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FOREWORD

The data contained in this thesis were assembled by the author while

in the employ of the Bureau of Reclamation, Department of ihe Interior,
Deunver, Colorado. To this organization, I am gyateful for permission to
use the material and for furanishing the illustrations in this paper.

Mr. J. E. Warnock, Director of the Hydraulic Iaboratory, under whose
direct supervision the studies were made added much constructive eriticism
for the entire program.

Particular credit is extended Dr. Edward F. Wilsey, who trenslated
pertinent articles and assisted in the conduct of the tests, and Dr.
Victor L. Streeter for his assistance in the mathematical application of
the data.

All statements contained herein are the views of the author and
should not be construed to represent the opinion of the Bureau of
Reclametion.

The material for this thesis was principelly completed in June 1940,
but gervice in the Armed Forces of the United States negated consummaetion
by the author until December 194%6. Hence, &ll research reported since

the former date has not been included.




Thomes, Charles Welter (M.S., Civil Engineering)

The Flow of Water in Open Channels with High Gradients

Thesls directed by Warren Raeder and Roderick Downing

A comprehensive study of the methods of measuring high-velocity flow,
supplemented by laboratory tests, made possible the development of a tech-
nique for utilizing the salt-velocity method to determine the magnitude
of existing velocities in the field on an existing steep wasteway. Data
included in the field measurements, relative to discharge, cross-sectional
area and veloclty permitted celculation of air content in the flowe. The
nechanics by which the air is entrained in the flow were also studied.

These data, combined with results of other tests conducted on similar
structures, gave information which made possible the proposing of an addi-
tional term in the Manning formule to compensate for the air resistance.
The values of the coefficients for this term are evaluated from the field
test data. A definition of the hydraulic radius is presented as the area
of the cross-section, assuming no air in the flowing water, divided by
the total wetted perimeter including the air. An application of the
Manning formula modified by the air resistance term and the new hydreulic
radius, is made to the design of a typical steep chute.

This abstract of about 180 words is approved as to form and content. I
recommend its publication.

Signed
Instructor in charge of dissertation
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Open-chennel. Flow

The phenomenon of open-channel flow kas long been an interesting
subject, particularly to the hydraulic engineer, and when this flow is
in a channel with & high gradient it is fascinating even to a layman.
The freedom of the stream to change section makes possible in open-
channel flow meny peculiar phenomena that cannot occur in closed conduits
flowing full.

Fluid flow with a free surface itz complicated as compared with
closed-conduit flow. The two cases are comparable only in the simple
cagse of uniform flow in channels where the cross-section is constant in
area and form. Even if uniform flow is assumed, the wide range of forms
of cross-section and channel surface conditions makes it practically im-
possible to evolve a single formula that describes the motion.

In open-channel flow the free surface is under constant pressure
since it is exposed to the atmosphere. The pressure is thus constant
over the entire surface and the only force causing flow is the weight
of the fluid. The resisting forces are ususlly considered to be only
viscosity forces in laminar flow and viscosity combined with inertia
forces in turbulent flow. Thus it may be seen that uniform flow in a
channel is always accompanied by a change in elevation of water surface.

Let us consider uniform flow in & channel with & swmooth, free
surface. For this condition the mean velocities at successive cross-
sections are equal. Otherwise the flow is nonuniform. To produce this
flow the channel must bave constant bed slope and uniform cross-section.

Then and only then will the slope of the water surface be equal to the

bed siope. In most practicel cases the flowing water undergoes many




small accelerations, retardations and deviations. These minor disturbances
result from imperfect alinement of the channel. In practice unifomm flow
is considered to include instances vhere these minor deviations exist.

The problemes arising in connection with the flow of woter in chennels
more commonly relate to moderate gradients, low to moderate velocities,
and steady conditions of flow. As & rule we are not concerned with the
introductory pericd during which the velocity is increasing from zero, or
from some initial velocity, to its fimal or steady flow value. Under
these latter conditions the forces causing acceleration are balanced by
the resistance to flow and steedy conditions prevail, that is, over any
giver cross-section ¢f the stream, the distribution of velocity remains
sensibly constant in time. Furthermore the moving medium may be assumed
to remsin continuously in the liquid phase without mixing sensibly with

air, and again, the resistance opposed to the flow may be considered as

developed between the moving liquid and the solid boundaries which

constrain its motion, fluid friction so called.

The final or steady motion velocity which is acquired under these
conditions is, then, the item of principal interest and forma the subject
of the well-known classical treatment of the subject.

Formules for Uniform Flow in Open Channels

Being mindful of the nature of the resistance to the flow and the
results of this resistance it mey be seen that formulas dealing with
open-channel flov must be composed of elementé expressing the mean
velocity, the slope of the water surface, the proportions of tke chaanel,
the hydreulic redius and the relative smoothness of the fixed boundaries.
So far as is know there is no entirely theoretical derivation for the

relationship between these varimables. Mathematical expressions of the




relationship must be assumed and exponents and coefficients determined
by experiment. The usual basic expression is:

V s KRYSZeeeeevsccerososoessvacsoascsrasesscasscrosssscoo(l)
in which K, y and z are empirical elements, V is mean velocity, S is the

slope of the water surface and R the hydraulic radius.

The earliest known formula for open channels was developed by Chezyl*

from experiments and was published in 1775. The formula is used extensively,
primarily because nearly 100 years elapsed before results of further ex-
periments were published.

Ganguillet and Kutter® published in 1869 a formula for determining
the value of C in the Chezy formula. This formula is commonly referred
to as the Kutter formula or the Kutter-Chezy formulas, when combined with
Chezy's formula. |

In 16890 Manning3 published a formule for deriving the value of C in
the Chezy formula and 7 years later, in 1897, Bazin* proposed another
means of eveluating C in the Chezy formula.

The above-nentioned formulas are the most widely used in open-channel
design. Much Gata have been collected and published fixing the values
of the various coefficients of roughness for different chanmnel materials.
Other formulas substantiated by less experimentation, have been evolved.
These formulas are in general of a more complicated form and are not
readiliy adaptable to quick solution. Many formulas and discussions of
their particular merit are to be bhad in numerous text and reference books
on hydraulics, hence, only brief mention is made here. King? gives &

number of formulas and devotes several pages to & discuassion of their

%A1l references cited are listed in numerical order of occurrence
-in the biblography of the appendix.




value and use. Tables of values for solution of the most used formulas
are also given. A similar discussion is given by Houké.

Presence of Alr in Flow

In the case of water flowing under steep gredients the simple condi-
tions of flow no longer prevail. The velocities acquired may be high and
the resistance to flow can no longer be restricted to the solid boundaries
of the stream. The air boundary now begins to play e part, and gradual
insufflation with air brings e change in the density of the flowing medium
and in the mean hydraulic redius of the section. The surface of the flow .
becomes broken and irregular due to wave formation caused by action between
the air and water and due also to the marked velocity gradient between the
bottom of the flow and the top. The latter is especially marked in case
the flow is relatively shallow in depth. As a result, the flow may become
transformed from & liquid phase into an extremely turbulent foeamy phase
with a rough and irregular upper surface involving a greatly increased
resistance by the air boundary of the stream.
Under these conditions of flow, we are not only concerned with the

ultimte velocity which may be acquired in a long channel but we &re also

interested in the velocity vhich may be acquired in & given length of
channel or in a given interval of time. We are therefore concerned with

relations between velocity, distance, and time, during the period of

acceleration f£rom an initial velocity toward a finmal velocity.

A number of scientists, including Bel]nsis7, Dodge and Thanpsona,
King®, and H11110 have proposed equations for determining the relation-
ship between the slope of the water surface and the hydraulic properties
of the solid boundary. No terms have been included in these formulas to

@ reflect the influence of the surface in contact with the air or the

presence of air in the flow.




Need for Additional Experiments

Structures now being designed are of such proportions that it is
necessary for the hydraulic engineer to possess information other than
which has been availeble if the most econcmical sections are to be had.

In the design of steep rhutes and spillway channels the proper
freebcard allowance is one of the many problems. Calculations of the
channel dimensions must be altered to include entreimment of air at
high velocities and the change of frictionel resistance caused by this
air entrainment.

A rational approach to the solution of the problem would be a
mathematicel analysis supplemented by experimental data to supply the
empirical elements. In the solution of this and other engineering pro-
blems much observation is necessary in conjunction with the application
of the exact sciences.

With this in mind an investigation of the characteristics of flow
in open channels with high gredients was proposed to supplement existing
design data.

chpe of Thesis

This thesis covers; (1) the results of a study of the literature of
this and foreign countries to ascertain the extent of reported material

available on the subject; (2) development work to evolve & method of

accurately measuring high-velocity flows; (3) & program of field measure-

ments on an existing structure; (4) an evaluation of all obtainable data;

and (5) the application of these date to design caleculations.




II LIBRARY RESEARCH

Study of the Literature

A study of the litereture of this and foreign countries revealed
that the science of flow in open channels with high gradients is an
almost unexplored field. Although it is not & new subject the dif-
ficulties encountered and the number of variables present in such flow
conditions have greatly retarded the progress toward & comprehensive
analysis of the problem. Also the formulas developed by the older ex-
perimenters have grown into very general usage and bave been accepted as
standard. This condition renders the propagation of any new formulas or
methods of attack difficult. During the time that the problem has been
considered, conversation with many design, construction and operating
engineers disclosed that at various times some field measurements bave
been attempted but due to lack of suitable equipment, difficulties
encountered in conducting the tests, and apparent discrepancies, the
results have not been published. A much better conception of the sub-
Jeet could probably be obtained if this condition did not exist.

