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This bulletin is cne of a series prepared to record the
history of the Boulder Canyon Project, the resuits of tech-
nical studies and experimental investigations, and the more
unusual features of design and construction. A list of the
bulletins available and tentatively proposed for publication

is given at the back of this report.
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FOREWORD

Colorado River, originating in the melting snows of the Wyo-
ming and Colorado Rockies and augmented by rapid run-off from
spasmodic rains and cloudbursts over a vast arid region, has men-
aced 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 Coalorado became more important,
During recent years millions of dollars have been spent in mitigat-
ing the evils of silt depoaition and in protecting the highly cultiv-
ated 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
Reclamation Service of all water storage possibilities; next, to the
Coloradoe River Compact, a 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 Boulder Dam and appurtenant
works, the power piant, the reserveir, 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
doraestic and industrial purposes, The project is self-liquidating,
largely through contracts for disposal of electrica! energy. It was
constructed and is being operated under the supervision of the
Bureau of Reclamation, United States Department of the Interior.

Boulder Dam is located on the Nevada-Arizona boundary near
Las Vegas, Nevada, at a place where Colorado River has carved a
deep gorge between towering rock cliffs, known as Black Canyon.
The dam is a concrete arch gravity structure with a maximum
height of 726 feet above foundation rock, a maximum base thick-
ness 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 8,250,000 cubic yards were required in the dam.

During construction the river was diverted through four 50-
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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 dja-
meter steel power penstock ig installed in each of the inner tunnels.
Discharge from the reservoir is controlled by cylinder gates in four
intake towers, founded on the canyon walis 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 two vearg’
normal river flow.

The power plant is in a U-shaped, reinfurced concrete struc-
ture, over 200 feet high and 1,600 feet long, located immediately
downstream from the dam. The plant is designed for an ultimate
installation of fifteen 115,000 and two 55,000 horsepower units,
making a total installed capacity of 1,885,000 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 irrization purposes in Amaerica.

The entire Boulder Canyon Project is characterized by the
extraordinary, The height and base thickness of the dam, the sjze
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 investigations of an extensive and diversified character
to insure structures representing the utmost in efficiency, safety,
and economy of construction and operation,

The major credit for the conception of the project and the in-
itiation of investigations leading w0 its adoption must be given to
the late Arthur P. Davis, former Director of the Reclamation Serv-
ice. Dr. Elwood Mead, Commissioner of Reclamation during the
greater part of the construction period, passed away January 26,
1936, four months after the dedication of Boulder Dam. In com-
memoration 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 SUMMARY

INTRODUCTION

1. Seope of Bulletin,—The Boulder Dam structures, in genera),
were of far greater magnitude than any similar structures built
in the past. Careful investigation was made of the validity of
existing formulae and efore proceeding to final
designs, Early hydraulie model tests of side-chanme] spillways for
Bonlder Dam, described in Part VI, Bulletin 1, Kave results of such
great value that it was decided to test other major features by
model experiments, This bul’:tin describes the following hydraulic
model tests:

1. Studies of junctions between the 13-foot penstocks
and the 30-foot headers,

2. Hydraulic losses and pressure conditions in intake
towers,

3. Flow characteristics of needle valves in-tunne]-plug
outiets.

4. Hydraulic conditions in the river downstream from
the powerhouse.

This bulletin presents a description of the laboratory and lab-
oratory procedure, and an analysis of the resulis obtained. The
relationship between the dam and the penstocks is sho
1. This figure shows the preliminary design used as a basis for the
experiments. Final designs ave shown in Part IV, Bulletin 6, “Pen-
stocks and Qutlet Pipes”.

2. Laboratory and General Equipment.——With the exception
of the tests on the 1:2¢ model of the tunnel-plug outlet, made at
the Montrose laboratory, all studies deseribed in this bulletin were
conducted in the hydraulic laboratory of the Culorado Agricultural
Experiment Statior. at Fort Collins, Colorado. A general layout

owing locations of mudels is given jn figure 2.
iments was supplied from a reservoir, with a
capacity of 30,000 cubic feet, located on a hill adjacent to the
laboratory, Flow from the reservoir, controlled by three 12-inch
hand-operated gates, passed through a diverging flume into 2

7
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10 MODELS OF PENSTOCKS AND OUTLET WORKS

concrete weir-channel, 19.5 feet long, 10 feet wide, and 7.25 feet
deep. A by-pass gate and a 4-inch by-pass valve were located in one
side of the weir channel, 13 feet upstream from the weir, Small
adjustments of the discharge passing over the weir were made by
varying the flow through the by-passes. The head on the weir
was measured by a hook gage and a float gage, both operating in a
stilling well connected to the weir channel. During the experiments
two weir plates werc used, a 90-degree V-notch for discharges
up to 2 second-feet, and a 2-foot Cipolletti for flows of 2 to 8
second-feet. Both weirs were calibrated by the Irrigation Division
of the United States Department of Agriculture and were checked
by the laboratory staff of the Bureau of Reclamation prior to the
mode] testing.

Equipment thus far described was common to all experimental
work; but from this point, the equipment varied for each model.
When operating either the visual penstock junction model, the
intake tower model, or the penstock assembly model, showr in
figure 2, the 28-inch gates were closed, thus diverting water into
a flume on the laboratory floor which served as a reservoir as well
as a channel. Adjustable baffles were installed in the flume to
eliminate undesirable cross-currents produced by the bend at the
upper end. A tank, 10,5 feet by 10.25 feet by 12 feet deep at the
downstream end of the channel, served as a forebay for the models.

When operating the quantitative penstock junction model, one
diverter gate was opened, allowing water from the measuring weir
to flow straight ahead through a conduit beneath the floor of the
laboratory into the forebay.

A one-inch rod, extending from the ceiling to the floor of the
laboratory, in a central location, served as a mounting for a foreba,
head gage. The rod contained 3/8-inch holes, drilled at 2-foot
intervals. By means of a pin and clamp, a hook gage with a range
of 2 feet could be mounted at any hole. A stilling well in which
the hook operated, was held in position on the rod by a friction
clamp. A rubber hose made it possible to connect either forebay
to the well, The water surface elevations in the forebay, which
varied over a wide range, ‘were obtained from this gage,

3. Personnel.—The hydraulic research program was Dbegun
under the general supervision of E. W. Lane, former research
engineer, and completed under the direction of Jucob . Warnock,
present research engineer. Experiments on the tunnel-plug outlet,
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conducted at Montrose, Colorado, were supervised by W. M. Bor-
land, associate engineer. Tests described in chapters II and III
were conducted by J. N. Bradley, who also prepared these porfions
of the bulletin, with the exceptions of sections 22 to 29,

As this report was made possible by the cooperative efforts of
a number of individuals, it is desired to acknowledge the help of
W. H. Price, C. W, Thomas, J. W. Ball, A. N. Smith, W. J. Colson,
and W, O. Parker, who assisted in the model construction work and
laboratory testing, H. W. Brewer and J. D, McCrum assisted in the
preparation of this report. Special acknowledgment is made to
S. P. Wing, engineer, who prepared sections 22 to 29 and cooperated
in the analysis of results.

It is further desived to acknowledge the cooperation of the
Colorado State Board of Agriculture, governing board of the Colo-
rado State College of Agricultura]l and Mechanical Arts, and the
stafl of the United States Bureau of Agricultural Engineering,
These agencies permitted the use of the hydraulic laboratory of
the Colorado Agricultural Experiment Station for conducting the
model experiments,

4. Penstock Symbols,—
Q. = Total discharge, second-feet,
Q.= Discharge through branch, second-feet.
€ == Discharge in main pipe below junction, second-feet.
A, = Area of main pipe above junction, square feet.
A. = Area of branch, square feet.
A= Area of main pipe below junction, squarve feet,

Vi=Q./ A, = Mean velocity in main pipe upstream from junec-
tion, feet per second.

V.==Mean velocity in branch, feet per second.
Vi, == Mean velocity in main pipe below junction, feet per second.
D, = Average diameter of main pipe above junction, feet.

» D, = Average diameter of branch, feet.

D\, = Average diameter of main pipe below Junection, feet.

@./@Q. = Ratio of branch discharge to total discharge,
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b+ == Velocity head, feet.

Py = Pressure head at piezometer 1, feet.

P, = Pressure head at piezometer 2, feat, etc.

P, = Average of pressure heads at piezometers 2, 3, 4, and 5, feet.
S = Friction loss per foot of straight pipe, feet of water.

fitis.:y = Pipe Iriction loss from P, to piezometer 7, feet of water.
fit(s..ny = Pipe friction loss from piezometer 6 to 36, ete,

Ji == Junction loss in main pipe, feet.

J.= Junction loss in branch, feet.

J/V* 2y = Junction loss coefficient.

R = VD/v = Reynolds’ number.

F = V:/9D = Froude’s number.

v == Kinematic viscosity — /p, square feet per second.
0.00008716 k. sec.

u = Abbolute viscosity —

0.4712 F 0.01435T + 0.0000682T¢ fL.2
where T is the temperature in degrees Fahrenheit.

p = Density of water at T degrees Fahrenheit, lb';ﬁ

BY = Average velocity where
B = %ﬁ"% == Coefficient of velocity, where ¥V — @/4 — mean
velocity,
o, == True velocity head where

o == %ﬁ = Energy head coeflicient.

5. Intake Tower Symbols.—

d, = Difference in elevation between the water surface outside and
inside the tower, feet (model).

d.= Difference in elevation between the reservoir surface and the
reading of piezometer 45 {(model).

d, = Difference in elevation between the reservoir surface and the
reading of any one of the five piezometer rings A, B, C, D,
and E located below the tower {model).
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D, = Difference in elevation between the water surface outside and
inside the tower (prototype).
I = Total loss through tower, feet of water.
h. = Entrance loss through upper gate, feet of water.,
by, = Entrance loss throuph lower gate, feat of water,

k. == Average head required inside tower to change direction of
flow at upper gate {model),

k= Average head required inside tower to change direction of
flow at lower gate (model),

H, — Average head required inside tower to change direction of
flow at either gate (prototype).

fecisag = Pipe friction from piezometer 45 to bottom of the upper
gate (model).

Reey) = Pipe friction from piezometer ring C to the bottom of the
lower gate (model).

!, = Compound bend logs in main header directly below intalke
tower,

SUMMARY

6. Results.—Aside from verifying hydraulic design features,
the tests brought to attention considerable detailed information
concerning formation of eddies, distribution of pressures, and fric-
tion losses in hydraulic structures. The results, discussed in the
following chapters, are summarized as foliows:

1. Eddy zones were defined, junction losses measured,
and pressures recorded at the Junctions of the 13-foot tur.
bine penstocks with the main 30-foot header. It was con-
cluded that junction losses obtained from very small models
are not truly representative of losses in large Jjunctions
such as those at Boulder Dam.

2. Mode! tests made possible a definite analysis of the
losses in the intake tower; offered a simple yet accurate
method of measuring the flow through the towers; and made

Practical the elimination of g proposed set of air vents at the
base of each tower.
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3. A material improvement was obtained in the condi-
-tions of flow in the 50-foot concrete-lined tunnel below the
tunnel-plug outlets; considerable piping was eliminated ; and
a satisfactory program of operation was formulated for the
needle valves located in the tunnel-plug outlets.

4, The model of the river downstream from the dam
confirmed predictions that disturbances, created by the outlet
works and spillways discharging inte the river, will not
extend sufficiently upstream to interfere with the proper
operation of the powerhouse. In addition, a program of
operation is outlined for different combinations of flow from
spillways and outlet works.

7. Changes in Design.—In no instance did the studies de-
scribed in this report lead to drastic changes in design such as
resulted from the model studies of spillways. All minor changes
indicated in the penstock junction and intake tower studies were
not made because the design and construction had progressed to
the stage where further changes were nol economically feasible.
However, results of the studies gave substantial evidence that the

adopted designs were satisfuctory. In the case of the tunnel-plug
outlets, the suggested changes were incorporated in the final
design. All data are believed to be of a fundamental character
and of value in future design work.




CHAPTER II—TESTS FOR PENSTOCK
JUNCTION LOSSES

VISUAL TESTS

8. Purpose.—In analyzing the design of the 30-foot headers,
turbine penstocks and outlet works, it was realized that junctions
between the 30-foot headers and the 13-foot turbine penstacks were
potential sources of excessive loss of head. A reduction of this
logs would increase the effective head on the turbines, the potential
power output, and the discharge capacity of the outlet needle
valves. With long radius bends incorporated in the design of the
30.foot headers, the only possibility of decreasing head losses was
to improve the efficiency of the junctions between headers and
turbine penstocks. For this purpose extensive tests, both quali-
tative and quantitative, were made on models of one of the
junctions,

As a preliminary and qualitative study, a2 model representing
the junction between the 30-foot upper Arizona header and the
13-foot penstock leading to turbine A-1, shown in figure 1, was
built of transparent pyralin. This particular junction was selected
because it was possible to have a wide variation of flow, ranging
from 100 percent of the total flow through the main penstock and
no flow through the branch, to 100 percent through the branch

1
M BATNEN OF LID e WAIN FENATOEN
A5 USED 1M A AND BLFIGURCE

-
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FIGURE 3—PYRALIN JUNCTION MODEL
15




FIGURE 4—PYRALIN JUNCTION MODEL LOOKING
DOWN MAIN PIPE

and no flow in the main penstock below the junction. The actual
ratio of discharge in the penstock to flow in the branch depends
entively on the manner of operation downstream. Tt was desired
to determine visually the path of the water after it entered the
branch for different combinations of flow in the system, and to
determine the location of eddies and disturbances in the branch
for varying ratios of branch discharge to main header discharge.

9. Apparatus and Procedure.—The model for visual tests was
constructed on a scale of 1:36. It consisted of a straight piece of
10-inch pipe with a 4.33-inch branch intersecting it at an angle -
of 105 degrees in a downstream direction, as shown in figures 3
and 4. A portion of the branch and main pipe was graduated at
intervals of five-hundredths of a foot in both longitudinal and
cireumferential directions, as shown on figure 4. To obtain various
combinations of discharge at the junction, three metering nozzles,
1, 2, and 3 inches in diameter, were used interchangeably ut the
end of the branch; while small stop-logs served to regulate the flow
at the end of the main pipe. A piezometer was installed in the
branch, two inches from the upstream end of the conical nozzle, for
measuring pressures. The total discharge was measured over the
laboratory weir; the discharge through the branch was computed
from the observed piezometer pressure at the nozzle: and the
difference was assumed to flow through the downstream portion
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of the main pipe. It was unnecessary to calibrate the nozzles in
place as the nature of the tests did not warrant such accuracy.

The path of the water.as it entered the branch was traced by
inserting a potassium bermanganate solution, through a long copper
tube which extended through the nozzie and into the branch. The
tube was moved systematically in the branch and the results were
recorded with respect to the coordinate lines on the pipes. The
action of the water in the branch was readily detected by this
method.

10. Resulis and Conclusions.—As water flowed from the main
pipe into the branch, there was a high velocity zone on the right-
hand side, looking downstream on the branch, shown in figure 3,
while on the left-hand side a zone of relatively quiet water existed
which was termed an “eddy zone”. When color was inserted in the
stream of high velocity water, it was dissipated quickly, being
carried down the tube and out the nozzle, while color inserted in
the eddy zone was slowly dispersed. By moving the color tube
back and forth the boundary surface between the two Zones was
defined. Figure 5 shows diagrammatically the method used and the
dispersion of the color for three vositions of the color tube.

It was found that the eddy zone existed in the branch for all
combinations of discharge; the dimensions of the zZone decreasing
as the ratio of the discharge in the branch, Q,, to the discharge in
the main pipe above the branch, @ increased. Various runs plotted
on figures 6 and 7 show the limits of observed eddy zones. The
ratio Q./Q, is referred to as the “discharge ratio.”

It was thought that a lip, protruding into the main pipe on the
downstream side of the branch entrance, might reduce the loss of
head through the branch, although it was expected to cause an
increase in loss in the main pipe. This lip, shown on figure 3-B
was installed during tests 1 to 3 inclusive, Eight runs made in these
three tests are plotted on figures 6-A and 6-B. The remaining tests
were performed with the lip removed and ave plotted on figures 6-C
and 7. Conditions under which the runs were made and yesults
obtained are shown in table I. ‘

Comparisons of data in table I for conditions with and without
the lip show some differences in the Iocation of the apex of the
eddy zone for runs of similar discharges and similar discharge
ratios. The variation is slight and oceurs in both directions, indi-
cating that the lip in the main pipe made no materiai difference in
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TABLE I-—-SUMMARY OF TESTS ON VISUAL JUNCTION MODEL

WITH LIl IN MAIN PENSTOCK WI'IM LIP REMOVED
| ! a i !

! |
Dis- | qopap | Head o ian of ©oDie ey o Head | L e
Tent charge | pj. : on Apexof | "est charge  pijs. M‘:‘T'i" Apex of
No, Ratio | eharge H " Eddy Zone | No, Ratle  charge Pen. - Kddy Zone
. Q,/Q, Seeft. i Pipe Dium,. q,./Q, See fi stock | Pipe Dinm,

0209 a82 5 aq2 |
H |

0264
45 L0409
1.60(B) 44 0479 2.74 L0 (B)
47 Rl e 0.87 1.65
1.50(A) 4 0815 347 1.45(A)
4-6 0848 LM

58 L0880 2.37 1.55
130(A) 4.2 1241 2, 268 ¢ 140(A){D)
4-4 .18a8 0,69 1.40(D)
1.10{B) el L1512 X 1,39 1.25(8)
41 L1632 117 . 1L.oo

45 186 146 0.82(C)

56 a4 L45  0.85(C)
LO5{A) 53 ] E L8 0.83(A)(C)
76 (A) 5.2 I XT i X 0.78(A)

-6 2400 9, .66 0,75

5-7 L2920 .31 ! p.74

6-1 3285 X (O 5
W6EA) 5.1 .RGh8 1.24 LIS p48(A)

Bed AT 1.21 285 0.45

[ %] L3063 L44 . sas 0.44

512 L5464 0.73 081 . 0.35

b B¥GO 120 3.2 130

511 648 0.73 124 ' 28

-2 H765 0.83 339 . 0.26

510 0059 g7 243 | 0,24

the shape and volume of the eddy zone. The head loss through
the branch was not materially different for either condition. As it
was difficult to accurately determine the limits of the eddy zone,
some variation was expected.

Tests 1-1 and 2-1, with the lip, as compared to tests 4-9 and
5-9, without the lip and denoted by the letter B, seem to indicate
that the apex of the eddy zone moved down the branch for an
increase in total discharge with the same discharge ratio. On the
other hand, in tests 4-5, 5-6, and 5-3, with lip removed and denoted
by the letter C, in which the discharge ratioc was nearly constant,
the location of the apex remained practically unchanged although
the discharge varied from 1.20 to 8.70 second-feet, Tests 4-2 and
4-4, identified by the letter D, show a similar indication.

Conclusions drawn from the few runs that arve comparable are,
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JUNCTION LOSSES

first, that the location and volume of the eddy zone is independent
of the total discharge; and, second, that the dimensions of the zone
in the branch are dependent only upon the ratio of respective dis-
charges in the penstock and branch pipes.

