[0.1690 | 10.60 |0.284) | 0,1511°f 11.87
. 15. 0.6893 {0.3721 | 18.7 | 1.8432] 0.2138 }0.1312 | 14,05 {0.1731 | 10.65 |0.2956 | 0,1541| 11,96
Table 12, Stabilized sand rippled hed, slope = 0,0030
1. 0.0980 }0,1107 | 18.7 0.8811| 0.0907 {0.0937 9.40 {0.1034 | 8.55 .|0.1037 { 0.1000 8.81
2. 0.1239 {0.1254 | 19.2 0.9833| 0.100%4 }0,0985 9.98 (0.1100 | 8.94 |0,1162 | 0.1060 9.28
3, 0.1554 |0.1425 19,0 | 1.0853} 0,1110 {0.1036 | 10.48 {0.1173 9.25 }0.1305 | 0.1122 9.67
L, 0.233%6 |0.1790 18.7 | 1.2985] 0.1320 {0,1129 | 11.50 {0.1315 9.87 10,1595 | 0.1241 | 10.46
5 0. 2704 10,1958 18.5 | 1.3740( 0.1409 [0.1167 | 11.78 |0.1376 | 10.00 |0.1728 | 0,1291 | 10.6L
6. 0.3241 {0.2178 | 18.6 1.1805] 0.1520 }0.1211 | 12,22 }0.1450 | 10.20 |0.1893 | 0.1351| 10.96
7. 0. 3672 10,2358 18.6 1.54921 0,1605 | 0.1245 { 12,4 }0.1509 | 10.25 }0,2030 | 0,1402} 11.05
8. 0.4029 0.2498 | 19,0 | 1.604%| 0.1669 |0.1270 | 12.64 |{0,1554 | 10,34 |0,2133 | O,1434| 11.19
SR 0.4502 10.2670 | 19,0 | 1.6778| 0.17k% |0.1298 | 12,93 |0,1606 | 10.42 [0.2255 | 0.1476 | 11.37
10. 0.5065 |0.2883 19.0 | 1.7478| 0.1844 10,1335 | 13,10 |0.1669 | 10.45 |0.2409 | 0.1525. 11.46
11. 0.5631 {0.3078 19.1 1.8200 | 0,1909 [0,1358 | 13,40 [0.1725 | 10,53 |0.,2542 | 0.1568.( 11,60
112, 0.6190 {0.3273 19.2 | 1.8815 0.1982 0,138, | 13.60 {0.1779 | 10.59 |0.2676 | 0,1608.f 11,70
13, 0.6792 10.3453 19.2 | 1.9569| 0.2047 {0.1406 | 13.92 }0.1827 | 10,71 }|0.2788 | O, 1641 11,93
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Teble 13. Rippled bed with gravel in troughs, slope = 0,0005
- a Temp, L v R Vi v Vo v b Vb vV
ﬁo. §26?t~/ ft. 0cC ‘M, /sec) f£t. IPt./sec.| Vi Pt./sec.| Wo ft., |ft./sec.| V&b
1. 10.0467F | 0.1114 20,7 {0.414) }10.0912 | 0,0383 | 10.81 {0.0k24 | 9.78 0,1012 |0.0404 | 10.25
2. 0. 0608 | 0,1309 20.5 |{0.462% {0.1039 | 0.0,09 | 11.30 | 0.0459 }10,07 0.1170 | 0.0434 | 10.65
3. 0.0775 | 0.1508 20,9 {0.511% |0.1160 | 0.0432 | 11.83 | 0.0493 |10.38 - | 0.1323 {0.0462 .| 11,08
k., 0.1009 | 0.1761 21,0 |0.5700 {0.1304 | O,0458 | 12.44 | 0.0532 | 10,70 0.1509 |0.04,93 | 11.56
Se 0.1249 1§ 0.2021 20,9 {0.6149 {0.1441 | oO0.0482 | 12.76 |0.0570 |10.78 0.1695 {0,0522 | 11.78
6, 0.1579 | 0.2303 20.8 {0.6825 [0.1579 | 0.0504 | 13.54 | 0.0609 |11.20 0.1880 {0.0550 | 12.41
7. 10.1899 | 0.2601 20,8 |0.7266 {0.1714 | 0.0525 | 13,83 |0.0647 |11.23 0.2083 10,0579 | 12.55
8. 0.2211 | 0.2851 20.9 |0.7716 10,1819 | 0.0541 | 14,26 |0.0678 |11.39 0,2230 |0.0600 | 12.86
9. 0.2605 | 0.3154 20.6 1}0.8219 10.1938 | 0.0558 | 14.71 | 0.0713 {11.53 0.2403 j0,0622 | 13,21
Table 14. Rippled bed with gravel in troughs, slope = 0.0010

