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PREFACE

The hydraulic model experiments for the design of the
Boulder Dam,as described in this report, were made in the labora=
tory of the Colorado Agricultural Experiment Station, Fort Collins,’
Colorado, under the direction of Jacob E. Warnock, Research BEngineer,
with the exception of a portion of the experiments described in
chapter VI, These were made at the laboratory of the U, S. Bureau
of Reclamation, Montrose, Colorado, with W, M, Borland, Associate
Engineer, in charge,

The tests described under chapters IV and V were conducted
and the report prepared by J. Y. Bradley, Assistant Engineer, with
the exception of section 4, chapter IV which was written by S. P,
Wing, Engineer. Chapters VI and VII were prepared by Jacob I, Warnock,
Research Engineer., The work was instigated under the general super-
vision of E, W. Lane, former Research Engineer, and was completed -
under the direction of Jacob E. Warnock, now acting in that capacity.
These studies were made under the general supervision of J. L. Savage,
Chief Designing Engineer. All engineering work of the Bureau of
Reclamation was under the direction of R. F. Walter, Chief Tngineer,
and all activities of the Bureau were under the direction of Dr.
Elwood Mead, Commissioner,

1t is desired to acknowledge the cooperation of the Colorado
State Board of Agriculture (governing board of Cclorado State College
of Agriculiure and Mechanical Arts) and the staff of the U. S. Bureau
of Agricultural Engineering in extending the Bureau of Reclamation
the use of the hydraulic laboratory of the Colorado Agricultural
Experiment Station for conducting the experiments on the models of
the Boulder Dam and its appurtenant structures.

As this report was made possible by the cooperative efforts
of a number of individuals, it is desired to acknowledge the activities
S i) VHbey IBnEICERy Wik I\ IBEilaady, (Chy e Mhiomaist,, U Wi "Baslilyy o i SSmaktl,
We Jo Colson, and W. O, Parker who assisted in the construction work
and laboratory testing, and H. W, Brewer and J. D, McCrum who assisted
in vhe preparation of this report. Appreciative acknowledgment is
also made to S. P. Wing, Fngineer, who contributed to this report
and cooperated in the analysis of the results,
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I, INTRODUCTION
The Boulder Dam structures as outlined in the preliminary
designs far surpassed any similar structures constructed in the past,
TnWsiofiaiznals it wigls Ipeisisiibillel befiore priccecding teo the fimail "designsi,
careful investigation was made as to the validity of the existing
formulas, Hydraulic formulas and behavior were particularly in
question, since, as is well known, the formulas are largely empir-
ical, Early hydraulic model tests of the side-channel spillways
described in Books 1 to 3 of "Hydraulic Model Experiments for the
Design of the Boulder Dam" having given results of great value for
design purposes, it was decided to test by model other features.
This report describes the hydraulic tests for the following:

(1) The junction between the 13-foot penstocks and the 30-foot
penstock header,

(2) The hydraulic losses and pressure conditions in the in-
take towers,

(3) The flow characteristics of the needle valves in the tun-
nel plug cutlets,

(4) Firdravlic conditions in the river belcw the powerhouse.

Anide from the validation of the features of the hydraulic
design; thsse cests gave information which could have been obtained
in no othe¢r way concerning the formation of eddies, distribution of
pressurea ¢nd hydraulic losses. They made possible a material im-
provement of the flow conditions in the 50-foot concrete-~lined tun-
nel belcw the tunnel-plug cutlets, the elimination of necessary pip~
ing and detail, and the formulation of an operating program for dif-
ferent combinations of flow from the outlet works and the spillways.

This report was compiled as a description of the labora-
tory procedure and as an analysis of the results procured. The loca-
tion and relaticnship of the structures studied are shown en figure 1.
The design data from which these models were constructed were ob-
tained from the design offices of the U, S, Bureau of Reclamation,
Denver, Colorado.

1—
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II, THE LABORATORY AND GENERAL EQUIPWMENT

Waksh Elie) [epseeipiEions (O Ehicl SEelsiEs) [on stler Isi20hmoedell of Flhe
tunnel-plug outlet made in the Montrose laboratory, all the studies
described in this report were conducted in the hydraulic laboratory
of the Colorado Agricultural Experiment Station at Fort Collins,
Jolorado., A general layout is shown on plate I and figure 2, Water
for the experiments was supplied from a reservoir with a capacity
of 30,000 cubic feet, located on the hill adjacent to the laboratory.
The flow from the reservoir, controlled by three 12-inch hand-operated
gates, passed through a diverging flume into a concrete weir.-channel,
19% feet long, 10 feet wide, and 7% feet deep. A bypass gate and a
4-inch bypass 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 these
bypasses. The head on the wsir was measured by a hook gage and a
Cornell-type float gagel located in a stilling well 9 inches by 24

lTrans. Am. Soc. C. E., p. 1154, vol. 83, 1920,

=

inches and connected to the weir channel by three 5/4-inch pipes,
The weir chaznnel and measuring weir are illustrated on plate I-C,
The bypass weir is on the left side of the channel in the photograph
and the gage well is on the right. During the experiments two wéir
plates were used, a 90-degree V-notch weir for discharges up to two
second-feet, and a two-~foot Cipolletti weir for flows of two to
eight second-feet., Both weirs were calibrated in the setting shown,
by the Irrigation Division of the U. S, Department of Agriculture,
and were checked by the laboratory staff of the U, S. Bureau of
Reclamation prior to the model testing.

The equipment thus far described was common to all the
experimental work performed. 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 (figs.
2), the 28~inch diverter gates were closed to divert the water into
a flume on the laboratory floor which served as a reservoir as well
as a clhiannel, In this, adjustable baffles were installed to elimi-
nate undesirable cross~currents produced by the bend at the head of
the channel. A tank 10% feet by 103 feet by 12 feet deep at the
downstream end of this channel served as a forebay for the group
of models just mentioned. When operating the quantitative penstock
junction model, one diverter gate was opered and the water from the
measuring weir was allcwed to flow straight ahead through a channel
beneath the floor of the laboratory into the forebay of this model.

&



R Sl LR 270" —--mmm oo me -
—
-
CALIBRATION TANK
6" CIPOLLETTI WEIR- g
BAFFLES-
I ) CALIBRATION TANK
W R L s B s i ko A4
3 e T — 2 .
' % g
B HOOK GAGE-.  GAGE WELL |
r " " — -
V I'Gn:‘lj'@l]:non GAGE
3 -
T % SeIch
1 & H o 3"pIpES | | .
| | --...?_qf__m'.e R T | T TR v S HEAD REGULATION
- L o ———— | —— - — -1 _—
FLORvé;ERROthm 1 I AL 20088 -BAFFLES STEEL PENSTOCK MODEL. (=] o
| . _.WASTE BOX CONTROL L L) : & =
------ i & © FOREBAY. S JA
) A o e — = —— _=© = —) =
Al — ; z WEIR BOX 5 =1
n ' - RGO | :-. (Y APPSR ) LA o SO
| QUERFLOW WER | 410~ - 15-3% —g—::3—To sewer
! DRAIN
! $ - |
| j 5 oz |
—— K.FOREBAY HEAD GAGE - e
| INTAKE St
i R TOWER
X n L % MODEL
% ; I :
) WASTE BOX '(_3 v o o PENSTOCK ASSEMBLY MODEL
| : B
4 i & /
oy L B
ETZ T cedeann 10 D) MG s
| : 139° 46 w
i 2 ¥, | 1 ' A ]
| i AN i
i CONN { %
1 AN N
| OFFICE Ab(’%’: 6:\\\" &
NS
| q"’}— 4\"\\ |
i ERONN
i i DN
: »,,
o G =R
16" DISCHARGE PIPE TO RESERVOIR- »...
————1 r. R e b Wb e g — — — . —
(’J. _____ E____ ] H s = P I
I - { l\\ —={4&" ADJUSTABLE STOP LOGS
—_ : i \‘\\\
dy) SSl —=3323ﬁ:] WA — T :.-:fmlh"_.l I'_'-I:'_:'ﬁ.:.':.'.'-.:::JT—_IZE_— =
il -
DRAIN FOR DISCHARGE PIPE "3 § 0 J@I AUXILIARY RESERVOIR
crmrmmrmm el . ____'Qé{/— e —_— —/-LU-J
5
TO HEAD RESERVOIR”

FIGURE 2

L--CITY WATER

SECTION A-A

PLAN

e

DEPARTMENT OF THE INTERIOR
BUREAU OF RECLAMATION
BOULDER CANYON PROJECT

BOULDER DAM HYDRAULIC EXPERIMENTS
PENSTOCK STUDIES
LABORATORY SHOWING LOCATIONS
OF MODELS

-suemITTED .} A-
TRAGED.MCG ORS RECOMMENDED K
CHECKED H:W-8 . .APPROVED .
pcll
DENVER, COLO., JAN, '

DRAWN _ECP




A one-~inch round rod extending from the ceiling of the
latoratory to the floor of the laboratory tanks was installed in a
central location as a mounting for a forebay head gage. By means
of a pin and olamp, a hook gage with a range of two feet could be
mounted on the rod at any hole, A stilling well in which the hook
operated was held in position on the rod by a friction clamp and
could be connescted hydraulically by a 3/4—inch rubber hose to the
forebay of any model., The forebay heads, which varied over a wide
range, were obtained in this manner,



III. DEFINITION OF SYMBOLS

Penstock Studies

Qg = Total discharge, second-feet.

g ~ Discharge through branch, second-feet.

Qp = Discharge in main pipe below junction, second-fcet.
Ly T Area of main pipe above junction, square feet.

&y = Area of branch, square feet.
& = Area of main pipe below junction, square fect.

Oa
W, = E; = Mean velocity in main pipe upstrecam from junction, fect

per seccond.
Vs = Mcan veclocity in branch, feet per second.
Vy = llean velocity in main pipe below junction, fecet per second.
D, = Average diameter of main pipe above junction, feet.
Ds = Average diameter of branch, feet.
Db = kversge diamcter of main pipe bhelow junction, feet.

—— = Ratio of branch dischargc to total dischargec.

iy = Velocity head, fcet.

Py = Prossure head at piszometer 1, feet.

Ps = Pressure head at piezometer 2, fcet, cte.

Py = Averagc of pressure hcads at piezometers 2, 3, 4, and 5, fect.
S = Friction loss per foot of straight pipe, feet of water.

hf(x_7) = Fipe friction loss from P, to piczometer 7, fcet of water.
hf(s_gg) = Pipe friction loss from piezometcr 6 to 36, ctec.

Jp = Junction loss in main pipe, foct.

Jg = Junctinn loss in branch, fect.

J
= Junction loss cocfficicnt.
V\]‘l 1:\
ikt i Reynoldst® number.
'Vz
F ® —— = Froudc's number.
g+D

» square feet per sccond,

= iysol . . ol 0,00003718 1b. se
u = fbhsolutc viscosit 0.4712 * 0.01435T & 0,0000682T~ °* Fag

AV E

V © ¥inematic viscosity =

where T is the temperature in degrecs Fahrenhcit,

119 o soc.2

P = Density of wator at T degrcces Fahrenheit,
ot
fverage velocity where

[ 2

W dA Q

< P = Cocfficient of velocity where V = 7 T mean vclocity.
VoA



True vclocity head wherc
&_
v

= Encrgy hcad cocfficicnt.

Intake Tower Studies

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

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

dz = Difference in elevation between the reservoir surface and the
Readinos o Nani Sene ot fher itilve) \pileriomeiter wings) A, B, 2, D,
and E located below the tower (model).

Iy = Difference in elevation between the water surface outside and
inside the tower (prototype).

hit = Total loss through tower, feet of water.

Entrance loss through upper gate, feet of water.

hsy™ Entrance loss through lower gate, feet of water.

Average head required inside tower to change direction of flow

at upper gate (model).

hpp= fverage head required inside tower to change direction of flow

at lower gate (model).

Arerage hcad required inside tower to change direction of flow

at either gate (prototypc).

hf(45_u) = Pipe friction from piczometer 45 to bottom of the upper

gate (model).
hf(c_b) = Pipe friction from piezometer rlng C to the bottom of the
lower gate (model).
hy, = Compound bend loss in main hcader dircctly below intake tower.



IV. PENSTOCK JUNCTION LOSS TESTS

1. FURPOSE

While analyzing the design of the 30-foot headers, tur-
bine penstocks, and outlet works, it was realized that the junctions
between the 30~foot headers and the 13-foot turbine penstocks were
the potential sources of excessive losses of head which might be
reduced and thus increase the effective head on the turbines. Losses
of hecad below the turbine penstocks would reduce the discharge capac=-
ity of the outlet needle valves and any unnecessary loss of head be-
tween the reservoir and the turbine penstocks will be reflected in
the power output at such time in the future as the total output cf
the power plant has been absorbed by the market, With the long radi-
us bends incorporated in the design of the 30-foot headers, practi-
cally the only possibility of decreasing the head loss would be to
improve the efficiency of the junctions between the headers and tur-
bine penstocks. It was for this purpose that a series of extensive
tests both qualitative and quantitative were made on models of one
of these’ juricitions.

As a preliminary and qualitative study, a model represent-
ing the junction between the 30~foot upper Arizona header and the
13-foot penstock leading to turbine A-1 (fig. 1) was built of trans-
parent pyralin for observation., This particular junction was selected
as 1t was possible to have at this point a wide variation of flow
ranging from 100 percent of the total through the main penstock and
no flow through the branch to 100 percent through the branch and no
flow in the main penstock below the junction, The actual ratio of
the discharge in the penstock to the flow in the branch depends en-
tirely upon the manner of operation dcwnstream., With this junction
as a major point of interest, it was desired to determine visually
the path of the water after it had entered the branch for various
combinations of flow in the system.

In the qualitative or wvisual tests, it was desired to de-
termine the location of eddies and disturbances in the branch for
the varying ratios of the discharge in the branch to the discharge
in the main header, Filler blocks of different dimensions were used
to alter the physical shape of the junetion in an effort to reducs
the disturbances and hence the losses., Tests made for this purpose
are grouped as follows:

(1) Tests on the junction as designed with different increments
of discharge and discharge ratios by means of which the form of the

entrance cddy was determined,

(2) Tests outlining the eddy for the case in which a deflecting



block was introduced into the main pipe in an endeavor to reduce the
eddy loss in the branch even though it increased the loss in the
main header.

(3) Tests in which the space occupied by the eddy in the branch
was filled by a solid block with the anticipation of reducing the hy-
draulic losses and decreasing the construction cost,

The quantitative tests were made on a model of the same
junctions This model was carefully built of galvanized iron so that
the actual losses in the junction could be evaluated numerically.
Incidental tests were made to determine the actual effect attained
by the installation of the filler blocks designed as a result of
the observations on the visual model,

2, FENSTOCY JUNCTIOM VISUAL TESTS

4s The Apparatus

The model for the visual tests was constructed on a scale
of 1:36 and consisted of a straight piece of 10-inch pipe with a
4.33-1inch branch intersecting it at an angle of 105 degrees in a
downstream direction (fig. 34 and plate II). A portion of the
branch and also the main pipe was graduated at intervals of five-
hundredths of a foot in both the longitudinal and circumferential
direction, as shown on plate II. Three metering nozzles (L, 25 @ad
3 inches in diameter) were used interchangeably at the ernd of the
hranch to obtain various combinations of discharge at the junction,
while small stop logs served to regulate the flow at the end of the
main pipe. A piezometer was installed two inches up the branch from
the upstream end of the conical nozzle for measuring the pressure
al Fhibe mpeiite (Fige Sd)s The total discharge was measured over the
laboratory weir, the discharge through the branch was computed from
the observed piezometer pressures at the nozzle, and the difference
was assumed to flow through the dovmstream portion of the main ripe.
It was not necessary to calibrate the nozzles in place as the nature
of the tests did not warrant that degree of accuracy.

The path of the water as it entered the branch was traced
by inserting a color solution, consisting of potassium permanganate
crystals dissolved in water, through a long copper tube which extend~
ed through the nozzle and into the branch, The tube was moved about
in the branch according to the directions of an observer who recorded
the results with respect to the coordinate lines on the pipes. The
action of the water in the branch was readily detected by this mathod.
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PLATE II

A. LOOKING DOWN THE MAIN PIPE

B. LOOKING DOWN THE BRANCH PIPE

C. LOOKING UP THE BRANCH PIPE

MODEL A



Bs Results and Conclusions

As the water flowed from the main pipe into the branch,
there was a zone of high velocity on the right~hand side (looking
downstream on the branch, fig, 3A) while on the left-hand side a
zone of relatively quiet water formed which, for lack of a bhetter
term, shall be called an "eddy zone', since it was filled with eddy-
ing water, When the color was inserted in the stream of high velo-
city water it was dissipated quickly by being carried down the tube
and out of the nozzle, while any color inserted in the eddying zone
was much mcre slowly dispersed. By moving the color tube back and
forth the line of demarcation between the two zones could be defined,
M examination of plate III will make the method clear,

It was found that an eddy zone of relatively quiet water
existed in the branch for all combinations of discharge, although
the dimensions of the zcne decreased as the ratio of the quantity in
the branch, Qg, to the quantity in the main pipe above the branch,
Qgs increased. & study of the various runs plotted on figures 4 and
5 will show the limits of the eddying zones. The ratio =8 will in
the future be referred to as the "discharge ratio," Qa

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 pipe, although it was expected to cause
an increase in the loss in the main pipe. This lip, as shown on
figure 3B, was installed during tests 1 to 3, inclusive. Eight runs
were made on the three tests, and these are plotted on figures 44
arnd 4B, The remaining tests on this model were performed with the
lip removed, and are plotted on figures 4C and 5. A summary of the
conditions under which each run was made and the results obtained
is shown on table I,

On this table, compariscns have been made, where possitle,
between similar runs with and without the lip to determine its effect.
A comparison of tests 2-3, 2-2, 3-3, 3-2, and 3-1, respectively (made
with the lip in the main pipe and denoted by letter A), with tests
4-3, 4-2, 5-3, 5-2, and 5-1, respectively (made with the lip removed
and identified by the same symbol)}, indicates that although there is
some difference in the location of the apex of the eddy zone for
runs of similar discharge and similar discharge ratios, the wvariation
is slight and occurs in both directions. That fact would indicate
that the lip in the main pipe made no material difference in the
shape and volume of the eddy zone, or in other words, the head loss
through the branch was not materially different for either condition,
As 1t was difficult to accurately determine the limits of the eddy
zone, some variation was expected,
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PLATE III

A, DOWNSTREAM FROM THE DEAD WATER ZORE
DYE MOVES DOWNSTREAM

3. AT DOWNSTREAM EXTREMITY OF DEAD WATER ZONE
DYE IS DIFFUSED IN BOTH DIRECTIONS

C. DYE REMAINS IN DEAD WATER ZONE

COLOR METHOD OF LOCATING ZONE OF DEAD WATER
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PLATE IV

A. WAIN PIPE WITH 75° BRANCH

B, THE BRANCH PIPE C. MAIN PIPE WITHOUT BRANCH

MODEL B
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pipe to regulate the discharge through the branch. A weir box, 4
feet wide, 6 feet long, and 2 feet deep, equipped with stilling
baffles and a 6~inch Cipolletti weir was located at the end of <the
branch to measure the discharge at that point., A gage well attached
to the outside of the weir box was connected by a 3/4=-inch rubker
hose to a hole in the box 20 inches upstream from the weir, and a
hook gage was used in the well to measure the head on the weir, A4S
this weir box differed from the standard form, 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 through the branch and over the G-
inch Cipolletti weir., The calibration was made by comparison with
the 90~degree calibrated V-notch measuring weir., The purpose of
the metal cone at the end of the brauch pipe was to recover a por-
tion of the energy which would have been lost at the end of the
pipe, and thus increase the discharge through the branch,

Rings of piezometers were placed at intervals along the
pipes, as shown on figure 7. I'our plezometers constituted a ring,
and connections were so that individvual piezometers could be read
separately, Each piezometer consistcd of a 5/16—inch cutside diam=
eter copper tube 2 inches long with a l/8—inch bore, In construc-
ERkOnY, wal l/B-inoh hole was carefully drilled in the pipe at the proper
location, A copper tute was then accurately placed over the hole,
norrmal to the pipe, and heavily soldered in place, The inside of
the tube and hole was then reamed to remove any irregularities which
might have develeped during the process, Plezometer openings were
of the sharp~corner type and care was taken to remove all burrs and
to keep the corners sharp and flush with the inside of the pipe
(Figs 8B)s Where piezometers were installed on cores, they were in
all cases set normal to the surface. As it was desired to read each
plezometer separately, the connections were made as shown on figure
8C., Three~sixteenths inch rubber tubing was used for the shorter
connections, while each ring was connected to the piezometer hoard
by a S/Q—inch garden hose, This arrangement made it possible to
use one glass reading tube to each ring of pilezometers. FEach ring
was equipped with three screw clamps which could be alternated be~
tween the four rubber tubes to .segregate the piezometer to be read,

In reading piezometers, all A piezometers were read simul-
taneously with all others closed, In rotation, all B, C, and D’
piezometers were read in the same manner with the others closed,
This procedure was repeated four times during a run, making a tetal
of 16 readings to a ring. Observations were made as rapidly as the
board could be read., About forty minutes were required to make a
complete set.
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The 3/4-inch hose which extended from the rings to the
piezometer reading board sloped upward toward the board to facili-
tate the removal of entrapped air. Before each run, all piezometer
clamps were loosened, and all tubes leading to the A piezometers
were disconnected to allow water to flow freely through them. The
S/E-inch hoses were vibrated to drive any entrapped air toward the
reading board. Finally, the hoses were disconnected from the glass
reading tubes to allow water to flow freely through them, This
routine for eliminating air required from fifteen to twenty minutes
before each run, but was a necessary procedure as all the piezometers

were located on a central board making some of the hoses connections
30 feet long.

To identify the sxperimental data, each alteration or set=-
up of the model was assigned a test number and each run of a test, a
run number. In like manner, each picture was given a picture number,
Thus, 10-B-6 is interpreted as test 10, picture B of run G.

B, Pipe Friction Calibration (4,33-inch Branch)

The friction losses in the 4,33-inch and 10-inch pipes
were determined by connecting the pipes to the bulkhead separately
and making calibration runs (tests 1 and 2), 1Intest 1, the branch
pipe was connected as shown on figure 7, with two extra joints of
pipe on the upstream end to give additional length for reducing
irregularities of flow caused by entrance conditions. A conical
entrance (figure 7) was used on the upstream end of the 4,33-inch
pipe with a vertical and a horizontal fin extending from the large
end two-thirds of the distance up the length of the cone to prevent
vortex actione An elbow was connected to the downstream end of the
pipe in a vertical plane to keep the pipe flowing full at all times
and to increase the pressure in the pipe so that it could be read
on the gage board, It was necessary, in the case of smaller dis-
charges, to further retard the flow by loosely bolting a blank flange
onto the end of the elbow to procure a sufficient number of runs to
plot a calibration curve. In other cases, additional vertical sec-
tions of pipe were bolted to the elbow,.

