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FOREWORD

This report contains the results of tests on three hydraulic
models of features of Falcon Dam, constructed by the Hydraulic l.abora-
tory of the office of the Chief Engineer, United States Department of
the Interior, Bureau of Reclamation, Denver, Colorado, during the period
from August 1949 to April 1950. These studies were a part of the design
procedure of the Bureau of Reclamation, which was entrusted with the de-
sign of Falcon Dam and Power Plant by agreement of the two Commissioners
of the International Boundary and Water Commission and as approved by
the appropriate agencies of both Governments. The model studies were
made to observe the operation of preliminary designs, evaluate proposed
changes in the structures, and obtain performance data.

The first part of the report contains a sumary of the testing
program, the modifications suggested for the preliminary design to pro-
vide improved performance, and the results obtained; while the remainder
of the report contains detailed information regarding the tests. b

The testing program was authorized by L. N. McClellan, Chief
Engineer of the Bureau of Reclamation. H. G. Arthur, as design sponsor
for the project, coordinated the testing program with the various sec-
tions of the Branch of Design and Construction and with the Interna-
tional Boundary Commission. The model studies were conducted by the
Hydraulic Laboratory staff, with the cooperation of the staff of Spill-
way and Outlet Works Section 1.

The Hydraulic lLaboratory was headed by J. E. Warnock until
January 1950, and at present is under the diresction of H. M. Martin.
J. N, Bradley, A. J. Peterka, and E. J. Rusho supervised the tests,
which were conducted by Arthur S. Reinhart. Messrs. D. C. McConaughy,
C. J. Hoffman, and G. H., Austin of Spillways and Outlets Section 1,
advised and assisted the Laboratory during the tests. In addition,
other personnel of the Bureau, not named individually, participated i.n
the testing program, and assisted in preparation of the report.

There is available, as a supplement to this report, a short
motion picture showing the arrangement and operation of the various
models. This motion picture, produced by the photographic staff of
the Hydraulic Laboratory, is available for loan by writing to Mr. L. M.
Lawson, Commissioner, United States Section, International Boundary and
Water Commission, First National Bank Building, E1 Paso, Texas.
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Subject: Hydraulic model studies of Falcon Dam

SUMMARY

Hydraulic characteristics of the:various features of the Falcon
Dam Project were investigated by means of three models constructed in
the Hydraulic Laboratory at Denver, Colorado. A multiple~purpose model,
constructed to a scale of 1:130, was made primarily to study general
flow conditions resulting from the interrelation of various hydraulic
features, as well as to study the performance of the spillway in detail.
This project model included the spillway, powerhouses, intake struc-
tures, approximately 2 miles of river chamnnel and sufficient adjoining
topography to determine the effect of flood dieccharges. Two larger
scale models were used to investigate the performarice of the outlet
works. Each of thess models included 2 hollow-jet valves for regulat-
ing the discharge, a stilling basin, and sufficient downstream channel
to give a true representation of operating conditions. ’

Tests were run on each model for a range of discharges up to
and including ths maximmm predicted flows. Observations, notes, photo-
graphs and graphical records were made to evaluate both the preliminary
designs and desirable modifications suggested as the tests progressed.

Observations of the 1:130 scale model in operation provided a
better understanding of the complicated flow patterns which existed
downstream from the dam for various combinations of flow. Tests showed
that the problems resulting from the interzecting flows were less severe
than might be anticipated. A portion of the area downstream from the-
gpillway was modeled because it was possible that the riverbanks oppo-
site the confluence of the excavated channels and river might ercde
sufficlently to make protective measures necessary in the prototype.
Tests showed, however, that no appreciable ernsion of the banks occurred
for any flow condition. It was found that with high discharges, when
tail water completely inundated the area below the spilliway, flow from
the spillway channel crossed the intervening area adjacent to the United
States powerhouse and flowed intc the powerhouse tailrace channel and
~ the river proper. This cross flow eroded the bank of the spiliway chan~
nel on the river side and appeared to be sufficient to interefere with




power plant operation. To prevent this undesirable flow, & dike was
bailt along the left side of the spillway channel, Figure 9.

Some improvement in flow was also obtained by eliminating the
large water area existing to the right of the spillway channel. A de-
structive eddy induced by spillway flows formed in this area and another
dike, similar to thal on the left, was built on the right of the chan-
nel (Figure 9). These ¢ikes confined the flow to the excavated chamnel,
resulting in greatly improved operation.

-

In contrast with the mild erosion’tendencies in the channels
and at the confluence of the excavated channels and the river, the areas
imediately downstream from the corners of the spillway apron erodsd
severely. To reduce this erosion, 45°, spur-type wing walls were added
at both sides of the basin (Figure 11, Design S-4).

At the dividing pier between the spillway and United States
power plant intake structure an undesirable depression in the water
surface occurred on the spillway side, due to excessive contraction of
the flow entering the end bay of the spillway. Studies of eight dif-
ferent pier designs were made to determine the most effective and sat-
isfactory pler ncse shaps. The pier recommended for field construction
is shown in Figure 25. ‘

Tests on the 1:30 ‘scale model of the preliminary design of the
Mexican outlet works showsd a relatively rough water surface, both in
and downstream from the basin, and excessive erosion in the channel down-
stream from the horizontal apron. An end &ill added to the apron re-
duced the depth and extent of the erosion. Lengthening thedbasifi"pro-
vided a smoother water surface in the downstream channel. Adding tapered
fillets to the sloping bottom of the basin and moving the converging :
walls upstream resulted in better energy dissipation in the stilling ba-
sin. The cellular dividing wall between the powerhouse draft tubes and
the stilling basin, the wing wall at the right end of the basin, and the
dividing wall in the basin were modified to improve flow conditioms in
and below the stilling basin., Each modification was tested and evainated
by means of erosion and sweep-out tests, described in the report, and by
water surface profiles shown in Figures 57 and 58. The stilling basin
structure recommended for field construction is shown in Figures 54 and
59, while its operation is shown in Figures 60, 61, and 62, Results of
erosion tests at maximum discharge are shown in Figure 63.

Tests on the 1l:24 scale model of the United States outlet works
were similar to those made for the Mexican outlet works. Since the United
States outlets discharged less water through smaller hollow-jet valves,
it was possible to reduce the dimensions of certain components of the
stilling basin. Tests to determine these dimensions were made. In addi-
tion, tapered fillets, an end sill, a longer horizontal apron, and a
shortened center wall all provided improved performance, as had been found
for the Mexican outlet works. The basin floor was lowered to increase the
margin of safety against the jump sweeping off the apron for low tail




water. This gave th? same margin of safety as that provided in the
Mexican outlet works. Erosion tests and water surface profiles were
used to evaluate the various modifications tested. The stilling basin
recommended for field construction is shown in Figure 72. Figures 73,
7hs and 75 show the structure in operation; and Figures 76 and 77 show
the erosion tc bs expected for the maximum flow and the water surface
profiles in tne basin, respectively.

TERMINOLOGY

A1l measurements used in this report are prototype values
unless otherwise noted. Horizontzl dimensions are in prototype feet
or stations and elevations are given in prototype feet above sea level.

The variocus arrangements tested ars denoted by numbers, while
the model itself is denoted by a letter preceding the number. For ex-
ample all arrangsments of the project model are preceded by the lstter
WSt those of the Mexican outlet model are preceded by the letter "M";
and those of the United States outlet model by the letter "A." Thus,
Test M~5 is the fifth arrangement or modification of the Mexican outlet
works that was tested.

As a general rule, hydraulic dimensions are &lso given in
prototype terms. The various model~-prototype relations are determined
according to the Froude law, and are given below. In this tabulation,
the subscripte p and m denote prototype and model values respectively,
and N denotes the scale ratio prototype-to-model (Lp/Lm).

Lp = Ipox N
Qp = Qp x N5/2
p= Vi x N:l'/2

Hp =Hyx N
Ni/2

VT

Tp = Tp x

discharge in cubic feet per sscond
velocity in feet per second

head in feet of water

time in hours, minutes, or seconds

any linear dimension
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INTRODUCTION

Under the Water Treaty of 1944, the United States and Mexico
agreed 1o construct a series of dams on the Rio Grande between Fort
Qu.fman, Texas, and the Gulf of Mexice., These dams, of which Falcon
Dam is the furthest downstream, Figure 1, are to be constructed jointly
by the two Governments, acting through thelr respective sections of the
International Boundary and Water Commission. 3By agresment of the Com-
mission, and with the comcurrence of the respective Governmmeniz, the
Bureau of Reclamation has been entrusted with the design of Falcon Dam,
ipcluding the spillway, outlet works, and powerhouses.

Falcon Dam, loceted 72 miles southeast of Laredo, Texas, is
an earth fill structure approximately 24,300 feet long, rising 150 feet
above the present bed of the Rio Grande, Figure 2. 1Two power plants of
similar design are located on either side of the river chamnel immedi-
ately downstream from the dam, and each house has an outlet works uti-
lizing two hollow-jet valves, Figures 3 and 4. The valves in the Mexican
outlet works are 90 inches in diameter; those in the United States out-
let works are 72 inches in djameter. A chute-type spillway, Figure 3,
located on the United States side of the river is equipped with six 50-
by 50=-Toot rectangular leaf gates on the crest. At the downstream end of
the spiliway is a hordizontal stilling basin 600 feet wide and 180 feet
long with chute blocks at the upstream end and a dentated sill at the
devnstream end.

To study the operating characteristics of the structure, three
hydraulic models were built in the Bureau of Reclamation Hydraulic Labo-
ratory in Denver, Colorado. One model; constructed to a scale of 1:130,
included the spillway, powerhouse, intake structures, one~third square
mile of reservoir; and approximately 2 miles of downstream river chamnsl.
This model was constructed to study the performance of the spillwzy and
powerhouss tallrace channels, and the effects of these three structures
discharging intc the Rio Grande, simultaneously or in any combination.
The study was also made to furnish information relative to spiliway ca-
pacity, flow patterns, and erosion both below the spillway and at the
intersections of the various channels.

A second model, constructed to a scale of 1:30, included the
outlet works and the power plant on the Mexican side of the river, and
was constructed to study hydraulic performance of the outlet works still-’
ing basin. One side of the model stilling basin was coastructed of glass
as an aid in observing the underwater performance in the stilling pool.

A similar model was built to study the operation of the outlet
works on the United States side. To utilize the same size model valves,
the model scale was increased to 1l:24. For this model, no power plant
discharge was provided, as tests of the 1:30 model indicated that dis-
charges through the power plant had no appreciable effect on the action
of the stilling basin below the valves. Detailed descriptions of each
model will be found in succeeding sections of this report.




PART I e

The Project Model

Description of the lModel

To study the interrelation of spillwsy flow, power plant
discharge, and flow in the river dowvnstream from the dam, as well as
details of spillway performance, a large over-~all model was built in
the Hydraulic Laboratory. Because of the location of the laburatory
sump and other physical features, a "mirror image" model was con-
structed; the model being reversed from left to right, Figures 2 .and 5.
In the discussion of the various structures in this report the minor
image arrangement is used. (Left and right hand are reversed.) Since N
in all other respects the model was similar 1o the prototype, this re- L
versal did not affect the hydraulic performance. :

The Falcon Dam spillway has a crest 350 feet long, with

gix 50~ by 50-foot gates to control the flow. An inclined chute 1,168
feet long with diverging training walls leads to the horizontal still-
ing basin, which is 180 feet long and 600 feet wide, Figure 3. Chute
blocks 8 feet high are at the upstream end of the.apron, snd a 12-foot
high dentated sill is at the downstream end. The. horizcntal apron, at
elevation 175, is 81,7 feet lower than the spillway”crest. Maxcimm
head on the spiliway crest will be about 58 feet for the maximum pre-
dicted dischargs of 456,000 cfs. .