The study disclosed very little on the subject and the explanmations
by the authors differ greatly. Tke mode of attack on the pxoblem has
been dealt with primarily from the empirical standpoint although mathe-
matical solutions have been attempted.

No attempt will be made to give a lengthy discussion of the views
of the different authors, other than to esay that they may be divided
generally into two schools of thought. The first group are of the
opinion that the hydraulic properties of channels on high gradients
may be calculated by the use of the same formulas as used for deter-

mining the hydraulic properties of channels on flat gredes providing

NN - .
.-
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of course that the correct values of the component parts of the formules
are used. This procedure assumes the preéence of alr to be negligible or
its effect to be included in the friction factor used.

The other group prefers the hypothesis that water flowing in an open
channel begins to absorb or entrain air at & velocity which is stated to
be between 6.6 and 14.8 feet per second depending upon the type of struc-
ture under consideration. At higher velocities the percentage of air by
volume in the flow may be a5 much &s 80 percent. Due to this entraimment
of air in the flow, the velocity is somevhat less than that calcula.ted by
standard formulas. The area of the cross-section of the flow is found
to be much greater. Also the presence of air in the flow with & conse-~
quent increase in internal friction and decrease in density may result
in & maximm or terminal velocity.

The exact magnitude of this velocity has not been determined
although Ehrenbergerl‘l, states:

"The maximum velocity heretofore observed at which a water-air
mixture flows in & steep chute is 77.1 feet per second, and that portion
of the water-air mixture occupied by the water amounts to from 20 to 55
percent of the total volume."

The mechanics by which this air enters the flow has not been satisfac-
torily explained due to lack of sufficilent observations. OCpinion differs
as to the rate of absorption of air.

Regardless of the mechanics by which the air enters the flow, its
presence in the discharge is certain to cause a difference in the
hydrsulic properties of the channel. Miny authors recognize the presence
of air in the flow but feel that since "n" is a relative value of friction
it ean contain the losses due to this air. However, some of these ex-

perimenters find a relatively high value of "' for concrste on a steep

slope. Since the formulas were intended for use with & value of "n"




determined experimentally for each type of material, it does not readily
follow that concrete channel lining placed under similar conditions on a
f£lat slope should have & roughness factor less than that 1laid on & steep
slope.

Previous Work by Bureau of Reclamation Ia&boratory

The problem had been recognized previously by members of the staff
of the Hydraulic Iaboratory but had not been developed to any great extent
because of the urgency of more specific problems. Dets were collected
from time to time as opportunity presented itself.

The date collected was for clarification of the following questions:

(1) 1Is air present in high-velocity flow and, if so, to
what extent?

(2) What is the mechanics by which air might enter the
water? |

(3) What ﬁctors enter into the retarding of the velocity
of the flow in the channel?

The results of these studies are sunlm:rized briefly. In regard to
(1), air vas present in the flow, but at the location tested the amount
as measured by two different methods was foundbto be & very smell per-
centage of the total flowt=, In (2), the mechanics by which the air
enters the flow was not satisfactorily explained. A study of L.

13

Prandtl's™ analysis was made. His suggestion is that if a difference

in velocity occurs between two layers of fluid flowing past ore another,
the boundary surface does not remain smooth, but first assumes a wive

form, then curls back on itself and finally assumes the shepe of & vortex.

In the case of open-channel flow, where the water surfece is in contact

with the atmosphere, these vortices form at the contsct plane and carry

air into the water. Turbulence within the f£low then distributes the air.




This turbulence was explalned by E. W. Lanelu, then head of the

laboratory, to be & factor in the air distribution. Also turbulence
propagated from the sides and bottom of the channel was imstrumental in
trapping the air im the water. He states:

"as the water starts down the steep section of a chute, the portion
of it which is not close to the bottom or sides, is rapidly accelerated
and soon attains & high velocity. There is a narrow zone on the bottom
and sides, however, in which the velocity adjacent to the walls and floor
is zero and that et the outside of the zone reaches that of the center
section. In this narrow boundary layer there 1s, therefore, a repid
increase in velocity with increasing distance from the sidewalls, or in
other words, there is & high-velocity gradient. In the side strips the
flow is very turbulent and eir is entrained, giving the water & white
appeerance. ... There is & similar zone in contact with the bottom but
it is not as apparent since it is not in contact with the etmosphere,
and air is therefore not entreined. This boundary layer, both on the
bottom and sides, 1s narrow at the top of the chute but widens as the
water flows down. The water in the central swift-flowing portion has
a relatively smooth surface, and the acceleration resulting from mov-
ing down the chute is retarded but little by the effect of friction on
the sides. This central portion becomes narrower and thinner as the
boundary layer increases in thickness, and if the chute is long enough
a point is reached where the velocity throughout the entire cross-section
is considered retarded by side friction. When this point is reached
the surface becomes rough, since the turbulent zone bas extended through
to the water surface.”

Further study in relafion to this phenomenon was advised at that time.
Considering (3), in regard to factors opposing the flow, first con-

sideration was given to the dimensions and characterietics of the channel,

Some tests were made in an existing structure and the results were analyzed

on the besls of determining & value of "n" in the Menning and Kutter

formulas. The values were found to agrée‘very closely with velues pre-

viously determined for similar canal lining on £lat slopesi’.

Friction between the surface of the flow and the atmosphere was
known to exist and was recognized as a retarding factor to the veloclty
of the flow. An outline of tests was prepared but the progrem was not
completed because of lack of time for the laboratory personnel to conduct

it.




Since the previously described work was accomplished, small amounts
of date have been collected by the author. These coasist primarily of

personel observations and photographs of flow.

III MEASURING HIGH-VELCCITY FLOW

Methods of Measuring Velocity

Some of the early experiments failed completely and others were
incomplete or questicnable because of the equipment or methodr used in
obtaining the data. Accurate measurements of velocity, elevation of
water surface, and discharge are necessary to properly apalyze flow
conditions in channels and the means employed to secure these messure-
ments must be reliable.

The currentmeter has been generally adopted in this country for
use in measuring low velocities. The pitot tube has found general use
in measuring the higher velocities. Each of these two instruments re-
quires calibretion under conditions similar to those for which it is
intended to be used. The degree of accuracy of the results depends
upon the care exercised in the calibretion.

With these thoughts in mind the planning of a series of field
measurements necessitated & careful choice of methods and equipment.
Hater flowing at high velocity, even in relatively smell quantitles,
presents &8 rather unruly mess to handle. The kinetic energy of this
mass 1s great, consequently any equipment that is used must be designed
to withstand severe action.

Equipment designed for field use must be compact and possess &
degree of portability. It must be made such that & minimum pf component

perts are employed which ere easily accessible and may be repaired with
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& small amount of equipment and under field conditions. The principles
upon which the equipment functions must be basically sound and the tech-
nigque employed in handling it must be such that a maximm return is
geined from a minimum of effort and time.

The use of commercial currentmeters in high-velocity flow is not
practical. They will not withstand the abuse to which they are exposed.
Special types of meters have been developed to meet certain requirements
and still others might be evolved. Were it possible to obtain a sturdy
instrument, it is still necessary to obtain a reting. As bhas been said
before, the accuracy of the instrument depends upon the degree of care
exercised during the calibration and upon the similarity of conditions
under vwhich the instrument is reted and those existing where it will be
used. The latter of these two requirements is hard to meet.

Since air is present in high-velocity flow it was necessary to
design for the presence of the alr. The extent and distribution of air

in the flow became part of the problem. It was obvious that existing

conditions could not be foretold nor duplicated. The rating obtained

for & properly designed currentmeter or pitot tube, although carefully
made, mey not be applicable to fleld conditions if the commonly used
practice of moving the instrument through still water at & known rate
of speed is used. This method is not basically wrong but the faellacy
lies in the fact that the stlll water would normelly be devold of air.
The water would have & density somewhat above that of & water-air
mixture depending upon the percentage of alir present. Since this per-
centage 1s not known it is impossible to correct for the difference in
density and hence the rating will be in error. Furthermore, in the

case of & pltot tube, the presence of air in the flow is a source of




annoyance, and unless extreme care is exercised, air may trap in the
leads or in the instrument and cause erroneous readings.

Another factor that must be considered is what effect, if any, the
turbulent water found in high-velocity flow will have upon the accuracy
of the instrument. It is not logical to expect exmctly the same results
as those obtained in quiet water where streamline flow past the instru-
ment prevails.

The introduction of color into the flow and a measurement of the
time required for the passage of the color between two or more points,
separated by known distances, has been used. This method is not entirely
setisfactory because of the error introduced in the time measurement and
the difficulty of the human eye to detect the exact boundary of the
colored mass. In very turbulent water where the surface is mixed with
alr, the flow appears very white and the presence of spray above the
surface renders it almost impossible to see any foreign body in the flow.
Users of this method report inconsistencies in the results.

Timing surface or subsurface floats over a known reach of channel,
chemical titration, impact devices, electrical dissipetion from & hot
wire in the flow, treveling screen, and in closed conduits, & salt-
velocity method of measuring velocity have been used. All, except the
latter, were considered impractical for the type of flow to "be measgsured.