Eleven runs were made on test 1 with discharges ranging
from Oe55 to 147C second~feet, During a run, the two head gages on
the 9C-~degree V-notch measuring weir were read simultaneously with
the forebay head gage at two-minute intervals, The temperature of
the water was recorded once during a run., A run was terminated when
each piezometer on the model had been read four times, as previously
described. The 16 readings from each plezometer ring were averaged
and the respective computed mean velocity hcads added. These
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values for each ring were then plotted with respect to the length
of the pipe., A sample sheet showing the method for a few runs is
shown on figure 9, Due to the fact that the entrance loss effect
extends some 40 diameters downstream, the lines drawn through the
points have a slight curvature but would eventually terminate in
straight lines were the pipe sufficiently long. The slope of these
straight lines representsthe friction loss per foot of straight pipe.
As the pipe was not long enough to allow these lines to completely
straighten out, it was necessary to draw a tangent to each of the
curves near its downstream extremity. These tangents are shown
drawn on figure 9. The slope of each represents the straight pipe
friction per foot for a particnlar discharge and water temperature.
A constant has bheen consistently subtracted in some of the runs to
consolidate the data for comparison as the slopes of the lines are
the major item of interest, hese constants in no way effect the
slope of the lines.,

With the friction loss, discharge and temperature known
for each run, the friction factor, f, in the formula he = LV B

computed and plotted with respect to Reynoldstnumber on figure 10,
The friction factor was computed, using the equation f = E%%E, where

3 is the friction slope (fig. 9) and L is unity. It has been cus-
tomary in recent years to design conduits from curves of this type,
obtained from experimental results. In using these curves it is
ornly nesessary to know the range of Reynoldstnumbers that will be
encountered in the field and the type of pipe to be used. This be-
ing lnown, the factor, f, can be taken from a curve similar to those
plotted on figure 10 for a pipe having comparable roughnessg.

2'The Flow of Fluids in Closed Cenduits", by R,J.S. Pigott, Mechani-
cal Engineering, August 1933,

As the temperature varied considerably throughout the series
of tests, each run was corrected to the base temperature of 60 degrees
Fahrenheit by means of figure 114, The temperature correction graph
was constructed by choosing a number of discharges at various tempera-
tures for the 4,33-inch pipe and computing the Reynoldst'numbers for
each, From figure 1C, the friction factors were obtained for the
various corditions and the friction loss per foot of pipe was com-
puted. From this information, figure 11A, which shows the variation
in the friction loss due to temperature,was constructed. For example,
with a discharge of 1,6 second-feet, water temperature of 7C degrees,
and a pipe friction of C,2000 foot per foot of pipe, figure 114 shows
that this friction loss at a temperature of 60 degrees would be
0,2000 = 0,0037 = 00,2037 fooct per foot of pipe,
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BOULDER DAM.HYDRAULIC EXPERIMENTS
A-TEMPERATURE CORRECTION CURVES FOR 4.33" BRANCH PENSTOCK STUDIES 2
NOTE FRICTION CALIBRATION CURVES AND g
Pipe friction is measured from piezometer. 6. TEMPERATURE  CORRECTION CURVES FOR o
This is the same as assuming that the branch 4.33" BRANCH PIPE m
pipe extended to the & of the main pipe. P 1=
RECOMMENDED. . . .
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Temp .
corr,

Run Discharge Temp. Per ft,

Plotted
energy
at

BOULDER DAM PENSTOCK STUDIES

CALIBRATION OF EXPERIMENTAL BRANCH PIPE

Computed Drop to

4,33" INSIDE DIAMETER
COMPUTATION OF FRICTION DROP FROM JUNCTION

16

Piezometer No,

Computed Drop to Computed Drop to

17

18

19

Computed Drop to

lio. Sece fte O9F of pipe Junction energy Junction energy Junction energy Junction energy Junction

=,001 -.001 -,002 -,002

1 1,7232 60,5 =,00020 2,372 +1.498 «875 +1.,245 1,128 +.627 1,747 +.228 2,146
-+003 ~-.005 -.007 -.009

2 1l.,4542 60.2 =-,00007 1.678 +1,033 «648 +.830 «853 +.402 1,283 +.,083 1,604
-.003 -.005 -.007 -.009

3 142030 6063 =,00007 1,479 +1,038 444 +.892 592 +,605 .881 +.387 1,101
+.,002 +.003 +.005 +.,006

4 9529 59,8 +,00005 0761 #0469 «290 +.363 «395 +.179 577 +,036 0719
002 «003 «005 »006

5 6570 59,5 +,00005 «710 565 0143 «517 «190 0423 «282 0341 0363

6 4425 59,4 0 « 266 «193 «073 o173 0093 125 o141 .082 .184
004 «006 «009 012

7 1,5729 57,5 +,00094 2,280 1,548 «728 1,302 0972 831 1,440 455 1,813
004 »006 .008 .01l

8 1,3254 57,0 <4,00090 1,432 +898 «530 »718 «708 376 1,048 «092 1,329
«003 004 «006 .008

9 1,0721 57,1 +.00067 4991 625 0363 491 «496 #271 o714 .082 «901
»002 «003 004 «005

10 8067 5742 +.00040 615 «402 o211 0302 «310 .187 424 .073 537
+,001 +,001 +.,001 +.002

11 5504 57,5 #,00015  ,477 +,369 «107 +.330 0146 +.266 «210 +.206 269

12 1,.8355 -- e —== ——- -- -—= -- ——= -- -—= -

Note: The word "junction" is defined as the point at which the center line of the branch intersects

the center line of the main pipe.

45-D=9760



the runs of higher discharge., The entrance to the main pipe con=-
sEfsitedMoiamcEEycrilia N elol Sl ainsl,

The friction slopes shown for a few discharges on figure
12 were dravm to obtain the average friction loss per foot in the
main pipe. Again tangents were drawn to the downstream end of the
curves and the slopes of these considered the average frietion loss
per foot of pipe. The temperature correction curves used in evalu-
ating the results obtained on the 10~inch pipe are shown on figure
13, and the friction losses as measured upstream and downstream from
piezometer 6 for wvarious discharges at a temperature of 60 degrees
Fahrenheit are shown on figure 14. As in the case of the 4,33-inch
pipe, piezometer 6 at the theoretical junction was used as a refer-~
ence and the friction loss was measured upstream and downstream
from this point. The friction factor, f, for the 10-inch pipe is
plotted on figure 10 with respect to Reynolds' number,

A set of check runs under test 2Y was made on the 10=inch
pipe four weeks after test 2 was completed, and the results checked
the original set., Both sets of points are plotted on figures 10 and
14,

It is apparent from a study of figure 10 that the 1C=inch
pipe shows a greater surface roughness than the 4,33-inch branch for
the same value of Reynolds! number even though both were constructed
in the same manner and of the same material., Theoretically, one
would expect the friction factor, f, to be smaller in the larger
pipe., The explanation may lie in the fact that the 10-inch pipe
had a joint tc every 3.5 diameters, while the 4.33~inch pipe had a
joint to about every 7.0 diameters.

D, DBvaluation of Junction Losses

With the straight pipes calibrated, they were connected
together as shown on figure 7 and studies were made to evaluate the
loss of head in the junétion. 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 regu-
lator box, it was possible to divert part of the total discharge
through the branch. For large discharge ratios, %i , the total dis-

a

charges were necessarily low, while for small discharge ratios
practically any total discharge could be used up to 8 second-feet,
During a run, readings were taken simulteaneously at two-minute inter=-
vals on the two head gages in the large weir box, the forebay head
gage, and the head gage for the fi~inch Cipolletti weir, During the
seme period of time, each piezometer on the pipe was read four times.
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FIGURE 14

6 FOR A WATER TEMPERATURE OF 60 F

LOSS OF HEAD IN FEET FROM PIEZOMETER

LOSS OF MEAD IN FEET FROM PiEZOMETER 6 FOR A WATER TEMPERATURE OF 60°F
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For the purpose of these experiments, junction losses are
defined as follows: The junction loss shall be the sum of the pres-
sure drop plus the drop in nominal velocity head, less the friction
loss between points upstream and downstream from the junction suffi-
ciently removed to be free from effects caused by the junction, In
determining the friction loss, pipe distances were measured to the
center line of the intersection, The following equations express
this definition (fig. 7A4).

Junction loss chargeable to the main pipe:

- V2 ( ve )
I e = '8 ] tPlg B0 * We fesilod )'
\ a8 ) ¢ 2g

Junction loss chargeable to branch:
. 2 2
JS'_‘{\PX*‘V&\ - (P +VS + hi )

Rather than chcose a single pilezometer from which to
measure the pressure head above the junction, the average of piezo-
meters 2, 3, 4, and 5 was used and is denoted as Py. The location
of Py 1s approximately 7.0 feet or 8.4 diameters upstream from
piezoineter G,

Although energy losses determined in accordance with the
above definition are subject to an error in the order of 0.0S_XE due
2g

to the use of the nominal velocity head instead of that integrated
over the section, and due to the subtraction of friction losses to
the center of the intersection, the definition seems a practical one,
The error involved, however, should be kept in mind in interpreting
Glae! frelsutlkEis]y

The tests on the 105~cegree junction were dividec into two
groups. Test 3 was a normal pipe junction, where, as in tests 4 to
7, inclusive, the physical shape of the junction was modified by
filler blocks in accordance with the earlier visual tests in an at-
tempt to impreve the hydraulic efficiency of this junction.

Twenty-six runs were made on test 3 with discharges through
the branch ranging from O to 100 percent of the total, The tcst pro-
cedure was the same as in the calibration runs except for reading the
additional piezometers ard the small weir gage. A ccmputation sheet
fer one of the runs on test 3 i1s shown on table III.From the computed
energy at P,, the energy at each piezometer dovnstream from the junc-
tion was subtracted independently, This method tends to eliminate
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BOULDER DAM PENSTOCK STUDIES
COMPUTATIONS OF JUNCTION LOSS

Test No. 3
Run NO. 11
Date 6/11/32

Qg =1.9964 Qg = 1.2033 Qy = 0.7931 Q,/Q. = 0,6027 Temp. 67¢5°F
Px  Average of Piezometers 2-3-4 & 5 = 3,955
Average Vaz/Zg at Piezometers 2-3—4 & 5 = 0,209
Energy at Px = 4,164
PIEZOMETER NO.
7 8 9 10 11 12 16 17 18 19
Ave, Piezometer Reading 4,064 | 4,070 4,066 4,060 4,049 4,041 1,241 1,051 «780 «519
Velocity Head 0033 «033 «033 «033 0033 «033 2,151 2,161 2,161 [ 2,169 I
Pipe Friction Above Pisz.6( 029 I
Temperature Correction »001 I
Corrected «028 «028 «028 .028 «028 «028 «028 .028 .028 .028 i
Pipe Friction Below Piez.6| .00l .008 012 «019 «021 «028 434 592 «880 [ 1,112
ITemperature Correction 0] 0] 0] 0] »001 »001 »009 #0112 »018 0023
Corrected «001 .008 012 «019 «020 0027 o425 «580 862 [ 1,089
Junction Loss +.038 | +.025 +.025 +.034 +.034 +.035 «319 0344 0334 «359
IJb/Vaz/Zg +.182 | +#.,120 +.120 +.,163 +.,163 +.167 1,526 1.646 1,598 | 1,718
s/Vs?/2e 0.148

Average V82/2g = 2,161




piezometer discrepancies, The differences in each case represent
pipe friction plus junction losses., W¥ith the discharge known, the
nipe friction for the main pipe for a temperature of 60 degrees

was obtained from the curves on figure 14 and the pipe friction for
the brancl: was secured from figure 11B, The temperature correction
curves on figures 11A and 13 were used to correct the pipe friction
values for temperature., With the corrected pipe friction subtracted,
the remaining loss is that which was charged to the junction. This
is +the procedure followed on table III.Junction losses in the main
pine were computed in terms of the velocity head upstream from the
Jjunction. Junction losses in the branch are expressed in terms of
the velocity head upstream from the junction and also in terms of
the velocity heacd in the branch,

The results of the junction losses for test 3 chargeable
to the main pipe rlotted with respect to the discharge ratios are
shown on fipgure 15, On figure 153, the discharge ratio is related
to the junction losses obtained from cach of the individual down-~
stream piezometers. The separate piezometer curves (fig. 15B) are
in close agreement, with the excertion of piezometers 7 and 12,
which in most cases were disregarded when drawing average curves
due to their undesirable locations. The curve for test 3 (fig. 154)
was obtained from the average of the individual piezometcr curves
on figure 15B,

The average results of fthe junction losses chargeable to
the branch plotted with respect to the discharge ratios are shown
on figure 16. On figure 164, the junction losses are in terms of
the velocity head in the branch and on figure 16B they are in terms
of the velocity head in the main pipe upstream from the junction,
The separate piezometer curves for the branch were in good agreement.,
In eomputing these junction losses, the straight pipe friction
charged to the branch was computed on the assumption that the branch
Pipe extended in to the center linec of the main pipe. The reason
for this assumption becomes apparent when an attempt is made to de-
sign a junction in a large pipe line from experimental data.

For gi =0 (fig. 15), all the flow goes down the main pipe
la

and within the limits of experimental error no loss is found caused
by the intersection of the brancl in the line although the diameter
of opening is more than half that of the main pipe, The results

on figure 15 verify experiments made by Professor D, Thomad on small

9'Hydraulic Losses in Pipe Fittings" by Prof. D, Thoma. Transactions
of the Tokyo Sectional Meeting, World Pcwer Conference, Tokyo, Octo-
ber 29 to November 7, 1929. This article has becen translated and in-
corporated in the U,S.B.R. Tech, Memo. Ho, 325. For a more detailed
description of these experiments see "Losses in Cblique Angled Fipe
Branches" by Franz Peterman, Mittéilungen des Hydraulisckhn Instituts
der Technischen Hochschule Munchen Bulletin 1, p. 75 ff; and Bullctin
2, P« 61 FF, These articles have been translated in the "Transac-

tions of the Munich Hydraulic Institute! and published by the Ameri-
can Society of Mechanical Engineers as Bulletin No, %,
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brass pipe in the respect that for discharge ratios of less than
0.40, an apparent gain of head is recorded in the main pipe down~
stream from the junction. This gain in head is partly due %o thc
manner in which the loss coefficients were determined and partly

due to the pressure reaction from the water diverted into the biranch,
It is, of course, not a gain in energy.

It is possible to compute the junction loss chargeable to
the branch (fige. 16A) within reasonable limits by assuming that the
entrance to the branch is an ordinary sharp-edged conical pipe en-
trance., The average textbook indicates that the entrance loss for
a cone of this angle and type when Sonnected to a still reservoir
should be in the vicinity of 0415 Vs , As this entrance does not

g

connect to a still reservoir but to a pipe in which wvarying condi-
tions of flow exist, there is an additional loss to be added to that
above which, for the lower ratios of Qs is approximately 0.4 Vg*

a 2
This value is not a constant for all conditions of flow, but its
presence becomes negligible as the ratio of Qs increases,

‘o

The total junction loss then computed in this manner would
be

2 2
gy, = 0ufls B + g Ve (1)

s ——

2g 2g

Expressing the entire loss in terms of the velocity head
in the branch, the procedure is as follows:

and
v.2  (%s)?
s =fzr - (Qg 45)2
2 "l
g_&z % A )
Aa
a - S Iai ' i
28 2g o . ) \4
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Substituting this value in equation (1) +the junction loss coefficient

- o.15+o.4§a f_s_) (o)
) (5

Qg
Qs
carve is cbtained which agrees closely with the nne for test 3 on
fipure 164, The value of éﬁ is equal to 0,1875 in this case.

R

By substituting various values of in equation (2), a

Although data are meagre for the purposs in mind the fol-
lowing poiut of interest is cited, In the visual testec on the pyra-
lin scdel, ¢ was stated that the volume of the cddy zone in the
branch se-mzd to be independent of the discharge, depending only on

the discharge ratio TE" Thoma makes a statement to this effect,

that the junction 1oss coefficicnt is independent of the total dis-

Q

charge and dopends entirely upon %the ratio S | On figure 17, there
opy

has been plctted the variations in the loss coefficients for differ-

ent values of Reynolds' number, The curves on figure 17A show 'he
Junction lecgses in the branch to vary only with the discharge ratio

Q

ﬁi and not with the total discharge or Reynolds'number, The curves
oft figure 17B show a similar indicatiorn for the junction losses in
the main pipe but the points are more scattered due to the cxaggerated
scale of the graphe These results agree with Thoma's work anrnd with
the visual tests in which the eddy at the junction appeared to re-
main the same size for a given discharge ratio, regardless of the
total discharge.

E. Reduction of Junction Losses

In effort was made in tests 4 to 7, inclusive, to recduce
junction losses at discharge ratios of 0.25 and 0,50, 1In test &,a
deflecting block was installed in the mainr pipe. In tests 4, 5, and
7, wooden filler blocks made to the same size snd shape as the eddy
zones encountered in the pyralin model were installed in the branch
pipe imarediately below the junction.

For test &, the deflecting block shown on figure 8L was
installed in the main pipe, as shown on figure 8F, The block was
made to represent as nearly as possible the lip that extended out
into the main pipe in the preliminary tests on the pyralin model,
The results from the six runs made on tnis test are plotted on
figures 154, 16A, and 16B, This blecck produced no improvement in
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the junction loss coefficients in either the branch or the main
pipe nor did it seem to produce any detrimental effects for the
lower discharge ratios.

The filler block shovm on figure 8D was designed firon: the
curves on figure 6 for a discharge ratio of 0,25, and was installed
in the branch pips in the location shown on figure 8F for test 4,
The results plotted on figures 154, 16A, and 16B reveal that this
block failed to reduce the junction loss coefficient, but instead
increased it as compared with test 3 for all discharge ratios.

Another attempt was made in test 6 to improve conditions
at the junction by using a filler block for a discharge ratio of
0.25, Special care was exercised in obtaining the shape of this
block in the pyralin model, wihiich is shown on figure 3F, Better re-
sults were riroduced by this bleels, which was somewhat smaller and
more accurate than the one used in test 4, The curves on figure 16
actually show a small improvement over test 3 for discharge ratios
below 0422, Due to the restriction of area that these tlocks offered
in the hranch, the junction losses chargeable to the branch would
be expected to increase for dischiarge ratios above that for which
they were designed,

Iy test 7, the filler bloeck shown on figure 3D for a dis-
charge ratio of 0,50 was used. %When compared with test 3 on figure
16, practically no change in the junction loss coefficient is notice=
able up to a discharge ratio of 0,560, 1In fact, this block show: a
slight improvement in the coefficient when compared with test 3 for
discharge ratios of less than 0460, Above this ratio, the junction
losses increase in the branch while in the main pipe (fig. 154),
the losses show a decrease for discharge ratios above 0,50.

Summing the results of the above tests, it can be said that
in the majority of cases the filler blocks actually did decrease the
Jjunction loss coefficients for discharge ratios under that for wlich
they were designed., It was of course expected that the junction loss
would increase for values greater than the designed ratio. The im-
provement, contrary to expectations, was so0 small that the beneflit
derived from filler blocks of this type would hardly be worth tie ex=
pense of installation, It is suggested, however, that for penstock
installations, where the discharge ratios for the branches will re-
main practically constant and power head at the turbines is at a
premium, filler blocks may prove to be of some value, These, hcwever,
would not he a practical installation at the Boulder Dam, Had the
filler blocks shown promising results they may have been inecorporated
in the penstock design.
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F, Investigation of Static Pressure at 105-Degree Junction

In the design of thin~walled pipes, the maximum and mini--
mum pressures developed at junctions are quite important., I+ was
to determine more in detail these pressure conditions that addivional
piezometric connections were installed in the model of the junction,
Piezometer 13D and piezometer rings 14 and 15 were placed (figs. 7
and 18) in the section of the branch immmedately below its intersec-
tion with the main pipe. During test 3, these were read simultan-
eously with the other piezometers., Three of the pressure cutlets
in piezometer ring 6 were also read, the fourth outlet being eliminated
by the installation of the junction ol the branch pipe.

The pressure at each of these points was related tn the
average nressure condition at pilezometer ring 6, measured during pre-
vious runs without the branch installed. The drop in pressure be-
tween each piezometer and plezometer ring 6 was expressed in terms
of velocity head in the main pipe upstream from the junction in
order to produce dimensionless quantities, This ratio of drop in
pressure head to velocity head 1s plotted against the discharge
ratic on figure 18, As it 1s possible in design to determine quite
accurately the pressure at any point in a straight pipe line, which
is not true after a junction is installed, the pressure obtained at
ring 8 (without the branch connected ) was used as the reference pres-
sure in these expesriments.

A slight increase in pressure was found at piezometers
6A, 6B, and 6C (fig. 18) due to the introduction of the Junction.
For discharge ratios up to 0,20, a decided increase is showm at
piezometer 14B, but for higher ratios, the pressure diminishes rap-
idly. For the lower ratios, the gzain in pressure indicated by this
rlezometer 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 visualiziug the pressure distributions in a
junction of this type, diagrams ol the actual observed pressure in=-
tensities of piczometer rings 14 and 15 {or a few runs on test 3
are shown on figure 19, The pressures were measured in feet of water
above the center of the pipe and are plotted both vertically and hor-
izontally, using the intersection of the two axes as the reference
point, The circumferential pressure at piezometer ring 15 is quite
uniform in each case. The pressurcs recorded at ring 14, however,
varied greatly with the discharge conditions. Considerable varia-
tion can be noted in the pressure distribution for the extreme cases

Qs

where — = 0,151 and 1,00,
e
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Ge Tests on a Right-Angle Junction

As previously mentioned, experiments of a similar nature
have been performed by Professor Dr. - Ing. Thema and his associates
at Munich, and translations of their work have been used for refer-
ence in design of pipe junctions, This was especially the case in
the early stages of the designs of .the Bculder Dam penstocks. Ther
was some question as to the validity of applying Thoma's data to
such extremely large penstocks, particularly in view of the fact
that his experiments were performed on relatively small brass pipes=.

40sses in Right-Angle Pipe Tees" by Gustav Vogel, Dip, IEngra,
Mitteilungen des Hydraulischen Instituts der Technischen Hochschule.
Part 1 ~ 1926. This article has been translated and incorporated
in U.S.B.R. Tech., Memo, No. 299,

]

In an effort tc make a definite check on Thcma's experi-
ments, two tests were made for the determination of junction losses,
using a 3a.49-inch branch pipe connected to the 10-inch main pipe at
an angle of 90 degrees (fig. 20), In test 10, the branch was con-
nected 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 and a length equal to 2,1 D_, The ratios of the diameters
DS/Da of 0,35 * and the proportions of the cone used were directly
conmparable with two of Thoma's experiments.,

Before investigating the junction losses, the 3.,49-inch
trarch, with an extra section of pipe upstream, was connected to
the fcorebay bulkhead and calibrated, The procedure was the same as
previously used to talibrate the 4,33=inch branch. The friction
factor curve for, f, from this calibration is plotted with respect
to Reynolds! number as test 9 on figure 1C., This curve falls below
that for the 10-inch pipe. Two months later a check calibration
(test 9Z) was made on the same pipe under the same conditions and
the pipe frictien was found to have increased considerably, It was
later proven that this second calibration was in error and it was,
therefore, disregarded. Friction loss curves plotted against dis-~
charge for test 9 are shown on figure 214, These curves represent
the pipe friction from piezometer ring 6X (fig. 204) to any piezo-
meter in the branch for varicus discharges at a temperature of GO
degrees IFahrerheit. The temperature correcticn curves for the 3,49~
inch branch which were used to convert the pipe friction leosses to
a constant temperature cn figure 21A are shown on figure 21B,

The calibrations of the 1lO-inch pipe before and after the
tests on the 90~degree branch are indicated as tests 2Y and 272 on
figure 10s Fractically no change in fricticn was evidenced in the
10-inch pipe throughout the entire set of experiments, Calibration
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curves representing the pipe friction from piezometer 6X to any
piezometer in the main pipe for different discharges at a tempera-
ture of 60 degrees are shown on figure 22,

The test proecedure for determining junection losses in
tests 10 and 11 was +the same as in test 3 except that the additional
piezometer ring 6X was used as the reference point and P_ in tests
10 and 11 now represented the average readings of piezometers 2, 3,
5, and 6 rather than piezometers 2, 3, 4, and 5, Piezometers on
ring 4 had been damaged and readings from it were no longer included
in the average.