1. }0.0470 | 0.0928 20.8 |0.5047 }0.0783 | 0.0502 | 10.05 |0.0547 | 9.23 | 0.086L4 {0.0528 9.56
2. 10.0578 |o0.1045 | 21.0 |0.5504 }0.0865 }0,0528 | 10.43 |[0.0580 | 9.49 | 0.0964 |0.0557 | 9.88
2% 10,079 | 0,1251 20.8 |0.6316 }0,1002 | 0,0568 | 11.12 |0.0635} 9.95 0.1133 {0.0604 | 10.46
4. 0.1035 | 0.1467 20.9 }0.7023 {0.1135 | 0.0605 | 11.61 | 0.0687 |10,22 0.1306 |0,0649 | 10.82
5. 10.1279 }0.1659 21.0 }0.7668 |0.1247 | 0.0634 | 12,10 }0,0731 {10.50 0.1454 10.068, | 11.21
6o 0.151; | 0.1833 21,2 }0,8222 }0.1343 | 0.0658 | 12.50 1|0,0768 {10,70 0.1582 }0,0714 § 11,51
e 0.1877 | 0.2090 21.1 (0.8936 }0.1476 | 0.0689 | 12.96 |0.0820 }10,89 0.1761 }{0.0754 | 11.85
8. 0.2241 | 0.2331 21.1 |0.9565 {0,1592 | 0.0716 | 13.36 {0,0866 |11.04 0.1937 }0.0790 } 12,10
L 8. 10.2545 | 0.2527 21.2 }1.002% {0.1681 | 0.0736 | 13.62 {0,0902 11,11 0.2072 {0.0818 | 12,25
10.. 10.2900 | 0.2725 20.5 }1.0589 {0.1767 | 0,0754 | 14,04 |0,0937 {11,30 0.2193 10,0840 | 12,60
11. |0.3286 | 0.2933 20,6 11,1146 [0,1852 | 0.0772 | 1ha43 [0.0972 | 11,47 0.2318 {0.0865 | 12.88
12, 10,3756 | 0.3204 20.8 }1.1665 }0.1957 | 0.079% | 14.70 }0.1016 | 11,49 0.24,89 {0,0896 | 13.02
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Table 15, Rippled bed with gravel in troughs, slope = 0.0015
Run Q d T emp, v R Ve 1 Vico 'S Rb Vb 1
No. z:;ft'/ £t. oc  |rt./secd £t. let./sec.| Vi |£t./sec.| Vo ft. |ft./sec.| Vwb
1. {0.0497 |0.0843 20,6 0.5864 1 0.0722 { 0.0591 9.93 | 0.0638 9.19 [0.0792 | 0,0619 9.47
2. 10.0671 1{0.1011 20.7 0.6602{ 0,0842 | 0.0638 | 10.35 | 0.0699 9.45 |0.0937 { 0.0672 9,82
3, 10,0925 ]0.1217 20.8 0.75601 0.0980 | 0.0689 { 10.99 | 0.0767 9,86 {0.1110 | 0.0732 | 10.32
Lbe- ]0.1243 |0,1443 21.0 0.8572 0,1121 | 0.0736 | 11.65 | 0.0835 | 10.26 |0,1292 | 0.0790 | 10.85
5. [0.1597 |0.1680 21.0 0.9456 ) 0.1259 | 0.0780 | 12.12 | 0,0901 | 10.50 | 0,1487 | 0.0846 | 11.18
6. |0.1933 [0.1883 21.0 1.0210{ 0.1370 | 0.0813 | 12.55 | 0.0954 | 10,70 |0.1631 | 0.0888 | 11.50
7. 10.::238 {0.2042 20,7 1.0908{ 0.1452 | 0.0837 | 13.03 | 0.0993 | 10.98 |o0.1742 | 0.0918 | 11.88
8. 10.2611 | 0.2250 20.9 1.15474 0.1554 | 0.0866 | 13.32 | 0.1043 | 11.08 {0.1892 | 0.0956 | 12,08
9, 10.3095 {0.2498 21.0 1.2%%2| 0,1668 | 0.0898 | 13.7. | 0.1098 | 11,23 |0.2062 | 0.0999 | 12.34
10. {0.3568 {0.2725 21.0 1.30271} 0.1767 | 0.092%4 | 14.10 | 0,1147 | 11.35 }0.2212 | 0.1033 | 12.61
11.  {0.3956 |0.2917 20.9 1.3496 | 0.1845 | 0,094 | 14.29 | 0,1187 | 11.37 [0.2336 | 0.1061 | 12.72
12, lo.4423 10.3138 21.0 1.4026 ] 0.1932 | 0.0966 | 14.52 | 0.1231 | 11.39 {0.2482 | 0,1093 | 12.83
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Table 16, Fully gravelled bed, slope = 0,0005
Q d Temp. v R ) Vi v Viro v Rb Vb A
Run 1oy, rt./ - — —
No. cen. ft. oc ft. fsec.] ft, ft./secd V& |ft./sec.| Vo Pk, |ft./sec) Wb
1. 0.0303 | 0.0850 18.5 0.354, | 0.0727 0.0342 | 10,36 0.0370 9.58 0.0787 | 0.0356 9. 95
2, 0.0458 1 0,1089 18,4 0.4180 1 0.0895 0.0380 11,01 0.0419 9.98 0.0987 0.0399 10.48
3. 0. 0609 | 0,1296 18.6 0.4675 } 0,1029 0. 0407 11.48 0.0457 10,23 0.1154 0.0431 1 10,84
L, . 0,0800{ 0.1520 18.6 0.5240 1 0,1167 | 0,034 1 12,09 0.0495 | 10,58 0.1325 0.0462 | 11,34
5. 0.0987 1 0.1727 18.7 0.56386 | 0.1285 0. 0455 12,50 0.0527 } 10.78 0.1479 0.0L881 11.65
6. 0.1276 | 0.2007 18,8 0.6326 | 0.1434 | 0.0485 13,04 | 0.0569 | 11,13 0.1672 0.05191 12,19
T 0.1581 | 0.2296 18.8 0.6854 | 0.1576 0.050L | 13.61 0.0607 11,28 0.1868 0.0548 ] 12.50
8. 0.1918 | 0,2592 18.9 0.7363 1 0.1710 0.0525 14,03 0, 0636 11.58 0.2058 0.05761 12,79
9. 0.2283 10,2867 18,9 0.7924 ) 0,1825 0. 0542 14,62 0.0679 11.66 0.2210 0.0597 | 13.28
