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FOREWORD

Colorado River, originating in the melting snows of the Wyoming
and Colorado Rockies and augmented by rapid run-off from spasmodic
rains and cloudbursts over a vast arid region, has menaced life and
property in its descent to the Gulf of California since the days of the
first covered wagon.

With increased population along the lower reaches of the river the
problem of controlling the Colorado became more important. During
recent years millions of dollars have been spent in mitigating the evils
of silt deposition and in protecting the highly cultivated Imperial
Valley lands from annual threats of inundation.

The need for a comprehensive plan of development to check the
ravages of Colorado River, to regulate its flow, and to utilize a
part of its enormous energy led, first, to investigations by the Recla-
mation Service of all water storage possibilities; next, to the Colorado
River Compact, & mutual agreement for the protection of the seven
basin States; and, finally, to the adoption of the Boulder Canyon
project, as the initial development.

The Boulder Canyon Project Act, approved December 21, 1928,
authorized a total appropriation of $165,000,000 for the various
features involved. These include Hoover Dam and appurtenant
works, the power plant, the reservoir, and the All-American Canal
System. The purposes of the project are: (1) Flood and silt control
for protection of lands along the lower river; (2) improvement of
navigation; (3) river regulation and storage of water for irrigation
and municipal use; and (4) development of electric power for domestic
and industrial purposes. The project is self-liquidating, largely
through contracts for disposal of electrical energy. It was con-
structed and is being operated under the supervision of the Bureau
of Reclamation, United States Department of the Interior.

Hoover Dam is located on the Nevada-Arizona boundary near Las
Vegas, Nev., at a place where Colorado River has carved a deep gorge
between towering rock cliffs, known as Black Canyon. The dam is a
concrete arched-gravity structure with a maximum height of 726 feet -
above foundation rock, a maximum base thickness of 660 feet, and a
crest length of 1,244 feet. The dam and appurtenant works contain
4,400,000 cubic yards of concrete, of which 3,250,000 cubic yards were
required in the dam.
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Vit FOREWORD

During construction the river was diverted through four 50-foot
diameter, concrete-lined tunnels, two on each side of the river. These
tunnels were subsequently plugged near the upstream ends. The
spillways, each of 200,000 second-feet capacity, are connected through
inclined shafts to the two outer tunnels. A 30-foot diameter steel
power penstock is installed in each of the inner tunnels. Discharge
from the reservoir is controlled by cylinder gates in four intake towers,
founded on the canyon walls near the upstream face of the dam.
Four 30-foot steel penstocks, connected to the bases of the intake
towers, conduct water to the power plant and to the outlet valves for
release of flood, irrigation, and domestic water supply when the power
plant discharge is insufficient for such purposes. The reservoir above
the dam is 115 miles long and has a capacity of 30,500,000 acre-feet,
the equivalent of 2 years’ normal river flow.

The power plant is in a U-shaped, reinforced-concrete structure
over 200 feet high and 1,500 feet long, located immediately down-
strecam from the dam. The plant is designed for an ultimate installa-
tion of fifteen 115,000- and two 55,000-horsepower units, making a
total installed capacity of 1,835,000 horsepower.

The All-American Canal, located near the Mexican border, will
carry water to irrigate lands in the Imperial and Coachella Valleys.
The canal proper, with a diversion capacity of 15,000 second-feet, is
the largest ever constructed for irrigation purposes in America.

The entire Boulder Canyon project is characterized by the extraor-
dinary. The height and base thickness of the dam, the size of the
power units, the dimensions of the fusion-welded, plate-steel pipes,
the novel system of artificially cooling the concrete, the speed and
coordination of construction, and other major features of the project
are without precedent. The magnitude of the undertaking introduced
many new problems and intensified many usual ones, requiring in-
vestigations of an extensive and diversified character to insure struc-
tures representing the utmost in efficiency, safety, and economy of
construction and operation.

The major credit for the conception of the project and the initia-
tion of investigations leading to its adoption must be given to the
late Arthur P. Davis, former Director of the Reclamation Service.
Dr. Elwood Mead, Commissioner of Reclamation during the greater
part of the construction period, passed away January 26, 1936, 4
months after the dedication of Hoover Dam. In commemoration of
his untiring services on the Boulder Canyon project, the reservoir
created by the construction of the dam has been officially named
Lake Mead.
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CHAPTER I—INTRODUCTION AND GENERAL
DESCRIPTION OF LABORATORIES

INTRODUCTION

1. Scope of Bulletin.—Inasmuch as the Hoover Dam structures
were of far greater magnitude than similar structures previously built,
thorough studies were necessary to insure reliable designs. One of
the more important of these studies was concentrated on the side-
channel spillways, which were of unprecedented size for this type,
involving velocities of approximately 175 feet per second. Bulletin 1
part VI, of this series contains the results of the majority of hydraulic
model tests made on the Hoover Dam spillways. This bulletin is
actually a sequel to the former bulletin but is confined entirely to the
overflow crest section.

In the design of various preliminary forms of spillways proposed for
Hoover Dam, many questions arose in connection with the overflow
crest section concerning which reliable data were insufficient to permit
dependable solutions. Therefore, a series of tests was instigated to
provide more information on the design of the various overflow crest
shapes proposed for the Hoover Dam spillways. As this field of
study was extremely broad, only a very few of the experiments were
completed previous to the actual construction of the spillways. The
subject, however, was of such universal interest to dam designers that
permission was obtained to continue this work during slack periods.
As a result, the final program included a much broader and more
thorough study than was originally anticipated.

Included in this bulletin, in addition to the results obtained experi-
mentally by the Bureau of Reclamation, are references to all other
available information on the subject. The combined information is
now sufficient for design of the most common overflow sections. An
attempt has been made to present this information from a practical
standpoint for the use of designers.

With the trend in recent years toward higher dams and greater
depths of flow over flood spillway crests, the importance of providing
the correct profile has been materially increased. It has been the
accepted practice for many years to design the crest of an overfall
dam with the assumption that the space beneath the jet from a sharp-
crested weir is filled with building material used in the dam. Despite
all the studies previously made on the characteristics of flow over a

758318°—48—2 1



2 STUDIES OF CRESTS FOR OVERFALL DAMS

weir, the undersurface of the nappe,-being difficult to observe, has
received a relatively small amount of attention.

A deficieney of section at any point under the nappe will result in
the formation of a subatmospheric pressure between the downstream
face of the dam and the nappe of water. With the formation of this
vacuum, three undesirable conditions can develop:

1. The resultant force on the spillway section may be increased,
due to the reduction of back pressure, which may detract from the
stability of the dam against overturning and sliding.

2. The instability of the subatmospheric pressure, with its
intermittent pressure change, can cause cavitation and localized
disintegration of the boundary, known as pitting.

3. The intermittency of the subatmospheric pressure caused by
the unstable condition prevailing beneath the flow sheet can
cause a state of vibration in the dam. While the amplitude of
this vibration may be exceedingly small, the accumulation of
forces within the dam can produce secondary forces, particularly
if the natural frequency of the structure bears a particular relation
to that of the vibration of the nappe. This event is usually
accompanied by undesirable rumblings and may even give rise
to a movement resembling an earthquake in the proximity of the
structure.

The under surface of the nappe as it leaves a weir crest rises slightly,
gradually becomes horizontal, and finally falls, following a path
approximating a parabola. To the uninitiated, the rise in this curve
of travel is insignificant and scarely noticeable, but it constitutes an
extremely important phase of the fundamentals of the contraction of
a jet of flow over a sharp-edged control. While this shape has been
the subject of considerable study in the past, the results in most cases
have been based either entirely on theory or on rather meager experi-
mental data.

2. History of Previous Experimental Work.—The first and most ex-
tensive studies of nappe shapes were those of Bazin,! made in 1886-88,
in which he reduced his observations to unit head and constructed a
base curve representing the results of his experiments. In the present
studies on this subject, Bazin’s results have been used for comparative
purposes.

The term ‘““nappe’ as applied to the sheet of water flowing over a
weir apparently originated withBazin. In the translation of his works
from the French to English, the translator’s comment on the use of
the word ““nappe’” is:

1 Bazin, M., Recent Experiments on the Flow of Water Over Weirs, Annals des Ponts et Chaussées,
October 1888 (translated by Arthur Marichal and John C. Trautwine, Jr., and published in the Proceedings

of the Engineers’ Club of Philadelphia, Vol. VII, No. 5, 1890, p. 259 and Vol. IX, No. 3, 1892, p. 231).
Quotations reprinted by permission.



INTRODUCTION 3

For want of a convenient English equivalent, we shall designate this sheet by
its very appropriate French name, the nappe, a name applied primarily to a
tablecloth, the form of which, as it passes from a horizontal to a vertical plane
in passing over the edge of the table, is well imitated by the sheet of water passing
over the weir.

Bazin, in discussing the subject, states:

The upper suface of the nappe has already been studied by certain experi-
menters, but the under surface, while less easy to observe, is perhaps of greater
interest from a theoretical standpoint; for its form shows accurately the contrac-
tion at the crest. In forming this contraction, the under side of the nappe leaves
the crest at a certain angle, rising at first, then becoming horizontal, and finally
falling. This upward curve of the under side of the nappe, scarecly noticed until
now, constitutes, nevertheless, one of the fundamental data of the phenomenon,
and M. Boussinesq? has made it the basis of a new theory of the flow over weirs.

So far as is known, the first attempt recorded in American literature
to develop the shape of an overfall dam to fit the overflowing sheet was
that of Muller?® in 1908. He attempted to extend a curve from the
upper section of the lower nappe through Bazin’s data. His expres-

sion for the curve shown in figure 1-A, in the terminology of this
treatise, is
r*—2.3 hyy=0 (1)

for the thread of mean velocity, with the origin of coordinates
at approximately 0.35 h, above and 0.09 &, downstream from the
theoretical weir crest. He measured downward one-third the thick-
ness of the nappe, normal to the thread of mean velocity, to locate the
curve of the lower surface. Parker* reproduced Muller’s curve and
demonstrated that it does not fit well with Bazin’s curve at the upper
section. He attributed this difference to the fact that Bazin’s curves
were obtained with sharp-edged notches, under heads of 1.7 feet or
less, and Muller applied them to thick notches, under heads of 5 or
10 feet.
Morrison and Brodie 5 offer the parabolic equation

2?=1.80 hoy €))

for the lower surface of the nappe, where h, is the head measured from
the highest point of the lower nappe surface, see figure 1-A. The
origin of the coordinates in this case is at the highest point of the
lower nappe surface. As a factor of safety for dam design, they
recommend that the equation be increased to

22=2.55 hoy €))

2 Boussinesq, M., Computes rendus de I’Académie des Sciences, July 4, 1887.

# Muller, R., Development of Practical Type of Concrete Spillway Dam, Eng. Rec., Vol. 58, October 24,
1908, p. 461.

4 Parker, P. A. M., Form of the Downstream Face of Overflow Dams, The Control of Water, 1916, p. 399,
D. Van Nostrand Co., New York.

8 Morrison. E., and Brodie, O. L., Masonry Dam Design, 2nd, ed., 1916, pp. 120-133.



4 STUDIES OF CRESTS FOR OVERFALL DAMS

The equation 22=1.80 hey was used without any increase for factor
of safety by the Miami Conservancy District in the design of their
spillways. It can be shown that actually the lower nappe surface
can be only approximately represented by a parabola.

S o]
S*:!: &

R X

Ho i

g

FIGURE 1.—DEVELOPMENT OF OGEE SECTION.



INTRODUCTION 5

Woodward,® in the Miami Conservatory District report, says:

The profiles of the ogee weirs were designed to conform approximately to the
profile of the lower nappe of the overflow from a sharp-crested weir as determined
by Bazin’s experiments. The profiles as designed agree approximately in their
upper portions with the formula 22=1.8 Hyy, where z and y are horizontal and
vertical coordinates measured from the crest of the (ogee) weir, * * * and H, is the
maximum effective head on the weir, including that due to velocity of approach (see
figure 1-B). The discharge over the spillway weirs per foot of length was com-
puted by the formula ¢=3.8H,¥2.

Creager 7 proposes an equation
?=2.732 y “4)

for the line of average velocity in the nappe, with the origin of coordi-
nates 0.063 unit upstream from the face of the weir and 0.261 unit
above the highest point of the lower nappe surface. Scimemi?
shows that the equation given by Creager locates a line which will
fall below even the lower surface if it is continued sufficiently far.
This discrepancy, however, is less than the increase of cross section
recommended by Creager as a factor of safety

Scimemi established an equation for a portion of the lower surface
beyond £=0.50, which is

2—0.10)2
y—@=0.10

155 +0.0622—0.186 %)

in which the origin of the coordinates is at the sharp crest of the weir.
Unfortunately, this equation does not apply to the most important
portion of the overflow section, namely, the portion between the spring
point and the high point of the trajectory.

An empirical equation for the lower surface of the nappe, derived
by R. R. Randolph, of the War Department, is

y=0.523 -0s821.522 s

with the origin of the coordinates at the highest point of the lower
surface. A similar equation, with the same origin of coordinates,
derived by H. L. Davis, of the Bureau of Reclamation, is

Y= 048 5H_0‘875I1‘875 (7)

Lamb?® derived a set of parametric equations for the shape of the surface
of a jet issuing from a sharp-edged orifice. With some modifications
and the inclusion of the effect of gravity, equations might be derived to

¢ Woodward, S. M., Hydraulics of the Miami Flood Control Project, Technical Reports, Part VII,
p. 223. Quotation reprinted by permission.

1 Creager, W. P., Engineering for Masonry Dams, 1st ed., 1917, pp. 105-110.

8 Scimemi, Ing. Prof. Ettore, Sulla forma delle vene tracimanti (On the Form of the Crest Streams),
L’Energia Elettrica, April 1930.

¢ Lamb, H., Hydrodynamics, 5th ed., 1924, p. 95.
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fit the observed data. With the additional experimental data now
available, the development of such equations offers an opportunity for
research to some engineer or mathematician.

In recent years it has been customary in the design of the overflow
section of a spillway to use a vertical upstream face. The dam cross
section was designed to fit exactly or to be slightly larger than the
space beneath the lower nappe of a sharp-crested weir for a flow equal
to the maximum discharge, as illustrated in figures 1-A and 1-B. The
shape was, in most instances, computed in accordance with Bazin’s
classic experiments, which covered a variety of weirs; but the data
for any particular shape were meager.

Recently, large dams having other than plain vertical upstream faces
have been built, for which the data of Bazin are not applicable. In
one form, the crest overhangs the upstream face of the dam, sec
figure 1-F. This type has been evolved as a result of its saving of
material. The theoretical form of stable nonoverflow dam is a
triangle with the water surface at the apex, as shown in figure 1-C.
For an overflow dam, the corresponding shape would be approximately
the trapezoid formed by removing the apex from the upper part of
the triangle down to a distance equal to the design head on the crest,
H,, as shown in figure 1-D. With an overflow having a total head
of H,, however, the downstream side of the trapezoid does not have
sufficient width, and the nappe would spring free of the dam, as shown
in figure 1-E, and fall along a curve extending a maximum distance N
outside the trapezoid. To insure freedom from undesirable vacuum
effects, the space between the nappe and the dam should be filled
with concrete. Concrete placed in this location, however, is not in
position to resist most efficiently overturning of the dam. By moving
the point corresponding to the weir crest upstream a distance NN, the
nappe can be brought tangent to the downstream face of the trapezoid.
This results in a horizontal offset in the upper portion of the spillway
section equal to the distance N. The upstream edge is commonly
connected to the upstream face of the dam, either by a single inclined
surface or by a short section of vertical face below which is an inclined
face. The first form, outlined by the heavy broken diagonal line in
figure I-F, was used on the Conowingo Dam on the Susquehanna River
and the Rock Canyon barrier on the Arkansas River. The second
form, shown by the solid lines in figure 1-F, was used for the Wilson
Dam on the Tennessee River, the Safe Harbor Dam on the Susque-
hanna River, and the Bull Run Dam on the Bull Run River in Oregon.
In this form, the concrete required under the nappe is placed where it
is most effective in resisting overturning, which therefore results in a
more economical dam. The projecting upstream portion of the dam
usually alters the shape of the nappe and causes it to no longer follow
the form which would result from a weir with a vertical upstream face.
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The determination of the nappe shapes and the coefficients of dis-
charge for such overhanging crests was one phase of the extensive
series of experiments instigated by the Bureau of Reclamation.

3. Extent of Present Experimental Program.—In the design of
various preliminary forms of spillways considered for Hoover Dam,
there were many questions in connection with overflow crest shapes on
which data were insufficient to permit exact solutions. During the
course of the design work, experimental data were collected which
proved of value in the preparation of the later designs of the side-
channel spillways and which should be helpful in preparing future
designs, not only of side-channel spillways but also of other forms em-
ploying overfall sections.

The principal phases of spillway design considered in the experiments
by the Bureau of Reclamation were as follows:

1. Determination of the shape of dam required to best fit the
lower nappe of the overfalling stream for any practical condition
of design. Tests were made on sharp-crested weirs representing
dam sections with vertical upstream faces, with sloping upstream
faces, and also with overhangs and offsets in the upstream face.

2. A study of the deviations of the nappe shape due to velocity
of approach. Bazin covered a portion of this field, but his ex-
periments were not extensive enough to completely analyze this
effect.

3. Determination of the coefficients of discharge for dams with
vertical, sloping, overhanging, and offset upstream faces.

4. Determination of the reduction of pressure which occurs on
the upstream face of a dam due to the increase of velocity at the
crest. This effect, while slight, decreases the overturning moment
of the dam and is conducive to a small reduction in section or can
be used as a factor of safety.

5. Determination of the discharge coefficients for models of
different shaped crests with and without control gates. These
studies were to include the effects of adjacent terrain, piers, and
position of drum gates. :

6. In the case of supplementary tests on models of actual de-
signs, the pressures on the crest and on the drum gates were ob-
served to provide information for the use of the design department
in computing stresses in the structural members.

4. Record of Present Experimental Program.—The laboratory tests
on the above program were initiated in the hydraulic laboratory of
the Colorado Agricultural Experiment Station at Fort Collins in 1932
as a means of providing urgently needed material for the completion
of the spillway designs for Hoover Dam. Because of the routine
nature of the studies, they were subject to considerable interruption
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by other work. These demands prevented the complete analysis of
the results at the time they were made. In the following years, as
time and personnel became available, the material was analyzed com-
pletely. A thorough study led to the conclusion that a large part of
the data was inconsistent and much of the remainder was too meager.
The inconsistencies were traced to errors made in the laboratory pro-
cedure and to the fact that an attempt was made to cover a large
field with insufficient data. The principal difficulties encountered can
be charged to lack of experience in planning a comprehensive study of
this type; lack of a definitely planned program; lack of experienced
laboratory assistants in the test work; and the deficiency of time and
personnel with which to analyze the material coincident with the
actual measurements. Testing of this nature requires extreme care
and expert coordination, which can be maintained only with the very
best of laboratory personnel.

Accordingly, in 1936, authority was sought and received to repeat
certain portions of the original test program in order to provide a
complete record. This new program was conducted in the hydraulic
laboratory of the Bureau of Reclamation in the Customhouse, Denver,
Colorado. Cognizance was taken of the shortcomings of the original
tests to avoid a repetition of the failures; thus the mistakes were not
repeated in the new laboratory. In full appreciation of the difficulties
previously encountered, the repetition of the tests was preceded by a
careful plan of procedure. As each set of measurements was com-
pleted, an analysis was made before proceeding to the next step. In
that way inconsistent or irrelevant material was eliminated immedi-
ately. If the results of a particular test were not consistent, the test
was repeated.

GENERAL DESCRIPTION OF LABORATORIES

5. Colorado Agricultural Experiment Station Hydraulic Labora-
tory.—The original experiments conducted by the Bureau of Reclama-
tion on overfall dam shapes were performed in 1932 in the hydraulic
laboratory of the Colorado Agricultural Experiment Station, Fort
Colling, Colo. Figure 2 shows a general plan of the laboratory and
the supply reservoir. The experimental apparatus was installed in
the weir box within the laboratory building. A plan and section of
the experimental flume are shown in figure 3. The experiments were
conducted on weirs 2 feet in length, this being the greatest length
over which a considerable head could be maintained with the available
water supply. The approach to the weir and the channel downstream
from the weir were both 2 feet wide, so that side contractions were
suppressed. The interior of the channel was faced with 1-inch,
finished, tongue-and-groove lumber. It was approximately 16 feet



INTRODUCTION

"NOILVIS INFWINEdXE TVINLTINONOV

OdVvYOTOD LV X¥OLVYOLVT DITNVIAAH—7T TINOII

V-V NOILD3S

ey,

9304ins  pun0J9-

FIIYEEN
A.
Houny adid abioyasip

‘dwns dwnd, L 8

1334 40 3795

— 77
08 s2 02 & o § 0

NVId

104 UIDIQ ge-ddjom Ko

== S uu.-nunnuunnuunuunnuu
enmmanne,
< 3, o s e,
N 4 10+
N uonpsqog TEmmmzee.
N e Jung S TEzzaaan___
s f«“““». wnd 0] ad;g BrogssTFIzeas
B x a\\.m«“ o SHRIION | ORI %+ A 425107 =
S i< 8717, 8
s et I £ AN i
unmﬂ.unaﬂ% : £ 5 40 s2405p024 110A13534  POaH
v I e s | abpuq 2uoy -
(IRER i o ' RN T
2 ’ 7 3 <531} )08
d o | /x0q |jids’ L- m.:./..ul
yuoy oost -
voij04q110y
H

uonobiiy




10 STUDIES OF CRESTS FOR OVERFALL DAMS

long and 7 feet deep. In order that the water might enter the 2-foot
channel with the least possible disturbance, the entrance was flared
with a short-raduis section on each side, ending tangent with the
channel walls. The channel was fitted with a movable floor which
could be adjusted to different positions for the purpose of varying
the velocity of approach to the weir. This floor was held in place at
each end by two cables, which extended downward from the movable
floor through pulleys fastened to the bottom of the concrete tank and
thence through holes in the approach channel walls to anchors near
the top of the tank. The buoyancy of the floor, combined with the
net upward pressure due to the difference in static head above and
below, held the floor at the ends of taut cables. At the upstream end
of this floating floor, a movable inclined ramp was constructed to
extend to the bottom of the concrete tank, as shown in figure 3.
This ramp, combined with the flaring side walls, made a converging
entrance to the weir channel for all positions of the movable floor.

The test weir was supported on a vertical plate near the downstream
end of the 2-foot channel by a splice plate and flathead bolts flush
with the upstream face. The test weirs were accurately made and
were of stainless steel to avoid corrosion. Throughout the test
program, care was exercised to maintain a smooth upstream face and
a sharp 90° edge on the weirs. The weirs consisted of a Js-inch
horizontal flat on top, with a 56° bevel to the downstream face.

The walls of the 2-foot channel extended a short distance down-
stream from the weir, as shown in figure 3, for the purpose of suppres-
sing the overfalling sheet of water at the sides. A large hole was cut
in the left wall to permit aeration under the lower nappe, and a plate-
glass window was installed in the right wall for observing the lower
nappe surface.

The water supply was obtained from a storage reservoir located at a
higher elevation than the laboratory, see figure 2. The outflow from
the reservoir to the laboratory was controlled by manually operated,
circular slide gates by which major adjustments of flow were made.
Minor adjustments were made by manipulation of an adjustable
waste weir or a waste valve, shown in figure 3. The waste weir was
hinged at the base and was adjusted in height by rotation of a hand-
wheel near the head gage. The waste valve, which was used for very
minor adjustments, could also be manipulated from the gaging station
through a bevel gear and rod assembly.

The water, after passing over the test weir, could be either wasted
(pumped back into the reservoir) or directed into a volumetric measur-
ing tank by a diverter gate, as shown in figure 3. The flow measuring
operation usually took only a small amount of time as compared with
that required for the other measurements; therefore, the water flowed
into the waste tank during the larger portion of the time.
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12 STUDIES OF CRESTS FOR OVERFALL DAMS

The head on the weir was measured by float or hook gages operating
in an open well. The well was connected by heavy rubber hose to
two taps flush with the surface of the movable floor, as shown in
figure 3.

The shapes of the upper and lower nappe surfaces were measured with
a coordinometer located above the weir, see figures 3, 4, and 5. A
point was used to traverse the upper surface, see figure 6, while a hook,
protruding through the sheet of water, was employed to traverse the
lower surface.

6. Bureau of Reclamation Hydraulic Laboratory.—The Bureau of
Reclamation hydraulic laboratory, located in the Customhouse,
Denver, Colo., was completed in 1937. A repetition and also a
continuation of the weir studies previously made were commenced
soon after occupancy. These tests were made during lulls in the
regular laboratory work. In other words, they were made at times
when the laboratory pumps would otherwise have been idle; conse-
quently the program extended over a period of some five years. A
plan of the Denver laboratory is shown in figure 7. The weir flume
was supplied by a 12-inch centrifugal pump with a capacity of 10
second-feet. The pump is powered by a 90-horsepower variable-speed
slip-ring motor. A constant-level tank is used in conjunction with
this pump to regulate the head on the line. A short distance from
the outlet of the tank, the line branches into an 8-inch and a 12-inch
pipe in which are located Venturi meters for measuring the discharge.
Immediately downstream from the meters are hydraulically operated
gate valves which are used for throttling the flow. Thisis the terminus
of the permanent equipment. From this point temporary piping
conducts the water to the various models. All bleeders, gages, and
hydraulic and electric controls have been concentrated on one central
board, see figure 8—-A, for this particular portion of the laboratory
system.

The equipment on the opposite s de of the laboratory consists of
an 8-inch pump with a capacity of 5 second-feet and a 6-inch pump
with a capacity of 2.5 second-feet, both driven at constant speeds.
These pumps discharge through a bank of three Venturi meters
installed in 4-, 6-, and 8-inch lines, as shown in figure 8-B. A 3-inch
line also parallels this bank, in which a variable orifice meter can be
employed to measure small discharges down to a few gallons of water
per minute. The system is so arranged that, by means of three
three-way motor-operated cocks, any one of the four meters can be
connected directly to either pump, or any two of the meters can be
used to measure separately the discharges of both pumps operating
simultaneously. This system is very flexible, and all controls are
centrally located on the gage board. The small buttons at the top
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of the board indicate the positions of the three three-way cocks.
Another innovation which adds to the flexibility of this system is a
series connection leading from the discharge side of the 12-inch pump
to the suction side of the 8-inch pump, see figure 7. This makes it
possible to use the 8-inch pump as a booster whereby a head of approxi-
mately 200 feet can be developed.

A third and smaller system is located in the far end of the labora-
tory, see figure 7. This consists of an 8-inch vertical pump with a
capacity of 3 second-feet, which discharges through either a 1.5-inch
flow nozzle or a 6.5-inch modified Venturi meter. All controls are
Jocated in close proximity to a third gage board similar to the other
two. Each meter in the laboratory is connected directly to a sepa-
rate mercury manometer gage. By this arrangement, leakage from
valves, cocks, and bypasses is eliminated, thus adding to the reliability
of the system. It can also be noted from figure 7 that each of the
three supply systems are interconnected. In other words, any one
of the four pumps can supply water to any point in the laboratory.
These interconnected lines also lead to the laboratory calibration
tank, see figures 7 and 9, by which all meters in the laboratory are
calibrated and checked at definite intervals.

The volumetric calibration tank, shown in figure 9-A, has a capac-
ity of approximately 400 cubic feet. The size was limited by the
area of the laboratory reservoir, consisting of channels under the
floor, see figure 7. This limitation resulted from the fact that with-
drawing 400 cubic feet of water caused the water surface in the chan-
nels to drop approximately 0.3 foot. This in turn produced a slight
change in flow because of a change in head. The limited size of the
tank, however, is compensated for by a reliable and extremely accu-
rate timing device. The source of the time signals is a pendulum
clock equipped with a photoelectric cell. The signals are trans-
mitted by wire to a chronometer located near the calibration tank,
which, by means of a magnetic pen, registers a line on a roll of paper
for each impulse or second. The chronometer is shown in figure 9-C.
A synchronous motor and a set of gears move the paper at various
speeds, depending on the accuracy desired. A second magnetic
pen, energized from a mercury switch on the swing spout, records a
dash on the paper at the beginning and the end of each run. The
chronometer makes it possible to measure time within one-hundredth
of a second. Incorporated in the chronometer is a magnetic counter
which records full seconds of time. This can be cut in or out of the
circuit at any time, thus making it necessary to use the pens only
at the beginning and end of a run to record fractions of seconds.
The swing spout on the volumetric tank is actuated by a pneumatic
cylinder which can be moved at any desired constant rate of speed,
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FIGURE 9.—LABORATORY CALIBRATION EQUIPMENT.

thus adding to the accuracy of the timing scheme. If greater accu-
racy is desired, the chronometer can be replaced by an oscillograph
which will record time to one-thousandth of a second.

A small pipette tank, shown in figure 9-B, was used to calibrate
the larger volumetric tank. The pipette tank consists of two com-
partments, one having a volume of about 1.5 cubic feet and the other
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a volume of approximately 7 cubic feet. Calibration of the volumet-
ric tank is accomplished by repeatedly filling the pipette tank with
water and emptying it into the larger one. The pipette tank in turn
can be removed from the position shown and calibrated by weight,
with the aid of a sensitive 500-pound scale. The net weight of the
water is about 450 pounds and the tare 300 pounds. :

7. Personnel.—The hydraulic research program was begun under
the general supervision of E. W. Lane and completed under the direc-
tjon of J. E. Warnock. J. N. Bradley planned the Denver laboratory
program, directed the execution of the testing, and prepared this
bulletin.

As the material in this bulletin represents the cooperative efforts of
many individuals who assisted in the design, construction, and oper-
ation of the equipment, and in the analysis of the data, it is desired
to acknowledge the assistance of W. M. Borland, W. H. Price, J. W.
Ball, C. W. Thomas, D. J. Hebert, H. G. Dewey, Jr., T. G. Owen,
W. J. Colson, D. C. Weed, D. M. Lancaster, R. A. Goodpasture, R.
C. Besel, F. Locher, F. C. Lowe, R. R. Pomeroy, J. L. Lindsey, K. B.
Florance, J A. Langendorf, Keith Jones, R. C. Edge, W. O. Parker,
A. D. Wilson, F. L. Kelley, H. F. Doud, and H. A. Merz. Special
credit is due A. N. Smith, who conducted the majority of the tests,
compiled the data, and assisted in analyzing the results.

It is further desired to acknowledge the cooperation of the faculty
of the Colorado State College and the staff of the Bureau of Agricul-
tural Engincering in permitting the use of the hydraulic laboratory of
the Colorado Agricultural Experiment Station in Fort Collins, where
a portion of the testing was performed.

The text was edited by E. H. Larson and the drawings adapted to
publication by R. H. Williams.



CHAPTER II—EXPERIMENTAL EQUIPMENT
AND TEST PROCEDURE

EXPERIMENTAL EQUIPMENT

8. Experimental Flume.—The arrangement of the apparatus used in
repeating the nappe-shape measurements in the Denver laboratory
was similar to that used in the original experiments, except for refine-
ments. A channel 33 feet long by 9.4 feet deep by 2 feet wide was
constructed for these experiments, see figure 10. Water was supplied
by the 12-inch pump, measured through the 8-inch or 12-inch Venturi
meter, and discharged into the upper end of the 2-foot channel through
a 12-inch pipe fitted at the end with a gradually expanding cone.
Gravel baffles at the upstream end distributed the flow uniformly
across the channel. The head on the weir was measured by a hook
gage operating in an open well which was connected by a rubber hose
to a piezometer flush with the top surface of the movable floor.

The movable floor was similar to that of the Fort Collins layout
but different in that it was covered with sheet metal and sealed to the
side walls and weir plate by strips of flexible packing rubber. This
prevented all inflow except for the main stream. The floor in the
original experiments consisted of tongue-and-groove lumber laid nor-
mal to the flow. The corners of these boards eventually warped,
offering considerable resistance to the flow. In addition, no seals
were provided between the walls and floor or weir and floor, with the
result that considerable inflow occurred, especially up the face of the
weir plate, due to the static pressure under the floor being greater than
that above it. This latter was a source of error in the coefficients of
discharge and in the nappe shapes obtained from the Fort Collins
data. The error was not a constant but increased as the floor was
elevated.

9. Weir Shapes Tested.—The weir blades used in the Denver
experiments were of stainless steel, machined at an angle of 50° to a
knife edge, as shown in figure 6. The same blades had been used in
the Fort Collins experiments, except that they had been machined
with a 90° edge and a }e-inch horizontal flat on top. It was observed
in the earlier tests that the lower nappe did not spring from the 90°
upstream corner but had a tendency to cling to the flat top of the weir.
The point at which the nappe sprung free of the weir was not constant
but varied with flow conditions. The phenomenon is principally a

21
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surface-tension effect. Rouse and Reid,”® at the Massachusetts
Institute of Technology, had observed the same occurrence on a small
weir that they had tested. The attempt made to eliminate this
variable in the Denver experiments by grinding the weirs to a knife
edge proved effective. Photographs of the vertical-face weir are
shown in figure 11.

Figure 6 shows the various weir shapes tested. Type A represents
a dam with vertical upstream face, and type B is applicable to a dam
with sloping upstream face. Type C represents a dam with an over-
hang on the upstream face. Weirs of three sizes in type C were
tested, all making an angle of 45 degrees with the vertical, as tabulated
in figure 6. Type D is applicable to dams with a 45° offset on the
upstream face. Three offsets were tested with five interchange-
able riser heights, as shown in figure 6.

Piezometers, as shown in figure 6, were installed in all of the weir
blades for the purpose of measuring pressures on the upstream face
of the weir.

10. The Coordinometers.—The profiles of the nappe shapes were
measured by specially constructed instruments known as coordinom-
eters. The instrument by which the upper surface was measured
is shown in detail in figures 4 and 5. It consisted essentially of a
4-inch horizontal H-beam, mounted over the weir channel parallel to
the direction of flow, upon which was mounted an adjustable vertical
bar having at its lower end a point to contact the water surface. The
instrument was supported at its ends by two I-beams spanning the
test channel normal to the direction of flow. The beams were made
sufficiently heavy to support a live load of several hundred pounds
without a measurable deflection. The carriage supporting the vertical
beam was connected through a horizontal slow-motion screw to a
clamp on the horizontal H-beam, by which arrangement fine adjust-
ments of the horizontal position could be made. The vertical bar
moved in a groove in the vertical beam and was fitted with a clamp,
slow-motion screw, and vernier. Both horizontal and vertical scales
could be read to 0.001 foot. The lower part of the vertical bar was
constructed to accommodate points or hooks of different styles, such
as shown in figure 6. The point was used to survey the upper nappe
and the hooks were used to point-gage a downstream portion of the
lower surface. In beginning the survey of the upper surface, the
coordinometer carriage was set at a horizontal position, and the tip
of the point was lowered until it touched the water surface. The
horizontal and vertical readings were recorded, the carriage moved
to a new position, and the process repeated until the entire upper
nappe was traversed.

10 Rouse, Hunter, and Lincoln Reid, Model Research on Spillway Crests, Civ. Eng., Vol. 5, January
1935, p. 10.
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angles and could be placed in position either sloping toward or away
from the weir. A neon glow lamp was connected by a single insulated
wire to a setscrew on the point, which was electrically insulated from
its mounting. By connecting the neon glow lamp to the ungrounded
side of a 110-volt electrical circuit, the lamp was made to glow as the
coordinometer point contacted the under side of the overflow sheet.
This lamp was especially useful in traversing the lower nappe during
fluctuations when the quantity of flow was large and the velocity of
approach great. Since water tended to run down the point as it
moved upward into contact with the water surface, a drip cup was
placed at the base of the point, see figures 11 and 12, to prevent
short-circuiting across the insulated mounting. It was found that the
water discharging fiom this cup, if sufficiently steady, would cause
a slight shock to the hand or arm of the operator; so a length of rubber
hose was placed on the outlet from the cup to render the instrument
harmless.

The under nappe was traversed in from three to five steps. Using
a bent point in the lower coordinometer, with the slope of the point
upstream, the under side of the jet was carefully surveyed from the
crest of the weir to a random point near the vena contracta. The
bent point was then replaced by the straight point, and observations
were continued in a downstream direction to an arbitrary point where
the nappe assumed a falling characteristic. The straight point was
then replaced by a bent point with the slope downstream, and the
observations continued to the limit of either the horizontal or vertical
scale, depending on the trajectory. Simultaneously the coordinates
of the upper nappe surface were obtained by another operator using
the upper coordinometer equipped with one of the hooks and points
shown in figure 6.

The resulting observations were recorded on suitable form sheets.
Six observers were required to make a complete set of observations:
Two to operate and record the observations of the lower coordinom-
eter; two to operate and record the observations of the upper coor-
dinometer; one to read and record the head on the weir and the
pressures on the upstream face of the weir; and one to observe the
differential head on the Venturi measuring device.

The upper coordinometer shown in figures 4 and 5 was used in the
Fort Collins tests to traverse both the upper and lower nappes. It
was not entirely satisfactory, particularly for the section of the lower
nappe between the sharp crest of the test weir and the vena contracta,
which is the critical portion of the nappe. If that portion of the spill-
way does not fit the lower surface of the sheet of water within a
reasonable degree of accuracy, the entire shape of the lower nappe
will change, which usually results in subatmospheric pressures on the
dam face. This was proven in a series of studies on a model of one
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of the proposed crests for the Hoover Dam side-channel spillways.
A profile developed from the original nappe studies, when incorporated
into a crest, fitted satisfactorily beyond the vena contracta, but pro-
duced negative pressures between the spring line and the peak.
Numerous trials failed to produce a completely satisfactory pressure
distribution. The difficulty was finally traced to a combination of
two causes: First, as previously mentioned, the water would cling
to the flat top of the test weir and produce erroneous results; and
second, the original coordinometer was not adapted to the exceed-
ingly careful measurements needed in the critical region. In the
Denver laboratory the first difficulty was remedied by grinding the
top of the test weir to a knife edge, and the second by constructing
the new coordinometer for measuring the lower nappe shape.

TEST PROCEDURE

11. Explanation of Symbols.—The following is a complete list of
symbols as used throughout this bulletin. Reference is made to fig-
ures 13, 20, 30, and 44.