Consideration was given to the possibility of filling eddy zones
with blocks of the same shape as the zones to eliminate the eddies
and to reduce the loss of head at the junction. Tests were made to
determine the proper shape of the blocks. The results are shown
on figure 8. Mean dimensions, obtained by averaging top and
bottom edges of the zone, are plotted for all discharge ratios. The
location of the apex for any given discharge ratio may be deter-
mined from figure 8-A; the location of the point at which the
vertical width of the zone equals one-half the inside diameter of the
branch may be determined from figure 8-B; and the approximate
dimensions for the entire zone can be obtained from figure 8.C.
For example, to obtain the dimensions of a filler block for a dis-
charge ratio of .80, follow up the vertical line marked 0.80 on
figure 8-C and read the normal distances out to the edge of the zone
for each half-diameter measured along the branch, These values
can then be plotted on a set of coordinates gimilar to those on the
branch pipe from which a filler block may be constructed. The
curves on figure 8 apply only where the ratio of pipe diameters,
D./D, is 0.433; the angle of the branch is 105 degrees; and the
total angle of convergence of the cone is 13 degrees.

Filler blocks, designed according to figure 8, will be symmetri-
cal, which is not always true o. the eddy zone in the branch. Actual
dimensions of two filler blocks for discharge ratios of ¢.50 and 0.25
were obtained with the color tube on the center line quarter-points,
and aleng the edges of the zone. These are plotted on figures 9-A
and 9-B respectively. They show that the inside faces of the zones
are not symmetrical. Two wooden filler blocks were built according
to this data. When installed in the branch pipe, color injections
showed them to be satisfactory. Elevations and sections of the two
blocks are shown on figures 9-C and 9-D. The two blocks were used
later in the studies made on the quantitative model of the junction
of the penstock with the header.

QUANTITATIVE TESTS

11. Purpose.—The purpose of the quantitative tests was to
determine accurately the loss in the junction between the first
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turbine branch and the main header; and then to study effects of
installing filler blocks of different dimensions, determined from the
visual tests; to alter the physical shape of the junction, and reduce
the disturbances and losses. Two types of blocks were used. First,
a dui eting block was introduced in the main pipe in an «ndeavor
to reduce the eddy loss in the branch at the expense of possibly
increasing the loss in the main header; and, second, a solid block
was used to fill the space in the branch formerly occupied by the
eddy in an attempt to reduce the loss in the branch,

The quantitative model was built to the same scale as the
visual model; but was carefully constructed of galvanized sheet
iron and equipped with necessary instruments for measuring actual
junction losses. Filler blocks could therefore be used interchange-
ably in either model.
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MODELS OF PENSTOCKS AND QUTLET WORKS

As a general experiment, a right.angle junction was tested
with and without a conical connection. The layout was larger but
geometrically similar to one tested by Professor D. Thoma on small
brass pipe, see reference 2, section 15, The purpose of this test
was to determine whether or not viscous effects in small junctions
are appreciable, and if it is practical to design large pipe-line
junctions from tests on small models,

12, Apparatus and Procedure.—The forebay for the quanti-
tative penstock junction model, into which water spilled after pass-
ing over the measuring weir, was 6 feet wide, 7 feet long, and 8.5
feet deep, as shown on figure 2. It served as a stilling box, heac
regulator, and supply reservoir. A double set of wooden baffles
was used as a stilling device. The same stilling well and hook
gage were used to measure the head in the forebay as in the visual
tests,

The penstock junction investigated was the same as in the
visual tests. The branch, instead of being inclined doewnward as in
the prototype, was installed horizontally and made an angle of 105
degrees in a downstream direction with the main pipe. The model,
as constructed on a scale of 1:36, is shown on figure 10. It consisted
of 3-foot sections of smooth galvanized sheet-iron pipe, accurately
constructed and connected with butt joints. Precaution was taken
to see that all inside seams and joints were smooth and free from
burrs. The table on figure 10 shows the accuracy attained in con-
structing the pipes. These are average values obtained from =
number of measurements made with an inside micrometer. The
maximum deviation from the designed diameter of 0.8333 feet was
0.0018 feet, or 0.21 percent; and the maximum deviation from the
designed diameter of 0.3611 feet was 0.0009 feet, or 0.25 percent.

The insides of the pipes were painted with two coats of alumi-
num paint before beginning the tests. A section of pipe is shown
in detail on figure 11-A. The first model consisted of approximately
13 feet of 4.33-inch pipe, joined to a 46-foot section of 10-inch pipe
with a downstream angle of 105 degrees. The junction was made
15 feet downstream from the entrance to the main pipe. A photo-
graph of the pipes is shown in figure 12, As it was impossible to
obtain pictures of the model in place, photographs were taken out-
of-doors before installation.

An overflow box, with slide gates in the sides, was located at
the downstream end of the main pipe to control the head; and &
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Because the weir box was exceptionally small for the discharge,
it was necessary to calibrate the 6-inch Cipolletti weir in place.
This was done by completely closing the downstream end of the
main pipe with a blank flange and diverting all water thraugh the
branch and over the 6.inch Cipolletti weir. The calibration was
made by comparison with the 90-degree, calibrated V-noteh lab-
oratory weir. A metal conc was placed at the end of the branch
pipe to recover a portion of the energy and increase the discharge.

FIGURE 12—METAL PENSTOCK JUNCTION MODEL

Rings of piezometers were placed at intervals along the pipes
as shown in figure 10. Four piezometers canstituted a ring, Each
piezometer consisted of a 3/16-inch outside diameter capper tube,
2 inches long, with a 1/8-inch bore. In constructic..,, a 1/8-inch
hole was carefully drilled in the pipe at the proper location. A
copper tube was then accurately placed over the hole, normal to the
pipe, and soldered in place. The inside of the tube and the hole
was then reamed to remove any irregularities which might have
been developed during the installation. Piezometer openings were
of the sharp-corner type, Care was taken to remove all burrs and
to keep the corners sharp and flush with the ingide face of the
pipe, as shown in figure 11-B. Piezometers installed on the cones
were set normal to the surface. It was desived to read each piezom-
eter separately, so the connections were made as shown in figure
11-C. Each ring was equipped with three screw clamps which were
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alternated between the four rubber tubes, leaving one piezometer
open to be read. Three-sixteenths-inch rubber tubing was used
for the shorter connections, and each ring was connected to the
piezometer board by a 3/4-inch rubber hose. This arrangement
made it possible to use one glass tube for each ring of piezometers.

All A-piezometers were read simultaneously with all others
closed; and, in rotation, all B, C, and D piezometers were read in
the same manner. This procedure was repeated four times during
a run, making a total of sixteen readings to a ring. Observations
were made as rapidly as the board could be read; forty minutes
were usually required to make a complete set.

The 3/4-inch hose, which extended from the rings to the
manemeter board, sloped upward to facilitate removal of entrapped
air. Before each run, all piezometer clamps were loosened, and
all tubes leading to the A-piezometers were disconnected to release
any air. The 3/4-inch hoses were vibrated to drive air toward the
board. Although this routine for eliminating air required from
fifteen to twenty minutes before each run, the procedure was nec-
essary since all the manometer tubes were located on a central
board requiring hose connections as long as 30 feet.

13. 4.33-inch Branch Friction Calibration.—Friction logses in
the 4.33-inch and 10-inch pipes were determined by connecting them
separately to the bulkhead and making calibration runs, tests 1
and 2. In test 1, the branch pipe was connected as shown on figure
10, and two extra joints of pipe on the upstream end were added
to give additional length for reducing irregularities of flow caused
by entrance conditions. A conical entrance, shown in figure 10,
with a vertical and horizontal fin extending from the large end to
a distance two-thirds the length of the cone, to prevent vortex ac-
tion, was used on the upstream end of the 4.83-inch pipe. An elbow
was connected in a vertical plane to the downstream end of the
pipe, to keep the pipe flowing full at all times. For the smaller dis-
charges it was necessary to retard the flow by loosely bolting a
blank flange to the end of the elbow. This increased the pressure
in the pipe sufficiently to register on the manometer board.

Eleven runs were made on test 1, with discharges ranging
from 0.55 to 1.70 second-feet. The two head gages on the 90-degree
V-notch weir were read simultaneously with the forebay head gage
at two-minute intervals during each run, The temperature of the
water was recorded once during a run. Sixteen readings from each
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piezometer ring were averaged and added to the respective com-
puted mean velocity heads. These values of pressure head plus
velocity head were plotted with respect to the length of the pipe.
The methad is illustrated on figure 13. Because the entrance loss
effect extended some 40 diameters downstreum, the lines drawn
through the points have 2 slight curvature; but these would even-
tually terminate in straight lines were the pipe sufficiently long,
As the length of the pipe was not sufficient to allow these lines to
completely straighten out, it was necessary to draw a tangent to each
curve near its downstream extremity. These tangents are shown
on figure 13. The slope of each tangent represents the straight
pipe friction per foot for a particular discharge and water temper-
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g:ure. A constant has been congistently subtracted in some of the
runs to condense the data for comparison. The subtraction of con-
stants in no way affects the slope of the lines. With the friction loss,
discharge and temperature known, the frietion factor, f, in the
fLV*
2yD”
was computed for each run and plotted with respect to Reynolds’
number on figure 14,

It has been customary in recent yYears to design closed con-
duits from curves obtained from experimental results of this type.
To use these curves it is only hecessary to know the range of
Reynolds’ numbers that will be encountered in the field and the

formula § = ,» where S is the friction slope and L is unity,
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type of pipe to be used. With this information, the factor, f, can
be obtained from a curve similar to those plotted on figure 14 for
a pipe having comparable roughness,
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As the temperature varied considerably throughout the series
of tests, each run was corrected to 2 base temperature of 60 degrees
Fahrenheit by use of the curves on figure 15. The temperature

'Pigott, R. J. ., The Flow of Fluids in Closed Conduits, Mechanical Engi-
neering, August, 1933.
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correction graph was constructed by choosing a number of dis-
charges at varicus temperatures for the 4.83-inch pipe and com-
puting the value of Reynolds’ number for each. From figure 14,
the friction loss factors were obtained for various conditions and
the friction loss per foot of pipe computed. With this information,
the temperature correction curves for the 4.33-inch pipe, which
show the variation in friction loss due to temperature, were con-
structed. For example, with a discharge of 1.6 second-feet, water
temperature of 70 degrees, and a pipe friction of 0.0200 feet per
foot of pipe, the friction ioss at a temperature of 60 degrees,
see figure 15, would be 0.0200+4-0.0037 = 0.0237 feet per foot of
pipe.

Up to this point, the 10-inch and 4.33-inch pipes have been
considered as separate entities and the main problem has been the
measurement of straight pipe friction. In designing the model,
piezometers were located at regular intervals in both pipes, and
piezometer 6 was purposely located in the plane of the intersection
of the center lines of the 4.33-inch branch and 10-inch pipe. This
intersection has been considered as the “theoretical junction” of
the two pipes, and, for brevity, shall be referred to as the
“junction.”

To evaluate losses other than those chargeable to straight pipe
friction, it was necessary to isolate friction losses above and below
the junction in the 10-inch pipe and below the junction in the
4.33-inch branch, A set of curves was plotted to represent friction
losses from the junction to any piezometer in the branch pipe for
different discharges. These were based on a temperature of 60
degrees Fahrenheit. Typical computations showing the method
used in obtaining the curves are included in table 2. From the
column entitled, “Plotted Energy at Junction,” giving values taken
from the curved linez on figure 13, the computed energy at each
piezometer was subtracted separately. These values, plus or minus
a temperature correction, represent the friction loss from the
junction to each piezometer for various discharges at a temperature
of 60 degrees. By plotting the values in the columns marked,
“Drop to Junction,” with respect to discharge, the curves on figure
16 were obtained,

At the completion of the tests on the 4.33-inch pipe, which
covered a period of about six weeks, a set of check runs was made.
The results of the two calibrations practically coincide as shown
by tests 1 and 8 on figure 14 and the same tesis on figure 16.




_ L0600"—
912 | 8zz _ .

; i 02000'—
G00— 00— | ! i : :
uodunp | gqiius uenaunp quu...zw i uorppunp Ad1aud tonaung!
9} dougy Prinduioy ~ o) dosqq | Paindwoy | 0} dougy * pandwoy | o dotg ::Zw::.._ un_w—eue
hM.ma:o ; '.q..u._n....uAH
‘ON 1373w o 1d [!”.lll{’ | Banogg ‘dwag,
_—

887 Yoo No1zvyamvy NOGILLD

THA—I1 379y




JUNCTION LG

S8ES 35

14, Ten-inch Pipe Friction Calibration.—By a provedure simi-

lar to that in test 1, the 10-inch pipe was calibrated in test 2, The
calibration was made with the pipe in place and no change was
necessary except that a straight section was uged to replace the
junction during the calibration test. Regulation of head in the
forebay was made by adjusting slide Rates in the regulating hox
at the downstream end of the pipe, see figure 10. Water wus always
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allowed to spill over the top of the box te insure a constant head
on the lower end of the pipe. The slide gates were used merely
to dispose of excess flow during runs of higher discharge.
Friction slopes for the 10-inch pipe are shown for a few dis-
charges on figure 17. Again tangents were drawn to the down-
stream ends of the curves and the slopes of the tangents were con-
sidered the average friction lesses per foot of pipe. Temperature
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correction curves, used in evaluating results obtained on the 10-inch
pipe, are shown on figure 18. Friction losses, measured upstream
and downstream from piezometer 6, for several discharges at a
temperature of 60 degrees Fahrenheit, are shown on figure 19. As
in the case of the 4.83-inch pipe, piczometer 6, located at the theo-
retical junction, was used as a reference, Friction losses were
measured upstream and downstream from this point. The friction
factor, f, for the 10-inch pipe, is plotted on figure 14 with respect
to Reynolds’ number, A set of check runs vnder test 2-Y, made on
the 10-inch pipe after the completion of test 2, showed a good
agreement with the original set. Both sets of points are plotted on
figures 14 and 19.

It is apparent from figure 14 that the 10-inch pipe had a
greater surface roughness than the 4.33-inch branch for the same
value of Reynelds’ number, even though both were constructed in
a similar manner and of the same material. Theoretically, one
would expect the friction factor, f, to be smaller for the larger
pipe. The explanation may lie in the fact that the 10-inch pipe
had a joint to every 3.5 diameters, while the 4.38-inch pipe had
a joint to about every 7.0 diameters,

15. Evaiuation of Junction Losses. — After calibrating the
straight pipes separately, they were connected together as showr
on figure 10. Studies were then made to evaluate the loss of head
in the junction. Runs were made using total discharges from 1.5
to 8.0 second-feet. By adjusting the 4-inch valve at the end of the
branch in relation to the slide gates in the head-regulator box, it
was possible to divert part of the total discharge through the
branch. For large discharge ratios, Q./%,, total discharges were
necessarily low, while for small dischargze ratios, practically any
total discharge could be used up to 8 second-feet. During a run,
simultaneous readings were made at two-minute intervals on head
gages in the large weir box, the forebay head gage, and the head
gage for the 6-inch Cipolletti weir located at the end of the branch
pipe. During the same period of time, each piezometer on the pipe
was read four times.

For the purpose of the experiments, the junction loss s defined
as the sum of the pressure dvop and the drop in nominal velecity
head, less the friction loss between points upstream and down-
stream from the junction, sufiiciently remote to be free frem effects
caused by the junction. In determining the friction loss, pipe dis-
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tances were measured to the center line of the intersection. The
following equations express the above definition:

Junction loss chargesble to the main pipe:

Jv=P,+ V,%2q — P, + V\*/25 + Bexam
Junction loss chargeable to branch:

Jo==P, + V,2/29 — P,. -+ V220 4 hegom

Rather than choose 2 single piczometer from which to measure
the pressure head above the Jjunction, the average of piezometers 2,
8, 4, and 5, was used and is denoted as P,. The location of
Py was approximately 7.0 feet, or 8.4 diameters, upstream from
piezometer 6, shown in figure 10-A.

Energy losses determined in accordance with the ubove defini-
tion are subject to an error in the order of 0.05 V¢/2g, due to the
use of the nominal velocity head instend of the velocity head in-
tegrated over the section, and due to the fact that friction losses
were computed to the center of the intersection. Nevertheless, the
definition seems 4 practical one, However, the error involved should
be kept in mind in interpreting results,

Tests on the 105-degree junction were divided into two groups.
In test 3 a pipe junction without modification was used, whereas
in tests 4 to 7 inclusive, an attempt was made to improve the hy-
draulic efiiciency by modifying the physical shape of the Junction
with filler blocks, the shapes of which were determined from the
earlier visual tests.

Twenty-six rins were made on test 8, ‘discharges through the
branch ranging from 0 to 100 percent of the total, Computations
for a typical run are shown in table 8. ¥From the computed energy
at P,, the computed energy at each piezometer downstream from
the junction was subtracted independently, This method tended
to eliminate piezometer discrepancies. Differences in each case
represent the pipe friction plus the junction loss. The pipe friction
fer each discharge in the main pipe, for a temperature of 60 de-
grees, was obtained from the curves on figure 19. The pipe fric-
tion for the branch was secured from figure 16. The temperature
correction curves on figures 15 and 18 were used to correct the
pipe friction for temperature. After subtracting the corrected pipe
friction from the total loss, the remaining loss was charged to the
Junction. Junction losses in the main pipe were computed in terms
of velocity head upstream from the Junction. In the branch they
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were computed in terms of velocvity head upstream from the junec-
tion and also in terms of veloeity head in the branch.

TABLE III-—FUNCTION LOSS COMPUTATIONS

Q, = 19084 Q, == 1..2033 Q, = 07151 Q,/Q, = 0.6027 Temp. 67.6°F

Px  Averaxe of Plezometers 2-3-4 & b = 3.065
Average Val/2i at Piczometers 2-3-1 & 5 = 0.20%

Energy at P« = 4,184

PIEZOMETER NO,

u{m}n,rziw W 10

Ave, Pievometer | i : ; i ' : ‘
Reading R 4. -I.OGGJ 4.060  dodd 1 4041 1241 S0 | ALY

Volocity Hend : 085, .0 ¢ 083 . 083 2,181 | 2161 | 2,189

Above Piez. @

Temperature

Pipc Friction ]
|
i
Correclion !

Corrected . 024 | i nae TN A28

;’ipc Friction I . ; ) ‘
Boelow Piez.6 . J i L0 N:F I T BN 21 850

Temperature i ! ; i I
Correction i ; [ E : .(i12‘ RULE

Corrected . .008 T ©oBE0 ] EBZ |

Ju/Vads2g : z 08 A63 -, COLB4B | LBYS

Ja/Vaty2g ' : ; i ! | 0150 | 0,165

i
Junction Loss A5 S L % B £ P
|

Avernge Va5 /%0 == 2161

Results of junction loss determinations, chargeable to the main
pipe, were plotted with respect to discharge ratios, and are shown
for test 8 on figure 20. In figure 20-B, the discharge ratio is shown
in relation to junction losses obtained from each of the individual
downstream piezometers., Separate piezometer curves are in close
agreement with the exception of piezometers 7 and 12, which, in
most cases, were disvegarded when irawing average curves, due
to their undesirable locations. The curve for test 3 on figure 20-A
was obtained from the average of the individual piezometer curves
on figure 20-B.