10, 0.2557 | 0,3096 19.0 0.8219 { 0,1916 0. 0555 14.80 0.0706 | 11.64 0.2352 0,0615 1 13.35
11, 0.2825 1 0, 3297 19,0 0.8525 { 0.1991 0. 0566 15.06 0.0729 11.70 0.2463 0.06301{ 13.54
Table 17, Fully gravelled bed, slope = 0,0010
1. 0.0409 | 0.0835 19.1 0.4875 | 0,0716 0. 0480 10.15 0. 0518 9.40 0.0780 | '0.050L 9,73
2. 0.0586 | 0.1031 19.1 0.565.4 | 0,0855 0.0525 10.77 0, 0576 9.81 0.0947 | 0.05521 10.24
3. 0.0785 | 0,1226 19.2 0.6376 | 0,0985 0. 0563 11,32 0,0628 | 10.15 0.1107 0. 0597 10.68
L, 0.0988 { 0.1408 19.3 0.6982 | 0,1100 0.0595 11.73 0.0673 10,37 0.1254 0.0635} 10,99
5e 0.1255 | 0.1621 19,3 0,7706 | 0,1226 0.0628 12,27 0.0722 | 10.67 0.1417 0,06751 11.41
é. 0.1558 | 0.184) 19.3 0.8L08 | 0,1349 0. 0659 12,76 0.0770 | 10,91 0.1582 0,0714 1 11,78
Te 0. 1895 0. 2067 18,9 | 0.9125| 0,1464 | 0.0687 13,29 0.0816 | 11.19 0.1737 0.07481 12,20
8. 0.2231 1} 0,2283 18,9 0.9722 | 0,1570 |} 0,0711} 13.67 | 0.0858 { 11,34 0.1885 0.0779 | 12.48
9. 0.2622'} 0.2509 19.0 1,0400 | 0,1674 0.073h | 1417 0.0899 | 11.57 0. 2028 0.08081{ 12.87
10. 0. 3221 § 0.2873 19,1 1.1166 { 0,1828 0.0767 14.55 0. 0962 11,61 0.2264 | 0,0854f 13,08
11, 0.3%785 10,3179 i9,1 1.1848 | 0,1947 0, 0792 14,96 0,1012 11,71 0.2448 0.0888 1| 13.35
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Table 18. Fully gravelled bed, slope = 0,0015
Run ) a Tenp. v R ' v Vo v Rb Vb \4
- RNo. ZZéft'/ b . 0¢c |ft./sec.| ft, [ft./sec.] V& [Ft./sec.] Vxo ft. [ft./sec.| Wb
1. 0,041 | 0.0775 18,9 | 0.5662 | 0.0672 | 0.0570 9,94 | 0,0612 9.25 | 0,0729 | 0,0593 9.54
2e 0.0632 { 0,0953 19.0 | 0.6594 | 0.0801} 0,0622 | 10.60 | 0.0679 9.71 | 0,0884| 0.0653 | 10,09
3. 0.0936 | 0.1204 19.0 {0.7730 | 0.0971} 0,0685 | 11.28 | 0,0763 | 10.13 | 0.1094 { 0.0727 | 10.63
X, 0,1240 | 0,1422 19,0 |0.8675 | 0.1108 } 0.0732 | 11.86 | 0.0829 | 10.47 | 0,1269| 0.0783 | 11,08
5e 0.1605 | 0,1659 18.6 |0,9626 | 0,124,714 0,0776 | 12.40 | 0.0895 | 10.75 { 0.1453 ] 0.0838 | 11.49
6. 0.2060 | 0.1925 18,8 |1,0650 | 0.1392| 0,0820 | 12.99 | 0.0964 | 11.04 | 0,1649 | 0,0892 | 11,93
7. 0.,2497 | 0.2154 18.9 |1.1535 | 0.1508 | 0,0853 | 13,52 | 0.1020 | 11.30 | 0.1809 | 0.0935 | 12,34
8. 0. 304, | 0.2431 18.9 |1.24,60 | 0.1638} 0.0890 | 14.00 | 0.1083 | 11.50 | 0.1996 { 0,0982 | 12,69
9. 0. 3626 | 0,2706 18.9 |1.3336 | 0.1759{ 0.0922 | 14,47 | 0,1143 | 11.66 | 0,217, { 0,1025 | 13,02
10. 0.4485 | 0, 3083 18.9 | 1.4473 { 0,1911} 0,0961 | 15.07 | 0,1220 | 11.86 | 0.2404 | 0,1078 | 13.43
Table 19, Fully gravelled bed, slope = 0,0020
1. 0.0453 | 0,0729 18.6 | 0.6186 | 0.0637 | 0.0640 9.66 | 0.0685 9,03 | 0.0690| 0,0667 9,28
2. 0. 0634 | 0.0883 18,7 | 0.7140 | 0.0751} 0.0696 | 10.26 | 0.0754 9.4,7 | 0,0826| 0,0729 9.79
3. 0,8885 | 0.1072 18.7 | 0.8209 | 0.0884{ 0.0755 | 10.88 | 0,0831 9.88 | 0,0988} 0.0798 | 10.29
L, 0.1245 | 0,1304 18.8 |0.9497 | 0,1035} 0,0816 | ‘11,63 | 0.0916 | 10.36 | 0,1178 ] 0.0871 | 10.90
5 0.1718 | 0.1575 | 18,8 |1.0852 | 0,1199] 0.0879 | 12,35 | 0.1007 | 10.77 | 0.1391} 0,096 | 11.47
6. 0.2049 | 0.1758 18.5 |1.1598 | 0.1302| 0.0916 | 12.66 | 0,106L | 10,90 | 0.1532| 0.0993 | 11,68
7. 0.2596 | 0.2019 18,6 |1.2791 | 0.1u40{ 0.0963 | 13,28 | 0.1140 { 11.22 | 0,1722} 0,1053 | 12.15
8. 0.3001 | 0.2212 18.3 |1.34,98 | 0.1536] 0.0995 | 13.57 | 0.1194 | 11.30 | 0.1860 | 0.1095 | 12,33
Y, 0.3526 | 0,242 | 18.% |1.4366 | 0,16Li | 0.1029 | 13.96 | 0.1254 | 11,45 | 0,2018 | 0.1140 | 12,60
10, 0.4131 | 0,2688 18,5 }1.5297 | 0.1751 | 0.1062 | 14.40 | 0.1316 | 11,63 | 0.2178 | 0,118} | 12.92
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APPENDIX IT.B, VELOCITY DISTRIBUTION