The model, Figures 5 and 6, covered approximetely 3,400
square feel of fioor space, and was constmcted in two main sectioms:
a head box 12 feet 2 inches by 43 feet constructed of wood lined with
shest metal, and a tail box 65 feet 10 inches by 43 feet constructed of
cinder block and mortar. The cinder block walls were sealed to the con-
crete laboratory floor; eliminating the need for any other bottom.

Topography in the head box was made of concrete formed over
metal lath, which in tum: was supported by wooden forms. Most of the
topography in the tail box was concrete formed over a gravel base, as
shownn in Figures 7A and B, but. where erosion was to be studied, uni-
formly fine sand (average grain size 20 mm) was molded to the proper
: contour. The topography was placed in such a manner that any concrete
e area could be replaced by a sand area with little difficulty. While
j preliminary plans called for the placing of riprap downstream from the

B spillway and powerhouses; this was omitted in the model since the exact
effect of riprap would be difficult to duplicate. A4s a result, erosion
in the model was somewhat more severe than is anticipated in the proto-

type.

., :

The epiliway, Figure BA; was formed of smooth concrete care-
fully formed to metal guides placed parallel to the $low. Transverse
metal strips were placed between the templates to male possible altera—
tions of epiliway l=ngth with minimum time and effort. The training
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walls, dentated sill, piers, and powerhouses were of wood, while the six
spillway gates were made of sheet metal. These gates operated in metal~-
lined slots in the plers. The gates were fitted with racks which engaged
pinions set on a single rod, so that the gates could be operated as a
unit. If individual gate operation was "desired, the pinions could be
disengaged and any gate opsrated manually. To measure pressures on the
spillway, plezometers were installed both in the crest and in the stesep
chute just upstream from the stilling basin.

Each power plant structure was supplied with water from two
pipes connected to the hsad box. One pipe supplied water to the outlet
works, while the other pipe supplied flow to the simulated turbines. No
attempt was made to duplicate exactly the flow through the powerhouses
as the small scale made this infeasible. Detailed studies of the outlet
works and powerhouse discharges were made on other models. -

Water was supplied to the model from the laboratory sump
through a 6-inch pipe, in which was installed an orifice meter to msas—
ure the flow. To more closely duplicate the smooth flow characteristics
of an actual reservoir, the water supply line was branched and water was
introduced into the head box through two pipes placed at third points
behind a é-ineh rock baffle constructed near the upstream end of the
head box, Figure 8B. After flowing through the modsl, the water was re-
turned directly to the laboratory sump. ‘

Staff gages were installed in both the head box and tail box
to indicate water levels., In addition, profiles of the water surface on
the spillwsy were obtained by means of point gages.

Operation of the Model

It was necessary to incresse the tail water elevation before
discharging large amounts of water over the spillway to prevent premature
erosion of the model bed. Accordingly, water was supplied to the down-
stream end of the model for this purpose. When the tail water had risem
to & sufficient depth on the apron, the main supply pump was turned on
and the reservoir ~rea filled. A mercury manometer indicated the dis-
charge as measured by the orifice meter, and the desirod discharge was
then set by means of a valve in the line. . The maximum spillway discharge
was considered to be 456,000 cfs without regard to the reservoir water
surface. The elevation of the tail water, read from a staff gage, was
controlled by & hinged gate at the downstream end of the model over which
the water passed. Raising or lowering this gate raised or lowered the
level of the tail water.

During initial tests of the model, flow pexrformance was observed
for the entire model, with particular attention to the following: Tend-
encies for erosion of the river banks at the intersection of the spillway
channel with the river; erosion tendencies at the intersections of the
powerhouse tailrace channels and the main river chamnel; tendency for
flows to erode or leave established channels; erosion downstream from the



General Flow Problems

gpillway apron; flow patterns in the spiliway approach, at the spillwsy
entrance at the powerhouse intakes; and hydraulic action of the spillway
itself. The large projsct model made poss:Lble the study of all these
problems and their relation to one other.:

The problem of wiverbank erosion cpposite the entrance of the
spillway channzl into the Rio Grande was of particular interest because
preliminary plans calied for the location of a town site on the Mexican
side of the river opposite the spillway channel, though the site loca-
tion was later changed. Severe erosion of the riverbank would have en-
dangeread this town. However, model operatics indicated no significant
erosion in this area for any flow. At high spillway flows, including
the maximum of 456,000 cfs, the large area inundated reduced the velocity
sufficiently to prevent scour, while at lower spillway flows water in
the river chamel deflected the spillway flow and acted as a buffer to
protect the riverbank. Even after several days of testing the xbddel at
various discharges, there was no appreclable erosion of the sand used to -
represent the channel material.

The channels below the powerhouses showed but little disturb-
ance of the erodible bed. There was practically no movement of the sand
under any conditions. Flow in the tailraces was very smooth and wmiform
for all flows, and it was apparent from observations of model operation
that no problems were present in these areas. Model operation did show,
however, that at discharges above 370,000 cfs there was considerable
cross flow from the spillway to the United States power plant tailrace
acress the normally dry area separating the two chamnels. The cross
flow caused some erosion of the channel banks and interferred with the -
flow from the power plant. In addition there was an undesirstle eddy
induced in the area to the right of the spillway channel. These condi-
tions indiceted that it would be advisable to confine spillway discharges
to the spillway channel. Accordingly, earth dikes were placed along the
channel for a distance of 1,800 feet downstream from the end of the basin,
Figure 9. Witn this modification, the spillway flow remained in the
spillway channel for a sufficient distance to prevent any interference
with power plant operation. These dikes were retained for all future test-
mgo .

OCbservations »f the flow in various locations in the model in-
icated that the general arrangement of the structures and excavated
channels was satisfactory. With the dikes placed along the spillway
channel there was no intermingling of spillway and powerhouse discharges
before the flows joined in the in ended channel. Flow throughout the
model was smooth and uniform and followed the flow lines expected.

General Cnaracteristics of the Spillway

In operation, the spillway performed generally as intended,
Figure 10A. "o the maximum discharge of 456,000 cfs, the jump was quite
mwiform and ¢.uved well on the apron, Figure 10B, indicating a satisfactory




basin design with proper energy dissipatzon Although a standing wave
pattern, caused by the plers, was evident in the spillway chute, flow
distribution was satisfactory throughout the entire length, being quite
uniform where it entered the stilling basin, as evidenced by the uni-
formity of the jump. At lower flows the operation was also very satis-
factory, with the flow continuing to be spread evenly across tha spillway
chute. Even when the gates were opened unsymmetrically the flow was
spread satisfactorily. With one side gate open, a standing wave formed
against the opposite wall of the chute. With any other gate open, a
trianguler wave pattern was formed in the chute. In either case; how-
ever, sufficient spreading of the flow occurred to produce a satisfac-
tory jump in the stilling basin.

With the two outside gates open (Gates 1 and 6—gates are num-
bered from left to right), a triangular wave pattern formed on the spill-
way at all flows, with the bage of the triangle at the downstream end of
the chute. The triangle was not quite centered in the chute, as the
differences in shape of the approaches caused a slightly greater concen~
tration of flow in the left side of the chute. With Gates 2 and 5 opea,
a multiple diamond-shapsd wave pattern formed in the chute at all flows.
Again the distribution was slightly unsymmetrical, due to approach con-
ditions. With the two center gates open, the wave pattern was a single
diamond not quite closed at the downstream end. With all combinations
of two gate openings, the flow spread and resulting jump in the basin
was satisfactory.

Discussion of Tests

Although, as indicated above, the general operation of the
spiliway was satisfactory, there were four problems that warranted in-
vestigation and improvement. These were:

1. Erosion downstream from the stilling basin

2. Poor approach conditions, particularly along the left
spillway entrance pier

3. Lack of free board on the spillway chute walls

L. Spillway capacity

To study these mroblemsg; various modifications were made and
tested in the model. The modificatims are numbered and the numbers
are preceded by the letter "S"-—thus Design S-2 is the second spiliway
change tested. When, later, it became necessary to change only the
details of the left approach pler, each change was given a letter—
Pier B, Pier C, etc. The change was then designated as a combination
of the number representing the basic arrangement, and a letter
representing the pler. Thus, S~7 with Pler B in place became S-7B.

Ercsior Probleme. Operation of the preliminary design showed that
there was considerabls ercsion immediately downstream from the stilling
basin, particularly at the right side. 7To measure and record the severity
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of this erosion, as well as thal obtained with proposed corrective
changes, the following technique was used. The sand areas were formed
by hand to represent the topography expected in the prototype. The
maximum anticipated discharge of 456,000 cfs was then passed cver the
spillway for a 2-homr period. (Two hours in the model represented 22.8
hours in the prototyps). During this time, photographs of the spillwsy
in operstior were made. At the end of the 2 hours the water was shut
off, the model allocwed to drain, and the resulting erosion pattern con-
toured and photographsd. From observations and data, and assisted by
photographs, & suitabie modification %as-selected. - The various modifi-
cations tested ts reduce erosion and the results of each test are sum-
marized below. Wing wall arrangements are shown in Figure 11.

The preliminary design of the spillway, S~1, provided for two
wing walls placed ai 90° tc the line of flow. These wing walls extended
from the stilliing basin training walls to the sides of the trapezoidal
channel below the basin. Operation of this design for 2 hours scoured a
hole 50 feet deep (measured from the basin floor?la.t the right end of the
apron, and a similar; lesser hole at the left end, Figure 12A. This ero-
sion was due to eddies occurring immediately downstream from the end sill
at each side of the basin (Figure 12B). The eddies occurring were caused
by the abrupt increase in cross section immediately downstream from the
wing wall. It was believed that the more extensive erosion on the right
occurred because the flow leaving the end sill was intercepted almost im—
mediately by the right bank causing a relatively more severe eddy at the
right apron corner. At the left cormer where the flow was, in sffect,
directed away from the channel bank the induced eddy and resulting ero-
sion were less severe. Observation of the flow in the two areas indicsted
that the more voilent eddy occurred on the right side for all ranges of
flow. The severe resulting erosion necessitated revising the preliminary

design.

In Design S—2, the wing walis were modified by extending them
dowrstream 66.5 feet from the end of the apron at a 45° angle from which
point they were continued normal to the line of flow until they inber-
sected the sides of the trapezoidal channel, Figure 11. The walls thus
eliminated the abrupt change in area and allowed the flow leaving the
apron to expand more gradually, reducing the violence of the eddies caus—
ing the erosion. Tesis of the modified Design S-2 were made for a dis-
charge of 456,000 cfs, as ypreviously described, with improved results
over the firat design. After 2 hours of operation it was found that a
hole 10 feet deep had eroded at the base of the right wing wall, Figure
13A. In addition, the erosion exposed a portion of the cut—off wall be-
low the end of the horizontal apron at the right side of the basin.
While the result showed definite improvement, it was believed further im-
provement could be affected.