Average resulls of junction loss determinations, chargeable
to the branch, were plotted with respect to discharge ratios, and
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are shown on figure 21. In figure 21-A, junction losses are in terms
of velocity head in the branch. In figure 21-R they are in terms
of velocity head in the main pipe upstream from the junetion.
Separate piezonieter curves for the branch are in good agreement.
The straight pipe friction charged to the branch was computed on
the assumption that the branch bipe extended in to the center line
of the main pipe. The reason for this assumption becomes /pparent
when an attempt is made to design a junction in a large pipe-line
from experimental data,

For Q./Q, = 0, all flow oceurred in the main pipe, and within
the limits of experimental error, the intersection of the brunch
with the header caused no loss, although the diameter of opening
was more than half that of the maijn pipe. The results in figure 20
verify experiments made by Professor D. Thoma: on small brass
pipe in that an apparent gain of head was recorded in the main
pipe downstream from the junction for discharge ratios of less
than 0.40. This gain in head was partly due to the manmer in
which the loss coeflicients were determined and partly due to the
pressure reaction from the water diverted into the branch. It is,
of course, not a gain in energy.

It is possible to compute, within reasonable limits, the junction
loss chargeable to the branch by assuming that the entrance to the
branch is an ordinary, sharp-edged, conical pipe entrance. Hydrau-
lic textbooks state that the entrance loss for a cone of this angle
and type, when connected to a still reservoir, should he approxi-
mately 0.15 V.*/2g. As this entrance does not connect to a still
reservoir, but to a pipe in which varying conditions of flow exist,
there is an additional loss to be added, which, for the lower ratios
of Q./0Q,, is approximately 0.4 V.#/2g. This value is not a congtant
for all conditions of flow, but its presence becomes negligible as
the ratio of Q,/Q, increases. The total junction loss, computed in
this manner, would be:

Jo==0.15 V.2/2g + 0.4 V,2/2g (1)

*Thoma, Prof, I)., Hydraiuiic Losses in Pipe Fittings, Transactions of the
Tokyo Sectional Meeting, Workl Power Conference, Tokyo, 1928. For & more
detailed deseription of these experiments see “Losses in Oblique Angled Pipe
Branches” by Frunz Peterman, Mitteilungen des Hydraulischen Instituts der
Technischen Ilochschule Miinchen, Bulletin 1, p. 75; and Bulietin 2, p. 61,
These articles have been translated in the “Transactions of the Munich Hy.
draulic Institute™ and published by the American Society of Mechanies) Engi-
neers us Bulletin No. 3.
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Expressing the entire loss in terms of velocity head in the branch,
the procedure is as follows:

Vi (Q) (@A)

n

Vfl! ‘r'(.-. (QI\AH) *

e p—

29 2y (QWAD*®
Substituting this value in equation 1 the junction loss coeflicient

Ju Q.:AF
=0.15F 0., —— (2)
V.2/2g Q.A,

By substituting various values of @Q./Q. in equation 2, a
curve agreeing closely with the one for test 4 on figure 21-A is
obtained. The value of A./4, is equal to 01875 in this case,

Althouglh comparative data are imeager, the following instance
is of interest. In the visual tests on the pyralin model, it was estab-
lished that the volume of the eddy zone in the branch was inde-
pendent of the discharge, varying only with the discharge ratio,
Q./Q,. Gustav Vogel, associated with Professor Thoma, makes the
following statement from his experience:* “The tests showed that
for the same type of tee, the junction loss cocfficient depends only
upon the brawch relation Q,/Q. (velocity relation V./V,) and not
upon the absolute value of the water quantities (velocities).”

Variations in loss coeflicients for different values of Reynolds’
number are plotted on figure 22. The curves on figure 22-A show
that the junction loss in the branch varies only with the discharge
ratio, Q./Q.. and not with the total discharge or Reynolds' number.
The curves on figure 22-B show a similar indication for the junc-
tion losses in the main pipe; but the points are somewhat scattered
due to the exaggerated scale of the graph, These results agree
with the visual tests made with the transparent pipe and alse with
the quantitative tests performed on small brass pipe by Professor
Thoma.

16. Reduction of Junciion Losses.—Tests 4 to 7 inclusive were

*Vogel, Gustav, Dip. Engr., Experiments to Determine the Loss in Right
Angle Pipe Tees, A Translation from German, U.S.B.R, Technical Memorandum
299, p. 12. (Unpublished)
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made in an effort to reduce junction losses at discharge ratios of
0.25 and 0.80. Intest b, a deflecting block was instalied in the main
pipe. In tests 4, 6, and 7, wooden filler blocks, made to the same
sizes and shapes as the eddy zones in the pyralin model, were in-
stalled in the branch pipe immediately below the junction.

The deflecting block used in test 5 is shown in figure 11-E. Its
position in the main pipe is shown in figure 11-F. The block was
similar to the lip used in the preliminary tests on the pyralin
model. Results from the six runs made in this test are platted on
figures 20-A, 21-A, and 21-B. This block produced no improvement
in the junction loss coefficients in either the branch or the main
bipe, nor did it appear to produce any detrimental effects for the
lower discharge ratios.

The filler block shown in figure 11-D was designed from the
curves on figure 8, for a discharge ratio of 0.25, and was inatalled
in the branch pipe in the location shown on figure 11-F, Results
plotted on figures 20-A, 21-A, and 21-B, for test 4, reveal that this
block failed to reduce the junction loss coefficient; but instead,
increased it, compared with test 3, for all discharge ratios.

Another attempt was made in test § to improve conditions st
the junction by using a filler block for a discharge ratio of 0.25.
Special care was exercised to obtain the same shape for this block
as in the pyralin mode! shown in figure 9-D. The block was some-
what smaller and more accurate than the one used in test 4 and
better results were obtained. The curves on figure 21 show a small
improvement over test 3 for discharge ratios below 0.22. Due to
the restriction of area that these blocks caused in the branch, junc-
tion losses chargeable to the branch were expected to increase for
discharge ratios above that for which the blocks were designed.

The filler block shown in figure 9-C, for a discharge ratio of 0.50
was used in test 7. When compared with the results from test 3,
shown in figure 21, little change in the Junction loss coefficient is
noticeable up to a discharge ratio of 0.60. In fact, this block shows
a slight improvement in the coefficient, when compared with test 8,
for discharge ratios of less than 0.60. Above this ratio, junection
losses increase in the branch compared to the results shown in
figure 21; while losses show a decrease in the main pipe, compared
to the results shown in figure 20-A, for discharge ratios abhove 0.50.

From these tests it was concluded that the filler blocks ac-
tually did decrease the junction loss coefficients in the majority
of cases for discharge ratios under that for which they were de-
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signed. It was exnected that the junction losses would increase for
values greater than the designed ratio. The improvement, contrary
to expectations, was so small that the benefit derived from filler
blocks of this type would hardly be worth the expense of instalia-
tion. It is possible, however, that for penstock installations where
discharge ratios for the branches remsain nearly constant and power
head at the turbines is at a premi-:n, filler blocks may prove to be
of some value. These, however, would not be a practical installation
at Boulder Dam.

17. Static Pressures at 103-Degree Junction.—In the design of
thin-walled pipes, maximum and minimum pressures developed at
Jjunctions are important. To determine more in detail these pres-
sure conditions, additional piczometers were installed in the model
of the junction. Piezometer 13-D and piezonmieter rings 14 and 15
were placed as shown in figures 10 and 23, in the section of the
branch immediately downstream from its intersection with the
main pipe. During test 3, these pressures were read simultaneously
with the other piezometers. Pressures at three of the piezometers
of ring G were also read; the fourth was eliminated by the installa-
tion of the branch pipe.

The pressure at each of these points was compared with the
average pressure condition at piezometer ring 6, measured during
previous runs without the branch installed. The drop in pressure
between each piezometer and piczometer ring 6, measured before
the branch was installed, expressed in terms of the velocity head
in the main pipe upstream from the junction, is shown on figure 235.
As it is possible to calculate the pressure at any point in a straight
pipe, a condition which is not true after a junction is installed, the
pressure obtained at ring 6, without the branch, was used as the
reference pressure in these experiments.

A slight increase in pressure was found at piezometers 6-A, 6-B,
and 6-C, due to the introduction of the junction. For discharge ratios
up to 0.20, a decided increase was indicated by piezometer 14-B: but
for ratios above this value, the pressure diminished rapidly. For
lower ratios, the gain in pressure indicated by this piezometer was
probably caused by impact; while for the larger ratios, the loss in
pressure may be attributed to turbulence and complicated eddy
formations.

As an aid in visualizing the pressure distribution in a junction
of this type, diagrams of the actual observed pressure intensities
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at piezometer rings 14 and 15 are shown on figure 24 for several
rund of test 3. Pressures were measured in feet of water above
the center of the pipe and are plotted both vertically and hori-
zontally, using the intersection of the two axes s the origin. The
circumferential pressure at piezometer ring 16 was quite uniform
in each case. Pressures recorded at ring 14, however, varied
greatly with discharge conditions. Considerable variation can
be noted in the pressure distribution for the extreme cases where
.70, = 0.151, and 1.00.
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18. Tesis on a Right-Angle Junetion. — Az previously men-
tioned, experiments of a similar nature have been performed by
Professor Thoma and his associates at Munich, Germany. Trans-
lations of their work have been used quite extensively for reference
in the design of pipe juuctions. This was the case in the early
designs for the Boulder Dam penstocks. There was some question
at that time as to the validity of applying Professor Thoma’s data
to such extremely large penstocks, particularly in view of the fact
that his oxperiments were performed on relatively small brass
pipes.

To make a definite check on Professor Thoma's experiments,
two tests were made for the determination of junction losses, using

e
i bt
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a 3.45-inch branch pipe connected to the 10-inch main pipe at an
angle of 90 degrees as shown on figure 25. In test 10, the branch
was connected directly to the main pipe; while in test 11, the branch
was joined to the main pipe by a cone having a total central angle
of 13 degrees und a length of 2.1 D,. The ratio of the diameters,
D,/D,, of 0,35 and the proportions of the cone were directly com-
parable with two of Professor Thoma's experiments.

The 3.49-inch branch, with an extra section of pipe up-
stream, vvas first connected to the forebay bulkhead and calibrated
by the procedure previously used to ealibrate the 4.33-inch branch.
The friction factor curve obtained from this calibration was plotted
with respect to Reynolds' number as test 9 on figure 14. This
curve falls below the curve for the 10-inch pipe which tends to
substantiate the previous explanation that the smaller pipes were
subject to lower friction factors because they contained fewnr
Joints per diameter than the larger pipes. Calibration curves rep-
resenting the pipe friction from piezometer ring 6X to any pie-
zometer in the branch, for various discharges at a temperature of
60 degrees Fahrenhait, are shown on figure 26. Temperature cor-
rection curves used in converting pipe friction losses in the 3.49-
inch branch to a constant temperature are shown on figure 27,

Calibrations of the 10-inch pipe, before and after tests on
the 90-degree branch, are indicated as tests 2Y and 27 o figure 14,
Little change in friction wag evidenced in the 18-inch pipe through-
out the entire set of experiments. Calibration curves representing
bipe friction from piezometer 6 to any piezometer in the main
pipe, for different discharges at a temperature of G0 degrees
Fahrenheit, are shown on figure 28,

The procedure for determining junction losses in tests 10 and
11 was the same as in test 3, except that an additional piezometer
ring, 6X, was used as the reference point. P, in testz 10 and 11
represented the average readings of piezometers 2, 3,6, and ¢
rather than piezomecters 2, 3. 4, and 5. Piezometers on ring 4 had
been damaged and readings from it were no longe: included in the
average,

The results of test 10, without the cone, and test 11, with the

cone, are piotted in three forms on figures 29 and 30. Figure 29
shows junction losses measured in the branch, expressed in terms

‘Vogel, Gustav, Losses in Right Angle Pipe Tees, Mitterlungen des Hy-
draulischen Instituts duy Technischen Hochschule, Part 1—192g,
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of velocity head in the main pipe upstream from the junction.
Figure S0-A shows the same losses in terms nf veloeity head in the
branch. Junction losses measured in the main pipe, expressed in
terms of velocity head in the main pipe upstream from the junction,
are shown on figure 80-B,

Professor Thoma’s junction loss coefficients for an exactly
similar layout in which he used a 43-millimeter smooth brass pipe
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with a 90-degree 15-millimeter branch, with and without cone,
are plotted on figure 29. These coefficients on small pipes are con-
siderably higher than those obtained by the Bureaun of Reclamation
on larger pipes, which would indicate that viscous effects, in small
junctions as well as in small pipes, are appreciable. It is believed
that the surface roughness in the two pipes was very neatrly to
scale. If this is true, the results indicate that experimental data
on small junctions for small values of Reynolds’ number are not
particularly applicable for computing losses in large penstocks
where large values of Reynolds’ number are involved. Professor
Thoma's work dealt with Reynolds’ numbers up to 100,000, while
the Boulder Dum penstocks involve Reynolds' numbers as large
as 90,000,000. Cousiderable recent data aye available which indi-
cate that losses tend to decrease with the use of larger models, in
spite of the fact that little change in the loss coefficient is observed
for varying velocities in a model of given size. If junction losses
in large smooth penstocks, such as those at Boulder Dam, were
computed on the basis of Professor Thoma's experiments, the exist-
ing losses would undoubtedly be less than those computed.
Professor Thoma’s junction loss coefficient curve for the cone

installed is unquestionably in error as a few rough computations
will show. The addition of the cone should produce a very notice-
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able improvement in entrance conditions at the branch. The Bu-
reau’s experiments show that the addition of a come reduced the
Jjunction loss coeflicient to approximately one-third of itg original
valie. As a matter of intevest, it is possible to compute junction
losses for the layouts in tests 10 and 11, with a limited degree of
securacy, by a method similar to that used previously for test 3,
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The layout in test 10, without the cone, will be considered first.
For an ordinary sharp-edged pipe entrance leading from a quiet
reservoir, handbooks show the entrance less to be approximately

5 V2/2g. In the case of a junction, various conditions of flow
exist at the entrance te the hranch and an additional loss, of
approximately 0.8 V. */2¢, should be combined with the entrance
loss. The total junction loss for the branch is:

Jo=0.5 V,2/2g + 0.8 V,2/2¢.

The second term is a variable but is approximately correct for the
lower values of ./Q, where it is effective. For the larger values
of ©Q./Q, this term is neglible compared to the first. Expressing
the equation in a more practical form, the junction loss coefficient
for the branch is:

Ju QIIA-“ : AF‘
= 0.50 + 0.8(—-—- ) where — = 0.12146,
Vii/2g Q. A,
Upon substituting values of @,/Q, in the above equation a curve
is obtained which approximates the one for test 1G on figure 30-A.
The junction loss for test 11, with the cone, may be estimated
in the same manner by substituting the proper cocfficients in the
equation. Comparing the entrances to the branch in the two
tests with cones, one would expect the entrance for test 3 to be
slightly superior to that of test 11. 1t therefore seems logical to
substitute the following coeflicients in the formula:
Jo=02V>/2g -+ 0.5 V,*/2q.
Expressing this in the alternate fornm, the juncticn loss coefficient

hecomes ;
Jll (QllAﬂ 2
—_— =020 + 65—
VE/2g QuAu>
The curve obtained by substituling values of @,/&. in this equation
closely approximates the curve for test 11 on figure 30-A.

19. Static Pressures at a Right-Anpgle Junction.—Piezometer
rings 38 and 34 were installed in the branch near the junction, as
shown on figure 25, for the purpose of studying pressures in the
junction zone. These were read with the other piezometers during
tests 10 and 11. The drop in pressure between each of the piezom-
eters and the piezometers at the theoretical junction, without the
branch, is plotted on figures 31 and 32, respectively. These dif-
ferences in pressure, expressed in terms of velocity head in the
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main pipe above the junction, are plotted with respect to the dis-
charge ratio. In both tests 10 and 11, piezometers 6XA, 6XB, and
6XC, show pressures above the average obtained at ring 6X with-
out the bianch attached. Higher pressures were developed in the
main pipe for test 10 than for test 11, The curve for piezometer
33-B in figure 31 is similar to the curve for piezometer 14-B in
figure 23; but no increase in pressure was developed in the right-
angle junction without the cone. The curve for piezometer 33B
in figure 32 shows the effect on the pressure at this point produced
by the addition of the cone. An increase in pressure was recorded
at piezometer 33-B for discharge ratios helow 0.46. Small drops
in pressure were observed for ratios above this value.

FIGURE 33—PITOT TUBE APPARATUS FOR
MEASURING VELOCITIES

20. Yelocity Distribuiion in Main Pipe.—At the conclusion of
the experiments on the quantitative model of the pipe junction,
measurements of velocity distribution in the 10-inch pipe were
made with the branch removed. A pitot tube, shown in figure 33,
was mounted near piezometer 6, or approximately 18 diameters
downstream from the pipe entrance. ‘Traverses were made in both
horizontal and vertical planes passing through the center line of
the pipe. Five pitot-tube readings were taken at each point shown
in figure 34-A. Actual velocities measured at the several peints
are plotted in figure 34 for six discharges. Isotachs, representing
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points of equal velocity, were drawn, and the areas between these
lines were obtained by the use of g planimeter. The non-
uniformity in velocity distribution is probably due to the unsym-
metrical entrance conditions.

The coeffficient of velocity in a circular pipe is expressed® as
B = %, where v ig the velocity in each individual grex bounded
by the isotachs, V is the mean velocity in feet per Second, and A
is the total area of the pipe in square feet. If the areas of the
annular rings between the velocity contour lines in the figure 84.A
be dencted as a,, a., iy, ete., and the mean velocity in each respac-
tive area be indicated as Vi, Un ¥, ete,, the numerator of the above
equation can be expressed as x (v*a, + vt 0.+ v, q, + ---) or
29 % (heytty F gy @4+ By, b ) = 2¢ X (h.t), where j, is the
velocity head of each individual area between isotachs,

The mean velocity ¥ in the pipe is equal to

(vt via. 4 v, q,+ )

A
X (fI: -+ q.+ &t "') 4]

A A
The denominator of the equation is then simply @*/A which
can also be expressed as 2g H,A4, where H, is the total mean veloe-
ity head in the pipe.
Substituting the numerator and denominator into the original
«quation, the result is

Xhea
B =
H.A
Experimental values were substituted in the above equation
for six discharges investigated. It was found that the value of
8 varied from 1.016 to 1.033, as indicated on figure 84. The en-

. YA
ergy head correction factor*, expressed as o == Vi where v =

velocity in each individual area bounded by isotachs, V == mean
velocity in pipe in feet per second, and A = total area of pipe in

'Powell, Ralph W., Branch Losses in Pipes by the Momentum Method,
*O’Brien, M. P, and Johnson, J, W., Velocity-Head Correction for Hydraulic
Flow, Engineering News-Record, August 16, 1944,
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square feet, was computed for tlie six runs shown on:fligure - 34: ‘

The integration of the expression ‘f'u"-dA was - accomplished by

plotting a mass diagram, the coordinates of which were the area
of the pipe and the cube of the individual velocities at isotachs.
The numerator of the above equation was obtained by measuring
the area under the curve with a planimeter. The denominator
was obtained by multiplying the total area of the pipe by the
sum of the cubes of the individual veloeities in the. areas between
isotachs. The velocity head coefficient, «, varied from .1.020 to
1.116. These values are listed under their respective discharges
on figure 34. The true velocity head is then « H,, where H, = total
mean velocity head in the pipe.