AND TURBULENCE RESULTS

The various cuantities in Tables 1 ~ 18 are as
follows:

Distance from wall in cm,

<<:
I

i
1

Local mean velosity in om,/sec.

Intensity of Turbulense velosity in X-axis in ¢m.[Sec.

\‘WZ = Intensity of Turbulence velosity in Y-axis in em./see,
-u'v! = Turbulence shear stress/mass density of fluld in
em, 2/sec, 2
v

\-iﬁ = U—:?—:j-mﬁ the Coefficient of Correlation
LA A YAl

Note: Values marked with crosses are omitted



- 2m2.

Table 1. Smooth bed; & = 1.55 om., S = 0,0005, Temp, = 19.4°c
V3o = ‘°t01g1'= 0.872 om,/sec

J
om,

cm. /

SecC.

ﬂ ,‘5’2

cm.
Secs

T2

_u'v[

om./jom.2/

dec,

S5€C, 2

T

Vo

Pl

JT2
VEo

®

7

p—
Vo

0. 06
0.07
0.08
0.09
0.15
0.25
0,40
0,60
0.80
1,00
1.20
1.40
1.55

5405
5.20
6.05
6.20
9.05
10,80
12,15
13.80
14.35
14 55
15.15
15.85
15,85

2.09
1,88
1,88
1.31
1.55
1.98
1,04
0.73
0.68

0.25
0.39
0.73
0.55
0.49
0.55
0.40
0.31
0.00

1t 11

0.40
0.47
0.50
0.47
0.39
0.27
0.23
0.10
0.00

5.79
50 96
6494
7.11
10,37
12,40
13.93
15.82
16.45
16.70
17.37
18,18
18,18

68.2
85.3
1024
119.5
132.2

0. 039
0. OL5
0, 051
0. 058
0. 097

21.3 0,161

0. 258
0,387
0.516
0. 645
0. 774
0,903
1,000

1311

2,40
2,16
2,16
1.51
1.77
1.12
1.19
0. 8l
0.78

1 111

0.29
Ol
0.83
0.63
0.56
0,63
0.45
0. 36
0.00

1 13

0.76
0. 64
0.37
0.65
0.51
0,49
0.55
0. bk
0. 00

Table 2,

Vio

Smooth bed;

d = 2,58 cm.,

S = 0. 0005,

= 5“1°ﬁa = 1.125 cm./sec.

Temp.

1

= 19.3%

0.03
0. 04
0.05
0,07
0.10
0.15
0.25
0,40
0.60
0.80
1,00
1.20
1.40
1,60
1.80
2,00
2,20
2,40
2,58

3.05

k.35

6.15

8.80
10,65
12.70
15.15
16.40
17.00
18.50
19.10
18.90
19.40
20.45
21.10
20,50
20,90
21,65
21,80

| I T I I

2' 60
2,15

1,53

1.60
1.35
1.30
1.40
1.66
1.21
0.93
1,08
0.99
0.97
0.92

S T I I

0.67
1.02
0. 9L
1.00
0.84
0.95
0.75
0.96
0.66
0.52
0.47
0.80
0.22
0,00

1111

0.65
1,09
0.65
1,0l
0.52
0.71
0.68
0.56
0.40
0.35
0.35
0.22
0.11
0. 00

2,71
3.87
5.47
7.82
9.46

11.29

13.46

1., 60

16644
17.00
16,80
17.25
18,17
18,75
18, 22
18.57
19.2%
19.36

0,012
00 015
0,019
0,027
00 039
0, 058
00 097
0.155
0,233
0,310
0.388
0. 465
0.543
0.620

0.700

0,775
0.853
0.930
1,000

. 0,86
. 0,82

2,31
1.91
1.36
1.0.2
1.20
1,16
1025
1,48
1. 08
0.82
0,96
0.88

1111

1

0.60
0, 90
0.8
0.89
0.75
0.84
0.67
0.85
0.59

0.46

0,42
0,70
0.20
0,00

LI T I B |

0.51
0.86

0.51

0. 4T
0.56
0.5k
O bk
0.32
0,28
0.27
0.17
0,09
0. 00

11111

0. 37
0,50
0.45

0.824 0,65

0.46
0,58
0.64
0.35
0.50
0.73
0.69
0.28
0.50
0, 00
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Table 3, Smooth bed; d = 2.555 em., S = 0,000, Temp. = 19.2%
Vo = J‘to/Q = 1.583 cm, /sec.

¥y T Nu'2 T2 luty?
om | cm,/|ocem./| cm./fom.2/
sec, | sec. sec.sec, 2

y o| ¥ WE'2 |72 —m"—\‘}

of ¥ | a | Vo | Vo |l

i?"I =]

0.05 112,95} 3.54| 0.67 | 0.93] 8.18 7 10.020| 2,241 0,421 0.37] 0.39
0.15{19.60} 3.84] 1.46 | 2.00|12.38] 23.2 {0.059| 2.42} 0.92{ 0.80] 0.36
0.25[21,65| 2.62{ 1.66 | 2,06 |13.67| 38.6 [0.098{ 1.66] 1,05} 0.82] 0,47
0.40]23,95| 2.67| 1.45 | 2.19]15,12] 61.7 [0.156| 1.69] 0.92] 0.88] 0.56
0.60(26.10§ 2,47] 1.50 | 1.95{16.48] 92.6 [0.235| 1.56{ 0.95| 0.78] 0.53
0,80]26.70) 1.91} 1.37 | 1.28}16.86}123.5 |0.313} 1.21| 0.86] 0.51] 0,49
1,00}27.85] 2,02} 1.14 | 0.87]17.60]154.3 {0,391} 1.28| 0.72| 0.35] O.38
1,20128,80} 2,00| 1.20 { 1.45|18,19185.2 0,470} 1.26{ 0.76{ 0.58} 0.60
1.40}29,60| 1.73} 1.14 | 0.94{28,69(216.0 l0.548] 1.09] 0,72} 0.38} 0.48
1.60{29.90} 1.70] 0.96 | 0.97}18.88{247.0 [0.626] 1.07} 0.60] 0.39} 0.60
1.80}29.70{ 1.92} 2,03 | 0.76]18.76277.8 |0.705( 1.21}| 0.65[ 0.30] 0.38
2.00131.70f 1.49§ 0.74 | 0.59}20.02|308.7 |0.783| 0.94} 0.47| 02| 0,54
2,20|31,05] .48 0,69 | 0.31}19.61}339.5 [0,861] 0.94} 0.44] 0.12] 0.30
2.40131,35| 1.26] 0,56 | 0.18]19.80]370.4 {0.939{ 0,79 0.35} 0.07| 0.26
2.55132,00] 1.00¢{ 0,00 ] 0.00}20,211394.3 [L.000| 0,63| 0,00} 0.00| 0,00