For Design S-3, "spar-type" wing walls, were added to the first
design as shown in Figure 1i. These walls were the same height as the
stilling basin walls and extended downstream from the basin at 45° on the
pool side, thz back side of the wall being parallel to the spillway cen-
terline. The resulting V-shaped wall extended 46 feet downstream from
the apron. In operation the wall projected into the eddy path, intercepting
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it, and reducing its erosive action. Tests with this wall showed a very
satisfactory erosion pattern (Figure 13B). Ths scour along the wing walls
was substantially reduced, and none of the cut-off wall was expossd. The
only noticeable erosion was a hole approximately 200 feet downstream from
the end sill; in the center of the spillway channel. Since this hole had
occurred for all tests of all modifications, and since it was not a part
of the wing wall problem; no consideration was given it at this time.

For Design S-4, the spur wall length was reduced to 29.5 feet
as this was the width of the footings of the training walls. Tests on ,
this shorter wall resulted in less satisfactory erosion patterns than were
found for the longer wall of Design S-3. The shorter wall evidently pro-
vided less braking action on the induced eddies at the apron corners and I
resulted in slightly msre erosion along the walls and end of the apronm. oy
After a 2-houwr test at maximm discharge, the cut—off wall below the end v
sill was exposed approximately 2 feet, Figures 14A. However, this increase
in erosion was considered relatively minor, and it was believed that, in
the prototype; this wall would provide sufficient protection from under-
mining. Since riprap will be placed in the prototype areas subject to ST
erosion (the same areas where fine sand was used in the model) the depth
of erosion should be less severe in the prototype.

Design S-5 used the same length and type of spur wall as Design
S~4; but the wall was only one-half as high, the top being placed at ele-
vation 210, At maximm discharge and tail water elevation the top was 25
feet below the water surface. A 2-hour scour test with the maxdmm dis-
charge of 456,000 c¢fs produced a deep hole immediately downstream from the
right end of the basin, along the right spur wall. This hole was 35 feet
deep, as shown in Figure 1,B. The erosion was very similar to that which
w _ occurred with 90° wing walls. To determine the reasons for this erosion,
T dye streams were used to trace the flow lines. It was found that because
. the wall was below the water surface an eddy current circulated over the
top of the wall, Figure 15. A vertical current also traveled down the
inside face of the wall at high velocity causing the erosion noted above.
Since the wall was found to be of no value in providing protection from
excessive erosion, it was given no further consideration.

To verify the resulis of the erosion tests, independent corrob-
orative tests were run using Designs S-4 and S-5. Results of these check
tests compared closely with those obtained for the original tests. A
photograph of the confirming test for Design S-5 is included in this re-
port, as Figure 16. The similarity of these erosion patterns, obtained
for two independent tests using identical procedures, operating conditions,

a.gd walls may be seen by comparing Figure 1B with the check test, Figure
16.

On the basis of these wing wall tests it is evident that wing
walls of the spur type, with top elevation 245.0, aid in providing pro.-
tection from ercsion at the apron cormers. Long walls provided more pro-
tection than short walle, and consequently the longest wall consistent
vwith best structural arrangememnt and justifiable cost should be added at
the end of the stilling basin.




Spillway Approach Pier Tests. Operation of the model with a free
crest and flows up to about 200,000 cfs indicated the spillway approach
conditions were satisfactory. Also, when the gates were partially open
and the reservoir was sufficiently high to produce orifice discharge,
no undesirable approach conditions existed. However, at flows exceeding
200,000 cfs, with frse crest operation, excessive flow contraction oc-
curred at each end of the spillway, rssulting in depressed water surfaces
adjacent to the abutmenta of the spillway crest, Figure 17A. The depres-
sion at the left approach pier was particularly noticeable, producing an
undesirable water surface, creating an umbalanced pressure on the pier,
and reducing the dischargs through the end gates.

Photographs of the depression in the water surface showed that
the flow accelerated as it traveled around the pier, Figure 17B. The
flow lines tended to leave the pier face along the spiliway side, resuli-
ing in an unbalanced pressure on the pier, together with a "piling-up" of
the water against the first intermediate spillway pier.

To reduce the severity of the flow contractions three general
procedures were possible:

1. To increase the radius of the pier nose. This solution was
not feasible in this case because of the limiting fixed
distance between the spillway crest and the power plant
intake.

2. To increase the length of the pier, thereby moving the de-
pressed water surface sufficiently far upstream so that
recovery of head and a level water surface could be ef-
fected before the crest was reached. ‘

3. T¢ dscrease the length of the pier, thereby moving lhe
depressed water surface downstream from the crest.

Since the first method was not practical, in this case, the
pier length was increased from 63.8 feet to 100 feet as shown in Desiga
5-6, Figures 18A and B, retaining the original pier nose shape. For a
flow of 456,000 cfe, full recovery of the depressed waler surface oc—
curred approximately 30 foet upstream from the crest as shown in Figure
18A. However, the hydranhc advantages offered by this scheme did not
warrant the added cost involved in extending the pier.

To study the effect of reducing the pier leng'th, seven differ-
ent pu.ers were installed and tested. With each pler in place, the water
surface in the viecinity of the pier was measured and photographed for a
discharge of 456,000 cfs. Relative discharge coefficients wers also
obtained for each design, using the equation

Q = a2




Q = total discharge in cubic feet per second
C = coefficient of discharge

L = length of spillway crest in feet

H = head on crest in feet of water

To minimize error and make the coefficients directly compara-
ble, the piers were tested without changing the discharge valve setting
and without interrupting the water supply. A discharge of 456,000 cfs
was passed through thes model with all gates fully opened, and the piers
were inserted and removed without otherwise altering the flow conditions.
A specially designed; float~type, water level gage having a mechanically
magnified dial was used to measure the change in water surface in the
head box as the piere were changed. The headwater elevation and the
metered discharge were then used to compute the discharge coefficients
for each pier. Dsiails of each pier and its performance are discussed
in the iollowing paragraphs. Different pler shapes are designated by
letters of the alphabet, and all are considered, for purposes of dis-
cussion; to be variations of Design S-7. All values given in the pler
discussions are for a discharge of 456,000 cfs with all gates open.

Pier A; Design S-7A, is the pier shown in the preliminary de-
sign. This pler extended 63.8 feet upstream from the crest, with an
elliptically shaped nose. The maximmn draw-down with this pier was
22.7 feet which occurred approximately 32.5 feet upstream from the crest.
There was a recovery, or surface rise, of 7.7 feet before the crest was
reached, making draw-down at the crest of 16.0 feet below reservoir wa-
ter level. The discharge coefficient was found to be 3.36. The pier
shape, water surface profile, and photograph of the draw-down are shown
in Figure 19.

Pier B, Design S-7B, {Figure 20) was a short pier, extending
38,5 feet upsiream from the crest, with a nose radius of 25 feet. With
this pier in place; the point of maximum draw-down occurred approximately
at the spiliway crest. The elevation of the water surface at this point
was approximately 28.2 fest below the reservoir water surface. Thirty
feet upstream from the crest the water surface was reduced only 14 feet,
as contrasted with 22 feet in the same location for the preliminary de-
sign. A discharge coefficient of 3.34 was obtained for a discharge of
456,000 cfs. Considering the draw-down and the discharge coefficient the
performance of the pler was considered acceptable but an wndesirable fin
formed egainst the chute side wall and the flow was concentrated along
the first spiliway pier. Since this arrangement was not entirely satis-
factory, the tests were continued.

Pier C, Design S-7C, shown in Figure 21, was 57 feet long. On
the spillway side, a 50-foot radius was used to form the curve, and a
10-foot radius was used to form the nose of the pier. This pier per-
formed much like the original pier; there was an abrupt draw—down at the
nose, with some recovery before the crest was reached. The muximum draw-
down was 22.5 fest for maximun discharge, and the position of the low
point was approximately 30 feet upstream from the crest. A dischargs
coefficiant of 3.34 was obtained for a discharge of 456,000 cfs.
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Pier D, Design S-7D, (Figure 22) was L47.5 feet long, 16.3 feeb
shorter than the original pier. The curved face next to the spillway had
a radius of 180 feet and the nose radius was 3 feet. This pier performed
better than either the original or Pier C. A draw-down of 15.0 feet at
maximm discharge, occurred approximately 41 feet upstream from the crest.
Also, there was a recovery of 5 feet in surface elevation before ths
crest was reached. A discharge coefficient of 3.33 was obtained for a
discharge of 456,000 c¢fs. However, with partial gate openings, there was
a tendency for subsurface water tc eddy about the nose of the pier, creat-
ing an undesirable condition in the power plant intake area.

Pier E, Design S-7E, was shaped as shown in Figure 23, in an
attempt to reduce the eddies at the nose of the pier and to move the posi-
tion of maximum draw-down further downstream. Although this was partly
accomplished; the offset in the pler caused an undesirable eddy and vortex
in the area to the right of the pier nose. A discharge coefficient of
3.33 was obtained for a discharge of 456,000 cfs. Because of the eddy and
vortex the testing was continued.

Pier F, Design S-7F, (Figure 24) was a very short pier with a
radius of 15 feet on the face next to the spillway. This pier extended
only 22.17 feet upsiream from the crest, and had a sharp angle where the
radius intersected the upstream face. A severe disturbance occurred at
the upstream end of the pier face next to the spillway which was caused by
the sharp angle. Occasionally the flow broke completely free of the pier.
Also, there was a "piling up" of the water against the first splllway pier,
due to the tangential acceleration of the water as it passed around the
approach pier and over the spillway crest. Maximum draw-down for this
pier was 42.3 feet and occurred approximately 10 feet upstream from the
crest. A discharge coefficient of 3.31 was obtained for 456,000 cfs., Be-
cause of the disturbance induced by the pler, instability of flow, and
low discharge coefficient, this pier was considered unsatisfactory.

Pier G, Design S-7G, (Figure 25) was a refinement of Pier F.
It vwas the same length, but the sharp angle was rounded with a 1C~foot
radius in an attempt to prevent the water from breaking free of the pier
face as had occurred with Pier F. An improvement in the appearance of
the flow was obtained as the flow followed the curve. A depressed water
surface was evident aleng the left training wall, but this occurred well
downstream from the crest: The maximum draw-down was 28..4 feet; and the
discharge coefficient for 456,00 cfs was 3.31 which was the same value
as previously obtained for Pler F., Because of the relatively low coef-
ficient testing was continued.

Pier H, Design S-7H, (Figure 26) was L3 feet long, with & 180~
foot radius on the face next ta the spillway. The face next to the in-
take and the pler nose were formed to a continuous elliptical curve. The
ellipse was introduced for the purpose of reducing the subsurface eddies
that occurred with partial gate openings. The draw-down with this pier,
25 feet upstream from the crest, was 12.2 feet, which was considerable
improvement over Pier A which was 20.8 feet longer. A coefficient of 3.33

was obtained for 456,000 cfs.