The junction loss results would have appeared slightly dif-
ferent had the true velocity head been used in the computations
rather than the mean velocity head; since the coefficient varied
with the length of the pipe used in the experiments. It is evident,
therefore, that numerous measurements woukl have been required
to obtain a true interpretation of velocity conditions throughout

the pipes. The results of these experiments together with other L

similar studies indicate that the velocity head coefficient for a-
given pipe decreases with an increase in Reynolds' number; and,
for a given Reynolds’ number, Lhe coefﬁuent decreales aS. the size
of pipe increases.

It was realized that addztmnal measurements of velocity dis-
tribution would have been interesting, and perhaps valuable; but
the requirements of this particular problem did not justify them,
and time limitations prohibited additional studies. Furthermore,
such work would have required a material refinement of the avail-
able apparatus.

2]1. Summary and Conclusions.—Results of the foregoing
tests may be summarized as follows:

1. The installation of filler blocks at the 105-degtree
junction, to displace the eddy formation existing at this
location, produced no material improvement in the efficiency
of the junction. .

2. Comparison of results obtained by Professor Thoma
and the Bureau of Reclamation on geometrically similar
junctions of different size indicated that the junction loss
decreased as the size of the model increased. The increased
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loss indicated by the smaller junction:is primarily due to
viscous effects and to the fact that the straight pipe friction
is seldom to scale, although the junctions may be geometri-
cally similar. ‘It 'is therefore logical to assume that the
greater deviations in junction losses occur for the smaller
pipe sizes,

3. The addition of a cone connecting ‘the right-angle
branch with the rmain pipe reduced the junction loss co-
efficient to approximiitely one-third of its original value.

In conclusion, it may he. well to emphasize.the fact that the
foregoing experiments were performed for a specific. purpose and
were not intended to constitute a general situdy of pipe junetions.
The results of these tests may prove of value for a similar case
in the future which complies with similar limitations. - The ma-
jority of the graphs have been expressed su that the values are
dimensionless ; thus it would appear that the same values indicated
by the graphs apply for both model and prototype. Strictly speak-
ing this is not entirely true, especially on very small models, due
to the above mentioned factors. .It is expected that actual junc-
tion losses in the Boulder Dam penstocks will be slightly less than
those indicated on the model, in the same way that the losses in
the model were less than those obtained hy Professor Thoma on
a smaller but similar junction. The variation between prototype
and model is expected to be less than the variation between the
model znd the small brass pipe, because the model was large
enough to reduce viscous effects considerably.

ACCURACY OF RESULTS

22. General.—The model fests on junction losses .in the
Boulder Dam penstocks, comprising approximately 25,000 separate
observations, made with accurate equipment and with multipie
readings of piezometers located every four to six diameters over
the entire length of pipe tested, afford an exceptional opportunity
to evaluate  experimental errors, to analyze the distribution of
hydraulic losses, and to develop a procedure of maximum efficiency
for future tests.

In this report, the energy loss due to a junction has been
defined as the sum of the piezometric drop and the difference in
mean velocity heads, less the normal friction loss  between the
two piezometer stations. This equals the true energy loss when
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the two piezometer stations are located sufficiently far upstream
and downstream from the junction that normal velocity: distribu-
tion exists in the stream cross sections. Theoretically, a complete
loss determination reguires the simultaneous: measurement of two
mean velocity heads, two piezometric elevations, and the loss which
would exist in the same total length of pipe if it were uniform.
Since simultaneous readings were impractical, certain errors were
introduced.

23, Errors in Mean Velocily ‘Head.—The rate of discharge
was measured by weirs which had previously been calibrated
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FIGURE 35—FREQUENCY DISTRIBUTION OF FLUCTUATIONS
IN STILLING BASIN

volumetrically. It is believed that absolute errors in: mean dis-
charge as determined from the measurements did not exceed one-
half of one percent. From the weir, the water passed to a stilling
basin, thence to the equipment under test. ‘Although nearly an
hour was allowed before each test for the flow to stabilize, fluctua-
tions persisted in the stilling basin. The water rose and fell
slowly .with .a probable deviation of 0.025 foot from the mean
elevation as shown in figure 35 at any instant. At the end of
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ench run, the average discharge was obtained by correcting :the
mean of the weir readings, to allow for any storage which had
occurred in the forebay. The correction:for even the-lowest: dis-
charge was iess than 0.2 percent. Nevertheless, an observational
error was introduced by the momentary changes in the total head
on the apparatus. . Since the head on the apparatus approximated
&h., for velocity hends of one foot and over, this error for a single

1 0.025

observation is — X ==0.,8 percent of h,. Sixteen readings
& 1.0

were made on each piezometer, therefore the probable error? of the

.8
mean would ke only —— A, = 0.2,
VI

Repeated microcaliper: measurements showed that the:diam-
eters of the pipes did not vary more than 0.003 inch, or 0.1, percent
for the 3.49-inch branch. This variation would cause an error of
approximately 0.4 percent in the mean velocity:head. The previ-
ously mentioned error of 0.5 percent in the weir discharge .is
equivalent to an error of (1.005)}*~1.00, or one percent in the
mean velocity head. Combining, the total probable error in the
mean velocity head is:

v (0.01)* < (0.002)* + (0.002)=, equivalent to
about one percent. ‘

In accordance with usual practice, the mean: velocity head:-was
used in this report for the computation of kinetic energy head. It
is known, however, that.because of the non-uniform distribution
of velocity, the kinetic energy is from nine to two percent in excess
of the mean velocity head for Reynolds’ numbers between 50,000
and 1,000,000. Furthermore, the corrections may. be much larger
for sections less than thirty diameters downstream :from fittings
due to non-symmetry of velecity distribution. Information con-
cerning the magnitude of this correction, measured.at a:location
immediately upstream from the junction in the 10-inch pipe, ap-
proximately 18 diameters below the entrance, is given in section 20.
Numerical values of junction losses have been computed on - the
basis of mean velocity heads. The error involved in this pro-
cedure will be further discussed.

For a detailed discussion of the application of the theory of least squares
to the interpretation of errors, sce Root: “Mathematies of Engineering.” Wil-
linms and Wilking Go., Baltimore.
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‘24, ‘Errors in Determination‘of'Hydmulic‘Grade.——The='deter-
mination of the hydraulic grade at: any point was subject:to:the
following errors:

1. Fluctuations in headwater elevations.

2. Fluctuations due to turbulence.

3. Errors due to mechanical  construction of piezom-
eters.

4. Errors due to lack of parallelism of :flow.

5, "Various errors due to capillarity, temperature, en-
trained air, etc,
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FIGURE 36—FREQUENCY DISTRIBUTION OF FLUCTUATIONS
IN-PIEZOMFETER READINGS

Since approximately half the tota] pressure head on the ap-
paratus was transformed into velecity head at the -entrance, the
effect of reservoir fluctuations, error 1, on osciliations in the pipe
piezometers is expected to be reduced one-half. Figure 35 indi-
-cates that the probable fluctuation in the reservoir was about
.0.025 foot; so the expected fluctuation in a piezometer was of the

e
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‘order of 0.012 foot. Results showing fluctuations at 16 different
piezometers for two discharges are plotted on figure 36, These
‘indicate a probable error for a single observation of 0.008 foot.
These data take into account changes in. piezometric levels caused
both by headwater and turbulence fluctuation; and as the error
is less than that expected by headwater fluctuations alone, a rea-
-gonable conclusion appears to be that turbulence surges, error 2,
were of relatively little importance.

Four readings of each.piezometer were taken at about ten-
minute intervals during each run. The fluctuation error for-a set
0.008
VA
= (.004 fool. Since four piezometers comprised a ring, the error
of the piezometric grade as determined by the ring, caused by
‘fluetuations only, would be 0.002 foot.

Due to slight roughness at the edges of openings, error 3, or
non-parallelism of flow, error 4, most piezometers exhibited :con-
stant positive or negative errors varying with velocity head. .As-
suming the correct piezometric elevation at a given ring to be
that of the mean of the four piezometers, each:read four times, a
study was made of the variation of the individual piezometers
from the mean. For this purpose the experiments made to de-
termine friction losses in the :10-inch straight pipe were used, the
analysis being based on the piezometer errors of rings 6, 10, and
11, Jocated 18, 44, and 52 diameters downstream from the rounded
intake.

‘Eight runs with velocity heads varying from 1.5 to 3.5 feet
were used, and the differences from the mean piezometric level of
each run for each ring were expressed in terms of velocity head.
The distribution of the mean:error .for the twelve piezometers is
shown on figure 37. The indicated probable error for .a single
.piezometer due to mechanical defects is (0.0 = 0.0015) A, percent.
With a mean velocity head.equal to 2.5 feet, the corresponding ~
error is 0.025 foot. ‘For a.ring containing four piezometers, the
probable error is 0.012 foot which is comparable to the 0.002 foot
caused by headwater fluctuations. .Although ‘the constant error
due to mechanical defects of :the:piezometers may rappear large,
previous work on:the subject’, indicates that it is within the limit
of practical accuracy.

of readings from a single .piezometer would therefore be

*Allen and Hooper, “Piezometer Investigalions,” Trans. A.S.M.E, HYD.
54-1-1882. ‘
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In connection with :lack of parallelism of flow, error -4, there
is reason:to believe that water, entering a pipe system through an
imperfectly shaped mouthpiece, passes .through the same ‘phe-
nomena - of contraction -and -expansion that is experienced by :a
free jet issuing:from an orifice. In the straight pipe experiments
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FIGURE 37—FREQUENCY DISTRIBUTION OF -CONSTANT ERRORS
IN PIEZOMETERS DUE TO MECHANICAL IMPERFECTIONS

on the 3.49-, 4.33-, and 10C-inch -pipes, with piezometers :Jocated
3.5 to 7 diameters along the pipes, the exparimental data indicated
‘that points of low and high pressure, analogous to waves, occurred
-downstream from the entrance at intervals of 6 to 8 diameters.
The amplitude of the pressure deviation was about one percent
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of ‘the velocity ‘head, and was not entirely damped in a length of
50 diameters. Although the experimental data are not conclusive,
it is estimated that there was a probable error from this .cause
in the order of 0.7 percent ot the velocity head at the upper end
and 0.2.percent.of the velocity head at the lower end.

No attempt-has been made to evaluate errors due to tempera-
ture, entrained air, and capillary -effects, error 5. In comparison
with ‘the other errors it is believed that these may be neglected.

25. Errorsin Obtaining Energy Grade—For g given run, the
-energy grade at any piezometer ring was determined by averaging
the 16 separate readings from the four ‘piezometers and adding
to.it the mean velocity head. The probable error in the result was
‘as follows:

y* == (velocity head error)®-+ (error due to standing
‘pressure waves)® -++.(mechanical error of piezom-

eter) * + (fluctuation error):.
Assuming the fluctuation error to be equal to or'less than 0.002 fy
for velocity heads of one foot and over, the experimental -error in
the energy grade at any piezometer ring for a given run becomes

y = hv\/(0.0t)z)‘-‘ +-(0.002)* + (0.005)° + (0.002)* ==0:006 A,.
For velocity heads of three feet or more this error amounts to:0.02
foot. Variations of this magnitude revealed by the plotted.energy
grades on figure 17.are common. These errors are exclusive -of
‘those previously mentioned, vesulting from -inaccuracies in -weir
measurements. “

26. Errorsiin Straight Pipe Losses.—At the ‘beginning of ‘the
-experimental program, it was contemplated that the straight :pipe
losses required 'by the experimental .procedure would ‘be obtained,
once for all, by tests made for this purpose. The following ap-
paratus ‘was available:

1. 3.49-inch pipe: Entrance, 29-degree cone with 16:1
entrance-to-throat area ratio; calming length, 38 diameters
containing ‘6 piezometer rings; end length, 14 diameters
with 3 piezometer rings.

2. 4.88-inch pipe: Entrance, 27-degree cone with 10:1
entrance-to-throat area ratio; calming length, 26 diameters
containing 4 piezometer rings; end length, 16 diameters
with . 3 piezometer rings.
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, 8. 10-inch pipe: ‘Entrance, semicircular ‘beading -on
face of wall with radius equal to 0.4 -that-of pipe; entrance-
‘to-throat area ratio 2:1, calming length, 36 ‘diameters ‘eon-
‘taining B piezometer rings; end length, 16 -diameters with
3 piezometer rings. . : )

Since the pipe used was of the same quality throughout and all
‘piezometer rings were of equal accuracy, the distinction hetween
-calming length and measuring section is a nominal one, but is
useful for analyzing errors.

The velocity distribution is nearly uniform at the throat of &
well-rounded pipe entrance whose shape is such ‘that no contrac-
tion occurs. For smooth pipes, the distribution changes ‘into the
typical velocity profile within a distance of 25 :to 40 dismeters
downstream. The energy loss during this transition must be very
small, and may be even less than in the portions of ‘pipe subjected
to normal flow. The change in velocity distribution results in a
-conversion of potential to kinetic energy. The hydraulic-grade line
for this case, tends to take the form of a falling curve, .concave
upward, steeper at the upstream end, and flattening into:a straight
slope descending toward the outlet. If entrance conditions are
not ideal and a tendency toward contraction exists, the kinetic
-energy at the contracted section will be much higher than would
be ‘indicated :by the calculation from the mean velocity corrected
for normal distribution, The static pressures would show a-drop
from the actual entrance to the vena contracta followed by a sharp
rise and subsequent gradual drop, the latter being subject :to
damped oscillations. The experimental measurements of static
‘pressures began approximately .at ‘the probable location -of this
‘contraction, and show the sharp rise.and succeeding drop with
oscillations. When a constant kinetic energy term, based on down-
stream conditions, is added to this pressure distribution, the result-
ing nominal energy grade line shows 'the same variations as the
measured pressures. It is thus too low at the first point, probably
too high at its peak, and may oscillate about the true grade line
with diminishing amplitude thereafter. ;

It is evident, therefore, that to obtain the normal loss in a
straight pipe, either the pressure drop must be obtained at loca-
tions sufficiently distant from the entrance that the velocity dis-
tribution is constant and the hydraulic.grade a straight line, or the
true value -of the kinetic energy at the measured cross .sections
must be known. Unfortunately, in the Bureau's tests, the length
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of pipe which could be accommodated was limited so that only 14
to 15 diameters at the downstream end could be considered as hav-
ing approximately constant velocity distribution. The measured
energy drop in this length was approximately 0.23 h,. It has
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FIGURE 38—DISTRIBUTION OF THE ENTRANCE L0OSS

been shown that the probable error‘in the mean results of a set of
readings on .2 single piezometer ring is of the order of 0.006 h,,
for a single determination of the friction coefficient, caleulated
from the drop between two rings. Therefore the probable error

e \
in the friction coefficient is: _\%%Qﬁ@__bh == 3.7 percent. In
addition, if calming lengths are inadequate, the true kinetic ener-
gies in the two gections may vary by an amount -equal to-0.01 2,
resulting in a persistent error of 0.01/0.28 X 100 = - 4.3 percent in

the friction coefficient, a value well within the possible range.

27. Entrance Losses—During the tests for friction losses in
straight pipes, advantage was taken of the opportunity to measure
-apparent entrance losses and their rate of development. Results
obtained from this series ¢f observations show that their probable
deviations fronm1 the mean, based on 25 experiments, are as follows:

1. 3.49-inch pipe entrance, loss 0.14 h, * 2.5 percent.
2. 4.33-inch pipe entrance, loss 0.11 &, * 3.38 percent.
3. 10-inch pipe entrance, loss 0.18 £, = 2.5 percent.
Details of pipe entrances are shown on figures 10 and 25.
The accumulative percentage of the total apparent entrance
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losses at various diameters below the .entrances are shown on
figure 88. It is noted that, even at 30 dmmeterq on]y 95 percent
of the total entrance loss has occurred. '

Since this data ‘was obtained from pipes ‘of limited lengths,
there is reason to believe that the determinations of ‘both entrance
losses and straight pipe losses include largs persistent errors.
Thus, in an experiment in which the calming length is only 30
diametevs, followed by a test section 16 diameters long, if 5 per-
cent of the entrance loss, assumed to be 0.20 #,, tzkes place in
the test section whose normal friction loss is-0.23 h,, a persistent

0.058 X 0.20 '

positive error of —0—03—- X 100 == 4.3 percent would exist in
the determination of the friction coefficient. This may explain the
higher friction losses found for the 10-inch pipe which had the
largest entrance loss. Such an overestimate of friction loss would,
in turn, lead to a persistent underestimate of about 13 percent in
-the entrance loss, since the determination of the entrance loss in-
volves the subtraction of the normal friction losses, in 40 diam-
eters of pipe, from the measured energy drop.

28. Branch Loss Errors.—The true energy losses caused by
the juuctions were not required to satisfy the major purposes .of
these tests, and those shown in the grauphs are the nominal losses
as ordinarily wused in hydraulic practice. Nevertheless, in -some
circumstances the true losses are important. The two examples
following indicate the magnitude of the difference between the
nominal and true losses.

The equation by means of which the coefficients were deter-
mined experimentally may be written:

A= (1-K.) + (P,—P,) —mK,K..

The symbols have the meaning and values as follows; the experi-

mental values are those obtained in one of the tests to determine

the losses in the main pipe due to the diversion of six-tenths.of the

flow through the branch with Reynolds’ number equal to 200,000,
gee figure 20-A, Q./Q, = 0.6:

A == Coefficient of junction loss in terms of V,*/2g

(P.—P,) = measured drop in hydraulic grade lme across

junction in terms of V,2/2g == ~{.64

K, = Friction coefficient in terms of V,*/2¢ peridiame-

ter B ==.0.019
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m == length of pipe in diameters between points of
measurement of pressure.drop; == 25
K., — ratio between mean velocity head below junction
to-that above; = (.16
Substituting the experimental values in the-equation gives
A== 0.84 — 0.64 — 0.08 =0.12,
This is the value plotted on figure 20-A. ‘
In figure 34 are shown the coefficients by which the ‘mean
velocity ‘heads must be multiplied to obtain the true kinetic
-energy ‘head. It should be noted that these values are higher than
nominal due to the nonsymmetrical velocity -distribution. If, in-
stead of using the difference between mean velocity heads for the -
term (I — K.) the true energy head be used, from figure 34,
Q=2, the term (1 — K.) becomes (1.72 — K,); and, according
to Nikuradse's® data for symmetrical velocity -distribution, K.
must be multiplied by 1.05. Using these values the equation

becomes
= 0.95 — 0.64 — 0.08 = (.23.

Thus the true energy loss caused by the junction in the main pipe
for ‘a discharge ratio of 0.60 is 95 percent larger than shown in
figure 20-A., .

Similar methods of computation show, on the contrary, that,

for the same discharge ratio @./@, ==0.60, and for the conditions
plotted on figure 21-B, the true loss is only 77 percent of that
plotted. .
It is evident that where the desired quantity depends upon
the differences of large terms of nearly equal magnitude, if ac-
curate values are desired, great refinement is reguired in the ex-
perimental worl.