Q=total discharge, second-feet.
g=discharge per foot of crest, second-feet.
W=width of test channel at gaging section, feet.
L=length of test weir, feet.
A=area of flow cross section at gaging section, square feet.
V.=average velocity of approach, feet per second.
h,=average velocity head of approach, feet.
hs=observed head above sharp crest of weir measured at gaging
station, feet.
H,=h,+h,=total design head above sharp crest of weir, feet.
E=maximum distance lower nappe rises above sharp crest of
weir, feet.
h,=observed head above high point on lower nappe, feet.
H,=h,+h,=total design head above high point on lower nappe,
feet. :
H=any total head above high point of lower nappe, feet.
P=depth of approach floor below sharp crest of weir, feet.
P,=depth of downstream floor below sharp crest of weir, feet.
d=depth of piezometer below sharp crest of weir, or depth of
flow downstream from submerged dam, feet.
d=vertical distance from centroid of pressure-reduction area to
sharp crest of weir.
h,=observed pressures on piezometers located in upstream face
of weir referenced to sharp crest of weir, feet.
N=horizontal or vertical displacement on offset and overhang-
ing weirs, feet.
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M=height of riser on offset weirs, feet.
O=coefficient of discharge for ogee section, not coefficient of
discharge as customarily computed for weir with sharp

Q 0
crest,= LH " or TH?
he=total effective head on submerged dam.

The origin of X and Y coordinates was taken at the sharp crest of
the weir. Horizontal measurements taken upstream from the weir
are negative while those taken downstream are positive. Vertical
measurements above the sharp crest of the weir are positive while
those below are negative.

An attempt has been made throughout the bulletin to express the
above symbols as dimensionless ratios wherever possible.

12. Relation of Gages to Weir Crest.—It was not 'practicable to
make the zero of the scales on the coordinometers, head gage, and pie-
zometer board coincide with the crest of the weir, as the position of
the crest changed for each test arrangement. Prior to and at the
conclusion of each test the coordinometer points, head gage, and pie-
zometer board were referenced to the sharp crest of the weir. Some
twenty weir set-ups were made; thus it was necessary to keep a clear
and accurate record of all gage zeros, or reference settings.

13. Test Procedure.—To keep the number of tests at a minimum
and still investigate a wide range of conditions, it was necessary to
formulate a comprehensive program and adhere to it as closely as
possible. Each weir was tested for various combinations of approach
depth and discharge, which were selected with the object of obtaining

definite desired values of —I{"T" This ratio was used as a criterion for

combining the runs. A run was started by setting the floor and dis-

H

throughout the system, traverses of the upper and lower nappe shapes
were made, which required about 20 minutes. Simultaneously, read-
ings were taken every minute on the head gage and the discharge
manometer. Three pressure readings were recorded for each piezom-
eter on the upstream face of the weir during this period. At one time,
velocity traverses of the approach channel were made with a small
current meter. These were later discontinued, as the velocity
distribution was considered satisfactory.

charge for the value of L desired. When the flow had stabilized



CHAPTER III—WEIR WITH VERTICAL
UPSTREAM FACE

ANALYSIS OF EXPERIMENTAL RESULTS

14. Compilation of Test Results.—The principal purpose of these
experiments was to determine the effect of the velocity of approach on
the profile of the lower nappe. Various combinations of velocity of
approach and discharge were obtaincd by varying the depth of the
movable floor and the pump discharge. Coeflicients of discharge for
the corresponding ogee sections were computed and profiles for the
nappe shapes obtained. The terminology used in compiling the results
is explained in figure 13 and in section 11. A summary of the test
results on the weir with vertical upstream face is shown in table 1.
Nappe traverses were not made on the entire series, as some runs were
made solely to obtain discharge coefficients. Complete runs are
indicated with asterisks in column 20, table 1.

The figures in column 1 indicate the test and run number, respec-
tively. A change in test number indicates a shift of the movable
floor. A change in run number indicates a different discharge.
Columns 2 to 5, inclusive, are self-explanatory, see figure 13. The
symbol A in column 6 represents the actual water cross section at the
gaging station, or

A=W(P+h,). @)

Column 7 is the velocity of approach, or
L9 .
V=4 @

Column 8 is the average velocity head in the moving water, or

2
hazg—;, (10)
with no correction for unequal velocity distribution. It appeared
from current-meter measurements that this correction would have
been small in the majority of runs. To obtain velocity head correc-
tions accurately would have required a separate study. The rise of
the lower nappe above the sharp crest of the weir, designated as E'in
column 9, was obtained from the coordinometer traverse of the lower

29
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nappe. The total head above the high point of the lower nappe,
H,, column 10, is expressed by the equation

H0= (hs+ha)_E (11)

Columns 11, 12, and 13 are steps in the computation of the coefficient
of discharge for the overfall crest, C, column 14. Column 16 is the
ratio of the total head, H,, to the approach depth below the overfall
crest, P+E, column 15. The total head on the sharp-crested weir,
H,, column 17, was obtained by adding &, and k.. The dimensionless

ratios l}._LI in column 18 and g in column 19 are self-explanatory.

15. Method of Combining Nappe Profiles.—The upper- and lower-
nappe traverse measurements, as observed from the coordinometers,

+Y

- Movable floor

W-Width of test channel at gaging section, feet

L -Length of test weir, feet

A-Area of flow cross section af gaging
station, square feet

Q - Discharge quantity, second-feet

Vo= Velocity of approach, feet per second

FIGURE 13.—PRINCIPAL ELEMENTS OF OVERFLOW CREST FOR VERTICAL-FACE
DAM.

were related to the rectangular coordinates X and Y with the origin
at the sharp crest of the weir, see figure 13, by subtracting the reference
valucs, or zero readings. The results thus obtained, still considered
as original data, are compiled in tables for both the upper and lower
nappe shapes, which are on file in the hydraulic laboratory of the
Burcau of Reclamation, Denver, Colorado. The tests so recorded
are those indicated by asterisks in column 20 of table 1.

If these nappe shapés were plotted and superimposed one on another,
there is a possibility that no two of them would be alike; however,
they can be combined according to the laws of similitude. It has long
been recognized that the nappe of water flowing freely over a sharp-
crested weir has a similar shape for different heads. This was demon-
strated by Bazin, who reduced all his experiments to the same basis
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TABLE 1.—SUMMARY OF TESTS ON WEIR WITH VERTICAL UPSTREAM FACE

1 2 3 4 5 6 7 8 9 10
0, h A Var h H
P f W s ] ar E, o
TEST : SECOND- ! SQUARE [FEET PER 3
FEET s FEET | FEET EEc Secong | FEET FEET FEET
BUREAU OF RECLAMATION DATA
-1 5000 0350 2019 | 0139 10376 0.034 0.0000 | 0.014 | 0.1250
1-2 0.780 0257 10.574 0.074 0.0001 | 0.027 | 0.2101
1-3 1570 0.382 10.866 0.144 00003 | 0.044 '| 03383
1-4 1900 0.434 10.971 0.173 0.0004 | 0.050 | 0.3844
1-5 2.600 0.540 11.185 0.232 0.0008 | 0.066 | 04748
1-6 3.140 0605 1.316 0.277 0.0012 | 0.071 [ 0.5352
-7 3.830 0691 11.490 0.333 0.0017 | 0.077 | 06157
1-8 4.070 0.719 11.547 0.352 0.0019 | 0.080 | 0.6409
1-9 4.805 0.802 11.714 0.410 0.0026 | 0.088 [ 0.7166
1-10 5.100 0834 11.779 0.433 0.0029 | 0.093 | 0.7439
=11 5680 0.395 11.902 0477 Q.0035 [ 0097 | 0.8015
1-12 6.395 0.967 12.047 0.53 1 0.0044 | 0.105 | 0.8664
=13 7.450 1.067 12.249 0.608 0.0058 0.118 09548 |
1-14 8.830 1193 12.504 0.706 0.0077 | 0.126 1.0747
1-15 9.600 1.260 12.639 0.760 0.0090 | 0.137 1.1320
2-1 4596 2.060 0458 10.204 0.202 0.0006 | 0.053 | 0.4056
2-2 2.908 0576 10.442 0278 0.0012 | 0064 | 05132
2-3 3.080 0598 10.487 0.294 0.0013 | 0.069 | 0.5303
2-4 3.633 0667 10.626 6.342 0.0018 | 0.078 | 0.5908
2-5 4.700 0.790 10.874 0.432 0.0029 | 0.086 | 0.7069
2-6 4797 0.80 1 10.897 0.440 0.0030 | 0.091 | 0.7130
2-7 5640 0.891 11.078 0509 0.0040 | 0.101 [ 0.7940
2-8 6.775 1004 11.306 0.599 00056 | 0.112 | 0.8976
2-9 7.500 1072 11.444 0655 0.0067 | 0.120 | 0.9587
2-10 8.480 1162 11,625 0.729 0.0083 | 0.133 1.0373
2-11 9.495 1251 11.805 0.804 00100 | 0.143 1.1180
31 3.497 0.340 0.137 7.337 0.046 0.0000 | 0015 | 0.1220
3-2 0.730 0.230 7.525 0.097 0.0002 | 0.026 | 0.2042
3-3 1.546 0378 7.824 0.198 00006 | 0.045 | 03336
3-4 2.430 0511 8.092 0.300 0.0014 | 0059 | 04534
3-5 4.103 0723 8.520 0.482 0.0036 | 0.086 | 0.6406
3-6 5670 0894 8.865 0.640 0.0064 | 0.103 | 0.7974
3-7 7.735 1094 9.269 0.835 00109 [ 0125 | 09799
3-8 9.200 1225 9.534 0.965 0.0144 | 0.141 10984
4-1 2497 0.360 0141 5.326 0.068 0.0001 | 0.015 | 0.1261
4-2 1.105 0.300 5.647 0196 0.0006 | 0.035 | 02656
4-3 1695 0.400 5849 0290 00013 | 0044 | 03573
4-4 2500 0518 6087 0411 0.0026 | 0.060 | 0.4606
4-5 3516 0650 6.354 0.553 0.0048 | 0075 | 0.5798
4-6 4730 0.790 6636 0.713 0.0079 | 0.087 | 0.7109
4-7 6.125 0.935 6.929 0.884 0.0121 | 0.105 | 0.8421
4-8 8.200 1127 7317 1121 0.0195 | 0.124 10225
4-9 9.560 1.247 7.559 1265 0.0249 0.137 1.1349
5-1 2001 | 0800 0.243 4.53) 0.176 0.0005 | 0.026 | 02175
5-2 1760 0408 4.864 0.362 0.0020 | 0.047 | 03630
5-3 3510 0.644 5.340 0.657 0.0067 | 0.073 | 05777
5-4 4670 0.779 5613 0832 0.0108 | 0.086 | 0.7038
5-5 5850 0.897 5.85 1 1.000 00155 [ 0.100 | 08125
5-6 7.110 1.015 6.089 1168 0.0212 | 0.111 | 09252
§-7 9.120 1.194 6.451 1414 0.0311 0.128 1.0971
6-1 1.500 1.000 0.280 3.594 0278 00012 | 0.033 | 0.2482
6-2 1480 0.363 3.761 0.394 0.0024 | 0.040 | 03254
6-3 2.410 0.502 4.042 0.596 0.0055 | 0057 | 04505
6-4 3215 0606 4.252 0.756 0.0089 | 0.069 | 05459
6-5 4.895 0.795 4634 1.056 00173 | 0086 | 07263
6-6 6.180 0.914 4.874 1.268 0.0250 | 0.096 | 0.8430
6-7 7.060 1.003 5.054 1397 0.0304 | 0.108 | 09254
6-8 7860 1.073 5.195 1513 0.0356 | 0.112 | 0.9966
6-9 9400 1.200 5.451 1.724 0.0462 | 0.124 1.1222
7-1 1010 0.850 0.250 2.544 0334 0.0017 | 0.027 | 0.2247
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TABLE 1.—SUMMARY OF TESTS ON WEIR WITH VERTICAL UPSTREAM FACE—

Continued
1 T 2 3 4 5 6 7 8 9 20
3 L, H peE, | _Ho Hs, ha E NAPPE
TEST | 4,° FEET | LHo ¢ | reeT | P7E | reer Hs Fe  [PROFILES
BUREAU OF REGLAMATION DATA

-1 | oo0saz | 2.007 | 0.088 | 3.933 | 5.014| 0.025 | 0.1390 | 0.0000 [ o0.1007
1-2 | 0.0963 0193 | 4041 | 5027 | 0042 | 0.2371 | ooocos | 0.1139
-3 | 0.1968 0395 | 3978 | 5044 | 0067 | 03823 | o0.0008 | 0.1151
1-4 | 02384 0478 | 3975 | 5.050 | 0.076 | 0.4344 | 0.0009 | 01151 | sk
-5 | 032712 0657 | 3957 | 5.066 | 0.094 | 05408 | 00015 | 0.1220
-6 | 03915 0786 | 3.995 | 5071 | 0.106 | 06062 | 0.0020 | 01171 | 3k
1-7 | 04831 0970 | 3948 | 5.077 | 0.121 | 0.6927 | 0.0024 | 01112 | °
-8 | 05131 1030 | 3951 | 5.080| 0,126 | 07209 | 0.0026 | 01110 |
1-9 | 0.6066 217 | 3.948 | 5.088 | 0,141 | 08046 | 0.0032 | 0.1094 [ >k
i1-10 | 06416 1288 | 3.960 | 5.093 | 0.146 | 0.8369 | 0.0035 | 0O.1111
-1 07176 1440 | 3.944 | 5097 | 0.157 | 0.8985 | 0.0038 | o.1080 |
1-12 | 0.8065 1619 | 3950 | 5.105 | 0,170 | 09714 | 0.0045 | 0.1081
1-13 | 09330 1873 | 3978 | 5.118 | 0,187 | 10728 | 0.0054 | 0.1100 | Gk
=18 | e 2236 | 3949 | 5.126 | 0.210 | 12007 | 00064 | 0.1049
1-15 | 12044 2417 | 3972 | 5137 | 0,220 | 12690 | 00071 | 01080 | %
2-1 | 0.2583 0518 | 3.977 | 4649 | 0.087 | 0.4586 | 00013 | 01156 |k
2-2 | 03676 0738 | 3.940 | 4660 | 0.110 | 05772 | 00021 | 0.1109
2-3 | o386l 0775 | 3974 | 4665 | 0114 | 05993 | 00022 | o1ist | %
2-a | 04542 0912 | 3984 | 4674 | 0.126 | 0.6688 | 0.0027 | 0.1166
2-5 | 05944 1793 | 3940 | 4682 | 0151 | 07929 | 0.0037 | 0.1085
2-6 | 0.6020 1208 | 3.971 | 4687 | 0.152 | 0.8040 | 0.0037 | 01132 | *
2-7 | 0.7075 420 | 3972 | 45697 | 0.169 | 08950 | 0.0045 | 01128 |
2-8 | 08504 1707 | 3.969 | 4708 | 0191 | 1.0096 | 0.0055 | 0.1109
2-9 | 09387 1884 | 3.981 | 4716 | 0.203 | ro7e7 | 00062 | oitiz | %
2-10 | 10565 2120 | 3000 | 4728 | 0219 | 111703 | 00071 | 01136
2-11 | 11821 2372 | 4.003 | 4739 | 0.236 | 12610 | 0.0079 | 0.1134 |
3-1 | 00426 0.085 | 4000 | 3512 0035 | 0.1370 | 0.0000 | 0.1095
3-2 | oosz2 0185 | 3.946 | 3.523 | 0.058 | 0.2302 | 00009 | o0.1129
3-3 | 0.1927 0387 | 3.995 | 3542 | 0.094 | 0.3786 | 0.0016 | 0.1189
3-4 | 03053 0613 | 3964 | 3556 | 0.128 | 05124 | 0.0027 | 0.115
3-5 | 05127 1029 | 3.987 | 3583 | 0.179 | 0.7266 | 00043 | 01184 [ 3k
3-6 | 07121 429 | 3968 | 3600 | 0.222 | 09004 | 0.0071 | 01144
3-1 | os700 947 | 3973 | 3622 | 0271 | 11049 | 00099 | o131 |
3-8 | LI5S 2310 | 3.982 | 3638 | 0.302 | 12394 | 0.0116 | 0.1138
4-1 | 00448 0090 | 4.004 | 2512 | 0,050 | 0.1411 | 00007 | 0.1063
4-2 | 0.1369 0.275 | 4021 | 2532 | 0.105 | 0.3006 | 0.0020 | 0.1164
4-3 | 02136 0429 | 3954 | 2541 | 0141 | 04013 | 0l0032 | 0.1096
4-4 | 03126 0627 | 3985 | 2557 | 0.180 | 05206 | 0.0050 | 0.1153 | s
4-5 | 04415 0886 | 3968 | 2.572 | 0.225 | 06548 | 0.0073 | 0.1145
4-6 | 05994 1203 | 3932 | 2584 | 0,275 | 07979 [ 0.0099 | 01090 | 3k
4-7 | o727 1551 | 3949 | 2602 | 0.324 | 09471 | 00128 | 01109
4-8 | 10340 2075 | 3951 | 2.621 | 0.330 | 11465 | 00170 | 0.1082
4-9 | 12090 2426 | 3940 | 2634 0431 | 12719 | 00196 | o.1077 | ¥
5-1 | o014 0203 | 3931 | 2027 | 0.107 | 02435 | 0.0021 | 0.1068
5-2 | 02187 0433 | 4010 | 2.048| 0177 | 04100 | 0.0049 | 01146 | 3k
5-3 | 04391 0.881 | 3.983 | 2074 | 0.278| 06507 | 0.0103 | o122 | sk
5-3 | 05904 1185 | 3941 | 2.087 | 0337 | 07898 | 00137 | o0.1089
5-5 | 07324 470 | 3980 | 2,101 | 0387 | 09125 | 00170 | 01096
5-6 | 0.8899 ‘786 | 3981 | 2112 | 0438 | ro3e2 | o0.0205 | o107 |
5-7 | 11492 2306 | 3955 | 2,128 | 0515 | 12251 | 00254 | 0.1045
6-1 | o0.1237 0.248 | 4.032 | 1533 0.162 | 02812 | 0.0043 [ 01174
6-2 | 0.1856 0372 | 3978 | 1’540 0211 | 03654 | 0.0066 | 0.1095
6-3 | 03024 0607 | 3970 | 1557 | 0289 | 05075 | 0.0108 | 01123 | %
6-4 | 04034 0810 | 3969 | 1569 | 0348 | 06149 | 0.0145 | 01122
6-5 | 06190 1242 | 3941 | 1586 | 0458 | 08123 | 00213 | 01059 | 3¢
6-6 | 07740 1553 | 3.979 | 1596 | 0.528 | 09390 | 0.0266 | o0.1022
6-7 | 08902 1787 | 3952 | 1608 | 0.575 | 10334 | 0.0294 | 0.1045 | sk
6-8 | 09949 1997 | 3936 | 1e12| 0618 | 11086 | 00321 | 01010
6-9 | 11888 2386 | 3.940 | 1.624 | 0691 | 12462 | 00371 | 00995
7-1 | 0.1065 0214 | 3972 | 1037 | 0217 | 22517 | 0.0068 | 0.1073

K RUNS IN WHICH NAPPE PROFILES WERE MEASURED.
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TABLE 1.—SUMMARY OF TESTS ON WEIR WITH VERTICAL UPSTREAM FACE—

Continued
| 2 3 4 5 6 7 8 9 10
0, h A Vo h H
P, 1 w, sy as 3 0
TEST v SECOND- SQUARE |FEET PER 4
FEET FEET FEET FEET FEET SECOND FEET FEET FEET
BUREAU OF RECLAMATION: DATA
7-2 l.Ol_O 1.730 2.019 0.401 2.849 0.607 0.0057 0.044 0.3627
7-3 i 2.700 0.536 3121 0.865 00116 0.058 0.4896
7-4 3.900 0.679 3410 1.144 00204 0.072 0.6274
J) 4670 0.761 3576 1.306 0.0265 0.082 0.7 055
7-6 5.500 0.842 3.739 1.471 00337 0.087 07887
7-7 6.580 0.937 3931 1.674 0.0436 0.095 0.8856
7-8 7.890 1.048 4.155 1.899 0.0560 0 105 0.9990
7-9 9.630 1.184 4.430 2.174 0.0735 0116 1.1415
8-1 0.647 2.000 0.439 2,193 0912 0.0130 0.047 0.4050
8-2 0.632 2.880 0.547 2.380 1.210 0.0228 0.057 0.5128
8-3 0.624 3568 0.647 2.566 1.390 0.0300 0.064 0.6 130
8-4 0.618 4870 0.757 2776 1.754 0.0478 0.075 0.7298
8-5 0.613 5.925 0.852 2958 2.003 0.0624 0.083 08314
8-6 0.607 6.360 0.898 3.039 2.093 0.068 | 0085 0.8811
8-7 0.576 8.090 1.022 3.226 2.508 0.0978 0.092 1.0278
8-8 0.574 9.325 1.113 3.406 2.738 0.1165 0.100 1. 1295
9-1 0.412 1.715 0.396 1.631 1.052 00172 0.038 0.3752
9-2 0.408 2.040 0430 1.692 1.206 00226 0.039 0.4136
9-3 0.408 2.565 0.503 1.839 1.395 00303 0.046 0.4873
9-4 0.403 3.500 0.602 2.029 1.725 0.0463 0.054 0.5943
9-5 0.397 4.160 0653 2.120 1.962 0.0598 0.058 0.6548
9-6 0.387 4.740 0.720 2.235 2.121 0.0700 0.062 0.7280
9-7 0.376 5.150 0.758 2.290 2.249 0.0786 0.065 0.7716
9-8 0.354 6.385 0.857 2.445 2.611 0.1060 0.070 0.8930
9-9 0.332 7.640 0.947 2.582 2.959 0.1361 0.073 1.0101
9-10 0317 9.150 1.042 2.744 3.335 0.1729 0.080 1.1349
10-1 0. 145 1.635 0.353 1.005 1.627 0.0412 0.027 0.3672
10-2 0.145 2.260 0.434 1.169 1.933 0.0581 0.032 0.4601
10-3 0. 144 3.170 0.533 1.367 2.319 0.0836 0.039 05776
10-4 0.143 3.830 0.592 1.484 2.581 0.1036 0.041 0.6546
10-5 0.140 4.400 0.642 1.579 2.787 0.1207 0.041 0.7217
10-6 0.134 7.395 0.886 2.059 3.592 0.2006 0.059 1.0276
=1 0.092 1.640 0.337 0.888 1.847 0.0530 0.024 0.366
-2 0.094 2.280 0.413 1.049 2173 0.0734 0.029 0.457
-3 0.098 3.000 0.488 l.212 2.475 0.0952 0.032 0551
11-4 0.101 3.790 0.560 1.368 2.770 0.1193 0.038 0.641
11-5 0.083 4.540 0.628 1.471 3.086 0.1480 0.040 0.736
11-6 0.082 4.890 0.660 1.535 3.186 0.1578 0.044 0.774
-7 0078 5.060 0.710 1.630 3.104 0.1498 0.050 0810
BAZIN DATA (TYPICAL)

2-10 3.724 4.149 3.284 0.516 13.924 0.298 0.0014 0.058 0.460
2-14 5.494 0.621 14.269 0.385 0.0023 0.070 0.554
2-18 7.054 0.732 14.634 0.482 0.0036 0.082 0.654
2-22 8.321 0.820 14.922 0.558 0.0049 0.092 | 0.733
2-26 10.300 0.942 15.323 0.672 0.0070 0.106 0.844
2-30 1912 1.039 15.642 0.762 0.0090 0.116 0.932
2-34 14977 1.208 16.197 0.925 0.0133 0.135 1.086
2-38 17.479 1.339 16.627 1.051 0.0171 0.150 1.206
9-1 1145 3.739 6.555 0.299 9 465 0.395 0.0025 0.030 0.272
9-4 5.510 0.388 10.049 0.548 0.0047 0.039 0.354
9-8 7.761 0.481 10.658 0.728 0.0083 0.048 0.441
9-12 11.077 0.609 11.497 0.964 0.0144 0.061 0.562
9-16 14.655 0.723 12.245 1.197 0.0223 0.072 0.673
9-20 18.013 0.823 12.900 1.396 0.0304 0.082 0.771
9-24 21.153 0.914 13.497 1.567 0.0381 0.091 0.861
9-28 24.652 1.009 14.119 1.746 0.0473 0.101 0.955
9-32 28.194 1.095 14.683 1.920 0.0573 0.106 1.046
9-36 32.456 1.193 15.326 2.118 0.0698 0.116 1.147
9-40 3r.218 1.301 16.034 2,321 0.0838 0.126 1.259

758318°—48——4
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TABLE 1.—SUMMARY OF TESTS ON WEIR WITH VERTICAL UPSTREAM FACE—

Continued
| 1l 12 13 14 15 16 17 8 19 20
3 H H h 3 NAPP
-4 L 3 PtE, o s e £ APPE
TEST | #, FEET | LHo ¢ FEET | PrE | FEET Hs He  |PROFILES|
BUREAU OF RECLAMATION DATA
7-2 | 0.2184 | 2.007 | 0.438 | 3.950 | 1.054 | 0.344 | 0.4067 | 0.0140 | 0.1082
7-3 | 0.3426 0.688 | 3.924 | 1.068 | 0.458 | 0.5476 | 0.0212 | 0.1059 s
7-4 0.4970 0.997 | 3.912 1.082 | 0.580 0.6994 0.0292 0.1029 s
7-5 | 0.5925 1.189 | 3.928 | 1.092 | 0.646 | 0.7875 | 0.0337 | 0. 1041
7-6 | 0.7004 1.406 | 3.912 | 1.097 | 0.719 | 0.8757 | 0.0385 | 0.0993 B
7-7,| 0.8334 1.673 | 3.933 | 1.105 | 0.801 | 0.9806 | 0.0445 | 0.0969
7-8' | 09985 2.004 | 3937 | 1.115| 0.896 | 1.1040 [ 0.0507 | 0.095I B
7-9 1.2196 2.448 | 3.934 [ 1.126 | 1.014 | 1.2575 | 0.0585 | 0.0922
8-1 | 0.2578 0.517 | 3.868 | 0.694 | 0.584 | 0.4520 | 0.0288 | 0. 1040 B
8-2 | 0.3672 0.737 | 3.908 | 0.689 | 0.744 | 0.5698 | 0.0400 | 0.1000 B
8-3 | 0.4799 0.963 | 3.705 | 0.688 | 0.891 | 0.6770 | 0.0443 | 0.0945 B
8-4 | 06234 1.250 | 3.893 | 0.693 | 1.053 | 0.8048 | 0.0594 | 0.0932 %
8-5 | 0.7581 1.522 | 3.893 | 0.696 | 1.195| 09144 | 0.0682 | 0.0908 s
8-6 | 0.8270 1.660 | 3.831 | 0.692 | 1.273 | 0.9661 0.0705 [ 0.0880 B
8-7 1.0420 2,091 | 3.869 | 0.668 | 1.539 | 1.1198 | 0.0873 | 0.0822 5
8-8 1.2004 2.409 | 3.871 | 0.674 | 1.676 | 1.2295 | 0.0948 [ 0.0813
9-1 0.2298 0.461 | 3.720 | 0.450 | 0.834 | 0.4132 [ 0.0416 [ 0.0920
9-2 | 0.2660 0.534 | 3.820 | 0.447 | 0.925 | 0.4526 | 0.0499 [ 00862
9-3 | 0.3402 .| 0.683 | 3.755 | 0.454 | 1.073 | 0.5333 | 0.0568 | 0.0863
9-4 | 0.4582 | 0.920 | 3.804 | 0.457 | 1.300 | 06483 | 0.0714 | 0.0833
9-5 | 0.5299 1.064 | 3910 | 0.455 | 1.439 [ 07128 | 0.0839 | 0.0814 s
9-6 | 0.6212 1.247 | 3.801 | 0.449 | 1.621 [ 0.7900 | 0.0886 | 0.0785 S
9-7 | 06778 1.360 | 3.787 | 0.441 | 1.750 | 0.8366 | 0.0940 | 0.0777
9-8 | 0.8439 1.694 | 3.769 | 0.424 | 2.106 [ 09630 | 0.1101 0.0727 ES
9-9 1.0152 2.038 | 3.749 | 0.405 | 2.494 | 1.083! 01257 | 0.0674 s
9-10| 1.2090 2.426 | 3.772 | 0.397 | 2.859 | 1.2149 | 0.1423 | 0.0658 e
10-1 | 0.2225 0.447 | 3.658 [ 0.172 | 2.135 | 0.3942 | 0.1045 | 0.0685 %
10-2 | 0.3121 0626 | 3.610 | 0.177 [ 2.599 | 0.4921 0.1181 0.0650 %
10-3 | 0.4390 0881 | 3598 | 0.183 | 3.156 | 0.6166 | 0.1356 | 0.0633 3%
10-4 | 0.5296 1.063 | 3.603 | 0.184 | 3.558 | 0.6956 | 0.1489 | 0.0589
10-5 | 0.613) 1.230 | 3.577 | 0.181 | 3.987 [ a7627 | 0.1583 | 0.0538 e
10-6 1.0417 2.091 | 3.537 | 0.193 | 5.324 | 1.0866 | 0.1846 [ 0.0543 %
-1 | o.221 0.443 | 3.702 [ 0.116 | 3.155 | 0.390 0.1359 | 0.062 st
11-2 | 0.309 0.620 | 3.677 | 0.123 | 3.715 | 0.486 0.1510 | 0.060 P
11-3 | 0.409 0.820 | 3.659 | 0.130 | 4.238 | 0.583 0.1633 | 0.055
11-4 | 0513 1.029 | 3.683 | 0.139| 4612 | 0679 0.1757 | 0.056 %
11-5 | 0.631 1.266 | 3586 | 0.123 | 5.984 | 0.776 0.1907 | 0.052
11-6 | 0.681 1.366 | 3.580 | 0.126 | 6.143 | 0.818 0.1929 | 0.054
11-7 | 0.729 1.462 | 3.461 | 0.128 | 6.328 | 0.860 0.1742 | 0.058
BAZIN DATA (TYPICAL)
2-10| 0.312 3.284 | 1.023 | 4.055 | 3.782 [ 0.122 | 0517 0.0027 [ 0.1117
2-14| 0.412 1.353 | 4.062 | 3.794 [ 0.146 | 0623 0.0037 | 0.1117
2-18| 0.528 1.735 | 4.067 | 3.806 | 0.172 | 0.736 0.0049 | 0.1115
2-22| 0.628 2.062 | 4.036 | 3.816 [ 0.192 | 0.825 0.0059 | 0.1113
2-26| 0.775 2.544 | 4.049 | 3.830 | 0.220 | 0.949 0.0074 | 0.1112
2-30| 0.899 2.951 | 4.036 | 3.840 | 0.243 | 1.048 0.0086 | 0.1111
2-34 1132 3.716 | 4.030 | 3.859 | 0.281 1221 0.0109 0.1108
2-38| 1.325 4.350 | 4.018 | 3.874 | 0.311 | 1356 0.0126 | 0.1106
9-1 | 0.141 6.555 | 0.926 | 4.040 | 1.175| 0.231 | 0.302 0.0083 | 0.0992
9-4 | 0.210 1.380 | 3.993 | 1.184 [ 0.299 | 0393 0.0120 | 0.0988
9-8 | 0.293 1,921 | 4.039 | 1.193 | 0.370 | 0.489 0.0170 | 0.0983
9-12| 0.422 2.765 | 4.006 [ 1.206 | 0.466 | 0.623 0.0231 0.0977
9-16| 0.552 3.619 | 4.049 [ 1.217] 0.553 | 0.745 0.0299 | 0.0970
9-20( 0.677 4.439 | 4.058 | 1.227 | 0.628 | 0.853 0.0356 | 0.0964
9-24| 0.798 5.234 | 4.041 | 1.236 | 0.696 | 0.952 0.0400 | 0.0960
9-28{ 0.934 6.122 | 4.027 | 1.246 | 0.767 | 1.056 0.0448 | 0.0955
9-32| 1.070 7.014 | 4.020 [ 1.251 | 0.836 | 1.152 0.0497 0.0922
9-36| 1.229 8.054 | 4.030 | 1.261 [ 0.910 | 1.263 0.0553 [ 0.0916
9-40| 1.412 9.256 | 4.021 | 1.271 |-0.990 | 1.385 0.0605 | 0.0911
ol
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by expressing the dimensions in terms of the head on the weir. When
this is done the results are in dimensionless terms equally applicable
to any system of units. For two assumed conditions of flow, (1) a
flow with a large head and great depth of approach, and (2) a flow
with a small head and small depth of approach, the nappe shapes will
be similar if the ratio of the head to the depth of approach is the same
in each case. If the X and Y coordinates are expressed with respect

to the head on the weir crest in each case, the g and HX profiles should

coincide. Dividing the X and Y coordinates by H, actually reduces
all cases to the same head, usually denoted as unit head. This was
the method used in combining the results of table 1 into table 2.
The X and Y coordinates of the lower nappe for each run were
plotted to a large scale and a smooth curve drawn through them.
This procedure removed irregularities that were naturally present due
to fluctuations of the nappe surface, which fluctuations increased as
the depth of approach decreased. Coordinates were then read from
the smooth curve for each run and divided by H,, the total head on
the experimental weir for each particular run. Thus the coordinates
for all runs were reduced to unit head. The coordinates in the unit-

head form were then combined, the relation Ih—; being used as the cri-
s
terion. From column 18, table 1, it will be observed that the value

of fl-lll ranged from 0 to 0.193. The runs were grouped in table 2 ac-

cording to their value of [h—f and plotted, with as many as five runs in

a group. The curves in any one group were superimposed on each
other and an average line drawn through them. The average lines
from the individual groups were then combined into a final set of

nappe profiles, expressed in terms of unit head, for values of % rang-

ing from 0.002 to 0.200. This adjustment was of necessity performed
on a scale too large to reproduce in this bulletin. However, figure 14
gives some idea as to its character. As the velocity of approach

increases (or as I% increases), the nappe profile for unit head flattens
s

and crosses the profiles for the smaller values of Ih—Ja The greatest de-
s

viation occurs close to the weir, which verifies the previous statement

that the correct design of this portion of an ogee crest is important.

7.3

In place of showing the final adjustment curves, the I;( and TI{ values
; 8 38

have been tabulated for various values of [h_; in table 12.
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TABLE 2.—METHOD OF COMBINING NAPPE SHAPES FOR VERTICAL-FACE WEIR

TEST Hs,FEET P, FEET ACTUAL h,/H; | PLOTTED ho/H,
-4 0.4344 5.00 0.0009 0.0020
1-6 0.6062 5.00 0.0020 0.0020
1-8 0.7209 5.00 0.0026 0.0020
1-9 0.8046 5.00 0.0032 0.0020
2-1 0.4586 4.60 0.0013 0.0020
2-3 0.5993 4.60 0.0022 0.0020
2-1l 1.2610 4.60 0.0079 0.0100
3-7 1.1049 3.50 0.0099 0.0100
4-6 0.7979 2.50 0.0099 0.0100
5-3 06507 2.00 0.0103 0.0100
6-3 0.5075 1.50 0.0108 0.0100
4-9 1.2719 2.50 0.0196 0.0200
5-6 1.0362 2.00 0.0205 0.0200
6-5 08123 1.50 0.0213 0.0200
7-3 0.5476 1.01 0.0212 0.0200
6-7 1.0334 1.50 0.0294 0.0300
7-4 06994 1.01 0.0292 0.0300
8-1 04520 0.647 0.0287 0.0300
7-6 08757 1.010 0.0384 0.0400
8-2 0.5698 0.632 0.0400 0.0400
8-3 06770 0.624 0.0443 0.0400
9-1 0.4132 0.412 0.0416 0,0400
7-8 1.1040 1.010 00507 0.0500
9-2 0.4526 0.408 0.0499 0.0500
8-4 08048 0.618 0.0593 0.0600
9-3 0.5333 0.408 00568 0.0600
8-5 09144 0.613 0.0682 0.0700
8-6 09661 0.607 0.0704 0.0700
9-4 06483 0403 00714 0.0700
9-5 07128 0397 0.0838 0.0800
8-7 11198 0.576 0.0873 0.0900
9-6 07900 0.387 0.0886 0.0900
9-7 0.8366 0.376 00939 0.0900
9-8 0.9630 0.354 0.1101 0.1000
10-1 0.3942 0.145 0.1045 0.1000
9-9 10831 0.332 01257 0.1200
10-2 0.4921 0.145 ot1igl 0.1200
9-10 1.2149 0.317 01423 0.1400
10-3 0.6166 0.144 0.1356 0.1400
-1 0.3900 0.092 0.1359 0.1400
10-5 0.7627 0140 01583 0.1600
1"-3 0.5830 0.098 0.1633 0.1600
10-6 1.0866 0.134 0.1846 0.1800
-4 0.6790 0.101 0.1757 0.1800

The X and Y coordinates for the upper nappe surfaces were treated

in the same manner as for the lower profiles, and the final ?)I( and FY

coordinates are listed in table 18 for different values of 1%'5 These co-
3

ordinates are not as dependable as those for the lower nappe surface,

since special factors may alter them. The upper surface of a sheet of

water flowing over a dam is exposed to the atmosphere and may be

altered by wind, air currents, or by the absorption of surrounding air.

When flowing water, exposed to air, reaches a velocity of approxi-
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FIGURE 14.—TYPICAL LOWER NAPPE SHAPES SHOWING EFFECT OF VELOCITY OF
APPROACH.

mately 20 feet per second, it begins to insufflate air. As the velocity
increases, the penetration becomes more pronounced and the air actu-
ally mixes with the water. Thomas * found that water flowing at a
depth of approximately 8 feet and a velocity of 80 feet per second
absorbed 50 percent air by volume from the atmosphere. The upper-
nappe-shape coordinates in table 18 therefore represent only the ideal
case, where air plays little or no part. These coordinates, however,
may be used as a starting point from which the area of a sheet of water
may be estimated at various sections. The fact cannot be overem-

11 Thomas, C. W., Progress Report on Studies of the Flow of Water in Open Channels with High Gradi-
ents, Bur. of Recl. Hyd. Lab. Report 35 (unpublished), July 27, 1938.
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phasized that the profile of the upper surface depends largely on exist-
ing conditions. A common mistake is to design spillways and chutes
with insufficient freeboard, which, in the end, usually proves costly
from the standpoint of maintenance.