Considering the draw-down, discharge coefficient, over-all
performance, and relative costs of all piers tested, Pier H, was the
most satisfactory in alleviating the adverse flow conditions at the
left pier. No modifications were made at the right abutment, since
the draw-~down there was not as severe as at the left abutment.

Pressures on the Spillway Face. Tests were run to determine the
pressures on the spillway crest and on the vertical curve upstream from
the stilling basin for various discharges and gate openings. A total of
14 piezometers had been installed to measure these pressures. Prassures
were determined for discharges over the spillway ranging from 70,000 to
456,000 c¢fs. For each discharge except the maximm the flow was passed
with all gates opened equally and the reservoir at maxdmum elevation.
The lowest pressure which occurred just downstream from the crest for a
discharge of 70,000 cfs, with gates opened 6 feet, was atmospheric. In
all other cases the pressures were above atmospheric. Piezometer loca~
tions and pressures for discharges of 456,000 cfs and 70,000 cfs are
shown in Figure 27. For 70,000 cfs the sheet of water on the vertical
curve of the model was so thin that reliable measurements could not be
made. It is certain, however, that these pressures, not shown in Figure
27, Wwere above atmospheric.

Training Wall Studies. With a discharge of 456,000 cfs, the free-
board on the left training wall at Station 25/4L0 was only 2 feet, which
was not believed sufficient to take care of spray, splash, and the bulk-
ing effect caused by greater insufflaticn of air in the prototype. By
changing the slope of the top of the training walls, as shown ir Figure
28, the minimum freeboard may be increased to 7 feet which would provide
an adequate margin of safety against overtopping the chute walls.

Water Surface Profiles. Water surface- profiles were measured along
the spillway chute walls for discharges of 456,000, 300,000, 200,000,
100,000 and 60,000 cfs. Profiles for a discharge of 456,000 cfs were
recorded with all gates open, while profiles for the lower discharges
were obtained for flow through partial gate openings with the reservoir
water surface at.elevation 314.2. Longitudinal profiles are shown in
Figures 28 and 29. These profiles along the wall were higher than the
average profile through tie spillway chute because the standing wave pat-
tern, which originated at the spillway piers, was:reflected from the chute
walls. Transverse water surface profiles were measured near tiie crest
and at Station 28443 (immediately upstream from the upper limit of the
hydraulic jump) as shown in Figure 30. These profiles indicate that the
flow was well distributed across the chute just prior to entering the
hydraulic jump, thus the divergence of the chute walls and the general
arrangement of the upstream portion of the spillway were considered sat-
isfactory.

Spitlway Capacity. The spillway was calibrated with Pier H in place
and the discharge for reservoir water surface 314.2 was found to be
436,000 7fs, The corresponding discharge coefficient C in the equation:
Q = CLH3/2, was computed to be 3.33. Thus, the capacity of the spillway,
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based on the 1:130 scale model, was about 4.3 percent less than anticipated
from design calculations. Experience with small models has shown, however, .
that because of differences in the thickness of the boundary layer, model
to prototype, and because of surface tension effects, the prototype will
discharge slightly more water than the model. Discharge curves obtained
from the model are shown in Figures 31 and 32, and the relation between
discharge coefficient and head is also shown in Figure 31.

The Recommended Design

The design recommendad for construction in the field is basically
the same as that proposed in the preliminary design. Certain modifications
were made to improve ths hydraulic performance of the structure as follows:

1. Two dikes, one along each side of the spillway channel and
extending 1,800 feet downstream from the end of the stili-
ing basin, Figure 9, were added to confine spillwsy dis-
charges to the spillway channel. ,

Two spur-type wing walls 29.7 feet long downstream from the
basin, Figure IL'L, were added to the existing wmg wells-to
reduce the erosion at the corners.

Pier H (Figure 26) replaced the left abutment pler to im-
prove the flow condition in the power plant intake and in
the spillway entrance.

L. Higher training walls (Figure 28) were recommended for use
in confining the flow in the spillwey chute.

Operation of the recommended structure was satisfactory in all

espects. Flow from the spillway chanpel did not interfere wiih flow from
the power plant tailrace. Nor was there a. tendency toward erosion below
the power plants or at any of the channels intersecting the Rio Grande.
Erosion at the corners of the spillway apron after maximm discharge for
2 hours was only 10 feet below the normal elevation of the channel (Figure
14) as contrasted with 35 fest for the preliminary arrangement. The de-.
pression in the water surface due to contraction about the lefi approach
pier was reduced, the discharge coafficient of the spillway was increased
slightly and the cperating appearance of the structure was improved. Pier
H was recommended as it gave satisfactory results and was seconomical.

Flow in the spillway chute was satisfactory at all discharges,
as shown in Figures 33, 34, 35, and 36, At high discharges, the flow
spread evenly in the chute and showed no tendeney to overtop the training
walls. At lower discharges the flow was also spread evenly over the spill-
way, if the gates were opened equally, Figures 33A and B. If the gates
were not opened equally; standing waves formed in the chute, but they were
not sufficiently high to be of concern and they had only & minor effest on
the performance of the stilling basin, Figures 35 and 36. The stilling
basin also performed well at all discharges; even with unsymmetrical gate
openings, the jump rsmained well up on the slops of the chute. Figure 37
shows the entire model cperating with a spillway discharge of 456,000 cfs.
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PART II

The Mexican Outlet Works Model

Dascription and Operation of the Model

The hydraulic performance of the Mexican outlet works was
studied on a 1:%0 scale model which included the outlet control valves,
the stilling basin, a simulated powerhouse, and approximately 450 fest
of downstream channel. Figures 38 and 39 show the recommended design.
The 1:30 scale was selected to utilize 3-inch hollow-jet valves, which
were available in the laboratory, to represent the 90-inch hollow-jet
valves of the prototype.

In the preliminary design, Figure 4O, the Mexican outlet works
contained two 90~inch hollow-jet valves which discharged over a 30° in-
clined floor onto a horizontal apron 80 feet long and 25.2 feet below
the tail water elevation, for a 9,400 cfs flow in the downstream river
channel. A center dividing wall extended the entire length of the ba-
sin, which resulted; in effect, in a separate stilling basin for each
valve, Converging walls immediately below the valves were included toc
compress the jel of water from the sides before it plunged beneath the
tail water and into the s%illing basin. Forty-five degree wing walls
at the ends of both stillirg basin itraining walls permitted the flow to
diverge into the gombined outlet and power plant tailrace channel, 182.5
feet wide. From the end of the basin, the channel bottom sloped upward
at 4:1 to rimeribed¥levation. Figure 60, although it illustrates the
recommended design developed from the tests, shows the gemneral arrange-
ment of the structure.

Maximum total discharge thiough the two valves was 4,570 cfz
for a total head of 81,9 feet at the valves, while the maximum discharge
for one valve was 2,400 c¢fs at a total head of 90.3 feet. These dis-
charges and heads were used to determine the necescary dimersions of the
structure since they resulted in the most severe operating conditions.
It war found that a structure which performed satisfactorily for these
maximum conditions would also be satisfactory for any other head and
discharge.

The head box and tail box in which the model was contained
were congtructed of wood lined with sheet metal. The left side of the
£tilling basin contained & large glass panel through which subsurface
hydraulic action in the stilling basin could be studied. Flow in the
power plant tailrace was simulated by discharging the proper quantity of
water through the model powerhouse which contained rock baffles in place
of the turbines in the prototype structure. Thus the model powerhouse
introduced the proper quantity of flow into the tailrace, at the corrsct
velocity and in the proper direction. Separate tut interconnected head
boxes wers used tc supply the outlet valves and powerhouse. Water from
the laboratory sump was pumped through an 8-inch pipe in which was placed
an orifice meter to measure the flow. The 8-inch pipe discharged directly




into the head box used to supply the outlet valves, while the powerhouse
head box was connected %o the outlet valve head box with another 8-inch
pipe containing a conftrol valve, -

Since only a short portion of the outlet conduit was repre-
sented in the model, rszerwvoir elevations could not be set in the head
box using a simple sczle relammship. Instead, the losses in the pro-

. totype conduit were calculated down to the outlet valves and the result~
ing pressure head determined at this point., Piezometers were installed
one pipe diameter upstrecam from the vaive, and the model value of the

. calculated piezometric pressure was set by opening or closing the velve.
The proper model discharge, as measured by a Venturi meter, was supplied
to the head box and the model valves opened or closed until the desired
head of the valve was obtained as indicated by the piezometer. ,

The topography in the downstream tail box was molded in sand
having the following analysis: .

Size sieve Percent passed
A 100
8 91
16 : 63
30 27
50 SO 3
100 0

Prior to each test; this sand was formed to represent the channel below
the outlets, and after each test the resulting erosion was contoured and

pnotographed.

Dg,scussion of Taests

Development tests were made to improve the performance of the
preliminary design by installing and testing modifications in various
parts of the structura, The effectiveness of each modification was eval-
uated by operating the model for 1 hour with maximum discharge for two
valves. Photographs were taken during the run to show action in and
downstream from the basin. At the end of the run, the erosion was con-
toured and the results photographed. The same test procedure was then
repeated, with only one valve discharging 2,!400 cfs. Results of each
test were then compared with Pesults of previous tests, using the photo-
graphs and other data as an aid. As a rule, each modification that re-
sulted in improved operation was left in plagerfor-all’ slbsequent testing.

The various modification$ tested are numbered in order, each
number being preceded by the letter M which indicates tests on the Mexi-
can outlet works. Thus Design M-3 was tested immediately following Design
M-2, Each change in the wing walls was noted by a change in letter fol-
lowing the number. Thus, Design M-6A)was Design M-6 with Wing Wall A in
place; Design M-6B was Design M-6 withWidg Wall B in place« A tabulation
of the model designs tested will be found at the end of this section.
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Preliminary Desigo. Operation of the preliminary Design M-1, Figurs 40,
was reasonably satisfactory, but it appeared that some modifications would
bs desirable to improve the performance.

The first tésis disclosedcthe:following-objectionable features: (1)
excessive erosion of the chamnel bed immediately downstieam from the
stilling basin, and (2) turbulent water surface downstream from the stiil-
ing basin. A reduction in the length of the center wall also sppeared to
be possible. :

With both valves operating at maximum discharge, the jets from
the valves plunged beneath the surface of the water and dissipated most
of their energy before the flow left the basin. The water surface was
rough, both in the basin and downstream, Figures 41A and B. Also objec-
tionable waves formed in the tailrace opposite the power plant as a re-
sult of the unstable action. With one valve operating the water leaving
the basin expanded rapidly causing flow around the end of the dividing
wall. The difference in elevation of the water surface between the two
sides of the basin was approximately 2 feet.

Erosion downsiream from the horizontal apron is shown in Fig-
ure 42. The channel was eroded to elevation 152 or L feet below the ievel
of the apron after maximum flow for 1 hour. Since the original bed had
sloped upward at 4:1 from the end of the apron, and since the.eroded area
occurrad approximately 8 feet downstream from the end of the basin, the
actual depth of the erosion was 6 feet. With one valve operating mere
scour occwred, although no msasurements were made, than with both valves
operating. In subsequent erosion tests the single—valwve operation proved
the most eritical and this was considered the criterion in judging results.