The Salt-velocity Method

The salt-velocity method has been used extensively in determining

the flow through closed conduitslé. A test technique and method of

analysis have been feirly well perfected. In closed conduit studies,
the method consists of the introduction of & brine solution into the
coxduit by a quick-acting pop valve. The time is recorded at the time

this valve opens. The brine solution is cerried downctream in the form
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of a cloud within the flow. At & selected station downstream electrodes
are placed near the center of the conduit and connected to an electro-

motive force. An ammeter is included in the circult. As the brine cloud

passes the station, the flow of current between the electrodes is in-

creased due to the presence of brine. The time at which the brine cloud
passes the electrode station is recorded. By carefully def:ermining the

volume of the conduit between the point of introduction of the brine and
the electrode station, and the elapsed time of travel from the valve to

+the electrode, the disch;.rge per unit of time may be determined.

If the velocities in the conduit are relatively low or the distance
between pop valve and electrode 1s sufficient, the measurement of time
may be made with an accurate stop watch. However, if high velocities
are encountered or short reaches are used, the accuracy of the flow
nmeasurement depends largely upon the timing element employed.

A careful study of this method and the results obtained through
its use led to the belief that the general principles involved could be
applied to velocity measurement in open-channel fliow. The technique
employed in the applice.t‘ion must necessarily be different. Since the
presence of air in open-channel flow is evident, it was not advisable
to use the method as a means of measuring dlscharge., Moreover, the
volume occupied by the flow in an open channel may vary between wide
limits depending upon the velocity and discharge. In & closed conduit
one variable is eliminated since the volume rezm;.ins constant. The por-
tion of the method applying to velocity measurement, with certain
changes in technique, seemed equally applicable to open or closed con-

duits.




Initial Tests in the Laboratory

A technique applicable to open-channel flow and equipment to exe-
cute the tests was necessary before any field measurements could be
attempted. This development was started in the laboratory.

In addition to measuring the velocity, it is necessary to secure
water surface measurements in the channel for computing air content and
energy gradient. Some satisfactory means of obtaining these measurements
was also sought.

A hydraulic model of a chute was being tested in the laboratory.
The chute had a cross-section approximetely 6 inches deep by 9-1/2 inches
wide. Velocities in this model were from 10 to 15 feet per second and
the section was of sufficient length to permit preliminary investigation
of the method.

Copper electrodes ranging in width from 1/4 inch to 3/4 inch were
spaced from 6 inches to 2 feet apart, measured parallel to the center-
line of the chute. Two electrodes were used at each point, one on each
side of the flume. The original strips extended from the floor to the
top of the sides but some of these were later shortened to extend only
part way up the sides in order that they would not project above the
water surface. Others were extended part way across the floor and up
the sides. Electrodes were also mede by using No. 7 flathead, brass,

wood screws with only the surface of the head exposed to the flow.

Time measurements were made by means of an oscillograph. The

oscillograph used consisted essentially of three moving coll galvano-
meters, an optical system, and & motor-driven camere. The current
supply for the fields of the galvancmeters was derived from e 6-volt

storage battery and the moving coils were excited from dry cell




batteries in the test circuit. The vibration of the moving coils was

damped by oil. The optical system employed two small flashlight bulbs

as light sources, a cylindrical lens to reduce the light sﬁpply to &

horizontal band, three small cylindrical lenses (one in front of each
galvancmeter) to focus the horizontal band on tiny mirrors fastened to
the moving coils of the galvanometers and to change the reflected bands
to vertical bands, and a cylindrical lens to focus the verticel bends as
points on the £ilm in the camera, The camera was beltedriven by & 6-volt
shunt motor. The record vas made on standard No. 122 camers f£ilm in
37-inch lengths, wound on daylignt loading spools. One length was used
for each record. The film was drawn through the camera at right angles
to the vibrating light beam.

Two peirs of electrodes were separately connected by wiring systems
to two of the galvanometers in the oscillograph. The third galvanometer
wvas connected to the 110-volt, 60 cycle, alternating-current supply to
provide a time base on the £ilm record. The power supply to operate the
galvanometers included one or two dry cell batteries, depending upon the
base current needed, and the circuits were closed by the water between
the electrodes. After all circuits were properly balanced the camera
wvas started and salt solution was poured into the flow from glass con-
teliners. A saturated solution vas used and the amount introduced varied
during the tests from one-fourth pint to one quart. It was uswally in-
troduced at the upper end of the flume but in some instances the intro-
duction was mede cloge to the first set of electrodes. From three to
five measures of brine could be emptied into the flow during the 10

seconds required for the £ilm to pass through the camera.
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Since the oscillograph was arranged to provide visual observetion,
very few film records were made. The type of electrodes, the number of
dry cells necessaxry in the circuit, the amount of salt, and the point
of induction were studied visually on the ground glass of the oscillo-
graph.

When the test circuit was coponected to the oscillogreph the galvano-
meters registered & base deflection due to the passage of some current
through the flowing water. The amount of this current was dependent upon
the area of the electrode exposed to the water and the amount of electro-
motive force supplied by the dry cell batteries. As the brine solution
passed between the electrcdes, the conductivity of the water was increased
and the flow of current increased.

The windings in the galvanometers were calculated to give a deflec-
tion of the light beam on the film of 1 inch per 5 millismperee change
in current. The base current amounted to from 1 to 3 milliamperes and
during the passage of the brine was increased to approximetely 8 milli-
amperes. The instantly responding moving coil galvanometer and the
optical system produced a current-time record on the £iim, in which
distance along the f£ilm was proportiomal to time; and the deflection of
the beam of light was proportional to the instantaneous value of current

passing through the galvancmeter vibrator.

The record obtained by such an arrangement is so long that it is

not feasible to reproduce it here. However, a portion of an actual
record is shown on Figure 1A. o attempt was made to measure accurately

the value of the current since it had little bearing on the results.
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The distance between the curves produced by the passage of the

salt, as measured by the time scale imposed on the f£ilm by the 60-cycle
alternating current, corresponded to the timz necessary for the flow to
travel the distance between the pairs of electrodes. This distance was
accurately measured in the flume. The distance between the curves on
the film was taken in three different ways. The distance between the
centers of gravity of the curves, the distance between the pointe where
the curves left the base lines, and the distance between similar points
on ‘the curves were measured. The distances all agreed very closely and
no trend was evident of one measurement indicating a higher velocity
than another. The measured velocities checked the calculsted average
veloclties very closely.

The electrodes with greater exposure to the flow produced a greater
base deflection in the galvanometers but this could be diminished by
decreasing the voltage in the circuit. The electrodes extending above
the water surface were sensitive to waves on the surface of the flow.
This caused extraneous deflections in the galvanometers which were at
first considered to be objectionable but were later found to be readily
distinguishable from the deflections caused by the brine.
It was concluded that strip electrodes fastened to sides of the

flume or circular electrodes on the sides or bottom of the flume would

give satisfactory results. The area of electrode waes immaterial since
it wes necessary to balance the current at the instrument before eech
test, using one, two or three 1-1/2-volt dry batteries.

The amount of salt necessary to produce & legible deflection was

gdetermined by trial. The quantity of salt solutlon influenced the

deflection produced in two ways. The maximum deflection was incresased
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by aa increase in salt solution and the curves extended over a greater
elapsed time. Too great a deflection caused the curve to swing beyond
the edge of the film and an excessive time interval made the calculations
difficult. By determining the correct amount of brine and by pouring it
into the flow quickly very readable curves were obtained.

Final Tests in the Leaboratory

A technique necessary to secure and interpret the records obtained
by “his method of measuring velocity was developed for the low-velocity
flume. To expand this technique, a wooden flume was constructed on a

45.3degree slope. The inside dimensions of this flume were 9.6 inches

wide by 10.5 inches deep. The length was 17 feet 2-1/2 inchee, measured

along the slope. The water was delivered to the flume by & 1l2-inch
centrifugal pump and was admitted to the flume under pressure from &
rounded-edge slide gate. The maximun discherge of 8-1/L4 second-feet
produced velocities of approximetely 50 feet per second.

The electrodes installed in this flume were 1/2-inch bress disks,
placed flush with the inside surface of the chute. NWine sets, two dilsks
for each set, were placed in the floor of the chute, 18 inches between
sets, measured along the centerline of the floor. Nine sets of electrodes
were placed in the sides of the chute at the same spacing and in line
with the bottom electrodes.

The brine was introduced into the flow from & pressure tank with an
outlet immediately downstream from the slide gate and controlled by &
quick-acting valve. The introduction was made at the surface of the flow.

The technigue followed during these tests was essentially the same
as that in the low-velocity chute. Three additional elements installed

in the oscillograph made it possible to measure the velocity over longer




reaches and to trace the action of the salt cloud through a greater
distance. The base current through the circuits was found to be slightly
l2ss than that in the low-velocity chute, probably due to the relatively
smell electrode area, hence & larger amount of brine was ﬁecessary to
produce a suitable record.

The brine could be introduced more rapidly with the quick-scting
valve so the initial cloud in the flow was evidently quite similar to
the cloud in the low-velocity chute. However, there was more elongation
as it passed down the chute. This was expected since the turbulence in
the flow was greater and higher velociiies preveiled.

Near the close of the test program finely grcund salt was used in-

stead of a brine solution. The cloud, as registered by a millimmmeter,

waé slightly longer than the brine cloud but was very little greater in
concentration. Evidently the highly turbulent flow dissolved the salt
rapidly and distributed it throughout the cross-section in & short
distance. Although it increased the work necessary in making an
analysis of the osecillogram curves, this method was considered more
desirable because of the simple manner in which the powder could be
introduced into the flow. Since the method was being developed for
field use, simplicity of equipment was essential.