Table 4. Smooth bed; & = 5.095 em., S = 0,0010, Temp. = 19.4%
Vio = ,fTO/Q = 2,236 cm./sec,

0.10126.20| 4,69} 0,92 |1.8012.72] 21.9 {0.020] 2.20} 0.41] 0.36] 0.42
0,20{31.00| 4.42} 1.89 | 3,62{13.86] 43.70.039| 1,98} 0.85} 0.72| 0.43
0.4035,10| 3,76 | 1,92 | 4,16 |15.70] 87.510.078| 1.68{ 0.86| 0,83 0.58
0.60 {36.80| 4,08 2,01 | 4.76 |16.46(131,3 |0,118 | 1.82] 0.90) 0.95] 0,58
0.80 [40.00} 3,92} 2,04 {4.55|17.89}175.0 {0.157| 1.75} 0.91] 0.91} 0.57
1.20 41,65 2.85{ 1.82 2,90 |18.63262,5 [0.235] 1.28] 0.82 O.5q‘ 0.56
1,60 143,20 2. 64| 1.86 }2.00 {19.32350.0 {0.314 | 1.28} 0.83} 0.,09 0.41
2,00143,10( 3,08 1.5 | 3,45 [19.27[437.6 [0.392 | 1.38{ 0.87] 0.69| 0,58
2.40145.45( 2,69 1.77 | 2.53 |20,33(525,1 [0.470| 1.20) 0.79| 0,51 0,53
2,80 46,0¢] 3.08] 1,70 | 2.95|20.571622.6 |0.549 | 1.38] 0.76] 0.59 | 0.56
3.20 {47,401 2,65} 1,22 | 1,14 21,20}700,0 [0.627| 1.18] 0.55] 0.2 0.%
3,60 |47.30} 2,04 | 1.34 | 0.50 [22.15(787.7 [0.706 | 0.91] 0.60} 0,107 O.

4,00 48,251 1,781 1.37 | 1.02|21.58{875.2 [0.784 ] 0.79] 0.61] 0,201 0.42
4. 4048.25( 2,181 1.39 | 0.86 [21.58(962.7 {0,863} 0.97| 0.62{ 0.17] 0.28
4.8049.65] 1.93| 0.52 }0.25|22,201050.0 [0.941 | 0.86] 0.23} 0,05 | 0.25
5420150,00} 1,72 | 0.00 | 0.00 22.36%%;5.0 L.000| 0,771 0.00 | 0,00} 0.00
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Table 5, Rippled bed; 4 = 3.83 em., S = 0,0008, Temp, = 17.8%
Vio = "(QIQ = 1,37 om./sec,

y n [ JT2 | SFE|TT] T |y Weol| ¥y [F2 (f2 [T -y
om, |em./ | em./| om. Afom.2/{ > |7 - ” :
sec. | seo, | senlses,2| VKO v d | Vio | Vko | TelR
0.30] 6.50} 1.12 |1.62{ 1,28} 4.7, | 38.5 {0.078 | 0.81 | .18 | 0,68 0,70
0.70| 8.75] 1,93 {1.98} 1.47| 6.38( 89.90.183 | 1.41 | 1.44 | 0.78] 0.38
1.10J10.10} 1.66 | 1.42 | 1.44 | 7.36 141.3 j0.287 | 1.21 | .03 | 0.76 0.61
1.50110.70| 1.90{1.51{ 1,09 | 7.80 {192.6 [0.391 ] 1.38 | 1.10] 0.58] 0. 28
1.90112,00} 1.36 | 1.29 | 0.46 | 8.75 |244.0 [0.495 | 0.99 | 0,94 | 0.25] 0.26
2.30}12,50| 2,34 }1.01] 0.51] 9.11/295.3 {0.600 | 0.98 | 0.73 | 0.27} 0.38
2,70113.75| 1.35 | 1.08 | 0,59 J10.02 [346.7 |0. 704 | 0.98 | 0.79 | 0.31{ 0.%0
3.10{14. 75| 1.02 | 0.94 | 0.28 {10.75 |398,1 |0.809 | 0.74 | 0.69 | 0.15] 0.29
3,50115.30| 0,98 | 0.4k | 0.26 {11.15 [449.5 10,913 | 0.71 | 0.32 | 0,14 | 0,60
3.83]15.60f 0,97 | 0.00 | 0,00 11.37 |492.2 }1,000 | 0,71 0,00 [ 0.00} 0,00
Table 6, Rippled bed; = 5,08 cm., S = 0,0008, Temp. = 17.6%%

Vo =fTefe = 1,579 om./ sec,

0.30| 6.70} 1.82 | 2,15 | 1,60 | 4425 | 44405 {0059 | 1.15 | 1,36 | 0,64 | 0.41
0,70} 9.70} 2,14 | 2,28 2,11} 6,15 [104.0 /0,238 | 1.35 | 1.44 | 0.85| 0.43
1,10{11.70| 1,81 | 2.00| 1.94 | 7.41 {163.4 [0.217 | 1,15 1.27 | 0.78] 0.53
1,50|12.20} 2,29 { 1.95| 1.66 | 7.73{222.8 {0,295 | 1,45 | 1.2k | 0.67]| 0.37
1,90|13,50] 2,37 | 2.33 | 2.50{ 8,55 {282.2 [0.374 | 1.50 | 1.48 { 1,00 | 0.45
2,30115.,0%) 1.35 | 1.67| 1.64 1 9.50 341.6 |0.453 | 0.86 | 1,06 | 0.66} 0,72
2,70115.20} 2,16 | L.41 | 1.44 ) 9.63 |401,0]0.532 | 1.37 ] 0.90{ 0,58 0.47
3.10{15,60 1,68 | 1.42] 0.87] 9.88 |460.4 ]0.610] 1,07 0.90 | 0.35| 0.37
3.50117,00| 1.87 | 1.35| 0. 74 {10.77 |520.0 |0,689 | 1.18 | 0.86 | 0.30| 0,29
3.90{16,05| 2,10 | 0,88 | 0,56 [10.17 [579.3 [0.768 | 1,33 | 0.56 | 0,22 0. 30
4.30(17.601} 1.85 | 1,13} 1.24 (11,15 §638,7 {0.847 ] 1.17} 0.72 | 0.50] 0.59
4,70]17.90] 1.72 | 0.54 | 0.57 {11,344 §698.1 {0,926 | 1,09 0,35 | 0.22] 0.61
5.08{18,70} 1,69 | 0.00] 0,00 |11,85 |754..2 [1.000 | 1.07 | 0.00 | 0.00} 0,00




Table 7.