Tegts with and without the power plant operating showed very
Jittle difference in performance, Figures 41 und 43. With the power plant
discharging the wave action below the stilling basin was slightly reduced,
Figure L3, while ths ercszion was slightly greater at the left side of the
stiiling basin and slightly less at the right side. Since there was no
apprecisble difference with or without the power plant discharge, and
since the tests could be made more rapidly without it, most of the sub-
sequant testing was :izne without the power plant discharging.

Bagin Desipgn Tesis. To reduce the depth of erosion downstream from
the apron; warious sill designs were tested with the centsr wall shoritened
46 feet. The revised wall now extended to the footings of the powerhcuse,
Figure 40. Structural requirements c¢f the powerhouse required that the
remaining portion of the center wall be retained. The only effect noted
from eliminating the centerwallwas the return of sand to the side of the
basin below the nonoperating vaive, when one valve was operating.

Design H~2A was DesigaM<2, with Ind 5111 A added. This sill was
dentated, 4 feet § inches high, and was installed at the end of the still-
ing basin, Figure 44. Tests with one 90-inch valve discharging a maximm
of 2,400 ¢fs showed that the greatest erosion was to elevation 157, or 1
foot higher than the basin floor, Figurs 45B. This erosion ccourred
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immediately downstream from the discharging valve. While this sill ef-
fectively reduced the erosion downstream from the stilling basin, the
roughness of the water surface was increased. A high boll occurred di-
rectly over the sill, which resulted in an increase in wave height down-
stream, Figure 45A.

To reduce the boil over the end sill, the lower, solid block
sill B, 1 foot 6 inches high, Design M-2B, Figure L4, was tested. This
811l height was believed to be sufficient to deflect the water upward
and prevent appreciable erosion at the toe of the basin without causing
an excessive boil to form on the surface above the sill.

A test with one valve operating showed a considerably reduced
boil at the end of the basin, but a hole to elevation 156 was eroded ap~-
proximately 5 feet downstream from the end of the basin. This erosion:

was to the same elevation as the floor of the apron and was 1 foot deeper
than with the dentated sill.

The tests on the sills of Designs M-2A and M~2B indicated that
a sill of some type aided in reducing the erosion downstream from the
basin. It appeared,; however, that better stilling action in the basin
could be obtained by modifications elsewhere; and since the erosion wouid
be affected by such changes, it was considered desirable to proceed with
that testing firsit. Development of the final sill was therefore deferred
until other basin details had been decided.

In developing the stilling basin for the Boysen Dam Outlei
Works (Hydraulic Laboratory Report 283) converging walls were shown to
be valuable in eaiding energy dissipation in the basin. It was also found
that a similar convergence on the bottom of the jet was helpful. Conse=-
quently, in Design M-3, tapered fillets were introduced along the in-
clined floor beneath the valves, Figure 46. These fillets tapered from
one-half the widih between the converging walls at the bottom of the in-
cline to zero width at the top of the incline, and the top surface of
the fillets formsd angles of 45° with the floor and converging walls. In
operation; the wave action both in and downstream from the basin, result- -
ing from this modification, was considerably lessened (Figure LTA) with
no increase in the erosion over previous tests. The maximum depth of ero-
sion was to elevation 156, or the elevation of the basin floor, Figure 47B.
As with Design M-2; some sand was returned to the basin during single
valve operation. Since the fillets were found to improve the basin per-
formiuce, they were retained and used in the basin for all later tests.

Design M-i was installed and tested in an effort to further re-
duce the wave action downstream from the stilling basin, For this design
the angle of the inclined floor beneath the valves was reduced from 300
to 24° with the horizontal, Figure 46. The sloping surface was not ex-
tended to the floor; but stopped 4 feet 4.2 inches above the apron then
dropped vertically to the floor, providing a cushion of water. Perform-—
ance tests run at maximum discharge showed the surface violence in and
downstream from the basin was reduced, but the water surface slope in the
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stilling basin increassd from that indicated in previous tests, Figure 48A.
This effect was thought to be the result of less energy dissipation in the
upper end of the basin with resulting higher velocities. In other respects,
the basin performed as well as previous designs. Because this change of-
fered no advantages over previous designs, it was not given further consid~
eration.

For Design M~5 an attempt was made to obtaln & level water sur-
face in the basin; “he slope of the inclined approach floor was returned
to 300, and the converging walls were moved 8 feet upstream as shown in
Figure 46. This change in position of the converging walls resulted in a
level water surface; Figure 48B, and improved the operation sufficiently
to warrant its retention for all subsequent tests. In other respects, the
performance was similar to that obtained with previous modifications.

In a further attempt to improve flow conditions downstream from
the stilling basin, modifications of the wing walls at the end of the
stilling basin were tested. Alterations in wing wall shapes are discussed
as variations of Design M-6. Design M-6A, Figure 49, included outlet wing
walls which were similar to the spur walls used on the spillway, Figure 11.
Although the spur walls reduced erosion on the spillway, where an induced
eddy was present, they did not appreciably reduce the erosion at the end
of the outlet works basin where no serious eddies were present, Figure 50A.
The maximum erosion with one valve discharging 2,400 cfs was 1 foot below
the elevation of the basin floor or to elevation 155, Figure 50B. This
occurred imnediately downstream from the end sill, exposing the cut-off
wall under the horizontal apron. Since the spur walls offered no appre—
ciable improvement, other walls were tested. ‘

The basin training walls were then extended 1li feet downstream
without lengthening the basin floor, Figure 49. The wing walls ware cut-
back at 45°, intersecting the previous wing walls 1 feet from the inside
face of the basin training walls. This modification showed improved pex-
formance over Design M-6A by reducing the severity of wave action downe
stream from the stilling basin, Figures 51A and B.

Although the quantity of sand carried back into the basin during
one valve operation was not of major concern, modifications wers tested to
determine whether the quantity could be reduced. Previous designs, that
made use of a short dividing wall (Designs M-2, M-3, M-, M-5, and M-6),
showed approximately the same amount of sand returned, while the prelimin-
ary design, in which the dividing wall extended the complete length of the
basin, resulted in very little sand being deposited on the apron below the
closed valve. For design M-7 Figure 49, a dividinz wall 5 feet high ex-~
tending from the end of thu powsrhouse structure to the end of the basin
was used. With one valve discharging 2,400 c¢fs more sand was returned to
the basin than was returned with the short dividing wall, Figure 52. Most
of the sand was deposited against t';e dividing wall, with the remainder
scattered over the basin floor. In addition, the erosion was slightly
greater than for previous tests using the short wall, Maximum depth of
erosion after a l-hour discharge of 2,400 cfs through one valve was to
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elevation 154 or 2 feei beslew the floor of the horizontal amron. This
ercsion occurred immediately downstrsam from the end of the basin and
exposed 2 feet of the cut-off wall., The excessive amount of sand re-
turned and the greatsr erosion mads this design wmsatisfactory.

To rsduce the sand deposit on the apron and to further reducs
‘the surface waves in the vicinity of the powerhouse, the basin floor was
extended 1L feet to maich the side walls which had previously besn length~
ened the same amount. Ninety degres wing walls were installed together
with a dentated 3111l ai the end of the apron; Figure 49. Ths short divid-
ing wall was also used. Tests for both valves discharging (Figure 534)
indicated that the longeA basin reduced the wave heights in the lower
chamel and resulted in less severe erosion of ths river bed. Mamum
depth of erosion was to eievation 156 or the elevation of the apron floor,
Figure 53B. Considering the ercsion; wave heighf... , and general perfor-
mancs, this arrangsment provided the best operation of all designs tested.

Design M-8C, Figure 54, used a 3-foot high block sill in place
of the 4=foct 6~inch denta ed sill of Modification M-8. Because this
8111 was lower than the dentsated sill, the boil at the end of the still-
ing basin was redused; with consequent lessened wave action downstream.
Also the ercsion psttern was improved slightly--the maz-dimm depth of
erosion was to elevation 157 or I foot sbove the apron. This was 1 foot
less erosion than was experisnced with the dentated sill. TFigure 55
shows a comparison of the erosion obtained with differznt end sill de—
gigns. Sinee End Sill C was superior in performance to the other sills

vested it was recommsnded for use in the prototyps structure.

Sweep-out Tests. Tactz were mun te obtain the mininmum permissible
tail water elevosior for a given discharge and head. For these tests the
valves were operated at maximun capacity and the tail water was gradually
lowered, by means of a conirol gate at the downstream end of the model, =
until the jump "swept out" of the bazin, Figurs 55. The results indicated
thet with the total maximumm discharge of i.,.s 570 cfs through both valves,
the tail water could be lowared 6 feet below elevation 181.2 before the
junp swept out. Tail water elevation 181.2 is the normal tail water for
a discharge of 4,570 c¢is through ths valves plus 5,400 cfs through the
turbines., The sweep-out tests wers repeated for lower basin discharges,
and a greater margin of safsty was found for these conditions. Thus, the
lowest hydraulic safety factor oscurs for ths maximum basin dischargs.

Pressures on the Stﬂl;r_g Bagin Floor. Nine plezometers wsre iu"
stedled in the’ std.L.i.dg basin to measure the impact of the jeht of wak
upon the floor. Tnese piesometerz were installed on the horizontal ﬂoor
beneath the right valvey immediately downstream from the end of ths in-
clined floor, Figure 57. They were spaced across the right half of the
basin sc that & transverss pressure distribution could be obtained, and
were distribuled lLongiiudinally to measure the decrease in pressure as
the jet spread downstream. Thess pressures were used by the designers ss
an aid in detsrmiaing the thickness of the basin floor. In the direstion
of fiow, the pressurs lnsreased to a peak valus of 3L feet of water,




approximately & feet downstream from the toe of the incline, and then
decreased to 24 feet of water 12.5 feet further downstream.

