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FOREWORD

In 1937 the Salt River Water Users' Association at Phoenix, Arigzoma,
requested provision for measurement of discharge from the outlet works at
Bartlett Dam in the Verde River. These outlets, consisting of two 66-
inch needle valves and three 6- by 7-foot 6-inch slide gates, were calie
brated by obtaining discharge data from hydreulic models. The results,
ineluded in this report, were transferred to the prototype structure ac-
cording to the laws of hydraulic similitude and the Association was fur-
nished tables and diagrams showing the relation between head, discharge,
and gate or valve opening,

During the calibration of the model of one of the 66-inch needle
valves, pressure gradients through the passages of the valve were obtained,
which furnished another link in the study of the relation between the cavi-
tating pressures and the destruction of metal in certain regions of pro-
totype needle valves which had required excessive maintenance. Pilot tests
on a 5=-inch needle .valve under heads up to 500 feet had demonstrated that
the cavitating pressures and the erosion or pitting could be eliminated by
changing the profile of thg‘outlet passages, However, in changing the
profile of the passage, the discharge capacity had been reduced., Further-
more, the pressure-discharge data were not sufficiently complete to de-

sign a speoific valve,

With the detadled pressure and discharge measurements on the model of
the Bartlett valve as a basis of comparison, a series of 15 testsg was mmde
using the information from the S5~inch valve, A design for the needle valves
at Frient Dam was thus obtained in which the pressures would no longer
cause cavitation end pitting and in which the discharge capacities were com-
parable to the oriéinal design of the needle valves, Those tests are de-
soribed in detail in this report.

Conocurrently & modi fication of the needle valve, known as the tube

valve, was studied to obtain detailed pressure and discharge data.

Lot



The designs of the various valves tested were prepared in the mecheni-
cal section of the Bureau by B, H., Staats, engineer, under the supervision
of P. A, Kingie and W. C. Beatty, senior engineers. The testing of the
models was performed by the personnel of the hydraulic laborstory. '

All laboratories of the Bureau of Reclamation in Denver, Colorado,
are in the Materials, Testing, and Control.Division. All design work is
under the supervision of J. L. Savage, Chief Designing Engineer, and all
work of the Bureau is directed by S. O, Harper, Chief Engineer. The ac-
tivities of the Bureau are directed by John C. Page, Commissioner.



DESAsTRENT OF TEl JNEERICR

BUxkAU OF RBECLALATION

Branch of 9esin end Construction Laboratory Report No. 133,
Ergineerin;, and i;eological Control Hydraulic Lahoratory

and Fesearch Division Compiled dby: F. C. Lowe
Denver, Colorado

July 15, 1943 Reviewed by: J. E. Warnocke.

Subject: Hydraulic model studieson needle and tuke valves for Friant
Dam and calibration of needle valve and sluice outlets at
Bartlett Dam,

HAPTER I - INTRODUCTION

ls Introduction. Three outlet works were corstructed at Friant

Dam: (1) the river outlet, counsistin, of four 1lCU=-inch dizmeter con=
duits; (2) the Friant-Kern Canal outlet, also consisting of four 110=
inck diameter conduits; and (3) the "rientelsdsra Canal ocutlet consist-
ing of two 9l-inch diameier conduits. Discharge through these conduits
will hHe reg;.lzted by valves plsced at their exits, Two 110= by 105=
inch needle wvalves and two 110= by 102-inch tube valves will be used at
the river outlet; two 110= by 105-inch needle walves and twu 110= by
102=inch tube valves at the Friant-¥ern Canal outlet; e&nd two 91- by
g7=inch needle valves at the Friant-ifadera Canal outlet. The needle
valves will be of the interior differential tspe, hydraulically oper=
ated (fi_ure 1), while the tube valves will be the internzl tube type,
mechanically operated (fiiure 2). The needle valves will be nsed for
reguletion of small lischarges beocause t' e ‘ets issuing from those
valves are smootnh at any owvening, while the jets from the tube valves
will be unstable at openin_ s less thran 30 oercent and will form conside
erable spray. At openings greater than 30 percent the jets of the
neeile and tube valzes will be nearly identical. It is anticipated
that under a maximum hoad of 248 feet a discharge of 5,900 second=feet
can be obtaired throuzh eaoh cf the needle valves at the river outlet
and & dischar,e of 5,200 second={eet through each of the tube velves,
These estimates were obtained from a coefficient of discnarge of 0659
for the needle wvalves and 0,52 for the t:he valves which was based uvpon
the area of t e conduit and the evergy hsad measured one diameter up=

3tream fror theo valve.
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The outlet section of the needle valves for Friant Dam will be differ-
ent from that of many needle valves used in previous installations. The
Friant needle valve will have a 39-degree needle and a 40-degree sharp-edged
noezzle, while the previous needle valves, such as those at Bartlett Dam,
had & 42-degroe needle end a 36-degree 22-minute round-edged nozzle., This
new design, developed with the eid of hydraulic model studies, was necessary

because valves in the field were being damaged by pitting due to cavitation.