The runs on tests 9, 10, 11, and 97 unfortunately were
spread out over a period of two of the warmest summer months, as
work of greatsr importance made it necessary to complete these tests
as circumstances permitted. The following schedule shows the cal-~
endar dates on which the various runs were made,

Test .

No. Run No, | Date Performed Nature of Experiment

9 | ALl runc ’7/22 and 7/23 Initial friction calibration
o (|08 ite 8 dmels 7/27 and 7/28 90° branch, without cone

RO te 14y, dnel, &/8 and 8/9 900 branch, without cone
OGNS fEor I8 Hmcl 8/26 50° branch, without cone

11 | A11 runs 9/2 to 9/7, incl, 90° branch, with cone

92 | A1 runs 9/28 and 9/29 | Final friction celibration

The pipes were located frcm 4 to 6 inches above the floor of the lab-
oratory calibration tanks, Consequently they were intermittently
submerged while other experiments were in progress in the laboratory.
This condition and the warm weather were conducive to the propagation
of algae growth and the formation cf rust spots in the pipes. Tests
10, 11, and 97 showed that as time advanced the friction in the branch
increased which was entirely possible due to the above factors.,
Strangely, the 10-inch pipe, which was subjected to the same condi-
tions for a longer period of time, showed practically no change in
pipe friction.

It was assumed that the junction losses obtained for runs
1 te 8, inclusive, of test 10 were probably ccrrect as these runs
were commenced within four days after the test 9 friction calibra-
tion. It was also assumed that the results from test 11 were presum-
ably correct as the pipes were cleaned previous to these runs. Junc-
tion losses for these runs are plottsd on figures 23 and 24,
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A check on the results of tests 10 and 11 was made by
another methode. The pipe friction for the 3.,49-inch branch and
the 10-inch main pipe was obtained for each run by plotting the
piezometer readings plus the corresponding velocity heads upstream
and downstream from the junction and drawing average lines represent-
ing the friction slopes through the points to the junction. The dif-
ference in elevation of these lines at the junction represented the
losses at that point. By this method, the junction losses and
straight pipe friction were obtained simultaneously from the same
runs, thus eliminating errors procuced by the changing pipe fric-
tion. The check method showed that runs 1 to 8, inclusive, (test
10), and all runs of test 11 were reasonably correct as computed
from the test 9 friction calibration. By the check method, all
runs on test 10 fell approximately on the same curve. Cleaning
the pipes previcus to test 11 evidently reduced the pipe friction
to agree with the test 9 friction calibration. Three weeks elapsed
between the completion of test 11 and the second friction calibra-
tion (test 9Z) which afforded ample opportunity for the pipe fric-
tion again to increase in this length of time, which it did. The
check method definitely indicated that the friction observed in cal-
ibration 92 was toc large to be applicable in the junction loss
computations and was therefore discarded.

As a result of this investigation, runs 1 to 8, test 10O
(without the cone) and all runs on test 11 (with the cone) are plot-
ted in three forms on figures 23 and 24, Figure 23 shows the junc-
tion loss measured in the branch in terms of the velcecity head in
the main pipe upstream from the junction and figure 24A shows these
same losses in terms of velocity head in the branch. The junction
losses measured in the main pipe expressed in terms of the velocity
head in the mair pipe upstream from the junction are exhibited on
figure 24B.,

Thoma's junction loss coefficients for an exactly similar
layout in which he used a 43-millimeter smooth brass pipe with a 90-~
degree 15-millimeter branch (with and without cone) are plotted on
figure 23. These results are considerably higher than those obtained
by the Bureau on larger pipes which would indicate that viscous ef-
fects in small junctions as well as in small pipes are appreciable,
Although this incident does not constitute definite proof, it indi-
cates that experimental data on small junctions for small values of
Reynolds' number are not especiallyv applicable for computing losses
in large penstocks where large values of Reynolds!numbér are involved,
Thoma's work dealt with Reynolds'numbers up to 100,000, while the
Boulder Dam penstocks involve Reynolds! numbers as large as 90,000,000,
Considerable recent data are available which indicate that the ten-
dency is for losses to decrease with the use of larger models in
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spite of the fact that in a model of given size, little change in the
felsisicloeksicklenity | ks Bbslerviedi o ivanyans velllockicilelsfy M junieiklon
losses in large smooth penstocks such as those at Boulder Dam were
computed on the basis of Thoma's experiments, the existing losses
would undoubtedly be scmewhat less than the computed losses.,

Thoma's curve for the junction loss coefficient for the
cone installed is unquestionably in error as a few rough computa-
tions will show. The addition of the cone should produce a very
noticeable improvement in the entrance conditions to the branch,
DrerBukicant!is ‘ecperimenits shiow thalk the additien of 'ar cone reduced the
junction loss coefficient to approximately one-third of its original
value.

A e maibiter of  imbomelsihy ft ils) pessibile o clompuitieithe
Juneickion Besisest For the layeutls instesits 10 and 1 with ‘a 1imsisted
degree of accuracy by a method similar to that used previously for
test 3.

The layout in test 10 (without cone) will be considered
first., For an ordinary sharp-~edged pipe entrance leading from a
quiet reservoir, handbooks show the entrance loss to be approxi-
mately 0,5 Vs” , In the case of a junction, various conditions of
2g
flow exist at the entrance to.the branch, and an additional loss

which is in the vicinity of 0.8 'a  should be combined with the
s
entrance loss, The total junction loss then as computed for the

branch is

2 V.l

JS =055 Vs H(0) o () MNEr T

2 28
v 2
The seccnd term is a variable but is approximately 0.8 "a
g

for the lower values of-gg- where it is effective (fig. 28 )

g%
g

For larger values of 7S +this term is negligible compared to the

first, Expressing this equation in a more practical form the junc-
tion loss coefficient for the branch is

2 12
s . 0.50 * 0.8 E%&% fi‘il
Vs2/2g RX (A
where §§ = C,1216,
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Upon substituting different values of 9& in the above
s
equation a curve can be obtained which will approximate the one for
test 10 on figure 24A,

The junction loss for test 11 (with the cone) may be esti-
mated in the same manner by substituting the proper coefficicents in
the above equation, Upon comparing the entrance to the branch in
test 11 with test 3, one would expect the entrance for test 3 to be
slightly superior to that in test 1l. Therefore, it seems logical
to substitute the following coefficients in the formula

Expressing this in the other form, the junction lcss coefficient
beccmes

~ \2 2
m 0,20 * 0.5 {ﬂ__‘a} s

The curve obtained by substituting values of EE in this
s
equation will be found to practically coincide with the curve for

test 11 on figure 24A.

He Investigation of Static Pressures at Right-Angle Junction

Piezometer rings 33 and 34 were installed in the branch
near the junction (fig. 20) for the purpose of studying the pres~
sures in that zone and were read with the other piezometers during
tests 10 and 11, The drop in pressurc between each of these piezo~
meters and the piezometers at the theoretical junction are plotted
on Tigures 25 and 26, respectively, The difference in pressurc,
expressed in terms of velocity head in the main pipe above the junc~
tion, is plotted with respect to the discharge ratie, In both tecsts
10 and 11, piezometers 6XA, 6XB, and 6XC show a pressure above the
average obtained at ring 6X without the branch attached. A slightly
higher pressure was developcd in the main pipe for test 10 than for
test 1l, The curve for piezometer 33B (fig. 25) is quite similar to
the curve for piezometer 14B on figure 18, although there was no in-
crease in pressure developed in the first, The curve for piezometer
33B on figure 26 shows the effect on the pressure at this point pro-
duced by the addition of the cone. An increase in pressure was
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registered at piezometer 33B for discharge ratios below 0,40 and
only a small drop was observed for ratios above this value,

3, Velocity Distribution in the Main Pipe

At the conclusion of the experiments on the quantitative
model of the pipe junction, a study was made of the velocity dis-~
tribution in the 1C-~inch pipe with the branch removed. The pitot
tube (plate VA) was mounted near piezometer 6 or approximately 18
diameters downstream from the pipe entrance and traverses made in
both a horizontal and a vertical plane passing through the center
line of the pipe. Five pitot-tube readings were made at each point
shown on figure 27A,

The actual velocities measured at the several points arve
plotted on figure 27 for six discharges. Isovels representing points
of equal velocity were drawn and the areas between these lines ob-
tained by the use of a planimeter, The nonuniformity in the veloci-
ty distributicn is probably due to the unsymmetrical entrance con-
ditions to the pipe.

A = Total area of pipe
V = % = Mean velocity in pipe
/3\/= Average velocity in pipe
H, = Total mean velocity head in pipe

4

Total discharge in second~-feet

| j <

The coefficient of velceity in a circular pipe is expressed®

= ——

S"Branch Losses in Pipes by the Momentum Method" by Ralph W, Powell,
JeS.BeRe Library.

N
L “ ="
as v - 20 , Where 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 above
sketoh be denoted as aj, ap, az, etc., and the mean velocity in each
respective area be indicated as vy, vg, vz, etc., the numerator of

the above equation can be expressed as
60
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:E:(vl 8 * vo%e, ¢t v32a5 + ~w) or 2g Z:(hvlal gt e

Mhel mean veliocakiyy, WV, in the pipe is equal to

+ Sedel "‘“"‘)

Q2
Tiie derominator of the equation is then simply T which
can also be expressed as 2g H, A, where H, is the total mean velocity
head ir the pine.

Substituting the numerator and denominator into the origi-~
nal equation, the result is

/3 - L)

B4

The experimental values were substituted in the above
equation for the six discharges investigated and it was found that
for these discharges the value of ,‘3 ranged from 1,016 to 1,033,
as indicated on figure 27,

The energy head correction factor® expressed asec¢= ZGQEEfL i
Vo4
where WM = velocity in each individual area bounded by isovels,
V = mean wvelocity in pipe in feet per second, and A = total area of
pipe in square feet, was computed for the six runs showm on figure 27.
The integration of the expression/cuﬁdA was accomplished by plotting

a mass diagram, the coordinates of which were the area of the pipe

and the cube of the individual wvelocities at isovels. The numerator

off the above equation was then obtained by planimetering the area

under the curve, The denominator was procured by multiplying the

total area of the pipe by the sum of the cubes of the individual
velocities between isovels, The velocity head coefficient o ranged
from 1,020 to 1,116 and these values are shown listed uhnder the separate
runs on ligure 27, The true velocity head is thenegHy, where Hy =
total mearn velocity head in the pipe,

The junction loss results would have appeared slightly

8"Velocity-Head Correction for HydraufE;-Flow”: by M, P, O'Brien
and J, W. Johnson, Enginecring ¥Yews-Record, August 16, 1934,




different had the true velocity head been used in the computations
rather than the mean velocity head, as in a short pipe such as this,
the coefficient varies as the distiance down the pipe. It is evident,
theref'cre, that numercus measurements would have been required tc ob=
tain o true interpretation of the velocity conditions throughout the
pipess The results of *these expecriments together with others indi-
cate that the velocity head coefficient for a given pipe decreascs
with an increase in Reynolds! number, and that for a given Reynolds'
unmber the coefficient decreases as the size of pipe increases.

It was realized thatc additional studies of the velocity
distribution would have been interesting, and perhaps valuahble, hut
the requirements of this particular problem were not such as to justi-
fy, and the time limitations prohibited these additional studies.,
Furthermore, such additional work would have required a material ro-
finement of the apparatus.

Jo

Conclusions on Junction Tests

The fovegoing tests =

v be swamrized as follows:
1o The instellation of a filler block at a junction Lo sup-—
ploant the existing eddy formation at this location produced no mator-
ial improvement in the ¢fficiency of the junctione.

2. Comparison of rcsults obtained by Thoma and the Bureau on
o similar junction of different size indicated that.the junction loss
decrecsed as the size of the junction incrcascd. The larger loss in-
dicatcd by +the smiller junction is ﬂrl"»;ll’ duc to viscous eifects
and to the fact that the straight pipe friction is seldom to SCllC,
clthough the junmctions may be geonctrlcmlly similar. Il is,there-
fKonde); loﬁloal to assume that the grectest deviations in the junction
losses occur for the small sizes.

3s The addition of a cone conmuccting o right anglc branch with

the main pipe reduces the Junction loss cocificient to approximntely
one~third of its original veluec.

In conclusion, it moy be well to emphasizc tho ifig. et tlhokG
the forecgoing exporiments werce porfoimed fa o specific purpose and
were not intendcd to constitute a genceral study of the subjecct.

The results of these tests may prove of valuc for o zimilar cuse in
the future which is within the limitations of those experimentse

he majority of the graphs have beon expressed such that the values
arc dimsnsionless, thuc it would asppear that the same wvolues indi-
cated Ly the graphs ﬁppr for both modsl and prototype. Strictly
speaking this 1z not entirely the case, especiclly on very small
models, due to the factors mentioned abovee It is expected that the
junction losges in the Boulder Dnm‘pcnstocks will be slightly less



than those obtaincd on the model, in thc same way that the losses

in the model were less than thosc obtained by Thoma on a smaller but
similar jumeltionms The mognitude of The woriation is expected to be
less pronounced in the former casc as the model wes of sufficient
silze to lergely eliminate these wvilseous effeccts.

4. ACCURACY OF EXPERIMENTAL RESULTS
. Gonoper)

The model tests lon the' junetion losses of the Boulder Dam
penstocks compriscd approximatoly 25,000 scparatc observations.
These obscrvations, made with equipment of the grcatest practical
accuracy, with multiple readings of piczomcters located cvery four
soMSEES (dilameitorsh over’ fthe ienitiike. Nenpsel of the piljpe ‘tesited, afiiord
an cxceptional opportunity to evaluate cxperimentol crrors, to anal-
yzc tho distribution of hydraulic losscs, and to develop a procedurc
of maximum efficicncy for futurc testse

In this report, thec theorctical enmergy loss due to a f£it-
ting has beon defined as tho sum of thc piozometric drop and the dif-
ferencc in mean vclocity hecads, less the normal friction loss betwecn
the two piczometer stations. Theoretically, the two piczometer sta-
tions should bec located sufficiently distant upstrcam and downstrcam
from the fitting that normal velocity distribution cxists in tho stream
cross scctions., To satisfy this definition, & complcte loss determin-
ation rcquires tho simultancous measurcrcnt of two mecan velocity heads,
of two piczomctoric clevations, and of thc loss which would exist in
the seme total length of pipe if it were straightie

B. BErrors in thc Moan Velocity Head

The rate of discharge in thesc tests was mcasurcd by weirs
which had previously been calibrated volumectrically. It is thought
that absolutc crrors in the discharge as determincd from the measure-
ments did not cxcced one-half of one percent. From tho wecir, the
vater passcd to a stilling basin and thence to equipment under tcst.
Although ncarly an hour was allowed beforc oach test for the flow to
SiteNoanEiRze R filucituaitifons| i per sidisitted Hnl fthe sitidlfilsng basdne The waiter
rosc and fell slowly with a probablc variation of 0.025 foot from the
moan c¢levation (fige 284). At the end of cach run, therefore, the
average discharge computed from the mean of the weir rceadings was cor-
rccted to allow for any storage which had taken place in the forebay.
The corrcction for cven the lowest discharge was less than O.2 porcent.
However, an observational cerror was introduccd by the momentary changes
1L EhicEeicaivhicald o ehicialppakaiclists Wsisuming the Total head as Shv,
vith volocity hcads of onc foot and ovor, thec crror for a singlc obsar=~
vation bccomws 1 x 0,025 = 0e3 percent of hvn On the theory that the

& s 00
protable errer in the veloeity head due to forcbay fluctuations is re-
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ducod in inversc proportion to the square root of tho number of ob-
sorvations,7 tho sixtcen roodings mado on cach piezomotor ring re-

"7 For a dctailed discussion of the application of the theory of
least squarcs to tho interprctation of cerrors, scc Root: "Mathe-
motics of Engincoring", Williams and Wilkins Cos, Baltimorc.

ducc this crror to Oe8 hy = 0.2 percent of hye

Repoated m%grocaliper measuroments showed that tho dia=-
metors of the pipes did not vary mare than 0,003 inch or O.l percent
for the 3¢49-inch branch. This error would causc a deviatiorn of' approx-
imately Oe2 percent in the moan velocity hoade The previously men-
tioned error of 0«5 in tho weir discharge is oquivalont to an error
oI (1.005)2 - 14,00 or ono percent in tho mean velocity hoade Com-
bining thesce with tho error causcd by the forebay fluctuations, there
is_ob%fpinod e probeble total crror in the mean velocity head of
‘vﬂbljﬁ+{.ﬂﬂﬂjr+ [.002)¢ or only slightly in cxcess of onec percente

Although in accord with the usual practice, tho mean vo-
locity head was used in this report for tho computation of kinctic
energy head, it is known that bocause of tho nonuniform distribution
of the velocity, tho kinctic cncrgy would bo from two to nine per-
cent in excess of this for Reynolds' numbers botween 50,000 and
1,000,000+ Furthermorc, tho corrections may be much larger down-
strcam from fittings below wvhich contractions of the stream have becn
produced. Information concerning tho nngnitude of this corrcction
ait thiel locaitilon jusit upstrcam firem Ehe junetieon ia the 10=imnch pilpe
tests (approximntoly 18 diamcters below tho cntrance) is given in
Chapter IV, scction 3-I of this rceporte It necd only be statod hcre
that the numorical values of the losses given in this report have boon
computed on a basis of mean velocity heads. Tho crror involved in
this proccdurc will be furthor discusscd subscquentlye.

Ce Zdrrors in the Determination of the Hydraulic Grade

The determination of the hydraulic grade at any point was
subjcct to the following crrors:

Fluctuations in tho headwator olevations.

Fluctuations due to turbulencce

Errors in tho mechanical construction of the piezometers.
Brrors due to laclk of parallelism in flow.

Various errors duc to capillarity, tomperaturo, entrained
G101 10 B(E) e

AN NN AN N
o N
N N N N

With regard to crrors (1) and (2), since cpproximatecly half
of the total pressurc hoad on the appeoratus was transformed into volo=
egibyr helad aitl che lentrancel, the efifiect of rescrvoilr fiuekvaitions on
the fluctuations in thc pipe piczomotors might be oxpoctod to be ro-

oy i
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duccd one-half. Figurc 28A indicates that the probablc fluctuation
in the reservoir was about 0,025 foot; so the expected fluctuation

in o piczometer is of the order of 06012 foote Results showing the
pigzometer fluctuations for two different discharges and at 16 dif-
fierent piczometers arc plotted on figure 28B. These indieate a prob=
able crror for a singlc obscrvatim of 0008 foote Since thesc data
taliec into account changes in piczometric levels causcd both by head-
water and turbulence fluctuation, and the crror is less than that ox-
pccted by headweter fluctuations alone, o rcasonable conclusion ap-
pears to bc that turbulencc surges werc of rcletively little impor-
tancce.

Four rcadings of cach piczomcter werc taken at about ten-
minute intervals during cach rune. The fluctuation crror for the sct
of readings for o singlec piczomctoer would therefarc be 0.008 = 0,004

foote 8Sincc four piczometers commrised a ring, the errorY4of the
piczometric grade as determincd by the ring and causcd by fluctua-
tions only would bc 0.002 foote.

Duc to slight roughness at the cdges of the openings or
nonparallclism of flow (crror 3), most piczomcters cxhibited posi-
tive or negative deviations varying with the velocity head. Assum-
ing fthe leorriceit pilczenmeiswile: clleviotion ot o giwven ring to be ‘thast) of
the mean of the. fiour pieczomeiteris, cech read four times, & study has
bcen made of the variation of the individual piczorters from the
mcan. IFer this purposc the cxperiments mnde to determinc the fric-
tion losscs in the 10-inch straight pipec werc used, the analysis be-
ing basecd on theo piezometer errors of rings 6, 10, and 11, lecated
18, 44, and 52 diamcters downstrecoam from the rounded intalice

Bight runs with velocity heads varying from 1.5 to 3.5 fcet
worc utilized end the differences from the mean piczometric level of
cach run for cach ring werc expresscd in terms of the velocity hecads
The dilstertiibution of- the: mean eFKor ior the twelve pieziometers His
shovm on figurc 28C. The indicated probably errer for a singlec piezo=
mcter duc to mechanical defects is 0.01 hy - 15 porccnt. With o mean
velocity hcad equal to 2.5 fecet, the corrcsponding error is 0.025 foote
With a ring coentaining four piezometers, thc probable crror is 0.012
foot which is comparable tc the 0.002 foot causcd by hecadwater fluct-
uations. Although thec error duc to mechanical defeccts of the piezom-
ebers may appear large, previous worlk on the subjcct8 indicates that

"B Piczomcter Investigntions - Allen and Hooper - Transe AeS.leB.
Hyde 54=1 - 1932.

it deccs not cxcced the limit of practical accuracy.

In conncetion with laclk of parallelism in the flow (error
4), therc is rcascn to belicve thot water entering a pipc systom through
an imperfcctly shapced mcuthpicce passcs through the same phenorcna of

€3



contraction anéd expansion as those experienced by a free jet issuing
from an orifices In the straight pipe experiments on 3.49~, 4.33-,
and 10-inch pipes, with piezometers located 3.5 to 7 diameters along
the pipes, the experimental data indicate that points of low and high
pressure analogous to waves occurred downstream from the entrance at
intervals of from 6 to 8 diameterse. The amplitude of the pressure
deviation was about one percent of the velocity head, and it was not
entirely damped in a length of even 50 diameters. Although the exper-
imental data is not conclusive, it is estimated that there was a prob-
able error from this cause in the order of 0.7 percent of the velocity
head at the upper end and Oe2 percent of the velocity head at the low
er ende

o attempt has been made to evaluate errors due to temper-
ature, entrained air, and capillary effects (error5). In comparison

with other crrors it is believed that these may be neglected.

D. Errors in Obuaining Encrgy Grade

For any given run, the encrgy grade at any piezometer ring
was determined by taking the mean of the 16 separate readings for the
four piczomecters over a period of perhaps 40 minutes and adding to it
the mean velocity head for the samg period. The probable crror in the
result would then be as follows:

«VZ = velocity head orror? + crror duc to standing pressure waves?

' + mechanical error of piezomoterg + fluctuation error?.

Assuming the fluctuation crror to bz cqual to or less than 0.002 hy

for hecads of onc foot and over, the experimental error in the cnergy
gradc at any piezometer ring for a given run bccomes

YV o=n, /\/(.002)2+(.ooz)2+(.005)2+ (:002)2 = 0.6 porcent of h.

For velocity hcads of thrcc fect or more this crror amounts to 0.02
foot. The variations of this magnitude rcvecaled by the plot of cnergy
grades (fige 12) arc common. These crrors arc exclusivo of thosc pre-
viously mentioncd as rcsulting from inaccuracics in thc weir measure-
mentse

B« Errors in Dgtermination of Losscs in Straight Pipe

At the start of the experimental program it was contemplated
that tho losscs in straight pipe requirced by the cxporimental proccdurc
would be obtained Mence for.all" by tests for this sole purpose on a
straight pipc as long as the laboratory facilities would permite. The
following apparatus was available:

(1) 3.49-inch pipc: Entrance 29=decgroc cono with 16:1 cntrancc-
to-throat arca ratio; calming length, 38 diametecrs containing 6 piczom-
eter rings; cnd length, 14 diamcters with 3 piczomcter rings.
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(2) 4.33-inch pipc: Entrance, 27 degrcc cono with 10:1 entrance-
to-throat area ratio; calming length, 26 diamcters containing 4 piczom-
eter rings; end length, 16 diameters with & piczometer rings.

(3) 10-inch pipe: Entrancc, somicircular beading on facc of
wall vith radius cqual to Oe.4 that of pipc; cntrance-to-throat area
ratio 2:1; calming length, 36 diamcters containing 8 pioczometer rings;
cnd length, 16 diametecrs with throe piczomcter rings.