29. Conclusions on Errors.—JFrom a study of the -errors in
these tests, the following conclusions appear to be warranted:

1. The magnitude of the accitdental error in the energy
grade at a given ring for a single run was largely controlled
by the mechanical errors in the piezometers. If in future tests
+he piezometers are placed in a spiral around the pipe over a
iength of about & diameters, errors due to pressure waves will
be eliminated. Where fluctuations exist, similar to those

"“Nikuradse. “Gesetzmiiszigkeiten der turbulenten Strémung in glatten
Rohren" (Laws of Turbulent Flow .in Pipes) VDI Forschungsheft 366 (1932).
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found in these tests, the piezometers can be read to the near-
est 0.01 of a foot and the number of readings reduced by one-
half without appreciable change in the ACCUTACY.

2. Moving piezometers from Jocations near a fitting to
‘points away from the fitting, where the straight pipe loss is
known and the velocity distribution is nearer constant, will
increase the accuracy of an experiment.

3. Where quantitative losses are sought, errors in energy
correction factor and in straight pipe losses probably control
the -accuracy. The energy correction factor is of particular
importance where anticipated louses are small. Neglect of this
factor is probably respensible for many discrepancies in pub-
lished data. '




CHAPTER III—INTAKE TOWER AND PENSTOCK
ASSEMBLY

INTAKE TOWER MODEL

30. Intreduction.—Release of water for irrigation and power
purpeses is controlled by four intake towers adjacent to the up-
stream face of Boulder Dam.'* Each intake tower is provided with
two cylinder gates 32 feet in diameter. The lower gate is located
in the base of the tower, at elevation 895; and the upper 150 feet
higher, at elevation 1045. These gates control the flow through the
30-foot steel penstock headers which extend from the base of each
tower to the turbines in the power plant and to either the canyon-
wall outlet works or the tunnel-plug outlet works. The closure of
the upper and lower gates in any intake tower permits the un-
watering of the steel penstock and all its appurtenances for in-
spection and maintenance,

Te determine the hydraulic action of the towers and control
gates under the various conditions of discharge to which they may
be subjected, a model of one of the towers, on a scale of 1 to 64,
was constructed and tested in the hydraulic laboratory .of the
Colorado Agricultural Experiment Station, Fort Collins, Colorado.
By means of this model, the distribution of flow through the two
sets of gate openings was determined; methods” “of reducing the
entrance losses studied; and the necessity for air vents below the
lower cylinder gate investigated.

31. Apparatus.—The model consisted of a complete assembly
of the upper Arizona 30-foot penstock header, intake tower, and
branch penstocks leading to the turbines and needle valves .as
shown on figures 39 to 48, inclusive. Photographs of the model
are ghown on figure 42,

The intake tower and surrounding topography were located
in the 10.5- by 10.25-foot tank, as shown in figure 2. The inner
portion of the tower consisted of galvanized sheet-metal cylindrical

*Kinzie, P'. A., Hydraulic Valves and Gates for Boulder Dam, Mechanical
Engineering, vol. 56, July, 1934, p. 3887,
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shells, accurately built and carefully soldered together with butt
Joints, forming a true representation of the prototype in.detail and
dimension. Two independently operated cylinder gates were in-
stalled in the tower, similar to those in the prototype. The gates
were made of 12-gage seamless ateel tubing with the lower outside
edges beveled sufficiently to insure a close fit with the base plates,
forming a satisfactory water seal as shown in figures 48-A and
43-B. These were raised. and lowered by three small rods attached
to each gate at the third points on the circumference. The rods
from the lower gate converged into one main vrod which extended
up the center of the tower to the hoisting apparatus. The upper
end of the rod was threaded to permit raising and lowering the
gate by 4 small crank in the upper part of the tower, see¢ figure 43-C.
The rods to the upper gate were similarly connected to a sieeve
which enclosed the main rod leading to the lower gate. 'This sleeve
was also threaded at the upper end, and was actuated by a second
crank located in the upper part of the tower.

Bottom portions of the gate entrances were made from .ma-
chined metal plates. The lower plate served both as a gate seal and
as a base for the tower. Upper portions of the entrances were
molded, using a mixture of beeswax and paraffin. With the ex-
ception of piers and pier spacers, which were of wood, and gate
entrances, which were of wax and paraffin, the tower was £on-
structed - of metal. Piers and spacer blocks were protected with
two coats of aluminum paint to prevent as far as possible any
swelling of those parts of the model. The topography about the
tawer was constructed from contour maps of the canyon and con-
sisted of a lean mixture of cinder concrete., Trash racks, shown on
figure 42-B, were installed on the tower during a portion of the
tests. These were constructed to scale, but due to their miniature
size, there is some doubt as to the advisability of relying closely upon
results obtained with them. Small edges and burrs which were
practically impossible to remove, surface tension, and traces of
grease and oil on the racks, all probably had some effect on test
results. The racks, 182 feet long on the prototype, were constructed
of thin strips of sheet metal, set with the thickness of the metal
normal to the direction of flow and held in Place by cross pieces
to which the strips were soldered. Upon completion of the various
parts, the tower was assembled on its base plate and bolted to a
corresponding plate located in the floor of the model tank, to
which the 30-foot diameter penstock header was connected. In
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A. Intake Tower Withont Trash Racks B. Intake Tower With Trash Racks

C. Intake Tower, Topography and  Por

tion of Dam

FIGURE 42—MODEIL OF ARIZONA TOWER LOCATED
ADJACENT TO THE DAM :

82
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making alterations in the model, it was necessary ‘to ‘unbolt . only
the upper plate from the lower and ‘remove the -intake tower as
a unit,

32. Analysis of Losses in Tower.—To aid -in analyzing ‘losges
in the intale tower, a ring of piezometers was ‘installed iin the
base, at elevation 890.0, see figure 43. It was -anticipated, and
later confirmed, that the vertical 90-degree bend :in the penstock
header, immediately below the tower, would produce an.unbalanced
effect on the flow in this portion of the model, causing a variation
in pressurve at the four piezometers. As losses to be measured in
the model were small, -averaging ‘the readings .of this ring of
piezometers would have been inaccurate. Furthermore,‘the‘velocity
distribution in the vicinity of the bend was unsymmetrical. To
avoid complicating loss computations with errors from thege
sources, the penstock header was disconnected from the 'base of the
tower model and a straight section of pipe, 3 feet in length was
connected in its place, see figure 44-A. The lower end of this auxil-
iary section was fitted with a flange to which orifices of different
size were fastened to regulate the discharge ‘through the .tower.
Five rings of piezometers, designated as A to E, ‘inclusive, were
installed at 6-inch intervals along the.auxiliary section of ‘pipe, :as
shown on figure 44-A. Each ring consisted of four piezometers,
spaced. 90 degrees apart: and each piezometer was connected with
a rubber hose ‘to a single _glass manometer reading ‘tube. An
average value for the pressure at the base of ‘the tower, elevation
890.0, was obtained from these five rings-of -piezometers by adding
the computed pipe friction, from each ring to elevation 890.0, to
the corresponding observed gage reading of each ring. As this
section of pipe was similar in construction to that used in the pen-
stock experiments, the pipe friction-was obtained from the curves
plotted on figure 14.

Observed pressures at the five piezometer rings below the
lower are shown on figure 45 for several rung with ‘both gates
open. Rings A and E were consistent with the other three; ring
A appeared to be unaffected by the lower gate; and ring E was
uninfluenced by the orifice. The data plotted for each run made
essentially a straight line; thus readings from all five rings were
used in the loss computations.

Two siphon piezometers were installed ‘in the center of the
tower; one midway between the upper and lower gates, and the
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other about a foot above the upper gate. Each consisted .of ‘& plece
of 3/16-inch copper tubing, drawn to a point at the lower .end .&s
shown 'in figure 44-B. ‘Twelve 8/64-inch heles were-drilled ‘in each
tube, perpendicular to the walls, and the two:piezometers were sus-
Pended vertically in the center of ‘the tower.

RING &

PIEZOMETER READINGS IN FEET OF WATER

a40 o0 CX ) 1 120 140 3 [ T
DISTANCE ALOND PIPE IN FEET

- PRESSURE VARIATIONS FOR PIEZONETER RINGS ADCDANDE
"TEST 13 BOTH OATES: OPEN .

FIGURE 45—COMPARISON OF PIEZOMETER PRESSURES
BELOW TOWER

‘One or both gates were always fully open in the tests as ‘they
are intended to -be so operated on the prototype. The gates are
provided for unwatering .purposes and not for regulators. The
total discharge was measured over the laboratory 90-degree V-notch
weir. The magnitude of the discharge that could pass through
the tower was regulated by .the size of the orifice below the tower
and ‘the elevation of the water surface in ‘the :model reservoir.
The model discharge ranged from 0.15 to-0.90 second-feet, which
corresponds to a range of approximately 5,000 to 30,000 second-feet
in:the prototype.

33. “Tetal Losses Through Tower.—Tests were made -te .de-
termine losses through the tower, with and without -trash racks,
for either the upper, the lower, or both gates open and for a range
of discharges. For ali conditions, the total‘loss through the tower
was computed by the formula,

'ht = da - krm-m - V'-’/,'?g
where %, ==Total loss through the tower to elevation §90.0.
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d, = Difference in elevation between the -water -surface :in
the reservoir and the élevation of the water -surface
in the manometers connected ‘to piezometer rings A to
E, inclusive,

Reaan = Pipe friction from»elevation7890.0.‘tospiezomt‘:ters,%be-
: low.
V2/2g == Vélocity head at elevation 890.0,

The pipe friction was computed using the combined :ohserva-
-tions ‘at the piezometer rings below 'the tower. The ‘results are
plotted logarithmically -on figure 46. The total loss 'through the
tower, expressed in terms of velocity head in.the tower at-elevation
890.0, is plotted with respect to Reynolds’ number rather than the
mode] discharge; as it is ‘possible ‘to account for differences dn
‘temperature in:the former but not in the latter. During the tests,
the temperature of the water varied from 33 to 50 degrees Fahren-
heit. The velocity and diameter of -the pipe at elevation 890 ‘was
used to compute Reynolds’ number.,

The conversion of model losses to -eorresponding prototype
valuzes was one of 'the objectives in performing :the ;eXperiments,
The customary method in.the past has been to convert:from model
'to prototype by means of ‘Froude’s law, but this is not-a valid.con-
version when small models are used and viscous effects:are appre-
ciable. To perform the transfer: by this methed, it is necessary to
assume that the losses, expressed .in terms of velocity ‘head, ‘are
‘the same in model and prototype for the same value of Froude’s
number. With viscous effects present in the model, this assump-
tion is not entirely correct.

Reynolds’ law, on the other hand, ‘takes into. account viscosity
in prototype and model; but is independent of the force of gravity,
and consequently of centrifugal forces, If .the model of the’intake
tower were exactly similar to the prototype, in dimension .and
roughness for all heads, and centrifugal forces were exactly similar,
it would be possible to extend the model curves to prototype values
of Reynolds’ number as shown on figure 46. This would be & pro-
cedure similar to plotting the friction factor, f, for closed conduits,
against Reynolds’ number. All straight circular pipes are similar,
except for roughness, and Reynolds’ number :offers the correct
model-te-prototype conversion. In the intake tower, however, dis-
similar centrifugal eflects may be present in model and proto-
type; so that the Reynolds’ number extrapolation .is not directly
applicable.
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Up to the present tin:e, little success has been attained ‘in-ex-
pressing the relationship of all physical factors in.a manner which
- will permit accurate extrapolation. It is .necessary, ‘therefore, to
interpret prototype losses from models ‘by one of ‘two methods,
first, by building a model large enough to reduce viscous -effects
to a negligible quantity; or, second, by constructing three or more
smaller models to different scales. .In-the first method, ‘the ‘trans-
formation can be made directly by Froude's:law. In the second,
the data from three or more models can be plotted with respect
to Reynolds' number. By the latter method three or more sets of
curves, one for each model, would be obtained. on the graph instead

DISCHARGE IN SECOND FEET ~ Q4 (PROTDTYRE)
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FIGURE 47—LOSSES THROUGH TRASH RACK

LT

-of continuous curves as shown on figure 46. ‘Each set would re-
-semble the set :preceding it, but would ‘be flatter and would be
located lower on the graph. :Lines ‘representing similar ‘heads
-could ‘be drawn through the three or more sets of curves ard ex-
trapolated to.include the desired prototype range.

‘Since only one small mode! was used for the intake tower
experiments, the model-to-prototype. conversion, for Jack of better
means, was made by the use of Froude's law. Due to viscous effects
.in the model, corresponding actual:losses.in the.prototype will un-
doubtedly be smaller than those indicated by the following-graphs.
"The actual amount of variation: can 'be approximated by plotting
.the data by the two methods shown -on figure 46 and inter-
polating between results. It.can he. stated with assurance that the
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actual prototype losses: will:not exceed those obtained:on the:model
when the conversion is made according to Froude's law,

34. Trash-Rack Losses.~—The loss in head®through the trash
racks, for the three gate conditions, is represented by differences
between the three pairs of curves on figure 46, These. differences
are -plotted separately -on figure 47, showing trash-rack :losses
directly for various conditions of flow. ‘

Only reasonable reliance is assigned to the results of the
trash-rack tests. As stated previously, the racks were constructed
to scale and exhibited a commendable piece of workmanship; but
their miniature size, small imperfections, surface tension, .and
traces of grease on the racks or oil in the water probably affected
the results. In addition, it was physically impossible to construet the
trash-rack bars in the model with a degree of roughness similar to
that of the prototype.

Two lengths of:trash rack were used in the:tests, first, a rack
182 feet in length extending continuously over.both gates; and,
second, two racks 50 feet in length, each of which protected one
gate. A detailed inspection of points from which'lines were drawn
on figure 46 shows that total losses through the tower for-the two
lengths of trash rack were analogous for the same conditions of
flow. .This indicates that above a certain length, factors other than
length of racks determine their losses.

During the tests, the only place where trash collected on:the
racks was directly in front of -the gates; the remainder.of the
-racks were continuously clean, 'Trash racks are further discussed
under the heading, “Intake Tower Electric-Analogy . Studies”, sec-
tions 44 to 48, inclusive.

35. ‘Gate Entrance Lesses.— The entrance loss through the
upper gate is the difference betiween the energy:head at the water
surface of the reservoir and at the hottom of the upper gate. Trash
racks were removed before individua! losses .in the -gate tower
were measured.

‘The entrance loss through the upper gate was.computed -using
the equation:

how = d- ~ hf(us.u) - V/2g

where k., == Entrance loss through the upper gate.
.d, ==Difference:in.elevation. between:the water surface in
the reservoir and the . water surface in piezometer 45.
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:uppéi\\‘fgate.

V*/2g =Velacity head at piezometer 45.

The experiuiental values used in these calculations are shown
-on figure 44-D. b

The -entrance ‘loss through ‘the lower gate ‘is the -difference
between the energy head at the water surface of the reservoir and
at the bottom of the lower gate. This:loss ‘was computed using the
-equation:

‘Re(4zuy = Pipe friction from piezometer 45:to'the bottom of ithe

D= d, — Ry — V/2g
where h., == Entrance loss through the lower gate.
d, = Difference in elevation ‘between the water surface in

‘the reservoir .and ‘the water .surfaces in .piezometer
rings A to'E, inclusive.

Asa==Pipe friction from eclevation 890 to the piezometers
below. '

V?/2g = Velocity head computed at elevation 890,

Curves on ‘figure 48 -show -entrance losses computed for two
conditions of flow. Losses are expressed iin terms of velocity head
computed in the tower at elevation :890:0, .and are plotted with
respect .to Reynolds’ number for the model, .computed at .the same
‘point. An additional scale is superimposed on the .graph; .so that
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entrance losses cen also be -expressed in terms of prototype dis-
charge, computed according to Froude’s Jaw. Entrance conditions
to the lower gate were slightly superior to those ot the upper gate.
It is evident from the preceding-explanation that the entrance loss
curve for the lower gate, shown on figure 48, is the same as that for
the total loss.curve, without trash racks, shown .on figure 46; be-
cause the entrance loss was the total loss in this case. At the upper
gate, the entrance loss was smaller than the total loss through the
tower because it was necessary to-deduct pipe friction.
Two sources of .error exist in the analysis:

1. The mean velocity head was used ‘in the computations
because it was impractical to measure the velocity -distribution
in the tower to obtain the true energy head for each condition
of flow. The velocity distribution in the tower was undoubtedly
of a complex nature.

2. Where it was necessary to -compute surface friction
in the tower or in the auxiliary section of pipe below the tower,
reference was made to the curves on figure 14. The pipes from
‘which these curves were obtained were similar to the inner
‘portion of the tower and any error that might arise from this
source is small, since in no case did the fength of pipe con-
sidered in the friction computations exceed 2.5 feet or 5.3
diameters. It should be noted again that prototype losses as
shown on the graphs are approximate.

'36. Head Required to Change Direction of Flow.~Water en-
tered the gates in nearly a horizontal direction. Therefore a definite
force was required to produce vertical acceleration. ‘By ‘measuy-
ing pressures directly above and below each fate, it was possible
to compute the magnitude of the force :acting within the tower.
The original intention was to obtain hsdraulic losses in the tower
by observing the difference in elevation of the water surface out-
side and inside the tower. However, the force within the tower
produced ‘a rige in the surface level in the tower, and made the
proposed method of computation impractical.

The head required to change the direction of flow at the
upper gate with the lower gate closed, was found experimentally
by the following egyuation:

.hpll —_ d:"' dl - -'hf(i-’nlll
where Ay, == Hydrostatic head in feet of wuter required to change
the direction of flow at the upper gate.
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d. = Difference in elevation between the reservoir water
surface and the water surface in piezometer 456.

-d; = Difference in elevation between the reservoir water
.surface and the water surface in the tower.

higisy = Pipe friction from piezometer 45 {o the bottom of

the upper gate,

The . head required to change the direction of flow at the
lower gate, with the upper gate closed, was computed in a similar
manner, using the equation:

. -hpb S da - dl - hf(.\-h)
‘where ‘h,, == Hydrostatic head in feet of water required to change
the direction of flow at the lower gate.
. == Difference in elevation between the reservoir water
-surface and the water surface in piezometer rings
A to B, inclusive.
d, = Difference in elevation between the reservoir water
surface and the water surface in the tower.

fea-m = Pipe friction from elevation 890 to the piezometers

below.

The head required to change the direction of flow at the upper
and lower gates, -expressed in terms of velocity head, is plotted
with respect to Reynolds’ number for the model on figure 49.

A consideration of the principles of impulse and momentum
provides 8 means of deriving, theoretically, the force reguired to
change the direction of flow at the gates. It is not possible to
obtain a rational theoretical solution from the forces acting entirely
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‘within the tower, because conditions of flow at the gates are too
indefinite. However, another logical method of attack is :available,
which is bated on experimental data,

A free jui of water directed against a flat plate exerts & total
force .on the plate in the direction of the main Jjet -equal to that
given by the following expression:

F = wAV:/gy
where F = Total force exerted on plate.
w = Unit weight of water.
A = Area of main jet.
V = Velocity measured in jet.
g = Acceleration of gravity, .