In his memorandum, "Report on inspection trip to study operation of
outlet works, Alcova Dam, Kendrick Project, Wyoming," dated November 16,
1938, Associate Engineer C. W. Thomas included, as figures 3, 4, and 5 of
his report, photographs of one of the needle valves in the Alcove outlet,
showing the extént’ of pitting from cavitation on thht valve (figure 3).
Photographs of damage by cavitation were also included in the report "Tests
to determine operating characteristics of tunnel-plug outlet works at Boulder
Dam, Boulder Canyon Project,” by the Board of Engineers, dated February 3,
1939, Later, field reports were received from several projects describing
the performance of needle valves designed by the Bureau of Reclamations
Concerning cavitation, these reports were similar, When the valves were op-
erated from & to 30 percent open, the effects of cavitation were severe, but
when operated 100 percent open, the effects of cavitation were negligible.
Pitting occurred on an annular section of the needle six to eight inches
wide, located immedietely downstream from the seat. Some pitting occurred

on the outlet section of the nogzle.

Causes of this oavitation were studied originally on a 5-inch model
of an Alcova Dam needle valve designed so that the outlet section could be
revised easily, This model wms tested in the laboratory under heads up to
70 feet and at Boulder Dam under heads as large as 500 feet. The tests
are described in detail in the report, '"Hydraulic Model Studies for the
Design of Valves for Outlet Works," dated August 1541, by N. G. Noonan, H.
M. Martin, and D. J. Hebert, associate engineers. Cavitation occurred
in the original design, and';itting of the valve resulted. Since cavi-
tation occurred in regions of extreme negative pressure, three principles
of design were recommended to insure positive pressures throughout

R e
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FIGURE 3

General View

Close-up of Pitted Area
84-~INCH CASPER ALCOVA VALVE



the valve passage:

(1) The angle between the needle and nozzle must not be
divergent in the direction of the flow. If the needle and the *
nozzle profiles are parallel, the pressures are maintained,

However, a convergence from one to three degrees will give an
increased factor of safety.

(2) The valve nozzle should have no point of inflection
and should have a sharp edge. This keeps the minimum section
at the outlet edge of the valve nozzle, and allows free access
of air to the jet,

(3) The sealing point of the needle must be on the cone
portion; that is, the base diamster of the cone must be slightly
larger than the outlet diameter of the nozzle."

The needle valves for Friant Dem were not designed directly from the
results of those recommendations because the coefficient of discharge was
lovered by the changes. Therefore, a series of 15 tests was made to study
more completely the pressure and discharge characteristics of needle

valves to obtaln through a step-by-step approach the desirable design.

The initial tests of this series were made on a 1:8 model of a Bartlett
Dam 66-inch needle valve which was the same design as those being damaged
in the field. These initial tests served two purposes; first, to complete
an existing assignment involving the calibration of the Bartlett Dam needle
valve and slide-gate outlets and secondly, to provide pressure-discharge

measuremsnts as a basis for subsequent tests on the Friant needle valves.

Since needle valves were expensive, due to the intricacy of the oper-
ating mechanism, tube valves were introduced. The tube valve differs from
the needle valve in that a cylindrical tube replaces the needle, resulting
in an appreciable saving of material. The performance of this valve de-
sign was also studied in the tests on a 5-inch model at Boulder Dam where
it was found that the jet was unstable at small openings. Additional tests
were necessary to find the range of regulation giving a stable jet, to make
sure that no ocavitation oocurred and to determine the coefficient of dis-

charge. :

2, Summery of tests., The needle valve and the slide-gate outlets at




Bartlett Dam were first studied. A 1:8 model of the 66-inch needle valves,
a 1:15¢model of the three slide-gate outlets, and a 1:10 model of a single
slide gate were calibrated to furnish discharge tables and diagrams for
use in the field., Pressure gradients were also obtained on the needle-

valve model to serve as initial tests on the Friant Dam needle-valve studies.