16. Relation of E to Velocity of Approach.—These experiments
were made on a sharp-crested weir on which the observed head, A,, was
the basic measurement. In the design of an overflow section it is more
convenient to begin the computations with the total head above the
ogee crest, H,. It is therefore desirable to be able to transfer from
hs to H, or vice versa, see figure 13. This has been made possible by
evaluating the maximum rise of the lower nappe above the sharp crest,
E, and the velocity head of approach, k,, each in terms of the total

head on the sharp crest, H,. With the ratio % in column 18, table

1, as the abscissa, and the ratio I:El in column 19 as the ordinate, the

S

curve shown on figure 15-A was plotted. By entering this curve with
a given value of %" the value of E can be obtained. As H,=H,+ E,
s

the curve affords a method for interchanging the various heads.
17. Discharge Coefficients.—The curve in figure 15-B was plotted

from columns 14 and 16, table 1, with the dimensionless ratio PHTOE

as the abscissa and the coefficient of discharge C as the ordinate.
This is not the coefficient of discharge for the sharp-crested weir, but
rather for the equivalent ogee section outlined by the shape of the
lower nappe. As the value of P+ E decreases, or as the velocity of
approach increases, the coefficient of discharge decreases rapidly.
This is further demonstrated in figure 16, where the observed head,
hs, is plotted with respect to the discharge over the weir.

The relationships shown in figure 15 have been carried to the limits

of applicability. As % and PE_!{”E approach zero as a limit, the values
of g and O become constants for all practical purposes. The average

value of rl;' is 0.115 for negligible velocity of approach, and € becomes
3.98 for the same condition. As the depth of approach is decreased

and the velocity of approach increased, the values of g and C decrease.

Eventually values of Ib?"s and % are approached where the relations
are no longer valid. This limit is near the critical depth of flow.
King *? defines critical depth as (a) the depth at which, for a given

12 King, H. W., Handbook of Hydraulics, 3d ed., 1939, p. 371, McGraw-Hill Book Co. Quotations re-
printed by permission.
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energy content of the water in the channel maximum discharge occurs;
or (b) the depth at which in a given channel a given quantity of water
Sflows with the minimwm content of energy. In his discussion of critical
depth, he says:

It will be observed from both of the figures (fig. 91 and 92, King’s Handbook of
Hydraulics) that at or near critical depth a relatively large change in depth cor-

responds to a relatively small change in energy. Flow in this region is therefore
rather unstable, as is usually indicated by characteristic water-surface undulations,

This limit was obvious in the test flume and was manifested by
quite unstable surface undulations, as described by King. As the
test data were analyzed, this limit became apparent from the incon-

sistency of the results beyond a certain value of I}}“- In both figures

15-A and 15-B the curves drop rapidly at the right, and it was not
possible from the tests to determine the characteristics of these curves
beyond the values shown, as waves in the channel produced erroneous
head measurements. Friction of the floor and side walls of the channel
had a dominating influence on the behavior of the flow. For this

a

reason, values of ILIS above 0.20 and values of —P—I_%E, above 7.00 have

no value in this study and consequently are not recommended for
prototype design. :

18. Minor Factors Affecting Nappe Profiles.—Some doubt existed
as to the possible effect produced by surface-tension on the shape of
the nappe profiles under small heads. Harris ® recommends a molec-
ular correction amounting to as much as 10 percent for coefficients of
discharge. He recommends additive molecular correction at heads
as low as 0.15 foot. He states:

The molecular effect seldom exceeds three percent in the range of engineering
application. * * * Weirs of large physical dimension need no correction and
the smallest ones need most. * * *

The predominating element contributing to the production of excessive flow
in the smaller weirs, is the existence of molecular forces deforming the stream
lines. This deformation being gradual and the deforming forces static in their
nature, the deformation does not appreciably change the energy efficiency. It
affects only the area and therefore appears directly in the quantity of flow. The
deformation is too slight to modify appreciably the law by which the static forces
influence the dynamic stream lines.

In other words, the molecular effect for heads of 0.5 foot or greater,
which amounts to 3 percent or less, is not sufficient to be noticeable
in the nappe profiles. Runs made by the Bureau of Reclamation on
heads as low as 0.3 foot, see table 1, show no material deviation in the

13 Harris, Chas. W., An Analysis of the Weir Coefficient for Suppressed Weirs, Univ. of Wash. Eng. Exp.
Sta. Bull. No. 22, 1923. Quotation reprinted by permission.
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nappe shape from others made at higher heads with the same value of

I—%- The discharge coefficients for these low heads differ very little

from those for the larger ones, as can be observed from table 1.

There is a noticeable surface-tension effect at very low heads; but
it is difficult to define its limits, as the sharpness of the weir crest or
a small amount of oil on the weir can cause a marked change in the
intensity. In the case of weirs sloping downstream, the effect of
friction on the water flowing over a flat, sloping surface is very notice-
able for low heads. In an effort to eliminate surface-tension effects,
few runs were made at heads less than 0.4 foot, see table 1. In addi-
tion, the weirs were machined to a knife edge to prevent the lower
nappe from springing from a point other than the sharp edge. It is
believed that viscous effects were of a negligible character in these
tests.

19. Comparison of Results with Bazin.—Bazin performed a series
of similar experiments in France during the years 1886 to 1888 on
vertical weirs varying from 1 to 2 meters in length, but his investiga-
tion included only two positions of the approach floor. This limited

his range of %’ values from 0.002 to 0.070, which is insufficient for

the majority of dam designs encountered in practice. Bazin per-
formed numerous tests on vertical-face weirs of which a few represent-
ative runs are summarized at the bottom of table 1. The Bureau of
Reclamation nappe shapes agree favorably with those of Bazin, but
the comparison has not been included, due to the difficulty of repro-

duction. However, Bazin’s values of 5— in figure 15—A agree suffi-

ciently well with the Bureau’s values to verify the above statement.

The agreement is not as satisfactory for the coefficients of discharge
shown in figure 15-B. Bazin’s coefficients are consistently higher
than those obtained by the Bureau. His weirs consisted of wood
planking topped with a brass plate which, according to Bazin’s report,
had a sharp 90° upstream edge. As judged from the results of other
more recent experimenters on sharp-crested weirs, Bazin’s values are
high. Schoder * attempted to check Bazin’s discharge coefficients by
performing minor changes in the approach channel to the weir, but
invariably obtained coefficients smaller than those of Bazin. Not
until the sharp edge of the weir was removed with a file did his values
approach Bazin’s. As a result, Professor Schoder concluded that
Bazin’s weirs did not have truly sharp crests. If this conclusion was
true, Bazin would naturally have obtained a greater discharge for a
given head than did recent experimenters. Whether Bazin’s weirs

1 Schoder, E. W., and K. B. Turner, Precise Weir Measurements, Trans. A. S. C. E., Vol. 93, 1929,
p. 1053.
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did or did not have true sharp 90° corners is now only a matter of
conjecture. There is no existing proof pro or con.

Another possibility is that Bazin’s weirs may have been sharp
according to present standards, but an error could have been made in
the calibration of his first weir, which was used to calibrate all others.
A small error in discharge is magnified in the coefficient of discharge.
It would probably be impossible to detect small differences in discharge
from the nappe-shape measurements, as discharge is used merely to
determine the velocity head of approach in this computation.

No attempt will be made to compare Schoder’s and numerous other
experimenters’ work on weirs in this study, as the material is volumi-
nous and most of the experimenters did not measure the value of E.

A mathematical analysis of the behavior of the sheet of water
flowing over a sharp crest, for the various conditions encountered in
practice, is suggested for further study. Vitols attempted such a
solution, taking into account the velocity of approach based to a
large extent on the results of Bazin’s experiments. An analysis of
the new data for higher approach velocities and the additional overfall
dam shapes, using this method or preferably a simpler one, offers an
interesting problem for a mathematically adept student or engineer
who has the time to pursue such a study. It was with this in mind
that tables of the original upper- and lower-nappe-shape coordinates
have been filed for future reference.

20. Reduction of Pressure on Upstream Face of Vertical Weir.—
Another phase of this study was the determination of the reduction of
pressure on the upstream face of the weir due to the conversion of
static to kinetic energy as the water flowed over the crest. Piezom-
eters were installed in the upstream face of each weir, as shown in
figures 6 and 11, and connected to manometer tubes. Pressures were
recorded during each test and the results as digested are shown
plotted in figure 17. The extent of the pressure reduction in feet of
water, measured downward from the sharp crest, is plotted in terms
of the total head on the weir, H, for different approach velocities.
The actual elevation of the water surface in the manometer tubes,
related to the weir crest, is &,, and the vertical distance downward
from the weir crest to the point at which the pressure was measured is
d, as shown by the diagram in figure 17. The pressure reduction is
greatest for the lower approach velocities.

The trapezoidal pressure diagram, CBOE, in figure 18, represents
the conventional method used in computing pressures on the upstream
face of a dam, with the resultant pressure, R;, acting at the centroid
of the trapezoidal area. The pressures indicated by this method are

18 Vitols, A., Beitrag zur Frage des Vacuumlosen Dammprofiles (Vacuumless Dam Profiles), Wasserkraft

und Wasserwirtschaft, Vol. 31, 1936, p. 207. Translated by Edward F. Wilsey in Bur. of Recl. Hyd. Lab.
Report 22 (unpublished).
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FIGURE 17.—REDUCTION OF PRESSURE ON UPSTREAM FACE OF VERTICAL WEIR.

larger than those which actually exist on overflow dams, as flow over
the dam produces a reduction in pressure, CBO, which is greatest in
the vicinity of the crest. By planimetering the areas enclosed by each
individual curve and the axes in figure 17, the magnitude of the pressure
reduction, R, for the weir with vertical upstream face is obtained.
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The results are expressed by a single curve in figure 18-A (p. 46).
2
The area OBC, expresses as ;tT'z, is plotted for six values of %’ With
s s
the coordinates in dimensionless terms, this curve is applicable to all
dams of this type, regardless of size. It was assumed in-the computa-
tions for the above curves that the ogee section of the dam would fit
the lower nappe of the sheet of water flowing over it. Should this
not be true, the resulting pressure reduction would be altered. To
obtain the total pressure reduction in pounds for a given value of

2
%» it is necessary to multiply the corresponding value of %, in

figure 18-A, by the length of the dam, by H? and by the unit weight
of water, w.

The position of the resultant, R,, of the pressure-reduction area
can be obtained from figure 18-B. The location of the resultant,
measured downward from the sharp crest, and expressed in terms of
unit head, is plotted with respect to % The distance d, from the

8

sharp crest to the resultant R;, for a given value of %’ is obtained
s

directly from this curve.

It is evident that the overturning moment as customarily computed
for overflow dams is too large. The actual reduction in pressure is
not appreciable; but where the moment arm is long, as in high dams,
the effect on stability may be worth considering. The nominal
method of analysis is not incorrect, but a factor of safety exists of
which the designer may be unaware. It may be feasible to effect a
reduction in other factors which are usually overdesigned for the sake
of safety. The extent to which this information is useful, however,
depends on the particular problem. The pressure reduction would be
negligible for low dams but may be significant for high dams with
large heads over the crest. C. W. Harris !¢ has also developed a
theoretical as well as an experimental treatment for the computation
of pressure reduction on the upstream face of a vertical weir.

APPLICATION OF EXPERIMENTAL RESULTS

21. Design of an Overflow Dam Section with Vertical Upstream
Face.—An overflow dam with vertical upstream face can now be de-
signed for practically any field condition. In the following example,
the dam will be so designed that, for the maximum designed head on
the spillway, the face of the overflow section will fit the lower profile
of the overflowing sheet of water with little or no negative pressure
between the sheet of water and the face of the spillway.

16 See footnote 13 in sec. 18.
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FIGURE 18.—RESULTANT OF PRESSURE-REDUCTION AREA—VERTICAL-FACE WEIR.

Example 1.—Given a maximum water surface at elevation 1,000.0
for a total discharge of 75,000 second-feet, with the average
approach floor at elevation 880.0. Determine the crest elevation
and coordinates for the shape of an overflow section with a crest
length of 250 feet.
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The solution is by successive approximations. First, assume a.
coefficient of discharge C—=3.75. From the expression

O0—CLH " (12)
75,000
Hi =g 755250 —80-00
and
H,—18.57 feet.
Then

P+E=120.00—18.57=101.43 feet,

H, 18.57
p+fE:1071143-0.183, and from figure 15-B, C=3.96.

With this new value of C,
75,000

He" =5 965250~ 75-76,
and
H,=17.90 feet.
Then
P+E=120.00—17.90=102.10 feet,
H, 17.90

P+E:m=0'l75’ and from figure 15-B, ('=3.96.

It has now been established that the value of H, is 17.90 and the
coefficient of discharge, C, is 3.96. The crest of the spillway is then
at 1,000—17.90, or elevation 982.10.

To determine H, and Z” ; first assume H,—H,—17.90feet. Then the

approximate value of A, is computed as follows:

H,+P=120.00 feet (approximate depth of approach).

*752280 =300 second-feet per foot of width,
300
Vo= 120~ 2-50 feet per second (velocity of approach),
and |
Vi ha _0.097
ho= 53—0 007 feet and 77 =755 =0.0054.

From figure 15-A, I—ZI£':O.1125.
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Now,
H,+E=H,, ‘ (13)
or 17.90+4-0.1125H,=H
Then
:ﬂ=20 17 feet (first approximation)
* 0.8875 ' ’

To obtain a more accurate value of V,, the approach depth h,+P
should be used, which is also H,+P—h,, or 120.00—0.097=119.90.

300

Ve=119.90

2.51 feet per second.
Hence,
he 0.098
he=0.098 and H, 20.17 0.0049.

From figure 15-A,

E
7=0113,
and
H,+E=H;or 17.90+0.113 H,=H,,
or
17.90
Hs=0—8‘877=2018 feet.

he 0.098 . . .
Now . =m=0.0049, which agrees with the previous step.
The final values are
hq

E=O.OO49 and H;=20.18.

In cases where the depth P+ E is small, see figure 15, more approxi-
mations will be needed to reach the final value of 1%: and H,.

From the experimental results on lower nappe shapes for vertical
weirs, table 12, values of %I(; are chosen, depending on the point spacing
desired. These are tabulated in column 1 of table 3 and corresponding
values of I%E are tabulated in column 2 for ?‘_i =0.0049. By solving
for X and Y from the values in columns 1 and 2, respectively, the
coordinates for the overflow section, columns 3 and 4, are obtained.

Column 5 expresses the values of Y in feet of elevation. The points
are shown plotted in figure 19.



WEIR WITH VERTICAL UPSTREAM FACE 49
TABLE 3.—COORDINATES FOR OVERFLOW SECTION—EXAMPLE 1

X Y Y, elevation,

. I X, feet Y, feet feet

1 2 3 4 5
0. 000 0. 0000 0. 00 0. 00 979. 86
0. 050 0. 0569 1.01 1.15 981. 01
0. 100 0. 0852 2. 02 1.72 981. 58
0. 150 0. 1014 3. 03 2. 05 981. 91
0. 200 0. 1093 4. 04 2.21 982. 07
0. 250 0. 1109 5. 05 2. 24 982. 10
0. 300 0. 1091 6. 05 2. 20 982. 06
0. 350 0. 1045 7. 06 2. 11 981. 97
0. 400 0. 0954 8. 07 1. 93 981. 79
0. 450 0. 0829 9. 08 1. 67 981. 53
0. 500 0. 069 10. 09 1. 39 981. 25
0. 600 0. 031 12.11 0. 63 980. 49
0. 700 —0.018 14. 13 —0. 36 979. 50
0. 800 —0. 075 16. 14 —1.51 978. 55
0. 900 —0. 140 18.18 —2. 83 977. 03
1. 000 —0. 215 20. 18 —4. 34 975. 52
1. 200 —0. 394 24. 22 —17.95 971. 91
1. 400 —0. 607 28. 25 —12. 25 967. 61
1. 600 —0. 851 32. 29 —17.17 962. 69
1. 800 —1.133 36. 32 —22. 86 957. 00
2. 000 —1. 452 40. 36 —29. 30 950. 56
2. 200 —1.799 44. 40 —36. 30 943. 56
2. 400 —2. 180 48. 43 —43. 99 935. 87
2. 600 —2. 603 52. 47 —52. 53 927. 33

The design of the straight portion of the spillway below the overflow
section depends on the stability determinations and characteristics of
the stilling pool at the toe of the spillway.

22. Determination of Wall Heights for Overflow Dam Section.—
In designing spillway walls it is difficult, in some cases, to foresee the
various factors which dictate the necessary height, such as diagonal
waves propagated by piers, waves created at different gate openings,
unsymmetrical flow produced by unequal approach conditions on the
two sides of a spillway, unpredictable air currents, and waves created
by unsymmetrical gate operation. The latter condition can-be
eliminated by operating the gates in a symmetrical manner; if all gates
cannot be opened an equal amount, those that are opened should
be chosen so as to produce a symmetrical pattern of flow. This
procedure of gate operation is mandatory on Bureau projects. The
extent of the effects of the remaining factors mentioned above, on the
required wall height, can be determined satisfactorily only by a model
study.

758318°—48——75
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FIGURE 19.—RESULTS OF EXAMPLES 1, 2, AND 3—VERTICAL-FACE WEIR.

Example 2.—Determine the wall heights for the overflow dam
section as designed in example 1.

As H; and T}jla have been determined in example 1, it is necessary
8

only to choose values of 1:’:{( from the experimental upper-nappe results
s

for vertical weirs, table 18, and record corresponding values of }}
3
hq

for H =0.0049. The results are shown in column 1 and 2, table 4.
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TABLE 4.—COORDINATES FOR UPPER SURFACE—EXAMPLE 2

X X Y, elevation
1. . X, feet Y, feet feet g
1 2 3 4 5
—1. 000 0. 956 ~20.18 | 10 29 999. 11
—0. 600 0. 928 —12.11 18.73 998. 55
—0. 300 0. 897 —6. 05 18. 10 997. 92
0. 000 0. 843 0. 00 17. 01 996. 83
0. 200 0. 788 4. 04 15. 90 995. 72
0. 400 0. 712 8. 07 14. 37 994. 19
0. 600 0. 617 12. 11 12. 45 992. 27
0. 800 0. 492 16. 14 9. 93 989. 75
1. 000 0. 342 20. 18 6. 90 986. 72
1. 200 0. 152 24. 22 3.07 982. 89
1. 400 —0. 068 28. 25 —1.37 978. 45
1. 600 —0. 318 32. 29 —6. 42 973. 40
1. 800 —0. 598 36. 32 —12. 07 967. 75
2. 000 —0. 905 40.36 | —18.26 961. 56
2.200 | —1.256 44.40 | —25.35 954. 47
2. 400 —1. 653 48. 43 —33. 36 946. 46
2. 600 —2.090 52. 47 —42. 18 937. 64
2. 800 —2. 553 56.50 | —51.52 928. 30
3. 000 —3.030 60. 54 —61. 15 918. 67

The values in column 3 and 4 were obtained by multiplying those
in columns 1 and 2 by Hj, or 20.18. The points for the upper surface
are also shown plotted in figure 19. This curve represents the actual
water surface as obtained in the experiments, with near-perfect
approach conditions and with little or no air absorption in the sheet
of water. The amount of freeboard needed above this curve depends
on the particular problem. Wave heights are difficult to predict.
The expansion of the sheet of water due to air entrainment increases
as the water accelerates, but it can be estimated with a reasonable
degree of accuracy. In this connection, reference is made to a study
by R. Ehrenberger,'” to field observations by C. W. Thomas,'® and
to an analysis of the latter observations by V. L. Streeter.!

23. Determination of Pressure Reduction on Upstream Face of
Dam.—

Ezxample 8.—Determine the magnitude of the pressure reduc-
tion and the location of its resultant for the overflow section
shown in figure 19.

17 Enrenberger, R., Flow of Water in Steep Chutes with Special Reference to Self-Aeration. Oster-
reichischen Ingenieur und Architektenvereines No. 15/16 and 17/18, 1926. Translated by E. F. Wilsey in
Bur. of Recl. Hyd. Lab. Report 29 (unpublished), October 1937.

18 See footnote 11 in sec. 15.

19 Streeter, V. L., Second Progress Report on Studies of the Flow of Water in Open Channels with High
Gradients, Bur. Rec. Hyd. Lab. Report 40 (unpublished), October 13, 1938.
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From the previous examples, H,=20.18 feet and %’ =0.0049. En-
s

tering figure 18—A with the latter value, the pressure-reduction area
CBO, expressed in terms of H 2, is found equal to 0.084.

The actual area is therefore 0.084 < (20.18)?=34.2 square feet, or
34.2 cubic feet of water per foot of dam. This is equal to a pressure
reduction of R,=34.2X62.5=2,138 pounds per foot of dam length.

The position of the resultant of this negative force is located by

entering figure 18-B with the same value of %’ A value of % equal

8 s
to 0.216 is obtained, which is the vertical distance from the point O
to the centroid of the area CBO, expressed in terms of unit head. The
position of the resultant pressure-reduction force, E,, which acts in

an upstream direction, is d=0.21620.18=4.36 feet below point O,
see figure 19.

This completes the solution to the above problem; however, as a
matter of interest, the extent to which this small force reduces the
overturning moment due to hydrostatic pressure acting on the up-
stream face of the dam will be investigated. If it is assumed that low
water level downstream from the dam is elevation 890, see figure 19,
it is not necessary to consider any hydrostatic forces below this point.
The area CBOE in figure 18, considering the base at elevation 890, is
———20'18;110'())((110.0—20.18)=5,846 square feet, and the
hydrostatic pressure is 5,846 %X 62.5=365,375 pounds per linear foot of
dam.

The resultant of the force, designated as R,, acts at the centroid of
the area CBOE, elevation 924.6, shown in figure 19. The magnitude
and location of the force R, are known from the above problem.

By taking moments about the base of the dam, point Z in figure 19,
the reduction in the overturning moment, produced by the force R,,
2,138X125.46
365,375X74.6

The relative importance of the force R, varies with the individual
problem.

equal to

is found equal to =0.00984, or approximately 1 percent.



CHAPTER IV—WEIRS SLOPING DOWNSTREAM
ANALYSIS OF EXPERIMENTAL RESULTS

24. Weir Shapes Tested.—In continuation of the experimental
study, three weirs with downstream slopes were tested to represent
overflow dams with sloping upstream face, such as Imperial Dam on
the Colorado River. (See Part IV, Bulletin 9, of this series.) The
same weir plate was used as in the previous tests, except that it was
placed on slopes of 1:3, 2:3, and 3:3, making angles with the vertical
of 18.43°, 33.69°, and 45.0°, respectively, see figure 20. The knife
edge was maintained on this weir for all three slopes. The experi-
mental flume and the instrumentation were the same as for the vertical-
weir tests, except that it was necessary to shift the lower coordinometer
and shorten or lengthen the movable floor, depending on the weir.

25. Compilation of Nappe-Shape Results.—The test procedure and
the compilation of the results for the three sloping weirs, shown in
figure 20, were handled in the same manner as for the vertical weir.
The material was prepared and the results were expressed for each
weir in the same form as for the vertical weir. No additions nor
changes in the terminology were necessary.

A summary of the tests made on the 1:3 sloping weir is shown in
table 5, together with a compilation of all of Bazin’s data on a weir
having the same slope. The form is the same as that used for table 1.
Nappe profiles were recorded for all runs shown in this table.

The X and Y coordinates for each run shown in table 5 were
plotted to a large scale and smooth curves drawn through the points.
Coordinate points were then read from the smooth curve for each run
and divided by their respective values of H,, thereby reducing all
coordinates to unit head on the weir. The coordinates, in unit-head
form, were then grouped as shown in table 6 and plotted, the relation

?7“ being used as the criterion. An attempt was made to combine at
s

least three runs made under different conditions of head and approach
depth. The average line from each group was combined into a final

set of nappe profiles for values of % ranging from 0.002 to 0.20.
s

The coordinates EX— and ITII’- for the final lower-nappe-shape curves

8

are tabulated for different values of 1%" in table 13. The coordinates

53



STUDIES OF CRESTS FOR OVERFALL DAMS

54

INVHILSNAMOQ AANITONI IFM 04 ISHID TIVAYHAO HHL 4O SINHWHTH TVAIONINd—0T H4NOId

‘pu0aas sad }aay ‘yooosddo 4o A4120jap —OA

“333y -pu02as ‘Ayiyuonb abioydsig - O

‘yaay as0nbs ‘voryois B6uIbob L0 U0NI3S SS0JD MOJ4 4O DAY = Y
423y ‘am 4sa) jo yibuay - 3

493} ‘'v01309s 6uibob 40 |aUUDYD 534 JO YIPIM — M

NIZVE8 -NV3IYLISNMOQ Q3NITONI SHIIM

3d07s 12

3d07S €!€ NO WVIHLISNMOG QA3NITONI ¥IIM

10013 3QOAO--"

3d07S €:2 NO WVINHLISNMOO A3NITONI ¥IIM

A=

10014 3|qOAOK-

- - —x-
e>A
>+_
3d0T1S €:1 NO WV3YLISNMOQ QNZ_._.OZ_ HI3M
A=
100]4 3|qQOAON--"
- - . —— -




55

WEIRS SLOPING DOWNSTREAM

TABLE 5.—SUMMARY OF TESTS ON WEIR INCLINED DOWNSTREAM ON 1:3 SLOPE
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STUDIES OF CRESTS FOR OVERFALL DAMS

TABLE 5.—SUMMARY OF TESTS ON WEIR INCLINED DOWNSTREAM ON 1:3

SLOPE—Continued
I I 12 13 4 | 15 16 17 8 19
TEST 3 L, 3| C |PHE| Ho_ | He ho £
W | FeeT | LHo FEET | P+E | FEET Hg Hs
BUREAU OF RECLAMATION DATA
1I3-1 { 0512 |2017|1.033 |3.986 [5.140| 0.125] 0700 | 0.0029 | 0.0857
13-2 | 0391 0789 | 3990 | 5.132 | 0.104| 0587 | 0.0017 | 0.0886
13-3 | 0.337 0680 |3.971 |5.125 | 0.094| 0.529 | 0.0019 | 0.0851
14-1 | 1.093 2.205 | 3.864 | 3368 | 0.315| 1.1585 | 0.0117 | 0.0846
15-1 | 0.596 1202 [ 3.931 | 2.573 | 0275 0.7706 | 0.0099 | 0.0818
15-2 | 1.217 2.455 (3988 [2.615| 0.436| 1.2451 | 00201 | 0.0843
15-3 | 1.248 2517 | 3.943 [ 2596 | 0.446| 12647 | 00203 | 0.0838
16-1 | 0.427 0.861 | 3.914 | 2.060 | 0.275| 06170 | 0.0097 | 0.0810
16-2 | 0.854 1.722 | 3.952 [ 2.089 | 0.431| 0.9791 | 0.0195 | 0.0807
17-1 | 0.605 1,220 | 3.943 | 1.573 | 0.455| 0.7783 | 0.0209 | 0.0809
17-2 | 1.238 2.497 | 3.950 | 1.590 | 0.725| 1.2526 | 0.0388 | 0.0798
18-1 | 0.7223 11457 | 3.936 | 1.067 | 0.754| 0.8754 | 0.0404 | 0.0800
18-2 | 1.2607 2.543 | 3.924 | 1.086 | 1.075| 12613 | 0.0605 | 0.0745
19-1 | 0.362l 0.730 | 4.007 | 0677 | 0.750| 0.5550 | 0.0414 | 0.0847
19-2 | 0.6327 1276 | 3918|0692 | 1.065 0.7986 | 0.0596 | 0.0776
19-3 | 1.0317 2.081 [ 3.866 | 0.701 | 1.456| 1.0940 | 0.0804 | 0.0667
20-1 | 12413 2504 | 3.870 | 0.636 | 1.816| 12374 | 0.0989 | 0.0663
20-2 | 08354 1.685 | 3.864 | 0614 | 1.445| 09548 | 0.0794 | 0.0712
21-1 | 03430 0692 | 3851 | 0.435 | 1.126| 05283 | 0.0611 | 0.0719
21-2 | 05216 1.052 | 3.883 | 0.446 | 1.453| 0.6982 | 0.0805 | 0.0716
21-3 | 08199 1.654 | 3.839 | 0.453 | 1.934| 09363 | 0.1029 | 0.064!
22-1 | 09421 11900 | 3:821 [ 0415 | 2:316| 1.0227 | 0.1190 | 0.0606
23-1 | 05669 1.143 | 3.850 | 0368 | 1.861| 0.7332 | 0.0998 | 0.0655
23-2 | 08781 1.771 | 3.809 | 0381 | 2.407| 09769 | 0.1217 | 0.0614
24-1 | 08510 1.716|3.782| 0319 | 2.815| 09513 | 0.1359 | 0.0557
24-2 | 13327 | " | 2688|3731 (0327 | 3703| 12749 | 0.1615 | 0.0502
25-1 | 03674 0741|3792 | 0268 | 1914 05493 | 0.0989 | 0.0655
25-2 | 05447 1.099 | 3.749 [ 0.277 | 2.408| 0.7072 | 0.1176 | 0.0566
25-3 | 0.7920 1597 | 3.757 | 0.284 | 3.014| 0.9057 | 0.1410 | 00552
25-4 | 1.0728 2.164| 3.743|0.291 | 3.601| 1.1053 | 0.1595 | 0.0516
26-1 | 10453 2.108| 3.643 | 0219 | 4.703| 1.0777 | 0.1779 | 0.0445
27-1 | 12851 2592| 3551 [ 0178 | 6.640| 1.2282 | 02029 | 0.0375
27-2 | 0.8695 1.754| 3.612 | 0.182 | 5.005/ 0.9518 | 0.1805 | 0.043|
27-3 | 05386 1.086| 3.720| 0.177 | 3.740| 0.6972 | 0.1609 | 0.0502
27-4 | 03902 0.787| 3736 0.177 | 3.017| 05646 | 0.1392 | 0.0549
28-1 | 0.8045 1.623 | 3.395/0.096 | 9.010| 0.8886 | 0.2044 | 0.0270
28-2 | 04303 0.868| 3.497|0.097 | 5876 05906 | 0.1805 | 0.0356
28-3 | 1.3942 2.812| 3.305|0.092 |13.565 1.2709 | 0.2195 | 0.0181
BAZIN DATA (TYPICAL)
14-1 | 0.4821 | 3.281| 1.582| 4.046|3.772 | 0.163| 0.6696 | 0.0044 | 0.0819
14-2 | 0.6502 2.133| 4.162|3.792 | 0.198| 0.8256 | 0.0068 | 0.0910
14-3 | 0.8557 2.808| 4.12213.806 | 0.237| 0.9899 | 0.0090 | 0.0895
14-4 | 1.0913 3581 | 4084|3818 | 0278| 11611 | 0.0113 | 0.0870
14-5 | 13254 4.349| 4.059(3.834 | 0315 1.3237 | 0.0134 | 0.0885
14-6 | 15765 5.172| 4.057|3.853 | 0.352| 1.4906 | 0.0159 | 0.0911
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of the final upper-nappe-shape curves, which were obtained in the
same manner, are listed in table 19.

The data for the 2:3 and 3:3 sloping weirs were treated in the same
manner as those for the 1:3 sloping weir. Summaries of runs made
on the 2:3 and 3:3 weirs are included as tables 7 and 8, respectively.
The tables also include all of Bazin's work on weirs with these two
slopes. The method of combining the nappe shape data for plotting
from the 2:3 and 3:3 sloping weirs is shown in tables 9 and 10, respec-
tively.

The final lower-nappe-shape coordinates, in terms of unit head, for
the 2:3 and 3:3 sloping weirs are tabulated in tables 14 and 15, respec-
tively. The final coordinates for the corresponding upper nappe

a

shapes for various values of 2{— are listed in tables 20 and 21, respec-

tively. ,

26. Bazin’s Results on 2:1 and 4:1 Sloping Weirs.—In his experi-
ments, Bazin included studies on weirs with downstream slopes of 2:1
and 4:1. These slopes were not included in this program, as they
were not, considered of sufficient importance to merit the expense
involved. However, for the sake of completeness, Bazin’s data have
been included in table 11 for the 2:1 and 4:1 sloping weirs. Since
only two approach depths were used, the data are meager. The

maximum value of %‘;—obtained by Bazin was 0.07, insufficient for the

design of many low dams with moderate velocities of approach.
The X and Y coordinates, in terms of unit head, for the lower
nappe shapes from Bazin’s 2:1 and 4:1 downstream-sloping weirs are
tabulated in tables 16 and 17, respectively. Similar coordinates for
the 2:1 and 4:1 upper nappe shapes are listed in tables 22 and 23.
Tables 12, 13, 14, 15, 16, and 17, in which are tabulated lower
coordinates for the vertical, 1:3, 2:3, 3:3, 2:1, and 4:1 weirs, have
been grouped together to facilitate interpolation between tables.
The same is true for tables 18, 19, 20, 21, 22, and 23, in which are
tabulted coordinates of the upper nappe surface for the same weirs.
27. Relation of E to Velocity of Approach.—To facilitate inter-
change between the various heads, h,, Ho, ks, and H,, the relation

I—% has been plotted with respect to 1}9{” in figure 21-A for the three

sloping weirs tested. It is interesting to note that the value of E
decreases as the angle of the weir is increased from the vertical,
which means that the contraction at the under side of the jet decreases
as the slope of the weir is flattened. The black triangles indicate
Bazin’s data on similar weirs. The agreement between these points
and the recent data is quite satisfactory.
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TABLE 6.—METHOD OF COMBINING NAPPE SHAPES FOR WEIR WITH 1:3
DOWNSTREAM SLOPE

TEST H, FEET P,FEET |  ACTUAL h,/Hy PLOTTED hy/Hs
13-1 0.700 5.08 0.0029 0.0020
13-2 0.587 5.08 0.0017 0.0020
13-3 0.529 5.08 0.0019 0.0020
14-1 1.1585 3.27 0.0117 0.0100
15=1 0.7706 2.51 0.0099 0.0100
161 0.6170 2.0l 0.0097 0.0100
15-2 1.2451 2.51 0.0201 0.0200
15-3 1.2647 2.49 0.0203 0.0200
16-2 0.9791 2.01 0.0195 0.0200
17-1 0.7783 1.51 0.0209 0.0200
17-2 1.2526 1.49 0.0388 0.0400
18-1 0.8754 0.997 0.0404 0.0400
19-1 0.5550 0.630 0.0414 0.0400
18-2 1.2613 0.992 0.0605 0.0600
19-2 0.7986 0.630 0.0596 0.0600
21-1 0.5283 0.397 0.0611 0.0600
19-3 1.0940 0.628 0.0804 0.0800
20-2 0.9548 0.546 0.0794 0.0800
21-2 0.6982 0.396 0.0805 0.0800
20-1 1.2374 0.554 0.0989 0.1000
21-3 0.9363 0.393 0.1029 0.1000
23-1 0.7332 0.320 0.0998 0.1000
25-1 0.5493 0.232 0.0989 0.1000
22-1 1.0227 0.353 0.1190 0.1200
23-2 0.9769 0.321 0.1217 0.1200
25-2 0.7072 0.237 0.1176 0.1200
24-1 0.9513 0.266 0.1359 0.1400
25-3 0.9057 0.234 0.1410 0.1400
27-4 0.5646 0.146 0.1332 0.1400
24-2 1.2749 0.263 0.1615 0.1600
25-4 1.1053 0.234 0.1595 0.1600
27-3 0.6972 0.142 0.1609 0.1600
26-1 1.0777 0.171 0.1779 0.1800
27-2 0.9518 0.141 0.1805 0.1800
28-2 0.5906 0.076 0.1805 0.1800
27-1 1.2282 0.132 0.2029 0.2000
28-1 _ 0.8886 0.072 0.2044 0.2000
28-3 . .1.2709 0.069 0.2195 0.2200
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TABLE 9.—METHOD OF COMBINING NAPPE SHAPES FOR WEIR WITH 2:3
DOWNSTREAM SLOPE

TEST Hg FEET P, FEET ACTUAL h,/H, PLOTTED hy/Hg
29-1 0.7164 4.724 0.0033 0.0020
29-2 0.5984 4.721 0.0023 0.0020
29-3 0.5240 4.72) 0.0019 0.0020
30-1 1.2055 2.482 0.0203 0.0200
31 0.9610 2.007 0.0198 0.0200
32-1 0.7193 1.511 0.0199 0.0200
33-1 1.0767 0.885 0.060! 0.0600
34~ 0.7607 0.635 0.0601 0.0600
36-1 0.4865 0.405 0.0606 0.0600
35-1 1.0356 0.476 0.0991 0.1000
36-2 08911 0.406 0.101 1 0.1000
37-1 0.6991 0.328 0.0988 0.1000
38-1 0.9698 0.278 0.1400 0.1400
40-1 0.8523 0.238 0.1423 0.1400
42-1 0.5744 0.151 0.1417 0.1400
39-1 1.0466 0.239 0.1611 0.1600
41-1 0.7997 0.175 0.1822 0.1600
42-2 0.6923 0.151 0.1593 0.1600
41-2 0.9487 0.174 0.1789 0.1800
43-1 0.7051 0.127 0.1774 0.1800
44-1 0.5798 0.086 0.1790 0.1800
43-2 09331 0.128 0.1984 0.2000
44-2 0.7855 0.084 0.2031 0.2000