By analogy, if the direction of flow is reversed and water is
assumed to flow radially inward toward the center of a cireular
plate and then turn downward away from the plate to form a
solid column as in the case of the intake tower, the same law is
assumed to apply. Professor A, H. Gibson" shows the bulb .of
pressure developed on a flat plate. The analogy with the intake
tower is illustrated on figure 44-E. If it were possible to measure
the pressure at a number of points within the tower, at .one
of the gates, the pressure distribution might resemble that shown
on figure 44-E. From experiments by Gibson, it seems reasonable
to assume that the maximum pressure head in the center -of the -
tower is nearly equal to the velocity head, while the pressure
at the inside face of the tower is approximately 0.66k,. By in-
tegrating pressures acting on individual small areas within the
tower, an average pressure head of 0.82L, is obtained. ‘This is the
average height at which water must stand within the tower to -de-
flect the entering jets to n direction vertically downward.

The component of the total change in momentum per unit
time, between any two points is the component of force in that
direction required to produce this change, If the velocity of the
water at the edges of the pressure bulb, outside the tower, is
assumed to be in a horizontal direction, the vertical component
of momentum at this point is zero. The change in momentum per -
unit time, or the total force in the vertical direction required to
produce the change between the point outside the tower and a
"point in the vertical jet below the intake, is:

F=wAV/g

"Gibson, A. H., Hydraulics and its Applications, pp. 368 -and 371.
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This expression .. identical with that for the total pressure on.a
flat plate.

If the pressure distribution vequired to produce the total force,
F, is assumed to be similar to that of the flat plate, then the maxi-
mum ‘pressure head is V*/2¢ and the distribution is .as shown in
figure 44-E. With this distribution, the average pressure head
within the tower should be:

hy = 0.82 V*/2¢g
Theoretical values are plotted on figure 49, together with
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-actual values obtained on the model. The agreement is rensonably
close and indicates that the analysis is'n logical one. From the:point
of view of structural safety, it is of interest that subatantial up-
ward reactions exist in .the converging ‘intake passages; which,
under gome circumstances, might require special provisions -in
design. ' .

‘To present the information obtained on the model in a more
practical form, the results were transferred to prototype values
according to Froude's law and plotted on figure 50. In this figure,
the average head of water reguired inside the tower to change the
direction of flow is plotted against the prototype dischorge. These
curves apply only for the upper and lower gate, operating separ-
ately.

~.37. Distribution of Pischarge through Upper nnd Lower Gates.
—-It was desired to determine what portion of the total discharge
passes through each gate when both gates are fully -open. The
piezometric drop, d,, figure 44-D, bears a definite relationship to
the discharge passing threurh the upper gute; the piezometric.drop,
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4, also shows a relationship to 'the‘dischurgle through the upper

gate; and the two sets of data, when ‘plotted :logarithmically awith

respect to the model discharge, resultin two straight lines as.shown

on figure B1.

‘Using .these relationshins, it is possible to .compute :the -dis-
charge through the upper gate when both gates are in operation.

'In other words, the pressure drops, d. and d,, continue to'be :pro-
portional to the discharge through the upper gate when bhoth gates
‘arce.in operation. These values are much smaller when ‘both gates
are open, since practically the same total dischavge is :divided

between two gates.

For runs in which both gates were operating, the discharge
through the upper gate was reaid from figure 51, for values of both
d, and d., and the two discharges averayged for each .run., The
average was considered the discharge through the upper -gate,
while the remainder of ‘the total discharge flowed through .the
lower gate. Figure 52 shows the -percentage of .total discharge
flowing through each gate. The distrihution of flow is expressed
with respect to Reynolds’ number, computed for the total flow pass.

ing elevation 890.0 in the model: and a secomd seale .above the

graph shows the approximate distribution with :reapect to :the

‘total prototype discharge. Figure 32 indicates that the flow through
‘the upper gate is approximately 40 percent.of the totsl, regardless

of the reservoir elevation and ‘magnitude of the discharge, pro-
viding the reservoir elevation remains above the upper gate.
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-38. ‘Relation of d, and D, to Discharge.~3ince the difference
‘in-elevation of the water surface outside and ingide ithe ‘tower, d,,
-is ,proportional .to the discharge, its relationship to ‘D, ‘the cor-
-responding difference on-the prototype, may ‘have a:practical value.
Values of d, have heen plotted on figure 53 with respect:to Reynolds’
number, computed at elevation 890.0 in:the mode], with the upper,
lower, or both gates open. The drop, d,, is:the same for-a_ given dis-
charge with either the upper or-the lower gate operating.

Although .the drop, d,, figure 44-D, consists of the gate .en-
trance loss plus a small portion of the velocity head, ‘it is:a linear
‘measurement; and by Frcude's law-was converted into an approxi-
.mate prototype value by multiplying it by the model scale. This
-drop, d,, is designated by the symbo}, .I},, when -converted to the
prototype. Values of D, are plotted with respect to 'the prototype
discharge on figure 54. This rélation may prove useful for measur-
ing the discharge through the prototypeinfake towers., The value
of D, may be obtained by installing two float gages, one-outside and
-one inside each tower. Entering the curves on figure 54 with these
values the approximate: discharge . flowing through the towers may
be cbtained.

'Fhe relation of D, to discharge has been plotted on figure 54

for both conditions, with and without trash racks in.place. It is
believed that the curves shown for the prototype without :trash
racks are essentially correct. It has been previously stated 'that
the friction loss through the model trash racks was undoubtedly
excessive. Therefore, it can definitely ‘be stated ‘that the curves.on
figure 54, calculated from the model tests with trash racks, are
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higher than weuld be gimilar curves made from actual iests on
the prototype,

It is possible to actualiy. calibrate-the prototype intake towers
by the Gibson Methodi*at the time acceptance tests are:made on the
turbines. With the information on figure b4 availuble, only a .few
poinis are necessary to establish a true calibration curve :for: the
prototype.
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PENSTOCK ASSEMBLY

39. Apparatus. — At -the conclugion of tests on ‘the .intake
towar, the 3-foot vertical section of straizht pipe below the tower
was removed, and 'the penstock assembly model, constructed on a
scale of 1:64, was connected in-its place, see figure 55. The assem-
bly consisted of accurate, butt-jointed, smooth, sheet-metsl pipe.
similar ‘to that used in the penstock quantitative tests. The 90-
degree, 5-5/8-inch diameter vertical bend dirvectly below the ‘tower,
and a 40-degree horizonal bend of the same diameter located a
short distance downstream, were molded of transparent pyralin.
Four 2-7/16-inch. diameter:turbine penstocks, shown on figures 41,
5b, and b6 were connected :to the .penstock header at a developed

#Gibson, Norman R., Pressures in Penstocks Caused by the Gradual Clos-
ing of ’1' urbine Gates, Trans. Am. Sav. of Civil Enginears, vol. LXXXIIZ, p. 707.
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-angle of 105 degrees in .a downstream direction as shown. Six
1-19/32-inch diameter branches leading to the canyon-wall outlets
were connected to the downstream end of 'the penstock header by
a reduction manifold. ‘

‘Discharge through the four turbine :branches was -controlled
and measursd :by sharp-edged circuiar orifices with diameters cof
either 0.75 or 0.875 inches. Flow through ‘the siX needle-valve
‘branches was controlled and measured in a like ‘manner by orifices
with diameters of either 1:006 .or 1.250 ‘inches. The head -on each
orifice ‘was observed from a _piezometer ‘located .in .the -end of .each
branch. Theseorifices were previously .calibrated in gimilar .posi-
tions by weighing the.discharge.

Piezometers for measuring pressure intensities ‘were -installed
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in rings aiintervals down the main 'header, as shown on figure,b5.
A ring consisted of four piezometers, spaced 90 degrees apari, and
each piezometer was connected to an individual glass tube 'on ‘the
manometey ‘board. ‘

40. Pressures at Base of Tower.—In the original design -of
intake towers, air vents were provided 'in the wwegion ‘below the
lower gate, to relieve any negative ‘pressures which might -be
created by the flow conditions, see figure 40. A guestion arose as
to the necessity for these vents and piezometers 46 to 49, iinclusive,
see figures 43-and 57-D.and E, were.installed to study pressure con-
-ditions in this region.

- Tests were made with the upper, lower, .and both gates open;
angd piezometric drops, d, between the water surface in the reser-
voir and the water surfaces in the four piezometers, were recorded.
These drops, .converted ‘into prototype values, are plotted against
discharge for the individual piezometers for .the three conditions
-of gate opening, see figure 57. For the upper gate-open.and lower
gate closed, the drop, d, recorded at piezometer 46, congists. of the
following: : :

f == hrlb-u) +ye 20 + hnu +hz.
where d == Difference in elevation hetween the water surface ‘in
the reserveir and the water surface in piezometer 46.

Rty = Pipe friction from piezometer to Lottom of ‘upper gate.

V*/2g == Velocity head at piezemeter 46.

'Ry == Entrance loss at upper gate. o
k,=Drop in presgure at the piezometer caused by irregu-
larity-of flow .a\:'?_d suction effect.
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The Jargest piezometric ‘drop oceurred .at ‘piezometer 46 :for
the conditions - of :flow -studied, "The curves for piezometer -48,
shewn on-figure 57, were ‘replotted:on-figure 58 for the ‘three con-
ditions of gate ‘opening. In addition, ‘two other eurves, which
indicate the maximum -approximate discharge obtdinable ‘with .all
‘needle ‘vilves operating and with -all needle ‘valves ‘and turbines
operating for various levels of 'the ‘reservoir, ‘have ‘been super-
‘imposed on this graph. ‘From these two sets'of curves, the pressure
at piezometer 46 may be obtained for -any .particular -discharge.
For example, with the water surface:in .the rreservoir at- elevation
1200, and a discharge of approximately 21,000 second-feet through
the lower gate,:the water surface in-piezometer 46, -expressed ‘in
prototype, would stand 42 feet below ‘the reserveir water surface,
‘or at elevation :1158, and a Pressure of 268 feet of ‘water -would
exist at:the point where this ‘piezometer is located. For the same
-discharge passing through the _upper -gate, ithe water surface in
piezometer 46 would stand at clevation 1170 ‘For a discharge of
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21,000 second-feet flowing through both ‘gates, the water surface
in piezometer 46 would stand at elevation 1174, Water surfaces in
‘the cther three piezometers would stand above this elevation. From
these results it is evident that a vacuum cannot exist at the base of
the tower and that air vents are unnecessary.

41. Bend Losses.—The combined loss for the two bends di-
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‘rectly below. the tower was obtained from runs.in which-only . the
upper gate was open. These bends, shewn on figure 41, consisted
of a 90-degree-vertical bend: and:a 40-degree horizonal bend, inter-
‘connected by a straight section 0.88 diameters long. .Flow threugh
‘the lower gate would have: materially affected the velocity distribu-
tion in the bends. "The loss was obtained by the equation:
by == dc = (V2/2g + Be - Rey)
where 1, = Combined bend loss, .
dx = Difference in elevation between the water surface .in
the reservoir and the average water :surface in the
manometer tubes connected to piezometers 9 to 12,
inclusive, shown on figure 55.
V3/2g == Velocity head at base of tower, elevation 890.
he == Pipe friction from piezometers 9, 10, 11.:and :12 to
.the downstream edge of the horizontsal bend.
hy = Total loss in intake towar.
A better velocity distribution existed at piezometers 9:to 12 than
at 5 to 8 so the former were used in the computations.
The combined loss for the two bends, expressed in terms of
velocity head at the base of the tower, is plotted .with .respect ‘to
Reynolds’. number for the medel on figure 59. An additional scale
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“hasg been:superimpaosed on the upper portion of -the . graph from
which the approximate bend loss for the prototype can he obtained.

42. Tests on Pensiock Assembly —Tests were made on the
complete penstock assembly, during which the discharge, head, and
piezometer readings were recorded. From these tests the-energy
head at each pizzometer ring was plotted as far down:the penstock
as possible. Energy head gradients for. o few .runs are shown on
figure 60, The diagrams indicate a gain in energy head in the
main- penstock, immediately downstream from the first junetion.
A pain in energy- head is evident at the next junction but is less
than at the first. ' The third: junction shows a-slight gain'in energy
head and the fourth shows a loss. ‘The gain was usually observed,
even when:there was no flow through-the branch. It will'be re-
called that similar results were obtained in the penstock -Junction
quantitative tests described in. section 15. The. apparent gain is
undoubtedly due to an error in computing velacity head. .Due to
the irregular velocity distribution at these points, the. mean veloc-
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ity ‘head should be Increased by multipiying it‘by a velocity ‘head
coefficient, «, which presumably ‘lies within ‘the limits of 1,03 to
1.15 and probably varied at each junction for each condition  of
discharge,

+ There is a decided

Jjunction, which is-due to the

‘portion: of the veloeity into pressure head, As

the number of piezometers was limited, it wag possible to plot only

the pressures down to junction's, An attempt was made to analyze

Junction losses in the assembly model, but the number of piezom-
eters was insuffici_nt to supply the iecessary information,

43. Conclusions.—It s believed that the method employed in
analyzing mode! results on the intake tower'and_penstock‘assembly
was sufficiently aceurate and that results are dependable insofar
as the model data is concerned. ‘It was desired, however, to extra-
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polate model results to obtain prototype values, since this was ona
of the objects in performing the experiments. With-a single small
model of this type it is not poszible to accurately interpret condi-
tions that prevail in the prototype,

The extrapolation from model to prototype has, in the fore-
going graphs, been made according to:Froude’s law, for lack of a
more accurate method. As a result, hydraulic losses, plotted with
respect to prototype discharge, are unquestionably larger than those
that may actually exist on the prototype. "It is predicted that losses
in the full-size structure will probably range from 5 to 20 percent
less than those indicated by the graphs. TFor this .reason, it is
advisable to vefer to the prototype values, as shown on tha graphs,
4s approximate rather than exact values,

INTAKE TOWER ELECTRIC-ANALOGY STUDIES

44. Introduction. — The clectric-analogy .method, previously
used in the analysis of problems of seepage through earth dams
and under masonry dams on porous foundatiens”, was apyplied as
a means of determining the direction of flow of water entering the
intake tower and incidentally to study the merits of the ‘method
itself. In this particular.problem it was necessary to. obtain a
certain amount of information from-the hydraulic model before
the analogy model could be properly constructed.
T
~ 45." Apparatus.—The apparatus consisted of a shallow glass
tray, 39 inches long, 18 inches wide, aud 3 inches deep, equipped
with a leveling screw at each corner. A radial section of the tower,
constructed of redwood, on a scale of 1:100, was cemented .to the
bottom of the tray. Copper plate electrodes were placed in position
in the tray and a solution of sodium chloride used as-a conduclor.
A drawing of the apparatus is shown on figure 62, and a photograph
of the tray in 4 vertical position is shown on figure 63. “The cur-
vent used in the experiments was obtained from a 110-volt, .60-
cycle source. Ry inserting a bank of lamps in series with the
apparatus, as shown on figure. 62, the potential across the elec-
trodes was reduced to about 20 volts. A high-resistance wire, one
meter in length, stretched on a meter stick on one side of the tray,

“Lane, E. W,, Campbell, F. B., and Price, W. H., The Flow Net and the
Electric Analogy, Civil Engineering, QOctober 1034, p. 510.
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FIGURE 63—ELECTRIC-ANALOGY APPARATUS REPRESENTING A
RADMAL SECTION OF THE INTAKE TOWER ADJACENT
TO THE CANYON WALL
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was connected in parallel with the circuit to constitute 2 Wheat-
stone bridge. A spring was attached to one end of the wire to
keep it taut at all times, as the current raised the temperature of
the wire and lengthened it. A metal terminal -on one end of the
meter stick made a continuous contact with the stretched wire,
keeping the length connected in the circuit at exactly one meter,
regardless of expansion or contraction. A circuit was established
from a sliding contact on the “high-resistance wire to the liquid
conductor by a wire which had a set of head-phones and a probing
pencil connected in series with it. All connections in:the apparatus
were made with heavy copper wire of very low resistance.

The radial section of the tower was represented by setting the
tray on a slope with the electrolyte at zero depth on the center
line of tiie tower, as shown in section A-A, figure 62. ‘Variables
in"the experiment were length of trash racks, the three gate:com-
‘binations, and positions of electrodes. The apparatus in figure: 62
represents a section of the tower nearest the river with both gates
open. The long electrode was connected to one side of the circuit
and.the two small electrodes in the tower were connected -to the
other side. The lines resembling contours represent points of
equal potential. The purpose of the apparatus was to determine
the position of these lines for different percentages of the ‘total
potential drop across the electrodes.

'The position of any particular potential line was determined
by setting the sliding contact on the resistance wire at the point
giving the desired potcutial drop, and moving the probing pencil
about in the salt solution until a point was reached at which the
absence of a hum in the head-phones indicated that no current was
flowing. To find the position «of the potential line representing two
percent of the drop between electrodes, the sliding contact was set
at a point on the resistance wire representing two percent of -its
length, and the probing pencil moved about in the electrolyte until
the alternating-current hum in the head-phones faded. This indi-
cated that the probing peicil was at & point in the solution where
the potential drop was two percent of the total drop across. elee-
trodes. Other points were located in-a similar way, with-the same
setting of the sliding contact, until the number was sufficient to
draw the two-percent line. Other potential lines were located in
a similar manner.

46. Section of Tower Nearest the River.—The first tests were




YEAIY HHL OL ISHYVAN d9MCL 40 NOLLOWES TVIAYH NO SLIISAY ADOTVNV-DIHLOATI-—PY HENDII

SI%0N $T10+ J MOWA 1004 OT 4¥ T1LI0¥1IITE 40 ML4IG
Ot s TI0N S0 TN

Y 1 KT SYHYHITILG 348 HIV] NIAD XIvRETAL 30 MXL22E L0 Eg ¥IAD HICHNETEL 4O -.Dh_-o.._.-s 1D B NIAD RIEATEL £O NOLLID LI 0L
K240 FILNE WIS AleS E11YD HLW G360 97°90 ulédnt CALOTD AIVE JIMED

¥om 1532 S 1932 v 1%A2 1°%M 13321
ﬁui .EJ = EMMTC 12000} LT3 W F3AV2E0 zuno... .5.. L] uu.:.r!n gﬁ._ h-..: M BAVIR0
*o 3 A L4 20 bl 26 o

=) o —T —F

= /

.4

u,I
/
/

Hi

3

QISTANCE I FIET MODRL)

el
e




dHL O LSTUVIN HHMOL JO NOILLOJS 'IVIAVY NO

-
-~
w
-4
x
-
©
=
-
b
-
a

{MODEL)
-

a -

c FhoDu B0 mOus 00404 4Y ILaMeIT105 20 Wik EE

SIAUNI D10 = Momd
2004 £ 17 ILOGMITIT D widRG
FIVUNGVAL £ WOUTIT 1828
GILTW Iors wami

8 1538

[1380n] 1373 w0 T7evigy
€1 o - %D *9 IO

Ai¥utATalL 4O HONIDFS LT
TILII 1179 wldoht
[yt

[1280m} 137 m ToNeIs0
13 k) ko 3 2

Sile

h

N

S3n3%t $C10 Y NOWY
ADCHG1 XY IIOCELITTE 2T wIkdd
WITaMSTES T FAIGIT L4 ETE
TN TS wIden

0N 1631

D2E0A) 2334 M LS
A L I ST

SITNS3Y ADOTYNV-OININATE L9 HYNDIA

OCA | T300m 20 17006

L LIERS X ]
0040 AT FHNTONLORTT 42 He X
WITERIVEL ¥2 LXITTE 14 80T
QI512 Juwe ey

70 1931

1A0E®] 43714 s Y0avatd
L I T T




INTAKE TOWER AND PENSTOCK 113

made on a radial section of the tower located nearest the river,
with electrodes in the positions shown in figure 62. These tests
were made with three different lengths of trash rack: 308 feet,
182 feet, and two 50-foot racks. The resulting equipotential lines
are shown on figures 64 and 65.