Rippled bed;

V%0 = "‘Cm/Q = 1,76k om./sec.

205.

d = 6.31-,- C.m., S = 0.0005, Temp. = 19'900

Y
cm,

u
om, /
3ec,

JE2
om, /

2€C,

J7
on, /

8ecC,

-utvf
cm.2/
5€C, 2

T

Vio

Y

J
d

Jar2

J¥e

Ft e -\

Vo

Vo

Tb{Q

0,30
0.70
1.10
1,50
1.90
2,30
2.70
3.10
3.50
3. 90
L, 30
4. 70
5.10
50 50
5.90
6.3

7.70
11,15
12,10
14,00
15,10
15.90
16,10
17.10
17.70
18.40
18.10
18- 35
19.60
20. 55
20,60
21,30

2.85
2,27
2.51
2,2,
1.65
1.87
1,86
1.71
1.68
1.48
1.54
1.55
0.97
0.67
0. 90
0.00

2,85
2,01

L.36
6.32
6.86
7. 94
8.56
9.01
9,13
9. 69
10, 03
10. 14-3
10,26
1.0, 40
11.11
11.65
11,70

52.4
22,3
192,2
262,2
331.9
4.01,8
L7l.7
541,6
611, 5
681.3
751. 2
821,11
891.0
960. 9
f030.7

12,07 illOB.l

50. )4-89

0, OL7
0.110
0,173
0.236
0. 300
0.363
0. 426

0.552
0,615
0,678
O' 71"-1
0. 804
0.867
0,930
1,000

0,68
1,14
1.57
1.56
1’ 25
1.21
1,16
0.18
0. 94
1.14
1,17
0.98
0.85
1,13
0.79
0.84

1,61
1.28
1.42
1.27
0,93
1.06
1.05
0.97
0.95
0.8
0.87
0.88
0.55
0.38
0.51
0. 00

0.92
0.65
0. 9k
0.8L
0.43
0.66
0.66
0,44
0.56
0.53
Q.43
0.45
0. 24
0.15
0.05
0. 00

Table 8,

Rippled bed;

%0 =[Co(g = 2.254 om./sec,

d = 5.18 om., S = 0,0010

Tempo

= 200 600

0, 30
0,70
1,10
1,50
1.90
2,30
2,70
3.10
3.50
3.90
4.30
4L.70
5-18

9.90
13.80
15.95
18.70
20,00
21.20
21,20
23,00
23.50
24,20
24,60
25440
26,00

2,20
3.55
2.79
2,62
2.55
1.8L
1,83
2.50
2,40
2,17
1,97
1.8y
1.71

2.88
3,07
2,98
2,62
1,79
2,02
1.98
2.09
L 43
1.49
1.59
1.05
0..00

4,62
5. 06
472
3.61
1.45
1.75
2,27
2,30
0.90
0.55
1.17
0.50
0.00

4. 39
6.12
7.08
8.30
8.87
9.40
9.40
1.0, 20
10,43
10, 74
10. 91
11,27

11, 54
I

8.1
159.0
250.0
340,7
14‘31.6
522,5
613.3
704.2
795.0
885.9
976.8

7. 7

750 8

0. 058
0.135
0.212
0,290
0. 367
Oa Ldidy
0.522
0,599
0.676
0.753
0.831
0. 908
1. 000

0. 99
1.57
1,24
1,16
1,13
0.82
0.81
1.11
1,06
0. 96
0.88
0,82
0.76

1.28
1.36
1.32
L16
0.79
0.90
0.88
0.93
0. 64
0,66
0.70
0.46
0,00

0. 91
1.00
0.93
0.71
0.29
0. 34
0.45
0.45
0.18
0,11
0.23
0.10
0.00

0.72
0.47
0.57
0.53
0,32
0.47
0.63%
Q.44
0, 26
0.17
0.37
0.26
0.00




Table 9,

Rippled bed;

Vio = q:a/Q = 2,537 c.m./sec,

206.

d= 6,55 com., 8 = 0,0010, Temp. = 20.3%

u

cm. /

SecC,

a2

cn, /

S€C.

J72
om,
sec,

————
~u!y!

/ fem.2/

sec, 2

—

u

-l |

Voo

y Vo
~J

y
a

ur2

J572

—
,_u! v'

Vo0

frw/Q

0.30
0.70
1.10
1.50
1.90
2,30
2,70
3. 10
3.50
3.90
4,30
4.70
5.10
5.50
5.90
6.30
6,55

10.75
16.10

18.15
190 OO
21,95
23.80
24.60
23,50
25,55
27,15
28.15
28, 05
29.15
28,65
29,35
29,50
30.10

2,20
2,91
2,78
2,7k
3.25
3.28
3.29
30 OO
3,11
3.02
2.95
3.93
2,68
1.99
2,18
2,15
2,69

3.51
2.52
2.6l
3.24
1.92
2,23
2,17
1.70
2,00
2,11
2,08
2,21
1.66
1.42
1.38
1.22
0. 00

5.81
4.10
2,60
5.42
302k
Lo 3L
30 28
3,14
4,92
2,90
2.45
2.53
1.30
0. 74
0,70
0.83
0. 00

L2l
6.35
7.15
7-49
8.65
9.38
9.70
9.26
10. 07
10,70
11.10
11,06
11.49
11.30
11.57
11.63
11.87