Since thc pipe uscd was of tho somo quality throughout and
all piezomecter rings were of oqual accuracy, thec distinction betwcen
calming length and mecasuring scction is a nominal onc, but is uscful
for analyzing crrors.

According to Nikuradso, the velocity distribution is ncarly
uniform at the throat of a well-rounded pipc cntrancc whose shape is
such that no contraction occurs; but for smecoth pipos, the distribution
changes into tho typical veclocity profile within a distancc of from
25 to 40 diamectecrs downstrecam. The cncrgy lossos during this transi-
tion must be very small and may be oven less than in tho portions of
tho pipc subjccted to normal flowe. The chengo in velocity distribu-
tion, howcver, rcsults in a conversion of potential to kinetic cnergye.
Tho hydraulic grade lino for this casc, therefore, tends to take the
form of a falling curve, concave upvard, stecper at the upstrcam cnd,
and flattcning into a straight slopc descending toward the outlet.

If, now, the entrancc conditions arc not idoal so that a tendency to-
werd contraction cexists, the kinetic cnecrgy at the eontracted scction
is much highor than would bc indicated by tho calculation from the
moan velocity correctcd for normal distributione. The static pressures
would show a drop from the absolutec cntrancc to tho vona contracta,
followod by a sharp risc and subscquent gradual drop, tho latter pos-
sibly subject to fading oscillations. Tho experimental mcasurcements
of static pressurcs as mado, begin approximatoly at the probable loca=-
tion of this contraction, and show the sharp risc and succccding drop
with oscillationse. When a constant kinetic onorgy torm bascd on dovwm-
strcam conditions is addecd to this pressurc distribution, tho result-
ing nominal cnergy gradc-linc shows tho same variations as tho mcas=
UiRedi gpREsistRels),, and Afs shus koo low ait the, filkst peint, may be To®
high at its pecak, and may oscillate about tho true grade-lino with
diminishing amplitude thercaftcr.

It is cvident, thercforc, that to obtain the normal loss
in a straight pipe, cither the pressure drop must bc obtained at a
location sufficiently distant from tho entrance that the velocity
distribution is normal and the hydraulic gradec is a straight lino,
or the Btrue wvalue of the kinetiec cnergy at the measured eross sce-
tions must bo knowm. Unfortunatoly, in thc Burcau's tcsts, the length
of pipec which could bc accommodatcd was limitcd so that only 14 to
15 diameters at thc downstrcam cnd could bc considorod as having ap-
proximately normal velocity distributione. The measurod encrgy drop
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in this length approximated 0¢23 h,. Since it has becen shown that
the accidentalepror in the mean results of a sct of rcadings on a
singlc piezomcter ring is of the order of 0.006 h,, for a singlc
determination of the friction coefficicnt from the drop between
two rings, thc accidental crror is q/? x 0,006 h_ = 3.7 pcrcent
0.23 hy
of the cncrgy drop. If the orror in thc kinetic energy hcad as
calculatcd on a basis of the mecan velocity corrccted by the arbi-
trary factor, o¢ is as much as 3 pcrcent, which is the rangec of
the empirical valucs of o , thoen the possible crror may bc as
NSl me - {0525 + 0085 (1 T J03) he = 0888 h, ; or 6.8 percent of
the cnergy drop. 0+23hy

Fe Entrancc Losscs

During thc tests for friction losscs in straight pipces,
advantoge was taken of the opportunity to wcasurc the noainal en-
trancc losscs and thcir ratc of dcvclorment. The results obtained
from this scries of obscrvations and their maximum deviation from
a mean arc as follows:

(1) 3.49-inch pipc cntrancc, loss 0.14 h, * 2.5 pcrcont
(2) 4.3%-inch pipc entrancc, loss 0.1l s ¥ 3.3 percent
(3) 10-inch pipe cntrancc, loss 0418 hy & 2.8 percent

The accumulative perccntoge of the total apparcnt cn-
trancc loss at various diameters bclow thc cntrancc is shovm on
figurc 29, It 1s noted that, cven at 30 diancters, only 95 percent
of the total entrance loss has occurrcd.

Sincc this data was obtained from apparatus whosc total
length was limited, therc is remson to belicve that the determina-
tions of both the cntrance lossecs and the straight pipc losscs in-
clude largec persistent crrorses Thus, if only five perccnt of a
given entrance loss, assumed to be 0.20 hy , occurs in thc cnd
22 diomcters dovmstrcam from the 30-diamcter point, the straight
pipe loss dectermincd from this section will have a persistent pos-
itive error of 0,05 x 0420 = 3,2 pcrcent. This effcect, combincd

OR8] B4 1282
16
with the fact that the cntrancc losscs werc much higher for the
10-inch pipc than for the 3.49-inch pipe, may account for thc high-
cr straight-pipe losses indicatcd by thc 10=-inch pipc .

In these tests the differcncc betwecen the straight pipe
and cntrancc loss is distinguished by constructing a tangent to
the hydraulic grade linc at a point about 40 dimmeters below the
entrance. The straight pipe loss in the upstrcam 40 diamcters is
thus 40 x 0015 1 = 0.60 hy. Sincc thc accidental crrors would
bel ipnacitatcaibly ftite 'sieme fiRacikilontof hy, negandillcisisyeftlic Iphipe skize,
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and since, as has bcen shown, the accidental error may amount to as

mueh ais Bn7 percend of hv, the aceiddenital error in the determimaibilon
cifchicicnizRatcecr Miosis) For" ithe, dss=inch pifpe), for whilch thei tobpitichn=
trancc loss is 0.1l hy, might amount to 0.037 x 060 hy or about 20

O.11
percente The repetition of rcadings would rceduce this to 20 or about

N5
4 percent which is comparable to the 3.3 percent given in o preceding
paragraph.

G. Branch Loss Errors

Although absolutc valuos of losses werc not rcecquircd to sat-
isfy thc mojor purposc of these tests which was to obtain gualitative
results foir differcnt types of branch conncctions; ani 2ithough the
reducticn of accidental crrors by rcpetition of rencings was consid-
cred surficiont, therc remain many circumstances under vihiich a deter-
mination 2f the truve valucs of thesc losscs is importenc. In a closer
analysic, “hercfore, the following persistent errors must bc consid-
cred:

Errors in mcan vclocity heade

Brrers due to nuglect of enemgy head corroction factonk

Brrors in the dectermination of tho straight pipe loss, includ-
ing the cffcct of too short a calming lcngthe.

(
(
(

(SN IR o
~—n

Wherc the absolute valuc of the loss whick is to bec determined is
smayldly, leiels off clontrioll of Ehese fidekors introduces Adairgc errions) i Ehe
result and is probably responsiblec for much of the apmrent discrepan-
cles in recported cxperimentse. Consider the following two cxamples:

(1) Pigurc 15A shows the coefficicnts of junction loss in the
main pipe caused by diversion into the bronch in terms of the velocity
head in the main pipece. The cquation by mecans of which the cocfficients
vere cxperimentally determined may be written

vihere the symbols and cxperimentel values found for a Reynolds' number
of 200,000 and for a discharge roatio, Qs,of 0.6 arc as follows:

Qo
‘}& micloefitticilont of Fjuacitieon |less in iterms of Vaz
2g
(PX—€2= drop in hydraulic gradec as o fraction of VQE ( = ~0.64)
Y, . ) : 2g 2
iy = cocfficicnt of straight pipe loss in terms of V, (= 0.019)
B
m = length of pipc in diameters betwecen the branch and the
dovmstrcam piczometoers (= 25)
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Hg = ratio of mean velocity head beclow the branch to
that above ( = ogE)

0el2 = (1=0e16) - 0464 = 0,019 x 0,16 x 25

SR Fhie dififerenee in iEnue kEnekic cnergy hcads be used for
the first term instcad of the differcncc of mecan velocity heads, the
first term becomcs, (il = 1305 % O6) = 0.95
and N = 023 which is 0,11 hy in exccss of that reportcd on figure
HSEGINRLEISHERS) 20 90 ipeircent dhncncaiscts

In this examplc, thc cnergy corrcction factor upstrecam vas
ohtaincd from Pitot tubc mcasurcments while that dowmstrcam vas csti=-
mated from data of Nikuradsc. It may bc scen, however, that in cascs
where the dovmstreom velocity head is small as comparcd with that up-
sitweam, lYarzc eppoers may ke made in beth the fisiction lesis @nd the
dovmstreom cnergy corrcetion factor without changing the result.

(2) PFigurec 168 shows the cocfficicnts of thc junction loss in
the branch in terms of the wvelocity head in the mein pipee Using the
samc cquation as in (1) for Qs = 046 and o Reynolds!' number of 200,000
the terms arec: &

el = (1 =~ 10gR) ' 2da7 = 0:0046 = 10.2 = 26
- "‘9.2 + 14:07 - 5.8

Agedn if the cnergy corrcction factors for veclocity distribution are
1.09 and 1.05 respcetively, the first term becomes (1.09 - 1,05 x 10.2)
= =96 or a correction of 0.4 h,. Thus, thc truc loss is 23 pcrcent
less than the nominal loss as tabulated. In contrast to tiie previous
example, this casc indicates that the cncrgy corrcetion factor upstrcam
is of small importance in ccmperison with that dovmstrcam. On the

eicthicy thenc, 1f o pepsiistent error of Hl0 pericent ecicunrs in “the lSitrasmlNE
pipc loss of 348 h_, thc junction loss would be inercascd by 23 percente

He Errors Duec to Changing Straight Pipc Friction

Finally, mcention should bc madc of crrors due to changec in
the straight pipe friection during thc testse Definite cvidence cxists
that beginning in thec middle of July, as the wmter warmed, the friction
loss in.the 3e.49-inch pipe, wvhich was then under test, incrcascd about
30 percont in two months. After cleaning, the loss approachcd its ori-
ginal valuc. Along vwith the incrcasc in pipe roughness, the cntrance
loss wms cdoubled, a phcnomenon similar to that found by Thoma in his
tests ox bend lessess The inercecase in roughness apparently was caused
by a griowth of @lgae in the pipe wmililiste

t is ocvident that if the roughness of o pipc changcs under
test that mecosurcments of straight pipe losscs must be made simultanc-
ously with thc mecasurcments of fitting losscs i1f large crrors arc to
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be aveided. It is possible that fitfing losses arec only applicable
to pipcs of similar roughncsse

I. Conclusions on Errors

Prom a. study of the errors in these tests it is thought that
the follovrng conclusions arc verrantcd:

(1) Where only qualitative conclusions arc to be drawvm from hy-
draulic tests, extremecly large corrors mcy be introduced if the rough-
ncss of the pipc changes under teste

(2) Thac sizc of the accidental crror for thc cnergy grade at a
given ring for a single run wns largcly controlled by the mecchanical
errior in the given pilczoemeters If in future tests, the piczomcters
arc placed inm a spiral arownd the pipc over o length of about 3 dia-
meters, crrors cue to prossurc woves will be climinatede. Vhere fluc-
taneltilons| cacisit saimildiek o shose found in, these tesits, if piciziometerls
arc rcad to the nétarcst 0,01 of o foot and the number of rendings re-
duced by onc-half,therc will Do no apprceelable change in the accuracy.
(3) By moving piczomcters from a location necar a fitting to the
location wheore tho straight pipe loss is dotermined, a considerable in-
crease in the accuracy of an experiment is possible.

(4) Thiere quantitative losses arc sought, crrors in the cnergy
corrcction factor ond in the straight pipc losscs will probably con-
trol the accecuracy. Tho ecnergy correctiom factor is of particular im-
portance whicrc anticipated losscs arc small and this is probably re-
sponsible for mony of the discrceparcics in cxisting datea.



V. INTAXKE TOWER AND PENSTOCK ASSEMBLY

1. IWTAKE TOWER HYDRAULIC MODEL

T b cie (0lohb (O oL (ol

The water for irrigation and power purposes will be con=-
trolled by the flour intake towers adjacent to the upstream face of
the Boulder Dam”, Each of the intake towers is provided with two

Q"Hydraulio Valves and Gates for Boulder Dam" by P. A, Kinzie,
Mechanical Engineering, vol, 56, July 1934, pp. 387-414,

cylinder gates, 32 feet in diameter, thc lower in the base of the
tower at elevation 835 and the upper at elevation 1045, These gates
will serve to control the flow through the 30-foot steel penstocl:
headers that extend from the base of each tower to the turbines in
the powwmr plant and to either the canyon-wall outlet works or the
tunnel~plug outlet worlks.,

The closure of the upper and lower gates in any one intake
tower will permit the unwatering of the steel penstock and all its
appurtenances for the purpose of inspection and maintenance.,

To determine the hydraulic action of these towers and con=
trol 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 vo 64
was constructed (plate VI) and tested in the hydraulic laboratory
of the Colorado Agricultural Lxperiment Station, Fort Collins, Colo-
rado,

By means of this model the distribution of the flow through
the two sets of gate openings was determined, methods of reducing
the entrance losses studied, and the necessity of air vents bclow
the lower cylinder gate investigated,

B. The ZApparatus

The model consisted of a complete assembly of thc upper
Arizona 30=foot penstock header, intake tower, and branch penstocks
leading to the turbines and needle valves (figs. 30 to 33, inclusive ).

The intake tower and the surrounding topography was located
in the 1045~ by 10.25-foot tank, as shown on figure 2, The inner por=-
tion of the tower consisted of galvanized sheet-metal cylindrical
shells, accurately buillt and carefully soldered together with butt
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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 l2~gage seamless steecl tubing with the lower outside
cdges beveled sufficiently to insure a close fit with the base plates
and form a satisfactory water seal (fig. 334 and B), The gates 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 rod 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 means of a small crank in
the upper part of the tower (fig. 33C). The rods to the upper gate
wers cornected in a similar manner to a sleeve over the main rod
leading to the lower gate. This sleeve was also thrcaded at the
upper cnd, and was actuated by a second crank located in the upper
part of the tower,

The lower portions of the gate entrances were machined
metal plates, the lower one ferming a base plate as well, The upper
portions of the entrances were molded using a mixture of beeswax and
pareffin {(fig, %34 and B)., With the exception of the pilers and pier
spacers, which wecre of wood, and the gate entrances, which were of
waX and paraffin, the tower was constructed entirely of metal, The
piers and spacer blocks were protected with two coats of alumimum
paint to alleviate as much as possible any swelling of tnose parts
of the model. The topography arcund the tower was constructed from
contour maps of the canyon wall at the dam site, and consisted of =a
lean mixture of cinder concreiee. Trash racks (plate VIB) were in-
stalled on the tower during a portion of the tests. These were built
to scale, but due to their miniature size, there is some doubt as to
the advisability of relying too closely upon the 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 their effoct upon the results. The racks (172 feet
in length, prototype) were constricted of very thin strips of sheet
mctal set with the thiclitness 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 asscm-
bled on its base plate and bolted to a sorresponding plate located
in the floor of the model tank to whiclk the 30-foot diameter penstock
header was connecteds. In making alterations in the model, it was
only necessary to unbolt the upper plate from the lower and recmove
the intake tower as a unit.

Al

Co HMethod of Analysis of Losses in Tower

To analyze the losses in the intalke tower, o ring of piezo-
meters was installed in the base at olevation 890,0 (fig. 33). It
was anticipated, and later confirmed, that the vertical 90~degree
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bend in the penstock header immediately below the tower would pro-
duce an unbalanced effect upon the flow in this portion of thc model,
causing a variation in pressure at the four piezometers, As the
losses to be measured in the model were small, averaging the read-
ings of this ring of piezometers would have been inaccurate. Fur-
thermore, the computation of the velocity of the water leaving the
tower would have been in error due to the unequal velocity distribu~
tion in this region. To avoid complicating the loss computations
with these socurces of error, the penstock header was disconnected
from the base of the tower and a straight section of pipe three feet
in length connected in its place (fig. 344). The lower end of this
auxiliary section was fitted with a flange to which orifices of dif=
ferent size were fastened to regulate the discharge through the tower.
Five rings of piezometers designated as A to E, inclusive, (fig. 344)
were installed at 6=inch intervals along the auxiliary section of
pipe. Each ring consisted of four piezometers spaced 90 degrees apart,
connected with rubber hose to a single glass manometer tube, £n
average value for the pressure at the base of the tower at elevation
89040 was computed from these five rings of piezometers by adding the
pipe friction computed from each ring to elevation 890.0, correspond=
ing to each observed gage rcading, As this section of pipe was simi=-
lar in construction to those used in the penstock experiments, the
pipe friction was obtained from the curves plotted on figure 10,

Observed pressures at the five piezometer rings below the
tower are plotted on figure 35 for a few runs with both gates open.
Rings A and E are consistent with the other three, ring A appearing
not to be effected by the lower gate, and ring E not being influenced
by the orifice. The data for each run plotted as 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 (fig. 34A), one midway between the upper and lower gates, and
the other about a foot above the upper gate. FEach consisted of a
piece of 5/16~inoh copper tubing closed at the lower end by drawing
it to a point as shown on figure 34B, Twelve 3/B4=inch holes were
drilled in each tube, perpendicular to the walls, and the two piezo-
meters were suspended vertically in the center of the tower,

In all tests, one or both gates were always fully open, as
they are intended to be so operated on the prototype. These gates
are provided for unwatering purposes and not as regulators. The total
discharge was measured over the laboratory 90-degree V-notch weir,
the magnitude being determined by the size of the orifice below the
tower and the elevation of the water surface in the model, The model
discharge ranged from 0,15 to 0,90 second-feet, which corresponds to
approximately 5,000 and 30,000 second~feet, respectively, in the
prototype.
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D, Total Losses Through Tower

Tests were made to determine losses through the tower with
and without trash racks, with either the upper, the lower, or both
gates open, and with a range of discharges. For all conditions, the
total loss through the tower {(fig, 34A) was computed using the expres-
sion

where hy = total loss through the tower to elevation 890

d3 = difference in elevation between the water surface in the
reservoir and the elevation of the water surfacé in the

—

menometers connected to piezometer rings A to E, inclusive

2
;‘ = velocity head at elevation 890
gz
he(a-b) = pipe friction from elevation 590 to piezometers below.

The pipe fricticn was computed using the combined observa-
tions at the piezometer rings below the tower., The results were
plotted logarithmically on figure 36, The total loss through the
tower, expressed in terms of the velocity head in the tower at eleva-
tion 890,0, is plotted with respect to Reynolds!number rather than
the model discharge, as in the fcrmer, the temperature of the water
could be included while in the latter it was impossible to consider
this factor, During the tests, the temperaturc of the water varied
from 33 to 50 degress [Fahrenheit., Thc velocity and diameter of the
pipe used to compute Reynolds'number was in all cases that existing
in the tower at elevation 890,09,

It was desired to cxpress the model losses with resprect to
the prototype structure as this was one of the ultimate objectives
in performing the model experiments. It has been customary in the
past to convert from one to the other by means of Froude's law, but
this is not a valid method of conversion when small mcdels arc used
and viscous effects are appreciable, In performing this transfer,
it i1s assumed that the losses expressed in terms of velocity head
are the same in model and prototype for the same value of TFroude's
number, With viscous effects present in the model, it can readily
be seen that this assumption is not entirely correct,

Reynoldst law, on the other hand, considers viscosity in
prototype cnd model, but is independent of the force of gravity =and

<
o
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consequently centrifugal effects, If the model of the intake tower
were exactly similar to the prototype in dimension and roughness for
all heads, and centrifugal effects were exactly similar, it would be
possible to extend the model curves as shown on figure 36 to proto-
type values of Reynolds!number., This would be a similar procedure

to plotting the friction factor, f, for closed conduits against®
Reynolds! number (fig, 10). In the latter case, all straight circular
pipes are similar except for roughness, and Reynolds!number offers
the correct model-to-prototype conversion, In the case of the intake
towers, dissimilar centrifugal effects resulting from geometric dis-
similarity also enter into the problem sc that the Reynolds! number
interpretation is not directly applicable,

Up to the present time, little success has been attained
in expressing the relationship of all physical factors in a manner
which would permit accurate extrapolation, At the present time,
therefore, to correctly interpret prototype losses from models, it
is necessary to resort to either of two methods, (1) to build one
model large enough to reduce viscous effects to a negligible guanti=~
ty, or (2) to construct three or more smaller models to different
scales, In the first, the transformation could be made directly by
Froude's law. 1In the second, the data from three or more models
could be plotted with respect.to Reynolds'number., There would re-
sult three or more sets of curves (one set for each model) on the
graph instead of continuous curves as shown on figure 36, Each would
resemble the set preceding it, but would be flatter and located lower
on the graph, Lines representing similar heads could be drawn through
the three or more sets of curves and extrapolated to include the de=-
sired prototype range.

As only one small model was used for the intake tower ex-
periments, the model~to~-prototype conversion, for lack of a better
means, was made for this and the following experiments by the use
of Froude's law, Due to viscous effects in the model, the corres-
ponding actual losses in the prototype will undoubtedly be smaller
than those indicated by the graphs. The actual amount of deviation
can only be approximated by plotting the data by the two methods
shown on figure 36 and interpolating between the results, It can
be stated with assurance that the actual prototype losses will not
exceed those obtained on the model when the conversion is made ac-
cording to Froude's law,

E, Trash=rack Losses

he loss in head through the trash racks, with the different
gate conditions, is represented by the differences between the three
pairs of curves shown on figure 36, These differences are plotted
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separately on figure 37 and show the trash-rack losses directly for
the various conditions of flow,

It is suggested that only reasonable reliance be placed
upon the results of the trash-rack tests, As stated previously, the
racks were constructed to scale and exhibited a commendable piece of
workmanship, tut due to their miniature size, small imperfections,
surface tension due to natural causes as well as that due to traces
of grease on the racks or oil in the water probably produced a combi-
nation of effects upon the results, Mnother difficulty was that it
was physically impossiblec to construct the trash-rack bars in the
model with a degree of roughness similar to the prototype.

Two lengths of trash rack were used in the above tests,
(1) a rack 182 feet in length extending continuously over both gzates,
and (2) two racks 50 feet in length, each of which protected one gate.
A detailed inspection of the points from which the lines were drawn
on figure 36 shows that the total losses throigh the tawer for the
two lengths of trash reck were quite analogous for the same conditions
of flow, which indicates that above a certain length, factors other
than the length of the racks determine the losses through them,

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 in

this report under the section "Intake Tower Electric-Analogy Studies."

F. Gate Entrance Losses

The entrance loss through the upper gate is the difference
between the cenergy head at the water surface of the reservoir and at
the bottom of the upper gate. The trash racks were removed before
the individual losses in the gate tower were measured,

The entrance loss through the upper gate (fig. 34D) was
computed using the equation

where h,, = entrance loss through the upper gate

d2 difference in elevation between the water surface in the
reservoir and the water surface in piezometer 45

hf(45_u) = pipe friction from piezometer 45 to the bottom of
the upper gate

= velocity head at piezometer 45,

&1
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The entrance loss through the lower gate is the difference
between the energy head at the wator surface of the reservoir and at
the bottom of the lower gate. This loss (fig. 34D) was computed
using the equation

- Ve
ligp, 5 By = By ~ S5

where hgy entrance loss through the lower gate

difference in elevation between the water surface in the
reservoir and the water surfaces in piezometer rings A
to E, inclusive

=
|

he(4-b) = pipe friction from elevation 890 to the piezometers

below
;; = velocity head computed at c¢levation 890.
B

The curves con figure 38 show the entrance losses computed
for the two conditions of flows These losses are expressed in terms
of the velocity head computed in the tower at elevation 890,00, and
are plotted with respect to Reynolds!' number for the model computed at
the same point. An additional scale has been superimposed on this
grarh so that the entrance lcsses can also be expressed in terms of
the prototype discharge computed according to Froude's law, The
entrance conditions to the lower gate are slightly superior to those
at the upper gate. It is evident from the preceding explanation
that the entrance loss curve for the lower gate, shown on figure 38,
is the same as that for the total loss curve without trash racks,
shown on figure 36, as in this case, the entrance loss is the total
loss. In thec case of the upper gate, the centrance loss is smaller
than the total loss through the tower as it is necessary to deduct
pipe friction.