For purposes of comparison, pressures were also measured with
the 24° inclined approach and step of Design M~}. Because of the step
between the incline and the basin floor, which formed a water cushion,
the pressures were lower than with the .recommended design, especially
near the toe of the incline. The pressures gradually increased in the
direction of flow with a maximim pressure of 29 feet of water, occurring
approximately 20 feet downstream fram the toe of the incline. Pressures
for both designs, together with the location of the piezometers are
shown in Figure 57. ‘

Water~-surface Profiles. Water-surface profiles were taken through
the recommended basin for discharges of 4,570 cfs with both valves oper-— .
ating and 2,400 cfs with one valve operating. These profiles, Figures
58 and 59, were taker. transversely at the end of the center wall, at the
end of the stilling basin and longitudinally along the left basin wall
and along the centerline. The profiles show the relatively level water
surface in the basin, even for one valve operatiom, and the lack of
water surface disturbance over and downstream from the end sill: The -
transverse water-surface profiles, with one valve discharging 2,400 cfs,
showed a 2--foot difference in water surface across the basin, Figure 59,

The Recommended Design

The recomnended design, Design M-8C, Figures 5L and 60, was
the most satisfactory of all the designs tested. Sufficient develop-
mental testing had been done to be certain that the component parts of
the structure were of a minimum size and that they were properly ar-
ranged to provide the best operation possible. The appearance of the
structure in operation provided emphasis’ for this fact. Practically
the entire volume of the basin was utilized in dissipating energy, yet
the water surface in and downstream from the basin was level with a
minimm of surface distrubance, Figures 61A and B. Downstream from the
basin the flow entered the tailrace channel satisfactorily, producing
negligible waves, Figures 62A and B. With one valve operating, Fig-

- ures 63A and B, there was same wnsymmetricel flow within the stilling
basin, but at the end of the basin, the flow was well distributed across
the entire width. Greater surface disturbances were evident in the down-
stream channel; but considering that one valve operation is an emergency
condition, the performance was considered satisfactory. Improved per-
formance was obtained with smoother water surfaces for discharges less
than the maxirnm.

o,

There was no severe erosion, downstream from the basin, Fig-
ures 64A and B, for any condition tested. After two valves had dis-
charged a total of 4,570 ¢fs for 1 hour, the maxdimim erosion was still
1 foot above the flcor of the basin. After a discharge of 2,400 cfs
through one valve for 1 hovr, the erosion depth was found to be the same
as for two valves operating. Although a small amount of sand was carried
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back intc the basin with one valve operating, the--condi’r‘,iq\/kaaa' considered
unimportant’since the sand could be swept off the apron by opening the
other walve. For nomal operation both valves will be operated simdta-
neously, and sand should not be carried back onto the apron. RER AR
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PART III
The United Stated Outlet Works Model
Description and Operation of the Model

’

The preliminary design of the United States outlet works,
Figure 3, was similar to that used on the Mexican side, but with some
dimensions reduced to compensate for the 50 percent less discharge.
Two 72~inch hollow-jet valves wera used in the United States outlels.
These valves discharged up to a total of 2,920 c¢fs into the stilling
basin, over an inclined floor and onto 2 horizontal apron 60 feet
long. Downstream from the basin were two 40° wing walls, one sepa-
rating the outlet dischargs from the tailrace, and the cther inter-
secting the side of the downstream irapezoidal channel. The horizontal
apron of the stilling basin was at elevation 160, or 4 feet higher than
the Mexican basin. The maximum total head at the valves was 8l.5 faet
with both valves fully open.

To test and develop the outlet works design, a 1:2j model vas
built in the Denwer laboratory. The model scale was selected to uti-
lize available 3-inch hollow-Jjet valves to represent the 72-inch valves N
of the prototype. A "mirror image" model was built, ocne that was re~ .
versed from left to right; to utilize equipment existing in the labora~ :
tory. ‘

Tncluded in the model (Figure 65) were two hollow-jet valves
with epproach conduits, a head box, a stilling basin, approximabely
250 feet of downstream channel and a tail box equipped with an adjus-
table gate. No provisions were made to duplicate the powerhouse tail-
race; as tests on the Mexican outlet works had shown that hydraulic
conditions were no worse with the powerhouse discharging.

The head box apnd tail box were constructed of wood lined with
sheet metal and one side of the stilling basin contained a glass panel
to study the underwater action. Water was pumped from the laboratory
sump to the head bex used to represent the prototype reservoir. Dis~
charges were measured by a Venturi meter placed in the supply l_ne.

The taill box conteined graded sand, similar to that used and described s
for the Mexican outlet works, Figure 66. Erosion of this sand during
operation of the model provided one cricerion for Judging the effective- ‘
ness of various proposed deaigns.

Discussion of Teste

The purpese of these tests was to make the United States outlet
works as nearly like the Mexican outlet works as possible, both az to
hydraull : performancs and as to the general arrangement of the outlet
works structure, Since the maximum discharge through the United States "
outlets was only two-thirds that of the Mexican ocutlets (2,920 cfs as .
compared to 4s57C #fs) and since the width of both stilling basins was
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the same--because they were both contained in powerhouse structures cf
identical design—-the major modifications in basin dimensions wers mads
in the depth and length of the structurs. The United States outlst
works was, therefore, tested to defermine the amount each dimension
¢ould be reducsd to provide hydraulic performance similar to thad sb-

L tained for the Mexicar basin. | | ‘
. Stilling bssin apron elevation tests. Tests of “he preliminary
design (Figurs 37§ cf the Mexican cutlet works indiecated thit the water i

surface in ths basin was rcugh, there was considerable wave action dowr-
- stream from the basin, Figures 68A, and erosion occurred at the end of the
stilling bssin apron, Figure 68B. The stilling action was lsss effectivs
R ir the United States basin than in the Mexican basin, Figure 694. Teo in-
vestigate this condition, sweep-out tests were made and the resulta com-
K pared with similar test results obtained and described for the Mexiecsn
basin. When the sweep-out margin for the United States outleis was som-
pared with that of the Mexican outlets, it was found that thare was ap-
proximstely 1.5 feet less margin for the United States basin. This was
responsible for the more violent action in the United States basin. The
elevation of the basin floor, consequently, was lowered 1.5 feet and fur- i
ther sweep-out tests ware made. The basin action, Figure 69B, was then
found to be comparable to the action in the Mexican basin and the sweep-
out margin was found to be 5 feet. This lowsr apron elevation was usai
for all subsequent tests.

Srilling basin testz., In determining the modifications to bs
tested in the model, information obtained from the previously tested
Mexican outlet works was ussd. Design A-2 included tapered bottom f£ili--
lets; demtated end silil, and converging walls. Because of the arrange~
ment of the structurs, however, a 40° wing wall waz located to the left
of the basin, Figurs 70. The performance of thise design was satizfaciory
. in most respects; the water surface; both in and below the bazin, was
N relatively smooth, Figure 71A, and the erosicn pattern in general wss
o satisfactory. With one valwe discharging 1,600 cfs, the maximum scour
was to elevation 159, or 0.5 foot above the basin floor, Figure 71B.
However, considerable sand was deposited on the floor c¢f the basin when
one valve was operating. It was bslieved that this deposition was due
to an eddy below the nenoperating valive which was intecsified by ths 4LOC
wing wall to the left of the basin. ' : ‘

In Design A-3 the 409 wing wall was changed tc a 90° wing wall,
1, feet 8 inchee long at the end of the left side of the basin, zs shewn
in Figure 70. Tests on this wall arrangement showed that ths eddy pre-
viously noted was not directed back into the basin, Figure 724, but
tended to stay downstream. As a result the amcunt of sand returned to
the dasin was reduced considersbly, as shown in Figure 72B.

The Recommended Design

The recommended design was similar to Design A-3, but an end
s111 3 feet high was insialied on the end of the apron. This sill was
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previously found to e satisfactory for the Mexican outlet works and also
improved Design A-3. The recommended design is shown in Figurs-73. Tests
on this design showed satisfactory operation both with one valwve, Fig-
ures 74A and B and 75A, and with two valves, Figures 75B and 76A and B.
With both valves operating the water surface downstream from the basin was
relatively quiet. No severs erosion occurred downstream in the basin,
After 1 hour the maximum scour was to elevation 158, or 0.5 doot bzlow ths
basin floor which occurrsd 5 feet downstream from the end of the apron,
Figure 77A,

With one valve discharging 1,600 cfs, operation als¢ appearsed
satisfactory. Some cross flow occurred in the stiliing basin and ths
waves below the basin, Figure 74A, were somewhat more pronounced than
with both valves operating; but these were not considered objectionable.
Erosion after a discharge of 1,500 cfs for 1 hour (Figure 77B) resulted
in a hole located 5 feet downstream from the end of the apron, on ths
operating side¢, to the same depth as the basin floor, 158.5. The amount
of sand returned to the basin was not excessive; in fact it was similar
in amount tc that found in the Mexican outlet works for similar operating
conditions.

Wave gction in the downstream channel was not considered of
sufficient magnituds to cause concern. The direction of wave propagation
was primarily downgtream for all discharges, with only elight acticam re--
fiected into the tailrace area downstream from the power plant. The mos%
proncunced wave action oscurred with cne valve discharging 1,600 cfs, but
disturbances did not cross ints the tailrace to any great degres; Fige |
ure ‘754,

Water surface profiles were taken, both transversely and longi-
tudinally for maximum discharge with one and both valves opersting, Fig-
ures 78 and 79. ‘These profilese show the relatively level water surfscs
in the basin for the most eritical operating conditions.




_sanmas mualgo

Santa
.3 L Clarao Dcoundenclg

-~ e

FIGURE
T

]
i
: o
[N P 1
K 1 . -
Valleciio / han
Sabinas

- ( /‘ " Ria

Cieneguitas

)

Laqumnas/_f"‘

/J:E:( I “"”\

[:] g
; lﬁ:w"y‘h , 3 . Atiiene] \‘,l
An

~L. Juor ¥t 2 EXA
NG e ‘
LS UeN? TED\STAA’ES
7:‘ (." - g /
-3
S/ e

- Saltiilo

2]
MONTERREY

we— QILED OR PAVED ROADS
e GRAVELED ROADS
smamsmmssms IMPROVED ROADS

INDEX MAP

2

EXPLANATION

LVICINITY MAP OmLY |

Guerva

B

Y uevl'a

Ef Barrio

Los {4
Aidamas b i

Aldamas

VICINITY MAP

TP | 2 ki P

SCALE OF MILES

tee Enameew
rcairany T

¥
MEXICO
MINISTRY OF HYODRAULIC RESOURCES
. MECOMMENOED
areaguED. .
UNITED STATES

IRRIGATION 8 RIVER CONTROL
l MENICO O F

m—— «~—~u->=%-¥~ e —

awe ofrens

smtros o STUDAS

C~ECKED ... ..

.
o]} INTERNATIONAL BOUNDARY AND WATER COMMISSION
RN i UNITED STATES AND MEXICO
« -
g, § 313 | R0 oRaNDE INTERNATIONAL STORAGE DAMS PROJECT
- . .
gg XXl | FALCON DAM AND POWER PLANT
- " .

HRER S LOCATION MAP
RIS ERR

~ 3 v
°g 1 s g 3 | ror umreo srares FOR MEXICO:
ga] s ¥ i qd
H R~ .
§ 3 {7

MR L

s 8 U0 | nesisianiaa e | SiGei s T

T u v il

¢« 4§ w

¥ 5 IIO] aeeroveo l




Beom-tyce puerdrorl
with concrote posts=—-<**
Mot wS £ 3142 3
Morws £1 2964
S 3'Rprop

o0
Ligr, w0es acoess rood €123

T

vean, -
Siit and fme sond-+--""
; Sonc ond grovel - -Assumed rock surfoce
s - coseese—fatarole cutoff trench to
te f i fe
e o vt w3 _w Lo torsenon s v

SCALY OF FEET

SECTION A-~A

vt N I T E D

___———V/

R10O—___ __GRANDE

—
~—
—

'

~Crost 1 3230

rinternctions! Highwoy ¢
o thg controct]

/- f

wvenscnsaerd

L

SPHLWAY DISCHARGE N OQOOO SECOND FEET
O «
nn_zznu,:..lm -

T T

W
WS £ 29647 —

LA

=

Sprtlvay s
Dom 510 g4+

\

=)
“NRteragtaonal Highwoy nt
;1 ths conmroet) F ;

g p
// /f' Mos ws g1 318 2y

Norws £1 2964 -

S Ripeap - .,

~ss~Estavate cutall tronch o
surdwadie Towndotion es directed

is0
3

SECTION ON INTERNATIONAL BOUNDAMY

SCALE OF FLIT
PrLAaM

EMDANVMMENT EXPLANATION

@Mw mglersl iroes berrey e sad. mwovelteers

A7, dast vd priminst! waris, relind te ek opers
(©) SHocrs porvins metwrel trom darrow crees o

pooee system
dversun dischorges. -

Ao dom ong Opaarienee! werds, Conpected X 12 wch leyers

8.
() Stiochd metersl from ascomttions N epws tament war s,

BOCHE in 24 -inch - IMND, horizontel loyers

SEOTION B-8

CAPACITY 1N 4,000,000 ACAE - FEET
AREA -CAPACITY-DISCHARGE CURYES

G a0 B0 WO
. (3 °

AND salem
UNITED STATES aND MIAICO
RO DRANDE INTERNATIONAL STOMASE DAMS PROMET

FALCON DAM AND POWER PLANT

GENERAL PLAN AND SECTIONS
KEY SMEET

T

MIRISTRY 87 NTPAMAIE MLPOOLT
SARIGATION AND AIVER CONTROL
e
wnrrep sraras
DU TMENT OF Nl WrEARN

NG OF AECLAMSTION

Arbiina sy = = P e

#0W anipuroo:

AN v sk
o —

1 4




FIGURE 3

2 0d rocessed v tacws on

R IR

yy

s

o TR

X

o

T PErding dreg-.em

o

el LI A s
\ processed s ocmgon. . ..