The sexries of tests although not extensive led to some definite
conclusions. Oscillograms produced were easy to interpret, Figure 1B.
The brine cloud was carried the length of the flume in a sufficiently
compact mass to give good records.

The results obtained from the electrodes placed in the side of the
chute checked those from the bottom electrodes so closely that there

was no evidence of disagreement. This indicated that the brine was
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well distributed throughout the cross-section and the equipment employed
was sensitive to the presence of the brine regardless of the location of
the electrodes.

Measurements of velocity by the use of either side or bottom elec-
trodes checked the calculated velocity within 1 percent. The velocity
was calculated by the formula V = Q/A, where V is velocity in feet per
second; Q, discharge in cublc feet per second, and A, area of the cross-
section in square feet. The discharge was measured over the calibrated
laboratory welr and the area of the cross-sectlion was carefully measured
at the gate,

The oscillogrems obtained from this chute showed & persistent pul-
sation in the base current. This pulsation was not periocdic and the
resulting deflections were not of equal magnitude. Severel explanations
were offered for this occurrence. It was possible that splash from the
flow wet the insulation of the wire leads and caused a part of the leads
to act intermittently as electrodes. Visual observations of flow condi-
tions, however, showed pulsations in the flow itself. There appeared to
be regions of high-velocity water separated by regions of lower velocity.
These flow pulsations were evidently reflected in the photographic re-
cord. Velocity determined from the £11m by using these minor deflec-
tions of current gave consistent resulits when compared with the deflec-
tions caused by the peassage of salt.

For the purpose of making field measurements, it was concluded
that electrodes, if installed in a structure at the time of its erec-
tion should consist of small plates embedded flush with the interior
surface of the channel. The wire leads could then be carried through

the walls and to some suitable location for the recording equipment.
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BElectrodes for instaellation in an existing structure should consist
of metal strips securely anchored to the sidewalls in such a menner that
they would offer & minimum resistance toc the flow. They should be in-
stalled perpendicular to the floor of the chute and be of sufficient
length to extend above maximum water surface. The wire lead should be
attached to the upper end. The distance that the electrodes should be
separated, either longitudinally or transversely, would necessarily
depend upon the section to be tested.

From the results obtained in the small chute, it was concluded
that finely divided dry or moist salt would dissolve in the turbulent
flow very rapidly and would be satisfactory for use in the field. Some
development work was done to secure a means of accurately determining
the water surface in extramely turbulent flow. The basic principles
applied appeared to be satisfactory but insufficient time negated the

completion of equipment suitable for field use.

IV TESTS ON KITTITAS WASTEWAY

Description of Wasteway and Test Equip_nent

The wasteway at Station 1146+30 on the Kittitas Main Cenal, Yakime
Project, Washington was selected as suitable for conducting the test
progranm.

In this structure there is a drop of 340.5 feet in & horizontal
distance of 1213 feet. All but & small fraction of a foot of this fall
occurs in & horizontal distance of 1135 feet, Figures 2 and 3. With
two bottom slopes available for testing in the same structure, con-

siderable data could be secured from & single installation.
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The approximate location of electrodes is shown in Figure 3. It
was considered advisable to install th: pairs of electrodes at the two
different intervals because of the uncertainty of the stability of the
salt cloud. Should the digpersion occur quite rapidly the 10-foot
reaches could be used to determine the velocity. The 90- 100~ or 110-
foot reaches were preferable, if the dispersion should be sufficiently
small, because the percentage of error in reading the time would be less.
The actual distances between pairs of electrodes vwere measured after in-
stallation and these distances were used for all calculations.

The wiring system differed slightly from that used in the laboreatory.
All electrodes on the left side of the wasteway were connected in series
by a sisngle insulated wire leading to the switchboard at the oscillograph.
A separate insulated lead connected each of the electrodes on the opposite
side of the structure to the board. The dry cell batteries were intro-
duced between the switchboard and the oscillograph.

Discharge Measurements

The discharge through the wasteway was determined by gaging the flow
in the main canal with a currentmeter. During the greater part of the
tests, the total flow of the canal was diverted into the wasteway. For
this condition only one gaging station, located above the wasteway turn-
out, was necessary. The remainder of the time some vater was passed

down the canal for irrigation purposes. A gaging station located in the

main capal downstream from the turnout was used to obtain the quantity

passing. The difference in discharge as measured at the two gaging
stations was used as the quantity passing through the wasteway. The
currentmeter measurements for each test were mede simultaneously with

the velocity and point grge measurements. An experienced hydrogrepher
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from the project office made all the currentmeter measurements. Standard

currentmeter practice was employed and care was taken to attain a high

degree of accuracy.

D_e_pth Measurements

All messurements of depth of flow were made with a point gage,
Figure 4A. Ten cross-sections were measured, one at the mid-point of
each of the 10-foot electrode stations. Nine obeervations approximately
1 foot apart, were made at each cross-section. This same procedure was
followed throughout the program except at the higher discharges when
excessive spray made it necessary to 2bandon the first station below the
convex vertical curve. At the maximm discharge, it was also necessary
to abandon the second station below the curve.

After the tests were completed, the width of the channel at each
station was carefully measured. Polnt gage readings of the bottoni of
the channel were taken with the same instrument and at the same loca-
tions at which the water surface observations were made. The depth and
area of cross-section occupied by the flow was calculated from these
measurenments.

The results of the depth measurements are given in Table 1. The
table consists of ten divisions, each division showing the properties
of one of the sections observed. In the first column of each division
is given the discharge as measured in the main canal during the time
the depth observations were being mede. The next nine columns give
the actual observed depths of flow in feet at distances from the left
sidewall., In the column headed "mean depth," the average of the nine

readings across the section is given. The next column, flow aresa,
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glves the area of the cross-section of flow. This is the product of the
depth given in the preceding column and the average width of the channel
as measured. This aree 1s corrected for the cross-sectional area of
fillets between the sides and bottom of the channel, .The last two
columns show the wetted perimeter and hydraulic radius as calculated
from the preceding values.

All observed depths have been included in the table to show the
consistency of the results. The choppy water surface and the large
amount of spray rendered it difficult to determine where the point of
the gage should be to give a reading that would be indicative of the
actual depth of flow. The surface conditions alsc made it difficult
to obsexrve the point of the gange. The depth of flow was considered to
be at the base of the loosely flying spray and drops of water. The top
of the main portion of the flow included numerous smell waves or rollers.
The water depths given in the table are approximate mean values between
the crest of the waves and the troughs between them. The vibration of
the point gage was relied upon more than visual observation to insure
that the point was at relatively the same position in the flow for
successive readings.

Two factors may be observed in the depth measurements as given in
the table. For the high discharges, the wave due to entrance conditions,

Figure 5, was reflected in the point gage readings at Station 1-2 and

3-4. This wave was not observed beyond that point. The water surface

at the sides of the chute was higher than that in the centxsl portion,
Figure 6. For the higher discbarges, this high portion extended
slightly over a foot from each wall and was as much as O.4t foot higher

than the central portion of the flow. For this reasomn, observation of




B. WAVE IN UPPER SECTION CF WASTEMAY CAUSED BY ENTRANCE
CCNDITION. DISCHARGE 922 SECOND-FEET
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A. FLOW CONDITICKS ON 10°-12' SLOPE. DISCHARGE 777 SECOND-FERT.
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depth by staff gages fastened to the walls of such a structure would be
in error.

For the two lower discharges, well-developed traveling waves were
persistent in the flow, particularly on the steep slope. They were not
obvious in the higher flows. These waves formed in the upper transition
section and increased in magnitude and velocity as they progressed down
the chute, Figure A, They are the type of wave observed in numerocus
structures at low disckarges and have been referred to by some authors
as "slugs" or "balls" of water.

Some interesting observations were made in regard to these waves.
Although 25 waves were coserved to pass Electrode No. 18 in 50.8 seconds
with a discharge of 193 second-feet, they were not periodic. At times
two would pass in one second and then & lapse of two or more seconds
would occur before another was observed. The average rate of occurrence
of these waves at Electrode No. 20 for the same discharge was one every
1.6 seconds. Observalion and study of motion pictures showed that the
velocity of these waves was considerably greater than the velocity of
the intermediate water. This may also be seen in Figure 7. .The front

of the wave was nearly vertical, while the back had a long slope that

extended almost to the front of the succeeding wave. The wave frcnt

was almost a straight line perpendicular to the direction of flow.

The cause of the waves was not definitely observed but the con-
clusions are that the friction in the fluld being less than that
between the fluid and the solid chute caused the upper part of the flow
to slide over the lower part and thus attain a higher velocity. This
velocity water overtakes the water flowing at e lower velocity and
tends to plle up forming waves. The mechanics of these waves is similar

to that of & hydraulic jump.
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The waves made it difficult to obtain an average depth of flow for
the discharges at which they occurred. Obeervations were made at the
crest of the wave and at an intermediate point and the mean of these read-
ings considered as the depth of flow. Observations of depth for the 89
second-foot discharge have been omitted from the table except for the two
upper stations. The magnitude and rate of occurrence of the waves at
stations farther down the channel rendered the observations doubtful.

It will also be noted that the data is not complete for Statiocns 11-12,
13-14, 15-16. As has been mentioned before, adverse conditions due to
sprey negated completion of the data, Figure 8.