Comparing tests 2 and 6, tigures 64 and 65, in which the upper
gate was closed and trash-rack lengths were 50 feet und 306 feet,
respectively, the corresponding equipotential lines practically coin-
cide, which indicates that the total potential drops hetween elec-
trodes agree closcly. This means that the resistance to flow
through the 50-foot rack was no greater than that through the
306-foot rack.

Tests 1 and -5, shown on figures 64 and 65, were made under
the same conditions, except that the lower gate was closed and the
upper gate open. Again the potential lines show a close agreement,
which indicates that the loss was no greater through the 50-foot
rack than through the %08-foot rack.

Tests 3 and 4 on figure 64 were made on the same segment of
the tower with both gates open. The potential lines for two 50-foot
racks agree very well with those for the 306-foot rack. The agree-

ment of potential lines is not so close for the range from one percent
to five percent, because poinis for these lines were more . difficult
to locate than those for larger potential drops. The experiments,
thus far, indicate that with racks free from trash, a length of 50
feet in frout of each gate will provide sufficient vack -area on the
river gside of the tower.

Tests 7 and 8, shown on figure 65, were made on the same
radial section of the tower with a 182-foot trash rack, as used in
the final design. These, however, cannot be directly compared with
tests previously described, because the positions of the electrodes
were shifted and the tilt of the tray changed. They are included
as a matter of record.

47. Section of Tower Nearest the Canyvon Wall—A similar set
of tests was made on a radial section of the tower located on the
side neurest the canyon wall. Figure 63 shows the model for this
condition. Tesis 11 and 14, shown on figures 66 and 67, made with
the upper gate closed, using two 50-foot and one 808-foot rack,
respectively, show differences in positions of potential lines. This
indicates that the total potential drop across the electrodes for the
60-foot racks was greater than for the 306-foot rack. The increase
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116 MODELS OF PENSTOCKS AND OUTLET WORKS

is due to new boundary-conditions which reduce the ‘area of ap-
proach and change the direction of flow 'to the gates. With ‘this
decrease in approach.area there must be an increase of velocity to
maintain a continuity of flow. As velocity ‘is proportional to
potentisl gradient, the gradient must increase as the'trash racks
and gate openings are approached. The increase is!indicated by a
reduction in distance between equipotential lines. ‘©losely spaced
potential lines indicate flow concentratmns anr’ ‘likewise high
volocities.

Tests 10-and 13 on figures 66 tmd 67 were made with the
upper gate open and the lower gate cioqed -using two 50-foot racks
and one 306-foot rack, respectively. A’ ,notlceable increase in re-
gistivity of the circuit was again witnessed when the 306-foot rack
was replaced by ‘the two 50-foot racks|

Tests 9 and 15, shown on figures €6 and 67, were made with
both gates open, using two BO-foot rucks and one. 308-foot -rack,
respectively. Little difference in pns.ltlons of potential lines was
obtained. This could logically he e:-.pected gince the same discharge
wag divided betwezen the two gates; and the effective rack aren was
doubled in fhe case of the two 50-foot racks. With one gate open,
flow could occur only through one 50-foot rack.

Tests 12 and 16, shown on figures 66 and 67, represent ‘flow
through the upper and lower gate, respectively, with 182-foot trash
racks as finally ‘Berigned. These results, however, -cannot ‘be
directly compared with-others, as the tilt of the tray was changed
and positions of electrodes shifted.

Losses shown by u.el,iexperlments with the model section near-
est ‘the canyon wall are exceptionally high because actual flow con-
ditions were not truly represented. 1In the experiment, all water
was assumed to flow downward on the canyon-wall side of the
tower, while . actually a large portion -will flow around the tower.

‘Flow nets have beex drawn for tests 7, 10, and 15. .Accord-
ing to hydrodynamics, flow lines should cress potential lines at
right angles. The volumes bounded by flow lines may be consid-
ered as stream tubes, each carrying an equal quantity of water.
To estabiish one end of each fiow line, it was assumed that the
velocity was constant across the electrode sections inside the tower.
The electrodes were then. divided inte segments which, if revolved,
would form annular rings. From these, flow lines were projected
and drawn perpendicular to equipotential lines.

In the 'two-dimensional flow net, where the electrolyte is.con-
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stant in depth, & rectangle formed by the net bears a constant
ratio to every other rectangie in the net, by which the average
velocity in each stream tube can be determined. For the flow nets
drawn for tests 7, 10, and 15 this ratio does not exist. With a
sloping tray, the flow net is altered by & third dimension. Stream
tubes in the three-dimensional net have no parallel sides and it is
not possible to obtain velocities directly from the length or breadth
of the rectangles, as in the two-dimensional system. 'The purpose
in drawing flow lines in tests 7, 10, and 15 was merely to indicate
the direction of flow. It is possible, however, to obtain velocities
in these three-dimensional nets by a simple but laborious method.,

There are eight stream tubes in test 7, figure 65, each carrying
an equal quantity of water, The discharge through each tube is
equal to one-eighth of the total discharge flowing into thiz radial
segment of the tower, Figure 44-F shows a portion of a stream
tube in a two-dimensional net, and figure 44-G, a portion of a
stream tube in a three-dimensional net. In the first, d is a constant
throughout, while in the second, it is & variable. The velocity at
any point in either stream tube is V == ¢/wd, where g is the dis-
charge through the stream tube. If the velocity is known at any
point in the two-dimensional net, it is necessary dh]y t0 measure
w to obtain the velocity at any other point, In the) three-dimen-
sional net, ¢, a variable, but known at all points, mus;ig" ialso be con-
sidered in computing the velocities.

The greatest source of error in obtaining velocities in a three-
dimensional flow net of this type is not in the computations but in
the construction of the net. It is usually necessary to make one
or two assumptions before attempting to draw a net, and after
these are made and the net commenced, it is still necessary to use
a certain amount of judgment.

Seven stream tubes enter the upper gate and eight enter the
lewer, each carrying an equal discharge. This would indicate that
47 percent of the flow was passing through the upper gate and
58 percent through the lower. On the opposite side of the tower,
where the area of approach is not restricted, the proportion of the
total flow through the upper gate should be less, with the result
that a greater percentage of the total flow should pass through
the lower gate. To abtgin the correct proportion of fSow through
the upper gate, electrodes in the tower were shifted by trial until
the flow through each gate agreed with that measured on the
hydraulic model. Results show that the electric-analogy method
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is applicable 'to this type of problem, especially where only one
intake is involved, since information can be obtained regarding
trash-rack areas and obstructions to flow, readily and at little
-expense. The double intake on the Boulder Dam gate towers
complicated the problem considerably.

48. -Cenclusions.—The outstanding advantages in using the
electric-analogy method, where applicable, are .its simplicity, ‘its
specd in obtaining results, and.its:low cost. ‘It is important, how-
ever, in interpreting results of a study of- this nature, to keep in
'mind ‘limitations of ithe method. The symmetry:and precision of
results are a temptation to extend the method at the expense-of
factors which cannot be considered in the apparatus.




CHAPTER IV—TESTS ON TUNNEL-PLUG OUTLET

TUNNEL-PLUG OUTLET MODEL

49. TIntroduction.—It is intended to discharge surplus water
at Boulder Dam through needle valves rather than over the apill-
ways, Since 9,000,000 acre-feet of storage is to'be held in reserve
- for flood control, water can be dischargerl over the spillways ‘only

when this space is filled to a large extent. The needle vilves ‘may,
therefore, discharge large quantities - of .water over ‘long ‘periods.
"This will'be:particularly true.after the reservoir is first filled .and
Lefore the power demand requires the full stream flow,

Needle valves in the canyon-wall ocutlet works . discharge into
the open air. Those in the diversion tunnels are located a .con-
siderable distance from the ‘tunnel :portals to effect -appreciahle
economy -in the cost of the 8teel-plate outlet pipe, and -to avoid
disadvantages of large quantities of spray in:the vicinity of the
‘Powerhouse and the high-voltage switching facilities,

Since the tunnel-plug needle valves are located a considerahle
distance from the bortals, they discharge inlg a closed space. The
combined discharge of the six valvesin each tunnei may be as much
as 21,400 second-feet with a2 maximum head of 454 feet, releasing
energy - equivalent-to 1,100,000 horsepower. Great eaze s neces.
sary to prevent damage resulting from this release of energy. Six
72-inch needle valves are required in each outlet, each valve heing
-capable of discharging a maximum of 3,670 second-feet at 2 veloce-
ity of about 175 feet per second. Figure 68 shows the preliminary
- design for .the lower Arizena ‘Penstock -and figure :69 shows the
‘tunnel-plug outlets. It is dimportant .that the six valves in each
ovilet be arranged so that the jets will not concentrate al one point
-and produce ‘unnecessary disturbances ‘in the ‘tunnel.

It was at first expected that tunnels ‘would be hecessary to
supply air downstream from the valves to replace ‘that ejected by
Streams of water from the valves, Experience with other instal-
lations has demonstrated ‘that in certain. cases this is necessary.

An extensive series of ‘tests was. conducted on -models -using
three different scales to observe.the action of the ‘needle-valve jets
in the tunnels and to determine .the Teasibility of ‘installing .air-

118
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122 MODELS OF"PENSTOCKS AND OUTLET WORKS

vent tunnels, The action of the three models was very similar
and the results of the tests permitted the selection of an arrange-
ment that minimized flow disturbances and erosive tendencies. The
resnits also showed that the comparatively large aiv-vent tunnels
that had been planned may not be necessary.

§0. Results on 1:106.2 Model.—The first model, built on a
scale of 1:106.2, was constructed and tested in the Fort Collins
laboratory, using the arrangement of needle valves proposed by the
design department. The model, see figures 7¢-A and C, was huilt
s0 that needle valves could be adjusted both horizontally and
vertically. The tunnel was made of pyralin to allow visuai study

A. View of Model €. Model in Operation
B.  Action in Tunnel with D. Action in Tunnel with
Original Design Revised Design

FIGURE T0—TUNNEL-PLUG OUTLET MODEL, SCALE 1::106.2

'
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of flow conditions. The spaciuy and angularity of the needle valves
as originally proposed was us rollows:

Distance of .
Center Line Spacing Yaulve Angle.in Relation to
of Emergency of Tunne]l Centers
Valve Gated Above Emergency
Number Tunnel Invert Gaten Harizontal Vertieal

land 6 30 feet 16 fect 11°67 0°00
2and 5 30 feet 16 feet T°14° 0o’
3and 4 30 feet 16 feet 2°25’ 000’

Needle valves were represented in the model by conical nozzles
that produced smooth jets. They gave little indication as to ‘the
aspirator action of the jets. The model, however, showed that the
impact of the jets in the 50-foot diversion tunne! and the resulting
turbulence was unsatisfactory. Flow conditions with the original
design, see figure 70-B, were such that a large fin formed .in the
center of the tunnel and a wave carried up -each side practically
to the top.

Slight changes in the angles of the:needle valves with ‘relation
to the center line of the 50-foot tunnel produced muéh better fAow
conditions, see figure 70-D. The most . satisfactory arrangement
of the valves in the initial tests on the 1:108.2 model was as
follows:

Distanee of
Cunter Line Spucing  ° Valve Angle in Relativn  to
uf Pmernency of Tunncl Centers

Vaulve Guten Algve Emergency .
Number STunnel Invert Gates Horizontal Verlical

landg 20.25 feet 16,04 leet ‘10°25 0° 0
2and b 20,18 feet 16.04 feat 4°44' G708’
Jand 4 21,28 fect 16.64 feat ac2g 1°48°

Positive vertical angles indicate that the valves were tilted.upward
with relation to the center line of the tunnel. The improvement
obtained was so encouraging that it was decided to continue the
studies on a larger scale model, where the details of ‘the prototype
could be duplicated to better advantage, :

61. Resulis on 1:20 Medel—The large model shown on figures
71-A and C was buiit on 2 scale of 1:20 at the outdoor laboratory
of the Bureau of Reclamation at Montrose, Colorado. The 50-foot
concrete-lined tunnel was represented by a 30-inch wood-stave
pipe; and the needle valves, mounted on frames which permitted
horizontal and vertical adjustments as in the 1:106.2 model, were
duplicated to scale in their full-open position. The tunnel-plug out-
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let transition was constructed as.an airtight compartment fitted
with a hinged cover.

dets from the 1:20 model needle valves were undoubtedly
rougher, with respect to the seale ratio, than they will be in the
prototype, because the model valves were iron castings with a
higher degree of surface roughness than required by the seale of
the model. At the present state of development of model testing,
it is difficult to determine the exact similarity relations of -model
to protatype; but the streams from the model valves appeared from
visual observations tc be quite similar to those from large needle
valves now installed and in operation. With the original vaive
‘positions used in the 1:106.2 model, flow conditions in the tunnel
were extremely turbulent, see figure 71-B. Adjusting the positions

A, View of Model C. Madel in Operation
B. Aclion in Tunnel with D. Aection in Tunne! with
Qriginal Design Revised Design

FIGURE 7T1—TUNNEL PLUG QUTLET MODEL, SCALE 1:20
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of the needle valves improved-conditions of flow:in the tunnel, .and
the results agreed closely with those obtained on the 1:106,2 mode],
see figure 71-D. Positions of the valves for the ‘most satisfactory
get-up on the 1:20 model were ay follows:

Distanen of
Center Linc Spacing ' Valve Angle In Relntion to
of Emergancy of Tunnel Conters
Vulve Gnater Alove Imoergency :
‘Number Tunnel Tnvert Griiton Haovisontal Vortien!

1andG 26 feet 11 feet 9°35* 30" 0*an 00"
2and 5 20 feet 16 feet o-30" 27" 129’ 53"
3 and 4 25 feet 16 feet e 241 4°19° 247

Positive vertical angles indicate that.the valves were tilted upward
with relation to the center line of the tunnel. ‘With the valves get
as indicated above, the jets of water fell to the bottom of the tunnel
at different lccations, so that the impact was not concentrated at
any point. The jets then combined and flowed :along the invert'in
a smooth stream with surprisingly little turbulence, leaving a free
air space, during normal tailwater in the river, of about 85 percent,
of the cross-sectional area of the tunnel. This ‘action ‘was mnot
changed by completely cloging the cover of the tunnel .transition.
Duving the course of . experiments-on both the 1:106.2 and 1 120
models, considerable data were obtained. Eight different arrange-
ments were studied in lhe initial fests of the 1:106.2 model in:the
Fort Colling laboratory and fourieen were tried on-the 1:20 model
at t.e Montrose laboratory. Complete data were taken on each
get-up, as it was not known at the time which would -ba the most
satisfactory. Only initial, semifinal, and final plans.arediscussed
in this report.

After a satisfactory plan was found for all six needle valves
operating &t full capacity, studies were made of flow conditions in
the tunnel for different combinations as illustrated on fipure 72.
Poor conditions prevailed when one, two, three, or four valves. on
one side were discharging; while conditions were satisfactory when
either the two center or four center valves were discharging. -Upon
completion of -tests on the 1:20 model, results were checked by
duplicating the schemes on ‘the 1:106.2 model,

52. Results on 1:60 Medel.—Neither the 1:106.2 nor the 1:20
model had approach conditions similar to the prototype, shown on
figure 69. Both had been built with a canvas hose coanecting each
needle valve to a common water supply. The ;manifold and emer-
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Falves 1 and 2
B. Valves 1, 2 and 3 E. Valves 1, 2, 3, and 4
C. Two Center Valves F. Four Center Valves

FIGURE 72—CONDITIONS IN TUNNEL FOR VALVE
COMBINATIONS, SCALE 1:20
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gency gutes were notl incorporated in ‘the 1:108.2 model because
‘ofits small size and because of ‘the.preliminary nature of the iests;
'hor were they incorporated in the 1:20 model on account - of the
high cost of construction. In order to siudy the effect of the
manifold and emergency gates on flow conditions, a mode], -on a
seale-of 1:60, figure 73, was constructed and tested in :the ‘Fort
Collins laboratory. This model was first tested using the most
satisfactory:arrangement derived from the 1:20 model tests, figure
73:C. -Indications were that improvement could be accomplished
by further adjustment of horizontal and vertical angles, With
further testing, the follewing combination of valve positions was
developed and recommended for final design, see figure 73-D.

A. View of 3odel Locking Upstream
B. Bide View of Model
C. Aection in ‘Tuanel—Setting from 1:20 Tests
D. Action in Tunnel—Setting from 1:60 Tests

FIGURE 73—-TUNNEL-PLUG OUTLET MODEL, SCALE 1:60
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‘Distance aof

Center Lino ‘Bpacing Valve Angle in Relatlon (o

of Emergency af Tunne! Centers

Vaive Gnten Above Emergency

Number Tunne! Invert ‘Gates Horizontal ‘Vearlica)
land 6 25 feet 16 feet 9°30 o0
Zand{ 25 feet 16 feet 230 2930
3and 4 25 fee( 16 feat 130 2°a0°

‘Positive vertical angles indicate an upward tilt of the valves.

In evolving correct positions of the ‘tunnel-plug -outlet needie
valves from a hydroulic standpoint, it ways necessary to consider
mechanical limitations of proposed arrangements. In the original
design, all needic:valves were level in the same Pplane, with their
-center lines 80 feet above the invert, 5 feet above the center line
of the 50-foot tunnel, and spaced 16 feet between center lines of
emergency gates. The distance of 16 feet was the minimum be-
cause of :mechanical requirements of assembly. In certain tests,
good hydrailic conditions were obtained in the tunnel with the
outer valves inclined downward; ‘hut this was -objectionable .on
account of lifting reactions. Practically the same hydraulic action
was obtained in the recommended design ‘by inclining the center
valves upward, thereby eliminating .objectionable reactions.

TUNNEL-PLUG NEEDLE VALVES

83. Operating.Program.—Since the designs provided a total of
twelve needle valves in the tunnel-plug outlets, six:in each of the
Jower Arizona and Nevada tunnels, it was helieved desirable to
determinethe best-procedure in opening the valves to obtain the
‘most satisfactory flow .conditions. "The 'best -discharge combina-
tions-of valves.on the 1:20 model, two .and four center valves - dis-
charging, see figures 72-E and F, were checked on the 1 :60 maodel.
The first combination wag satigfactory, but the second was too
‘turbulent. It waslater determined that the combination of valves
1, 3, 4, and 6 operating together was more satisfactory than the
-second combination. v

‘Other combinations were studied and the following order of
operating needle valves in-the tunnel-plug outlets is suggested. The
valves in each outlet are numbered as shown in figure .69,

1. ‘One tunnel-plug outlet in .operation:

8. Open two center valves, (9 and 10)
b. Open two outside valves, (7 and 12}
¢. Open remaining two valves, (8 and 11)
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2. Both tunnel-plug outlets in operation : .
' a. ‘Open two center valves -on Nevada side, {N-9 and

N-10)

b, Open two center valves on Arizona side, (A-9 and
A-10) ‘ :

¢. Open two outside valves on Nevada side, (N-7 and
N-12) '

d. Open two outside valves nn Avrizona side, (A-7 and
A-12)

e. Upen two remaining valves .on ‘Nevads, side, (N-8
and N-11)

f. Open two remaining valves on Arizona side, (A-8
and A1),

The procedure of closing the valves should be the reverse -of that

of opening.