TABLE 10.—METHOD OF COMBINING NAPPE SHAPES FOR WEIR WITH 3:3
DOWNSTREAM SLOPE

TEST Hq ,FEET P, FEET ACTUAL hg,/Hg PLOTTED hy/Hs
45-1 0.6675 4.221 0.0037 0.0020
45-2 0.5504 4.222 0.0025 0.0020
45-3 0.5283 4.224 0.0025 0.0020
46-1 1.1402 2.484 0.0195 10.0200
47-1 0.9700 2.017 0.0206 0.0200
48-1 0.7208 1.522 0.0205 0.0200
49-1| 1.0307 0.884 0.0599 0.0600
50-1 0.7187 0.626 0.0594 0.0600
52-2 0.4586 0.387 0.0602 0.0600
51-1 0.9782 0.468 0.1004 0.1000
52-1 0.8214 0.384 0.1028 0.1000
53-1 0.6648 0.317 0.1005 0.l0_00
54-1| 0.9126 0.273 0.1409 0.1400
58-1 0.5163 0.150 0.1420 0.1400
55-1 1.0331 0.259 0.1579 0.1600
57-1 0.7099 0.179 0.1604 0.1600
58-2 0.6207 0.151 0.1606 0.1600
57-2 0.8959 0.170 0.1807 0.1800
58-3 0.7713 0.151 0.1819 0.1800
60-1 0.4498 0.080 0.1774 0.1800
59-1 0.8227 0.132 0.1990 0.2000
60-2 0.5912 0.079 0.1999 0.2000
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STUDIES OF CRESTS FOR OVERFALL DAMS

2= b8g 2~ 0062
2- 6822- 0st'2
2- 96172~ 0042
2~ S01°2- 0s€'2
2 - Gl0e- 2
- 8261 - 2
I 2v8'l - 2
- 6L 1 - 2
- 991 - 2
I - G6G | - 2
8061 - 8IG I~ 2
beEY'l - b |- "
19¢'1 - 89¢ | - il
1821 - 9621 - |
9121 - g2l - il
|- €SIl - 1
6.0l - 680 | - il
€101 - 810! - |
6960- $S60- 1
9880- 2680- I
9280~ 1€8°0- i
69L0- €LL0- [
g1L0- LIL0- |
8690~ 2990- il
G090~ 8090- |
550~ 1660~ [
9060~ 6060 - il
29 0- €9v0- 1
1260~ 2240 -
8.€0- 8.£0-
LEE0~ 1£€0-
02€0- 02€ 0- 086 0
90€°0- 90€ 0~ 0363
6820~ 6820 - 0b6 0
¥220- | ¥220- | v22°0- 0260
0920- | 0920- | 0920- 0060
Hx
081°0 0910 0v! 0 0210 001°0 0600 0800 0L00 0900 | 0600 0£00 0200 0100 2000 5
Yoy

H/A

PINUHTOD—YTAM mAI“% JO SANTVA

INTYHIIId 404 HddVN ¥dMOT 40

SHLYNIQYOOO—'ST I1dV.L




75

WEIRS SLOPING DOWNSTREAM
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1810~ | S81'0- | €810- 2000 | 2000 | 2000
9210- | 210~ | 2410- z000 | 2000 | 2000
910~ | 291°0- | 0910- 2000 - | 2000 | 2000
v61'0- | 2610- [ 0510~ €000 | €000 | £000
€v10- | 1p10- | 6g1°0- 2000 | 2000 | 2000
z€10- | ogro- | 8210- 0000 | 0000 | 0000
0£00 | 2200 [ 0100 0200 | 0900 | 0500

6210~ §z10- | £21°0-
»210- 1210- | 6110~
0210~ 9110~ ¥110-
P110- 1110~ | 6010~
0110- 9010- | ¥010-
§01°0- 1010~ | 6600~
2010- 1600- | $600-
1600~ £600- | 1600~
£60°0- 8800- | 9800-
680°0- $800- | 2800-
9800- 1800- | 6100~
2800- 1200~ | $200-
8200~ £200- | 1200-
9200~ 0£00- | 8900-
020°0- 9900- | $900-
9900~ £900- | 1900-
£900- 6500- | 8500-
6500~ §500- | #500-
§500- 2500- | 0500-
2500- 8900~ | 1$00-
6000~ S¥00- | ¥900-
$$00- 2500~ | 1¥00-
2v00- 6£00- | 1£00-
8£00- §€00- | #£00-
S£00- 2€00- | 1£00-
2£00- 6200~ | 2200~
6200~ 1200- | S200-
9200~ £200- | 1200~
£200- 1200~ | 6100~
0200- 8100- | 9100-
8100- §100- | ¥100-
$100- €100- | 2100~
£100- 1100- | 0100~
1100- 6000- | 8000~
6000~ 2000- | 9000-
9000- | 9000- | $000- | $000-
5000- | $000- [ £000- | £000-
£000- | 2000- | 1000- | 1000-
2000- | 1000- | 0000 000°
0000 000 1000 100
0000 1000 1000 2000
1000 2000 2000 £000
2000 2000 2000 £000
2000 £000 £000 000
£000 £000 $000 000
€000 €000 £000 000
€000 £000 €000 000
£000 £000 £000 £000
2000 2000 2000 2000
0000 0000 0000 0000
0v00 0§00 0200 0100
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TABLE 18—COORDINATES OF UPPER NAPPE FOR DIFFERENT VALUES O é’l—'—
VERTICAL WEIR -

Y/H,

0002 | oo020 0040 | o060 [ 0080 0100 | 0120 | 0140 0160 | 0180 | 0200
0990
0990
0990
0990 | 0.974 0.958
0990 | 0974 0.958
0990 | 0974 0958
0990 | 0974 0957
0990 | 0972 0955
0990 | 0972 0954 0878
0989 | 0.971 0953 0877
0988 | 0970 0952 0876 | 0844 [ 0812
0988 0.969 0950 0875 0.844 0812
0987 | 0968 0.950 0873 | 0843 [ 0811
0986 | 0968 0949 0873 | 0842 | 0811
0985 | 0966 0948 0872 | 0841 | 0810
0984 0966 0.947 0872 0841 0810 0.782
0983 | 0965 0947 0871 [ 0840 | 0809 0781

982 0964 946 0871 0840 0809 0.780
0981 0963 | 0945 0870 [ 0839 | o808 0779 | 0760 | 0743
0.980 0962 0944 0870 0839 0808 0778 0.760 0.742
0979 | 0961 0943 0869 | 0838 [ o807 o777 | 0758 | 0741
0978 0.960 0942 0869 0838 0807 0776 0758 0.740
0.977 0959 0941 0868 0.837 08 0776 0757 0739
0975 | 0958 0940 0868 | 0837 | 0806 0775 | 0756 | 0738
0974 0.956 0939 0867 0836 0805 0774 0755 0.737
0972 0.955 0938 0866 0.835 0804 0773 0.754 0.736
0970 0954 0.937 0865 0834 0803 0771 0753 0.735
0967 | 0952 0936 0864 | 0833 | 0802 0770 | 0752 | 0734
0 964 0.949 0934 0863 0832 0801 0769 0751 0.733
0961 0946 093¢ 0861 0831 0800 0.768 0.750 0732
0958 0.944 0929 0859 0.829 0.799 0767 0.749 0731
0952 0.938 0924 0856 0827 0798 0765 0747 0.730
0947 0934 0920 0850 0822 0795 0763 0745 or27
0 940 0926 0913 0846 0820 0793 076! 0742 0724
093 | 0918 0907 0840 | 0815 | 0790 0759 | 0740 | o072
0921 0910 0.898 0832 0808 0783 0755 0.736 0718
0911 0899 0887 0823 0800 0777 0750 0731 0713
0.899 0886 0873 0812 0791 770 0744 0726 0.707
0.883 0871 0859 0800 0.780 0760 0735 0718 0.700
0.866 0853 0840 0784 0.766 0748 0724 0708 0692
0845 0832 0819 0.764 0.748 0732 0710 0696 0682
0820 | 0806 0793 0740 | 0726 | 0713 0693 | 0680 | 0667
0790 | 0778 0.765 0717 | 0703 | 0690 0671 0660 | 0650
0.755 0742 0730 0686 0673 0.660 0644 0635 0627
0.71a [ 0702 0690 0650 | 0637 | 0625 0610 | 0603 [ 0595
0670 | 0658 0645 0608 | 0596 | 0583 0570 | 0564 | 0558
0.619 | 0606 0594 0558 | 0546 | 0533 0523 | 0518 | 0512
0.560 | 0548 | 0536 0500 | 0490 | 0480 | 0470 | 0465 | 0460
0393 | 0482 0470 0440 | 0429 | o048 0410 | 0404 [ 0400
0423 | 0412 0.400 0368 | 0359 | 0349 0340 | 0335 | 0330
0344 | 0332 0320 0290 | o280 | o270 0263 | 0258 | 0.253
0252 0241 0.230 0200 0.194 0188 0.180 0.175 170
0.153 0.144 0.134 0108 0.102 0.095 0088 0083 0078
0048 | 0039 | 0030 0005 | 0000 | -0005 | -0012 | -0016 | -0.021
-0.067 | -0.074 | -0.080 -0.104 | -0.108 [ -0.112 | -0120 | -0.125 | -0.130
-0190 | -0195 | -0200 -0220 | -0225 | -0.230 | -0240 -0.245
-0317 | -0322 | -0328 -0349 | -0.352 | -0355 | -0362 -0370
~0.450 0456 -0 461 -0481 -0 484 -0 488 -0496 =0 501
=0597 -0601 -0605 -0622 -0626 -0.630 -0636 -0 641
-0750 | -0754 | -0758 -0770 | -0.774 | -0.779 | -0783 -0 790
-0905 | -0908 | -0911 -0925 | -0928 | -0.930 | -0.934 -0937
-1.080 | -1.082 | -1.085 -1.090 | -1.092 | -1.095 | -1.092 -1.095
=1.255 1264 =273 S =1.268 -1.265 =1.264 -1.260
=1450 -1458 ~1.465 -1460 =1 452 ~1445 =1.442 =1.433
-1652 | -1661 | -1.670 -1.658 | -1 649 | -1.640 | -1.630 -1 620
-1865 | -1.872 | -1880 -1860 | -1.850 | -1.840 | -1826 -1810
-2.090 | -2090 | -2.090 -2068 | -2057 | -2.046 | -2023 -2.008
-2.322 | -2317 | -2312 -2278 | -2264 | -2250 | -2223 -2.207
-2554 ~2.546 -2.538 -2.492 =24176 -2 460 -2.434 -2410
-2790 | -2778 | -2.767 -2'719 | -2.701 | -2680 | -2655 -2.632
-3032 | -3021 | -3010 -2958 | -2939 | -2910 | -2892 -2 870
-3285 | -3.272 | -3 260 -3208 | -3.192 | -3.160 | -3.145 -3 120
-3540 -3.528 -3515 -3462 -3447 -3418 =3405 -3.385
-3803 -3 792 -3 780 -3725 -3.714 -3690 -3676 -3 654
-4074 -4.062 -4 050 -4.008 -3.994 =3.972 -3.955 -3 940
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TABLE 19.—COORDINATES OF UPPER NAPPE FOR DIFFERENT VALUES OF E"—l:
8
WEIR
YA,
C
0.030 | 0.040 | 0.050 | 0.060 | 0.070 | 0.080 [ 0090 | 0.100 | 0.120 | 0.140( 0.160 | 0.180
0.962 | 0950 0.940 [ 0.929 | 0.919 | 0908 | 0897 | 0.885 | 0862 | 0838 | 0814 | 0790
0962 ( 0950 | 0940 | 0929 | 0.919 [ 0908 [ 0.897 ( 0.885 | 0.862 | 0.838 | 0813 | 0790
0962 [ 0950 | 0.940 | 0929 | 0919 [ 0908 | 0.897 | 0.885 | 0862 | 0837 | 0812 | 0790
0961 | 0950 | 0.940|-0929 | 0.918 [ 0907 | 0896 | 0.885 | 0862 | 0.837| 0811 | 0790
0961 | 0950 | 0.939 | 0928 | 0917 | 0906 | 0.895 | 0.884 | 0.862 | 0.836 | 0810| 0790
0961 | 0950 | 0939 | 0928 | 0917 | 0905 | 0895 | 0.884 | 0862 | 0.836| 0810 0790
0961 | 0950} 0939} 0928 ( 0917 0905 ( 0.894 | 0.883 | 086! | 0836 | 08I0 | 0789
0961 | 0950 | 0939 | 0928 | 0917 | 0905 | 0.894 | 0883 | 0861 | 0.835| 0809 | 0789
0.960 [ 0.949 | 0938 | 0927 | 0916 [ 0905 | 0.894 | 0883 | 0861 | 0835| 0808 | 0.788
0960 | 0948 | 0938 | 0927 | 0916 | 0905 | 0894 | 0.883 | 0860 | 0834 0808 | 0788
0.959 | 0947 | 0:937 | 0926 | 0915 | 0904 | 0.893 | 0.882 | 0860 | 0.834| 0807 | 0787
0958 | 0946 | 0.936 | 0925 | 0914 ( 0903 | 0.892 | 0881 | 0859 | 0.833| 0806 | 0785
0958 | 0946 | 0936 | 0925 [ 0914 [ 0903 | 0892 | 088! | 0859 | 0832 0805 0782
0958 | 0946 | 0.936 [ 0925 | 0914 | 0903 | 0892 | 0881 | 0.859 [ 0832 .804 | 0781
0958 | 0.946 | 0.936 [ 0925 | 0914 | 0903 | 0892 | 088! | 0858 | 0831 | 0804 | 078!
0957 | 0946 | 0.936 | 0925 | 0914 ( 0903 | 0892 0881 [ 0858 | 0831 | 0803 | 0780
0957 | 0945 | 0.935 | 0924 | 0913 [ 0902 | 0891 | 0.880 | 0.857 | 0.830| 0803 | 0780
0956 [ 0944 0934 | 0923 ( 0913 | 0902 | 0.891 | 0.879 | 0856 | 0.829| 0802 | 0779
0.955 943 { 0933 | 0923 ( 0913 | 0902 | 0890 0878 | 0854 | 0.828| 0801 | 0778
0954 | 0942 | 0.932| 0922 | 0.912 | 0902 | 0890 | 0.878 | 0853 | 0827 | 0801 0776
.953 | 0942 | 0932 | 0922 | 0912 | 0902 | 0890 0877 | 0852 | 0826 0800 0774
1952 | 0.942 .932 | 0922 | 0912 | 0902 | 0.890| 0877 | 0852 0826 0.800| 0772
951 | 0.941 932 | 0922 | 0912 | 0902 | 0890 | 0877 | 085! [ 0826 | 0800| 0770
.950 | 0.940 931 [ 0921 | 0911 | 0901 [ 0889 | 0876 | 0851 | 0826 0800 0768
.948 | 0939 930 0920 | 0911 | 0901 | 0889 | 0876 | 0850 0.825| 0.800| 0766
.946 | 0.938 .929 | 09191 0910 | 0900| 0.888| 0.875| 0850 0825| 0.799| 0762
.945 | 0937 .928 | 09191 09101 0900| 0888 0875 | 0.849| 0824 0.798 | 0.760
942 | 0.935 .926 | 0917 | 0.908 [ 0899 | 0.887 | 0874 ( 0848 | 0823 | 0797 | 0758
938 | 0932 .924 | 0915 0.906 | 0897 | 0885 | 0872 | 0847 | 0822 | 0796 | 0754
1935 | 0.930 .921 | 0912 ) 0903 | 0894 0882 | 0870 | 0846 | 0820 0.794| 0750
.932 | 0926 .918 | 0909 ( 0900 | 0891 | 0880 0868 0.845| 0.819]| 0.792| 0746
.926 | 0.920 .912 | 0904 | 0896 | 0887 | 0876 | 0865| 0842 0.817| 0791 | 0.742
.921 | 0914 .906 | 0.898 | 0.890 | 0.882 | 0872 | 0861 | 0840 0815| 0789 0.738
.914 | 0908 .901 | 0893 | 0885 ( 0877 | 0867 0857 0836 | 0811 | 0785| 0732
.906 | 0.900 .893 | 0885 | 0.877 | 0869 | 0.860( 0850 0.830| 0805| 0.780| 0729
.8 0.868 | 0860 | 085! | 0842 | 0824 | 0800 0775 0722
.8 0.858 | 0850 | 0.842| 0833 | 08I5| 0792 0.76 0715
.8 0846 | 0839 | 0830 082! | 0803| 0781 0759 | 0707
.8 0830 | 0823 | 0815 | 0807 | 0.790| 0770] 0.749 | 0.698
.8 0.814| 0807 | 0799 | 0791 | 0774 0755| 0735 0687
.8 0794 | 0787 | 0779 | 0771 | 0755 | 0737} 0718| 0672
. 0768 0762 | 0755 0748 | 0734 0716| 0697 | 0656
0739 0733 | 0727 | 0720| 0706 | 0.688| 0670 0633
0.704 | 0699 | 0693 | 0.687 | 0674 | 0656 | 0638 | 0606
0.665| 0660 | 0654 | 0648 | 0635 0617 0599 0572
0619| 0614 0573 | 0556 | 0532
0565 | 0560 0521 | 0505| 0486
0506 [ 0501 0.463 | 0447 | 0432
0439 0434 0398 0385 0371
0366 | 0.361 0328 0315]| 0304
0.285 | 02 0249 | 0236 | 0228
0.197 | 0. 0.161 | 0.151 0.149
0.101 X 0.068 | 0.060 | 0.060
0033 |-0036 | -0.036
0.141 |-0.141 |-0.139
0.25 025
.. 037
2.000 |-0.92
2.100 |-1.09
2.200 |-1.266
2.300 [-1.453
2.400 |- 1.648
2.500 |- 1.855
2.600 [-2.072
2.700 |-2.292
2.800 |-2515
2.900 |-2.747
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TABLE 20.—COORDINATES OF UPPER NAPPE FOR DIFFERENT VALUES OF %’ —2:3
8

WEIR
Y/H,
x% 0002 | 0020 | 0030 0.040| 0.050| 0.060| 0070| 0080| 0090 | 0.100| 0120} 0.140| 0160 0 180
/’II
-4000| 0981} 0969 | 0958 | 0947 0912| 0899 0886 0873 0853| 0832| 0805| 0778
-3900| 0980| 0969 | 0958| 0947 0912| 0899 0886 0873| 0853| 0832f 0805} 0778
-3800| 0980| 0969 [ 0958 0947 0912| 0899( 0886| 0873| 0852| 083i| 0804 776
~-3.700] 09680| 0969 | 0958| 0947 0912| 0899 0886 | 0873| 0852 0831 | 0803| 0775
-3600| 0979| 0968 | 0957 | 0946 0912| 0899 0886) 0873| 0852| 0830| 0802| 0773
-3500| 0979| 0968 ( 0957 0446 0912 0899 0886 | 0873 0852 0830| 0801 | 0772
-3.400| 0979] 0968 | 0957| 0946 0912| 0899| 0886) 0873| 085!| 0829| 0800| 0771
-3300| 0978| 0966 | 0956| 0945 0912| 0899| 0886 | 0873| 0851| 0828 0799| 0770
-3.200| 0978| 0965| 0955| 0945 0912 0899 @886 | 0873 | 085i| 0828| 0799 ( 0770
-3.100| 0977| 0964 | 0954| 0944 0911 | 0898( 0886 0873| 0851 | 0828| 0799 0770
-3.000| 0977| 0963 0953| 0943 0911} 0898 0886 0873 | 0850| 0B27| 0798 0769
-2.900| 0977| 0963 0.953| 0943 0911 | 0898) 0886 0873| 0850 0826| 0797 0768
-2800| 0977] 0963 0953| 0943 0910| 0898 0886 | 0873 | 0850| 0826 0797 0767
-2.700| 0977| 0963 | 0953| 0943 0910f 0897 0885| 0872 | 0849 0825 0796 0766
-2600| 0976| 0962 | 0.952| 0942 0910 0897| 0885| 0872| 0848| 0824 0795 0766
-2.500| 0976}) 0961 0952 0942 0910] 0897| 0884 0871} 0847 | 0823 0794 0764
-2.400| 0976| 0961 0952 0942 0910 0897 0884| 0871 | 0847 0822 0792| 0762
-2.300| 0974| 0960 0951 | 0941 0910} 0897} 0884 | 087! | 0846| 0B20| 0791 | 0761
-2.200| 0974| 0960| 0951 | 094l 0909| 0896 0883| 0870| 0845| 0820| 0790| 0760
-2.100{ 0973| 0960/ 0951| 094l 0909| 0896| 0883 | 0870| 0845| 08I9| 0790| 0760
-2.000) 0972| 0959 0950| 0940 0908 0895| 0883 | 0870f 0845| 0819 0783 | 0759
-1.900{ 0970( 0957 | 0948| 0939 0908| 0895| 0883 | 0B70| 0844} 0817} 0788 | 0758
-1.800f 0970| 0954 0946 0937 0908 0895| 0883 | 0870| 0843 | 0816| 0787 0757
-1.700| 0968 0952 | 0944 0936 0908| 0895| 0883 | 0870| 0843| 0816 0786| 0756
-1.600( 0964| 0950| 0943 0935 0908 0895| 0882 | 0863 0842| 0815| 0785| 0754
-1.500| 0960| 0946 0940| 0933 0907| 0894 | 0881 | 0868| 0841 | 0814| 0783 0752
-1.400f 0958 0943 | 0937 093! 0906 0893 | 0880| 0867 ( 0841 | 0814 0783| 075!
-1.300f 0953 0940| 0935 0929 0905 0892 0879 | 0866( 0840| 08i4f 0782| 0743
-1.200] 0949| 0938 0933| 0927 0903| 0890| 0877 0864| 0839| 0814f 0781 | 0747
-1.100] 0942| 0933 0928| 0923 0901| 0888| 0876 | 0863 0839| 08I4| 0780| 0745
-1.000| 0937| 0928] 0923| 0918 0896| 0884 0872 | O€60( 0837] 0813| 0777| 0741
-0800f{ 0930 0921} 0917 0912 0892| 0881| 0870| 0858( 0834 0810| 0775| 0739
-0800| 0921| 0913} 0909]| 0.905 0886 0875| 0864 | 0853| 0831 | 0808 0771 0734
~0.700| 0913| 0905| 0902| 0898 0880 0870| 0860| 0849| 0826 0803| 0766 0729
-0.600f 0903 0896 | 0892| 0888 0871 0861 | 0852 0842| 0820 0798| 0761 0723
-0500( 0892( 0883 0880 0876 0860 0851 0842 | 0833| 0812 0790 0754( 0718
-0.400| 0879| 0870 0867| 0864 0850| 0842 | 0833| 0825| 0803| 0780| 0744| 0708
-0300| 0862| 0857| 0854 0850 0835| 0827 0820 0812| 0790| 0768| 0734 0699
-0.200( 0845 0839| 0836| 0832 0819| 0812) 0806 0799| 0777 0754| 0722 0689
-0 10O 0825 0819 | 0816| 0812 0.799| 0793 0787| 0780| 0760| 0739| 0708| 0677
0000 0802 0796 | 0793| 0789 0777| 0772 0767| 0761| 0741| 0720| 0692 0663
0.100( 0775 0769| 0766| 0.762 0751} 0746 0741 | 0736 0717} 0698; 0672| 0646
0200| 0743| 0738| 0735/ 0731 0719| 0714| 0709| 0704| 0689| 0673| 0649| 0625
0300 0708| 0700| 0697| 0693 0682 0677| 0673| 0668| 0655| 0641| 0620| 0598
0.400| 0666) 0660| 0656( 0652 0641| 0637 0633 0629| 0617 0604 0586| 0568
0500 0620 0612| 0609| 0605 0594]| 0591 | 0588| 0585| 0573| 0561| 0546 0531
0600| 0568 0561 | 0558]| 0554 0543| 0540 0537| 0534| 0524| 0513 0500| 0486
0.700( 0509 0502 0499| 0495 0.486| 0483 0481 | 0478| 0468| 0458 0445 0432
0800| 0444| 0439 0436| 0432 0422] 0419 0417 0414] 0405} 0396 0384| 0371
0.900( 0371| 0368 0364| 0360 0349]| 0346 0344 0341| 0333} 0325 0.313| 030!
1.000f 0290 0288 | 0285| 0281 0270| 0267 0264| 0261 | 0255| 0248| 0.236| 0224
1.100| 0202 0198} 0195]| 0.192 0183| 0181 0179 0177| 0170} 0163| 0.152( 0140
1.200f 0.108| 0102} 0099| 0096 0088) 0086 0084 0081| 0076 0070| 0.060( 0050
1.300| 0003 | 0000|-0003|-0006 -0015]|-0017|-0019|-0021(-0026|-0031-0.040|-0049
1.400(-0108| -0 111 |-0114[-0117 -0125]|-0126}-0128-0.129|-0133|-0.137|-0.145|-0.153
1.500|-0227{-0230|-0233|-0235 -0241|-02421-0.244|-0245|-0250(-0254|-0.260|-0265
1.600{-0.353 [ -0356 | -0.359 | -0.36! -0.367|-0368(-0.370|-0371|-0373|-0375|-0.379 (-0 382
1.700] -0.488 | -0491 | -0492| -0.493 -0497}-0499|-0.501|-0502|-0503|-0503]|-0.506]|-0508
1.800|-0.628 | -0630(-0631|-0631 -0634]-0636|-0638-0640|-0.641|-0641]-0.642]|-0642
1.900|-0779|-0781(-0782| -0.782 -0.783|-0784|-0.785!-0786|-0.786 [ -0786-0.787 | -0.787
2.000| -0.935|-0936 | -0937| -0.937 -0939(-0940(-0.941 | -0942(-0941(-0939|-0937]-0935
2.100|-1.100 [ -1.099 | -1.100| -1.100 =E100(-1.100{-1102-1102]-1.099(-1095/-1.093}1-1.091
2200} -1.273 | -1273 | -1.273| -1.273 L2731 -1273)-1273|-1273|-1271(-1268|-1.264]-1260
2.300| -1.450|-1450| -1.450| - 1450 -1.450|-1449[-1.449|-1448|-1446(-1444|-1.439]-:433
2.400|-1.642|-1642|-1642|-1.641 -1.640|-1639|-1.639|-1638(-1.634|-1629|-1.619]-1609
2.500f -1.844|-1.843-1843[-1843 -1.840|-1838|-1.836|-1834|-1.826|-1819|-1.806-1793
2.600| -2.056 | -2.053 | -2053| -2.052 -2.049|-2047|-2.045|-2043|-2031|-2018]|-2002{-1985
2.700| -2.274| -2269 | -2267| -2.265 -2.261|-2260|-2.260(-2259|-2242(-2224|-2.204|-2183
2.800| -2.498-2495|-2492( -2.489 -2.480|-2477[-2475]1-2472(-2455|-2438|-2416}-2.394
2.900|-2.728|-2723 |-2719|-2.715 -2703|-2700|-2.697|-2693|-2677|-2661|-2637|-2613
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Figure 22—-A shows a comparison of curves for the 1:3, 2:3, and 3:3
weirs, together with similar curves for the vertical weir and Bazin’s
2:1 and 4:1 downstream-sloping weirs. The curves are spaced quite
uniformly except at the right end, where instability of flow is
approached.

28. Discharge Coefficients.—The actual discharge coefficients for

the 1:3, 2:3, and 3:3 sloping weirs are shown plotted against ZTI_{I_”E

in figure 21-B. Bazin’s coefficients, indicated by black triangles,
are higher than those obtained in the more recent experiments.
This is also true for the vertical weir, as shown in figure 15-B. Bazin’s
discharge measurements are consistently 2.5 percent higher for all
weirs studied in this series of experiments.

For comparative purposes the above three curves have been com-
bined with similar curves for the vertical and Bazin’s 2:1 and 4:1
sloping weirs in figure 22-B. It is interesting to note that the order
of the four test curves at the right end is the reverse of that at the left.
The vertical-weir curve indicates the highest discharge coefficients for
large approach depths, while the curve for the 3:3 sloping weir shows
the highest coefficients for the smaller approach depths. In no case
is the variation in coefficients for the four weirs appreciable. The
points for Bazin’s 2:1 and 4:1 sloping weirs are insufficient to establish
very reliable curves.

29. Reduction of Pressure on Upstream Face of 1:3, 2:3, and 3:3
Sloping Weirs.—The drop in pressure on the upstream face of the
sloping weirs was observed by means of piezometers, as in the case of
the vertical weir. The drop in pressure, which is considered as H,—h,,
is plotted with respect to d, the distance of any piezometer from the
sharp crest of the weir. These two variables are expressed in terms
of unit head and are shown plotted in figures 23, 24, and 25 for the
1:3, 2:3, and 3:3 sloping weirs, respectively.

The method of computing the magnitude of the pressure reduction
was explained in section 20. The magnitude of the pressure reduction
on the upstream face of the 1:3, 2:3, and 3:3 sloping weirs is shown

plotted with respect to % in figure 26-A. The curve for the vertical

weir has also been included on this figure for comparative purposes.
The term ft.? is the pressure-reduction area, as illustrated in figure 18,
or the volume of the pressure reduction when unit length of dam is
considered. The actual pressure reduction in pounds is obtained by
multiplying this volume by 62.5, the unit weight of water. The
comparison indicates that the reduction of pressure increases as the
weir is sloped downstream.
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Pressure-reduction curves
arbitrarily assumed to
approach zero when d = 2Hg
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Pressure-reduction curves
arbitrarily assumed to
approach zerowhen d = 2Hs
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'| l Pressure-reduction curves
1 \ arbitrarily assumed to
ll H approach zero when d = 2Hg
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The position of the resultant, R,, which acts through the centroid
of the pressure-reduction area, can be obtained for the 1:3, 2:3, and
3:3 sloping weirs from figure 26-B. The term d represents the vertical
distance, measured downward from the sharp crest of the weir to the
resultant at the centroid of the pressure-reduction area.

APPLICATION OF EXPERIMENTAL RESULTS

30. Design of Overflow Section With Sloping Upstream Face.—
With the experimental data for the vertical, 1:3, 2:3, 3:3, 2:1, and 4:1
sloping weirs, it is possible to design an economical and efficient
overflow section for a dam with any one of these slopes or any inter-
mediate downstream slope.

Example 4 —Design the overflow section of a low, concrete
gravity dam, with crest at elevation 180.0, for a maximum dis-
charge of 200,000 second-feet. The approach floor is at elevation
155.0; the crest is 1,200 feet long; and the upstream face of the
dam is on a 0.75:1 slope.

The solution is handled similarly to that of example 1. Solving

equation 12 for
2/3 '@
Ha:'\/CTL,

—"V43.86=12.44 feet (approximately)

and assuming C=3.80,

B17°200,000

H,= 380><1 200
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and
H, 1244
P+E~ 35 4%

From figure 22-B, a more accurate value of C=3.91 is obtained for

a slope of 0.75:1, or 36.87 degrees from the vertical.
Repeating this operation with the new value of C,

I
H,,:\/M—=2’§/42.63=12.20 feet,

3.91(1,200
and
H, 1220
P+E~Y—O.488.

From figure 22-B, the coefficient of discharge remains 8.91 for the

above value of PLE
The next step is to find the values of h, and H,.

=%=2~(1)02’839: 166.67 second-feet per foot of crest; then

V. g
““P+E+H, (14)
or
Va=2—;%=4.48 feet per second,

and h,=0.312 feet (approximate velocity head of approach).
The process can be repeated to obtain a more accurate value of A,.

Ve 9
* P+E4+H,—h, (15)
or
_ 16667
Ve=35112.20—0.312 452 feet per second,
and

h,=0.318 feet (true velocity of approach).

To determine H,, reference is made to figure 27, which was con-
structed for the purpose of eliminating a portion of the cut-and-try
process. These curves were not used in the solution of example 1
but will be utilized in the present problem.

h, 0318
- =12.20=0-0261.
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Entering figure 27 with the above value, g"=1.057 for an angle of
36.87 degrees with the vertical.

Then
H,=1.057X12.20—12.88 feet,
and .
h, 0318
E——ITSS—-O.O247.

With these values and tables 14 and 15, the coordinates for the
overflow section can be determined. It is necessary in this case to
interpolate between values in the two tables, since the upstream slope
of 36.87 degrees for the overflow section lies between the 2:3 and 3:3
slopes. The coordinates have been tabulated in table 24 and are
shown plotted in figure 28-A.
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TABLE 24.—COORDINATES FOR OVERFLOW SECTION—EXAMPLE 4

Y
HH
X X feet | ¥, 36.87° | Y, eleva-
H, ! Weir tion, feet
33.69° 45° 36.87°
Weir Weir Weir
1 2 3 4 5 6 7
0. 000 0. 000 0. 000 0. 000 0. 00 0. 00 179. 28
0. 050 0. 032 0.018 0. 028 0. 64 0. 36 179. 64
0. 100 0. 050 0. 034 0. 046 1. 29 0. 59 179. 87
0. 150 0. 059 0. 041 0. 054 1. 93 0. 70 179. 98
0. 180 0. 061 0.042 0. 056 2. 32 0.72 180. 00
0. 200 0. 062 0. 042 0. 056 2. 58 0.72 180. 00
0. 220 0. 061 0. 042 0. 056 2. 83 0.72 180. 00
0. 250 0. 059 0. 039 0. 053 3. 22 0. 68 179. 96
0. 300 0. 051 0. 032 0. 046 3. 86 0. 59 179. 87
0. 350 0. 041 0. 021 0. 035 4. 51 0. 45 179. 73
0. 400 0. 029 0. 008 0. 023 5. 15 0. 30 179. 58
0. 450 0. 015 —0. 008 0. 009 5. 80 0. 12 179. 40
0. 500 —0.002 | —0.027 | —0.009 6. 44 —0.12 179. 16
0. 600 —0. 044 -0.073 | —0. 052 7.73 —0. 67 178. 61
0. 700 —0.097 | —0.127 | —0. 105 9. 02 —1. 35 177. 93
0. 800 —0. 157 —0.189 | —0.166 10. 30 —2. 14 177. 14
0. 900 —0. 226 —0.258 | —0.235 11. 59 —3.03 176. 25
1. 000 —0. 310 —0.336 | —0.311 12. 88 —4. 00 175. 28
1. 200 —0. 481 —0. 514 | —0. 490 15. 46 —6. 31 172. 97
1. 400 —0.692 | —0.727 | —0.702 18. 03 —9. 04 170. 24
1. 600 —0. 940 —0.966 | —0.947 20. 61 —12. 20. 167. 08
1. 800 —1. 212 —1.240 | —1.220 23. 18 —15. 71 163. 57
2. 000 ~1N5 17 —1.543 | —1.524 25. 76 —19. 63 159. 65
2. 200 —1. 850 —1. 877 | —1. 858 28. 34 —23. 93 155. 35
2. 400 —2.222 —2.246 | —2. 229 30. 91 —28. 71 150. 57

Should the upper-surface coordinates be desired, these can be
obtained in the same manner from tables 20 and 21.

31. Design of Overflow Section with Shallow Approach Channel. —
In the design of spillways for earth dams, the approach channel is
usually made shallow so as to minimize the cost of the required
excavation. This type of spillway is quite common, and the design
of the overflow section has been difficult because of the many unknown

factors involved. With the foregoing information, however, safe
designs may be performed with considerable increase in efficiency of

the spillways.

Ezxample 5. —Figure 29 shows a plan and section of an earth-dam
spillway with a net crest width of 77.0 feet, crest elevation at
460.0, approach channel at elevation 455.0, and maximum reser-
voir surface at elevation 500.0. Investigate the design, using
the results of the recent weir experiments.
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In the original model tests the coefficient of discharge in the equation
Q—CLH?? was a constant of 2.85 for all heads. Substituting values
in the equation for the maximum discharge, @=2.85X77X40%*=
55,520 second-feet.

Application of the more recent data indicates that a saving may be
obtained in either one of two ways: by raising the crest; or by main-
taining the crest at the same elevation and reducing the width of the
spillway. In either case, the dimensions of the gates can be reduced.

In this example the crest will be raised; and a free overflow section,
with piers but without gates, with a net width of 77.0 feet, will be
assumed. The new crest elevation can be obtained by solving for
the head, H,.

Assuming C'=3.60 for the new overflow section, with a 45° (or 3:3)

slope on the upstream face, and solving equation 12 for H,*?,

9 _ 55520 900.29,

3/2 —_Y_ —
Hy CL 3.60X77.0

and
H,=34.23 feet (approximately).

For stable flow conditions in which undulating wave action is
absent, PI_{_OE should not exceed the value of 5.0, see figure 22-B.

Undulating waves in the approach channel will produce an unsteady
flow in the spillway. The result will not be serious, but the design is
not sound from a hydraulic standpoint.



93

WEIRS SLOPING DOWNSTREAM

‘6 ANV 9 ‘S SHTIdWVXH Y04 XVATIIdS— 6T TINDOIT

v-Y NOILO3S
1
L4 -
18 2
o' ", & 88
e " i o m“m
8 = 8 i |&E
i~ =3 o '_m
LA
12 02°2vp 13~
i
S
fa:
3-3 NOILO3S a-a NOIL23s 9-0 NOILO3S 8-8 NOILO3S
teeeens0 201 ;
00095 13-GfBs-] - o6 |\
7 1
RS
‘s g
5 L
NVd ] o
-3 < g <§ L
5 o pn YT IYTTTY
3
i oo
: == ] v
8 ﬂv\/ T 8 Y
2 8 s
. : =
= B .ﬁ  —
) : G I e e S S !
g = o4 i X!
o 2.
8 S
8 &
&




94 STUDIES OF CRESTS FOR OVERFALL DAMS

To avoid this condition, the approach depth in this example will be
chosen at 7.0 feet below the crest. Then

Entering the 3:3 curve in figure 22-B with this value, C=3.680.
Substituting the new value of C in the first equation,

55,520
3/2—_ TWYEY
H" =3 680770~ 19593
and
H,=33.74 feet.
The final value of
H, 3374
PFE 7.0 482

From figure 22-B, the value of C remains at 3,680 ; therefore H,=33.74
feet.

Before establishing the crest elevation it is necessary to determine
the friction loss in the approach channel for maximum discharge. It
will be assumed that the approach depth is

ho+ P+ E=33.74+7.0=40.74 feet.
and the coefficient of roughness, n, for the approach channel is 0.020.

Then the velocity of approach,

V,= = 4074%112.18 =13.27 feet per sccond,

and the hydraulic radius,

_ 40.74X112.18

—m=24.57, based on the upstream section.

Substituting these values in the Manning formula,

2/3 1/2
V=1.4867“ S (16)

. :I 13.27X0.020
1 486r2/3 1.486 < (24.57)%2 |’

=0.000446 foot

loss per linear foot of channel. Neglecting the entrance loss and con-
sidering the channel 1,650 feet long, the total friction loss

§1=0.000446 %X 1,650=0.736 foot.