Velocity Measurements

The six-channel oscillograph used in the laboratory was used for
making the field tests, Figure 4B. The only change in the instrument
was the addition of an electrically driven, 50-cycle tuning fork to
provide a time base. The vibrations of the tuning fork were recorded
on the film by connecting one of the galvanometers in the tuning fork
circuit. The remaining five elements were available for connection to
the electrodes. Data were obtained from ten discharges renging from 89
to 1005 second-feet. The circuits and elements were adjusted umtil the
light beams would register the trace of the current of the film. Flowr
salt, of a fineness to pass a lkO-mesh sieve, was moistened until the
particles would cohere when molded by hand into bells. The size of the

ball necessary for satisfactory registration on the £ilm was determined

by trisl and error. When measuring velocities over a reach of 200 feet
with the lower discharges, balls 2 inches in diameter wvere gsufficient.
For longer reaches or larger discharges, the size of the balls was
increased. At the maximm discharge, with velocities measured over a
LoO-foot reach, the diameter of the ball was approximately 7 incbes.
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After the bells were formed, the recording apparatus was set in motion.
The balls were then tossed into the flow & short distance upstream from the
test reach. The number of bells used varied from cne to five. On short
sections five salt balle were used for a eingle film record. It was found
that all the baells did not record because of the relatively short film,

80 the number was reduced to two for short reaches and a single ball for
the longer reaches.

Since only five galvanometer elements were available, five records
were necessary to cover the entire length of the flume at each discharge.
The first five sets of electrodes were connected for the first record;
the next five sets for the second, and so on down the wasteway. For &ll
tests, except the first three discharges, one record was made with
Electrodes 1, 3, 5, 7, and 9 ccunecved and another with Electrodes 12,

14, 16, 18, and 20 connected. It was found that by introducing ope
large ball of salt, the cloud carried over the longer distance in ample
time and in a sufficiently campact cloud to give a legible recoxd.
Visual observations with a milliammeter showed that the salt wac carry-
ing the full length of the wasteway in a sufficien® concentration to
produce records, however, the cloud was greatly elongated.

The velocities, as calculated from the osclillogrems and measure-

nments made in the wvasteway are given in Table 2. In determining

velocities from the oscillogrems, the time distance required for the
salt clouwd to pass from one set of electrodes to another was obtained
by averaging the time distances between the beginning points on the
curves, and the time distances between other characteristic points on
the curves. This probably resulted in a velocity approaching that of

maximmun, perbaps slightly less.
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It was very difficult to read the time interval from the oscillo-
grams for the 10-foot electrode stations and the error involved was
high; therefore, 90- 100~ and 110-foot sections were used almost entirely
for determining the velocities. Velocities could not be obtained from
some of the records resulting in blank spaces in the table.

Several of the electrodes were damaged and a few were broken off
and carried awsy by the combilned action of the high velocity water and
rocks and pebbles in the filow. The bent electrodes altered the distance
between stations but since comparatively long reaches were used for the
actuel velocity determinations the error introduced from this source
wvas small. The bebavior of the salt cloud as it traveled down the waste-
wvay is not known. It may have traveled from side to side as it pro-
gressed down the chute. This inference was gathered from observation
of the electrodes after the completion of the tests. It was noted
that the electrodes suffered more damage and the concrete showed more
erosion on the left wall of the wasteway at one station while at the
next station dowvnstream the damage and erosion were on the opposite
wall. Such action, although not & symmetrical zigzag pattern, was
noted throughout the length of the wasteway. It is pessible that some
portion of the salt cloud traveled continuously in the high velocity
center flow and it was this portion which caused the initial deflec-
tion of each galvanometer. If this is true the measured velocities
approach the maximum velocities. :

The velocities observed between Electrode Staticns 1 and 3, with
a discharge of 1005 second-feet, are slightly above the mean velocity
calculated from the continuity formula, V = /2gh. The value of h

used was the difference in elevation between the water surface in the
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canal and the water surface at a point midway between the two stations.
No entrance loss or loss due to friction was assumed. These are the
only two observed velocities that exceed the velocity calculated by the
above formuwla. Since both observations made under the same conditions
exceed the theoretical velocity, it may be that the measured velocity
is the maximum velocity in the flow.

Other sources of error, although very small, lie in the fact that
the spots from all the elements in the oscillogreph cannot be adjusted
to lie exactly on & line perpendicular to the centerline of the f£ilm
and the rotation constants of the elements are not identical. Each
element deflects slowly at first but with repidly increasing velocity,
partly because the current is increasing and partly because of its own
inertia. Hence it is difficult to determine on the f£ilm the exact time
that a deflection starts. These sources of error are small.

The nature of the records necessitated the foregoing analysis. As
has been stated, the velocities thus determined approached that of maxi-
mum. In the design of steep chutes and spillways, the average velocity
in any section is required before freeboard can be determined.

If the time distance is taken from the centers of gravity of the

areas under the two curves, the resulting velocity should be an average

for the sectiont!. As the velocities recorded in Table 2 were computed,

as described above, it appears that they are greater than the average
velocities. Assuming this to be correct, sixteen of the clearest
oscillograms were selected and the time distances to the centers of
gravity of the curves computed. The velocities from beginning points
on the curves were slso computed. The retio of the velocities from

the beginning points divided by the velocities from the centers of
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gravity for the sixteen sets of curves averaged 1.40. The ratio of

veloclties as recorded in Table 2, divided by the velocities from the

centers of gravity averaged 1.24.

As the osclllograms were in meny cases indistinct, and in some
cases the curves were not completely recorded, it was impossible to re-
analyze all of them to obtain the average veloclity. Instead the veloc-
cities in Table 2 were reduced by dividing each velocity by 1.24, the
average ratlo of veloclty as obtained by the first method to the veloc-
ity as determined by using the time distance between centers of grevity.
The veloclties as computed in this manner are given in Table 3.

Entrained Alr

The percent of entrained air as computed from velocities as shown
in Table 3 is given in Table 4. Station (1-3) refers to the reach
between Electrode 1 and Electrode 3; Station (3-5) refers to the reach
from Electrode 3 to Electrode 5, etc., Figure 2. The mean depths,
hydraulic radii and velocities refer to the mean of all such measure-
ments taken at the ends of and within each reach.

In that portion of the table applicable to the 10° 12' slope, if
the two lower discharges are disregarded because of the traveling weve
type of flow and particular observation made of the velocities pre-
veiling for discharges 362 to 719 second-feet, inclusive, there Appears
to be an increase in velocity for each discharge as the flow progresses
downstream. This is not apparent for the three higher discharges.

This condition may be cnly & result of errors or velocity fluctuations
but seems to be too consistent for that. It may be that for inter-
mediate discharges, constant flov conditions bad not been reached in

the {ransition section but for the higher discharges such & condition
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did prevail. The water-surface measurements show an almost constent
depth for each discharge. throughout this section of the wasteway.

Another reason that the water-surface retsurements do not agree
with the trends shown by the velocity -measurements is because the point
gage readings covered & considerable period of time and represent the
average water surface over this period‘ while the salt cloud employed to
measure velocity represents a localized section of tke flow and may
attain 8 velocity associated with a single velocity fluctuation.

FYor the high discharges on the 10° 12' slope and for all discharges
on the 33° 10' slope, there is no consistent increase of velocity for a
glven discharge and slope as the flow progresses down the wastewsy.
Hence it is loglcal to assume that uniform flow conditions prevail.
This is not true for the flat slope at the lower end of the wasteway.

Here the flow was decelerating and is consequently nonuniform.
V SUMMARY OF ALL TESTS ON CHUTES

Existiag Data

The tests on the Kittitas Wasteway were not of sufficient extent

> determine the relationship of all variables involved in high-velocity
flow in open channels. In order to obtain & comparison of the results
with those of earlier experimenters, & summary of all data on air con-

18’20’21'22. This

tent in chutes was complled and is given in Table 5
table contains information on only those chutes <for which the date is
complete. Scattered bits of data have not been included.

The volume of water entering the structure, the velocity of flow,
and the area of the cross-sectior muat be messured in order to determine

the volume of eair in the flow. Dete other than that given in Table 5
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have been found, but in most instances, only two of the above values
were actually measured and the third calcuiated from the formula Q = AV.

The disrizarge was usually calculated from measured cross-section and -
measured velocity. This, of course, gives a quantity that includes the
air and hence is in excess of the true water volume. For this reason,
numerous experimenters have found & value for "n" for Manning's formula
that is very close to the expected value, ‘wheress i€ the actual water
discharge were used, some other value might bave been found.

It is possible that some of the observations were made in regions
where stable flow conditions bad not been attained. The data under
No. 26 undoubtedly belong in this class. Observations by the author
made at this location show that vhite flow prevailed only near the
sides of tie structure while the center portion of the flow was darker
colored. The deta under No. 27 were taken on a slope preceded by a
steeper slope (No. 26). A comparison of the measured velocities
indicates tbat the flow was decelerating at this section. Other data
may bave been influenced by similar conditions but details are not
available.

Velocity of Flow:-in Chutes

The experiments of Ehrenbergerls Yielded the most complete date

on chutes. He attempted to establish a relationship between the
hydraulic properties of the channel with models and found that

vu 9m0.52(sin g)o.h.........Q....O‘........“.‘...'....(2)
where V is velocity in feet per second, R is the hydraulic redius, and

© ic the angle that the bottom of the chute makes with the horizontal.




This relationship was established by model tests made in & wooden
chute 0.82 foot wide. The depth varied from 0.048 to 0.161 foot and
the hydreulic radius from 0.043 to 0.116 foot.