In this nanalysis, 1t was necessary to make two assumptions, (m

that the velocity used in computing the velocity head in the tower
was ccmputed in each case by dividing the discharge by the cross~sec-
tional area of the tower. It is known that the velocity distribution
in the tower is of a complex nature and that the coefficient oi' velo-
city is somewhat above unity. This is probably the greatest source
off loleRior! in: thieise compuitalienls), and it is estimabted that the differ-

ence between the mean and true welocity head does not exceed 8 percent.

(2) . It was necessary to compute the pipe friction in the tower in
several instances and this was done by reference to the curves on
figure 10, The pipes from which these curves were obtained were
similar to the inner portion of the tower and any error that might
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arise from this eource is small compared to the total losses in the
tower, as in no case did the length of pipe considered in the fric-
tion computations exceed 2.5 feet or 5.3 diameters. It is well to
mentidn again that the prototype losses as shown on the graphs are
only approximate.

G, Head Required to Change Direction of Flow

As water enters the gates in nearly a horizontal direction,
a definite force is required to produce a vertical acceleration, By
measuring the pressures directly above and belcw each gate, it was
possible to compute the magnitude of the force acting within the tower.,
It was originally intended to obtain the hydraulic losses through the
tower by observing the difference in elevation of the water surface
outside and within the tower, The existence of this force, howsver,
procduced a rise in the water level in the tower and made this method
of computmbtion impractical,

The head required to change the direction of flow at the
upper gate (fig. 34D) with the lower gate closed was found experi-
mentally by using the following equation,

where hpu = Hydrostatic head in feet of water required to change
the direction of {low at the upper gate,
dg = Difference in elevation between the water surface in

the reservoir and the water surface in piezometer 45,
dl = Difference in elevation between the water surface in
the reservoir and the water surface in the tower.
hf(45~u) = Pipe friction from piezometer 45 to the bottom
o the upper gate.

The head required to change the direction of the flow at
the lower gate (fig. 34D) with the upper gate closed was computed in
a similar manner, using the equation

where hpb = Hydrostatic head in feet of water required to change
the direction of flow at the lower gate,

dz = Difference in elevation between the water surface in
the reservoir and the water surface in piezometer
rings A to E, irelusive,

dy = Difference in elevation between the water surface in

the reservoir and the water surface in the tower,
hf(A,b) = Pipe friction from elevation 890 to the piezometers
below,
/%)



The head required to change the direction of flow at the upper and
the lower gate, expressed in terms of the velocity head, is plotted

&

with respect to Reynolds! number for the model on figure 39,

. A- consideration of the principles of impulse and momentum
provides a means of deriving theoretically the force required to
change the direction of flow at the gates, It is not possible to
obtain a rational theoretical solution from the forces acting entire-~
ly within the tower as the conditions of flow at the gates are too
indefinites ZMnother logical method of attack is available, however,
which i1s based on experimental data.

A free jet of water directed against a flat plate exerts a
total force on the plate in the direction of the main jet equal to

that given by the following expression:
F = wh y"‘

g

where I' = Tctal force exerted on plate.
w = Unit weight of water.
VoA pinean joff smadinl Gektl,
V = Velocity measured in jet, and
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 circular
plate and then turn downward away from the plate to form a solid column
as 1n 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

10”Hydraulics and its Applications"”, by A. H. Gibson,pp. 368 and 371,

plate, The analogy with the intake tower is illustrated on figure 34E,
If it were possible to measure the pressure at a number of points with~
in the tower, at one of the gates, the pressure distribution might

very easily resemble that shown on figure 34E. TFrem experiments by
Gibson it scems reasonable to assume that the maximum pressure head

in the center of the tower is practically the velocity head while the
pressure at the inside face of the tower is approximately 0,63 hv.

By integrating the pressures acting on individual small areas within
he tower, an average pressure head of 0,82 hy is obtained. This is
the average height at which the water must stand within the tower in
order to deflect the entering jets to a direction vertically dowaward,

The component in any direction of the total change in momen=
tum between two points per unit time is the component of force in that
direction required to produce this change. If the welocity of the

"
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water at the edges of the pressure bulb, outside of the tower, is
assumed to be parallel to the direction of the intake (that is, hor-
izcntal), the vertical component of the momentum of the water is
zero, and the change of momentum per unit time or the total force

in the vertical direction required to produce this change between
the point outside the tower and a point within the tower in thz veor-
tical jet below the intake is,

This expression is identical with that for the total pressure o a
flat plate.

If the pressure distribution required to produce the total
force, I, is assumed to be siﬁglar to that of the flat plate, then
the maximum pressure head 1s %; and the distribution is as shown on

g
figure 34E, With this distribution, the average pressure head within

the tower should be about

This theoretical value has been plotted on figure 39 together with
the actual values obtained on the model., The agreement 1is reasonably
close and indicates that the analysis is a logical one., TIrom the
point of view of structural design, it 1s of interest that substan-
tial urward reactions exist irn the converging intalke passages which,
under scme circumstances, might require structural provisions in the
desipnre

To display the information obtained on the model in a imcre
practical form, the model data were transferred into prototype wvalues
according to Froude's law and are shown plotted on figure 40, In this
case, the average head of water required inside the tower to change
the direction of flow oi’ the water entering is plotted against the
prototyne discharge, These surves apply only for the upper and lower
gats, operating scparately,

H, Distribution of Total Discharge
Passing, Through the Upper and Lower Gate

It was desired to determine what portion of the total dis-
charge passed through each gate when both gates were fully open.
The wpiezometric drop, dg, (fig. 34D) bears a definite relationship
to the discharge passing through the upper gate. The piezometric
drop, djy, also shows a relationship to the discharge through the
upper gate, and the two sets of data when plotted logarithmically
with respect to the model discharge result in two straight lincs
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(fige. 414). TUsing these relationships, it was possible to compute
the discharge through the upper gate when both gates were in opera-
tion. In other words, the pressure drops, d; and d,, conmtinue to be
proportional to the discharge through the upper gate when both gates
are in operation., They will be much smaller when both gates arc
open, however, as in this case the total discharge will be diwvided
between two gates instead of one, For runs in which both gates were
operating, the discharge through the upper gate was read from {igure
41A for values of both dj and dpo, and the two averaged for each run.
This average value was then considered as the discharge through the
upper gate, while the remainder of the total discharge flowed through
the lower gate, The curve on figure 41B shows the pnercentage of the
total discharge flowing through each gate. The distribution of flow
is expressed with respect to Reynolds! number computed for the total
flow at elevation 890.C for the model, and a second scale above the
graph shows the approximate distribution with respect to the total
prototype discharge., Tigure 41B indicates that the flow through the
upper gate will be approximatcly 40 percent of the total, regardless
of the lake elevation and magnitude of the discharge providing <the
lake elevation is above the upper gate.

I, Relation of dj and D7 to the Discharge

As the difference in elevation of the water surface in the
reservoir and inside of the tower, dj, is proportional to the dis-~
caarge, this relationship may hawve a practical value., Values ol dj
have bLeen plotted with respect to Reynolds! number ccmputed at cle-
vation 390,0 for the model for the upper, the lower, and hoth gates
open, on figure 42, The drop, dy, 1s the same for either the upper
or the lower gate operating, B

Although the differonce in elevation, dj, (fig. 34D) con-
sists of the gate entrance loss plus a small portion of the veclocity
head, it is a linear measurement and by Froude's law can be converted
into an approxirate prototype value by multiplying it by the model
scale, which 1s 64, This drop on the model, dy, will be designated
by the symbol, Dy, when converted to the prototype, OCurves similar
to those on figure 42 are plotted for the prototype on figure 43.
This relation may prove useful for measuring the discharge through
the prototype intake towers. ‘the value of Dy could be obtained by
installing two float gages, one on the outside and one on the inside
of eacl tower, and the curves on figure 43 used to determine the ap-
proximate discharge flowing through them,

The relation of Dy to the discharge has been plotted on
figure 43 for both, with and without the trash racks in place., It
is felt that the curves shown for the condition without the raclks
are essentially correct., It has been previouasly stated that +the
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friction loss through the model trash racks was excessive due to a
number of factors that were physically uncontrollable, Therefore,
it canl quitiel disfinEkirely be isitlatied! thiat thescunvies lon figure 48 fon
the model trash racks installed are higher than would be similar
curves made from actual results on the prototype.

It would be possible to actually calibrate the prototypc
intake towers by the Gibson methodll at the time that the acceptance

Wipressures in Penstocks Caused by the Gradual Closing of Turbine
Gates", by Norman R. Gibson, Trons., 4m. Soc, of Civil Engineers,
vol., LXXXIII, page 707,

tests are made on the turbines, 1ith the information already avail=~
able on figure 43 only a few points would bhe necessary to establish
a calibration curve for the prototype intale towers.,

It is recommended that at least a portion of the foregoing
experiments he repeated on tho prototype intake towers in the future,
after the appurtenant structures are in operation, to establish a
checlz of actual results against those obtained on the model, which
should definitely determine the wierits of a model of this type. The
experimental equipment required would be simple and inexpensive, and
the testing would require a relatively short time,

2. THE FENSTOCK ASSEIMBLY

A, Tho Lpprratus

=

At the conclusion of the tests on the intake tower, the 3-
foot vertical section of straight pipe below the tower was removed ard
the penstock assembly medel, constructed on a scale of 1:64, connected
in its place (fig. 44). Thc assembly consisted of accurate, hutt~
jointcd, smooth, sheet-metal pipe, constructed similarly to that used
in the penstock quantitative tests except for a (0-degree 5-5/8~inch
diancter vertical hend directly beclow the tower and a 40-degree hori-
zontal hend of the same diameter located a short distance downstream,
“oth of which were made of transparent pyralin pipe. The four tur-
bine penstocks (figs. 32, 44, and plate VII) were 2-7/16 inches in
dianeter and were connected *to the penstoclk hecader at a develoned
angle of 105 degrecs in a downstream direction as shown, The six
1—19/32—inch diameter branches leading to the canyon wall outlets were
connected to the downstrecam end of the penstock header box by a re-
duction manifold,

The discharge through each turbine branch was controlled
and measured by a sharp~edged circular orifice with a diameter of
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5 or 04875 inches., The flow through the needle-valve branches was
trolied and measured in a like manner by orifices with a diameter
yither 1,006 or 1,250 inchess The head on the orifices was meas-
1 by a piezometer located in the branch irmediately above each
fices These orifices were calibrated by weight in similar posi-
as previous to the penstock experiments (plate VII-B), The rat-
curves obtained from the calibration runs for the four sizes of
fices are shown on figure 45,

Piezometers for measuring the pressure intensities were
talled in rings at intervals down the main header (fig, 44). A
g consisted of four plezometers and each was connected to an in-
idual reading glass on the manometer hoard.

B Investigation of Pressures at Base of Tower

In the original design of the intake towers, air vents were
vided in the region below the lower gate (fig. 31) to relieve any
ative pressure which might be created by the conditions of {low.
uestion arose as to the necessity of these vents and piezometers
to 49, inclusive, (figs.33 and 46D and E) were installed %o study

pressure conditions at that point.

Tests were made with thc upper, the lower, and hoth gates
n and the differences in elevation, ¢, bhetween the water suriace
the reservoir and the water surfaces in the four piezometers wrere
orded, These differences, conwverted into prototype values, are
tted against the discharge for the individual piczometers for the
ee conditions of gate opening on figure 464, B, and C. For the
er gate open and lower gate closed (fige. 46), the drop, d, recorded
piezometer 46 consists of the following:

V2
d = hf(bmu) 9 28 Wy W g

re d = Difference in elevation betwsen the water surface ir the
reservoir and the water surface in piezometer 46,
hf(b-u) = Pipe friction from piezomcter to bottom of upper gate,

g, = Velocity head at piezometer 46.

g

hegy;; = Entrance loss at upper gate.

hg Drop in pressure at the piezometer caused by irregularity
of flow and suction effect,

The curves for piezometer 46(fig. 46) were replotted on
ure 47 for the three conditions of gate openinges In addition, two
cr curves have been superimposed on this graph, which indicate the
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maximum apprcximate discharge that can be obtained with all needle
valves operating and with all needle valves and turbines operating

Tor different elevations of the water surface in the reservoir. Firom
these two sets of curves the pressure at plezometer 46 may he ob-
tained for any particular discharge. For example, with the water
surface in the reservoir at elevation 1200 and a discharge of ajpproxi-
mately 21,000 second-feet throush the lower gate (fig. 47), the water
surface in piezometer 46 cxpressed in prototype would stand at 42 leet
below the reservoir water surface, or elevation 1158 and a pressure

of 268 feet of water would exist at this piezometer., For the same
discharge passing through the upper gate, the water surface in piezo~
meter 46 would stand at elevation 1170, Ior a discharge of 21,000
second=feet flowing through both gates, the water surface in piszometer
46 would be at elevation 1174, The water surface in the other three
piezometers would be above this elevation. From these results it is
evident that a wvacuum cannot exist at the base of the tower and air
vents are unnecessary.

Ce DBend Losses

The combined loss for the two bends directly below the tower
(a 90~degree vertical bend and a 40-degree horizontal bend intercon-
nected by a straight section 0,88 diameters long, figure 32) was ob-
taired from runs in which only the upper gate was open. FIlow through
the lower gate would have materially affected the velocity distribu-
tion in the bends. This loss was obtained by the egquation

where hb Comhined bend los:.

dx = Difference in elevation between the water surface in the
rescrvoir and the average water surface elevation in the
manometer tubes connected to piezometers 9 to 12, in~

5 clusive (figure 44).

v

-Zg = Velocity head at hase of tower (elevation 890),

hf = Pipe friction from piezometers 9, 10, 11, and 12 to the
downstream edge of the horizontal bend, and

h, = Total loss in intake tower.

A better velocity distribution existed at piczometers 9 to 12 so these
were used in the computations rather than piezometers 5 to 8,

The combined loss for the two bends expressed in tcrms of
the velocity head at the base of the tower is plotted with respect to
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Reynolds! number on figure 48, As the line is practically horizontal,
the loss in the prototype would not be expected to differ much from
this value.,

D, Tests on the Penstock Assembly

Tests were made on the complete penstoclt assembly during
which the discharge, head, and piezometer readings were recorded.
From these tests the energy head at each piezometer ring (pressure
head plus mean velocity head) was computed and plotted as far down
the penstock as possibles The energy heads for a few runs are sliown
on figure 49, The lines indicate a gain in energy head in the main
penstock immediately downstream from the first junction., A gain in
energy head is evident at the next junction, but less than that at
the first, The third junction shows a slight gain in energy head in
most cases and a loss was recorded at the fourth, This gain was
usually recorded even when there was no flow through the branch, It
will be recalled that similar results were obtained on the penstock
Jjunction quantitative tests described in chapter IV, section 3D. This
apparent gain is undoubtedly due to an error in compiting the velocity
head. ZTLue to the irregular velocity distribution at these points,
the mean velocity head should be increased by multiplying it by a
voelocity head coefficient, o, , which presumably lies within the
limits of 1.03 to 1,15 and probably varied at each junction with each
condition of discharge.

Curves representing the average reccrded loss or gain in
cnergy head in the main pipe at junctions 1, 2, and 3 in terms of the
velocity head above each junction are plotted with respect to the dis-

Q
charge ratios e © OR figure 50, To compare the curve obtained for

a
junction 1 with the results obtained from experiments on the large pen-

stocl model previously described in chapter IV, data from the latter
are also plotted on figure 50, The indicated gain in energy at the
first junction agrees fairly well with the curve taken from the larger
model up to a discharge ratio of 0,35, A4Ahove this ratio, the points
are few and scattered and it is difficult to attempt a comparison,
The curves for junctions 2 and 3 are also unreliable above the dis-
charge ratio of 0435. The results confirm those of Thoma, whose
work was on small pipes, with respect to the recorded apparent gain
in energy head in the main pipe downstream from the junctions, and
indicate that this gain is due presumably to an error in computing
the velocity head and not due to wviscous effects produced only in
small pipes.

hn attempt was made to obtain the junction losses charge-
able to the branch but the number of piezometers was insufficient
to secure accurate measurements,

As an interesting comparison, pressure gradients for the
same runs shown on figure 49 are plotted on figure 51, There is a
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decided increase in pressure at each turbine junction which is due
to the reconversion of a portion of the velocity into pressure head.
4s the number of piezometers was limited, it was only possible to
plot these pressures down to junction 5.

E, DNeedle Valve Calibration

As the energy head at the six needle valves was found to
be practically constant for an equal discharge through each valve,
it was possible to plot a set of curves giving the loss from the res-
ervoir to a point immediately above the needle valves for any dis-
charge and valve combination (figure 52)., The fric*ion loss is
plotted against the total discharge through the neznle valves for
one to six valves operating regardless of the combination, In other
words, the leoss for any discharge is practically the same for valves
IENadh 2! eEeratilng . @s flor 3 ‘and 4 lor ‘5 amd 6k To iulisel Bhc ehrvieson
figure 52, it is necessary to comply with ftwo limitations, first,
that there is no flow through the turbines, and second, that the
needle valve openings are the samc for any one discharge comhination,
Without these limitations, the variables would become so numerous
that plotting of the results would be impossible., The curves for
three and six needle valves opsrating (figure 52) were obtained “rom
the model experiments and were converted into prototype valucs ac=
cording to Froude's law., The remaining curves wcre obtained by
internolation as experimental data were not taken for these combina~
tions, As friction drop constitutes the major portion of these
losses, the extrapolation from model to prototype could more accur-
ately e made according to Reynolds! law, but insufficient data
prevcented the application of this method. The wvalues shown by the
curves are therefore approximate, With the Arizona canyon wall out-
let works discharging 10,000 sccond~feet with six valves opened the
same amount, the friction loss frowm the reservoir to any one of the
six valves would be 13,2 feets This discharge through any five valwves
would encounter a loss of 18,0 i’eel,and through any four valves, 21,8
Tect,

The curves on figure 53A were plotted from the data on
figure 52, From these curves, the required pressure head in feet of
water immediately above any needle valve in operation can be computed
for wvarious discharges through any combination, providing cach valve
in operation is opened an equal amount and no flow is passing through
the turbines, Referring to figure 53B, the pressure head at any
needle wvalve operating

where,
hp = Pressure head immediately above tho discharging needle
valves in feet of water,
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hp = Pressure head above discharging needle valves in feet of water.
’2’3 = Velocity head in branch penstock leading to needle valve in feet.
he.= Total friction loss from reservoir to needle valve in feet.
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he = Elevation head in reservoir in feet above sea level.




¥
1

Illovation head in re¢servoir in feet above sca level,

kp = Total friection loss from reservoir to needle valve, in
feet of water,

<12

I = Velocity head in branch penstock leading to needle valve,

H in feet.
8200 = Elevation of center of needle valves above sca levely

L 2 ra
Values of (hp *+ %g + 820,0). are plotted against the total

discharge on figure 53A for any needle valve combination, The pres-
sure head immediately above the needle valves for a particular dis-
charge and valve combination can be obtained by subtracting thc value
given on figure 53A from the clevation of the water :urface in the
reservoir, TFor example, the pressure immediately uvupstream from the
needle valves for a flow of 10,00C sccond-~feet through six valves
with the reservoir at elevation 1180 would be 334 feet of water, or
for this same discharge through four necedle valves, the pressure above
these valves would he 308 feot of water.,

Pressure gages will probably he installed above the proto-
type needle valves as a means of determining the discharge through
them before the turbines are placed in operation., One gage in each
outlet house would be sufficient providing the walve to which 1t was
attached was always one of the combination in operation, With the
adjacent valves_,open the same amount, the pressure at each would be
the same for all practical consideration, By operating the valves
according to the diagram shown on figure 534, it should be possible
to obtain the desired discharge through the valves with reasonable
accuracy.

It was not possible to make the surface roughness in the
model penstocks to scale so the friction loss in the model was’
probably somewhat higher than the corresponding friction in the pro-
totynes This means that the pressure obtained from fipgure 534 will
be slightly lower for a given discharge than that which will actually
exist on the prototype, It is immaterial whether the flow is through
the upper, the lower or both gates of the intake tower as thoc losses
from this source are practically negligible when compared with the
total loss through the penstock,

The above procedure offers a method for measuring the flow
through the Arizona canyon wall needle valves before the turbines are
operated. This calibration will not be correct when the ‘turbines
are in operation., A method previously described in chapter V, sec=
tion 1-I offers a method for measuring the total discharge through
each intake tower, and as it is intended to install flow measuring
devices in each turbine penstock, the ncedle valve discharge will
consist of the difference of tlie two for the condition in which both
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turbines and needle valves are operating simultaneously. The dis-
charge through the tunnel plug outlet works can be determined in the
same manner,

Flow combinations with both turbines and necdle valwes
operating were tried on the model but the variables were so numerous
that there was no way of presenting them in a concise form in tiiis
RECRiE,

Fe Conclusions

It is felt that the method employed in analyzing the mcdel
results on the intake tower and penstoc': assembly was accurate and
the results dependable insofar as the model data weie concerned.
It was desired, however, to extrapolate the model vesults to apply far
prototype values as this was one of the objects in performing the
experiments. With a single small model of this type it is not pos-
sible to accurately interpret the conditions that will prevail in
the prototype.

The extrapolation from model to prototypec has, in the forc-
going graphs, been made according to Froudc's law for lack of a
more accurate and definite method. As a result, the losses, as
plotted with respect to the prototype discharge,are larger than those
that will actually exist on the prototype. It is predicted that the
losses in the full-size structure will probably range from 5 to 2C
percent less than those indicated by the graphs. TFor this reason,
it is advisable to refer to the protetype values as shown on the
grapihs, not as absolute, but approximate values.

3, INTAKE TOWER HLECTRIC~ANALOGY STUDIES

A, Introduction

The electric-analogy method previously used in the analysis
of problems of seefage through earth dams and under masonry dams on
porous foundations 2 s applied as a means of determining thec direction

12v7he Flow Net and the Electric Analogy" by E, W, Lane, F, Ba Camp-
bell, and W, He Frice, U.S.B.R. Teche. Memo. No, 388, or Civil
Ingineering, October 1934,

of flow of water entering the intake tower, and incidentally, to
studv the merits of the method itself. TIn this particular problem,
it was neocssary to obtain a certain amount of information from the
hydraulic model before the analogy model could be properly set up.
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The apparatus consisted of a shallow glass tray 39 inches
long, 18 inches wide, and 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 tho tray.
Copper plate electrodes were placed in position in the tray and a
solution of sodium chloride was used as a conductor, A drawing of
tho apparatus is shown on figure 54 and & photograph of the tray in
a vertical position is shown on plate VIII, The current used in the
experiments was obtained from a 110-volt, 60-cycle source, By in-
serting a bank of lamps in series with the apparatus, as shown on
figure 54, the potential across the electrodes was reduced to about
20 voltse On one side of the tray, a high~resistancc wire, one meter
in length, was stretched on a meter stick and connected in parallel
with the circuit to constitutc a Wheatstone bridge, A spring was
attached tc one end of the high-~resistance wire to keep it taut at
all times, as the current raisad the temperature of the wire and
lengthened it., A metal termina! on one end of the meter stick made
a continuous contact with the stretched wire and kept the length con-
nected in the circuit at exactly onc meter, regardless of gxpansion
or contraction. A circuit was established from a sliding contact
on the high-resistance wire to the liquid conductor by a wire which
had connected in series with it a set of head phones and a probing
pencil, 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 2 slope with the electrolyte at zero depth on the center
linc of" the tower, as shown in section A4, figure 54, The variables
in the experiment were the length ol the trash racks, the gate combi~
nations, and the positions of the clectrodes. Tho apparatus on fig-
ure 54 represents a scction of the tower nearest the river with both
gates opens The long electrode was connected to one side of the cir-
cuit and the two small electrodes in the tower were connccted to the
other side., The lines resembling contours represcnt points of equal
potential., The purpose of the apparatus was to determine the posi~
tion 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 t hc sliding contact on” the resistance wire at the point
giving the desired potential drop, and moving the probing pencil about
in the salt solution until a point was rcached at which the absence
of a hum in the head phones indicated that no current was flowing
through them. To find the position of thc potential linc represent-
ing two percent of the drop between electrodes, the sliding contact
would be set at a point on the resistancc wire representing two per~
cent of its length, or two centimeters on the meter stick, and the
probing pencil moved about in the electrolyte until the alternating-
current hum in the head phones fadod., This indicated that the probing
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pencil was at a point in the solution where the potential drop was
two percent of the total drcp across clcctrodes., Other points would
be located in a similar way with the same setting of the sliding
contact until a sufficient number was found to draw the two percent
line. Other potential lines would be located in a similar manncr,

Ce Tests on a Section of Tower Located Nearest the River

The first tests werc made on a radial section of the tower
located nearest the river with the electrodes in the positions shown
on figure 54, These tests were made with three different lengths of
trash rack: 30€ feet, 182 feet, and two 50-=foot racks. The result-
ing equipotential lines are shown on figures 55 and 56.