WEIRS SLOPING DOWNSTREAM 95

A more accurate value of sl can be obtained by repeating the last
process using average values of V, and ». For the sake of clarity in
outlining the over-all method of approach, the final value of sl will
be taken as 0.736 foot. This will establish the crest at 500.0—33.74=
465.52 feet elevation, and the approach floor at a level 7.0 feet lower,
or elevation 458.5 as shown in figure 28-B. This results in a saving
of 3.5 feet of excavation in an approach channel 1,650 feet in length.

The next step is the design of the overflow shape.

With H,=33.74 feet and V,=13.27 feet per second, h,=2.74 feet, and

he 274
E—m~~0.0812.
Entering the 3:3 curve in figure 27 with the above value of I%“ ’
H, :
I—J—o~1.042.
Then
H,=1.042<33.74=35.16 feet.
and
he 274
F,_M_O'O”g'

With these values of H, and I]? » the coordinates for the shape of the

overflow section are obtained from table 15. These are listed in table
25 and are shown plotted in figure 28-B by the heavy full line. The
coefficient of discharge was increased from 2.85 to 3.68 by rounding
the overflow section and placing the approach floor at a level 7 feet,
instead of 5 feet, below the crest. The method for obtaining the
position of the downstream floor will be explained in chapter VIII,
example 9.

In cases such as this, where piers are present, the overflow section is
designed to fit the shape of nappe produced by a strip of water one foot
in width flowing midway between piers. This portion of the overflow
section will usually be unaffected by pier disturbances. Velocities
near the piers will naturally differ from those midway between piers;
consequently the sheet of water adjacent to the piers will not neces-
sarily fit the overflow shape as designed. Provision for this dis-
crepancy in shape can be made by providing blunt downstream noses
on the piers, which will produce a rent in the sheet of water, allowing
air to enter beneath the lower nappe when required.

It happens that the spillway chosen for this problem has three slide
gates at the crest for controlling the flow. In the above problem the
overflow section was considered as a free crest with piers, and the
coordinates in table 25 apply for this condition.
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TABLE 25.—FREE OVERFLOW SECTION WITH SHALLOW APPROACH CHANNEL—

EXAMPLE 5

X Y X, station, | Y, eleva-

H, H, X, feet Y, feet feet tion, feet

1 2 3 4 5 6
0. 000 0. 000 0. 00 0.00 | 20+ 50. 67 464. 15
0. 030 0.011 1.05 0. 39 51.72 464. 54
0. 060 0. 021 2. 11 0. 74 52.78 464. 89
0. 090 0. 029 3.16 1. 02 53. 83 465. 17
0. 120 0. 035 4,22 1. 23 54. 89 465. 38
0. 150 0. 037 5. 27 1. 30 55. 94 465. 45
0. 170 0. 039 5. 98 1. 37 56. 65 465. 52
0. 180 0. 039 6. 33 1.37 | 20457.00 465. 52
0. 190 0. 039 6. 68 1. 37 57. 35 465. 52
0. 200 0. 039 7. 03 1. 37 57.70 465. 52
0. 250 0. 035 8.79 1. 23 59. 46 465. 38
0. 300 0. 027 10. 55 0. 95 61. 22 465. 10
0. 350 0. 016 12. 31 0. 56 62. 98 464. 71
0. 400 0. 003 14. 06 0.11 64. 73 464. 26
0. 450 —0.014 15. 82 —0.49 66. 49 463. 66
0. 500 —0. 033 17. 58 —1.16 68. 25 462. 99
0. 540 —0. 050 18. 99 —1.76 69. 66 462. 39
0. 600 —0. 077 21. 10 —2.71 71.77 461. 44
0. 700 —0.131 24. 61 —4. 61 75. 28 459. 54
0. 800 —0. 192 28.13 —6.75 78. 80 457. 40
0. 900 —0. 260 31. 64 —9. 14 82. 31 455. 01
1. 000 —0. 337 35. 16 —11.85 85. 83 452. 30
1. 200 —0. 509 42.19 —17.90 92. 86 446. 25
1. 400 —0.717 49. 22 —25.21 | 20+99. 89 438. 94

The jet produced by a partial gate opening may skip over the above
profile, depending on the type of gate and the conditions of operation.
Although the head may be the same for a full gate opening as for a
partial opening, the lower surfaces of the jets need not correspond,
even though no contraction exists at the lower surface in either case.
The explanation is as follows: The streamlines are horizontal and
parallel as they leave the gate for the small gate openings; whereas,
for full gate opening the streamlines are neither horizontal nor parallel
as they flow over the section, but have components in a downward
direction. It has therefore been customary to design the upstream
portion of an overflow section with gates, as in example 5, and the
downstream portion to fit the lower side of the jet issuing from a small
gate opening, as illustrated in the following section.

32. Design of Overflow Section With Shallow Approach Channel
and Gates on Crest.—The important portion of an overflow section,
so far as efficiency is concerned, is that upstream from the crest. By
flattening the downstream portion, the coefficient will not be decreased
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seriously, provided that the flattening is not severe or that submerged
flow does not exist downstream.

Example 6.—Redesign the overflow section in example 5 to
accommodate three vertical slide gates on the high point of the
crest, with pier widths of 9.0 feet, as shown in figure 29. The
maximum reservoir surface remains at elevation 500.0; the
maximum discharge is 55,520 second-feet; and the net length of
crest is 77.0 feet.

Assuming C=3.35, which is about 10 percent less than in example 5,

55,520

32
H, T 3.35X77.0

—=215.24,
and
H,=35.92 feet.

With the approach floor 7.0 feet below the overflow crest, the
approach depth will be 35.9247.0=42.92 feet.
~ Then the velocity of approach

55,520
Va=m=ll.47 feet per second.
and the hydraulic radius,

_ 42.92X112.75
T102F (2X44.24)

r =25.40.

Assuming n=0.020, as in the former example,

Van T
si=l [1.4861'2’3]

11.470.020
1.486X (25.40)2

or

sl=1,650 [ :I=0.527 feet.

The crest will then be at
500.00—35.92—0.53=463.55 feet, elevation,

and the approach floor at a level about 7.0 feet lower, or elevation
456.5.

The design of the upstream portion of the overflow section is similar
to that in the preceding example.
With H,=35.92 feet and V,=11.47 feet per second, h,=2.04 feet,

and

he 2.04
7' =55.95=0-0568.

3

From the 3:3 curve in figure 27, for the above value of % —Z—= 1.044.
758318°—48—8 O
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Then

H,=1.044X35.92=37.50 feet.

and

ha

he_ 2.04
H,37.50

=0.0544.

Entering table 15 with the above value of H, and j’-_}“ »the coordinates

8

for the overflow section upstream from the crest are obtained. These

are tabulated in the upper portion of table 26.

TABLE 26.—OVERFLOW SECTION WITH SHALLOW APPROACH CHANNEL, GATES
ON CREST—EXAMPLE 6

X Y X, station, | Y, eleva-
H, H, X, feet | Y, feet feet tion, feet
1 2 3 4 5 6
0. 000 0. 000 0. 00 0. 00 | 20449. 88 462. 01
0. 030 0.011 1. 12 0. 45 51. 00 462. 46
0. 060 0. 022 2. 25 0. 82 52. 13 462. 83
0. 090 0. 030 3.38 1. 12 53. 26 463. 13
0. 120 0. 037 4. 50 1. 39 54. 38 463. 40
0. 150 0. 039 5. 62 1. 46 55. 50 463. 47
0. 180 0. 041 6. 75 1. 54 56. 63 463. 55
Cresteeeeao-_ 0. 190 0. 041 7.12 1. 54 | 20+4-57. 00 463. 55
Trajectory Computations

Crestee e cce e 0. 00 0. 00 | 20+57. 00 463. 55
3.00 | —0.07 60. 00 463. 48
6.00 | —0.26 63. 00 463. 29
9.00 | —0.59 66. 00 462. 96
12.00 | —1.04 69. 00 462. 51
15.00 | —1. 63 72.0 461. 92
18.00 | —2.35 75.0 461. 20
21.00 | —3.20 78. 00 460. 35
25.00 | —4. 53 82. 00 459. 02
30.00 | —6. 52 87. 00 457. 03
35.00 | —8.88 92. 00 454. 67
40.00 |—11. 60 | 20+97. 00 451. 95
45.00 [—14. 68 | 21+02. 00 448. 87
50. 00 |—18. 12 07. 00 445. 43
55.00 |—21. 93 12. 00 441. 62
60. 00 |—26. 10 17. 00= 437. 45
65. 00 |—30. 63 22. 00 432. 92
70. 00 |—35. 52 27. 00 428. 03
75. 00 |—40. 78 32. 00 422. 77
80. 00 |—46. 40 | 21+37. 00 417. 15

The downstream surface will be designed to fit the shape of the
theoretical trajectory of the jet issuing from a 1-foot gate opening at
maximum head. Two factors of safety are involved in this assump-
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tion: first, the theoretical trajectory should be flatter than the actual,

due to air resistance in the latter; and second, it is improbable that the

spillway will ever be operated at full head with a 1-foot gate opcning.
The streamlines will issue from the gates horizontally under a

maximum head of 500.00—463.55—0.50=35.95 feet.

This head will develop a velocity of

V=032 .H, a7

or V=0.98%48.09=47.13 feet per second.

The issuing jet may be treated in the same manner as a projectile;
hence, the following equations are applicable when the initial velocity
is in a horizontal direction,

X=Vi (18)
and

Y=% gtt. (19)

Substituting the value of ¢ from the first equation into the second,

Ly [F 25 Xl
Y=59 [T/] =16.1 [m] =0.00725X2. (20)

The origin of these coordinates will be taken at the crest of the over-
flow section, or, specifically, at station 20+-57.00 and elevation 463.55.

By assuming values of X and solving for Y, the lower portion of
table 26 was obtained. The values from table 26 are shown plotted
in figure 28-B by a dotted line. The overflow section is flatter for
flows at small gate openings and maximum head than for the free
crest, but not nearly so flat as in the original design.

The saving that can be effected by use of the more efficient overflow
shapes depends on various factors such as topography, type of mate-
rial to be moved, and general profile of spiliway. The purpose in
presenting the above examples was not to criticize but to illustrate the
use of the information contained in this bulletin.



CHAPTER V—WEIRS WITH UPSTREAM OVER-
HANG AND WEIRS WITH UPSTREAM OFF-
SETS AND RISERS

ANALYSIS OF EXPERIMENTAL RESULTS

33. Weir Shapes Tested.—Two different types of weirs were studied
in this test series: (1) the upstream overhang weir, type C; and (2)
the upstream offset weir with risers, type D, see figure 6. These
weirs resemble each other in shape, but the results are widely different.
The same terminology is used as heretofore, with the addition of the
symbols M, the height of the riser, and N, the offset dimension, see fig-
ures 6 and 30. The offset angle was 45 degrees throughout the series.
The resulting overflow sections obtained from the above two types of
weirs are indicated in figure 1-F. In both cases the offsetting of the
upstream face is primarily an economy for saving concrete or masonry.

34. Analysis of Nappe-Shape Results, Type C Weir.—Three type C
weirs were tested, each with a different overhang dimension as listed
in figure 6, tests 150-1 to 177-1. The variable N, see figure 30, must
also appear in the similitude relations for the type C weir. A sum-
mary of all tests made on the type C weir is shown in table 27, ex-

W= Width of test channel ot gaging section, feet
L - Length of test weir, feet

A ~Area of flow cross section at gaging station, square feet !.
Q - Discharge quanity, second-feet

V - Velocity of approach, feet per second

|
FIGURE 30.—PRINCIPAL ELEMENTS OF THE OFFSET OVERFALL CREST.

100
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WEIRS WITH UPSTREAM OVERHANG, OFFSETS, AND RISERS
TABLE 27.—SUMMARY OF TESTS ON WEIRS WITH 45° UPSTREAM OVERHANG
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TABLE 27.—SUMMARY OF TESTS ON WEIRS WITH 45° UPSTREAM OVERHANG--Con.
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pressed as Z‘T{T=O. Nappe shapes were measured for all runs shown

on this table.

The X and Y coordinates for each run were plotted to a large scale
and smooth curves drawn through the points. Coordinate points
were then read from the curves and divided by their respective heads,
H, This removed irregularities inherent in the original coordinate
points. The latter coordinates, expressed in terms of unit head, were

then plotted and grouped according to their respective values of
?T‘: and g; as shown in table 28. In other words, if ?Tt were held
constant at 0.002, a set of nappe profiles, in terms of unit head, could
be plotted for values of g—s ranging from 0.080 to 0.360. Likewise, for

hy

a constant value of ol =0.03, a second set of profiles could be plotted

H
and sixth set could also be plotted for values of ho of 0.06, 0.09, 0.12,

8
and 0.15, respectively. These six sets of curves would then represent

for values of —‘N-ranging from 0.080 to 0.300. A third, fourth, fifth,

the entire range of conditions covered in the tests for %=O.
The variation in the nappe profiles due to changes in the value of

-g— was found to be small. For this reason an average line was drawn
s

through each of the six sets, one for each value of I%‘i; namely, 0.002,

0.03, 0.06, 0.09, 0.12, and 0.15. The coordinates for the resulting six
curves were tabulated for the lower nappe surface in table 29. The

intermediate values of 21‘5 in the table were obtained by interpolation
8

from the six curves. The values in this table differ considerably from
those of table 12 for the vertical-face weir.

The % and Hz coordinates for the upper nappe surface were ob-
8 s
tained in the same manner as those for the lower surface. These are

tabulated for various values of Ih—; in table 30.

35. Analysis of Nappe-Shape Results, Type D Weir.—The type D
weir shown in figures 6 and 30, involved still another variable, namely,
the height of the riser, M. Naturally, the number of tests required
and the amount of work involved to prepare the data from this weir
were fourfold. This is evidenced from table 31, which contains a
complete summary of tests made on the type D weir. The asterisks
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TABLE 28.—METHOD OF COMBINING NAPPE SHAPES FOR WEIRS WITH 45°
OVERHANG

M
W= , M:=0
Hs, ha N AcTuaLM | pLoTTEDN
TEST FEET Hs FEET Hs Hs
ha -
HE =0.002
160-1 0.960 00041 0076 0079 0080
160-2 0.750 00027 0076 0.101 0.100
150-1 1135 0.0050 0153 0135 0140
150-2 0964 00037 0153 0159 0160
150-3 0.769 00026 0153 0199 0200
1711 1141 00047 0305 0267 0270
i71-2 0850 00029 0305 0359 0360
hy
Fs- = 0.03
1611 1014 00298 0076 0075 0080
162-1 0.774 00302 0076 0098 0.100
1501 1179 00306 0.153 0130 0.130
152-1 1,022 0.0295 0153 0.150 0.150
153-1 0.785 00307 0153 0195 0200
172-1 LI5] 00307 0305 0265 0260
1731 1023 0.0307 0305 0298 0.300
hy
He = 0.06
163-1 1.039 00594 0076 0073 0070
164~ 0925 00602 0076 0082 0080
154-| 1,033 00592 0153 0148 0.150
155-1 0934 0.0596 0153 0164 0160
174~ 1.029 00612 0305 0296 0300
175-1 0901 0.0648 0305 0339 0340
ha |
Hs = 0.09
165- 1 0997 0.0900 0076 0076 0080
166- I 0731 0.0892 0076 0.104 0.100
156-1 0971 0.0894 0153 0158 0.160
157-1 0.744 0.0894 0153 0206 0200
176- | 1,069 00904 0.305 0285 0290
177-1 0987 0.0906 0305 0.309 0310
ha
H_s = 0.12
167-1 1.002 01212 0076 0076 0080
168~ 0843 01192 0076 0090 0090
158~ | 0993 01199 0153 0.154 0150
159-1 03846 01203 0153 0.181 0.180
Ta .08
3
169-1 0981 01499 0076 0077 0080
{70-1 0.749 0.1487 0076 0101 0100
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TABLE 30.—COORDINATES OF UPPER NAPPE FOR DIFFERENT VALUES OF I%—
OVERHANG WEIRS '

YH,
h'/”t 0002 0.02 0.04 0.06 0.08 0.10 0.12 0.14
H‘
23500 [ 0998 0972
- 0.994 0.972
-3300 | 0994 0,972
-3200 | 0994 0.972 0.949 0.925
-3100 | 0994 0.972 0.948 0924 0.908 0.886 0.858 0.831
-3.000 | 0994 0972 0.948 0923 0.907 0,885 0856 | 0.831
15800 | S33¢ | 0311 | 03¢ | 0357 | 0965 | oess | oasr | ‘oe30
-2800 0.994 0.971 0921 4
-2.700 | 0993 0970 0945 0.921 0.904 0882 0856 | 0830
-2600 | 0993 0970 0.945 0.920 0.902 0.88 | 0.856 | 0.830
-2.500 0993 0.969 0.945 0.920 0.901 0.880 0.855 0.830
-2.400 | 0993 0.969 0.944 0919 0900 0879 0855 | 0829
-2300 | 0993 0969 0.944 0919 0900 | 03878 0854 | 0829
-2200 | 0992 0.968 0.943 0918 0899 08717 0,853 0829
-2.000 | o992 0.968 0943 0918 0898 0876 0.853 0829
-2000 | 0992 0.968 0.943 0917 0897 0.875 08s2 | o828
-1900 | 0992 0.967 0942 0.916 0396 0875 0.852 0828
-1800 | 0991 0.967 0942 0915 0894 0873 0.851 0.828
<1700 | 0991 0.966 0942 0914 0.893 0872 0.851 0827
-1:600 | 0990 0.966 0.942 0.913 0892 0.871 0850 | 0827
-1.500 | 0988 0.965 0.939 0912 0891 0870 0850 | 0.826
-1.400 | o987 0.964 0.939 0912 0890 0.869 0849 | 0.826
<1300 | o982 0,961 0.938 0911 0889 0.868 0848 | 0825
-1200 | 0979 0.960 0937 0910 0889 0.867 0845 | 0823
=100 | o975 0.956 0934 0.909 0867 0,865 0842 | 0819
<1000 | 0970 0951 0.931 0.908 0.885 0.861 0838 | 0815
'g:gg 0966 0.947 0927 0.905 0.880 0.856 88%3 O,&lg
=0.l 0960 0.941 0.922 090! 0877 0853 3 0.80
-0700 | 0953 0.934 0915 0,896 0872 0.848 0.825 | 0.802
-0.600 | 0947 0.928 0.908 0.888 0,866 0.843 0818 | 0793
-0.500 | 0938 0.918 0.899 0.880 0.859 0.836 0811 0.786
-0400 | 0928 0,908 0889 0,871 0850 | 0.828 0803 | 0778
~0.300 0914 0.895 0.878 0.861 0.840 0818 0.793 0.768
-0200 | 0898 0.879 0.862 0.846 0.827 0,806 0782 | 0.758
-0100 | oass2 0.863 0.845 0,829 0811 0.791 0.768 0.745
0000 | 0860 0.842 0.825 0.809 0.792 0172 0.751 0.730
0.100 0832 0.81'5 0.799 0.784 0.769 0.752 0.733 0.714
0200 | 0803 0.786 0.870 0,754 0,739 0.724 0.708 0,692
0300 | 0767 0.751 0.736 0721 0.707 0693 0678 | 0663
0.400 | 0724 0,709 0.695 0,680 0.667 0.654 0.643 | 0632
0.500 0676 0.661 0.647 0.635 0.622 0611 0.601 0.591
0600 | oszz 0.607 0.594 0.582 0.570 0.559 0.550 | 0541
0.70 . 0.547 0.534 0.522 0511 501 0492 | 0483
0800 | 0496 0.481 0.469 0.458 0.446 0.436 0429 | o422
000 | 0422 0.407 0.394 0.383 0.373 0.365 0358 | 0351
1.000 | 0338 0.327 0315 0.302 0.294 0.281 0.280 | o273
11100 | o0.248 0.237 0.226 0215 0.208 0202 0.197 0.192
1’200 | 0149 0.138 0.129 0.120 014 0.108 0.103 | 0098
1300 | 0038 0.030 0.022 0015 0012 0,008 0003 | -o0002
1,400 | -0078 | -0.087 | -0.094 | -0.097 | -0.102 | -0.05 | -o106 | -0.007
1500 | -0208 | -0.215 | -0.220 | -0.222 | -0222 | -0222 | -0222 | -o0222
1600 | -0347 | -0353 | -0355 | -0352 | -0352 | -0351 | -0350 | -0349
1.700 | -0.500 | -0.501 | -0499 | -0.4%2 | -o04s2 | -04s0 | -0.485 | -04s0
1800 | -0.650 | -0.652 | -0.652 | -0.650 | -0.645 | -0638 | -0.630 | -0.622
1500 | -0810 | -o8iz | -0812 | -0811 | -0.804 | -0793 | -0.780 | -0.767
2.000 | -0983 | -0982 | -0980 | -0975 | -0960 | -0946 | -0935 | -0924
HR | | ThE ) CHE | i) O DU
. =1I. = =1 =i =t =1 =1 -1.262
2300 | -1544 | -1.535 | -1.523 | -1.508 | -1.495 | -1.478 | -1.460 | -1441
2400 | -1750 | -1737 | -1723 | -17707 | -i688 | -1ees | -1650 | -i63I
2500 | -1960 | -1.947 | -1932 | -1.915 | -1.892 | -1.870 | -1.850 | -1.830
2.600 | -21170 | -2.157 | -2.1a1 | -2122 | -2li01 | -2078 | -2085 | -2031
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TABLE 31.—SUMMARY OF TESTS ON 45° OFFSET WEIRS WITH RISERS

2 3 4 5 6 7 8 9 10 u 12
0 A
P ) W h ] h E H, 3 L
test| Or lseconpy " s | SQUARE |FEET PER| 0! ) o 2 )
£e FEET | pger | FEET | FEET | FEET | SECOND FEET FEET | FEET Ho FEET
M.
025
94-1 | 4487 | 7.48 | 2069 | 1.089| 11537 | 0648 | 0.0066 |0.147] 0.9486 | 0.9239 | 2.006
34-2 | 4.484 | 4.00 0717| 10761 | 0372 | 0.0021 | 0086 | 0.6331 | 0.5037
94-3 | 4.484 | 326 0637 | 10595 | 0308 | 00015 |0.080 | 0.5585 | 0.4174
395-1 | 1.900 | 6.66 0974 | 5946 | 1.120 | 00195 |0.080| 0.9135 | 0.8731
95-2 | 1.900 | 3.34 0637| 5249 | 0636 | 0.0063 |0.075| 0.5683 | 0.4285
96-1 | 0983 | 3.32 0619| 3315 | 1.002 | 0.0156 | 0.064 | 0.5706 | 0.4310
96-2 | 0.984 | 4.09 0702| 3488 | 1.173 | 00214 |0.070 | 0.6534 | 0.5282
96-3| 0.984 | 6.95 0967| 4037 | 1.722 | 0.0461 | 0.063 | 0.9501 | 0.9261
97-1| 0758 | 5.31 0802| 3228 | 1,645 | 0.0421 {0.074 | 0.7701 | 0.6758
97-2{0.757 | 7.14 0966| 3565 | 2003 | 0.0625 |0.083 | 0.9455 | 0.9194
97-3| 0894 | 7.15 0967| 3850 | 1.857 | 0.0536 |0.085| 0.9356 | 0.9050
98-1 10894 | 357 0637| 3168 | 1,127 | 00198 | 0.064 [ 0.5928 | 0.4564
99-1| 0400 | 356 0597| 2063 | 1.726 | 0.0463 | 0.037 | 0.6063 | 0.4721
99-2 | 0401 | 4.95 0730| 2340 | 2,115 | 0.0696 | 0.053 | 0.7466 | 0.6451
99-3 | 0401 | 529 0760| 2402 | 2202 | 0.0753 | 0.059 | 0.7763 | 0.684 |
100-1 | 0552 | 4.50 0706| 2.603 | 1.729 | 0.0465 | 0.062 | 0.6905 | 0.5738
#.0s
1 | 865 6.50 | 2069 | 0.981 | 12.095 | 0537 | 0.0045 [0.114 | 0871 | 0814 |2.006
2| 4865/ 4.05 0.714| 11.543 | 0351 | 0.0019 |0.084 | 0632 | 0.502
1| 1512 | 6.37 0939| 5071 | 1256 | 00245 |0.105| 0.858 | 0.795
2| 1512 | 659 0.964 | 5123 | 1.286 | 0.0257 [0.107 | 0.883 | 0.829
3| 1512 | 8.08 1094 | 5392 | 1499 | 0.0350 {0.119| 1.010 | 1015
4| 1513 8.07 1.094| 5394 | 1.496 | 0.0348 [0.119| 1.010 | 1015
1| 0989 | 502 0788| 3677 | 1.365 | 0.0290 | 0.079| 0738 | 0634
2| 0989 5.97 0.877 | 3861 | 1.546 | 0.0372 | 0.088 | 0.826 | 0.75!
3| 0984 | 4.02 0685| 3453 | 1.163 | 0.0210 [0.073| 0633 | 0504
4| 0985| 4.02 0.704| 3495 | 1.149 | 0.0206 | 0.073 | 0.652 | 0.526
73-1| 0748 | 6.74 0.927| 3466 | 1.945 | 0.0588 [ 0087 | 0899 | 0852
73-2| 0.748| 6.98 0946| 3505 | 1991 | 00617 {0088 | 0920 | 0.882
74-1 | 0.778 | '8.85 1.093| 3871 | 2286 | 00812 [0.100| 1.074 | 1113
74-2| 0.777| 2.94 0554 | 2754 | 1068 | 0.0177 | 0.051 | 0.521 | 0376
75-1 0.500| 6.55 0873 2841 | 2306 | 0.0827 | 0.069 | 0887 | 0835
2| 0497 7.00 0909| 2909 | 2406 | 0.0900 | 0.074 | 0925 | 0890
75-3| 0491 | 8.99 1.051 | 3.190 | 2.818 | 0.1234 [0.086 | 1.088 | 1.136
75-4| 0492 | 4.13 0658 | 2379 | 1.736 | 0.0469 | 0.058 | 0.647 | 0.520
70-3| 4.771 | 8.9 1209 12372 | 0720 | 0.0081 [0.141 | 1.076 | 1116
101-1 | 4399 501 | 2.069 | 0.826 | 10811 | 0463 | 0.0033 [0.103| 0.7263 | 0.619 | 2.006
10i-2 | 4.399 | 4.07 0726 10604 | 0.384 | 0.0023 |0.088 | 0.640 | 0512
101-3 | 4.399 | 322 0.608| 10359 | 0311 | 00015 |0.074 | 0.536 | 0392
102-1 | 0,990 | 3.22 0588 | 3.265 | 0986 | 00151 [0061 | 0.542 | 0399
102-2 | 0.990 | 4.04 0689 | 3474 | 1.63 | 00210 |0.070 | 0.640 | 0512
-1 | 0897 | 405 0686 3.275 | 1.237 | 0.0238 | 0.063 | 0647 | 0520
103-2 | 0.897 | 3143 0616| 3130 | 1.096 | 00187 |[0.065| 0.570 | 0430
3| 0897 7.74 1.022| 3970 | 1.950 | 0.0591 [ 0090 | 0991 | 0987
104-1 | 0.684 | 6.05 0862 3.199 | 1891 | 0.0556 [-0.076 | 0.842. | 0.773
104-2 | 0,684 | 6.04 0.862| 3199 | 1.888 | 0.0554 | 0.076 | 0841 [ 0.7.71
104-3 | 0.684 | 8.83 1.080| 3650 | 2419 | 0.0909 (0089 | 1.082 | 1126
104-4 | 0,684 | 4.36 0703| 2870 | 1519 | 00359 [0.063 | 0.676 | 0556
1] 0555/| 4.57 0713| 2.623 | 1.742 | 0.0472 | 0063 | 0.697 | 0.582
105-2 | 0.555 | 4.42 0698 | 2.592 | 1.705 | 0.0452 |0.06 | 0.682 | 0.563
105-3 | 0.552 | 8.34 1.022| 3257 | 2561 | 0.1020 | 0083 | 1.041 | 1.062
105-4 | 0.552 | 8.31 1021 | 3.255 | 2.553 | 0.1013 [0.081 | 1.041 | 1.062
106-1 | 0.509| 7.07 0921 | 2959 | 2.389 | 0.0887 | 0.076 | 0934 | 0903
106-2 | 0.511 | 7.29 0939 | 3000 | 2.430 | 0.0918 | 0075 | 0956 | 0936
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TABLE 31.—SUMMARY OF TESTS ON 45° OFFSET WEIRS WITH RISERS—Continued

| 3] .4 i5 16 17 18 19 | 20 | 21 22 23
3 P+E H H. hq E N M N NAPPE
2 ¢ ' o 'S — B ) 1 KA
TEST | 14, FEET| p+e | FEET| T, Hs | FEET | FEET| Hs |[PROFILES
M.
A 025
94-1 | 1853 | 4037|4634 0205|1096 | 0.0060 |0.134|0.310 0079 |0.283 | 3k
94-2 | 1.010 [ 3.960 | 4570 [ 0.138 | 0.719 | 0.0029 |0.120 0431 t
94-3 | 0837 [ 3.895 | 4.564 | 0.122 | 0.638 | 0.0023 | 0.125 0486 |
95-1 | 1.751 | 3.804 | 1.980 | 0.461 | 0.993 | 0.0196 | 0.081 0312
95-2 | 0.860 | 3.863 | 1.975|0.288 | 0.643 | 0.0098 |0.117 0481
96-1 | 0.865 | 3.838 | 1.047 | 0.545 [ 0.635 | 0.0246 | 0.101 0.488
96-2 | 1.060 | 3.858 | 1.054 | 0.620 | 0.723 | 0.0296 | 0.097 0429 %
96-3 | 1858 | 3.741 | 1.047 | 0.907 | 1.013 | 0.0455 | 0.062 0.306
97-1| 1356 |3.916 | 0832 | 0.926 | 0.844 | 0.0499 | 0.088 0.367
97-2 | 1.844 | 3.872 | 0.840 | 1.126 | 1.028 | 0.0608 |0.08! 0.301
97-3 | 1.815(3.939 | 0979 | 0.955 | 1.021 | 0.0525 | 0.083 0304 sk
98-1 | 0.916|3.897 | 0.958 | 0.619 | 0.657 | 0.0301 | 0.097 0.472
99-1 0947 |3.759 | 0.437 | 1.387 [ 0.643 | 0.0720 | 0.058 0.482
99-2 | 1,294 | 3.825| 0.454 | 1.644 | 0.800 | 0.0870 | 0.066 0.388
99-3 | 11372 | 3.856 | 0.460 | 1.688 | 0.835 | 0.0901 |0.071 0371 %
100-1 | 1.151 | 3910 0.614 | 1.125 [ 0.752 | 0.0618 | 0.082 0412 %
M
W=05
70-1 | 1.632|3.983|4.979 | 0.175 | 0.986 | 0.0046 | 0.116 | 0.156 | 0.079 | 0.158 | 3k
70-2 | 1008 | 4.018| 4949 | 0128 |0.716 | 0.0026 | 0.117 0.218| 3k
71-1 | 1596|3991 | 16170531 |0.963| 0.0254 | 0.109 0.162
71-2| 1664|3960 1.619 | 0545 |0.990 | 0.0260 | 0.108 0.158
71-3| 2036|3969 1.631 | 0619 | 1.129| 00310 | 0.105 0.138
71-4 | 2.035(3.966| 1.632 | 0.619 | 1.129| 0.0308 | 0.105 0.138| sk
72-1 | 1272(3947| 1.068 | 0.691 | 0.817 | 0.0355 | 0.097 0.191
72-2 | 1.507 | 3962 | 1.077| 0.767 | 0.914 | 0.0407 | 0.096 0.171
72-3 | 1.010 | 3.975 | 1.057 | 0.599 | 0.706 | 0.0297 | 0.103 0.221
72-4 | 1.055|3.806| 1.058 | 0.616 | 0.725| 0.0284 | 0.101 0.215| %
73-1{1.709 | 3.944| 0835 | 1.076 | 0.986 | 0.0596 | 0.088 0.158
73-2 | 1.769 | 3.946 | 0.836 | 1.100 | 1.008 | 0.0612 | 0.087 0.155|
74-1 | 2.233 | 3.963| 0878 | 1.223 | 1.174 | 0.0691 | 0.085 0.133
74-2 | 0754 | 3.899| 0828 | 0.629 | 0.572 | 0.0310 | 0.089 | 0.273
75-d | 1.675|3.910| 0.569 | 1.558 | 0.956 | 0.0865 | 0.072 0.163
75-2 | 1.785 | 3.922 | 0571 | 1.620 | 0.999| 0.0301 | 0.074 0.156 |
75-3 | 2.278 | 3.946 [ 0.577 | 1.886 | 1.174| 0.1051 | 0.073 0.133
75-4 | 1.044 | 3.956 [ 0550 | 1.176 | 0.705 | 0.0665 | 0.082 0.221
70-3 | 2239|3979 (4912|0219 | 1.217 | 0.0066 | 0.116 0.128
101-1 | 1.242 | 4.034 | 4.502 | 0.161 |0.829 | 0.0040 | 0.124 | 0.310 | 0.155 | 0.374
101-2 | 1.027 | 3.963 | 4.487 | 0.143 |0.728 | 0.0032 | 0121 0426 | sk
101-3 | 0.786 | 4097 | 4473 | 0.120 |0.610 | 0.0025 | 0.121 0508 | 3k
102-1 | 0.800 | 4.025 | 1.051 | 0.516 | 0.603 | 0.0250 | 0.101 0514
102-2 | 1.027 | 3.934 | 1.060 | 0.604 |0.710 | 0.0296 | 0.099 0437 %
103-1 | 1.043 | 3.883 | 0.960 [ 0.674 | 0.710 | 0.0335 | 0.089 0.437
103-2 | 0.863 | 3.975 | 0.962 | 0.593 | 0.635 | 0.0294 | 0.102 0488 | 3
103-3 | 1980 | 3.909 | 0.987 | 1.004 | 1:081 | 0.0547 | 0.083 0.287
104-1 | 1551 | 3.901 | 0.760 | 1.108 |0.918 | 0.0606 | 0083 0.338
104-2 | 1547 | 3904 | 0.760 | 1.107 |0.917 | 0.0604 | 0.083 0338
104-3 | 2.259 | 3.909 | 0.773 | 1.400 | 1.171 | 0.0776 | 0.076 0.265
104-4 | 1.115|3.910(0.747 [ 0905 |0.739 | 0.0486 | 0.085 0419
105-1 | 1167 | 3.916 [ 0618 | 1.128 |0.760 | 0.0621 | 0.083 0.408
105-2 | 1.129 | 3.915| 0616 | 1.107 | 0.743 | 0.0608 | 0.082 0417 3k
105-3 | 2.130 | 3.915 [ 0635 | 1.639 | 1.124 | 0.0907 | 0.074 0.276
105-4 | 2.130 | 3.901 | 0633 | 1.645 | 1.122 | 0.0903 | 0.072 0.276 | sk
106-1 | 1811 | 3.904 | 0,585 | 1,597 | 1.010 | 0.0878 | 0.075 0.307
106-2 | 1.878 | 3.882 | 0.586 | 1.631 | 1.031 | 0.0890 | 0.073 0.301 sk

%% RUNS IN WHIGH NAPPE PROFILES WERE MEASURED.
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TABLE 31.—SUMMARY OF TESTS ON 45° OFFSET WEIRS WITH RISERS——Continued
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TABLE 31.—SUMMARY OF TESTS ON 45° OFFSET WEIRS WITH RISERS—Continued
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TABLE 31.—SUMMARY OF TESTS ON 45° OFFSET WEIRS WITH RISERS—Continued

1 P) g 4 5 ¢ 7 8 9 10 T 2

I , w, | h, , A h I3 H, 3| ¢

TEST | reet |SECOND “e1 | SQUARE |FEET PER o : & z .