Experiments reported by Ehremberger’ on the Ruetz Wasteway in
Austria show that the velocity varies with R°°75. The bottom width
of this wasteway was 8.2 feet. The depth for the flows varied from
0.10 to 0.74 ’foot and the bydraulic radius from 0.097 tc 0.640 foot.
This wasteway had a wooden lining. Data from this same wasteway re-
ported by Sehok1itscho’ give depths from 0.31 to 0.9% foot and
hydraulic redii from 0.29 to 0.79 foot. They showed no consistent

relationship between V and R. The experiments made by S‘bewa.rdal

in
1913 do not show a consistent relationship to exist between velocity
and hydraulic radius.

The experiments on the Kittitas Wasteway covered depths fram 0.5
to 2.9 feet and hydrawlic radii from 0.5 to 1.7 feet. The data on
velocity and hydreulic radius for these tests have been plotted on
logaritimic paper and a straight line drawn through the points per-

taining to each slope;, Figure 9. The equations of these lines are:

Ve B0 B3 02 10° 12%ueueuiineineneiniensencensa(3)
Vo 55aB3 02 33° 10 euiereerrencnnecencnncncnna(l)
If Ehrenberger's formula, the data from the Ruetz Wasteway, and
the data from Kittitas Wasteway are considered, it appears that the
exponent of R increases as R is increased. There is a meager amount
of data upon vhich to base such a conclusion.
Since the data from Kittitas was obtained from only two slopes,

& generel equation, such as Ehrenberger developed, was not attempted.
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In equations (3) and (4) the exponent of R agrees with the exponent
of R in the Manning formula. This suggests tbat "n" may be computed for
uniform flow on steep slopes by expressing the lofss'of head per unit
length of flow as sin 6, where O is the angle of inclination of the

bottom of the channel with respect to the horizontal.

Thus the Manning formula for steep slopes becomes
v = l.h86R2/3(51n 9)1/2........’.....0.....'..00.00'0..0(5)
n

Camputing "n" by use of equations (3), (&), and (5) we find:
n= 00155 (0= 10° 12')
n = 0.0203 (6 = 33° 10%)

This would indicate that the value of "n" varies directly with the
slope. This is contrary to the definition of "n". The value of "n" for
the 10° 12' slope is slightly high for the type meterisl in the lining,
but on the steeper slope the value of "n" is entirely too high.

Air Content of Flow in Chutes
23

Ehrenberger ~ also developed formulas for determining the water
portion, s in & unit volume of high-velocity flow. His equations are
-0.05 -0.26 |
/= 0.42R (sin @) for sin 0<0.M476cceeeses(6)
and "0.05 -007h .
= 0.30R (sin @) for 8in 90 0.476.cceeneo(T)
These formulas are based on tests made on five different slopes
ranging from @ = 8° 49' to © = 37° 18' and hydreulic radil renging from
0.043 to 0.116 foot. From the formulas it appeers that with equal wall
roughness, the slope is the most important faector, and the hydraulic
radius, and hence the depth, are only minor factors.
A comparison of the velocities and air content observed in the

Kittitas Wasteway and corresponding values calculated by Ehrenberger's




formulas are given in Table 6. The observed velocities are consistently
lower than the calculated velocities but the air content of the flow at
Kittitas shows very poor agreement with thr calculated values.

The mean air content for the two slopes observéd at Kittitas and
the date from Teble 5 were plotied on logarithmic paper, Figure 10.
Two parallel lines have been drewn through the plotted polnts. The
equations of these lines are:

L= 0,81 sin 90‘6

4= 0.62 sin °°©

.I.............QO...'.O..OO.........'.‘.(8)

Q....‘......!t‘.l‘..'."..'.'......’0‘..(9)

where is the volume of entrained air in a unit volume of aerated

water. The numbers appearing in the figure correspond to the numbers
given the data in Table 5. Two lines were drawn because the points re~
presenting data from the model chutes did not appear to be closely
associated with those from prototype structures. The upper line mmy

be said to represent values from prototype tests, except for the flatter
slopes where the points are badly scattered.

Discussion of Chute Date

The difficulties encountered and the methods utilized in securing
measurements in high-velocity water cause & wide variation in results.
The date on velocities show closer agreement than those on air content
of the flow.

The velocity data, in general, are more consistent and a method of
application of these data will be shown in & later section of this thesis.

The data on air content, with the exception of Ehrenberger's, vary
widely. Attempts have been made to obtain an exponential formule re-
lating air contents, average velocity, hydraulic radius, and the angle

of the bottom of the chute with the horizontal, but no relationship




- . . p
sorparison of Lhearved [olecity

————

A0 alr vontent with 'nose

valculated v shrenberver's Jorruians

—

Sieie 100 - 1o
»in @ = 0,177

Discharge C(bserved Ubserve.d  Jaleulated  CUbserved ol culated
Second~ Mean l.ean /elecity foaan air Jentent
feet Hydraulic /elocity ft./sec.  Air content i ercant
xadius ft./sec. Fercent

ft.

0.45
0.69
0.96
0.97

]
2
-

o
p-c)\vr~:J<DiD\ﬂvD [w

Q0N
b

SO0 BN SN

-
-
.

°

e
oy

-3 &N
-

IS w W N

OWwaw OO0

oA W0 (T wvo W uan

3

RS

A AN AN
L]

W = QW LW O
*

.
.
-
»

oW i-Ww N
L[]

o N

1.
1
1.
1
1

I\)\J\\)UOJO*E:

AN
N

.

(e
AATN S I
0\

o~ O
.

3LeFE 33° - 10!
' Sin 6 = 0,547

Discherge (Ubserved (U(bserved Calculated ubserved calculated
Second-~ Mean Velocity Telocity ean Air Zontent
feet Hrdraulic ft./sec, #t,./sec. Air Content  rercent
Radius (¥ean) fercent
ft.

0.9 50.5
1.17 56.4
1.12 61.2
1.30 62.4
1.37 66.1
1.43 70.2
1.51 77.9
1.61 71.8
1.71 79.8

.
.

- *
.

QoYW o aN

SRR RV IS RV, IRV,
QENMWONVMIO O

-
[]

3RRES SR

it
.

Ew s EEEw

8




Ol: VOLUME OF AIR IN A UNIT VOLUME OF WHITE WATER

'
H

06 07 08 09 .0 20 .30 A0 .80 80 .70 8090100
SIN ©

O = Angle of inclination of chute measured from horzontal .

ot

Ok

RELATION OF AIR CONTENT l.N FLOW TO SLOPE OF GHUTE

FIGURE 10




52

has been found which can be confirmed within satisfactory limits by the
experimental data.

Air-content data from the Kittitas Wasteway and those date available -
from other structures do not’.follow tﬁe relationship established by
Ehrenberger, Figure 10. An attempt to relate the air content to the
Froude number did not yiéld satisfactory resulis.

Mechanics of Air-water Mixing

The mechanics by which the air enters the high-velocity flow usually
enters into the discussion of data obtained from chutes. A number of
theories have been advanced concerning this phenamenon. Conversation
with engineers interested in the subject and perusal of written articles,
attribute the mixing to:

(1) Entrance conditions

(2) Breaking waves on the surface
(3) Roughness of the channel

(k) Curves in the channel

(5) Turbulence in high-velocity flow

Certain of these factors have been discussed in a previous section
of this thesis. The tests on XKittitas Wasteway verify the hypothesis
that entrance conditions and channel curvature comtribute to air-water
mixing. Turbulence in the flow sssisted in distributing the air
throughout the depth. Thls distribution of air did not appear to be
uniform. The air content appeared much greater in the upper portions

of the flow.

Observatlions rmde by the author in conjJunction with a series of
2L

vibration tests at Black Canyon Dam, Idaho™ add a limited amount of

information on the mechanics of air-water mixing.
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A plan and typical sections of the dam are shown on Figure 1ll. Flow
conditions on the face of the dam were observed for different drum-gate
elevations, different combinations of gate openings, and different reser-
volr elevations during the time the vibretion tests were in progress. Alr
entrainment in the flow and aeration of the Jet when the gates were par-
tially reised were noted in particular and a series of pictures was made
of existing conditions.

When the drum gates were completely lowered, the edges and upper
gurface of the Jjet contained considerable air. Just how far the air
penetrated the jJet was not determined. When the drum gates were slightly
raised the conditions were greatly changed. Air entering from the under-
gside was carried through the jet and emerged from the upper surface
causing & boiling appearance. A similar condition was noted near the
edge of the jet when the gates were completely lowered. The air in
this case wvas evidently carried into the flow from turbulence caused
by the piers. A comparison of surface conditions may be seen in
Figure 12.

Another condition noted at Black Canyon and elsewhere is the
irregular line formed where the water surface first becomes roughened

and begins to entraln air. The top of the jet presents a glassy ap-

pearance for 8 short distance below the crest and then smell waves or

ripples begin to appear. The magnitude of the ripples increases as the
Jet continues downward. This line may be seen in Figure 12. This
surface condition is undoubtedly caused by friction along the air-water
boundary. The line was observed to move up the face of the dam when a
wind was blowing upstream thus indicating that the condition is a

function of the relative water and air velccities, The degree of
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aeration was also influenced by the thickness of the Jet and the position
of the drum gate.

The design of the plers permitted aeration under the Jjets when the
drum gates were in a raised position. The velocity of the alr that
entered under the Jjets was quite high at times as indicated by observing
bits of peper thrown from the tops of the piers. Evidently, & large
quantity of air is absorbed by the underside of the nappe. Turbulence
on this lower surface was greatly increased by the projecting rivet
heads on the lip of the drum gate and air entraimment began immediately.
This air was carried through the jet by internal turbulence and produced
the boiling effect at the upper surface. The jet leaving the drum gate
is shown on Figure 13.