Comparing tests 2 and 6, (figures 55 and 56), in which the
upper gate was closed and the trash-rack lengths were 50 feet and 306
feet, respectively, the corresponding equipotential lines practically
coincide, which indicates that the total potential drop between elcc-
trodes agree clcsely, This means that the resistance to flow through
the 50-foot rack was no greater than that through the 306-foot raclz,

Tests 1 and 5 (figures 55 and 56) were made under the same
conditions, except that the lower gate was closed and the upper gatc
opens Again the potential lines show a very close agreement, which
indicates that the loss was no greater through the 50-foot rack than
through the 306~foot rack,

Tests 3 and 4 (figure 55 ) were made on the same sefment
of the tower with both gates opcn, The potential lines with the two
50-foot racks agree very well with those for the 306-foot rack, The
agreement of the potential lines is not as close for the range from
one to if'ive percent because the points for these lines werc more
difficult to locate than those for the larger potential dropse.

The experiments thus far indicatec that with the mcks free
from trash, a length of 50 feet in front of each gate would provide
sufficient rack area on the river side of the tower.,

Tests 7 and 8 (figure 56) were made on the same radial
section of the tower with a 182-foot trash rack as in the final design,
These, however, cannot be directly compared with the tests previously
described, as the positions of the electrodes were shifted and the
tilt of the tray was changed. They are included in this report as a
matter oi record.

125



UPPER GATES CLOSED
50 FT. SECTION OF TRASHRACK OVER LOWER GATE

LOWER GATE CLOSED
SO FT SECTION OF TRASHRACK OVER UPPERGATE

SCALE OF MODEL: 11i00
DEPTH OF ELECTROLYTE AT 1.0 FOOT FROM % = 0.138 INCHES

H GATES OPEN

BOT
50 FT.SECTION OF TRASHRACK OVER EACH GATE

DISTANCE IN FEET(MODEL

ELECTRIC ANALOGY RESULTS ON RADIAL SECTION

ORAWN
TRACED.

INTAKE TOWER STUDIES

OF TOWER NEAREST THE RIVER

SUBMITTED...
..-RECONMENDED..

CHECKED.SN:B ... APPROVED, .....

DENVER,COLO, APRIL

T T
36 EL.1200.0 EL.12000 36
Bk
34 3e
Nl =
32 32
N
|-
30 30
s
& ©
28 28
- L OF s [ oF k-t oF
TOWER TOWER TOWER
©
2.6 26
©
24 2.4
glz,z 1 ELECTRODE > ELECTRODE- ELECTRODE- 22
K 2%
- 3%Y
& | y || | ! y | | ]
- , SRR e
¢ | i | i 7T T 1 i [ I 1
= 5
Y
80%
g 18 ) 18
2 7 emem memee [ R -
N =
L6
' Rbrecrend—H + + + + Nereeeet-H —+ t } ¥ N —— } } AN
—N- 4 4 { —} —— R H— + P 1 + BN-— 44 = —A—t——t—Ai2
W ES— YY)
2
44 A } + 4 N ==H >+ # : ! 0.8
0.6
0.4
0.8 1.0 02 0.4 06 0.8 1.0 02 0.4 0.6 0.8 1.0
OEPARTMENT OF THE (NTERIOR
DISTANCE IN FEET(MODEL ) DISTANCE N FEET (MODEL) DISTANGE IN FEET (MODEL) BUREAL OF RECLAMATION
BOULDER CANYON PROJECT
TEST NO. | TEST NO.2 TEST NO. 3 BOULDER DAM HYDRAULIC EXPERIMENTS

EEEIE]



T .
v . .
\\:\/ \:\ , i

U, |

R —T(ﬁ‘*%dzq‘ e M'ﬂw T

*99,1{” e f;aéf““afﬁl — —4—f:—£|4‘+L+‘_L'_L'_LJ AN NN

AT .Jll a, i raél aﬁflﬁl—ﬁﬁ——f%——*—ﬁl—iﬁﬁll—%l—ll__l_ﬂ L ” | ,
' ——-E——+—%E—HI~L———L—L__L_& _a%' H ok

BRE | RN || o

m
m
AE
s

A4

/ |[N1 =\ 2
1;7,._.:\ 3
%, o
=X 2
7 wWor 1 put
18% z

: ‘%iﬁ—,—hi—_- §E mn N AV
1z

o s, N !894.0 I ;] T
% : LTI 30 -
! B / : ELECTRCE] v 7\ '////////,
L e e \ < ///// il L
DISTANGE IN FEET (MODEL) 1STANGE 1N FEET ( MODEL DISTANCE IN'FEET (MODEL)

, TEST NO.5 TEST NO. 6
Lo ER ATE CLOSED UPPER GATE cLose0 gz g 08 1 /1 N L T R e R aon
N OF. 306 FT. SECTION OF TRASH RACK Bou L_R CANYON POJECT

. 306FT. SECTIO C
DEPTH OFELECTROLYTE AT .0 FOOT FROM & 2 0.138 INCHES DEFTH OF ELECTROLYTE AT 1.0 FOOT FROM £ = 0.138 INCHES DAM HYDRAULIC EXPERIMENTS
INTAKE TOWER STUDIES
y 0.6 S ELECTRIC ANALOGY RESULTS ON A RADIAL -
,,,,,,,,,,,,, (MODEL) SECTION or TOWER NEAREST THE RIVER 4
TEST NO.7 H
UPPER GATE CLOSED oRAWK suswrreD l Bradlirg. 4
182 FT. SECTION OF TRASH RACK mnc:nﬂ 8 ww-é» @«
DEPTH OF ELECTROLYTEAT 1.0 FOOT FROM ¢ » 0.106 INCHES c“““"_,,,,,. . Y

N Lo,,A 1y 9.0 341457 _9725




D, Tests on a Section of Tocwer Located Nearest the Canyon Wall

4 similar set of tests (figures 57 and 58) was made on a
racial scction of the tower located on the side nearest the canyon
wall (plate VIII)s Tests 11 and 14 (figures 57 and 58), made with
the upper gate closed, using two 50-foot racks and one 306-foot racl,
respectively, show a difference in the positions of the potential
lines, This indicates that thec total potential drop across the elec-
trodes for the 50-foot racks was greater than that for the 306-Toot
racke The increase is due to the new boundary conditions which re-
duce the area of approach and change the direction of the flow tc the
gates, With this decrease in appreoach area, there must be an increase
of velocity to maintain a continuity of flow., As velocity is nropor-
tiorial to potential gradient, the jpradient must increase as the ftrash
racks and gate openings are approached. This increase was indicated
by a reduction in the distance between equipotential lines. Closely
spaced potential lines indicate flow concentrations and likewise high
velocities,

Tests 10 and 13 (figures 57 and 58) were made with the upper
gate open and the lower gate closed, using two 50-foot racks and one
308=f oot rack, respectively. A noticeable increase in the reosisti-
vity of the circuit was again witnessed when the 306-foot raci was
replaced by the two 50-foot racks,

Tests 9 and 15 (figurcs 57 and 58) were made with both gates
open, using two 50-foot racks and one 306-foot rack, respectively,
There was little difference in the positions of the potential lines
for the two setups. This could logically be expected as the same
discharge was divided between the two gates and the effective racl
area was doubled in the case of the two 50-foot racks. With one gate
openn, flow could occur only through one 50-foot rack.

Tests 12 and 16 (figures57 and 58) represent flow through
the upper and lower gate, respectively, with 182~foot trash racks as
finally designed, These results, however, cannot be directly com~
pared with the others as the tilt of the tray was changed and the
positions of the electrodes shifted.

The losses shovm by tiic second set of experiments are cx-
ceptionally high, as flow conditions are not truly represented. In
the experimental setup, all water was assumed to flow dovmward on the
canvon-wall side of the tower, while actually a large portion will
flow around the tower,

Flow nets have been drawn for tests 7, 10, and 15 (figures
56, A7, and 58). According to hydrodynamics, the flow lines should
cross the potential lines at right angles. The volumes bounded by the
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flow lines may be considered as stream tubes, each carrying an equal
quantity of water. To establish one end of each flow line, it was
assumed that the velocity was constant across the electrode sections
inside the tower, The electrodes were then divided into segments
which, if revolved, would form annular rings. From these, thc flow

lines were projected and drawn perpendicular to the equipotential
lines,

In the two~dimensional flow net where the electrolyte 1is
constant in depth, the dimensions of a rectangle formed by the net
bears a constant ratio to every other rectangle in the net by which
the average velocity in each stream tube can he easily determinecd.
For the flow nets drawn for tests 7, 10, and 15 (figures 56, 57, and
58), this ratio does not exist. 'fith a sloping tray, the flow net
is conditioned by a third dimension. The stream tubes in the three-
dimensional net have no parallel sides and it is not possible to ob-
Gadin the wveloeities directly fireom the length or breadth of the »ec-
tangles as in the two-dimensional system, The purpose in drawing
the flow lines in tests 7, 10, and 15 was merely to indicate the direc-
tion of flow. It is possible, however, to obtain the wvelocities in
these three-dimensional nets by a simple but laborious method.

There are eight stream tubes in test 7 (figure 56) eacl:
carrying an equal quantity of water., The discharge through each tube
is equal to one=eighth of the total discharge flowing into this
radial segment of the tower. Figure 34"shows a portion of a stream
tube in a two-dimensional net, and figure 34G, a portion of a stream
tube in a three-dimensional net. In the first, d is a constant
value, while in the second, it is a variable, The velocity at any
point in either stream tube is V= __ 9 _, where g is the discharge

wd
through the stream tube, If the velocity is known at any point in
the two-dimensional net, it is only necessary to measure w to obtain
the velocity at any other point., TIn the three-dimensional net, d,
which is a variable, but is 'nown at all points, must also be con-
sidered in computing the velocities.

The greatest source of error in obtaining veloeities in a
three-dimensional flow net of this type is not in the computation,
bt thel lclonsitruction of the nets Tt is usualily necéssary 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 ccrtain amount of judgment as the potential lines are the only defi-
naleE | EHalcle s

In test 15 (figure 58}, there are seven stream tubes enter-
ing the upper gate and eight entering the lower, each carrying an
equal discharge. This would indicate that 47 percent of the flow was
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passing through the upner gate and 53 percent through the lower., On
the opposite side of the tower, where the area of approach is not re-
stricted, the proportion of the total flow through the upper gate
should be less, with the result that a pgreater percentage of the

total flow should pass through the lower gate. To obtain the correct
proportion of flow through the upper gate, the electrodes in the tower
were shifted by trial until the indicated flow through each gate
agreed with that measured on the hydraulic model, The above results
show that the electric-analogy method is applicable for certain phases
of the intalre tower problem. Considerable information can be ohtained
from the flow lines regarding trash-rack areas and obstructiouns to
low,

B, Ccnclusions on Zlectric. fnaiomy Studies

The outstanding advantages in using the electric-analogy
method, where applicable, is its simpliecivy, its speed in obtaining
results, and its low cost. It is important, however, in interprecting
the results of a study of this nature to keep in mind the limitations
of the method. The symmetry and precision of the results "are a teup-
tation to extend the method at the expense of factors which cannot be
considered in the apparatus,
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VI, TESTS ON TUNNEL-PLUG CUTLET

1, TUNNEL-PLUG CUTLET MODEL

A, Introduction

It is intended to discharge all of the surplus water at
the Boulder Dam through the needle valves rather than to permit it
to flow over the spillways. This is necessary since 9,000,000 acre-
feet of storage is to be held in reserve for flood control, and water
can be discharged over the spillways only when this space is, to a
large extent, filled., The needle valves will at times, therefore,
discharge large quantities of water over long periods, This will be
particularly true after the reservoir is first filled and before the
power demand requires the full stream fiow,

The needle valves in the canyon~wall outlet works will dis-
charge into the open air, while those in the diversion tunnels have
heen located a considerable distance from the tunnel outlets to effect
appreciable economy in the cost of the steel-plate outlet pipe and to
avoid the disadvantages of large quantities of spray in the vicinity
of the powerhcuse and the high voltage switching facilities,

Since the needle valves are located a considerable distance
from the tunnel outlet, they will discharge into a closed space. As
the combined discharge of the six valves in each tunnel would be as
much as 21,400 second~feet with a maximum head of 454 feet, the energy
of the water would reach 1,100,000 horsepower, and great care is nec-
essary that no damage would result, Six 72-inch needle valves are
required in each outlet (figs. 59 and 60), cach valve being capable
of discharging a maximum of 3,670 second-feet at a velocity of about
175 feet per second. It is important that the six wvalves in each
outlet be arranged so that the jets will not be concentrated at one
point and so that disturbances in the tunnel will be avoided as far
as possible,

It was at first expected that tunnels would be necessary
to supply air behind the valves to replace that e jected by the streams
of water from the valves, Experience with other installations of
the bureau had demonstrated that in certain cases this was absolutely
necessary.,

An extensive series of tests were conducted on three differ-
ent model scales to determine the action of the jets from the needle
valves 1n the tunnels and to determine the feasibility of air vent
tunnels, The action of the three models was very similar and the re-
sults of the tests permitted the selection of an arrangement that
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minimized the flow disturbance and the erosive tendencies, The re-
sults also showed that the comparatively large air-vent tunnels that
had been planned were not necessary, thus saving an appreciable amount
of the initial cost,

Be Results on the 1:106,2 Mcdel

The first model on a scale of 1:106.2 was constructed and
tested in the Fort Collins laboratory with the arrangement of the
needle valves as proposed by the design department, The model
(plate 94 and B) was tuilt so that the needle valves could be ad-
Jjusted both horizontally and vertically, and the tunnel was made of
pyralin tec allow visual study of the flow conditions in the tunnel,
The spacing and angularity of the needle valves as originally pro-
posed was as follows:

Distance of Valve fngle in Relation
Center Line Spacing te Turnel CenteRls
of Emergency of
Valve Gates Above Emergency
Numbar Tunnel Invert Gates Horizontal Vertical
1 and 6 30 feet 16 feet S st 0° 00!
8 amd 5 30 feet 16 feet 7o Tan 0% oo0!
3 and 4 30 feet 16 feet 9o e 0° oo

The needle valves were represented in this model by
conical nozzles that produced smooth jets which gave little indi=~
cation as to the action of the jets as aspirators, However, the
impact of the jets in the 50-~foot diversion tunnel and the result-
ing turbulence was unsatisfactory. The flow conditions in the
tunnel with the original design (plate 9C and D) were such that a
large £in formed in the center of the tunnel and the wave on sach
side carried up the side practically to the top. It was easy to
plcture the action that could occur in the prototype where a dense
spray would be formed by the mixture of air and water,

Slight changes made in the angles of the needle valves
with relation to the center line of the 50-~foot diversion tunnel
produced much better flow conditions (plate 9E and F)., The angles
and spacingsof the valves in the most satisfactory set-up in the
initial tests on the 1:106,2 model were as follows:



Distance of Valve Angle in Relation

Center Line Spacing to Tunnel (enters
of Bmergency el
Valve Gates Above Emergency
Fumber Tunnel Invert Gates Horizontal Vertical
1 and 6 20,45 feet 16,041 ft, ol 0° 00"
2 and 5 20,18 feet 16,041 ft, 4% 441 0° 08!
3 and 4 21,28 feet 16,041 ft, 2100 261 1° 48

The vertical angle indicates that those valves were tilted
upward with relation to the center line of the tunnel., The impicve-
ment obtained was so encouraging that the decision was made to con-
tinue the studies in a similar manner on a 1§rger scale model where
tne details of the prototype could be duplicated to better advantage,

Ce Results on the 1:20 Model

The large model was built on a scale of 1:20 (plate 10)
at the outdoor laboratory of tlie Bureau of Reclamation at Montrose,
Coloradoes The 50-foot concrete-lined tunnel was represented by a
30=inch wood-stave pipe and the needle valves were duplicated to
scale in their full-open position and mounted on frames which per-
mitted horizontal and vertical adjustments as in the 1:106.2 model.
The tunnel-plug outlet transition was built as an airtight compart-
ment fitted with a hinged cover.

The jets from the 1:20 model needle valves were rougher
with respect to the scale ratio than those in the prototype due to
the model needle valves being iron castings with a higher degree of
roughness in proportion than the prototype. With the present state
of development of model science, it cannot be definitely determined
just how close the prototype was simulated, but the stream frocm the
model valves appeared from visual observations to be quite similar
to those from large needle valves now installed and in operation,

As in the 1:106.2 model, the action in the tunnel with
the original position of the valves was extremely turbulent (plate 11).
By adjusting the position of the needle valves, the conditions of the
flow in the tunnel were improved (plate 12) and the results agreed
clossly with those on the 1:10642 model. The positions of the wvalves
with the most satisfactory set-up on the 1:20 model were as follows:
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Distance of Valve Angle in Relation

Centier Line Spacing to Tunnel Centers
of Emergency of
Valve Gates Above Bmergency
Number Tunnel Invert Gates Horizontal Vertical
ks oGl (€ 25 feet 16 feet 92 F5 B 0° 00' 00"
2 and 5 25 feet 16 feet 2° gon B 2° Zhe M
3 and 4 25 feot 16 feet 1° 2' 41" 4% 19t 24"

The vertical angles irdicate that those valves were tilted
upward with relation to the center line of the tunnel.

In the most desirable set-up, the jets of water fall to
the bottom of the tunnel at different locations so that the action
is not concentrated at any one point. The jets combine and flow
along the invert of the tunnel in a smooth stream with surprisingly
little turbulence, leaving a frec air space of about 85 percent of
the cross-sectinnal arca of the tunnel above the surface of the flow-
ing water when only the tunnel-plug outlets are discharging. This
action is not changed by completely closing the cover of the tunnel
transition,.

During the ccurse of the experiments on both the 1:106,2
and the 1:20 models, considerable data wcrc obtained, Eight differ-
ent sct~ups were studied in the initial tests of the 1:106.,2 model
in the Fort Collins laboratory and 14 on the 1:20 model at the Mont=-
rose laboratory. More or less complete data were taken on each set-
up with the idea that it might be the most satisfactory. In this
report only the initial, semifinal, and final set-ups are discussed.

After a satisfactory set-up was found for all six needle
valves opcrating at full capacity, studies were made of the flow con-
ditions in the tunnel with diff'erent combinations as illustrated on
plate 13, Very poor conditions prevailed when one, two, three, or
four valves on one side were discharging, while good conditions pre-
vailed when either the two center or four center valves were dis-
charging.,

When the tests on the 1:20 model had been completed, the

results were checked by duplicating the set-up on the 1:106,2 model
as shovn on plate 14,

Ds Rasults on the 1:60 liodel

Neither the 1:106,2 nor the 1:2C model had approach con-
ditions similar to the prototype (fig. 60), Both had been built with
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a canvas hose connected to each neecdle valve and to a common watcr
supply. The manifold and emergency gates were not incorporated in
the smaller model because of its minute size and because of the pre-
liminary nature of the tests, It had not been incorporated in the
1:20 model on account of the hizh cost of construction, As a re=
sult, a model on a scale of 1:60 (plate 15) was constructed and
tested in the Fort Collins laboratory to study the effect of the
manifold and emergency gates on the flow conditions,

The most satisfactory set-up derived from the 1:20 model
tests was Tirst studied (plate 16) and indications were that im-
provement could be accomplished by further adjustment of the hori-
zontal and vertical angles, As a result, the following combination
of valve positions was recomrnended as a final design (plate 17),

Distancc of Valve Angle in Relation
Center Line Spacing to Tunnel Centers
of Emergency of
Valve Gates 4Above Emergency
Number Tunnel Invert Gates Horizontal Vertical
1Sl 16 245! MXelelts 16 feet S Fan 0° oot
2 and 5 25 feet 16 fect 20 301 2° 30!
3 and 4 25 feet IGh Hicei 1% S 29 ol

The vertical angle indicates an upward tilt of the valves.
It was recommended that a bevcled washer be inserted between the
inlet flange of the needle valve and the flange of the conduit lin--
ing to provide for the adjustment of the vertical and horizontal
anglcse

In evolving the correct position of the tunnel-plug outlet
needle valves from a hydraulic standpoint, it was necessary to con-
sider the mechanical limitations of any proposed arrangement, In
the original design, all of the nesdle valves were level, in the
same plane with their center lines 30 feet above the invert and
5 fcet above the center line of the 50-~foot tunnel, and spaced with
2 distance of 16 feet between center lines of the emergency gates.,

The distance of 16 fect between center lines of emergency
gates was the minimum because of the mechanical difficulties of
assembly. In certain tests, very good hydraulic conditions in the
tunnel were obtained with the outer valves inclined downward, but
that was objectionable on account of the lifting reaction conditions,
and in the recommended design practically the same hydraulic action
was obtained by inelining the center valves upward, thereby eliminat=-
ing the objectionable reaction., :
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E. Tunnel-Plug Needle Valve Operating Program

Since therec will be a total of twelve necedle valves in
the tunnel-plug outlets in tunnel 2 (Nevada) and tunnel 3 (Arizona),
it was believed to be desirable to determine the best procedurs in
opening those valves to obtain the most satisfactory flow conditions.