76.1
177.5
279.0
380,5
482,0
585. O
68L.9
786,14
887.8
989, 3
1090, 8
1192,2
12937
11395, 2
14.96.7
1598 .1
1663.0

0. 046
0.107
0.168
0.229
0. 290
0. 351
0.412
0.473
0.53L.
0. 595
0.656
0.717
0.778
0.939
0.900
0.961
1.000

0.86
1. 15
1.10
1.08
1.28
1.29
1. 30
1.18
1.23
1.19
1.16
1.55
1.06
0.78
0.86
0.85
1.06

1.39
0.99
1.05
1.28
0.75
0.88
0. 85
0,67
0.79
0.83
0.82
0,87
0.66
0. 56
0.54
0,48
0, 00

0.90
0. 64y
0.40
0. 84
0'50
0.67
0.51
0.50
0.76
0.45
0,38
0. 39
03120
0.12
0,11
0.13
0.00

Table 10, Rippled bed with gravel in troughs;
cm, b S = 000005, Tempo = 200900’ ‘\":‘(‘»
1.503 cm,/sec.

d = 4.6

V0 =

'tcl@ =

b U

0.50
0.70
1.10
1.50
1.90
2,30
2.70
3.10
3450
3.90
4,30
4,60

10. 25
13.15
13,60
15.35
16,70
17.85
18.20
18,20
18,60
190 00
19.50
20,40

s » . ¢« 8 & 0
~NOvw Do oW,

.

<
tﬁ E;fgkg‘{)C)<3 O~JW-gW\n

HEPHREHDHNODHEDN

1.03
1.56
1.30
1.14
1.09
0,83
0,93
0.93
0.83
1.13
0.51
0. 00

0. 47
0. 65
0, 60
0.66
Ou bk
0.46
0. 39
0.30
0.33
0. 24,
0. 06
0. 00

6.82

8,75

9.05
10,22
11.11
11.88
12,11
12.11
12,38
12,65
12,98
13.58

39.5
92,1
44,7
197.4
250, 0
302.6
355.2
408,0
460.5
513.1
565.8
605, 2

0. 065
Oo 152
0.239
0.326
0,413
0.500
O. 587
0. 674
0,760
0.848
0.935
1. 000

10 70
1.6L
1.22
1.38
1.20
1.53
1,06
1.19
0.87
0.98
0.73
0.90

0.68
1,04
0.87
0.76
0.73
0.55
0,62
0,62
0.55
0.75
0, 34
0.00

0. 140
0. 38
0o 57
0. 64
C.51
0.55
0.59
0.41
0.69
0. 32
0.25
0.00
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Table 11. Rippled bed with gravel in troughs; d = 7.02 cm.,
S = 0,0005, Temp. = 20,8%, Vo ={%efo = 1.856 cm./sec.
vy u arefyvre a4 |y Vol y  Jur2y jvrei-urvt —-k\./
. Me . s/ eMe 2/ | e - .

o ged( ggc sgd( sgo.é Vio | » d Vol V.ol Tw/€

0.30]12,10| 2.84| 1.41| 2,04) 6.52] 48,7 {0,043 | 1.53| 0.76} 0.59] 0.51
0.70}15.00} 2,24} 1,52 2.43{ 8.08}1113,5}0,100} 1.32} 0.82} 0,71} 0.65
1,10]15.80} 2.20| 1.90| 2.55} 8,51{178,5(0.157| 1.18; 1.02| 0,7k} 0.6
1.50)17.00} 1.65) 1,75 2.29| 9.16]243.4 |0, 214 0,85 0.941 0,66} 0.79
1.90{20.00] 3.16| 1.15| 1.75(10.75{308.2}0.270| 1,70| 0.62} 0.51| 0,48
2.30121,25{ 2.81} 1.70} 2,10}11,45]373.1]0.328 | 1.52) 0.92| 0.61] 0.Lk
2,.70122,05| 2.55{ 1.75| 2.2711.88}438,0{0.385{ 1.38} 0.94} 0.66} 0.5
3.10122,60| 2.31| 2.02| 2,26}12,18{503,0}0.442} 1.25} 1.09| 0.65] 0.48
3,50123,50] 2.14| 1.78} 2.03|12.66{568.0{0.500} 1.15| 0.96{ 0.59] 0.53
3.,90]24.50] 1.83} 1.42| 1.54]13.201632.710.556| 0.991 0,771 0.45} 0.59
4.30{24,15¢ 1.91{ 1.67} 1.78}13.,01{697.6 {0,613 | 1.03| 0.90{ 0.52] 0,56
4.70]24.90) 1.74| 1.20] 0.97|13.42]762.5}0.670}| 0,94} 0.65] 0.28| 0.46
5.,10425.40 1.95| 1,16} 1,16113.68}827.4 {0.726} 1.05} 0,62] 0.34} 0.51
5.50}25,55] 2,21} 1,00} 1.18}13,771892.310,783| 1.19} 0.54} 0,34} 0.53
5.90(26.40| 2,30} 0,92 | 0.92|14,22]957.2 10,840) 2,24 | 0.50 0.27] O0.43
6.30{27.25| 1.90} 0.71} 0.7k {1%4.681022,1 0,900} 1,02} 0.38] 0,21} 0.55
6.70127.25| 1,75 0,74 | 0037 |14.68 [L087.00.954 | 0.95] 0.40] 0.10} 0,29
7.02127,40| 1,51} 0,00} 0,00|1%4,7611138,9}1,000] 0,81} 0.00] 0,00} 0.0C

Table 12, Rippled with gravel in troughs; d = 3,81 em,, S = 0,0010,
Tenp, = 20.8%, Vio = 3¥C9}Q.= 1.93%5 cm,/sec.