Motion pictures taken on 16 millimeter £ilm at 128 frames per
second show the conditions described above much more plainly than still

photographs,

VI APFLICATION OF DATA

Applicability of Existing Open«channel Formulas to Aerated Flow

The Manning and Chezy formulas were intended for use on rivers and

canals with smell gredients, and comparatively small velocities. It is

highly improbeble thut either formule is directly applicable to the solu-
tion of problems involving high-velocity fliow.

A compariscn of the data from Kittitas with that obtained by Ehren-
berger bas been made in & previous sgection of this thesis.

The desired objective of the tests on the Kittitas Wasteway was to
Justify the use of existing formmlas in designing open channels or to
determine empirical values for a mev formula. This developed formulsa

should give results that would be in reasomable conformity with the
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measurements conducted on chutes. The data derived from the measurements

at Kittitas did strengthen the bellef that the Chezy and Manning formulas

as written are not applicable to problems where steep chutes are involved.

Insufficient data negated the possibility of extending Ehrenberger's

formula over a wide range of conditions, Hence & new method of design

wvas sought.

In the development of a design method certain assumptions are

pormally made. To conform as nearly as practicable to established

methods of hydreulic calculations and to logically follow the observa-

tions that had been made during the tests, the following assumptions

wvere made:

(1) Air in and above the water causes an additional resist-

ance to flow, which 1is directly proportionasl to the square of the

average velocity, and inversely proportional to scme power of the

hydraulic radius.

(2) The hydraulic radius may be based on a depth equal to

the discharge per foot of width divided by the average velocity

in the section, or the hydraulic radius, assuming no air in the

water.

(3) The value of "n" in the Manning formuls is consistent

for the particular type of materisl of which the chute or spill-~

way is constructed.

With these basic assumptions it appeared possible to formulate a

method of design tbat would include an eir resistance texrm.

The first assumption above is based on the following reasoning.

Although little is known of the mechanics of air resistance, it has

been frequently observed that the air over cheannels carrying high-
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velocity water attains velocities of considerable magnitude. The foree
necessary to keep this air in motior, which 1s an added resistance to
flow, comes from the water. This force on the air would be practically
independent of the depth of water but the retarding force on a pound of
water would be inversely proportional to the depth. As air resistance

is usually proportional to the square of the velocity, for high veloeci-

ties, it 1s reasopable to assume this to be the case until further data

can be obtained.

The second assumption may readily be Jjustified by an examination
of the Chezy formula.

V=0C /RS eesesesevcsvesceassecsssssssssssssssasssssssss(iO)

In this egquation the velocity varles directly as the square root of the
hydraulic radius. If air enters the flow, thus causing a greater
hydraulic radius, a higher velocity would result. It bas been shovn25
that the mean velocity in an open channel is independent of, or inversely
proportional to, the kinematic viscosity. The kinematic viscosity of
air, at 60° F, is about thirteen times that of water; hence, there is
little reason to expect tbat velocities would be increased by addition
of air. One would expect, rather a reduced velocity, and, therefore,
a higher value of "n".

The following derivation of the Chezy formmua shows that it is in-
correct in high-velocity flow to use the hydraulic radius of the
"insufflated” section, without changing the value of the coefficient C,

but the net hydraulic radius may be used.
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Let 100 A{ = percent of air in the air-water mixture by volume
b = width of channel (rectangular)
w = unit welght of water
= shear per unit area at surface of contact between water
and channel
Writing the equilibrium conditions for volume Dbdl

Dbdl(1l-/)w sin 6 = 72-(2D+b)Ad

or 7 = 12331;+ (1-4)w sin ©

let 7= kvo

Assuming k to be the same in water and in air-water mixtures

Db
k=%

and S = sin ©
then kV2 = R(1-4)wS
v = (3926
(,})l/ 2 o Chezy C

1/2

/RS

and V = (l-/“)l/EC/E o.oooo.ooooooooooooo000000'0-000(11)
In other words, the coefficient C in the Chezy rformula must be multiplied

1/2 ) ‘
by (1=4) / when applied to water and air mixtures. Defining R in 2 new way
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R et . PD(1-7) Q
= V(2DHD) seevsccscsososcsccnccsesessss(ll)
in which @ = total discharge of the channel
and V = average velocity in a section
the Chezy formula remeins
V= c/'ﬁ;,c"(m)
In @ similar manner it mey be shown that the Manning formula should
use the Rne‘t as defined above when water contains air.
The third assumption is based on the definition of "n" as given by
a number of authors. A

Analyticel Form of Air-resistance Correction

The coefficients in both the Chezy and Manning formulas were obtained
empirically for lovvelocities. Under these conditions there is undoubtedly
very little resistance to flow from the water-air surface. For high-
velocity flow, a great deal of air 1s set in motion by the water with addi-
tiopal losses which would not ve included in the Chezy or Manning formulas.
In order to use eithexr of these formulas it is necessary to make a correc-

tion for the additional losses.

The Manning formula gives the following values of C in the Chezy

formula:
1.486.1/6

C = =" r
n

....‘...0....0.0....00....0..".0.....00.0.(11&)
The Manning formula as usuelly written being

v o 2e486,2/351/2
n

N ¢ £3

vhere n is Kutter®s roughness coefficient. This equation may also be

written as

S = n2V2
2 .20823“; 3

‘lOO.‘D..00....Q‘...Q.....................0.(16)
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Following the assumptions stated above, a term to account for the
ailr resistance may be added. The formula then becames
s - —20 73t i .27)
2.20828 /3 Rlet

where K and p are empiricel values to be determined experimentally.

When air is present 1n the flow the hydraulic radius, Rpets will be
slightly greater than the hydreulic radius, R, .., with no air preeent in
the flow. Since the values of "K" and "p" are to be obtained experi-
rmentally, those values may be adjusted to compensate for the change in
hydraulic radius.

R cannot be determined until the amount of air is known. How-

net
ever, we may write

Ri-o= a%’w PR ¢ 1 )

which is the bydraulic radius when &=, or when there 1s no air in the
flow.
The formula for steady flow then becomes

se_sP2 L me
2.2082R P Y & L) |

. /¢ el
T
sine of angle between energy gradient and horizontal

width of a rectangular channel

total discharge

S
b
V = average velocity in the section
Q
P

= constants determined from experimentel data
For steady flow conditions, the avallable energy is represented by
S. Thie energy is divided into two parts; the first part of the equion
represenis the loss due to intgrnal friction and frietion between vater

and solid surface. The second part, which represents the loss due to air
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resistance, 1s directly proportional to the square of the velocity and
inversely proportional to some power of the depth or hydreulic radius.
The equation as stated is not directly applicable to the deeign of
channels with steep gradients.
Dr. V. L. Stneeteras makes the following application of the equa-
+ion by combining it with Bernoulli's equation. The values of "K" and

"p" were determined from the data taken on Kittitas Wasteway.

Figure 15
From Bernoulli's equation (Figure 15):

E=Bo

V3 A
VA

«Y
- _/81n0+DcosQ+lrg_

coccoseessccoscessscesee(20)

in which 2= /

where A = cross-sectional area
Vi = velocity at elemental area, dA
V = average velocity in the section
¥itholdefined as above, 0%.2. is the average kinetic energy per pound of

vater for the section. Taking the derivative of (20) with respect to <

ap cos O +,-,{_‘1 av
W 8 w 0....0.0'......000..5......(21)

ge-eine-l-




with Qo = VD = discharge periroo’t;‘ of width
av :
dD = -D%V -2

vE ‘C..’...'...0....O".O.‘.O.".'..‘D.O...(aa)

Combining (21) and (22):

3E - av ,av av
= -sin 6 St —
a_i.; 8 cos W*Sa,? 000-000900&000000"‘°°’(23)

Using the Manning formula with & correction for air resistance, as given

in equation (19):

S = d'E',u -nava -‘K—va—--
TJ .2-’-27‘8_2&/??5 R/g:a o-ooo—oooo-oo..ooo-oooocoocc(ah’)

The negative sign is used in the right side of the equation to shov a
decrease in E for an increase in ¢ . Equating (23) and (24) and solving

gor &
av
&/ oV - % cos o
P BB — -2
avr * g v
sin 6 - nzvz “Kva oc-.ooooo.ooooooooocoo-ooo(25)
sreoeallS B

in which K and p are to be determined from experimental data. Although
equation (25) appears conplice.ted. the right side mey be expressed as a
function of V for any particular camel with constant width, provided %o,
the roughness and the slope are known. Under such conditions
o V
B = s;g%v
vhere b = width

Equation (25) may be written %,;,' (V).

Plotting %’. £(V) as ordinate against V as ebacissa, as shown in

Figure 16, the cross-batched area is the length to that point




in the chute where the velocity is VJ.' The velocity at the beginning
of the slope, or any other point in the chute at which the velocity is
known is V. |

Evaluation of Coefficients

For all practical purposes it may be assumed that the velocities

as determined in Kittitas Wasteway, Table 3, are terminal velocities.

The values of the constants in equation (19) may be determined as

Pollows:

l}/
- 3" 14
2.20823, v R/Mzc

log g . noy2 ;-103K+2logv-plogR/¢;p

2.2082K ﬁ;{

losis_ ndy2 ;8x
log K= A
log V= Z
andlogl}u
then Xw A + 22 -~ DY

S

;‘.=Y

and X - 2Z s A - DY




By least squares, the two condition equaetions for determination of A
and p are:
I 3(X-2Z) wsA - p5Y
IT SY(X - 2Z) = ASY - ps¥°
These two equations in two unknowns, result in K = 0.0000364 and
p = 1l.h6.