Lres? of g £1 383 0.0 @
. ey

:
e

7

e [ HI0 v v

Apig 3t gom 8 0w

43+ -Controctron xunts, arawrs "
ony e bars Aot hown... |

S
b

N

=2y Riprap- thcaness ond saent

- Shy L8TIS

51230075

1

{5 Somway 50705 50w 7
.

.

6" Trooted worer
- refyon /e power piant

— §00 00 -
-£¢ 12500~

¥

nnrmx&nmrmmr tpddgdgipipéel ittt i 1) 0]

fod el -

$09 16036 10

|

Mer WS 113182
mam——

-~ mau«i 758 600004 - Sh 11008,
CCrant St rregre

1,
84
¥ Movop

6 30730, (13450,
T WS LWL
Yo

Intody strocturs...

Min n3.for power
gonoretun {1 4480~

‘/aqd’r-dvl\u- spetinmy €

< ]
nmn’\bﬂ’:"’" '
T
)

Qs

S0 12098 !
foe drom Oromepe ond
+-A1s of d2n 570 1reaa Ty Outh! wokey /e gullery .+
w-ders of don
1 Jp300

o~ Pervasws dcorfnt

I
3010 Mpmsroch

2° O gracessid surfocsng em
&' crusied reck o grwvel.,

e 9863 P

SECT/ION 8-8

ionery crom
B ) | * X - XEREEE P
L t1 3f030 1 4 Sertwey sty #4000

R M

1

(”n 30" 1 oo L0 'W
IO | Lo e
1 £ 240 i
bl i Comrete limay

330 097w -

ELEVATION E-E

SECTION 6-G

[T A PP LR

¥ Onl processed sorfocing on
€ crushed rock or gromeh.,

~Outier merts stilling bosin

. ~ 7 Ol processed surfocmg on
.] - 6° crussed rock or grove!
I

_SECTION C-C

Y

L NEBER VoS wATER BuRTet LiTwtOn

ot

us o @

Saree,

PNIIED STATES AND MEXCO
R0 BRANDE WNTERNAHIGNAL STORASE DAMS PROMCT

FALCON DAM AND POWER PLANT

STRUCTURES ~UNITED STATES ABUTMENT
PLAN, EL. EWATION, ANO SECTIONS

- aecLamanon

3 ¥ s .
OUSLED DAACAAREE - T HOUSDR O MACOND FEET
PILLEAT DIBLNARLE - ISMLES & THOAMDN OF

D:SCHARGE CUARVES

—tee Sraran
Stesatisgnr o P mrgmOn

yn

yomga

B ey &7}
DA-4-31 [oror s s wwir

sservms ox Svinrn
" o

emterwe .




e

e

; - : B 27 Y~y ® . 5w . : ‘\\ N \ - N
¢ * = . K T v s |
i
‘ FIGURE 4
N 7
: ‘ I . 198 cem.
| ) f : ,
! [ e, - S v — e e T g 4o
i ‘ f/‘ . . ’/ . :, / ; ’ v I "00\
Ll . R T |
(¥.325,49600 -~ trp...... I TV SR I A AR RN ¢ s I i ~
e L 7874008. 5 A ! ! : R : PR | | U K ! “
‘ h A 3 | ] i oy Pai J S 210
] Y i ! i T ; RO { g ! s —
{ ! i R | | : . 1 | } £
S : . . 3 P ! H < 5 —
o ; i ST A | l A ]
8 ! - P ! x J o €
~ i -, i : o ! “ b
W { ] } 1 R -t i 41 1 @
i [ ! { o ; ; : t Generator guard
' ! \, B ‘ % S volve structure
i ! ; i h N ~ ' ) 1 4
. ; / . o ; Z ! : o &
: g o |
/ ) H § §
. G -
‘ LA @ £ S
s : ‘ R = 2T
A A LT - A A \F i 2 ;
R / FANL L (LTS P S X I Ea () Pt 2
w St 10 55-—'-4:‘?' frnies ‘:.‘&1:{!’ ; P A .,,; i % 3
. \ N » \{ o \\; [ i /.»/ :( i ! ,: “ ; P L .,/A i H E
R . ; ar Fity ]// g/mmavﬁ'mm‘zf/:s ! ]
O | et ettt ddo_ L ’ 540, 108+1260 on oxis of dom, ) ) N AN
5 o502 e | ', Y .
NN JEEET — o g oo it} 432616089 — — = ~h = — Qs s v (70 )
LIS R e £.1,76/401.80 = =
)‘v ’;' o T— s m——— v T o Cmmmm R 1] -‘E\fto

-

Pt € Diversion chonnel- -~ K
N.325,689 23 Sia i0+05-"
F 1,781,566 22 Beginmng of ¢
hH = 80°00° 00"
R = 22500
T =129.20"
L= 23560"

I
r’ :’
e 220

rd

2-12.0'1120" Openings s pamps T
for diversion-----""

ELEVATION A-A

rock surfoce
water supply pipe

SECTION C-C

/ /:3' RI'PI'UPJ“ .

+ Ry e
ontination of 31 %! “a,
dom_embonkment” "R

‘r1prap AN
/ : :

\Mar.ws.
£ .1142«’,

| intake

o Eress0-y |
4 2080x35.17°
sFir
1 Jare-- == 1

E1 1770~

T =

ettt Tt T I S ‘ T\‘ s t
; t : -
—O;X\‘ ) J\ L ot ‘\ “\\
: )
4 ¥ . )
n i

} ‘ 4 \ A
4] kY \ ) e

% ‘ 5 \\ \

-brési of dam
£1323 Goen o

L

PLAN

30 Ton ey
service hoist” E 50 o 50

I i
SCALE OF FEET

Service bridg

1t
W

£129789-

e

structure -, b
Min WS ind
for power

L1
A
Vel

I

120" Pipe
air vent

3
y |

wheel

. |
X

LK
)

£1204.3441 T

i

i
____i_‘

158

LR

1

Pump ¢

for e

Pervious bockfill--177

NOTE
mbankment explanation.

see Dwyg 04-4-27

736" CHP for stressmeter cables

.

. {rarigina/ ground surfoce

- Parvious bockfill

225

St 19424~

2.

& /3/.70‘\'

)

Ve RIS 174 - e

& 18600~ 1,

7 " i PR T Y s T (e 5 AR
T I A A T — TR 168" Butlert)
““Tempaorary diversion ' L>— “JISta ez | DL* N22°0° 10 steel penstock 4

openings. . ! c Beginming of steel penstock - : :
Diversion plyg -’ SECTION 8-8
j - Steel penstock ,~Concrete anchor

4

& . Special  compoction

S ~Assumed rock surfoce
Condur! for

{ * - Row water supply pipe

SECTION D-0

r [N

. R
/ K
Assumed mcl«‘,‘
surface---

L Steel penstocksy.

A J
iePervious packfils- o /-

s
C .

SECTION £-E

al 4

[
valve-”

3 hy
Ao
X 'ﬁ\‘@?;:*nowmr guard-

valve, structure
Z
EL23607 7~

,-Outlet works stilling bosin

2178 S K "ﬂ’”‘w‘, L1750~
™ <o At X1t }"\'J )
" ' Sta 20:0650 koo {£ 15600
102" Butterfly volves’ \ 7% - ARSI XTL TS
: 90" Hollom-jet valves
i SECTION G-G
o i
I
- g oy i fEL 188.00
c A M| eisto £L175.0
1 4l Ao
. \-.": ; f(&l "."v‘j - ; il g -
b
R B S S B
x DISCHARGE-THOUSANDS OF SEC FT. .
OQUTLET DISCHARGE CURVE
v )z'tiﬁ
‘ H : i INTERNATIONAL SOUNDARY AND WATER COMMISSION.
En " £ 5. 3 UNITED STATES AND MEXIGO
§ g :; ls 3 R H ; RIO GRANDE INTERNATIONAL STORAGE DAMS FROJECT
(LI F3E 3t
g8 i B | BB &_{53 FALCON DAM AND POWER PLANT
oo & FI[EsHNDAHi|  sTRUCTURES-MEXICAN ABUTMENT
g %’ ; PR § Bk PLAN, ELEVATION, AND SECTIONS
xE g 5] 3 <
':'2 ] H E § ?_‘; Y § § ; FOR UNITED STATES FOR MEXICO
ool s PR TN
L 81 3, L BT B i LT I
L5 D R
@ 21 Je S S8 S|
HH - ¢ Yoidcni wriaean <" g LA T
af 38 RN
33 ] apPrOVED I




FIGURE 5

] - g"

Fet= 8%

e
s PIPE

i

INLET ==

.

BOUNDARY -

INTERNATIONAL

-~} PIPE

I ¢ O

| He e - ———

------- 2540 e e e e e ]

X\\\\\\\\\\\\\\\\\\\\\\\\\\\

SAND 4 REA

i
)
1
'
]
t
1
1
1
E
i
| \ NG
1
| >
! N
w
' R
f ©
3 N}
i !
N W |
() ~ '
Ny & ! N g o
< ;‘, i W
. ; --POWER HOUSE § OW, AW
: § : N '-.,8?
] t ~ L
INLET - aees, & 5 k . <
: b ' i eipe s
1 ! () -
] 1] +
t ) SPILLWAY R fﬂvo AFEA ;
) § %
A | 3 : R N
! 2 | ---DAM AXIS N \
) o , fm o e m 8-984 4 .-1! ] > p
i R e P 10-2.40" -] !
! . ! YD
; g \
‘ . 3
: i ; N .-~ CONCRETE AREA-----7
1 -~ ! »
] 2 '
= i
i T t
) ]
] Q 1 -
) Wl
E Sl I PLATFORM
" .
Pkl sl - U NITTED $ TAT E S
] T o !
i LUE '
. “ i ;
| Ll
] L :
! v CINDER BLOCK WALL-,
v Yl v . ¥
. SN AN U SN SO

t

i

GATES AND PIERS ON SPILLWAY

CREST NOT SHOWN

CONCRETE SURFACE JDVER
WIRE LATHE‘.'