The good flow conditions in the 1:20 model with two and
four center valves discharging (plate 135 and F') were chccked on
the 1:60 modcl (plate 18B, C, and D). The first combination was
still satisfactory, but the sccond was too turbulent, and the com-
bination of valves 1, 3, 4, and 6 operating together was tried and
NounEINte e bebiton,

Cther combinations were studicd and the following order
of operating the ncedle wvalves in the tunnel-plug outlets is sug-
gested (the valves in cach outlet are numbered as shown on figure 60):

ae¢ One tunnel=plug outlect only in operation:
l. Open two center walves (9 and 10)
2. Open two outside wvalwes (7 and 12)
3. Open other two valves (8 and 11)

be. Both tunnel-plug outlets in operation:
l. Opoen two center valves on Nevada side (N=-9 and N=10)
2. GCpen two ocnter valves on Arizona side (A=9 and £-10)
3. Open two cutside valves on Nevada side (N-7 and N~12)
4., OCpen two outside valves on Arizona side (A-7 and £=12)
5. Open two remaining valves on Nevada side (N-8 and N-11)
6. Open two remaining valves on Arizona side (A~-8 and A-11)

The procedure of closing the valves should be the reversc
of that of opening,

'y Coefficient of Discharge of Needle Valves

In the design of the neecdle valves for the canyon-wall and
tunnel-plug outlets, the discharge was computed using the equation

(1)

where, Q@ = discharge quantity, sccond=fcet
= clogrilehlcacMond ldilscharge
45 = nominal area of discharge outlet, square fcet

147



h. = pressure head immecdiately above valve (measured
ik ]
above center line), fcet

2
V.
E%— = head on valve due to velocity of approach, fest.

13
Equation (1) was obtained from the equation for discharge

185choder and Dawson "Hydraulics", pp. 136-139.

by apvlying Berncuillitl's thecorem bctween the approach and the outlet
sections, in which case

2
a5
T2y
A,
d A 20 (h, + Vlz) §
an = g =
2 1 °g
5 g
or, v, = (Zghl * V) (4)

Since there is a loss between the two points, the actual
velocity, Vo, is less thaon the thooretical velocity. To correct for
that loss a coefficient of discharge, C, must be applied to equation
(2) 2.5

Then, V, = C (2ghy + V) &

—~
6]
~

and ,

A value of the coefficient of discharge was assumed to be
0.725 in the design of the valves and o check was made of this value
on the model of the tunncl-plug outlet built on a scale of 1 to 20
at the Montrose laboratory.

A mercury manometer was connected above each valve on the
model to register the pressurc hecads The manometer was read simul-
tancously with the head on the 12-foot sharp-crested supprcssed weir
used to measurc the flow through the model.
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Representative runs for low, medium, and high heads were
selected from tests 12 and 14 to determine the coefficient of dis-
charge, Since the experimental necdle valves were constructed in
the full open position, the data will apply only to that condition.
The values of the coefficient computed from the runs as shown on
tahle IV are plotted on figure 61,

TABLg IV

Coefficient of Discharge for Needle Valves Based on
Data from 1 to 20 Model
Test| Head Al’ | . Ql,
Nos| Fcet |Sq. Ft.]Sge. Ft.|Scc.~Ft, C
14-69] 15,254 [0,10083 [0,07149| 1,9052 0,7328
12-68] 13,C11 |[0.10083 |0,07149| 1,7269 | 07228
14-54] 12,828|0,1C083 [0407149| 1,7269 | 00,7266
12-78] 12,972 10410083 |0, 07149| 1,7270 | 00,7236
14-44] 12,711 |10,10083 |0,07149| 1,7163 0,7257
12~1 | 17,243 10.10083 |G.07149| 2,0291 067337
14~2 [ 17,007 ]|0,10083 |C.07149| 2,0138 | 0.7334
12-56] 15,447 |0,10083 [0,07149| 1.8950 | 0,7266
14-5¢ 15,3090,10083 [0,07149] 1,91E80 | 0,7348

Ge Air Demand Tests

Onc of the primary problems to be studied on the working
models of the tunnel-plug outlets was the necessity of an air vent
immediately above the needle-valve jets to relieve any low pressure
in the tunnel which might develop, due to the high velocity jets
acting as aspirators and withdrawing the air. 1In flact, besides the
excessive cost of the initial installation, the air vents would be
objcctionable due to the large amount of spray or mist formed by the
high velocity jets which would be carried out into the canyon near
the powerhouses and the high-tension electrical facilities.

The mcdel on a 1:20 scale at Montrose was completely en-
closed and a vent installed which could be controlled., With differ-
ent operating heads on the valves, the vacuum conditions were deter=-
mined with thc vent open and with the vent closed,

With the improved conditions in the 50-foot tunnel ob-
tained by the adjustment of the positions of the needle valves,
a large space was available between the water surface and the roof
of the tunnel to supply the air neecded to replace that carried away
by the jets of high velocity water, ‘Vhen no air was supplied by an
air vent, under normal tail-water conditions, the air in thc tunnel
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circulated moving dovmstream ncar the watcr surface and upstream near
the roof of the tunnel,

The maximum capacity of the Boulder Dam outlet works with
the rescrvoir at elevation 1221,4 or the spillway gates completely
raised has becn estimated at 91,000 second=feet for the 24 needlec
valves and 30,560 second-feet for the powerhouse operating at full
capacity. A total discharge of 121,560 second-feet will produce a
tail water at the diversion~tunnel portals of elevation 669 (fig. 62)
with the present conditions of thc river bed. The roof of the tunnel
at the portal is elevation 676, so that with the possible maximum
discharge of 121,560 second-feet from the outlet works, there will
be a segment of the tunnel approximately 6.3 feet high with a cross-
seetional area of 143 square feet available to relieve the low pres-
sure crcated in the tunnel, The proposed air vent was to be 10 feet
in diameter, or an area of 78 square feet,

It is expscted that the river bed below the dam will be
gradually eroded by the clear water released from the reservoir
and the loose material carried downstream so that in the future the
tailwater at the portals will be lower than at the present time,
With this possibility an even larger segment of the tunnel will be
available for ventilation at a possible maximum discharge.

The only possibility of a larger flow in the riwver, and
hence higher tail water, will be for the spillways to dischargec,
In such a case, the necessity of the operation of the tunnel-plug
outlets will no longer exist and they can be closed,

The vacuum conditions on the 1:20 model related to the
river elevation on the prototype are shown on figure 63, The curves
show that a slight vacuum will exist for flow conditions in the river
up to 70,000 second-feet regardless of the head on the valves and the
installation of an air vent. The vacuum increcases quite rapidly up
to 130,000 second-feet, but not sufficiently to be of any serious
consequence,

A slight increase of vacuum was noted with an increase of
head on the valves, but the amount was so slight as to be negligible.
The data plotted on figure 63 are from tests on the model using heads
corresponding to 340 to 475 feet on the prototype.

The change of tail water is the controlling facter in the
formation of the vacuum, When the tail water is low, there is suffi-
cient room above the water surface in the tunnel for the air to flow
into the space around the high-velocity jets and replace that being
carried away., In that case, there would be very little demand for
air through the vents. As the water reaches an elevation in the
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tunnel where the space above is considerably diminished, either one
of two things will oecur. If no air vent is provided, the amount
of the vacuum will be rapidly increased and the velocity of the in-
bound air will be increased, or, if an air vent is provided, the
demand for air will be supplied by it and the vacuum will not be
inereased, In the first case, as the air spacc in the tunnel de--
crcases, the vacuum will increase because the amount of necessary
air cannot be supplied fast enough. This condition will continue
until the tunnel is completely filled at the end.

As previously mentioned, there are two movements of air
flow in the tunnel, The boundary laycr adjacent to the water sur-
face will be moving in the same direction as the water and at the
same or slightly less velocity, whilo the air near the roof of the
tunnel will travel at a lower velocity in the opposite direction,
The outward flow will be the last to disappear as the water sur-
face approaches the tunnel roof at the portal, since the velocity
of the water is high and would tend to draw the air out rather than
let it in., As a result, the air domand on the vents would reach a
maximum just before the water reached the top of the tunnel, As
the tunnel is completely filled, the velocity of the water will be
decreased and there would be a resulting decrease in the vacuu,
This theory was actually substantiated by model observations., The
most dangerous point then is whon the taillwater is at or very near
to the top of the tunnel,

Inasmuch as the present state of knowledge of the behavior
of models in connection with the development of a vacuum and its
resultant effects is as yet not sufficiently developed to be abso-
lutely certain, it was decided to form the junction of the air tun-
nel in the concrete lining so that should a remote contingency arise
that the air tunnels did prove to he necessary, they could be con-
structed without difficulty and at no greater cost than the original
installation.

2, MNEEDLE VALVE AND EMERGENCY GATE MODEL

During the course of experiments on the 1:60 model in
the Fort Collins laboratory, the effect was studied of closing the
paradox emergency gates with the needle valves completely open. It
was discovered that when the paradox gates were nearly closed, a
surging of the jets from the needle valves occurred, as shown on
plate 184,

To further study this phenomenon, onc of thc needle walves
uscd on the Montrosc 1:20 model of the tunne-plug outlet was mounted
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in its relative position with a model of an emergency gate and suf-
ficient length of approach pipe.

The surging or pulsation on the 1:20 model was very simi- -
lar to that cncountered on the 1:60 model and is shown scmewhat in ’
detail on plate 19, These photographs disclose only instantaneous
conditions., Actually, the jet oscillated with a fairly definito////
cycle in a vertical plane, and the results were best recorded 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 arca in
the center such that with the ncedle valve in place, a body of water
would collect in the low-velocity pockets and be carnx;d out by the
high-velocity jet, causing surges or pulsations,_-~ ., opening of
approximately 15 percent of the paradox gate, t¥is surging caused a
vibration of the entirc model which could be“felt gjgtsnctly at the
end of the 20-~foot approach pipc,



VII, CHANNEL CONDITIONS IN RIVER BELOW BOULDER DAM

l. RIVER MODEL

A, Introduction

In the carly stages of design of the Boulder Tam with its
various appurtenant structures, it was felt that a scale model of the
river channel below the proposcd site would be of value in determin-
ing the effect of the discharges from the powerhouses, the canyon-
wall outlets, the tunnel-plug outlets and the spillway tunnels on the
water surface clevations in front of the powerhouses and hence the
effect on the operating head of the turhbines.

Unfortunately, the urgency for other more detailed studies
and the lack of space in the hydraulic laboratory made it necessary
to postpone those studies until the design and construction had pro-
gressed to such an extent that major changes were not possible., It
is believed, however, that sufficient information of wvalue to the
operating staff was gainced to justify the expense of the studies,
The results so obtained are being presented with this in view,

B. Apparatus

The model (fig. 64) on a scale ratio of 1:150 was con-
structed in the hydraulic laboratory of the Colorado Agricultural
Experiment Station, Fort Collins, Colorado. The outlet works were
constructed in detail, except that the discharge from the powerhouse
was introduced through a S0-degree V-notch weir placed between the
upstream end of the powerhouses. Diaphragm orifices were installed
in the conduits leading to the canyon-wall and tunnel-plug outlets
for measuring the water through thosec structures, while 90-degree,
V-notch weirs were so placed as to discharge into the models of the
side-channel spillways, thercby introducing the correct quantitics at
the correct heads.

The diaphragm orifices and the V-notch weirs wore calibrated
in place by comparison with the master 90-degree . V-notch weir in the
measuring channel,

The topography of the river bed (plate 20) was constructed
in detail by the use of galvanized iron cut to conform to the cross-
sections of the river and fastened in the wooden tank holding the
model, The space between the cross scctions was filled with damp sand
to within an inch or two of the top of the metal and the remainder
of thec space was filled with concrete, into which the configuration
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of the river bed was detailed by hand, utilizing the metal cross
sections as guildes and the detail topography sheets as references,
The bottom of the channel was filled with sand to conform to the
clevation of the movable river bed, Stop-logs adjustable in height
were placed at the lower end of the channel to hold the bed material
to any given elevation, and a regulator consisting of fixed and mov-
able vancs was constructed at the lower end to regulate the elcva-
tion of the water surface to any predetermined elevation. Between
he stop=logs and the regulator, o sand box was built to trap the
majority of the sand eroded from the river bed to prevent its bcing
carricd into the laboratory recirculating system,

Two gaging stations were installed on the model for regu-
lating the river flow and mcasuring the slope of the water surface,.
Onc, lknown as the upper section, was installed to mcasure the cleva=~
tion of the water surface directly upstream from the point at which
the jets from the canyon wall cutlcts will impinge on the river bank,
while the other station, known as the lower section, was located
sufficiently far below the portals of the spillway tunnels to avoid
interference from the tumnel jots,

C, PRiver Conditions for Flow Combinations

During the course of these experiments, the flow data and
conditions of the river bed were recorded by three different methods:

(1) Point gage readings werc made at the stations above and
below the outlet works to record the effect of the anticipated "cjec-
tor" action produccd by the outlet works discharging into the river
at an angle. These data have been consolidated and tabulated in
table V where any flow combination and its action can be detcrmined
at a glance. The data in the columns entitled, "Rise and Drop" have
belcnBpiliotted -on Fhiamikke! 65 lagakmnisit: thel tloball Fliew in the rhivier fion lamy
specific runes Three conditions of tail water elevation were used,
nomely: normal, 10 feet below normal, and 20 feet below normal, In
all of these tests, the lowecr gaging station was used as a control
and the gage height for -any given discharge was that obtained from
the rating curve (fige 66)s constructed from gagings made prior to
the start of the construction., That discharge-elevation relationship
8 lreflofBed to as "mermal’,

(2) Pictorial observations werc made with still and motion
picture cquipment of the conditions for each typical flow combination.
A portion of the still pietures hawe been included as plates 21 to
32, inclusive, tobetter illustrate the rasults,
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RELATIONSHIP OF ELEVATION OF WATER SURFACE TO DISCHARGE WITH DIFFERENT OUTLET WORKS OPERATING COMBINATIONS AS DETERMINED ON 1:150 MODEL OF CHANNEL OF RIVER BELO4 BOULDER DAM

ATION CF WATER SURFACE IN RIVER

T - ELEVATION OF WATER . RFACE IN RIVER Run|Location DISCRARGE SECOND-FEET
:!;“T“g‘,‘““ 3};‘,‘3‘;;‘,“'  ECgHD-FEET UPPER SECTION 10XER SECTION No.| of Canyon | Tunnel UPPER SECTIC LOWER SECTION
: Outlets |Power | Wall Plugs,Spillway| Total Normal 10 Feet 20 Feet Rise Drop|Normal|10 Feet|20 Feet Outlets |Power 0"5}1 Plugs|Spillway| Total [Normal lgsf::t de;‘::t Rise Drop Normal 13511":? zga;’::t
utlets Below Below Below | Below Houee |Outleta
flouse (O Normal Normal Normal | Normal . Normal | Normal Normal| Normal
19.26 727,73 Arizona 0 23,000( 200,000 690,72 2.19 699,00
1 Arizone 15,000 21,000) 23,000/ 200,000 503,000 roa47 698,95 19.23 718.18 21 15,000 ! ! 261,000 681,37 0.99 688,64
, .
Nevada ! 21,000 23,000| 200,000 690,23 |19.77 710,00 Nevada 0 23,000 © 670,66 | 2.34 673.00
1.80 685,76
0 [23,000{200,000 704,22 18.66 722.88 Arizona 0 o |200,000 683,96 .
2 Arizona 15.000 ' ! 461,000 693.71 18.99 712,70 22 15,000 215,000 674.86 0.75 675.61
Nevada ' 0 23,000{ 200,000 676,67 24,54 701.21 Nevada 0 [} 0 664.23 | 1.53 665,76
686,02 5.19 691,21
a 0 0 [200,000 694,75 17.46 712,21 Arizona 21,000 | 0 |200,000 .
3 Arizon 15,000 ! 415,000 TR 23,13 700,30 23 15,000 257,000 679,66 2.70 682.36
Nevada ' 0 o [200,000 667.71 21.99 689.70 Nevada 21,000 | © [ 665.29 | 6.21 671,50
21,000 O 200,000 702,98 18.54 721.52 Arizona 21,000 |23,000(100,000 679.15 4.68 683.83
. Arizona 15,000 ' 457,000 689.81 20.49 710.30 2% 15,000 ’ 203,000 661,60 11.79 673,39
Nevada 21,000 O [200,000 678.88 23.40 702.28 Nevada 21,000 [23,000[ O 650.61 |12.72 663.33
Arizona 21,000} 23,000 0 662,74 4.08 666.82 Arizona 3} 23,000| 100,000 669.41 7,26 676.67
5 15,000 103,000 652.18 3.99 656.17 25 15,000 161,000 655,98 10.23 666,21
Nevada ! 21,000 23,0000 O 649,30 0.21 649,09 Nevada 0 23,0000 O 656,23 [10.83 667.06
Arizona o |[23,000 © 655,64 2.e8 658.22 Arizona 0 0 |100,000 663,51 4.98 668,49
6 rheen 15,000 ! 61,000 647,92 0.87 648.79 26 15,000 115,000 649.56 8,97 658,53
Nevada ’ o |[e3,000 0 643,50 4.38 639,12 Nevada 0 0 0 637,02 [11,01 648,03
Arizona 21,000 © 0 655,37 2,13 657,50 Arizona 21,000 | 0 [100,000 666.91 9.00 675,91
8 15,000 57,000 648,78 0,75 648,03 27 15,000 157,000 657,40 7.65 665,05
Nevada 21,000 0O 0 645.87 8.07 637.80 Nevada 21,000 ¢} ¢} 647,55 | 8,19 655,74
Arizona 10,500 0 0 652,92 0.57 653.49 Arizona 21,000 | 23,000 © 671,92 11,76 683,68
9 15,000 36,000 645,82 2.19 643,63 28 15,000 203,000 661.85 12,12 | 673,97
Nevada 10,500 O [¢] 639.76 8.58 631.18 Nevada 21,000 | 23,000|100,000 649,73 |12.09 661,82
Arizona o 23,00 0 651,30 2.49 653.79 Arizona 0 23,0000 0 667,10 9.87 676,97
10 15,000 38,000 637.39 3.24 640.63 29 15,000 161,000 656,26 10,41 666,67
Nevada 0 0 0 637,27 6.09 631.18 Nevada 0 23,000/ 100,000 644,68 |11.94 cErL 62
Arizona 0 0 0 652,39 2,01 654,40 nrizona o o 0 658.98 9.51 666,49
11 15,000 38,000, 645,30 1.77 643,63 30 15,000 115,000 647.22 11,31 658.53
Nevada o 23,0000 O | 642,31 8.52 633.79 Nevada 0 o !100,000 636,72 |10.86 647.58
Arizona 21,000 23,000 100,000 |eeo.a'7 12,60 699.27 Arizona 21,000 | 0 0 664,09 11.82 675.91
12 15,000 303,000 677.63 12.24 689,87 31 15,000 157,000 653,37 12.29 665,61
Nevada 21,000 23,000 100,000 662.87 |16.53 679.40 Nevada 21,000 | 0 [100,000 643.37 |12.81 656,18
1
Arizona 0 23,000, 100,000 I68l.42 11.01 692,43 Arizona 21,000 |23,000[ O 682,26 16.71 698,97
13 15,ooo| 261,000 665,13 16.23 682.36 32 15,000 303,000 666425 21.93 688,18
Nevada 0 23,000 100,000 653.23 [ 19,77 673,00 Nevada 21,000 | 23,000| 200,000 655,55 |24.15 679.70
Arizona 0 0 100,000 671,84 13,77 685,61 Arizona 0 23,000 © 674,10 18,33 692,43
14 15-,ooo| 215,000 661,15 14,91 676,06 33 15,000 261,000 662,12 20,97 683.09
Nevada 0 0 100,000 651.09 [14,52 665,61 Nevada o 23,000| 200,000 649,57 |23.52 673,09
]
Arizona 21,000 O 100,000 679,92 12.36 692,28 Arizona 0 0 0 665,13 19.62 684.75
15 15,000 257,000 664,72 17,19 681.91 34 15,000 215,000 654,11 22,26 676,37
Nevada 21,000 O 100,000 655,59 | 16,32 671,91 Nevada 0 0 [200,000 640.16 |25,74 665,90
Arizona 21,000 23,000| 200,000 698.84 14.55 713,39 Arizona 21,000 | © 0 669,97 22.47 692.42
16 15,000 403,000 684.19 18.84 703,03 35 15,000 257,000 658,90 23,18 682,08
Nevada 21,000 23,000( 100,000 677.33 | 17.22 694,55 Nevada 21,000 | 0 [200,000 645.87 (26,34 672.21
Arizona 0 23,000| 200,000 694,65 12,63 707,28 Arizona 21,000 | 23,000( 100,000 694.15 19.68 713.83
17 15,000 361,000 682,38 15,12 697.50 36 15,000 403,000 683,99 19.65 703,64 |
Nevada 0 23,000 100,000 665.10 | 15.93 681,30 Nevada 21,000 | 23,000 200,000 673,34 (21,03 694.37
Arizona 0 0 200,000 687.86 12.60 700.46 Arizona 0 23,000| 100,000 689,50 18.00 707.50
18 15,000 315,000 676.78 13.68 690,46 37 15,000 361,000 677,79 19.86 697.65 |
Nevada 0 0 100,000 668.32 | 12.18 680,50 Nevada 0 23,000| 200,000 €63.94 (23,94 687.68
,
Arizona 21,000 O 200,000 697,25 9,87 707,12 Arizona 0 o [100,000 680,91 20.61 701.52
’ , y
19 15,000 357,000 680,64 15.69 696,33 38 15,000 315,000 669,00 20,97 689.97
Nevada 21,000 O 100,000 671,52 | 15,60 687,12 Nevada 0 0 |200,000 656.35 (23,70 680.05
Arizone 21,000 23,000 200,000 690,72 8.28 699,00 Arizona 21,000 | 0 |100,000 686,50 20,70 707,20
20 15,000 303,000 681.65 6,99 668,64 39 15,000 357,000 673,10 23,70 696,80
Neveda 21,000 23,000 O 675.31 | 4.24 679.55 Nevada 21,000 0 (200,000 661.21 [25.26 646,67
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FIGURE 65
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(3) Visual observations were made by the observer and recorded
in the form of notes on cach runes Those deal primarily with the ero-
sion in the river bed and with the flow conditions in the river,

They have been digested and condensed for the sake of brevity and
arc included in this discussion as table VI, These data are self-
explanatory and cross~rcferenced to the plates,

In analyzing the results of the point gage observations as
shown on table V, they were divided into three classes:

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

(b) Larger quantity of water from the Arizona side of the
river (run 10 and runs 16 to 27, inclusive).

(¢) Larger quantity of water from the Nevada side of the
river (run 11 and runs 28 to 35, inclusive).

The data from the first class were plotted (fig. 65) with
all throe conditions of tail water; namely, normal, 10 feet helow
normal, and 20 feet below normal. Curves were drawn through ecach
group., The data from the other classes were then added for compara-
tive purposcse.

In table V, the data arc presented in the order in which
they were actually taken, while in teble VI, they have been rearranged
in the order of increasing total flow in the river below the outlet
works to allow comparison of the effects of a similar flow from either
or bhoth sides of the river.

D, Conelisions

It was expectod, and the cxpectation has since becen justi-
ficd, that retrogression would occur such that the movablc material
in the river bed would be transported downstrcam and a new discharge-
clovation relationship would result. In studjying the effect of this
rctrogression as indicatcd on the 1:150 model, it was only possible,
with the information available, to move the rating curve down as a
unit 10 and 20 feet, respectively, preserving its original shape,
Actually, the rating curve for a condition of retrogression of 20
feet may have a slightly different characteristic shape, depending
uipent the cross seection of the nenerediblle maiterial inl the riwver  beds
Furthermore, there are two variables at work which have a tendency
to counteract each other and effect the tail-water relationship
curve, As the river retrogresses, the slope will decrease and the
veloecity in the cross sections will decrease for a given quantity.

NI



TABLE VI
Sheet 1 of 8

CHANNEL CONDITIONS IN RIVER BED BELOW BOULDER DAM

Run
Oe

Location
of
Outlets

DISCHARGE SECON

D-FEET

_|

Canyon
Power Wall
House |Valves

Tunnel

Plug
Valves

Spillway

Total

FLO# CONDITIONS IN RIVER BED

Arizona

Nevada

10,500
15,000

10,500

0

0

36,000

{a) Flow in river was very gquiet with three
upstream valves on ilevada side and three downstream
valves on Arizona side discharging. Sand was

PLATE 21

eroded where jets impinge.

{(b) The velocity was increased and sand bar
flattened and washed farther downstream,

(c) The velocity was further increased and sand
washed farther downstream., Some sand was moving
all along the river bed. More was moving at narrow
point below the Arizona spillway exit.