Applicatior to the Design of a Typical Steep Chute

To illustrate the use of equation (25) Dr. Streeter2® applied it to
the design of a typical steep chute. Substituting the values of "K" and

"p" in equation (25)

, 2V ~-% cos ©
as —
I‘v"

£
Bm 9 - —-——-—tvgnzvz - 0.000036’W2 Y XRY TN NR RN X/ 26
20208&/‘“;0 Ri:'::ig‘_ ( )

Given: A concrete chute with rectangular cross-section,

8 feet wide, and an angle of floor with 'horizontal
45 degrees. The discharge equel to 1,600 second-
feet.
The average velocity et any section including air
resistance, and the average velocity if no air
resistance is assumed.

Solution: Assume n = 0.012; x'= 1.16; water enters at
critical depth, Do = 10.75 feet; critical

velocity, Vo = 18.6 feet per aecondz?.




Then R,.., “ﬁgﬁ‘%‘%
7

and equation (26) becomes

0.036070V ~ 1kl42

as )

aw 1.6
0.7071 - o.ooo,ooo,055,755v2(V+5o)l’/ 3 _ 0.000,000,015,508V>(V+50)

The solution of this equation ié shown in Table 7. The value of V2
is determined from d/ either by the method outlined above or 'by’ ‘Si.mpsqn's
rule. The teminala_gelocities vith the air resistance term and without
the air resistance term are found to be 101l feet per seccond and 117.3
feet per second, respectively. The distances down the chute at which
99 percent of the terminal velocities ave reached are S46.6 feet and
1,007.2 feet for the two cases with air resistance and without air

resistance, respectively. The length may be plotted against the veloc-

ity, or against % = Pnet. As the water contains air, the actual depth
° .

vill be greater than Dpat.
Freeboard Computations

Because of the inconsistency of the air content data & formule
for freeboard computations in chutes could not be derived. At present
there appears to be no reliable means whereby the amount of air or
its distribution in the flow may be pmdicte&ase Attempts were made
to fit the available data with formulas as follows, by the method of
Jeast squares: |

Al W

Sfom K(&f, cos o)oc
4 = KR (cos 0)/

Ve

in which) ,/ , end K are constants.
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None of the above formulas would fit the data to a satisfactory
degree. Either the date are not reliable enough, or the type of formula
is incorrect.

In determining the amount of freeboard, vertical curves will usuelly

be critical points. The maximum velocity and not the average veloeity,

should be used in computing the trajectory to design the shape of ver-
tical curve. The maximum velocity might well be taken as 1.5 times the
average velocity of the section as an additional safeguard.

The highest air content found in the Kittitas data is 60 percent.
It would seem reasonable that the ailr content would be directly pro-
portional to some power of the veloc:f-.ty, and inversely proportional to
some function of the hydraulic radius and slope of the bottom of the

canal. This has not been verified, however, by the existing data.

VII CONCLUSIONS AND COMMENTS

Equipment and Methods

Many difficulties are encountered in making quantitative obser-
vations of flow in open channels with high gradients. These diffi-
culties are reflected in the data obtained and conasiderable discrepancy
results. The value of the data is contingent upon the equipment and
methods utilized in prosecuting the program.

Measurements must be mede of the quantity of water entering the
chute, and the velocity and area of cross-section of flow in the chute
for determination of air content in the high-velocity flow.

For accuracy of results the quantity may best be measured at &
point outside the test structure where the flow is above critical
depth. This procedure permits following commonly accepted methods

of measuring dlischarge.




A satisfactory means of measuring high velocities in flow has been

developed and should assist in future studies. Velocity observations

taken electrically, using salt as & conductor, and an oscillograph to

record, through electrodes in the flow, the time of passage of the
brine cloud will yield satisfactcry results and afford & permanent
record. With an improved oscillogreph the meximumn and average veloc-
ities for a section may be obtained within reasonable limits. These
two values would then give some picture of the velozity distribution.

The time distances between centers of gravity of the curves on
the oscillograms may be used to compute aversge velocities, and the time
distances between beginning points on the curves to obtain meximum
veloclties. Equipment can be obtained that will produce records of
such quality to permit rapid interpretation.

Because of the convex nature of the water surface, observations
should be made throughout the width of the structure. Observations
made by means of gages on the sides< +the cbannel would be somewbat
greater than the average elevation of the surface at the section. The
point gage method of measuring water surface, although satisfactory, is
time consuming. Some improved method, w:re in keeping with the means
of securing velocities, should be developed.

No satisfactory means of studying the mechanics of air-wvater mix-
ing was developed. Much additional work must be done before the pro-
blem can be explained quantitatively, and in particuler, & study of
the surface flow exposed to the air should be made by means of an
ultra-speed motion picture camera. It 1s possible that this problem
may be studied with models in the lasboratory, but it appears that the

final analysis must be made in the field on large structures.




Present Data and Application

The flow of water on steep gradients is essentiaslly different from
that found in channels of oxdinary slope. Velocities are greater than
the critical end the kinetic energy greatly exceeds the static pressure
of the water prism. Water, mixed with air, flowing down & steep channel
does not follow the normal law of hydraulics as expressed by the con-
tinuity equation, Q = AV.

Concerted search of literature, supplemented by & program of field
measurements, shows that water flowing at high velocity in an open
channel does entrain air and that the existing velocities are lower
than ordinarily computed or assumed.

In the experiments on the Kittitas Wasteway, the indications were
that a terminal velocity existed. Furthermore, there is no question
that a large amount of air was entrained in the flow. On & &lope of
33° 10', an air content of as much as 60 percent by volume was found.

The results of the field tests have been compared to those ob-
tained from previous experiments by Ehrenberger. Thia comparison
indicated that for a constant velocity the exponent of the sine of
the angle with the horizontal decreases as the hydraulic radius in-
ereases. Since data from only two slopes Wwere available no definite

conclusions could be mrde.

The importance of using & correct interpretation of the hydraulic

radius in connection with the Mapning and Chezy formulas bas been dis-
cusgsed. The hydraulic radius must be defined as the area of cross-
section, assuming no air in the water, divided by the total wetted
perimeter including air. This permits the customary value of coef-

ficient to be used. The Manning or Chezy formulas, however, have no
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means of expressing air resistance. The nmature of air resistance is
discussed and a correction term for air resistance in the Manning
formula proposed. Coefficients for the new air resistance temm are
evaluated from the Kittitas data. Applications of the formula to the
design of & typical steep chute are given.

No satisfactory relationship among the factors, velocity, hydraulic
radius, and slope of channel to the air content bas as yet been developed.
Either the data are of questionable value or correct amalysis has not
beep. found.

The mechanics by which air enters the flow or its distribution in
the flow is not definitely known. However, conclusions may be drawn in
regard to contributing factors. The initial entreianment of air depends
to a great extent on entrance conditions and intermal turbulence of the
flow. Roughness of the sides and bottom of the channel, the slope of
the cbannel, the depth end width of flow, the air velocity and turbu-
lence over the flow, and the alignment of the channel, all must be con~
sidered in studying the insufflation problem.

Observations and photographs mede of numerous overfell dams in-
dicate that the Jets overflowing structures of this type do not contain
air in the quantities observed in marrower channels. This mwey be be-
cause there is not sufficient length of face on the dam to establish
constant flow conditions. It may also be due to some relationship

between depth and width of the Jjet to the air content.

Viswal observations supplemented by slow-motion pictures, of

waterfalls and Jets discharging from valves opereting under high heads
show that the Jet disintegrates rapidly and assumes a very white turbu-

lent appearance. Here, of course, the flow is ccapletely surrounded by
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atmospheric pressure. The only force holding the jet together is surface

tension and in the case of large Jets accompanied by a high degree'of

turbulence this force is relatively ama.llag. Consequently, the pressure

in tiie flow is very close to atmospheric and there is merely an inter-
change of position of particles of water and air. The internal pressure
mey bhave some bearing upon the ailr mixture in high-velocity flow in steep
channels particularly where the flow traverses a vertical curve.

On the structures observed, it may be concluded that present design
practice provides ample freeboard in high-velocity cbannels with the
exception of convex vertical curves., These curves must not be made
sharper than the trajectory of flowing water falling under the action
of gravity if the stream 1s expected to adhere to the bottom of the
channel. The portion of the water prism near the surface and in the
center of the channel travels at & veloclty from 20 to 25 percent
greater than the mean velocity in the cross-section and this maximm
velocity must be used 1n computing trajectories.

Additional Studies

More experimental data over a wider renge of channel sizes and
with varying degrees of roughness must be had before the phenomenon
of flow at high velccities is fully understood. In view of the pre-
sent status of the probliem, further studies should be directed toward
establishing approximate general formulas before much effort is gliven
to complex refinements. It is hoped that interest may be stimulated
. in the engineering profession to the end that additionnl data and
apalyses may be added to the small store now available. Adequate
explanation and formulation must await further investigation and

analysis.
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It is most important that further experimental investigations be

carefully planned, particularly with regard ito how the data are to be

used. Possibilities of laboratory research, and perbaps of theoretical

investigation may not have been exhausted. Future tests should be con-
ducted on the highest available spillweys and other chutes. In particu~
lar, data should be secured from structures where an appreciable depth
of flow exists. All observations to date have been made in channels

with rather shallow depths.
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