Subatmospheric pressures were observed in the 1:8 needle-valve model
at the same location and for the same openings that pitting by cavitation
was occurring in similar prototype valves., This suggested that if a model
were designed with positive pressures, it would be certain that no cavita-
tion would occur in the prototype. Therefore, the 1:8 Bartlett model was N2
revised according to recommendations obtained from previous tests on the 5-
inoh needle valve as described in section 1. The angle betwesn the needle
and the nozzle converged 3 degrees, and the nozzle sxit had a sharp edge.
Positive pressures were obtained, but the discharge was reduced approxi-

mately 15 percent,

Since the outlet diameter and the profile were variablss in subsequent
tests, the coefficient of discharge based on the outlet diameter could no
longer be used as a basis of comparison, It was decided to base the dis-
charge coefficient of needle valves, and other valves, upon the area of
the intake conduit and upon the energy head measured one diameter upstream
from the valve, The 1:8 Bartlett model had an expanding entranoe section
not suitable for evaluation of the discharge coefficient. Losses in this
expanding section were also questioned, Therefore, the early tests were
repeated with a constant diameter conduit. The coefficient of the original
Bartlett valve, 0,51, was favorable, while the coefficient of the revised
valve, 0,42, was too low, Twelve additional tests were made on this re-
vised valve to increase the coafficient as much as possible but still main-

tain positive pressures,

From these tests a valve having a coefficient of 0,48 was selected
as a basis for the Friant design. This valve was not similar to the pro-
posed Friant design because the intake diameter, in prototype, was 1213}/2
inches instead of 110 inches. Therefore, a model of the proposed Friant

7



valve was constructed to a scale of 1:18,33, Pressures on this 1:18,33
model were, for all praotical purposes, the same as those on the selected
valve, but the discharge coefficient, based on 110 inches instead of
121-1/2 inches, was 0,59, However, the actual discharge through the two
valves was proporti$;;¥ely the same, demonstrating that discharge through
the valve was independent of the intake diameter within reasonable limita-
tions. It became apparent that a coefficient of discharge based upon the
intake diamster could be misleading unless more information about the valves
were available. To avoid this, the nominal size of the valves is described
by including both inlet and exit diameters, and it is believed that differ-
ent types of valves may be campared more fairly if éheir intake and exit

diameters are the same,

To expedite ths testing program on tube valves, a preliminary test
was made by revising a model tube valve which had been previously tested
in studies of the Shasta Dam outlets. Although the valves were similar,
the results of the Shasta tests could not be applied to the Friant studies,
for the Shasta valves are to be placed in the conduit near the entrance,
while the Friant valves are to be placed at the end of the outlet so as to
discharge freely into the atmosphere. Thus different problems had to be

considered for each type of installation,

This preliminary test demonstrated that a tube valve may not be suit-
able for regulation at small openings because of a disintegration of the
jet and accompanying spray. This design was also unsatisfactory because
negative pressures occurred on the lip of the tube when the valve was less

than 50 percent open,

After the preliminary test the new model was built to a design which
was based on knowledge gained from the preliminary test. The principal
dimensions of this new model were made similar to those of the Friant needle
valves which had been previously tested. This new design proved to be ade-
quate and was considered as a final design for the Friant Dam outlets. As
was also demonstrated in the preliminary test, satisfactory reguletion at

smell openinge, less then 30 percent, was not attained. However, 8ll nega-



tive presesures were eliminated and the coefficient of discharge was 0.51.

3. Conclusions., The pressure-discharge measurenent on the needle
valves confirmed the conclusions of previous tests on the 5-inch needle
valve that to maintain positive pressures in the valve three considerations
are necessary: (1) the angle between the needle and the nozzle must not
be diverging; (2) the nozzle should have a sharp-edged exit; and (3) the

seating point of the needle must be on the cone portion.

4

To have a maximum coefficient of di scharge and still maintsin posi-
tive pressures according to the criteria above, the exit diameter and the
needle travel should te as large as possible, Once the exit diameter and
the needle travel are established by the size of the valve, the outlet

section of the valve controls the discharge.

This outlet section is the short section of the nozzle upstream from
its exit forming the frustrum of a cone and the similar conical section
on the needle downstream from its seat. The discharge can be increased
by diverging this section, that is, by meking the angle of the conical
section of the needle greater than the angle of the conical section of the ﬁ<
nozzle., However, negative pressures will result. A parallel outlet sec-
tion - the same angle on the needle and the nozzle - will give the largest
discherge coefficient and still maintein positive pressures. The tests
were insufficient to determine the angles of the needle and the nozzle
which would give the maximum coefficient. On the Frient Dam needle valve
the angle of the needle was 39 degrees and the angle of the nozzle 40 de-
grees. It was indicated, however, that the coefficient would be larger
if these angles were about 45 degrees. Additional needle-valve tests would

be required to confirm this indicatior.