10

Arizona

Nevada

15,000

23,000

0

38,000

{a) Flow in river was smooth, 4 slight return
flow occurs upstream from ths arizona tunnel plug
stream and there was slignt erosion where stream

PLATE 22

entered river bed,

{(b) The stream tended to flow along the
arizona bank and form a decided whirl along the
Wevada bank, The sand was washed farther down=
stream and the erosion was greater,

{c) The flow and erosion increased and sand
was washed along the river from tunnel plug down-
stream,

11

Arizona

Nevada

0
15,000
0

[ |

0

l23,000

38,000

{a) Flow in the river was smooth, Stream
from tunnel plug hits Nevada bank above the end of
Nevada spillway tunnel cut, The water was de=-

PLATE 22

flected into the river and eroded considerably.
A sand bar was formed below the Arizona spillway
exit,

(b) Velocity increased and more sand was
piled across the river below the Arizona spill=
way exit,

{c) Velocity increased and sand bar was
flattened and washed downstream, Sand was washed
from the Arizona spillway exit on down the river,

arizona

iNevada

21,000
15,000

21,000

57,000

(a) Flow conditions very smooth except where
jets hit river., Slight erosion occured and sand
piled downstream from where jets impinged.

(b) Sand was spread and washed farther
downstream.

(c) Sand was washed down to the spillway exit
on the Arizona side.

Arizona

levada

15,000

23,000

23,000

61,000

(a) Flow in river was very smooth, a hydraulic
jump formed at the exit of the Nevada tunnel and
about 75 feet downstream from exit of Arizona

PLATE 23

tunnel. Sand erosion was slight below the tunnel
plug exits, Slight whirl formed upstream from
junction of tunnel plug streams., Erosion occured
opposite Arizona spillway exit.

(b) Sand erosion increased and a sand bar was
formed across the stream below Arizona spillway
exit, Flow conditions were practically the same
except the hydraulic jump had moved downstream
slightly on the Nevada side and about 75 feet on
the Arizona side.

{e) The sand bar was washed downstream beyond

the gawing station.
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TABLE VI

CHANNEL CONDITIONS IN RIVER BED BELO#W BOULDER DAM

Sheat 2 aof %
Rl

of
Outlets

Locaticn

DISCHARGE SECON

D=-IFEET

Canyon | Tunnel
Power | Wall | Plug
House |{Valves{Valves

Spillway

Total

FLOW CONDITIONS IN RIVER BED

Arizona

Nevada

21,000 {23,000
15,000

21,000{23,000

103,000

PLATE 24

(a) Flow in river was very smooth. The hydraulic
Jjump from tunnel plug was at the exit of the tunnels,
The sand erosion by the tunnel plug streams was very
slight. A bar of sand was thrown across the river
downstream from the canyon wall jets. The sand bar
started about 225 feet below the downstream valve on
Arizona side and continued about 300 feet downstream,

(b) Flow conditions become a little rough and the
sand bar below the canyon wall valves was flattened
and moved downstream nearly to the tunnel plug exits,)
The tunnel plug streams eroded the river bed
slightly. Hydraulic jump was just outside tunnels,

(c) The sand bar below the canyon wall valves was
washed still farther downstream, The streams from
the tunnel plugs eroded considerable and a sand bar
was thrown across the stream about 750 feet down=
stream on the Nevada side and about 150. feet on the
Arizona side,

26

Arizona

Nevada

15,000

100,000

(o]

115,000

(a) Flow upstream from spillway exit was very
smooth, ‘

(b) Hydraulic jump was downstream from portal,
#low below spillway exits was a little rough. Sand
bar was washed to a point below lower gaging station,

(c) Velocity of power house discharge increased.
Spillway stream impinged on projecting point on
Nevada side, The stream was split and two whirls
were formed, one on the upstream side near the center
of the stream and the other on the downstream side
along the Arizona shore., The sand bar below the
lower gaging station was completely washed down-
stream,

30

Arizona

Nevada

15,000

0

100,000

115,000

(a) Similar to conditions in Run 29-b,
(b) Similar to conditions in Run 29-c.
(¢) Flow was fairly rapid, more erosion occurred

and sand was washed full width of river bed down-
stream from spillway exits,

27

Arizona

Nevada

21,000} 0
15,000
21,000| 0

100,000

0

157,000

(a) Similar to conditions in Run 25-a,
(b) Similar to conditions in Run 25-b,

(¢) Similar to conditions in Run 25-c,

31

Arizona

Nevada

21,000| 0
15,000

21,000 o

0

100,000

157,000

(a) Similar to conditions in Run 29-a,
{b) Simi’ar to ~onditions in Run 29-b,

(c, Sand washed downstream from the canyon wall
valves and formed a bar across the Nevada tunnel plug
exit, The return flow on the Arizona side with the
lower tailwater washed sand into the Arizona spill-
way exit,
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TABLE VI
Sheet 3 of 8

CHANNEL CONDITIONS IN RIVER BED BELOW BOULDER DAM

un
F“O.

Location
of
Outlets

DISCHARGE SECOND-FEET

Canyon
Power vWall
House {Valves

Tunnel

Plug
Valves

Spillway

Total

FLOW CONDITIONS IN RIVER BED

B5

Arizona

Nevada

0
15,000
0

23,000

23,000

100,000

0

161,000

(a) Flow conditions were very quiet and similar
to Run 24-a, except flow through the tunnel plugs wag}
more noticeable,

(b) Similar to conditions in Run 24-c, Hydraulic
jump was outside of tunnel plug portals,

(¢) Flow from Nevada tunnel plug hit wall of cut
and deflected into river, Hydraulic jump was below
the tunnel exit. Flow below the spillway exits was
a little rough, Sand bar was washed mostly below
the lower gaging station., The stream from the
Arizona spillway slipped off into the river.

o

Arizona

Nevada

15,000

23,000

23,000

0

100,000

161,000

(a) Similar to conditions in Run 28, except the
tunnel plug flow was a little more noticeable,

(b) Flow was nearly the same except more rapid.
Spillway stream did not climb wall of cut as high as
with normal tailwater, Hydraulic jump moved out of
the tunnel plug exits,

(¢) Velocity was increased and spillway stream
hits wall of cut and was deflected across the river,
striking the Arizona side just below the spillway
exit, Spillway stream climbed wall of cut very
slightly and hydraulic jumps from tunnel plugs moved
out into the stream, Sand bar was flattened and
washed farther downstream.

Arizona

Nevada

21,000
15,000

21,000

23,000

23,000

100,000

0

203,000

PLATE 25

(a) Flow conditions were quiet above the spillway
exits, Flow from the tunnel plugs was slightly not-
iceable, The stream from the Arizona spillway floweﬂ
across the river to the projecting point on the
Nevada side. There was a return flow along the
Nevada side above the stream and on the Arizona side
below the stream, The sand bar near the lower gaging
station was not quite so far downstream,

(b) Flow was a little more rough and very rapid
through the tunnel plugs. Erosion was slightly more
with the sand bar washed just a little more parallel
with the Arizona bank,

(¢c) Hydraulic jumps were at the tunnel plug
portals, Impingement of spillway on projection very
severe,

ks

Arizona

Nevada

21,000
15,000
21,000

23,000

23,000

(0]

100,000

203,000

PLATE 26

|The stream from the Nevada spillway rose higher on

(a) Flow conditions were the best obtained by any
combination of spillways discharging, Flow from the
tunnel plugs was noticeable, Stream from Nevada
spillway shot along cut and climbed wall almost to
Elevation 750 but flowed into and down the center of
the river., Erosion was very slight compared with
other runs, There was a very slight return flow
along each bank below the tunnel exits.

(b) Velocity and roughness was increased, Hyd-
raulic jump was inside of the tunnel plug portals,

the wall of the cut. Erosion slightly increased with]
a sand bar being formed upstream from the lower gag-
ing station,

(¢) Hydraulic jump moved below tunnel plug exits.
Spillway stream did not climb wall as high, Erosion
was slightly increased,
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TABLE VI
Sheet 4 of 8
———

CHANNZL CONDITIONS IN RIVER BED BELOW BOULDER DAM

No .

Location
of
Outlets

DISCHARGI

§ SECOND=FEET

Canyon
Power Wall
House |Valves

Tunnel

Plug
Valves

Spillway

Total

FLOW CONDITIONS IN RIVER BED

14

Arizona

Nevada

0
15,000

0

0

0

100,000

100,000

215,000

(a) Similar to conditions in Run 12-a, The re-
turn flow along the Nevada bank was a little more
noticeable and the hydraulic jump was at the exit of
each spillway tunnel,

(b) The hydraulic jump moved about 75 feet from
the exit of the Arizona spillway tunnel and slightly
outside of the Nevada tunnel,

(¢) The hydraulic jump moved out into the stream
on the Arizona side and about 150 feet downstream
from the exit of ths tunnel on the Nevada side.

le2

Arizona

ivevada

15,000

200,000

0

215,000

(a) Similar to conditions in Run 20-b,
(b) Similar to conditions in Run 20-c,
(c) Arizona spillway stream shot across the river

and climbed to Elevation 750, ¥#hirl upstream became
smaller, Flow downstream was very rapid.

54

Arizona

Nevada

15,000

0

200,000

215,000

(a) Similar to conditions in Run 33-b,
(b) Similar to conditions in Run 33-c,
(¢) Flow from spillway hit wall of cut and was

deflected across the river where it impinged on the
Arizona bank near the spillway exit.

15

Arizona

Nevada

21,000
15,000

21,000| ©

100,000

100,000

257,000

(a) Similar to conditions in Run 12-a, Hydraulic
Jump was slightly inside of the spillway tunnels,
Nevada tunnel plug submerged occasionally. Arizona
tunnel plug exit was never completely submerged.

(b) Hydraulic jump moved 75 feet downstream on
the Arizona side and slightly below the tunnel exit
on the Nevada side., *

(¢) Hydraulic jump moves about 150 feet from the
end of the Arizona spillway tunnel and about 75 feet
downstream on the Nevada side.

R3

Arizona

Nevada

21,000
15,000
21,000

200,000

0

257,000

(a) Similar to conditions in Run 20-b,
(b) Similar to conditfions in Run 20-c.

(¢) Similar to conditions in Run 22-¢,

35

Arizona

livevada

15,000

21,000] 0

21,000{ 0

0

200,000

257,000

(a) Similar to conditions in Run 32-a,
(b) Similar to conditions in Run 33-b,

(c) Similar to conditions in Run 33-c, except the
canyon wall valves wash sand along each bank and a
sand bar is formed below the exit to the Nevada
tunnel plug. Sand is not washed so far downstream
on the Arizona side. Flow from the canyon wall
valves is slightly faster on the Nevada side due to
the unbalanced flow from the spillways,

Arizona

Nevada

0
15,000
0

23,000

23,000

200,000

261,000

(a) Similar to conditions in Run 20-a,
(b) Similar to conditions in Run 20-b,

(c) Similar to conditions in Run 20-c, except flo‘J
through the tunnel plugs is more noticeable.
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TABLE VI

CHANNEL CONDITIONS IN RIVER BED BELOW BOULDER DAM

Aﬁasai.ﬁ.zs.ﬂj

Run
No.

Location
of
Outlets

DISCHARGE SECOND=-FEET

Power
House

Canyon
Wall
Valves

annel
Plug |Spillway
Valves

Total

FLOW CONDITIONS IN RIVER BED

13

Arizona

Nevada

15,000

0

0]

23,000{ 100,000

23,000} 100,000

261,000

(a) Similar to conditions in Run 12-a, Flow fromf
tunnel plug exits was noticeable.

(b) Similar to conditions in Run 12-b, Hydraulic
Jjump is slightly outside of the Nevada spillway
tunnel and about 50 feet below the Arizona spillway
exit,

(¢) Hydraulic jumps move out of all the tunnels,
Flow is quite rapid from spillway exits on down the
river, The hydraulic jump from the Ariszona spillway
moved out into the river,

33

Arizona

Nevada

15,000

23,000/ ©

23,000{200,000

261,000

(a) Similar to conditions in Run 32-a, except the
flow from the tunnel plugs was more noticeable be-
cause of slightly lower tailwater,

(b) Hydraulic jump is at the exit of the Arizona
tunnel plug and slightly inside the tunnel on the
Nevada tunnel plug portal,

(c) Hydraulic jump from tunnel plug moved almost
into the river, Stream from Nevada spillway did not
climb as high on the wall of the cut, Sand was
washed the entire width 6f the river and downstream
into the tailwater regulator box. A more decided
whirl was formed on the upstream side of the spill-
way jet,

Arizona

Nevada

15,000

21,000

21,000

23,000{100,000

23,000/100,000

303,000

PLATE 27

(a) Flow above spillway streams was very quiet,
Spillway streams meet in center of river and direct-
ly out from Arizona exit, Streams from Nevada side
climb wall of cut to about Elevation 750, ¢hirl is
noticeable on Nevada side above the point where
Arizona stream hits Nevada wall, A sand bar was
thrown across the river. There was considerable
erosion where streams meet, more 80 along the Nevada
wall, Tunnel plugs were completely submerged.

(b) Sand is washed farther downstream and more
parallel to Arizona bank, Hydraulic jump waes inside
Nevada tunnel and just outside Arizona tunnel,
Tunnel plugs still submerged.

(c) Sand bar was washed farther downstream., Flow
from tunnel plugs was noticeable. Upper end of sand
bar remained about the same.

20

Arizona

Nevada

15,000

21,000

21,000

23,000|200,000

23,000 0

303,000

PLATE 28

(a) Flow above spillway exits was very smooth,
The stream from the Arizona spillway shot across the
river, impinged on the projecting point on the
Nevada side and a large return flow formed which
eroded at the lower end of the Nevada spillway cut,
Considerable erosion occurred under the spillway
stream, A bar of sand was thrown across to the
Nevada side about 600 feet downstream. There was a
return flow downstream from spillway stream and on
the Arizona side.

(b) Flow from tunnel plugs was slightly
noticeable,

(c) Erosion was greater and the sand bar near the
lower gaging station was flattened, Tunnel plug
flows were slightly noticeable,
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Spillway

Total

FLOW CONDITIONS IN RIVER BED

32

Arizona

Nevada

15,000

21,000{23,000

21,000| 23,000

0

200,000

303,000

PLATE 29

(a) Flow conditions were as satisfactory as in
Run 28, being very smooth above the spillway stream.
Flow from the tunnel plugs was slightly noticeable.
Stream from spillway climbed wall to Elevation 750
and was deflected into the river but flowed more
along the Nevada bank than in Run 28, A whirl was
formed on the upstream side of the spillway stream
opposite the Arizona spillway exit., There was con-
giderable erosion and a sand bar was formed clear
across, starting directly opposite the Arizona
spillway exit and continuing downstream and across
to the Nevada side about 300 feet below the gaging
station, A small amount of sand was washed in the
exit of the Arizona spillway tunnel,.

(b) Not much change in flow conditions, except
for being a little more rapid and rough, Flow from
the tunnel plugs was not noticeable, Sand was
washed farther downstream.

(¢) Hydraulic jump was in the exit of the tunnel
plugs. Spillway stream did not climb so high on the
wall of the cut. Flow was much more rapid and rough
Sand was washed the entire width of the river and
almost into the tailwater control box.

18

Arizona

Nevada

15,000

200,000

100,000

315,000

(a) Flow above the spillway exits was very quiet.
A whirl upstream from spillway streams piled sand
in front of the tunnel plug exit.

(b) Arizona spillway stream tended to shoot
ecross on river water surface and climb the project-
ing point on the Nevada side, The sand bar above
the spillway streams was washed a little farther
upstreanm.

(c) Stream from Nevada spillway climbed wall of
cut higher than at normal tailwater or 10 feet below
Sand bar above streams was washed nearly to exit of
Arizona tunnel plug outlet,

38

Arizona

evada

15,000

100,000

200,000

315,000

(a) Similar to conditions in Run 37=-b,
(b) Similar to conditions in Run 37-c.

(c) Nevada spillway stream hit wall of cut and
was deflected into the river. It shot into the
river under the Arizona stream and allowed the
Arizona stream to shoot across and climb the project-
ing point on the Nevada side, Flow was more rapid
along the Nevada bank, The erosion was increased
and sand was carried downstream.

19

Arizona

Il\levads

15,000

21,000} O

21,000 o

200,000

100,000

557,000

(a) Similar to conditions in Run l6-a.
(b) Similar to conditions in Run 16-b,

(c) Similar to conditions in Run 1l6-c,

39

Arizona

tl\levada

15,000

21,000 0

21,000 ©

100,000

200,000

257,000

(a) Similar to conditions in Run 37-a.
(b) Similar to conditions in Run 37-b,

(¢) Similar to conditions in Run 37-c.
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TABLE V1

CHANNEL CONDITIONS IN RIVER BED BELOW BOULDER DAM

No.

Location

of
Outlets

Power
House

Wall
Valves

DISCHARGE SECOND-FEET
Canyon

Punnel

Plug
Valves

Spillway

Total

FLOW CONDITIONS IN RIVER BED

17

Arisona

Nevada

15,000

0

0

23,000

23,000

200,000

100,000

361,000

(a) Similar to conditions in Run l6-a.
(b) Similar to conditions in Rup 16-b,

(¢) The flow becomes very rough and the hydraulic
Jump from the Arizona spillway was in midstream.
The stream seems to shoot across the river on top of
the water surface,- Hydraulic jump on the Nevada
spillway was about 50 feet downstream from the exit,
The flow from tunnel plugs was very noticeable and
the jump was at the exit of the tunnels. Sand piled
downstream from the Arizona tunnel plug exit was
washed nearer the center of the stream.

37

Arizona

Nevada

15,000

23,000
23,000

100,000
200,000

361,000

(a) Similar to conditions in Run 36-b.

(b) Flow from tunnel plugs became noticeable,
Spillway jumps were outside of tunnel exits,

(c) The sand bar was washed farther downstream
and flattened, Hydraulic jump was at the tunnel
plug portals,

16

Arizona

Nevada

15,000

21,000

21,000

23,000

23,000

200,000

100,000

403,000

PLATE 30

(a) Flow- above the spillway exits was very quiet,
The velocity of the Nevada spillway stream was
greatly reduced before it reached the stream from
the Arizona spillway which allowed the Arizona atreaq
to shoot across the river and climb the projection
on the Nevada side. Part of the stream flows up-
stream causing a whirl on the Nevada side., The flow
was mostly along the Nevada side below the spillway
exits, Tunnel plugs were completely submerged.
Erosion at canyon wall valves was very slight.

(b) Very little change in flow conditions or
erosion., Hydraulic jump outside the Arizona tunnel
and inside the Nevada tunnel, Tunnel plugs still
submerged.

(c) The tunnel plug flow was noticeable. Erosion
downatream was increased. Arizona spillway hyd-
raulic jump was in the river, The Nevada spillway
jump was at the tunnel exit,

36

Arizona

Nevada

15,000

21,000

21,000

23,000

23,000

100,000

200,000

403,000

PLATE 31

(a) Flow was fairly smooth, Arizona spillway
stream did not shoot across the river and climb the
projecting point on the Nevada side, Streams from
the spillways met in the center of the river and
continued down the river with the water along the
Nevada bank having a slightly higher velocity.
Tunnel plugs were completely submerged. The erosion
was to rock in center of river bed opposite the
Arizona spillway exit. Sand was piled upstream from
Junction of spillway streams., The sand bar below
was nearly straight across the stream with the
Nevada side extended a little farther downstream.

(b) The junction of the spillway streams was sush
that the flow is more evenly distributed through the
width of the river., More erosion occurred down-
stream and the sand bar was carried to about 300 feetﬂ
below the gaging station where it extended the full
width of the stream.

(c) Flow from the tunnel plugs becomes noticeable.
More erosion occurred downstream similar to (b).
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CHANNEL CONDITIONS IN RIVER BED BELOW BOULDER DAM
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Bun

No.

of
Outlets

Location

DISCHARGE SECOND-FEET

Canyon
Power Wall
House |Valves

Tunnel

Plug
Valves

Spillway| Total

FLOW CONDITIONS IN RIVER BED

Arizona

Nevada,

0
15,000
0

0

0

200,000

200,000

415,000

(a) Water above tunnel exits was smooth with ex-
ception of whirl immediately above spillway streams.
Hydraulic jump was formed at exit of Arizona tunnel,

Exit of the Nevada tunnel was covered and jump was
inside tunnel, Streams met at a point in cemnter of
river directly opposite Arizona spillway exit. Some
of the velocity of Nevada stream was dissipated be-
fore it reached the Arizona stream allowing the
Arizona stream to climb point on Nevada side.

(b) The hydraulic jump moved to the exit of the
Nevada spillway tunnel and downstream from the
Arizona tunnel., The return flow on the Nevada side
and upstream from the spillway streams increased.

(¢) Velocity and flow increased.

Arizona

Nevada

21,000
15,000

21,000

200,000

200,000

457,000

(a) Tunnel plug exits were completely submerged.
Considerable disturbance occurred at the spillway
tunnel exits caused by entrained air escaping. The
stream from the Nevada spillway hit the canyon wall
& short distance below the tunnel exit, climbed
above Elevation 750 and followed the canyon walle.
The stream from the Arizona spillway shot across the
river, met the Nevada stream and impinged on the
projection on the Nevada side, A decided whirl
occurred on the Arizona side downstream from the
streams and directly across from the projection. The
flow from the canyon wall valves caused a slight
disturbance above the tunnel plug portals.

(b) Roughness below spillway tunnels increased,
and a decided whirl appeared upstream from point at
which Arizona spillway stream struck Nevada bank,
Streams met nearer center of river, Hydraulic jumps
formed slightly above spillway tunnel portals,

(¢) Hydraulic jump in Nevada spillway tunnel was
at portal and 75 feet below Arizona exit.

Arizona

Nevada

o
15,000

23,000

23,000

200,000

200,000

461,000

(a) Similar to conditions in Run 4-a,

(b) Similar to conditions in Bun 4-b., Flow from

tunnel plugs was not noticeable,

(c¢) Similar to conditions in Run 4-c. Flow from
tunnel plugs was noticeable.

Arizona

Nevada

21,000
15,000

21,000

23,000

23,000

200,000

200,000

503,000

(a) Water upstream from spillway tunnels was
fairly smooth except for slight disturbance from
canyon wall outlet jets, A slight whirl formed up-

PLATE 32

stream from spillway streams, Tunnel plug outlets
were completely submerged. Surging and bubdbbling
occurred at exit of each spillway tunnel., Sand was
washed completely away from cut on Nevada side to a
point ‘900 feet downstream, A sand bar was formed
across river bed above spillway tunnels and below
tunnel plugs. A large bar of sand was formed across
river starting above the gaging station on Arizona
side and ending on Nevada side about 900 feet down-
stream, A small sand bar was formed across the
river below the canyon wall valves,

(b) Sand erosion occured more quickly and flow
below spillway tunnels was rougher., Tunnel plug
exits were still submerged.

(c) Flow condition still rougher.
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Cn the other hand, as the river retrogresses, the cross~sectional
area will decrease with a resultant influence on the relationship.

As a result of these studies, while they can only be con-
sidered as qualitative or indicative trends, it was definitely shown
that there are operating combinations of the various outlet work
which are far superior from the standpoint of increasing the effec-
tive head on the turbines when the load reaches a point where power
is at a premium, arnd superior from the standpoint of flow conditions
in the channel, particularly below the portals of the spillway tunnels.

Since the results obtained from these studies can only be
considered as relative and indicative and since the retrogression
of the river bed as a variable makes absolute results on models ex-
tremely difficult to secure, it is bteliewved desirable that sufiicient
gaging stations be established in positions downstream from the power-
house and the spillway outlets to permit data to be collected, com-
piled, and analyzed as a definite aid to t he power plant operating
engineer in determining the most effective operating combination,
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