=
FEET |SeLoT | FEET [ FEET | SIUARE IFEET RER| reeT | FeeT | FEET| #7 | FeET
M.
F-Z.O

80-1(4.583 | 9.00 [2.069| 1.214| 11994 | 0750 | 0.0087 | 0.135|1.088 | 1.135 | 2.006
80-2 [ 4583 | 7:50 1082 | 11721 | 0640 | 00064 | 0,124 0964 [ 0947
80-3 [ 4584 | 6.22 0.928| 11.404 | 0545 | 0.0046 |0.102 [0831 | 0758
80-4 | 4585 | 3.95 0.723| 10.982 | 0360 | 0.0020 | 0.0790.646 | 0519
8i-1 | 1.493 | 8lo7 1167} 5503 | 1.630 | 0.0413 |0.121(1.087 | 1.133
8i1-2 | 1.493 | 8.02 1.087 | 5.338 | 1502 | 0.0351 [o.1i2|1.010] 1.015
81-3 | 1.493 | 6.02 0.906| 4.964 | 1213 | 0.0229 | 0.096 [ 0833 | 0760
81-4 | 1.493 | 399 0695( 4527 | 088! | 0.0120 | 0.077 {0630 | 0500
82-1 [ 0.996 | 3.98 0680 3.468 | 1.148 | 0.0205 | 0.070|0631 | 0501
82-2 | 0,996 | 413 0.696( 3501 | 1.180 | 0.0216 | 0.07i | 0.647 | 0520
82-3 [ 0.996 | 5.99 0884 3.890 | 1540 | 0.0369 | 0.086 |0.835 | 0.763
82-4 [ 0.995 | 9132 1.156 4.450 | 2.094 | 00682 | 0.107 | i.t17]1.18]
83-110.729 | 933 1.128( 3842 | 2428 | 0.0916 | 0.096 | I 124 1,192
83-2 (0729 | 673 0930 3.432 | 1961 | 0.0598 | 0.086 | 0.904 | 0.860
83-3 [0.729 | 672 0928 3.428 | 1.960 | 0.0597 | 0.084 0904 | 0.860
83-4 [ 0.734 | 4.41 0713{ 2.994 | 1473 | 0.0338 | 0.068 0679 0560
84-1 [0.644 | 439 0701 | 2.783 | 1577 | 0.0387 | 0,069 |0.671 | 0550
84-2 | 0.644 | 476 0739| 2.861 | 1664 | 00430 | 0.071 {071 |0600
84-3 | 0.644 | 5.25 0.785| 2.957 /| 1.775 | 0.0490 | 0.073 0761 | 0.664
84-4 [ 0.642 | 5.42 0803 | 2990 | 15813 | 00511 0072|0782 | 0692
84-5 [ 0.642 | 935 1.116| 3637 | 2571 | 0.1028 |0.097|1.122| 1.189
85-1 [0.499 | 4.06 0658 | 2394 | 1596 | 0.0447 | 0.058 | 0,645) 0518
85-2 | 0.499 | 6.91 0912} 2919 [ 2367 | 0.087t | 0.077]0922 | 0885
85-3 0499 | 7.19 0934 2.965 | 2425 | 0.0914 | 0079|0946 | 0.920
85-4 | 0.502 | 8.32 1.018| 3147 | 2.644 | 0.1087 0084|1043 1.065
85-5 | 0502 | 7.45 0.954| 3.012 | 2473 | 0.0950 |0.08! | 0968 | 0.952
85-6'| 0.499 | 7.42 0951 | 3.000 | 2473 | 0.0950 | 0,077 | 0.969 | 0.954

t16-1 14370 | 7.52 [2.069 | 1.081 | 11278 | 0667 | 0.0069 |0.126 | 0.962 | 0.943 | 2.006
116-2 [ 4370 | 545 0871 | 10844 | 0503 | 0.0039 | 0096|0779 | 0.68
116-3 | 4370 | 386 0.691 | 10471 | 0369 | 00021 | 0.083 |06(0]|0476
117-1 10975 | 3.87 0.665| 3393 | 1141 | 00202 | 0064 | 0621 | 0,489
117-2 | 0975 | 3.90 0.670| 3404 | I1.146 | 0.0204 [ 00700620 | 0.488
117-3 10975 | 598 0880| 3838 | 1558 | 00377 {0.087 0831 | 0.757
117-4 0972 | 781 1036 4155 | 1880 | 0.0549 | 0102 |0.989 | 0983
118-1 | 0642 | 5.11 0775} 2.932 | 1.743 | 0.0473 | 0.068 | 0.754 | 0.655
118-2 | 0642 | 541 0801 } 2986 | 1812 | 0.0510 | 0073|0779 0.688
118-3 | 0642 | 7.97 10161 3.430 | 2324 | 00840 | 0.083]1.017 | 1.026
118-4 | 0642 | 3.28 0586 2541 | 1.291 | 0.0259 | 0.056 | 0556 | 0.415
119-1 10383 | 514 0.743| 2330 | 2.206 | 0.0756 | 0.056.0.763 | 0.666
119-2 | 0383 | 4.96 0728 | 2299 | 2157 | 0.0723 { 0057 0.743 | 0.640
120-1 | 0343 | 431 0660 2075 | 2077 | 0.0671 [0.044|0.683 | 0.564
120-2 | 0343 | 4.00 0.625| 2.003 | 1.997 | 0.0620 | 0.048 {0639 [ 0511
120-3 { 0.342 | 652 0843| 2454 | 2.657 | 0.1098 | 0.062 | 0891 | 0.841
120-A | 0340 | 693 0874 2512 | 2759 | 0.1183 [ 0059|0932 0.900
120-8 | 0.301 | 586 0.780| 2237 | 2620 | 0.1067 | 0,051 | 0.836 | 0.764

758318°—48——39
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TABLE 31.—SUMMARY OF TESTS ON 45° OFFSET WEIRS WITH RISERS—Continued

! 13 14 15 16 17 18 19 20 21 22 23

TEST" 3 c PtE, | H, Hs, Z’l £ N, M, ﬂ NAPPE
LH# FEET | pyg | FEET H, Hs | FEET | FEET | 7%, |PROFILES
M.
v=20

80-1 12277 [ 3.953 (4718 | 0.231 | 1.223 | 0.007I (0.1tQ0 [0.156 | 0.305 | 0.128
80-2 | 1.900 [ 3.947 | 4.707 | 0.205 | 1.088 | 0.0059 { 0.114 0.143 X
80-3 | 1.521 | 4089 | 4686 | 0.177 [ 0.933 | 00049 | 0.109 0.167 X
80-4 | 1.041 | 3.794 | 4664 | 0.139 | 0.725 | 0.0027 | 0.109 0215
81-1 12273 [ 3.946 | 1.614 | 0673 | 1208 | 0.0342 |0.100 0.129
81-2 12036 | 3.929, 1.605 | 0629 | 1.122 [ 0.0313 | 0.100 0.139 *
81-3 | 1.525 (3.94811.589 [ 0.524 | 0929 | 0.0247 | 0.103 0.168
81-4 11.003 (3978 | 1.570 | 0.401 [ 0.707 | 0.0170 | 0.109 0221
82-1 [1.005 | 3.960 | 1.066 [ 0.592 | 0.70!1 | 0.0292 | 0.100 0.223
82-2 1 1.043 | 3.960 | 1.067 | 0.606 | 0.718 | 0.0301 | 0.099 0217 X
82-3 | 1.531 {3912 (1.082|0.772 [ 0921 | 00401 | 0.093 0.169
82-4 12369 13.934(1.102|1.014 | 1.224 | 0.0557 | 0.037 0.127
83-1 12391 [3.902 (0.825 | 1.362 | 1.220 | 0.075!1 | 0.079 0.128
83-2 | 1.725 [ 3.901 (0815 | 1.109 | 0990 | 0.0604 | 0.087 0.158
83-3 | 1.725 [ 3.896 (0813 (1 112 [ 0988 | 0.0604 | 0.085 0.158 *
83-411.123 | 3.927 | 0.802 [ 0.847 [ 0.747 | 0.0452 | 0.09! 0209
84-1 (1.103 (3.980°| 0.713 [ 0.941 | 0.740 [ 0.0523 | 0.093 0211
84-2 |1 1.204 | 3.953 | 0.715 | 0994 | 0.782 | 0.0550 | 0.091 0.199
84-3 |1.332 13941 | 0717 | 1.061 | 0834 | 00588 | 0.088 0.187
84-4 | 1.388 | 3.905 | 0.714 | 1.095 | 0.854 | 0.0598 | 0.084 0.183 *
84-5 12.385 | 3.920 (0.739 | 1518 | 1.219 | 0.0843 | 0.080 0.128
85-1 | 1.039 | 3,908 | 0.557 | 1.158 | 0.703 [ 0.0636 | 0.083 0.222
85-2 [ 1.775 1 3893 [ 0576 | 1.60! [ 0999 | 0.0872 | 0.077 0.156
85-3 (1.846 | 3.895 | 0578 | 1.637 | 1.025 | 0.0892 | 0.077 0.152
85-4 | 2.136 | 3.895 | 0.586 | 1.780 | 1.127 | 0.0965 |0.075 0.138
85-5 | 1.910 | 3.901 [ 0583 | 1.660 | 1.049 { 0.0906 |0.077 0.149
85-6.|1.914 |1 3.877 [ 0576 | 1.682 | 1.046 | 0.0908 | 0.074 0.149 *
116-1|1.893 1 3.973 | 4496 (0214 | 1.088 | 0.0063 |0.116 | 0.076 | 0.155 | 0.070
116-2 | 1.379 | 3.952 [ 4.466 | 0.174 [ 0875 | 0.0045 (0.1 10 0.087
116-3 1 0.956 | 4.038 | 4.453 | 0.137 | 0.693 | 0.0030 |0.120 0.110 *
117-1 10.982 | 3.941 | 1.039 | 0598 | 0685 | 0.0295 | 0.093 Ol
117-2 10,979 | 3.984 | 1.045 | 0593 | 0.690 | 0.0296 |0.101 0.110 *
117-3 1 1.520 | 3.934 | 1.062 | 0.782 | 0.918 | 0.0411 |0.095 0.083
117-4 (1,973 [ 3.958 | 1.074 [ 0.921 | 1.091 | 0.0503 | 0.094 0.070
1i8-1 1131313892 |0.710 | 1.062 | 0822 | 0.0576 | 0.083 0.092
118-2 |1.379 13.923 | 0.715 | 1.090 | 0852 | 0.0598 | 0.086 0.089 *
118-3 |1 2.057 | 3.875 | 0.725 | 1.403 | 1.100 | 0.0764 | 0.067 0.069
118-410.832 | 3942 | 0.698 | 0.797 | 0612 | 0.0423 |0.092 0.124
119-1 | 1.337 | 3.844 40439 | 1.738 | 0819 | 0.0923 | 0.068 0.093
119-2 | 1.285 | 3.860 [ 0.440 | 1.689 | 0.800 [ 0.0904 | 0.07I 0.095 X
120-1 | 1.132 |1 3.807 | 0.387 | 1.765 | 0.727 | 0.0923 | 0.06! 0.105
120-2 [ 1.025 [3.902 | 0391 | 1.634 [ 0.687 | 0.0903 | 0.070 0111 *
120-3 | 1.687 | 3.865 | 0.404 | 2205 | 0.953 | 0.1152 | 0.065 0.080
120-A | 1.805 | 3.839 | 0.399 | 2336 | 099! [ 0.1194 | 0.060 0.077 *
120-B | 1.533 | 3.823 [ 0352 (2375 | 0.887 [ 0.1203 [0.057 0.086 X

3 RUNS IN WHICH NAPPE PROFILES WERE MEASURED.
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~TABLE 31.—SUMMARY OF TESTS ON 45° OFFSET WEIRS WITH RISERS—Continued

[ 2 3 4 5 6 7 8 "9 K 12
Q A v,
P . W, | » : : hg E, H L8| (8 75
TEST Lo |SECONDY ccp 5 | SQUARE [FEET PER ! p & Ho, :
FEET |Ppeey | FEET| FEET | FeeT ['sgconp | FEET | FEET | FEET FEET
M.
7-3.0
121-1 | 4234 | 367 |2069 [ 0665 | 10.136 | 0362 | 0.0020 | 0079 | 0588 | 0451 | 2.006
121-2 4236 | 6.12 0941 [ 10.711 | 0571 | 0.0051 | 0.106 | 0.840 [ 0.770
121-3 4238 | 798 1121 | 11.088 | 0720 | 0.0081 |0.130 [ 0999 | 0998
122-1 [2.019 | 5.8 0826 | 5.887 | 0880 | 0.0120 |0093 |0.745 | 0643
122-2 | 2.019 | 7.88 1.089 | 6.430 | 1.226 | 0.0233 |0.123 | 0989 | 0983
123-1| 1511 | 7.69 1059 | 5.317 | 1446 | 0.0325 |0.115 [ 0977 | 0966
124-1 | 1.241 | 625 0916 | 4.463| 1400 | 00305 [ 0094 | 0853|0788
125-1 | 1.015 | 426 0706 | 3561 | 1196 | 0.0222 | 0074 | 0654 | 0529
126-1 | 0.731 | 664 0917 | 3.410| 1947 | 0.0589 [ 0086 | 0.890 | 0.840
127-1 [ 0648 | 554 0811 | 3.019| 1835 | 00524 (0076 | 0787 | 0.698
128-1 | 0589 | 4.86 0745 | 2.760| 1761 [ 00483 |0.068 |0.725|0617
128-2 [ 0585 | 8.36 1030 | 3.341 | 2502 | 0.0973 |0.087 | 1.040 | 1.061
129-1| 0502 | 7.56 0955 | 3.015| 2507 | 0.0977 | 0077 | 0976 | 0964
1301 | 0.453 | 6.41 0860 | 2.717 | 2359 | 0.0865 | 0065 |0.882 | 0.828
1311 [ 0350 | 432 0663 | 2.096 | 2061 | 0.0661 |0.050 | 0679 | 0559
. 7
—N‘—4.0
132-1 | 4664 | 783 |2.069 [ 1.106 | 11.938 | 0656 | 0.0067 |0.125 0988 | 0982 | 2.006
132-2| 4.666 | 4.15 0724 | 11.152 | 0372 | 0.0021 [0.085 | 0641 | 0513
132-3 | 4669 | 596 0925 | 11.574 | 0515 | 00041 [0.106 | 0823 | 0747
133-1| 1515 | 7.67 1.058 | 5.324 | 1441 | 00323 |0116 |0974| 096l
134-1| 1321 | 625 0922 | 4.641 | 1347 | 0.0282 |0.098 | 0852 | 0.786
135-1 | 1.020 | 429 0714| 3588 | 1.196 |0.0222 (0077 | 0659 | 0535
136-1 | 0.735 | 6.60 0911 | 3406 | 1938 | 0.0584 |0.086 |0.883 | 0830
137-1 | 0.644 | 5.44 0802 | 2.992 | 1818 | 00514 |0077 |0776| 0684
138-1 [ 0594 | 484 0744 | 2768 | 1749 |0.0476 |0070 | 0722 | 0614
139-1 | 0507 | 7.35 0942 | 2.998 | 2452 | 0.0935 [0.079 | 0957 | 0936
140-1 | 0.460 | 6.38 0861 | 2.733 | 2334 | 0.0847 (0073 (0873|0816
141-1 | 0.427 | 572 0801 [ 2541 | 2251 | 0.0788 |0.067 {0813 | 0733
M
N = 5.0
142-1] 4776 | 789 |2.069 | 1.113 | 12.184 | 0648 | 0.0066 |0.123 | 0997 | 0996 | 2.006
142-2| 4.776 | 356 0655 | 11.237 | 0317 [0.0016 |0.078 | 0579 | 0441
142-3| 4776 | 599 0928 | 11.802 | 0508 [ 0.0040 [0.106 | 0.826 | 0.751
143-1| 1514 | 762 1.054 | 5313 | 1434 | 0.0320 |0.115 [0971] 0957
144-1| 1.321 | 623 0919 | 4.634| 1344 | 0.0281 |0.098 | 0849 | 0.782
145-11 1.015 | 424 0707 | 3.563 | 1.190 | 0.0220 |0.075 [0.654 | 0529
146-1| 0.732 | 660 0914 | 3406 | 1938 |[0.0584 (0087 {0885 | 0833
147-1| 0.644 | 5.46 0.808 | 3.004| 1818 | 0.0514 [0.078 |0781 | 0.690
148-1| 0596 | 485 0.745 | 2.775| 1.748 | 0.0475 |0.078 {0.715| 0.605
149-1 | 0516 | 757 0965 | 3.064 | 2.471 | 0.0949 [0.094 |0966 | 0949
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TABLE 31.—SUMMARY OF TESTS ON 45° OFFSET WEIRS WITH RISERS—Continued

1 13 14 15 16 17 8 19 20 | a1 22 23
P+E, | _Ho Hs, he | E N, M, | N | NAPPE

TEST | LhE C | FeeT | PrE | FEET | T, H; | FEET | FEET | Hs [PROFILES

¥:30
121-1 [ 0.905 | 4.055.| 4313 | 0.136 | 0667 [ 0.0030 | 0.118 | 0.076 | 0.233 | 0.114 *
121-2 | 1.544 | 3.964 | 4342 | 0.193 | 0.946 | 0.0054 [ 01112 0.080 %
121-3 | 2.003 | 3.984 | 4368 | 0.229 | 1.129 [ 0.0072 | 0115 0.067 *
122-1 | 1.290 [ 4.016 | 2.112 | 0353 | 0.838 | 0.0143 [ 0111 0091
122-2 | 1.973 | 3.994 [ 2.142 | 0.462 | 1.112 | 0.0209 | 0.111 0068
L 123-1(1.937 |3.970 | 1.626 | 0601 | 1.092 | 0.0298 | 0.105 0.070 %
124-1 | 11580 | 3.956 | 1.335 | 0639 | 0.947 | 0.0322 | 0.099 0.080 *
125-1] 1.061 [ 4.015 | 1.089 | 0.600 | 0.728 | 0.0305 | 0102 0.104 %
126-1| 1.684 | 3.943 [ 0817 | 1.089 | 0976 | 0.0603 | 0.088 0.078 *
127-1| 1.401 | 3954 | 0.724 | 1.087 | 0.863 | 0.0607 | 0.088 0.088 %
128-11 1.238 | 3.926 [ 0657 | 1.104 | 0.793 | 0.0609 | 0.086 0.096 *
128-2 | 2.128 | 3929 | 0672 | 1:548 | 1.127 | 0.0863 | 0077 0.067
129-1 | 1.934 | 3.909 | 0579 | 1.686 | 1.053 | 0.0928 | 0.073 0.072 *
130-1 | 1.662 | 3.857 [ 0518 | 1.703 | 0.947 | 0.09 13 | 0,063 0.080 B3
131-1| 1.122 | 3.850 [ 0.400 | 1.698 | 0.729 | 0.0907 | 0069 0.104 %

M.

W-Qo
132-1(1.970 | 3.975 | 4.789 | 0.206 | 1.113 | 0.0060 | 0.112 | 0.076 | 0.305 | 0.068 *
132-2 [ 1:029 | 4.033 | 4751 | 0.135 | 0.726 | 0.0029 | 0,117 0.105 *
132-3 | 1.498 | 3.979 | 4.775 | 0.172 [ 0929 | 0.0044 | 0.114 0.082 %*
133-1| 1.928 | 3.978 | 1631 | 0597 | 1.090 | 0.0296 | 0.106 0.070 *
134-1| 1.577 [ 3.963 | 1.419 [ 0.600 | 0.950 | 0.0297 | 0.103 0.080 %*
135-1( 1.073 | 3.998 | 1.097 | 0.601 | 0.736 | 0.0302 | 0.105 0.103 *
136-1 | 1.665 | 3.964 | 0:821 | 1.076 | 0.969 | 00603 | 0.089 0.078
137-1| 1.372 [ 3.965 | 0.721 | 1.076 | 0.853 | 0.0603 | 0.030 0.089 %*
138-1 | .1.232 | 3.929 | 0.664 | 1.087 | 0.792 | 0.0601 | 0.088 0.096 *
139-1| 1.878 [ 3.914 [ 0.586 | 1.633 | 1.036 | 0.0903 | 0076 0.073 *
140-1 | 1.637 | 3.897 [ 0533 | 1.638 | 0.946 | 0.0895 | 0.077 0.080 ¥
141-1| 1:470 [ 3891 | 0:494 | 1646 | 0.880 | 0.0895 | 0.076 0.086 |

M

W-SAO
142-1| 1.998 | 3.949 | 4.899 [ 0204 | 1.120 | 0.0059 | 0.110 | 0.076 | 0.392 | 0.068 %
142-2  0.885 | 4.023 | 4854 | 0.119 | 0,657 | 0.0024 | 0119 0.116 *
142-3 | 1.507 [3.975 | 4882 | 0.169 | 0932 | 0.0043 | 0.114 0.082 *
143-1 [ 1.920 3.969 | 1.629 { 0.596 | 1.086 | 0.0295 | 0.106 0070 | %
144-1| 1.569 [3.971 | 1.419 | 0598 | 0.947 | 0.0296 | 0.103 0.080 %
145-1| 1.061 | 3.996 | 1.090 | 0.600 | 0.729 | 0.0302 | 0.103 0.104
146-1| 1.671 13950 | 0819 | 1.081 | 0972 | 0.0601 | 0090 0.078 %
147-1 | 1.384 (3945 [0.722 | 1.082 | 0.859 | 0.0598 | 0.09 0.088 %
148-1| 1.214 | 3995 | 0674 | 1.061 | 0.793 | 0.0599 | 0,098 0.096 *
149-1| 1.904 |3.976 (0610 | 1.584 | 1.060 | 0.0895 | 0.089 0.072 %*

%% RUNS IN WHICH NAPPE PROFILES WERE MEASURED.
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indicate complete runs, in which the nappe shapes were measured;
the remainder of the runs were made to obtain additional data on the
coefficients of discharge. Weirs were constructed and tested with

values of % equal to 0.25, 0.50, 1.0, 2.0, 3.0, 4.0, and 5.0, see figure 30.

The X and Y coordinates were handled in the same manner as de-
scribed for the overhang weirs in the preceding section. After chang-

ing the coordinates to the 1‘:_}(—andHz form, the runs were grouped ac-
8 s
E . . h, N M :
cording to their respective values of Veadi i and N 88 shown in table
8 8

32. In this case both g’ and %were held constant for a given set

of curves, with % as a variable. In other words, for ]]‘—Vlzl. 0 and

Zh-—/f"A:O. 002, a set of curves was obtained which varied with value of
%7—- A second, third, fourth, and fifth set were obtained for %=1.0
With% equal to 0.03, 0.06, 0.09, and 0.12, respectively. The same

procedure was repeated for ANJ equal to 2.0, and for JNM equal to 0.25,
0.50, 3.0, 4.0, and 5.0, except that in the latter cases the set for

}L—I' equal to 0.12 was omitted. Altogether, 30 sets of curves were thus
made, which is evident from table 32. As many as three weirs of dif-
ferent dimensions, but having the same value of %: were tested to ob-

tain data for one set of curves. This was primarily to make certain
that the similitude relationships could be correlated on this type of
weir.

After the data had been prepared as described above, it was found, as
in the case of the overhang weir, that the nappe shapes varied only

slightly with the value of % for the ranges traversed in these tests. It
§

was therefore decided to drop the variable % and combine the nappe

s

shapes, using only the criteria ?—Vland % In other words, each of the
8

30 sets of curves described above was replaced by a single average

curve, thus leaving only 30 curves to tabulate instead of 30 sets of

curves, a tremendous step in simplification of the process.
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TABLE 32.—COMBINING NAPPE SHAPES—WEIRS WITH 45° OFFSET AND RISERS

Mo
=025
H, hg M N, N N
) ACTUAL —— | PLOTTED -
TEST | FEeY H, FEET | FEET Hy Hs
h
—2 = 0002
Hs
94- | 1.096 0.0060 0079 0310 0.283 0.280
94-2 0.719 0.0029 0079 0310 0.431 0.280
94-3 0.638 0.0023 0079 0310 0.486 0.480
ha
1‘_'/: = 0.03
96-2 0.723 0.0296 0.079 0310 0.429 0.430
98- 1 0.657 0.0301 0.079 0.310 0.472 0.470
ha
-2 = 006
Hs
97-3 1.021 0.0525 0.079 0.310 0304 0.300
100~ 1 0.752 0.0618 0079 0.310 0.412 0.400
ha 509
Hg
99-3 0.835 0.090 1 0079 0.310 0.371 0.370
M
2 <05
i 0
h [
—2 20002
HS'
70-1 0.986 0.0046 0.079 0.156 0.158 0.160
70-2 0.716 0.0026 0.079 0.156 0.218 0.160
101-2 0.728 0.0032 0.155 0.310 0.426 0.160
101-3 0.610 0.0025 0.155 0.310 0.508 0.500
ha _
Ao =003
71-4 1.129 00308 0.079 0.156 0.138 0.140
72-4 0.725 0.0284 0.079 0.156 0.215 0.140
102-2 0.710 0.0296 0.155 0.310 0.437 0.140
103-2 0.635 0.0294 0.155 0310 0.488 0.490
ha
2 =006
Hg
73-2 1.008 0.0612 0.079 0.156 0.155 0.160
104-2 0.917 0.0604 0.155 0310 0338 0.160
105-2 0.743 0.0608 0.155 0.310 0.417 0.420
ha
i 0.09
75-2 0.999 0.0901 0.079 0.156 0.156 0.160
105- 4 1,122 0.0903 0.155 0.310 0.276 0.160
106-2 1.031 |, 0.0890 0.155 0310 0.301 0.300
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TABLE 32.— COMBINING NAPPE SHAPES—WEIRS WITH 45° OFFSET AND RISERS—
Continued
M
TR
Hs, ho M, N, actuaL AL | protTED -
TEST FEET Hs FEET FEET Hg Hq
hg
—_— - 0.002
H,
110-2 0.728 0.0036 0.079 0.076 0.104 0.100
76-2 0972 0.0043 0.155 0.156 0.160 0.100
76-3 0.724 0.0022 0 155 0.156 0.216 0.100
107-2 0.657 0.0024 0.305 0310 0.472 0.470
29 - o003
-2 0.741 0.0308 50.079 0.076 0.103 0.100
77-3 12 0.0306 0.155 0.156 0.139 0.100
108-2 0.697 0.0303 0.305 0310 0.445 0.450
%" = 0.06
12-2 0.891 0.0609 | %0.079 0.076 0.085 0.080
78-3 1.008 0.0604 0.155 0.156 0.155 0.080
109-2 0863 0.060 1 0.305 0.310 0.359 0.360
h,
Fa = 009
113-3 0924 0.0896 $0.079 0.076 0.082 0.080
115-2 0704 0.0914 0.079 0.076 0 108 0.080
79-3 1.013 0.0895 0155 0.156 0 154 0.080
109-4 1172 0.0810 0.305 0310 0.265 0.270
X 71,0 =012
115-A 0.979 01198 50079 0.076 0.078 0.080
115-8 0815 01201 0.079 0076 0.093 0.080
115-C 0.733 0.1206 0.079 0.076 0.104 0.100
M.
N 20
%‘7 0.002
116-3 0.693 0.0030 | °0 155 0.076 o110 0110
80-2 1.088 0.0059 0.305 0.156 0.143 0.110
80-3 0.933 0.0049 0.305 0.156 0167 0.170
%‘7 = 003
11752 0.690 0.0296 | 0 155 0.076 0.110 0.110
81-2 1122 0.0313 0.305 0.156 0.139 0.110
82-2 0.718 0.0301 0.305 0.156 0217 0.220
'%‘7 = 006
118-2 0.852 0.0598 | 50 155 0.076 0.089 0.090
83-3 0.988 0.0604 0.305 0.156 0.158 0.090
g4-4 0.854 0.0598 0.305 0.156 0.183 0.180
%‘7 =009
119-2 0.800 0.0904 | °0.155 0.076 0.095 0.090
120-2 0.687 0.0903 0.155 0.076 0.111 0.090
85-6 1.046 0.0908 0.305 0.156 0.149 0.150
ha _oae
By =
120-A 0.991 0.1194 0.155 0.076 0.077 0.080
120-B 0.887 0.1203 0.155 0.076 0.086 0.090
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TABLE 32.—COMBINING NAPPE SHAPES—WEIRS WITH 45° OFFSET AND RISERS—

Continued
M
W 3.0
Hs hg M N N A
—- 2 : TUAL 4 |PLOT
TEST FEET Fs FEET FEET ACTUAL Hg LOTTED H
hq
E 0.002
121-3 1.129 0.0072 0.233 0.076 0.067 0.070
121-2 0.946 0.0054 0.233 0.076 0.080 0.070
121-1 0.667 0.0030 0.233 0.076 0.114 0.110
h,
£ = 003
Hs
123~1 1.092 0.0298 0.233 0.076 0.070 0.070
124~ 0.947 0.0322 0.233 0.076 0.080 0.070
125~ 1 0.728 0.0305 0.233 0.076 0.104 0.100
g = 0.06
He —
126-1 0.976 0.0603 0.233 0.076 0.078 0.080
127=1 0.863 0.0607 0.233 0.076 0.088 0.080
128-1 0.793 0.0609 0.233 0.076 0.096 0 100
ha
/_? = 0.09
129-1 1.053 0.0928 0.233 0.076 0.072 0.070
130-1 0.947 0.0913 0.233 0.076 0.080 0.070
131-1 0.729 0.0907 0.233 0.076 0.104 0.100
M
N 4.0
hg
E = 0.002
132-1 1.113 0.0060 0.305 0.076 0.068 0.070¢
132-3 0.929 0.0044 0.305 0.076 0.082 0.070
132-2 0.726 0.0029 0.305 0.076 0.105 0.100
hg
FS— = 0.03
133-1 1.090 0.0296 0.305 0.076 0.070 0.070
134-1 0950 0.0297 0.305 0.07¢ 0.080 0.070
135-1 0736 0.0302 0.305 0.076 0.103 0.100
— 1
hg
E = 0.06
136-1 0.969 0.0603 0.305 0.076 0.078 0.080
137-1 0.853 0.0603 0.305 0.076 0.089 0.080
138~1 0792 0.0601 0.305 0.076 0.096 0.100
a
A 0.09
139-1 1.036 0.0903 0.305 0.076 0.073 0.070
140~1 0.946 0.0895 0.305 0.076 0.080 0070
1411 0.880 0.0895 0.305 0.076 0.086 0.090




WEIRS WITH UPSTREAM OVERHANG, OFFSETS, AND RISERS 121

TABLE 32.—COMBINING NAPPE SHAPES—WEIRS WITH 45° OFFSET AND RISERS—

Continued
M
N 5.0
HSI hd M, N, N N
=2 ACTUAL — PLOTTED -
Esh FEET Hg FEET FEET Hs Hg
hg
E-0.00Z
142 -1 1.120 0.0059 0.392 0.076 0.068 0.070
1423 0.932 0.0043 0.392 0.076 0.082 0.070
142 -2 0.657 0.0024 0392 0.076 0.116 0.120
hq
'/TS'-O.OO3
143 -1 1.086 0.0295 0.392 0.076 0.070 0.070
144-1 0.947 0.0296 0.392 0.076 0.080 0.070
145-1 0.729 0.0302 0.392 0.076 0.104 0.100
hq_
7,;—0.06
146 -1 0.972 0.060! 0.392 0.076 0.078 0.080
147 =1 0.859 0.0598 0.392 0.076 0.088 0.080
148 -1 0.793 0.0599 0.392 0.076 0.096 0.100
hg
FS=0.09
149 -1 1.060 0.0895 0.392 0.076 0.072 0.070

The new curves were then combined into seven new sets, with the

value % as the variable in each. The result was a separate set of
8

nappe-shape profiles, in terms of unit head, for %=0.25, 0.50, 1.0,

2.0, 3.0, 4.0, and 5.0. A comparison showed that these seven sets of
curves were practically coincident with one another except for the

set obtained for %=0.25, which was erratic, due undoubtedly to un-

stable flow conditions. Thus the remaining six sets of curves were
reduced to a single set applicable to all offset weirs with risers falling
within the range of these experiments.

It was anticipated during the planning of the test program that the

results from the weir for % equal to 5.0 would very nearly approach

those for the vertical-face weir. This was apparently the case in the
region between the weir crest and the high point of the nappe, but
did not hold true farther downstream. From the high point of the
lower nappe downstream, the profiles from the offset weirs fell con-
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sistently inside of those obtained from the vertical weir. An expla-
nation for this deviation is given in the following section.

The final g and Ig coordinates of the lower nappe shape for offset

weirs with values of % ranging from 0.50 to 5.0 are tabulated in table
33. This range includes most of the practical shapes that will occur
on this type of overflow section. Sections for which the value of %

falls between 0.0 and 0.5 are not recommended.

A table of coordinates for the upper nappe surface has not been
prepared for the offset weirs. Instead, it is recommended that table
18, for the vertical-face weir, be used. There is little difference be-
tween the two, and, because of irregularities of flow on the overhang
and offset weirs, greater accuracy in the selection of the upper-nappe-
surface coordinates is not warranted.

36. Flow Characteristics of Overhang and Offset-Type Weirs.—It
was observed during the experiments on the vertical weir and the
three weirs sloping downstream, that the lower nappe surface was
very smooth and had a glassy appearance, during runs in which the
head was not excessive or the approach channel too shallow. No
vortices or disturbances of any consequence were noticed upstream,
which, with favorable current-meter measurements, would indicate
that approach conditions were satisfactory. As the head became ex-
cessive and the channel floor approached the level of the weir crest,
critical flow in the channel caused undulating waves; the entire sheet
of water springing from the weir fluctuated periodically and the glassy
nappe surfaces disappeared. Head-gage readings were no longer ac-
curate, and nappe-profile measurements could not be correlated with
previous data. Therefore, the recorded experimental data were
confined to the region of stable flow.

The nappe surfaces produced by the overhang and offset weirs, on
the other hand, were in some cases smooth but never glassy. In
every instance, spiraling ropes played back and forth across the weir,
making it difficult to measure the lower surface. These disturbances
were small and formed only occasionally for the lower heads, but were
proportionately larger and greater in number for the greater dis-
charges. They formed at the weir and broke a short distance jdown-
stream, spraying the man operating the lower coordinometer.

Flow conditions for the overhang and offset weirs were in another
respect the opposite to those encountered on the vertical weir and
weirs sloping downstream. Flow for the vertical and sloping weirs
was steadier for deep approach conditions than for shallow approach
depths; on the contrary, the flow for the overhang and offset weirs,
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although never comparing in steadiness with that from the vertical
weir or weirs sloping downstream, was rougher and more unstable for
the deeper approach conditions than with the floor raised in the
proximity of the weir crest.

At first it was surmised that the spiraling ropes on the lower nappe
surface were caused by the water not following the upstream face of
the weir but skipping at the upper corner of the offset. This suppo-
sition, however, was soon disproved by measurements of the pressures
on the upstream face. Pressures at the upper corner were less than
those on the flatter portions of the weir, but the differences were not
sufficient to indicate skipping. The results of the pressure measure-
ments on the upstream face of these weirs are discussed in section 39.
Two other factors which tend to prove that lowcred pressures on the
upstream face were not responsible for the disturbance are: first, the
same rough flow conditions existed on weirs with both high and low
risers; and second, little improvement, if any, was noticeable for the
overhang weirs, which were without risers.

Another explanation for the rough flow from the overhang and
offset weirs lies in the turbulence created in the approach channel.
Long, slim vortices intermittently formed and broke near each end
of the weir. These formed in the approach channel, extended up
into the sheet of water passing over the weir, and usually broke a
short distance downstream from the weir. These vortices, however,
appeared to be independent of the ropes on the lower surface of the
nappe. Rouse * noted the same vortices on a vertical weir, and his
explanation is:

In the case of very abrupt changes in direction in conduits of rectangular cross
section, the combined effect of separation and secondary spiral motion may give
rise to an intense, intermittent vortex motion in each of the outer corners. While
the existence of a free surface is not essential to this phenomenon, similar effects
may be observed directly upstream from a sluice gate or weir. The reduction in
velocity due to drag along the lower boundary produces a normal reversal of
flow in the region of stagnation at the base of the weir. However, the velocity
defect is more pronounced at the junction between the floor and either wall,
which considerably augments the tendency toward flow reversal at the sides and
leads to the formation of a vortex normal to the floor near each corner. As soon
as such a vortex is established, the pressure gradient leading to its formation no
longer exists, and the secondary motion abruptly ceases. Thereupon, the cycle
begins once again. Since low pressures accompany the high tangential velocities,
the vortex filament may be ventilated from the downstream side, a tube of air
often penetrating the flow well past the plane of the weir.

Mr. Rouse includes two excellent photographs of this phenomenon in
his book.

% Rouse, Hunter, Fluid Mechanics for Hydraulic Engineers, 1st ed., p. 271, McGraw-Hill Book Co.
Quotation reprinted by permission. .
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After the vortices and rough flow on the overhang and offset weirs
had been observed, these weirs were replaced with the vertical weir
for the purpose of again comparing flow conditions. The glassy
nappe surfaces reappeared, ropes were absent, and there were no
visible signs of vortices forming in the approach channel, although it
was assumed that a certain amount of turbulence must exist at each
end of the weir. It is difficult to understand why a small offset or
overhang projection on the upstream face of a weir with a large
approach depth is sufficient to disrupt the excellent flow conditions
encountered on the vertical weir. Evidently the offset or overhang
greatly accentuates the occurrence of the phenomenon described by
Rouse. This effect would not be as pronounced on a long spillway
section as the tests on the overhang and offset weirs indicate, since
the side walls are responsible for a good share of the disturbance on
the weir.

From consideration of the above statements, one would not expect
to obtain duplicate nappe profiles from the vertical and offset weirs,
even though the value of M for the latter would be large, because (1)
the roughness of the nappe surfaces of the offset weir indicates that
some dissipation of energy has occurred before the water leaves the
weir, and (2) the resistance of the air to the rough nappe surfaces is
greater than it would be to the smoother nappe surfaces produced by
the vertical weir.

The conclusion to be drawn from the above discussion is that over-
flow sections with plain upstream faces are conducive to stable flow
conditions, whereas those with offsets and breaks in the upstream face
are not, although many of the latter sections are in existence and
appear to be giving satisfactory service. One point is definitely
certain, spillway sections are not recommended with values of

% less than 0.5 unless this value is zero. For values greater than

zero and less than 0.5, flow conditions are extremely unstable, as was
evidenced by plotting some of the nappe profiles or observing the

coefficients of discharge for %=0.25 in figure 31.

37. Relation of E to Velocity of Approach.—To make it possible to
convert any head on the weir to the equivalent head on an overflow
section, or vice versa, curves have been plotted showing the relation

of g to —fhf for the various values of % tested. The actual points
are shown plotted in figures 31-A and 32-A. The value of E for the

overhang weir, when %=0, is considerably higher than that for

other weirs. The value of E for the weir with%:o.% appears to fall
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somewhere between that for the overhang weirs and the remaining
offset weirs, which would indicate that the lower nappe may have
been intermittently springing back and forth from the sharp crest of
the riser to the upper corner of the offset. From observation, this
action did appear to take place and it would account for the extreme
instability of the sheet of water leaving the weir. For the two weirs

with %=0.5, this difficulty was not experienced, which observation
is substantiated by the orderly manner in which the points plot

M .
for —N—0.5 in figure 31-A.

A comparison of the curves of g versus —I}% for values of AT{,

from zero to 5.0 is shown for the overhang and offset weirs and the
vertical weir in figure 33. If some allowance is made for experimental
errors and errors in plotting, it can be said that the curves, except

for %=O and 0.25, are in excellent agreement, especially in the upper

region. This would indicate that the nappe profiles for the set should
be the same.
38. Discharge Coefficients.—The coefficients of discharge are

plotted in figures 31-B and 32-B with respect to P—i_I"E, for all runs
made on the overhang and offset weirs. Here, as for the E-values,

the points are scattered for %=0.25. These same curves are compared
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with the coefficient-of-discharge curve for the vertical-face weir in
figure 34. The coefficients for all these weirs, including the weirs

for —A]—g:O, are practically the same, especially for the larger approach

depths.

39. Pressures on Upstream Face of Overhang and Offset Weirs.—
Pressures were measured normal to the upstream face of all overhang
and offset weirs. Due to the variation in the weir shapes, it was not
possible to combine the results in any satisfactory manner. For this
reason, the results from each weir have been plotted separately in

figures 35, 36, and 37. Values of % have been plotted with respect

to the location of the pressure measurement %: where h, is the pre-

sure measured above the sharp crest of the weir and d is the distance
from the sharp crest to each piezometer on the weir face.
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Figure 35 shows no unusual pressure conditions on the three over-
hang weirs. This is also true for the offset weir with %:0.25, where

flow conditions were unstable. . The majority of the remaining off-
set weirs show a reduction of pressure on the face of the riser im-
mediately above the upper corner of the offset, which reduction is
most pronounced with the larger approach depths. Evidently there
is very little flow up the face of the weir for the higher approach
velocities.