54. Coefficient of Discharge.—In the design of needle valves

for the canyon-wall and tunnei-plug outlets, the discharge was com- 4
puted using the equation:
Q= CA_' (2ﬂhz -+ ‘-V':u) ¥ (1)

where @ = Discharge quantity, sevond-feet.
C = Coefficient of discharge.
A. = Nominal area of discharge outlet, square feet,
h, = Pressure head immedintely above valve (measuved
’ above center line), feet.
V1*/2¢ = Head on valve due to velocity of approach, feet.

Equatien 1 was obtained' from the equation for discharge,

Q = szua (3)

by applying Bernoulli's theorem between the approach and outlet
sections, in which,

.'Ve-_: V e
h= g
and :
Vi T
2 V.= | 2g (h, + —w)]
‘ 2 29/
or

V.= (2gh, + V)%, (4)

“Schoder and Dawson Hydraulies, pp. 136-139.
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Since there is a loss between the two points, the actual velocity,
V., is less than the theoretical velocity. To corvect for that loss
coefficient of discharge, ¢, must he applied to equation 4.

Then

Vo= C(2gh, + V)% )
and
Q = CA.(2gh, + V,2)% (6

The coefticient of discharge was nssumed to be 0.725 in the
design of the valves. A check was made of this value on the 1:20
tunnel-plug outlet model at the Montrose laboratory,

A mercury manometer was connected above tuch valve on the
model to register pressure head. Manometers were reand simul-
taneously with the head on the 12-foot gharp-crested suppressed
weir used to measure flow through the model. Representative runs
for low, medium, and high hcads were selected from Ltests 12 and
14 to determine the coefficient of discharge, Since the experi-
mental needle valves were construected in full-open position, the
data apply only to that condition. Computed values of the coeffi-
cient are tabulated in table 4 and are plotted on figure 74,

TABLE 4---COEFFICIENT OF DISCHARGE FOR NEEDLE VALVES
BASED ON DATA FROM 1:20 MODEL

Test ‘ Hewl _ A, A, ; Q,

No, Foet . Su. FL. : 8, Ft. Bee.-Ft. M
14-59 15,254 O.l0usy T 007149 - 19052 ¢ gsuR
1265 . 13000 0.100x3 0.07149 ey amg
1451 2828 010083 0.07148 17268 ©0.7266
12.7% 12,052 0.1008 0ATTD 1.32% 07246
14-44 12T LATIDE:] 04017140 L7163 ' 0.7257
121 17.243 0.10u83 0.07140 26201 07887
1. 2 1i.007 10,1008 0.07149 2.0138 07834
2.56 16.417 010083 007149 18080 0.7206
1459 15.400 0.10083 0.07140 19160 0.7848

85. Air Demand Tests.-—One of the primary problems studied
on the working models of the tunnel-plug -outlet was the necessity
for an air vent immediately above the needle valves 1o relieve low
pressure conditions in the tunnel which ‘might develop due to the
aspirator action .of high-velocity jets. In addition to the high
cost of such instaliations, these air vents would he objectionable,
should they cause.a considerable quantity of mist or spray to be
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discharged in the canyon near the powerhouses and ‘high-tension
electrical facilities. . :

2,
™
-

3
b

|
I { ) -
t3 ] 8 1) 17

PRESSURE HEAD AT BASE OF NOZZLE (FeET)

]

COEFFICIENT 'C"IN Qs Ca, (2ot )
. S
s

FIGURE 74—DISCHARGE COEFFICIENTS FOR NEEDLE ‘VALVES
IN TUNNEL-PLUG .OUTLETS

The 1:20 seale mode) at Montrose was completely enclosed and
a vent installed which could ‘be controlled. With «different oper-
ating heads on the valves, vacuum conditions were determined with
the vent hoth open and ciosed. With improved conditions in the
80-foet funmel, obtzined by adjustment of rositions of needle valves,
a larye space was available ‘between the water surface and the
reof of the tunnei to supply air deficiencies cauged by the jety of
high-velocity water. When air was not supplied by the vent and
when normal tail-water conditions existed .in the tunnel, the aijr
in the upper part of the tunnel circulated, moving .downstream
hear the water surface and upstream near the roof .of the tunnel,

The muximum-capacity -of the Boulde Dam outlet works with
the reservoir surface at elevation 1221.4, and spillway gates com.
pletely raised, has been -estimated at 91,000 second-feet for the
24 needle valves, and 30,560 second-ieet for the powerhouse -oper-
ating at full capacity. A total discharge of 121,560 second-feet
will produce a tail-water surface elevation .of $69.0 -at -the diver-
sion-tunnel portals under present conditions of river bed, see figure
75. The roof of the tunnel portal is at elevation 676 so that, with
the possible maximum discharpe of 121,660 second-feet from the
outiet works, there will be a segment of the tunnel approximately
6.3 feat high, with a cross-sectional aren of 143 square feet, avail-
able to relisve the low pressure created in the tunnel. The pro-
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posed air vent was toibe 10 feet in diameter with an area of 78
square feet,

It is expected that loose material in the river bed below the
dam will be gradually eroded hy clear water released from the
reservoir; so that in the future, the tail water at the portals will
be lower than at present. With this possibility ‘an even larger
segment of tunnel will be available for ventilation at maxirmum
discharge. The only possibility of a larger flow in the river, and
hence higher tail water, will be for the spillways to discharge. For
this condition, the neceysity for operating the tunnel-plug outlets
will no longer exist and they can :be closed,

Vacuum conditions on the 1:20 model, related to river eleva-
tions on the prototype, are shown on figure 76. The curves show
that ‘a slight vacuum will exist for flow conditi ms up to 70,000
second-feet, regardless of the head on the valves and the installa-
tion of ‘an air vent. The vacuum increases quite rapidly up to
130,000 second-feet, but not sufficiently to be of serious conse-
quence. A slight increase of vacuum was noted with an increase of

7

-

/

1929 3PRING FLOOD} .,

_ ELEVATION IN FEET

o.. 1930 Gogings ot Upper Station MO0 [eel obave domaile.
4 ., 920 Gags heighis 1300 feel below domsite. Discharge
measured ot Uppar Slation.
Estimoted from marks on conyon wolls,
1921 Eievalions oblained in Feb,1922. Dischorge evtimoled
from Yumq record.
1929 Marks balieved left by Spring and August floads.
Discharges assumed equal to masimum at Grand Conyon.

s 100 [-3-3 150 s
DISCHAMGE (N THOUSANDS OF SECOND FEET

FIGURE 76—BLACK CANYON GAGING STATION DISCHARGE CURVES
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head on the valves, but the amount was negligible. The data
Plotted on figure 76 are from tests on the model using heads cor-
responding to 340 to 475 feet on the prototype.

‘The change of tailwater elevation is the controlling factor in
the formation of the vacuum. When tailwater is low, there dis
sufficient room above the water surface in the tunnel for air to
flow into the space around the high-velocity jets and replace that
being carrieil away. For this condition there would he very little
demand for air through the vents. As the water reaches an eleva-
tion in the tunnel where the space above js considerably diminished,
either one of two things may occur. If no air vent is provided,
the amount of the vacuum may be rapidly increased and the velocity
of the inbound air will be increased; or, if an air vent ig provided,
the demand for air will be supplied by it and the vacuum will not
‘be increased. In the first case, as the air space in the tunne] de-
creases, the vacuum will increase because the necessary amount
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of air cannot be supplied fast enough. This condition may continue
until the tunnel is completely filled at the end.

As previously mentioned, there are two movements of air fiow
in the tunnel. The boundary layer, adjacent to the water surface,
will be moving in the same direction as the water and at the same
or slightly less velocity ; while airr near the roof of the tunnel will
travel at a lower velocity in the opposite direction. The outward
flow will be the lznt to disappear as the water surface approaches
the tunnel roof at the portal, since the velocity of the water will
be high and would tend to draw the air out rather than let it in.

FIGURE 77--SURGING OF JETS, NEEDLE VALVES OPEN AND
EMERGENCY GATES NEARLY CLOSED, 1:40 MODEL

As a result, the air demand on the vents would reach a maximuam
just before the water reached the top of the tunnel. When the
tunnel is completely filled, the velocity of the water will ‘be de-
creased and there will be a resulting decrease.in the vacuum. This
theory was substantiated by model observations. The most danger-
ous point is when the tailwater is at or very near the top of the
- tunnel. i

Inasmuch as the present state of knowledge of the behavior of
models in connection with e development of a vacuum and its
resultant effects are not yet sufficiently developed 1o be abgolutely
certain, it was decided to form the junctions of the air tunnels in
the concrete lining, as shown on figure 69 so that, should a econ-
tingency arise that the air tunnels did prove to be necesssy, they
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could b. constructed without difficulty in the future at no greater
cost than the original installation,

66. Needle Valve and Emergency Gate Model.—During the
course of experiments on the 1:60 model studies were made of the
effect of closing the paradox emergency gates with the needle
valves completely open. It was discovered that a surging of the
Jets from the needle valves occurred when the paradox gates were
nearly closed, see figure 77.

To further study this phenomenon, one of the needle valves
used on the 1:20 model of the tunnel-plug outlet was mounted in
its relative positifon with a model of an emergency gate, together
with sufficient length of approach pipe. The surging or pulsations
on the 1:20 model, shown on figure 78, were very similar to ‘those
obgerved on the¢ 1:60 model. These photographs disclose only in-
stantaneous conditions. Actually, the jet oscillated -with a fairly
definite cycle in a vertical plane, and the results were best re-
corded by motion pictures.

Operation of the emergency gate without the needle valve in
place showed that the stream of high-velocity water expanded and
completely filled the end of the pipe. Critical -examination -dis-
closed low-velocity areas on each side and a high-velocity -ares in
the center, such that, with the needle valve in place, a ‘body of
water collected in the low-velocity pockets and was carried .out by
the high-velocity jet, causing surges or pulsations. At an open-
ing of the paradox gate of approximately 15 percent, this -surging
caused a vibration of the entire model which could he felt distinctly
at the end of the 2u-foot approach pipe.
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CHAPTER. V—CHANNEL CONDITIONS BELOW
BOULDER DAM

RIVER MODEL

57. Introduction.—In the early stages of design of Boulder
Dam, with its various appurtenant structurces, it was considered
that a scale model of the river channel below the proposed site
would be of value in determining effects of discharges from the
powerhouses, the canyon-wall outlets, the tunnel-plug outlets and
the spillway tunnels on water surface elevations in front of the
powerhouses and on the operating head of the turkines.

Unfortunately, urgency for other more detailed studies and
lack of space in the hydraulic laboratory made it necessary to post-
pone the river studies until the design and construction of the dam
had progressed to such an extent that major changes were no
longer possible. It is believed, however, that sufficient informa.
tion of value to the operating staff was gained to justify the ex.
pense of the studies. The results so obtained are presented with
this in view.

58. Apparatus.—The model, shown in figure 79, with a scale
ratio of 1:150, was constructed in the hydraulic laboratory of the
Colorado Agricultural Experimeni Station, Fort Collins, Colorado.
The outlet works ware constructed in detail, except that the dis-
charge from the powerhouse was introduced through a 90-degree
V-notch weir placed between the upstream wings of the power-
houses. Diaphragm orifices were installed in the conduits leading
to the canyon-wall and tunnel-piug outlets, for measuring flow
through those structures; while 90-degree V-notch weirs were so
placed as to discharge into the models of the side-channel spillways,
thereby introducing correct quantities at correct heads. Diaphragm
orifices and V-notch weirs were calibrated in place by comparison
with the master 90-degree, V-notch weir in the measuring channel.

The topography of the river bed, see fizures 83-A and B, was
constructed in detail by the use of galvanized iron guides, cut to
conform to cross sections of the river and fastened in the wooden
tank holding the model. Spuces between guides were filled with

187
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damyp sand to within an inch or two of the top of the metal and the
remsinder of the space was filled with concrete. The configuration
of the river bed was detailed by hand, utilizing the metal guides
and detail topography sheets as references. The bottom of the
channel was filled with sand to conform to the movable material in
the river bed. Stoplogs, adjustable in height, were placed at the
lower end of the channel to hold the bed material to any given ele-
vation: and a regulator, consisting of fixed and movable vanes, was
used to control the elevation of the water surface. A sand box was
buil¢ between the stoplogs and the regulator to trap the sand
eroded from the river bed and prevent its being carried into the
laboratory recirculating system.

Two gaging stations, for measuring river flow and determining
the slope of the water surface, were installed on the model. One,
kiown as the upper station, was installed to measure the elevation
of the water surface directly upstream from the point at which the
jets from the canyon-wall outlets impinged on the river banks.
The other, located sufficiently far below the portals of the spillway
tunnels to avoid interference from tunnel flow, was used to adjust
the tailwater in proper relation to discharge.

59. River Conditions for Flow Combinations.—During the
course of the experiments, flow data and conditions of river bed
were recorded by three different methods:
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1. Point gage readings were made at the stations above and
below the outlet works, ‘to record the effect -of the :anticipated
“ejector” action produced by ‘the outlet works :discharging into
the river at an angle. These data have been consolidated and tabu-
lated in table 5, where practically any flow combination and its ac-
tion can be determined at a glance. The data in the columns en-
litled “Rise” and “Drop” have been plotted on figures 80 and 81
against the total flow in:-the river for any specific run. Three 'tail-
water elevations were used,.namely: normal, 10 feet below normal,
and 20 feet below normal. :In all tests, the lower gaging station was
used as a control, and the gage height for any given discharge was
obtained from the rating curve on figure 82, constructed from
gagings made prior to the start of construction. This discharge-
elevation relationship is referred to as ““normal.”

2. Pictorial observations, using both still and motion-picture
equipment, were made of conditions for each typical flow combina-
tion. .A number of -the still pictures have been included as figures
83 to 88, inclusive, to better illustrate the results.

3. Visual observations were made by the observer and rvecord-
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148 MODELS OF PENSTOCKS AND OUTLET WORKS

ed in the form of notes for-each run. These deal primarily with
erosion of the river:bed and flow conditions in the river. They have
been digested and condensed for the sake of brevity and are included
herein as table 6. These data are self-explanatory -and -are cross-
referenced to the photographs. -

In analyzing point gage observations, shown in table B, the re-
sults were divided into three classes:

1. Equal inflow from both sides of river, runs 1 to 9, and 12
to 15, inclusive.

2. Larger quantity of water from the Arizona side of :the
river, run 10 and runs 16 to 27, inclusive.

8. Larger quantity of water from the Nevada side of the
river, run 11 and runs 28 to 39, inclusive,

Data from the first class were ploited on figures 80 and 81, for
all three conditions of tailwater, namely: mnormal, 10 feet below
normal, .and 20 feect below normal. Curves were drawn through
each group. Data from the other classes were also added for com-
parative purposes. In:table b, the data are presented in the-order
in which they were actually taken; while in table 6, they have been
rearranged in the order of increasing total flow in the river below
the outlet works, to allow comparison of effects of a similar flow
from either or both sides of the river,

60. Conclusions.—It was expected, and the expectation has
since been justified, that retrogression would occur; the movable
material of the river bed would be transported downstream; and
a new discharge-elevation relationship would result. In studying
the effect of this retrogression, as indicated on the 1:150 model, it
was possible, with the information available, only to move the
rating curve down as a unit 10 and 20 feet, respectively, preserv-
ing its original shape. Actually, the rating curve for a condition of
retrogression of 20 feet may have a slightly different characteristic
shape, depending on the cross section of nonerodible material in the
river bed. Furthermore, there are two variables at work which
have a tendency to counteract each olher and affect the tailwater
relationship curve. As the river retrogresses, the slope will decrease
and the velocity in the cross sections will decrease for a given-quan-
tity. On the other hand, as the river retrogresses, the cross-sec-
tional area will increase with a resultant influence on the relation-

- ship.
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As a result of these studies, which can only be considered as
qualitative or indicative trends, it was shown that there are oper-
ating combinations of the various outlet works which are far
superior to those originally planned, from the viewpoints of increas-
ing the effective head on the turbines and of flow. conditions in the
channel, particularly below the portals of the spillway tunnels.

Since the results obtained from.the studier can only be con-
sidered as relative or indicative, and since the retrogression of the
river bed as a variable makes reliable results on models extremely
difficult to secure, it is believed desirable that sufficient gaging
stations be established downstream from the powerhouse and the
spillway outlets to permit the collection of data. An analysis of
such data would undoubtedly be a definite aid to the power-plant
operating engineer in determining the most - effective . operating
combination,
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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. Tities
and prices of printed reports now ready for distribution are also
jneluded. Appropriate. announcements will 'be made in- engineering
periodicals as additional bulleting beconie available,

PART I—-—INTRDDUCTORY

General Description of Project
History of Project
Legal and Financial Problems

PART [I—HYDROLOGY

Stream Flow and Reservoir Operation
Lower Basin Utilization
‘Upper Basin Utilization

PART 1IT—PREPARATORY EXAMINATIONS AND CONSTRUCTION

Geologic Investigations
Surveys and Preliminary Construction

(Topogmphic surveys, highways, Tailways, power lines, substations,
and Boulder' City).

PART IV—DESIGN AND CONSTRUCTION |

General Features

Concrete Manufacture, Handling and Control

Boulder Dam

Diversion Structures and Spillways

Intake Towers and Outlet Works

Penstocks and Outlet Pipes

‘Hydraulic Valves and Gates

Handling Facilities :
{Cableway, cranes, and other permanent handling facilities},

Power Plant Building

Generating, Transforming, and Switching ‘Equipment

Turbines, Governors, and Mechanieal Auxiliaries

Control, Communication, and ‘Eiectrical Auxiliavies

Imperial -Dam and Desilting Works

All-American Canal and Canal Structures
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'LIST OF BULLETINS— (Continued)

'"PART V—TECHNICAL: INVESTIGATIONS

Trial Load Method of Analysing Concrete Darng
‘Model Tests of .Boulder Dam

Slab-Analogy Experiments

Stress Studies for Boulder Dam

Penstock Analysis and Stiffener Design

Model Tests of Arch and Cantilever Elements
.Research Measurements at Dam

PART V1--HYDRAULIC INVESTIGATIONS

Mode! Studies of Spillways*  (paper cover, 81 00)

Model Studies of Penstock and Outlet Works* ‘

' (paper cover,;$1.00)
(cloth - cover, $1.50)

Studies of Crests for Overfall Dams

Model Studies of Imperial Dam and Desilting Works

Model Studies of -All-American:Canal Structures

Silt Movement in Colorado River

PART VII—CEMENT AND CONCRETE INVESTIGATIONS

Therma) Properties of Concrete

‘Investigation of Portiand Cements

Cooling of Concrete Dams

. Mags Concrete Investigations

Contraction Joint: Grouting

"Volume.Changes in Mass Uoncrete ‘
(Largely Investigations at Owyhee Dam, Owyhee Project,- Oregon).

*Available for distribution.

Peerlens Printing Compeny. Deunver, Colo. 2-14-38 3000,

- For Sale at Offices of the U. S. Burenu of Reclsmation in Denver, Colo., and Washington, I C.
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