Since the outlet section of the valve controls both pressures eand
di scherge, it is believed that the body of the valve upstream from the out-
let section can be designed from a structural viewpoint, providing the area
of passage is greater than the area of passage at the outlet section,

Frictional losses, even in a crude velve, will be negligible,

Another feature that is unimportent hydraulically is the downstream

9
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tip of the needle. In previous tests on the 5-inch valve at Boulder Dam
it was demonstrated that the shape of the tip had a negligiwle effect upon
the discharge and little effect upon the jJet except at very smell openings.

The tests on the tube valves confirmed the previous conclusions that
the jet was unstable at small openings and similar to the needle velve at
lerger openings. These tests were insufificient to state any other general

conc lusions,
\

CHAPTER II - CALIBRATION OF NEEDLE-VALVE
AND SLIDE-GATE OUTLETS AT BARTLETT DAM

4, Proposed measurement of discharge at needle valve and slide-gate

outlets, The normal flow through the Bartlett Dem is controlled by two
outlet works. One consists of two 66-inch needle-valve outlets placed 23
feet and 40 feet, respectively, atbove the river bed (figures 4 and 5). The
other, consisting of three 6-foot by 7-foot 6-inch slide gates, was plﬁced
near the river level for utilizing the bottom storage of the dam (figures
4 and 6), As the flow through the outlets is for irrigation, some means

of measuring the discharge quantity was necessary.

In a letter to the Chief Engineer dated February 18, 1937, the Con-
struction Engineer at Phoenix, Arizona, transmitted a letter from H. J.
Lawson, General Superintsndent and Chief Engineer of ths Salt River Valley
Water Users' Associstion, requesting that provision be made in the con-
struction of Bartlett Dam for e di scharge measurement station immediately
downstream from the outlet works. The Association was concerned from a
standpoint of accuracy and convenience of location so that the operator at
the dam could quickly determine tle discharge from the reservoir. In dis-
cussing the reply to this letter it was suggested that the outlets be rated
and used to measure the outflow of water. This was covered in a memorandum
by J. E. Warnock to K. B. Keener on March 4, 1937;

"A relatively simple method of measuring the outflow of
water from Bertlett Dem with a reasonable degree of accuracy
would be to instell pressure gages in ths conduits of both the

needle-valve outlets and the slide-gate outlets. A model of
one needls valve and conduit, end a model of one slide~gate out-

10



outlet can be constructed and operated to ootein & family of
curves with three variebles - pressure head vs. gats or valve
openings vs. discharge quantity. The results of these two
models can then be transferred to the actual outlets, It is
believed that the result by this mpthod will be more accurate
then tke control esteblished in the river downstream end it
will certainly be more convenient and cheaper. In instelling
the gages, & ring pieszometer should be instelled in each con-
duit to which the geges would be attached. A recording gage
can be used which would give a corntinuous record of the pres-
sure. The gate or vslve opening cen be recorded each time the
operator changes the setting. By integration, the total flow
can be computed over a given period.

The piezometer ring should be installed before the con-
crete around the conduits is poured., I have indicated the
probable location of the piezometers on the drawing 25-D=1019
and 25-D-1020, in your copy of the specifications. These
should be brought to the surface separately and then connected
into a manifold so that each plezometer cen be flushed occa-
gionally."

This proposal was outlined in a letter from the Chief Engineer to the Con=~
struction Engineer on March 6, 1937, and wasg transmitted to the General
Superintendent and Chief Bngineer of the Salt River Valley Water Users'
Association by a letter dated March 11, 1937. The approveal of this plan
by the Association was indicated in a letter dated April 10, 1937, from

the Construction Enginser.