Figures 36 and 37 indicate that the radius at the upper corner of
the offset was insufficient for most of the weirs tested. It is recom-
mended that this radius be made as long as practicable on prototype
designs.

APPLICATION OF EXPERIMENTAL RESULTS

40. Design of Overflow Dam Section With Overhang on Upstream
Face.—The procedure for determining the coordinates for a section with
an overhang on the upstream face is the same as that used for a weir
with vertical upstream face, except for the use of different tables and
curves. It is advisable to confine the value of NV to the range of
these experiments. No difficulties are anticipated, however, even
though the upper portion of the range be exceeded moderately. The
solution to example 1 is repeated with an overhang on the upstream
face of the dam.

Example 7—Given a maximum water surface elevation of
1,000.0 for a total discharge of 75,000 second-feet, with the average
approach floor at elevation 880.0. Determine the crest elevation
and coordinates for the shape of an overflow section with a crest
length of 250 feet and a 45° overhang on the upstream face, the
overhang having a vertical dimension of 7 feet.

In figure 34, the coefficients of discharge for the vertical and
overhang weirs nearly coincide. Therefore, ¢ will be assumed as
3.96, which was the final value obtained in example 1. Also, from
the same source, H,~17.90 feet and P+ E=102.10 feet. The high
point on the crest remains the same as in the first example, at elevation
982.10, and the velocity head of approach, A,, remains at 0.097.

he _ 0.097

Also, ‘I—];—/l“7"'96=0.0054.

From the curve for %:0 in figure 27,

I_QI:=1.1715 for the above value (_)f ?—I“o

H,=1.172X17.90=20.98 feet.
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Then ha _0.097
E_2_—0.98_0'0046’

and N_ 7
E—Q—O.QS 0.334

It is found by consulting table 28 that this value falls within the
range of the experiments on overhang weirs. Table 34 shows the
coordinates for the lower nappe surface, obtained by using the above

values of H; and %r and table 29, which contains experimental data
8
for dams with an overhang on the upstream face.

TABLE 34.—COORDINATES FOR OVERHANG OVERFLOW SECTION—EXAMPLE 7

X X Y, eleva-
H. H, X, feet Y, feet tion, feet
1 2 3 4 5

0. 000 0. 000 0. 00 0. 00 979. 17
0. 050 0. 0905 1. 05 1. 90 981. 07
0. 100 0. 1173 2. 10 2. 46 981. 63
0. 150 0. 1315 3.15 2.76 981. 93
0. 200 0. 1385 4.20 2.91 982. 08
0. 250 0. 1396 5.24 2. 93 982. 10
0. 300 0. 1370 6. 29 2. 87 982. 04
0. 350 0. 1298 7. 34 2.72 981. 89
0. 400 0. 1196 8.39 2. 51 981. 68
0. 450 0. 1067 9. 44 2.24 981. 41
0. 500 0. 090 10. 49 1. 89 981. 06
0. 600 0. 046 12. 59 0. 97 980. 14
0.700 | —0.008 14. 69 —0.17 979. 00
0. 800 —0. 069 16. 78 —1.45 977. 72
0.900 | —0.139 18. 88 —2.92 976. 25
1. 000 —0. 218 20. 98 —4. 57 974. 60
1. 200 —0. 405 25. 18 —8. 50 970. 67
1. 400 —0. 631 29. 37 —13.24 965. 93
1. 600 —0. 892 33. 57 —18.71 960. 46
1.800 | —1.183 37.76 —24. 82 954. 35
2.000 | —1.508 41. 96 —31. 64 947. 53
2. 200 —1. 863 46. 16 —39. 09 940. 08

For comparative purposes, the coordinates from table 34 have been
plotted, together with those of example 1 for the vertical-face dam,
in figure 38. The resulting shape for the overhang section is shown
as a dotted line, while the shape for the vertical-face dam is indicated
by a full line. The shapes of the two sections are considerably
different, although both sections were subjected to the same head and
approach conditions.
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41. Design of Overflow Dam Section With Offset in Upstream
Face.—
Example 8—Given the same conditions as in example 7,
including the 7-foot offset and the additional assumption that
a 12-foot riser is specified on the upstream face of the overflow
section. Determine the crest elevation and coordinates for the
shape of the overflow profile.

In figure 34, the coefficient-of-discharge curve for %-——1.71 prac-

tically coincides in the upper portion with the one for the vertical and
the overhang weirs. Therefore, the coefficient of discharge will be
taken as 3.96, the same as for examples 1 and 7.

From problem 1, the final values of H,=20.18, h,=0.098, and

%=0.0049 for the vertical-face section are obtained.

Commencing with these values and using figure 33, g—=0.1 14, for a
8

M
value of N= 1.71.

Then
H,=H,+ E=17.90+0.114H,= -0 —0.20 feet,
and
hy 0.098
E—2—0.20—0.OO49,
which agrees with the former value.
Also,
N 7
E__20~20=0'347’

which is within the range of these experiments, see table 32.
With H;=20.20feet, ;LT"=0.0049, and the experimental data in table

33, the coordinates for the downstream face of the above offset over-
flow section can be computed. These coordinates are listed in table
35 and are shown plotted by a dash line in figure 38. In the upper
region this profile follows the one for the vertical-face dam but de-
parts from it as the curve progresses.
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TABLE 35.—COORDINATES FOR OFFSET OVERFLOW SECTION—EXAMPLE 8

X Y Y, eleva-
. il X, feet Y, feet tion feet
1 2 3 4 5
0. 00 0. 000 0. 00 0. 00 987. 82
0. 05 0. 058 1. 01 1. 17 980. 99
0. 10 0. 086 2. 02 1.74 981. 56
0.15 0. 101 3.03 2. 04 981. 86
0. 20 0. 109 4,04 2. 20 982. 02
0. 25 0. 113 5.05 2. 28 982. 10
0. 30 0. 110 6. 06 2. 22 982. 04
0. 35 0. 104 7.07 2. 10 981. 92
0. 40 0. 094 8. 08 1. 90 981. 72
0. 45 0. 081 9. 09 1. 64 981. 46
0. 50 0. 066 10. 10 1.33 981. 15
0. 60 0. 025 12. 12 0. 50 980. 32
0.70 —0. 025 14. 14 —0. 50 979. 32
0. 80 —0. 085 16. 16 —1.72 978. 10
0. 90 —0. 152 18. 18 —3.07 976. 75
1. 00 —0. 229 20. 20 —4. 63 975. 19
1. 20 —0. 407 24. 24 —8 22 971. 60
1. 40 —0. 619 28. 28 —12. 50 967. 32
1. 60 —0. 869 32. 32 —17. 55 962. 27
1. 80 —1. 149 36. 36 —23.21 956. 61
2. 00 —1. 478 40. 40 —29. 86 949. 96
2. 20 —1. 329 44, 44 —36. 95 942. 87




CHAPTER VI—VERIFICATION OF
EXPERIMENTAL DATA

PRESSURES ON DOWNSTREAM FACE OF OVERFLOW
SECTIONS AND DISCHARGE COEFFICIENTS

42. Pressures on Overflow Faces.—Although little doubt existed
that overflow sections designed from the previously described experi-
mental results would perform as expected, some form of verification
was desired. This was accomplished in the laboratory by construct-
ing and testing models of the dam sections of examples 1, 4, 7, and 8.
Each model was constructed accurately to scale, of sheet metal, and
was provided with a sufficient number of piezometers to permit observ-
ing the pressures over the entire extent of the downstream face.
Although all models were not constructed to the same scale, all were
1.5 feet wide and each was tested in turn in a flume of the same width.
The section with vertical upstream face (example 1) was constructed
on a 1:30 scale from the coordinates listed in table 3. When operated
at the designed head, H,, of 17.90 feet, corresponding to a head on the
model of 0.597 foot, all piezometric pressures were atmospheric or
above, as can be observed from figure 39—A. The manometer glasses,
shown in this figure, had the same horizontal spacing as the piezometers
in the overflow section ; hence, the pressures may be read directly from
the photograph. The smaller divisions on the board are 0.01 foot
apart, model scale. As the manometer tubes were small, a few drops
of aerosol were placed in each glass to relieve surface tension. The
pressures as observed with the small manometer tubes were checked
using manometer tubes with one-half-inch inside diameter, and the
results were found to agree.

A model of the overflow section of example 4, which represents a
comparatively low dam, was constructed on a scale of 1:8 from the
coordinates of table 24. Pressures on the downstream face of this
section for the designed head of 12.2 feet, or a head on the model of
1.525 feet, are shown in figure 39-B. In this case, four piezometers
near the crest showed negative pressures. The largest observed was
—0.06 foot of water, model, or —0.48 foot of water, prototype,
which is a negligible amount. Because of the sloping upstream face,
this section did not possess as definite a spring point as the section
in the former example, which may account for the fact that the water
surfaces in the manometers did not coincide with the outline of the

140
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overflow section. In both figures 39—A and 39-B a few of the up-
stream piezometers showed positive pressures, which indicates that
the shape of the models at the spring point did not agree exactly with
the experimental results. It is difficult to avoid some irregularity in
the pressures on a model, as a very small change in the section near
the spring point greatly affects the pressures immediately downstream.
Also, it is extremely difficult to construct these sections exactly to
scale in all respects and install all piezometers exactly normal to the
overflow face.

A model of the overflow section of example 7 was constructed on a
scale of 1:30 from the coordinates of table 34. Except for the over-
hang on the upstream face, conditions of head and discharge were
similar to those of example 1. Pressures on the downstream face, for
a designed head of 17.90 feet, are shown in figure 40-A.

The extreme upstream piezometer registered a positive pressure of
2.7 feet of water, prototype, while small negative pressures existed
immediately downstream. The pressures on this type of section are
extremely sensitive to any minute change in shape near the spring
point. A slight change could cause the positive as well as the negative
pressures to coincide with the profile line. Negative pressures
indicate that the sheet of water has a tendency to skip over the
surface, while positive pressures are a direct result of impingement of
the sheet against the overflow face.

A model of the offset overflow section of example 8 was also con-
structed on a 1:30 scale, and the coordinates used in this case are
listed in table 35. The resulting pressures experienced on the down-
stream face of this model for a designed head of 17.90 feet are shown
in figure 40-B. All pressures are positive for flow at the designed
head.

It is felt that the above verification of pressures obtained from the
models, which were proportioned from the foregoing experimental
data in this bulletin, is altogether satisfactory. The results should
be as favorable for the prototype structures.

There are many overflow spillways in existence which operate
under negative pressure without detrimental results. In fact, there
are few overflow sections in existence that will perform without some
negative pressure on the face when operating at their respective
designed heads. The above confirmation tests indicate the diffi-
culties involved even when the design is made from reliable experi-
mental data. It is not the intention to create the impression that
all overflow spillways should be designed to operate with little or no
vacuum beneath the overfalling sheet of water. In fact, there are
cases where it is economically advisable to design spillways to operate
with subatmospheric pressures as great as half an atmosphere. In
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these cases, however, thorough model studies should be performed in
connection with the design, as the flow may be extremely unstable
and quite unpredictable; it is also necessary to take these lower
negative pressures into account in the structural design of the dam.
On the other hand, for dams handling great quantities of water it is
advisable to design spillways with vacuumless profiles, as this type of
design will result in the most stable flow, with the least splash, objec-
tionable noise, and maintenance. In addition, vacuumless profile
designs can be made directly from the data contained in this bulletin;
thus the construction of models for all but the larger and more compli-
cated structures can be eliminated.

43. Discharge Coefficients.—The discharge coefficients obtained
from cach of the four overflow models for a number of heads have been
plotted in figure 41. The coefficients obtained at the designed head
for cach shape are tabulated in table 36. The discharge coefficients
which were used in the design of these shapes are also shown in the
table for the purpose of comparison. The agreement is quite satis-
factory, and it can be stated from experience that the prototype
cocflicients for these shapes will probably be slightly larger than those
in the table. This is due to the fact that the roughness in the model
is invariably greater than it should be. It is difficult to duplicate
surface conditions to scale in a model, as the prototype surfaces on a
structure of this type are usually made quite smooth. Negative
pressure under the nappe tends to increase the value of the discharge
coefficient.

TABLE 36.—COMPARISON OF DISCHARGE COEFFICIENTS—EXAMPLES 1, 4, 7, AND 8

Coefficient, of

discharge
Designed
Example No. | head, Type of overflow section
H,, feet From
From design
model data

) 17. 90 4 3. 96 | Vertical upstream face.

4 .. 12. 20 3. 98 3. 91 | 3/4:1 slope on upstream face.
T 17. 90 4. 03 3. 96 | Overhang on upstream face.
2 S 17. 90 4. 00 3. 96 | Offset on upstream face.
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CHAPTER VII—SUBMERGED FLOW STUDIES

DECREASE IN COEFFICIENT OF DISCHARGE PRO-
DUCED BY SUBMERGED FLOW

44. Introduction.—Many attempts by different individuals have
been made to piece together experimental data from various sources
on flow over submerged dams. As submerged flow, at its best, is
unstable, it is not difficult to understand why these attempts have
been only partially successful. A listing of the most prominent work
on submerged flow over dams is included in the bibliography. Even
if this material could be pieced togcther, its scope would not be
sufficient to represent the picture as a whole. A laboratory study was
therefore made in an attempt to obtain as complete an account as the
available time would permit. The object of the study was to obtain
general information to aid in the design of submerged dams, and for
this reason the results have been expressed in the most general form,
that of dimensionless numbers.

45. Summary of Testing Program.—This chapter is based on experi-
mental results from two small dams which were tested in the hydraulic
laboratory, and deals entirely with submerged flow over these dams.
The study included (1) investigation of the various types of flow
encountered, (2) determination of discharge coefficients, and (3) the
measurement of water surfaces and pressures on the dam and in the
stilling basin, to aid in stability determinations.

Four distinct types of flow were prevalent on the downstream apron:
(1) Flow at supercritical velocities, (2) flow involving the hydraulic
jump, (3) flow accompanied by a drowned jump, and (4) flow approach-
ing complete submergence.

Discharge coefficients were first determined for the free-flow condi-
tion, then redetermined for the various conditions involving sub-
mergence. The difference between the two is termed the “decrease
in the coefficient of discharge due to submergence.” This factor ex-
pressed in percent of the free-flow coefficient has been plotted for
practically all combinations of flow which can occur on small dams
with horizontal downstream aprons.

Water-surface and pressure measurements are included in dimen-
sionless coordinates for a representative number of flow combinations.
These plots are intended to aid the designer in picturing the type of
flow to be encountered, and at the same time offer actual values of
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pressure for stability determinations. Four examples have been
included to demonstrate the possible uses of the experimental informa-
tion obtained in the study.

46. Test Equipment.—The experiments were performed on two dif-
ferent pieces of equipment. The first set of experiments was per-
formed using a sheet-metal overflow dam constructed according to
the coordinates for Dam A in figure 42. The dam was installed in a
rectangular sheet-metal-lined flume 1.52 feet wide and approximately
24 feet long. Adjustable floors were provided both upstream and
downstream from the dam in addition to the main floor of the flume,
see figure 43. For all positions, the adjustable floors were sealed tightly
against the dam and side walls to prevent flow around these floors.
The second set of experiments was performed in another but similar
flume 1.95 feet in width and 30 feet long, in which another sheet-metal
dam, constructed according to the coordinates for Dam B in figure 42,
was installed.

In both cases the movable floors were similarly constructed, the
positions of the gages were in similar locations, and the controls were
alike in most respects. The upstream head-gage connection, in each
case, was located in the movable floor a distance approximately 15 H,,
or 15 times the designed head, upstream from the crest of the dam.
This was connected to a transparent pot on the outside of the flume,
from which head readings were measured by a hook gage. The tail-
water level was obtained from a point gage located a distance 4 H,
downstream from the crest of the dam. Water-surface profiles along
the flume were obtained from a point gage which could be moved along
a 4-inch channel iron located over the center of the flume. Pressure
measurements on the dam and on the downstream floor were obtained
on Dam B from piezometers located normal to these surfaces as shown
in figure 43. The discharge to the model was measured through the
accurately calibrated laboratory Venturi meter system. Regulation
of the tailwater on Dam B was accomplished by means of an adjustable
hinged gate located at the downstream end of the flume.

47. Test Procedure.—Initial tests were made to obtain the data re-
quired to construct curves for the free-discharge condition corre-
sponding to different positions of the upstream floor; the downstream
floor was removed completely and free flow allowed to prevail for
these tests. The curves are shown in figure 42 for two upstream floor
positions for Dam A and one floor position for Dam B. The second
curve for Dam B was obtained after changes were made in the ap-
proach channel to the dam. After the tests on Dam A, it was learned
that the effect on the flow produced by the upstream floor position
could be segregated from the effect produced by the downstream con-
ditions. In other words, the entire effect of the upstream floor is
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DAM SHAPE COORDINATES
IN FEET
DAM A DAM B
X Y X Y
0 0 0 0
0.034| 0038 0.052[ 0.06!
0067 | 0.057| 0.104]| 0096
0.101 | 0.068]| 0.156 [ 0.117
0.135| 0.074| 0.208]| 0.131
0.168[ 0.075| 0.260 | 0.138
0202 [ 0.073[ 0312 0.140
0235| 0.073| 0.364 | 0.139
0270 | 0.064| 0416 | 0.135
0.303 | 0.056| 0468 | 0.128
0.336 | 0.046[ 0.520 | 0.118
0404 | 0.021] 0572 | 0.106
0471 |-0012] 0624 | 0091
0.538 |[-0.050| 0.702 | 0.065
0.605 [-0.094| 0.806 | 0.022
0673 [-0.145[ 0.910 [-0.030
0.807 |[-0.265| 1.014 |-0.088
0.942 [-0.408| 1.118|-0.153
1.076 [-0.572| 1.222 [-0.230
1211 [-0762] 1.300 [-0.286
1.345 [-0.977| 1.560 [-0.518
1.480 [-1.210] 1.820 [-0.795
1614 |-1.466[ 2080 [-1.113
1749 [-1.751 | 2340 |~-1.478
Y

DAM A=——

Designed head, H, = 0.62°
R+E:3.44" and 0.25°
Length of crest =152

FIGURE 42.—DAM COORDINATES AND FREE CREST COEFFICIENT-OF-DISCHARGE

TOTAL HEAD ON CREST, H, IN FEET

1.4
/
/
1.2 T ~F- /
Ho = 116" - [y _[[ |
Dam B /
[ [ ] /
o P+E = 3.54"' ~ _ [/ x| tnitiol curve
ol
/
Final curve--4. ,4
/(AN
0.8 Vil l
7
/
y/
0s J | 1| ELHe= 062"
‘ J 11 171 Ddem A
AVaAREEE
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DAM B——
Designed head ,H,= I.16"
P+E: 3.54'

Length of crest =1.95'

CURVES.

accounted for in the free-flow coefficient curves in figure 42. For this
reason it was not necessary to employ more than one upstream floor
position for Dam B.
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FIGURE 43.—SECTION OF EXPERIMENTAL FLUME FOR SUBMERGED FLOW TESTS.

Upon completion of the free-flow coeflicient curves, the upstream
floor was set in one of the calibrated positions and the downstream
floor was fixed in a position approaching the crest of the dam. A
constant head was maintained on the dam while readings of the dis-
charge and depth of flow over the downstream floor were made for
various tailwater depths. Flow conditions encountered varied from
supercritical velocities to flow at practically complete submergence,
the discharge in the latter case approaching zero. The procedure
involved from 6 to 8 runs, each made with the same head but with the
tailgate in a different position. The same test was repeated while a
second head was maintained on the crest of the dam. After this the
downstream floor was lowered to a second position and the 12 to 16
runs, outlined above, repeated. This entire routine was repeated for
floor positions varying from the crest of the dam to the permanent
floor of the flume. In the case of Dam A, the upstream floor was
shifted to the second calibrated position and certain runs repeated.
The testing on Dam A was limited to supercritical velocities on the
downstream floor while that on Dam B included 4 types of flow. The
coefficient of discharge was obtained for each run, and the decrease in
coefficient of discharge due to submergence and also due to the pres-
ence of the downstream floor was obtained for each run by sub-
tracting the coefficient of discharge, as computed above, from the
free-flow coefficient of figure 42 for a corresponding flow condition.
The experimental points thus obtained have been tabulated and
included as table 37.
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The nomenclature used in the column headings of table 37 is
illustrated by the sketch in figure 44. Column 1 indicates the dis-
charge per foot of dam for each run; column 2 shows the total head on
the crest of the dam, including velocity head of approach; and column
3 is the coefficient of discharge obtained by substituting these values

in the expression O’=IQH—%- The tabulation in column 4 represents the

difference between the free-discharge coefficient and the coefficient
obtained with submerged flow, for the same dam operating at identical
heads. The positions of the upstream and downstream floors,
throughout the test, are recorded in columns 5 and 6, respectively.
Columns 7 and 8 involve purely geometrical relationships, namely, the
degree of submergence and the position of the downstream floor with
respect to the head on the crest. Column 9 indicates the type of
flow encountered downstream from the dam for each run, see figure
44-A. The symbol H,, when encountered, indicates only the total
designed head for a given dam, while H represents any total head
applied to the same dam.

48. Test Results on Coefficients of Discharge.—The data contained
in table 37 were used to plot the dimensionless curves in figure 44-A.
For the sake of clarity the points are not shown on the graph. The
main coordinates involve the degree of submergence and the position
of the downstream floor. The heavy solid lines divide the graph into
zones comprising the various types of flow encountered, such as super-
critical flow, the hydraulic jump, drowned jump, and flow approaching
complete submergence. The dashed lines indicate the decrease in the
coefficient of discharge in per cent, based on the coefficient of discharge
for free flow at the same head. Beginning at the top of the sheet and
reading downward, the flow designated as ‘‘type I’ was at super-
critical velocities, illustrated by plots 4, 7, 12, and 16 of figures 45 and
46. The decrease in the coefficient of discharge in this region is not
caused by submergence in the usual sense, but is entirely an effect
produced by the downstream apron.

As the tailwater was raised, or the value of %‘; decreased, a hydraulic

jump occurred in which both supercritical and tranquil flow were
present. The former is the type I flow and the latter is represented
by the zone designated as ‘“type II flow.” The curves comprising
types I and II should not be confused with the depth versus specific
energy curve, commonly associated with hydraulic jump computa-
tions, as the latter represents values of depths and energy for one
discharge. Many discharges are represented in the curves of figure
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TABLE 37.—COMPILATION OF EXPERIMENTAL DATA—SUBMERGED DAM STUDIES

DAM A
1 2 3 . 4 5 6 7 8 9

4, DISCHARGE PER CENT hy hyed TYPE
PER FOOT OF H, ¢ DECREASE RitE, BE, " e oF

WIDTH FEET INC FEET FEET FLOW

1865 0.598 4.034 o 3.44 0602 1.575 2.006 1

1865 0.600 4013 o 0.475 1.330 1.792

1.826 0599 3949 1.28 0349 1.064 1.583

1.793 0.599 3878 3.05 0.270 0.936 1.451

1.751 0600 3.767 582 0.209 0.809 1.348

1.692 0599 3658 8.55 0.140 0.668 1.234

1.580 0.599 3.417 1458 0.037 0534 1.062

177 0518 3.157 18.56 0.038 0.506 1.073

1.200 0516 3.237 16.49 0.063 0.574 122

1259 0520 3357 13.40 0.085 0.617 1.163

1311 0.520 3.497 9.79 0109 0.660 1.210

1.347 0519 3603 7.22 0.135 0.713 1.260

1.384 0521 3.678 518 0.160 0.770 1.307

1397 0.520 3724 4,12 0.185 0.833 1.356

1416 0.521 3.766 2.84 0212 0.893 1.407

1.418 0.520 3.782 258 0.237 0.946 .1.456

2279 0713 3785 6.82 0242 0.787 1.339

2.308 0.713 3.834 5.60 0270 0.837 1.379

2.347 0.713 3.899 3.90 0.305 0.898 1.427

2.382 0vi14 3.949 268 0339 0.952 1.475

2398 0.713 3.983 1.95 0370 1.008 1519

1.949 0710 3.257 19.48 0.058 0492 1.082

2016 0.712 3.356 17.05 0.100 0570 1.140

2.138 0.716 3528 12.91 0.142 0630 1198

2.226 0.714 3.690 9.01 0.192 0.707 1.269

0682 0.372 3.006 16.60 0.251 0.024 0.562 1.065 U

0826 0.382 3.500 358 0.138 0.874 1.361

0.846 0.383 3573 1.65 0175 0.987 1.457

0.846 0.383 3573 1.65 0.211 1.104 1.551

0.859 0.384 3.609 0.55 0.254 1219 1.661

1.220 0.542 3.059 18.62 0.024 0.515 1.044

1338 0.549 3.290 1250 0.063 0.563 1115

1.443 0.562 3.427 9.02 0.102 0.644 1.181

1.482 0.564 3.498 7.16 0.138 0.725 1.245

1.547 0569 3.603 451 0.175 0.794 1.308

1.567 0571 3.632 3.97 0.211 0.877 1.370

1.587 0574 3650 344 0.254 0.958 1.443

1.593 0570 3.704 2,12 0.290 1.037 1.509

1.639 0.579 3.720 159 0322 1.109 1.556

2.170 0.798 3.045 20.63 0.024 0.476 1.030

2.308 0807 3.183 16.97 0.063 0.509 1.078

2.465 0.821 33 13.31 0.102 0.553 1124

2.570 0.831 3.394 11.49 0.138 0.617 1.166

2.380 0.772 3511 8.36 0.175 0.676 1227

2.413 0774 3.545 757 0211 0.748 1.273

2.426 0.769 3.599 6.00 0.254 0.809 1.330

2.498 0.771 3692 3.66 0290 0.857 1.376

2.505 0769 3.716 287 0322 0.931 L4119

1.831 0.599 3.96 050 344 3.44 0.763 6.74 3

1819 0.596 3.96 0.25 0.753 6.77

1.792 0594 3.92 1.02 0.630 6.79

1.766 0596 3.85 3.00 0.522 6.77

1.734 0.596 3.78 4.75 0.379 6.77

1.694 0.597 3.68 725 0.283 6.76

1.622 0.601 3.49 12.50 0.196 6.72

1.105 0591 2.44 38.25 0.115 6.82

0.327 0592 0.72 81.30 0.012 6.81 4

2.891 0812 3.96 388 0.668 5.29 3

2.885 0815 393 4.84 0.550 5.22

2.852 0813 3.90 534 0.430 5.24

2.792 0.809 3.85 6.32 0.372 5.25

2.622 0813 3.59 12.85 0.408 5.24

2.530 0807 3.50 14.85 0.401 5.26

2.369 0.809 3.26 20.65 0.359 5.25

2.210 0811t 3.03 26.50 0.315 5.24

2.120 0813 2.90 29.40 0.289 5.24

2.053 0.015 2.80 3220 0.275 5.22

1.930 o8t 2.65 35.70 0.237 5.24

1.610 0.808 2.22 46.00 0.158 5.26

1.040 0.808 1.44 64.90 0.066 5.26
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TABLE 37.—COMPILATION OF EXPERIMENTAL DATA—SUBMERGED DAM

STUDIES—Continued
DAM B
1 2 3 4 5 6 % 8 9
q, DISCHARGE PER GENT hy hgsd TYPE
PER FOOT OF H, ¢ DECREASE Fi+E, B €, " ] OF
WIDTH FEET INC FEET FEET FLOW
2.809 0819 3.791 0.052 3.54 354 0.729 5322 3AND 4
2.789 0820 3.755 1.57 0.555 5317
2.748 0820 3.700 3.93 0.469 5317
2.702 0820 3.638 4.64 0.394 5317
2.640 0819 3562 6.54 0.314 5322
2.496 0817 3.380 11.33 0.203 5333
2.078 0816 2819 26.00 0.166 5.338
1.898 0815 2578 32.35 0.137 5.344
1.718 08l12 2 347 38.30 0.109 5.360
Ln 0.809 1.609 5770 0.029 5.376
4.109 1.042 3.861 2.03 0.640 4.340
4.032 1.0 3.796 3.65 0.495 4.400
3.934 1.041 3.704 6.00 0.386 4.400
3883 1.051 3.602 8.81 0.221 4370
3.703 1.038 3.500 1121 0.250 4310
2.820 1.050 2.620 33.70 0.132 4370
2.178 1034 2.072 47.45 0089 4.425
1.790 1.043 1.680 57 40 0.065 4.395
1.484 1.033 1414 64.05 0.050 4.425
114 1.037 1.055 73.20 0.049 4.410
3.356 1.055 3096 21.62 0.034 0.532 1.032 4
3254 1.044 3.050 22.62 0.024 0.392 1.023
3.225 1.047 3012 23.65 0.024 0.287 1.023
3.087 1.047 2.882 26.94 0.022 0.165 1.021
2.262 1.041 2.130 46.02 0.022 0.079 1.021
1.507 1.039 1423 63 91 0.022 0.050 1o2i
1465 0609 3.089 14.40 0.026 0.555 1.043 ]
1 460 0610 3.065 15.09 0.022 0 385 1036 4
1.456 0610 3.058 15.29 0.022 0.126 1.036
1.287 0.609 2713 24.82 0.022 0122 1.036
1.148 0.608 2 421 32.89 0.022 0.108 1036
0.832 0610 1.747 51 60 0.022 0.046 1036
3.793 1.049 3518 1091 0.190 0.650 1.154
3.778 1.049 3517 10.94 0.191 0.564 1154
3.765 1046 3519 10.82 0188 0514 1180 ]
3.770 1048 3514 10.99 0.185 0 458 1176
3.724 1.048 3 470 1210 0.185 0.299 1176 4
3.587 1048 3.340 15.29 0.186 0.183 1176
3092 1037 2.928 25.72 0187 0.108 1180
1189 0610 2.558 29.14 0.186 0.079 1303
3.937 1.044 3.690 5.67 0.305 0.773 1.292 '
3.942 1.048 3674 6.96 0301 0.748 1.287
3932 1.046 3675 6.91 0.295 0.700 1.282
3898 1.043 3.660 7.22 0.293 0.353 1281 2
3.852 1.043 3616 8.33 0.305 0.290 1292
3.693 1.041 3477 11.84 0.305 0.216 1.293
3.233 1.043 3.035 23.08 0.298 0.136 1.286 4
2943 1.040 2773 29.65 0.296 0.114 1.285
1.746 0617 3 602 0.44 0.302 1.052 1.490 1
1733 0617 3575 118 0.293 0.942 1474
1.723 0.616 3562 1.49 0300 0.502 1.487 2
1718 0616 3.551 179 0.298 0.393 1.484
1700 0617 3.506 3.09 0.295 0.314 1478
1 644 0616 3.397 6.05 0.294 0.206 1477 3
1543 0616 3.190 11.78 0.294 0.138 1477 4
1289 0.621 2.637 2717 0.296 0.081 1477
Hn 0614 2 433 32.67 0.296 0.065 1.482
0991 0613 2 064 42.87 0.296 0.049 1.482
1713 0617 3549 1.90 0300 1 055 1486 1
1695 0615 3518 2.68 0.294 03 1.478 2
1.181 0616 2 442 32.46 0.294 0.065 1.477 4
0991 0615 2.058 43.07 0.294 0.046 1.477
1713 0617 3.533 234 0.294 0.360 1.476 2
721 0617 3.549 1.90 0.296 0.888 1.480 1
4.006 1.056 3.693 4.32 0.355 0.841 1.336 .
3.991 1.054 3.688 4.43 0.345 0.807 1.327
3.996 1.055 3.685 4.53 0.345 0.774 1.327
3.980 1.055 3.671 4.89 0.349 0.739 1331
3.898 1.050 3 622 6.06 0352 0.304 1335 2
3.821 1.054 3.531 8.49 0.346 0.269 1.328
3.695 1.053 3.408 11.66 0.345 0.222 1328
3.472 1.057 3195 17.24 0.344 0.185 1325 3
3.277 1.057 3015 21.91 0.350 0.169 1.331
2.866 1.052 2.655 31.18 0.346 0.109 1.329 4
2.280 1049 2123 44.94 0.346 0.073 1.330
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TABLE 37.—COMPILATION OF EXPERIMENTAL DATA—-SUBMERGED DAM
STUDIES—Continued.
DAM B— Continued
1 2 3 4 5 6 7 8 )
q, DISCHARGE PER GENT hy hgtd TYPE
PER FOOT OF H, c DECREASE R+E, B +E o ~
WIDTH FEET INC FEET FEET FLOW
1736 0617 3581 1.02 3.54 0353 1154 1572 ]
1728 0616 3572 122 0347 1.028 1563
1731 0616 3577 1.08 0353 0542 1573 2
1715 0616 3545 1.96 0348 0.433 1564
1710 0616 3535 224 0346 0.364 1561
1677 0616 3.466 415 0344 0.269 1558 3
1592 0615 3305 8.58 0343 0171 1558
1320 0616 2728 2455 0346 0.096 1561 4
4027 1.047 3760 259 0440 0.930 1420 1
4.063 1056 3745 2.98 0.436 0903 1413
4042 1.056 3726 3.47 0429 0.348 1406 2
3991 1.055 35681 463 0.429 0322 1407
3.a77 1055 3207 1691 0434 0.194 rari '3
1739 0616 3593 055 0.440 1331, 1714 i
1736 0617 3581 0.42 0.435 1246 1705
1736 0617 3581 0.42 0.435 0511 1705 2
1713 05617 35533 175 0.435 0.366 1.705 3
1053 0614 2188 39012 0.435 0.055 1708 4
4.063 1.050 3.776 215 0.492 0.995 1.469 1
4.088 1.056 31769 236 0.488 0.968 1’462
4.032 1056 3717 370 0.483 0380 1457 2
3.975 1.055 3667 5.00 0.482 0.290 1457
3811 1054 3522 875 0.482 0216 1457 3
2342 1044 2195 4306 0.482 0.065 1462 s
1739 0616 3593 0.05 0.483 1429 1.784 )
1739 0616 3.593 0.05 0.483 1.242 1784
1739 0617 35586 028 0.483 0546 1784 2
1736 0617 3581 042 0.483 0.434 1784
1.703 0617 3512 234 0.483 0311 1.784 3
1'633 0616 3376 6.09 0.483 0.198 1.784
1 469 0616 3036 1557 0.482 0.122 1782 4
1.071 0615 2.223 3815 0482 0,049 1784
4093 1.054 3783 250 0546 1.061 1518 '
4083 1.051 3788 234 0542 0971 +516
4.096 1054 3785 2.44 0540 Q418 1512 2
3.919 1,055 3614 680 0541 0.258 1513 3
3693 1055 3406 12222 0540 0189 1513
3410 1052 3160 1853 0540 0.159 1516
3.087 1050 2.869 26.01 0540 0.133 1514 )
2188 1048 2.039 4738 0,540 0.056 1515
1751 0617 3612 022 0546 1530 1884 v
| 746 0617 3602 0.49 0541 11355 1878
1746 0617 3602 049 0541 0.666 1878 2
1739 0617 3.585 0.96 0541 0.497 1878
1713 0616 3533 2.40 0541 0.367 1878 3
1697 0617 3500 3.28 0541 0.282 1878
1376 0617 2 839 2157 0541 0.102 1878 4
1063 0615 2 207 39.03 0541 0.049 1878
4181 1056 3854 041 0854 1400 1.809 1
4191 1057 3859 034 0844 1302 1'798
4.183 1.058 3.846 0569 0.845 0616 1799 2
4037 1:050 3752 292 0845 0301 1805 3
3911 1051 2.996 2254 05844 0.150 1:803
3.231 1054 3614 659 0.845 0.258 1.802
2455 1.048 2.288 4079 0844 0.084 1,805 4
1744 0617 3594 0.03 0851 2.068 2379 |
1.751 0617 3594 003 0.847 2013 2377
11751 0618 3594 0.05 0845 1.008 2377 2
1728 0617 3565 083 0845 0548 2377 3
1708 0619 3507 253 0.845 0.359 2376
| 410 0640 2.753 2485 0845 0.131 2320 4
0955 0620 1958 45158 0845 0,048 2363
4194 1056 3.867 007 1,022 1.581 1967 l
4.194 1056 3867 007 1'010 15507 1856
4152 1.057 3817 139 1011 0.629 1956 2
4114 1056 3.792 227 1.007 0.454 1953 3
3993 1'055 3683 481 1:006 0297 11954
3.683 1.051 3415 13.18 1.006 0.207 1857
3161 1.053 2.924 2438 1.006 0.147 1.955 3 AND 4
2517 1050 2339 39.46 1.006 0.044 11958 4
4.290 1056 3.953 025 2.442 1.762 3312 2
4275 1.054 3.948 010 2.449 11350 3324
4275 1054 31948 0.10 2.433 1:092 3308 3
4275 1.057 3.932 061 2.432 0.790 3301 4
4.235 1057 3.894 156 2.432 0.563 3.301 3
4157 1057 3.823 336 2.432 0.457 3301
4.095 1056 3770 4565 2.432 0377 303
3365 1052 3118 21.06 2.440 0.209 3319
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44-A. The hydraulic jump is shown in plots 5, 8, 9, 13, 14, and 17
of figures 45 and 46.

As the value of g continued to decrease, a third type of flow be-

came prevalent, designated as the ‘“drowned jump” or “type III
flow.” The jet of water flowing over the dam continued to follow
the dam face, but the tailwater depth was too great to allow a good
hydraulic jump to form. This type of flow is illustrated in plots 10
and 18 of figures 45 and 486.

With still further decrease in the value of }}_;; a fourth type of flow

occurred, which was truly submerged. In this case, the jet of water
flowing over the dam no longer followed down the face, but separated
and assumed a course ahead as indicated in plots 11, 15, and 19 of
figures 45 and 46. This type of flow is confined to the zone desig-
nated as “type IV.” Except [or small values of h‘z;}d: flow through-
out zone IV was very unstable.