0.30]12.55} 3,12} 2,28} 3,42| 6,49 50.7 {0,078} 1.61} 1.18} 0,91} 0,48
0.76|17.60) 2,491 1.91| 2,52} 9,10|118,4 {0,184 1,29{ 0,99 0.67| 0.53
1.10§18.90} 2,56} 1.80 | 2,75} 9.77|186.0{0.288 1 1.322} 0,93} 0.74} 0.60
1.50 120,60 3.08| 1,70 | 2,56 |10.65{253,7 {0,393 | 1.59| 0.88] 0.68| 0.4¢
1.90122.20f 2,61} 1,76 | 2.04{11.47]321.3 [0,498{ 1,35{ 0,91} 0.55} 0.1/,
2.30123,60| 1.84{ 1,60 ] 0,78 |12.20{389.0 [0,603 ] 0.95| 0,83] 0,21} 0.27
2,70124,15) 1,94 1,34 | 1.22{12,48]456.6 |0,708 | 1.00| 0,69 0.33}| 0.47
3,10{25,10{ 1.79} 0,86 | 0.27{12.97|524.2 |0.813 | 0.93{ 0,45} 0.07| 0.18
3450125,55| 1.60f 0.70 | 0.70}13,20}591.9 {0.918| 0.83} 0.36} 0,19} 0,62
3.,81126,00| 1.54] 0,00 | 0,00 |13.24.{645.0 (1,000 0.80| 0.00{ 0.00} 0.00
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Table 13, Rippled bed with gravel in troughs; _d = 5,11 cm.

S = 0,0010, Temp. = 20.8%, Vio = \,"‘C%L: 2.2,0 onm./sec.

v a N a2 .!'17'2 —ulv!'] U |y Vo
cm. cm, cm. cm. /jem, 2 "
. sec./ sec{ sec./ sec.é Vio | "V

Jurz) [vr2 ~utv'
Vol Vol Tofg

€

N
d

0.30{14,50} 2,70{ 2,51} 4.92] 6.47] 58.4{0.059{ 1.20! 1.12} 0.96} 0.73
0.70|18.50] 2.64| 2.13]| 2.86] 8.26(13%6.3}0.137] 1.18| 0.89] 0.56] 0.51
1.10121.40| 2.94| 2.24| 3.45| 9.55]214.2{0.215{ 1.31| 1.00{ 0,68} 0.52
1.50}23.45| 2.89| 1.55| 1,68]10.47{292,1}0,294f 1.29| 0.69} 0.33} 0,38
1,90{25,60| 3,47( 1.98} 2.89{11,43{370.0}0.372| 1.55| 0.88| 0.57} 0.42
2.30125.65| 3.25| 1.68| 2,12{11,45|4L47.9]0.450] 1.45] 0.75] 0.42} 0.39
2.70{27.00{ 3.18] 1.79{ 1.67{12.06{525,8{0.528| 1.42{ 0.80| 0.33| 0.29
3.10128.25| 3,34} 1.62{ 2.21|12,611603.710.607| 1.49| 0.72| 0.43| 0.41
3.50{28.20| 2.78] 1.31| 1.26|12.60{681.6|/0.685} 1.2} 0.58| 0.25| 0.35
3.90(29.00( 2.52| 1.72| 1.66412,95(759.5{0.763| 1.25| 0.76{ 0.32| 0.38
4.30|30,20| 2.07| 0.90} 0.62]13,48{837.4{0,841| 0.92{ 0,40| 0.12{ 0,33
4,70|30.00| 2.12{ 0.65| 0.61}13.40|915.3|0.920| 0.95} 0.29] 0.12} 0.45
5411}31.50| 1,98{ 0.00{ 0,00|14.06995.1{1.000} 0.88| 0.00| 0.00| 0.00

Table 14, Rippled bed with gravel in troughs; d = 6,37 om. S = O.‘OOIO,‘
Temp. = 21.1%, Vxo =JEn}Q= 2,500 cm,/sec,

0.30{15.25| 2.17| 2.35] %.80] 6.10{ 66.0l0.047} 0.87| o.91| 0.77
0.70{19.20 3,31| 2.12| 4.63{ 7.58]154.0(0.110{ 1.32| 0.85} 0.7%&
1.10{21.80{ 2.69| 2,67} 3.25| 8.72}211,910.173} 1.08} 1,07} 0.52
1.50|24,75] 3.33} 2,60} 3.92| 9.90}329,8]0.235} 1.33} 1.04| 0,63
1.90127.35] 2.72} 2,25} 3,53(10,94}417.810.298] 1.09} 0.90} 0.57
2,30(28,00] 2.85| 2,01 11,20{505.7}0.361} 1.14| 0.80]| 0.70
2.70129.55] 2,53 2,49 11.82}1593.7)0.424) 1,01} 1.00| C.3L
3.10429,50} 2,16 2.00 11,821681.610.486] 0.86) 0.80} 0.28
3,50|31.25] 2.841 1.8L 12,50|769.610. 549} 1,13 0.74{ 0.47
3.90132,10] 3.,25| 1,62 12.841857.5(0.612} 1.%0]| 0.65] O
4.30131.80) 3,13| 1.68 12,72{945.5{0.675{ 1.25{ 0,67{ O
4.70132,85| 2.67] 1.60 13.161033.4.]10,738| 1.07| 0.64] O
5.10133.45{ 2,72 1.40 13,38 121,24 (0.8004 1,09} 0.56| 0,18
5.50|34.40] 2,28 1.28 13,76 11209.3 {0.863{ 0.91]| 0.51| 0.16
5.90{35.0n] 2,12 0.80 14.,001297,3 (0,926 0.85{ 0.32} 0,07
6.37(35.05| 2,01] 0,00 14, 021,01,1 {1,000} 0,80} 0,00} 0,00
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15. Pully gravelled bed;
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d = 5,00 om,, Slope = 0.0005,
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16, Fully gravelled bed;

Temp, = 18.4%, Vo =

d = 6,25 em., S = 0,0005, Sk,
ffoﬁ{- 1,751 cm./sec.
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Table 17.

Fully gravelled bed;
Temp, = 18.500, Vo =J*’:«:/Q~= 2.211 cm./sec.

d = 4.98 om., S = 0.0010,
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Table 18,

Fully gravelled bed;

d = 6,30 cm., S = 0,0010,
Temp., = 18.5%, Vio = *Irt‘*'/f(: 2,487 cm./sec.
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APPENDIX III .
DATA OF u , v' AND u'v' OBTAINED FROM PHOTOGRAPHS

Note 3 yortical distances in case of smooth bed are

?

measured from the bed and are denoted by ¥y
but in case of rough beds such distances are

measuréd from free surface and are denoted by y'
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