Y

CONCRETE SPILLWAY,

¥

I I 1 1 I {

 —

2475

P L AN

B 3 e s e e e e o

CONGRETE SURFACE OVER GRAVEL BASEe,I
Y

T ~— 4
2 T %V‘m

AN (AU VRN NN SN SN VNN MO SN SUN S i
L4
I
4
I
—2
™
_|
™ -
Y]
’_{
-
]
_ A
N ]
/
\ -
)
13
1
— .
]
1
)
[}
1
Y_

FALCON DAM
HYDRAULIC MODEL STUDIES
THE PROJECT MODEL

MODEL ARRANGEMENT
MODEL SCALE 11130

SECTION A~A"




RVQ NOJTIVA
T3PoH

Figure 6
Hyd. 276




A.

Placing topography in concrete. The cords are at fixed elevations and
are used ag references in forming the topography.

B. Placing topography in concrete. The area in the foreground
will be filled with fine sand.

THE PROJECT MODEL. CONSTRUCTION.




ST

A. The splllway as originally comnstructed,
prior to operation. Note the demarca-
tion between the sand (lighter ares)
and the concrete.

B, The reservoir srea. Water 1s supplied
by the pump in the foreground. Note
rock bvaffle at the left, and the gages
in the foreground.

THE PROJECT MODEL.
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" A. The spiliway and spillway channel.
- A

: S A

B. The stilling basia. |

THE SPILIWAY---PRELIMINARY DESIGN. DIS-
CHARGE OF 456,000 CFS WITE ALL GATES .
FULLY OPEN. :
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A. Frosion below the stllling basin after a dlscharge o
of 456,000 cfs fTor 2 howrs, All gates open. Note the deep hole e
at the end of the stilling basin.

P Fddy in area immedliately downstream from right “

end of gtilling vasin. Q = 456,000 cfs. It 18 believed
that thiis eddy was the cause of the severe erosion shown




A. Design S-2, Froeion after a discharge of 456,000
cfs for 2 howrs. A1l 8ates fully opennd,

B. Design s-3, Erosion after & discharge of 456,000
cfs for 2 hours. All gates fully oponed. Note the reduction
in erosion fram previous designs.

THE SPILLWAY, EROSION BELOW THE STILLING BASIN,




Figure 14
Hyd. 276

A. Design S-4. Frosion after a discharge of 456,000
cfs for 2 howrs. All gates fully opened. Erosion at apron
corners is negligible.

B. Decign S-5. Frosion after a discharge of 456,000 ’
cfs for 2 hours. All gates fully opened. Note the similarity
of erosion with this design to that obtainsd with the prelimin~
ary design.

THE SPILILWAY. FEROSION BELOW THE STILLING BASIN.



HYD,-276 " " “FIGURE 18
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Figure 16
, Eyd. 276

Results of g second  ero

] sion test with Design 8-5, Erosion after a discharge of
456,000 cfs for two howrs, Compare with Figurs 14B.

T
i THE SPILIWAY. DESIGN 8-5. EROSION BEIOW THE SPILIWAY.
.. - - (._ . j ,,- . " , H ' . N . N
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B.

Filgure 17
Hyd. 276

Cwrrents about the left approach pior. Preliminary design. KRote how the
flow tends to leave the face of the pler next to the spillway.

THE SPILILWAY. CONTRACTION AT THE APPROACH.
456,000 CFS BEING DISCHARGED.

B
I
p
T
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Figure 18
Hya. 276

A. ZExcessive contraction causes a depressed water
surface or drawlown along the pier. Kote that the elevation
of the water surface dips, then rises again before the crest

N i
e B. Cwwrents about the plor. Note the eddy on
the left, in front of the powerhouse intak, + The powerhouse
e is not discharging,

/ THE SPILINAY. DESIGN 8-6--LEyy AFFROACHE PIER 100 FERT 10MG,
e 456,000 cr8 BETMG DISCHARGED,
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DRAWDOWN DURING OPERATION—QO= 456,000 C.F.S.
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DRAWDOWN DURING OPERATION-0QO= 456,000 C.F.S,
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FIGURE 27
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100,000 cfs being discharged with all gates open 8 feet and the reser-
voir water surface at elevation 314.2.

200,000 cfs belng discharged with all gates open 19 feet and the reser-
voir water surface at elevation 31k.2.

THE FROJECT MODEL. DIS:/4iGE OVER THE SPILLWAY WITH PARTIAL GATE OPENINGS.




BN T

the spillwey.

B. Operation of the stilling basin.

THE SPILLWAY---RECOMMENDED DESIGN. 456,000 CFS
DISCHARGING WITH ALL GATES FULLY OPEN.
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A. Model arrangement. Note the condult leading
from the head box to the valve, ths stilling basin, and the
downstream topography. At the right are the three simulated

power plant openings.

B. The stlilling basin. Note the valves, the
inclined floor, the converging walls, the fillets, the
horizontal floor, and the end sill. This is the recommendsd
desian.

THE MEXICAN OUTLET WORES. THE MODEL.




s

3

!
%
T -
X
)

H

1]

1

1

h 4
[/ L

(EL 156.00"
£ :

e -mame20

SECTION A—4

"yud

REA 1 -50

| O ..,',.__,,-

Ny ST -

N ! 4 J}
: ) !

D :

: ] ‘Ie :

1 -g : H L
k. “Y N .“' ~
.él ) -=:=
H i

AL E JA
"l; E s
b3 Y

5

7. - '
i N
SECTIONAL PLAN — EL. 195.00
(€1 188.00
- " Ld
£~ .
‘-1 184.25

o ' 17514 o e il Ll e e >

S Sl Pl - .
“"'9'57,"";.; om- e AL . L

FALCON DAM

HYDRAULIC MODEL STUDIES

MEXICAN OUTLET WORKS.

PRELIMINARY DESICN
MODEL SCALE 1:30

9.2-"QAH

Oy 3unoid




A. Operation of the stilling basin.
ing--Q = 4,570 cfs.

3. Action in the stilling basin. Photograph taken through
g8lass panel in left side of model. Both valves discharging--
Q = 4,570 cfs.

TBE MEXTCAN OUTLET WORKS---PRELIMINARY DESIGN
OPERATION WITHOUT FOWER PLART DISCHARGE.
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B. Action in the basin. 4,570 cfs discharging through both valves.

THE MEXICAN OUTLET WORKS. PRELIMINARY DESIGN., OPERATION WITH THE POWER FLANT
DISCHARGING 5,400 CUBIC FEET PER SECOND.
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A B. Frosion after a discharge of 2,400 cfs for
through left valve.

THE MEXICAN OUTLET WORKS---DESIGN M-2A.
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B. Erosion after a discharge of 2,400 cfe for 1 howr T
through left valve, Kote sand deposited in bdasin. e

THE MEXICAN OUTLET WORKB---DESIGN M-3.




A. Design 4. Blope of inclined approach to basin 24°.

Note slope of water surface fram left to right. Q = 4,570 cfs,
both valves discharging. Flow from right to left.

' B. Design 5. Slope of inclined approach to basin 30°.
Surface of water has approached the horizomtal. G = 4,570 cfs,
both valves discharging.

THE MEXICAN OUTLET WORKS---DESIGNS M-4% AND M-5.
WATER SURFACES IN THE STILLING BASIN.,
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B. Rrosion after a discharge of 2,400 cfs for 1 hour
through loft valve. Note that the erosion is below the elevation
of the basin floor.

THY MEXICAN OUTLET WORKS---DESIGN M-6A.




A. Actlon of the stilling basin. Both valves discharging--
Q = 4,570 cfs,

B. Water surface downstreem fyrom the basin. Both valves
discharging--Q = 4,570 cfs.

THE MEXICAN OUTLET WORKS---DESIGN M-6B.
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A. Vater surface downstredm fyram the stilling basin. Both
valves discharging & total of 4,570 cfs.

B. Erosion after a discharge of 4,570 for 1 hour
through both valves.

THE MEXICAN OUTLET WORKS---DESIGN M-8.
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4,570 cfs discharging through two valves, tailwater elevation 175.0.
This condition, which will not occur 1n the prototype, was used in
determining the hydraulic margin of safety of the stilling basia.

THE MEXICAN OUTLET WORKS. APPEARANCE OF THE BASIN AT SWEEFOUT.
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Lo s iR

B. Both valves discharging 4,570 cfs.

THE MEXICAN OUTLET WORKS--RECOMMENDED DESICN,
WATER SURFACES IN THE STILLING BASIN




B. ¥Flow in the channel.

MEXICAN OUTLET WORKS.--RECOMMENDED DESIGN.
4,570 CFS, BOTH VALVES DISCHARGING.
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A. Frosion after a discharge of 2,400 cfs for 1 howr
through left valve.

L A
AR

B. Rrocica after a discharge of 4,570 ofs far ) howr
through both valves.

THE MEXICAN OUTLET WORKB.--RECOMMENDED DESIGN.'
EROSION DOWNSTREAM FROM STILLING BASIN.
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Note the two valves, the horizontal floor, the
ving wvall arrangement, and the sand in tallrace chammel.
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A. Operation of stilling basin. Both valves
discharging a total of 2,920 cfs. Note violent water
surface.

B. ZFroslon after a discharge of 2,920 cfs
through two valves for 1 howr.

THE UNITED STATES OUTLET WORKS. PRELIMINARY DESIGN.




A. Basin floor elevation 160. Note the rough
water surface in the basin.

B. Basin floor lowered to elevation 158.5. Note
reduction in violence of swrface waves.

- THE UNITED STATES OUTLET WORKS. BASIN PERFORMANCE.
. 2,920 CFS THROUGHE BOTH VALVES,
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A. Operation of stilling basin. Right valve
discharging 1,600 cfs.

B. RErosion after dischexrge of 1,600 cfs through
right valve for 1 howr. Note sand deposited in bhasin.

THE UNITED STATES QUTLET WORKS. DESIGN A-2




A. Operation of stilling basin. Right valvs
dlscharging 1,600 cfs.

B. Frosion after a discharge of 1,600 cfs for
i bhowr through right valve. Note reduction in sand de-
posited in basin.

THE UNITED TATES OUTLET WORKS. DESIGN A-3.
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A. discharging 1,600 cfs. Note that
turbulence is confined to one side of basin.

B. Right side viev of basin--right wvalve Ais-
charging 1,60C cfs. Note vertical roll of water below

eouverging wall.

THE UNITED STATES OUTLET WORKS.
OPERATION OF STILLING BASIN.




A. Vater surface below basin. Right valws
discharging 1,600 cfs. Tallwater elevation 180.5.

B. Water swrface below basin. Both valves

iésclezm'ging a total of 2,920 cfs. Tallwalier slevation
0.8.

THE UNITED STATE® QUTLET WORKS. RECOMMENDED DESIGN.
OPERATION OF STILLINY BASIN,
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A. Both wvalves discharging a total of 2,920 cfs.
Tailwater elevation 180.8.

B. Both valves discharging total of 2,920 cfs.
Note hov the flowv travels along the floor.

THE UNITED STATES QUILET WORKS. RECOMMENDED DESIGN.
OPERATION OF STILLING BASIN.
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