An inspection of the dashed lines in figure 44-A, representing con-
stant decrease in the discharge coefficient, indicates that where these
lines are vertical, the decrease in the coefficient of discharge was due
principally to the effect of the downstream floor and was independent
of submergence. As the downstream f[loor neared the crest of the
ha+d

H

dam, or approached 1.0, the cocflicient of discharge decreased

to 23 percent. With the downstream floor level with the crest, the
dam was virtually a broad-crested weir for which the theoretical
decrease should approximate 23 percent.
Where the lines designated as ‘“‘decrease in coefficient’’ are hori-
hd+d
H

zontal for values of greater than 1.70, the downstream floor no

longer affected the coefficient of discharge, and the decrease in dis-
charge coefficient was caused entircly by submergence. For values
of hdf_li_ d less than 1.70, the decrease in the coefficient was produced by
floor effect or a combination of submergence and floor effect.
It appears odd that the dash lines for type III flow should rise as
ha+d
H

the value of increases. This was caused by a change in flow

and can be clarified by reference to plots 14 and 18 in figure 46.
Plot 14 is type II flow and plot 18 is type III flow, but the value of

}}L; is practically the same for the two. In the first case, a true hy-

draulic jump existed and little submergence effect was present. In
the second case, the tailwater depth was approximately the same,
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but the backwater effect was more pronounced. In other words, the
point of contact between the jet falling over the dam and the tail-

water occurs at }1’; +0.15 in plot 14 and 0.35 in plot 18. In all cases,

the depth of flow on the downstream floor was measured at a point
4H,, or four times the designed head, downstream from the crest of
the dam.

Free-flow coefficients of discharge have been plotted in figure 44-B
against the ratio of the operating head to the designed head on a dam,
for different depths of the approach channel. The data for plotting
the curves were obtained principally from models tested, over a pe-
riod of time, in the hydraulic laboratory. A check with similar data
from other sources # showed excellent agreement. The purpose of
the curves in figure 44-B is to aid the designer in determining the re-
duction or increase in the free-flow coefficient for a given dam oper-
ating at other than the designed head.

49. Test Results on Pressures.—In addition to typing the flow and
plotting the decrease in the coefficient of discharge for each case,
pressures and water-surface profiles were measured along the flume
for a few representative types of flow on Dam B. The runs were all
made with the dam operating at the designed head, H,, and the results
have been plotted in dimensionless terms with respect to this head,
see figures 45 and 46. The axes of coordinates originate at the crest of
the dam. The conditions under which the runs were made are indi-
cated by the numbers within the circles in figure 44—-A. These runs
were made in an effort to provide data on stability determinations for
small dams.

50. Application of Results.—The following examples serve to illus-
trate the use of the foregoing information on submerged dams. Earth-
dam spillways are usually flat in longitudinal cross section, since they
closely follow the profile of the dam. The gate section and upstream
portion of one of these is shown by the dashed line in figure 47 labeled
“original design.” The coefficient of discharge for this spillway is
2.85. In contrast, the coefficient of discharge for the shape indicated
by the solid line labeled ‘“floor positions producing no decrease in dis-
charge coefficient,” on the same figure, is 3.68. The latter shape was
designed such that the overflow section would fit the shape of the under
nappe of the sheet of water flowing over it for the maximum discharge
condition, and the downstream floor was lowered sufficiently to pro-
duce no decrease in discharge coefficient from that source. This
phase of design has been discussed in the preceding pages. The

21 Lane, E. W., Spillways and Stream-Bed Protection, Davis Handbook of Applied Hydraulics, 1942,
p. 341. Voorduin, W. L., Hydraulic Formulas, Davis Handbook of Applied Hydraulics, 1942, p. 23.

Cox, Glen Nelson, The Submerged Weir as a Measuring Device, Univ. of Wis., Eng. Exp. Sta. Bull. No.
67.
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economy involved in providing a small ogee at the gate section is
evident from the above coefficient, and it is now common practice to
design earth-dam gate sections in this manner. The following example
illustrates the method of determining the position of the floor down-
stream from the ogee.

Ezxample 9.—Design the downstream portion of the overflow
section of the earth-dam spillway in figure 47 for a minimum
amount of excavation, allowing no decrease in the free-flow
coefficient of discharge for the maximum discharge condition.

The crest of the overflow section is at elevation 465.52 and the total
head on the crest is H,=33.74 feet; thus the energy gradient immedi-
ately upstream from the crest will be at elevation 499.26 feet. The
flow immediately downstream from the overflow section will occur at
less than critical depth and will therefore resemble that of type I in
figure 44—-A. Tailwater is not a consideration in this case.

By following down the line for type I flow, see figure 44—A, to the
dashed line labeled ‘‘zero percent decrease in the coefficient of dis-
charge,” the values of the main coordinates at this point are

ha ha+d

E= 1.24 and _E;—: 1.70

hs=1.24X33.74=41.84 feet, and
ha+d=1.70X33.74=57.36 feet.

The position of the floor should therefore be 57.36 feet below the
energy gradient for the maximum flow condition, or 499.26 —57.36=
441.90 feet in elevation. This floor is indicated by the solid line in
figure 47.

The depth of flow on this horizontal floor at a distance 4H,, or 120
feet, downstream from the crest is d=57.36—41.84=15.52 feet, and
graph 12 in figure 46 indicates the type of flow to be expected. The
coefficient of discharge for the downstream floor at elevation 441.90
will be 3.68, see figure 47.

The above procedure illustrates the method used in determining the
position of the downstream floor for the spillway section of example 5,
see figure 9, for no decrease in the coefficient of discharge due to down-
stream flow conditions. As a matter of interest, the downstream floor
positions for decreases of 5 and 10 percent in the coefficient of discharge
are also shown in figure 47. The type of flow encountered in the
latter two cases will be similar to that shown in'grapn 4, figure 45.
The three floor positions in figure 47 show that the downstream floor
can be raised considerably for only a small sacrifice in efficiency. In
any case, however, the efficiency of a proposed spillway will necessarily
be balanced against certain economic factors. The purpose of the
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information given in figure 47 is to illustrate the possibility of increas-
ing the efficiencies of earth-dam-spillways of this type.

Ezxample 10. —Given the dam shown in figure 48-A, for which
the shape and free-flow coefficient of discharge were determined
by the method previously described. Compute the discharge per
foot of crest length and determine the type of flow which will be
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encountered for the conditions shown. The free-flow coefficient
of discharge is 3.90.

he 2.5

EFa ——~0 208
hatd _20_

H, 2.168

Entering figure 44-A with these values, it is found that the point
falls within region III. A drowned jump will occur and the co-
efficient of discharge will be 9 percent less than the free-flow coefficient.

The actual coefficient of discharge for the flow conditions shown
will therefore be C;=3.90<0.91=3.55.

The discharge per foot of length of dam will be

q=CH*"* (21)
or
¢=3.55X12%2=14.75 second-feet.

These examples serve as an introduction to the use of the curves
in figure 44-A. The solution of the following example requires
successive approximations.

Example 11. —Given the tailwater curve shown in figure 48-B
for the dam in example 10. Compute a headwater curve for the
same range of discharges.

One point on the head-discharge curve was determined in example
10. A second point will be chosen for a discharge of 170 second-feet
per foot of crest, which will involve greater than the designed head
on the crest. This corresponds to a tailwater elevation of 112.0,
see figure 48-B.

Assuming H=13.5 feet,

hg 1.5

E—m—o 111 and
ha+-d_27.5
i —m—z .04.

From figure 44-A, the decrease in the coefficient of discharge,
compared to that for a free crest, is 25 percent; and the flow is in-
dicative of region IV.

13.5
19 =1.125.

From graph B in figure 44, the free-flow discharge coeflicient for a

head of 13.5 feet on the crest and PI+E—EL——1 165, is 3.99.

H, 12

The ratio of the estimated head to the designed head is

758318°—48——12
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The actual coefficient of discharge is therefore 3.99<0.75=2.99.

Then

o9 170
r C 2.99

which is larger than the assumed value.
Choosing a new value of H=13.9, the process is repcated. Other
new values are

=56.9, and H=14.8 feet,

ha 1.9
ﬁ_i13.9_0'137’
ho+d 279
I —m—2.007,
and
H 139
7=15 —1-16.

From figure 44-A, C=18 percent decrease, and from figure 44-B,
C for free crest=4.00.
The actual coefficient of discharge for the case at hand is

(,=4.000.82=3.28.

Then

H3’2=é7708:52.0, and [1=13.93 feet,

which agrees reasonably well with the assumed value. This locates a
second point on the head-discharge curve in figure 48-C.

An attempt now will be made to determine the head at which sub-
mergence begins. Choosing a discharge of 100 second-feet, the tail-
water is at elevation 105.0, see figure 48-B.

Assuming
H=9 feet,
ha 4
Fi—5—=0.445,
hatd_23 _
T -9 =2.558,
and o
_9_
o= 12—0.75.

From figure 44-A, C=1.7 percent decrease, and from figure 44-B,
the free-flow coefficient C=3.77.

Then
C,=3.770.983=3.706,
100
/2 — J— p—
H? _3.706—27'0’ and H=9.00 feet.

This agrees with the assumed head and thus locates a third value
very close to the point at which submerged flow begins. The remain-



SUBMERGED FLOW STUDIES 163

der of the curve is completed by substituting free-flow coefficients in
the equation g=CH?*2. The complete head-discharge curve is shown
in figure 48-C.

Example 12.—From the dimensions shown in figure 48-D,
determine the approximate water surface and the hydraulic
pressures opposing uplift on the dam and apron, for the head and
tailwater elevations given. The free-flow coefficient C=3.80.

From figure 44-A,

ha 4

H,,_IO_OA“0
and i

at+d 15

H, —10_1'50'

The curves also show that a hydraulic jump can be expected down-
stream from the dam for these conditions, accompanied by a 2.5
percent decrease in the coefficient of discharge. The decrease is
produced principally by floor effect and not submergence. Figure
44—A also indicates that flow over the dam will be similar to that shown
in graphs 8 and 9 of figure 45. It should again be mentioned that the
diagrams in figures 45 and 46 are for flow at the designed head only,
at which pressures on the dam for the free-flow condition approach
Zero.

The water-surface and pressure curves for example 12 can be ob-
tained by averaging the coordinates from graphs 8 and 9, figure 45,
and multiplying the values by H, as outlined in table 38.

TABLE 38.—PRESSURES AND WATER SURFACE PROFILES ON DOWNSTREAM APRON—

EXAMPLE 12
Water surface Pressure profile
;’7( X, foet | n
. I, Y, feet o Y, feet
—1.0 —10 0. 92 9.2
—0.5 —5 0. 89 8.9
0.0 0 0.79 7.9 0.15 1.5
0.5 5 0. 59 5.9 0. 24 2.4
1.0 10 0.31 3.1 0. 62 6. 2
1.5 15 0.13 1.3 0. 55 55
2.0 20 0. 22 2.2 0.44 4.4
2.5 25 0. 38 3.8 0. 41 4.1
3.0 30 0. 49 4.9 0. 45 4.5
3.5 35 0. 57 57 0. 49 4.9
4.0 40 0. 62 6. 2 0. 52 5 2
5.0 50 0. 64 6. 4 0. 58 5.8
6.0 60 0. 64 6. 4 0. 62 6. 2
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The water surface and hydraulic gradient from table 38 have been
plotted in figure 48-E. The pressures have been plotted vertically
above the points at which they were measured.

The pressures on the upstream face of the dam can be obtained from
figure 17. To illustrate the method of procedure, the pressures on the
upstream face of the dam in example 12 will be determined.

C,=3.80X0.975=3.708,
9g=CH?*?=3.706 X10*2=117.2 second-feet per foot of crest.

117.2
Va=qK=-—1:5—=7.81 feet per second,

Entering figure 27 with this value,

%=1.084 for the vertical-face dam,

and
H;=1.084X10=10.84 feet.
Then
h, 0.948
E_m_0'0875'

Entering figure 15—A with this value of Ih—f;

8

E
T{s=0078’

and
E=0.07810.84=0.85 feet.

By choosing values of % and making use of figure 17, the pressures

on the upstream face of the dam are obtained. The method is illus-
trated in table 39, for which the coordinates are referred to the spring
point of the overflow section and are shown plotted in figure 48-E.
The next step constitutes determining the forces produced by uplift
pressures, weight of the concrete in the dam and apron, and other
loads; then the dam and apron can be analyzed in sections or as a
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whole tor stability. This example purposely supplies only the down-
ward and horizontally acting hydraulic pressures on the dam and
apron.

TABLE 39.—PRESSURES ON UPSTREAM FACE OF DAM—EXAMPLE 12

e —0.0875 H,—10.84 feet
E
d, feet g; H‘I_Lh’ hy, feet | hy+d, feet

0.0 0. 000 1. 000 0. 00 0. 00
0.1 0. 009 0. 400 6. 50 6. 60
0.2 0. 018 0. 300 7. 59 7.79
0.5 0. 046 0. 210 8. 56 9. 06
10 0. 092 0. 120 9. 54 10, 54
2.0 0. 184 0. 060 10. 19 12. 19
30 0. 277 0. 035 10. 46 13, 46
40 0. 369 0. 024 10. 58 14 58




CHAPTER VIII—OVERFLOW SECTIONS FOR
HOOVER DAM SPILLWAYS

ANALYSIS OF DISCHARGE COEFFICIENTS

51. Scope of Tests.—In the design of the overflow section for the
Hoover Dam spillways, reliable information was especially lacking
concerning efficient sections with high discharge coefficients. The
Hoover Dam spillways were of such unprecedented magnitude that
neither efficiency nor safety could be ignored. It was to insure
satisfactory design of these structures that the experiments described
in this bulletin were instigated. It happened, however, that the
experimental field proved much too broad to cover satisfactorily in
the few months allotted for study prior to construction of the spillways.
Thercfore, the next alternative was to design the overflow sections
from the best design data available at the time and to construct
hydraulic models of these from which the discharge capacity and
pressures could be actually observed. This was done, on a more or
less cut-and-try basis. The studies described in this chapter were
made previous to the development of the experimental data de-
scribed in the first chapters of this bulletin; so that there is no logical
connection between the two as far as order or material is concerned.
The following information is therefore a chronological development of
the final Hoover Dam spillway overflow section to supplement the
material in Bulletin 1 of Part VI, “Model Studies of Spillways.”

52. Glory-Hole Spillway, Model C-1.—Two morning-glory-type
spillways were proposed, sce page 19 of Bulletin 1, Part VI. The
model showed that it would be cconomically impossible, with the
pattern of approach channcl required by conditions at Hoover Dam,
to secure a satisfactory condition of flow over the crest and in the
vertical shaft. A concentration of flow occurred along a radial line
from the center of the shaft to that part of the crest nearest the
canyon wall, where the two approach channels met. As a result
of this concentration, water did not flow down the shaft equally
distributed around the wall, but rather in a concentrated stream
that jumped across the top of the shaft from the side next to the
canyon wall, finally dropping down the shaft with an irregular
distribution. .

As the depth of flow over the spillway increased, the concentrated
flow over the crest next to the canyon wall tended to seal the top of
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the shaft from the side next to the canyon wall, finally dropping
down the shaft with an irregular distribution.

As the depth of flow over the spillway increased, the concentrated
flow over the crest next to the canyon wall tended to seal the top of
the shaft, causing an undesirable suction and pulsation which inter-
fered with the operation of the spillway. Since it was not economi-
cally feasible to locate the spillways so as to avoid the concentration
of flow, work on the glory-hole type of spillway was discontinued and
studies were concentrated on the side-channel type.

53. Side-Channel Spillway With Free Crest, Model C-2.—The first
side-channel spillway, with free crest, is described on page 22 of
Bulletin 1, Part VI. The model was constructed on a scale of 1:60.
A profile of the overflow section, together with coordinates and the
coefficient-of-discharge curve, is shown in figure 49. The section
was designed for a head of 10.9 feet and a discharge of 100 thousand
second-feet. The coefficient of discharge increased uniformly up to
a head of 14 feet, at which point a coefficient of 4.07 was reached.
The coefficient then dropped, due to submergence of the crest by
backwater in the side channel. It appears that, were it not for this
submergence, the coeflicient would have continued to increase beyond
4.07; this indicates that subatmospheric pressures existed on the
overflow section, since the maximum coefficient obtained on the
vertical-face weir in the experiments described in chapter III of this
bulletin was only 3.95. No measurements were made of pressures
on the model.

Utilizing the data from the vertical-face weir experiments of
chapter III, the overflow section was redesigned for a discharge of
142.9 second-feet per foot of crest, a head of 10.9 feet, and an approach
depth equal to four times the head. The coefficient of discharge
obtained in this study was 3.98 for the design head. The resulting
shape is indicated by the dotted line in the lower part of figure 49.
The profiles obtained by the two methods agree surprisingly well.
The difference in coefficients probably indicates that very slight
negative pressures did exist on the original section.

54. Side-Channel Spillway With Stoney Gate and Free Crest,
Model C-3.—The second side-channel spillway design consisted of a
channel with a Stoney gate at the upstream end and a free crest length
of 400 feet, as described on page 38 of Bulletin 1, Part VI. The over-
flow section, see figure 50, was designed for a maximum discharge of
50 thousand second-feet at a head of 10.7 feet, and the model was on a
scale of 1:60. The depth of approach to the major portion of the over-
flow section was 6 feet; this is reflected in the coefficient of discharge,
which reached a maximum of 3.82, but reached only 3.67 for the
designed head. Large contractions at each end of the overflow sec-
tion interfered with normal flow over the crest thus reducing the
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coefficient of discharge. Wing walls were installed at each end of the
overflow section to remedy this condition, and it appears from the
coefficient-of-discharge curve, shown as a dash line in figure 50, that
these were very effective. The maximum coefficient was raised to
4.02 and the designed-head coefficient to 3.77. The hydraulic charac-
teristics of the Stoney gate have been discussed in Bulletin 1 of Part
VI.

55. Side-Channel Spillway With Drum Gates, Models M-1, M-2,
and M-3.—At this stage of the design it was decided to increase the
discharge capacity to 200 thousand second-feet per spillway for a head
of 26.6 feet on the crest and to install four 16 by 100-foot drum gates on
the overflow section, as described on page 54 of Bulletin 1, Part VI,
thus making a clear crest length of 400 feet. Addition of the drum
gates made it necessary to abandon the more efficient overflow shapes,
such as were used on models C-2 and C-3. In this series of model
tests several crest shapes were studied on each model, of which shapes
3 to 8 are shown in figures 51 to 55, inclusive. A profile of shape 3,
model M1, with coordinate points is shown at the left of figure 51.
The coefficient-of-discharge curve, shown at the top of the same
figure, for the gates fully down indicates a coefficient of 3.53 for the
designed head of 26.6 feet. This is considerably lower than for the
two previous shapes, as would be expected. The model was con-
structed to a 1:20 scale.

Model M-2, described on page 75 of Bulletin 1, Part VI, embodied
the same overflow shape as the M-1 model but was constructed on a
1:100 scale, was of opposite hand, and was without piers or gates.
No record of a calibration can be found for this model.

Model M-3 was constructed to a scale of 1:20, as described on
page 97 of Bulletin 1. This and all subsequent designs described in
this chapter were planned for a maximum discharge of 200 thousand
second-feet, a maximum head of 26.6 feet on the crest, and four 16 by
100-foot drum gates on the overflow section. Two shapes, namely,
3 and 4, were studied on model M3, for which calibration curves were
available, see figure 51. The M-3 shapes varied from the M-1 profile
only in the upstream portion. The coordinates downstream from the
point of compound curve were the same in all three cases. Shape 3,
model M-3, is indicated by the full line on the right profile in figure
51, and the coefficient curve is plotted as a full line at the top of the
same figure. The profiles for model M-1, shape 3, and model M-3,
shape 3, are identical except that the crest was established at elevation
1205.7 on the former and elevation 1205.4 on the latter. The coeffi-
cient-of-discharge curves for these two are also practically identical
for heads up to 20 feet. Above this point the variation is due to a
difference in the degree of submergence. The crest elevation for all
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subsequent designs was fixed at 1205.4. Shape 4, model M-3, indi-
cated by a dash line on the right profile in figure 51, was calibrated for
five positions of the gates. The highest coefficient obtained with the
gates in the lowest position is 3.65, which represents an improvement
over the M—1 shape. The coefficient, however, drops to 3.62 at the
designed head, due to submergence of flow from the side channel.
The discharge coefficients for the gates in the raised positions are
considerably higher than those for the gates in the lowered positions.
It is truc that the discharge for a given head should be greater for a
jet springing free from the edge of a gate than for flow over the
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broad overflow section. However, with the gate in the raised position
the head is measured above the tip of the gate rather than
above the high point of the nappe as with the gate in the lowered
position. Computing the coefficients for raised positions of the gates
on the basis of the head above the high point of the nappe would give
even larger values than are shown in figure 51. As a matter of clari-
fication, it should be stated that the abscissa of the graph in figure 51,
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in all cases constitutes the head measured above the crest of the spill-
way (1205.4 or 1205.7, whichever applies), while the ordinate or co-
efficient of discharge was computed using the head measured above the
lip of the gate, which varies with each gate setting.

56. Side-Channel Spillway, Model C-4.—Model C—4 was con-
structed on a 1:60 scale with gates, as described on page 77 of Bulletin 1,
Part VI. The downstream coordinates were the same as for the pre-
vious shape. Three different sections have been recorded for the
upstream portion; namely, shapes 5, 6, and 7, all of which are shown
in figure 52. Coefficient curves for these three shapes with the gates
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in the down position have been plotted in the same figure. Shape 5
shows a maximum coefficient of 3.65, while shape 6 shows one of 3.80.
Shape 7, which was calibrated for five positions of the gates, and appears
offhand to represent the best design, shows a maximum coefficient of
only 3.67 for the gates down. The discharge coefficients for the gates
in the raised positions do not compare favorably with those for
shape 4, model M-3, shown in figure 51. However, coefficient data
for these positions are meager for both models.

During the work on shape 7, model C-4, a short study was made to
determine the effect produced on the coefficient of discharge by chang-
ing the length of the nose on the piers. Four pier noses were tried
and, as shown by the coefficient curves in figure 53, the effect of
length of pier nose was practically negligible. The total spread in
the coefficient of discharge amounts to only 0.5 percent. From an
observer’s standpoint, flow conditions around the piers with the
longer noses are preferable; however, the length of the pier nose can
be carried to an extreme. Of the four piers shown in figure 53, pier 3
is probably the most practical.

57. Side-Channel Spillway, Model C-7.—Model C-7 was con-
structed on a 1:60 scale for calibration purposes only. The section
was constructed to conform to shape 7 and included piers but no drum
gates. The side-channel portion was made larger than the scale
ratio would dictate in order to eliminate submergence of the crest
at the higher discharges, and the topography was made removable to
various elevations. This model was constructed for the purposes
of studying the effect of the upstream excavation on the coefficient
of discharge. The results are plotted on figure 54 for five different
depths of excavation. The maximum deviation in the coefficient for
the designed head amounts to 3 percent for the two extreme elevations
of cut; namely, 1,200 and 1,055. Some intermediate elevation of
cut would no doubt prove the most economical design. The depth
of approach excavation on the Nevada and the Arizona spillways was
determined from these tests.

58. Comparison of Models M-5, C-5, and C-6, Final Design.—A
section of the final design overflow shape, shape 8, which was used on
the Hoover Dam spillways is shown in figure 55. The crest was
located at elevation 1,205.4 and the drum gates had a lift of 16 feet
to elevation 1,221.4. The upstream faces of the spillways varied
from vertical to a slope of 1/2:1, depending on the topography at the
site.

Three identical models were constructed with shape 8, to scale
ratios of 1:20, 1:60, and 1:100. The first two were complete with
gates and piers and the third included piers but not gates. These
tests were made when hydraulic model testing was in its infancy and
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it was desired to investigate the practicability of the similitude rela-
tionships. These three models and their behavior have been dis-
cussed on page 122 of Bulletin 1, Part VI. The discharge coefficients
are compared in figure 55. For the gates in the down position, the
coefficients for the three models were plotted against the head and an
average curve drawn through the points. There is some spread in
the points but, as a whole, the plot is as satisfactory as can be expected.
For the raised positions of the gates, only two sets of points were
available. These have been plotted for four gate positions in figure 55.
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The agreement in this case is not encouraging. The points for the
1:60 model are consistently higher than those for the 1:20 model.
A closer inspection will show that this is also true, to a lesser extent,
for the points obtained with the gates fully down. The points for
the 1:100 model are higher than those for the 1:60 model, but the
order is not consistent; however, in general, the smallest scale model
appears to have the highest coefficients and the largest scale model
the lowest coefficients. To what extent experimental errors, such as
may have been made in the discharge and head measurements, are
involved, it is now difficult to surmise. However, it is known that
there was considerably more turbulence present in the larger scale
model than in the smaller two. Therefore, if any difficulty was en-



T°ON (8.1 038d 5008.0) 8F—8CER9L "8-0 THAOW ‘L HdVHS—STYNSSTYd DIMIHWOZAId ANV SHOVIENS YHILVA—LS TINOIA

el 1S3L 2L 1S3l
3d07S 1:2 40 ONINNI9IE s : Gl
O g 2, 5
S%1€9 [ 00wl o vecel | v /4 o vesal | b \ L]
; ‘0611 SO "GLIIT3 100
8. |0 = SiliG vGZ11"13100 4 v ceea s \ ¥'GLINd Jool4
'S5 | 0GGIT _£ee il
SUOLLIDIHUOI PUI INOY|IM |33} OML 1’26 | 00911 o o I'ezgel |2 8] 16221 | 2
Som U1bua 45310 japow ay| ‘ool 06y | 0GOlI s 1’62zl | ¢ X vizal || ¢
[2pOW 0Z:1 D UO PaUIWIR3P 3idm 9 Gk 00LlI OGNS A3T3 08WAS TCRE
$90D4INS JajDM PUD SAINSSAId ||y w.mm m.ww: ¥3ILIN0Z3Id | uioAN3s 3N |NOY . ¥313IN0Z3Id | MIoANISIY [NNY - . — oent
310N Zve | 06811 S
662 | 00611 )
892 | Gebll [ ; 9 e o0z 2
0%2 | 06611 | ~simjpwozaig .S13jaW0zaly’ 2
L334 NI 37V0S 802 | Sl6l1 e w\ ~ SooRE
oshon o 01| 000el T ) 5021 8 8 =
Vel 92021 : orzr -
SIXV 1334 N s
NCILO3S 1S3¥O 40 STIvL3a WON4 LSIGNOILYA3 T3
adfy0301d U1 SuoIsuawI 1940 '00d WO¥J oo
CTRAINE! $AACTUNSCOISUOU RISt WY3YLSNMOO S3LVNIQYOOD P....l.u”ﬂ:.m_ e — T oz
1220 Tunys
coomoooe 06°L9---moe e oo e vleel3 /.,! _,.‘_c:m N N _- w_.fc.t.t..
/hﬂv, € uny T2 uny’
N 680t o - B - o S
== e — / ey o€zt
/ _v Veow o —v= —o—y-v7 /ﬂw =S50, o -
, (s ny-1-"
b uny{l GGLYW.OIC.W_ v cam...v.l\g!ﬂ’l!?.e.b
0z o7 G o1- o7 o6 qb- o1 0 0= 02 oe- Ov- G A
Juszs 1334 NI 3ONVLSIA TVLINOZINOH 1334 NI 3ONVLISIQ TVLINOZINOH
TUIvesITg sbuiuado 1ajawozald 7 IS 131
sl 15249 U0 osmmm%ucw_“wmemwﬁ ....... - = OB
T0¥S0eII 15910 .
el of ! NOILYNVIdX3 R
=021-G'8 - =
oz v ceezl | ¢ s
¥ o] 9sial |2
X 16021 | |
oLl 121531 0L 1531 NV 21 3R0PId | sioAET a3 | NN
v ¥313W0Z31d
2 ) _ ® r8sel | S 3 ; geni
o 98¢2l | v 2 o 6822 |t ;
: IINERLL L Y SLIT3 1004
s v vecal | ¢ 13 10014 v ¢geal | ¢
o 1sze | 2 | o 9122 | 2 i
X S 12zl | € X LL12l ] €
08WAS A313 :
o[ ¥313W0231d | wioanas3u [NOEL e e | e ey G / s
b o
2 : g : g <
9 9 / b SIAAWO Al 1o &
[o]e74] o = g S 7 -
~S1943Wo0z31d-1 |- ) L 0ozl
Nt m\a\F\ _ sipwozaig. |5/ P o
5021 8 4 v 502!
o121 § i
e ¢_8m‘_.._|u-ﬂ.i.ﬂ. o121
SAHE] _ /WfﬁL i L
W, / o[ eI % f Y
022! N N S o pig UNY-T
jﬁi{ % R ozzl
~ | S N iy L £
N .
e "2 uny-|- ~ N s
Ceel — o g Sl ogzl
A% .ﬂ,.ljr’ﬁa { / )/A..! gun
= ~gTuny- Sy - GUNY-.
/f/k%ﬁmlx /fd/m_k
p Uy« T =TT X | puny
Ovav_ [¢] Ot~ 02~ o€- [ 0s- o1 [+ Ol- 02- 0og- [eX 28 oS- 09 [:]3 ov o¢ 02 Ol o [ 02~ og- ov- orel
L1334 NI 3ONVLISIA IVLINOZINOH 1334 NI 3ONVLISIG VINOZINOH 1334 NI 3ONYLSIG TVLINOZINOH



IN FEET

ELEVATION

Z°ON (8.1 "d s20BY) 8F—8IE89L

'8-D THAOW ‘8 HdVHS—SHYNSSHId DIYLIWOZHAId ANV SHOVIINS YHLVM—8S HINOIA

ELEVATION IN FEET

IN FEET

ELEVATION

1334 NI 30NVISIQ TVINOZIYOH 1334 NI 3ONVISIO TVINOZISOH
09 0s (o] 4 Of 02 [o]] o 0i- 02- - 0s ob og 02 [o]] 4] Ol- 02- of-
T
2
[]]]
$'S21113 Jo J00)} YI001ddD ‘96 }s3) $9Inss9ud 914}aWO0Z8ld ~--=-----
111113 0 J00j} Yd00sddD ‘S5 Jsa | $9904NS JBJOM &
S310N NOILVNVIdX3
o 06021 | & | 96 ° €912l | v | 98
eI i v 06021 | 1 | S . e govel, L eSS g/
rs T08WAS 73713 T08WAS | A373
z ¥3LINOZ3Id | ¥ioAy3s3y | MY | 1831 / ¥313W0Z31d | ¥I0AN3S3y |NN¥ | 1S3L
LLEEN = 4 >
............ o
05°L9:X 01 < & b
= 1 N. e 3
968'91=X W0J4 nv.ao__._%n. 21k m 2 NS, = 0611
6€1-§ 434" [ = $18}3WO0Zl k" _ $49}3U0Z3Id—<
2 e 9 9
voionba ann Nyo- 7 y
I} ) NS T NS z 0021
S o | 8 TN Q6| 8
i tRZIINE] = v s =
EEPERrEes g 312 502! S vsoz!
e 9®6ITT 1= S "8z102113 . v e R
¥6021T 501 1 STAR 90boel 13 GIED [ GIE
S = -96 |S9L}
_ e,
o9l 127 0S11
04
0911 09t
; ! o ovzzl | € | 9 o secal | 2| 96 o 0 vovel | 1 | 95
ozl 7 v g'gzzl v | ¢ v €22 | L s¢ v 2'8ee | 8| 6§ oLl
| -69310h @ T08WAS A373 ; : 108WAS A313 ‘108WAS A3 w.\
. I (N ¥313W0Z3id | ioAy3s3y | NNY | 1531 ¥313IW0Z3Id |MI0AN3S3Y | MY 1831 Brashsel A ¥313W0Z3id | HioA¥3S3y | N | 4831
0811 0 I m - 0811
~-£-9G| JS9}-.. = i 9!
-96 453}
A\, b i ‘. A &
0611 0 3 X 0611
$19)3W078) 5 ] ; 5 / NG 5
4 d g { $18jdwozald-«Tq gt (RSN SEmEoNo_n_-:-;_w
/ i RRY
78] RS
0021 g z S L i ol RSN 2 0ozi
¢ N 6 K 0 et 8
- == - .
‘3 bS5 s3] Swha F1-9G 483 11---- >\ ! yace!
oizi An:n// i \ o orzi
~
~_| ,./ / \ 1-96 EH--.V, 1186 459)
\ AL
[N AW
0zzi S Y
ST 295 4831\ ~-L-G6| 450 % oz
=N \!
NG \
/ S / —_f
osal TS N ocei
A
N
0v2l ; I ov 2|
ot 0g 02 [o]] [0} 0l- 02- 0¢- . = ! : ]
o 72 = 1334 NI 3ONVISIG TV LINOZIYOH o o & 2 o8 ¥ 0 o2 o

o 0z ) )
1334 NI 3ONVLSIQ TVLINOZIYOH

[o1 02 (e} 0o
1334 NI 3ONVISIQ TVLINOZINOH



178 STUDIES OF CRESTS FOR OVERFALL DAMS

a4
&
e XPLANATION
T a2
ELEVATION | UPSTREAM R
© MODEL | SHAPE | ioppoacH | sLope  |STMBOL Designed head ;_
o 266 feet |y
. c-7 4 1112.0 0.36:1 o
z a0 .
c-7 7 1175.0 0.36:1 x -
.
o c-7 8 1112.0 0.36:1 s _——TE
w c-7 8 1175.0 0.36:1 . Shape 8-, P o .
o 38 PP — I
« _ap- = L
b 7 X
—— —
S —r,’—— /_"// // ‘//'—
5 3¢ = == T —
- -_— 0
w - 1 — / | _.—
o | ——— [ — ° L.
F o34 s S I | —F
z =T /ﬂ-//_/ " lIshcpe 71
] | —1 .=
2 | —T .—]
W k! =T
il = —
° o e
9 s
3.0
o 0 12 4 i e 20 22 24 26 28
PROTOTYPE HEAD IN FEET,Ho
. EL 12054
{Curve equation
Po_x2 X
____________ Y=gt 5 -139
S From x=16.90
........... A iTo  x=67.50
,1 . Axis of section
B GMILEEE
2.74'>
CROSS SECTION SHAPE 8 - MODEL C-8
(FINAL DESIGN)
NO GATES OR PIERS
SCALE RATIO 1:20 COORDINATES DOWNSTREAM
FROM P.C.C.
gLEvATION|OIST FROM
1202.6 3% 12.4 %
1200.0 17.0
1197.5 20.8
1195.0 24.0
1192.5 26.8
1190.0 29.5
1185.0 34.2
1180.0 38.2
1175.0 42.2
1170.0 45.6
1165.0 49.0
1160.0 52.1
CROSS SECTION SHAPE 7 - MODEL G-8 e 2
GATE BUT NO PIERS 1150.0 57.8
SCALE RATIO 1:20 1140.0 63.1

N 2 Thi | +
oTe Zr’“:omfoedei :{-::a?yp:" wide 3t POINT OF TANGENCY WITH
. CIRCULAR CREST.

FIGURE 56.—COEFFICIENT-OF-DISCHARGE CURVES—MODEL C-8.

An attempt was made to cover the field as completely as possible
in the time available, yet much remains to be done. The field still
remains open for research on low dams, which, in the majority of
cases, involves the most difficult solutions. In addition, the value of
the experimental information condensed in this bulletin will depend
on the extent to which it proves to be practical and useful. This can
only be determined by general practice, over a period of time.

This study does not include the design of overfall shapes with
vacuum pressures on the face. Such designs are permissible for cer-
tain conditions, but require considerable judgment and experience on
the part of the designer.
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LIST OF BULLETINS

The following list shows tentative titles of final reports on the
Boulder Canyon project, now being prepared for publication. During
the work on the compilation of final reports, it has been found desirable
to combine certain subjects which had originally been planned as sepa-
rate bulletins. Consequently a few of the tentative titles given in
bulletins heretofore published do not appear in the following list.

The following list also includes titles and prices of the bulletins
which have been published and which are now available for distribu-
tion. Appropriate announcements will be made in engineering
periodicals as additional bulletins become available.

PART I--INTRODUCTORY

General History and Description of Project
Legal and Financial Problems

PART II—HYDROLOGY
Stream Flow, Project Operation, and Utilization of Water

PART III—PREPARATORY EXAMINATIONS

Geologic Investigations

PART IV—DESIGN AND CONSTRUCTION

General Features* (paper, $1.50; cloth, $2.00)
Boulder Dam#* (paper, $1.50; cloth, $2.00)
Diversion, Outlet, and Spillway Structures* (paper, $2.50; cloth, $3.00)
Concrete Manufacture, Handling, and Control* (paper, $2.50; cloth, $3.00)

Penstocks and Outlet Pipes

Hydraulic Valves and Gates

Power Plant Structure and Handling Facilities
Power Plant Generating Equipment

Imperial Dam and Desilting Works
All-American Canal and Canal Structures

PART V—TECHNICAL INVESTIGATIONS

Trial Load Method of Analyzing Arch Dams* (paper, $1.50; cloth, $2.00)
Slab Analogy Experiments* (paper, $1.00; cloth, $1.50)
Model Tests of Boulder Dam* (paper, $1.50; cloth, $2.00)
Stress Studies for Boulder Dam* (paper, $1.50; cloth, $2.00)
Penstock Analysis and Stiffener Design* (paper, $1.00; cloth, $1.50)
Model Tests of Arch and Cantilever Elements* (paper, $1.00; cloth, $1.50)

*For sale at offices of the Bureau of Reclamation in Boulder City, Nevada; Denver, Colorado; and
‘Washington, D. C.
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PART VI—HYDRAULIC INVESTIGATIONS

Model Studies of Spillways* (paper, $1.00; cloth, $1.50)
Model Studies of Penstocks and Outlet Works* (paper, $1.00; cloth, $1.50)
Studies of Crests for Overfall Dams* (paper, $2.00; cloth, $2.50)

Model Studies of Imperial Dam, Desilting Works and
All-American Canal Structures

PART VII—CEMENT AND CONCRETE INVESTIGATIONS

Thermal Properties of Concrete* (paper, $1.00; cloth, $1.50)
Investigations of Portland Cements

Cooling of Concrete Dams

Mass Concrete Investigations

Contraction Joint Grouting

*For sale at offices of the Bureau of Reclamation in Boulder City, Nevada: Denver, Colorado; and
‘Washington, D. C.
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