5. Calibration of outlets by models, Three models were built and

calitrated by the hydraulic leborstory ir the fellowing order: (1) the
three slide-gate outlets on a scale reiic of 1115; (2) ore slide-gate
outlet to a scale ratio of 1:10; and (3) a model of one of the 66-inch

needle valves on a scale ratio of 1:8,

A rating (table 1) based on a sluiceway gate being operated at the
completely open position was obteined from tests on the 1:15 model of
the three sluiceway outlets. This table was sent to the Conetruotion
Engineer at Phoenix, Arizona, by a letter dated February 1, 1938, which

included instructions as follows:

14



WARLE-L

DARTLLTT DAnl SLUICEWAY OUTLWTS
RATING TASBLo
CNE OUTLET - GATE rULLY GrisN

Water-surfacs Discharge  Viater-surface Discharge  Vater-surface Discharge
elevation second-fset elevation second=-feat elevation second-feet
161G.0 0 1630.5 1,350 1650.5 2,048
1¢10.5 14 1631.0 1,372 1521.0 2,058
1611.C 27 1631.5 1,393 1651.5 2,072
1611.5 42 1652.0 1,415 1652.0 2,085
1612.0 o7 1632.5 1,435 1652.5 2,098
1612.5 73 1633.0 1,456 1653.0 2,112
1615.0 2l 1633.5 1,477 1653.5 2,125
1613.5 109 1634,0 1,496 1654.0 2,137
1614.0 129 1634,5 1,517 1654,5 2,150
1614.5 151 1635,0 1,536 1655.0 2,162
1615.C 176 1625.5 1,555 1655.5 2,174
1615.5 202 1626.0 1,574 1656.0 2,1€6
16158.0 231 1536.5 1,552 1656.5 2,197
1616.5 262 1637.0 1,810 1657.C 2,208
1617.0 2 1637.5 1,627 1657.5 2,221
161745 337 1638.0 1,645 1658.0 2,235
1618.0 385 163845 1,663 1658.5 2,244
1618.5 441 1659.0 1,680 1659.0 2,256
161¢2.0 517 1639.5 1,658 1659.5 2,267
1619.5 612 1640.0 1,716 16£0.0 2,280
1620.0 680 1540.5 1,733 1560,5 2INCIOZ
162045 738 1641.0 - 1,750 1661.0 2,303
1621.0 788 1641.5 e 1S 1661.5 2,315
1621.5 835 1642.0 1,783 1662.0 2,326
1622.0 €81 1642.5 1,800 1652,5 2,337
1622.5 922 1643.0 1,616 1663.0 2 S
1623.0 960 1643.5 1,852 1663.5 2,361
1623.5 995 1644,0 1,849 1664.0 2,372
1624.0 1,027 1644.5 1,865 1664.5 2,583
1524.5 1,057 1545.0 1,880 1665.0 2,394
1625.0 1,085 1645,5 1,896 1685.5 2,407
1625.5 1L, 0L 1646.0 1L SnleZ 1666.0 2,417
1626.0 1,136 1646.5 1,927 1663545 2,429
16264.5 1,060 1647.0 1,942 1667.,0 2,440
1527,0 1,187 1647.5 1,958 16€7.5 2,452
1627,5 1,212 1648,0 15 973 1658.0 2,463
1628.0 1,236 1648.5 1,987 1668.5 2,474
1528.5 1,260 1345.0 2,001 16692.0 2,485
1629.0 1,284 1649.5 2,016 1669.5 2,495
1629.5 1,307 1650.,0 2,030 1670,0 2,507
1630.0 1,328

This table applicable only to getes completely open.

Discharze for more than one outlet may be obtained by multiplying values in
ti.is table by the number in operaticn.



", « « o« This table is for a single sluiceway operating
but the model studies indicated that the flow through two or
three sluiceways can be computed by multiplying the discharge
from one gate by the number in operation. The water surface
elevation in this table is that which will be indicated on the
continuous recording gage at the downstream end of the sluice-
ways "

Soon after the 1:15 model was built, it was anticipated that the gates
would be operated at other positions than wide open. The 1:15 model was
too small to accurately measure the discharge of a single gate partially
open; so the 1:10 model of a single sluiceway was used. The rating
(table 2) was prepared from data obtained from the 1:10 model and sent to
the Construction Bngineer by letter dated April 29, 1939, with instructions

as follcows;

"The discharge relationship is shown for each one-half foot
between elevation 1615.E and 1670.C and for each one foot incre-
ment of gate opening. Discharges for intermediate heads and gate
openings may be obtained by interpolation. The water surface
elevation in this table is that indicated on the continuous record-
ing gage at the downstream end of the outlet for low heads end on
the reservoir gage on the downstream abutment for high heads.

In the studies of the 1 to 15 model of the three outlets and
the 1:10 model of the single outlet, a region of unstable flow
wag found which it will be well to avoid in the operation of the
outlets. This region is the increment of gate opening between
seven feet and full open. The behavior of the stream in this re-
glon is uncertain for purposes of measurement, Furthermore, the
outlets should not be operated at partial gate openings where dis-
charge values are omitted in the accompanying tables.

When a choice is feasible, it will be more satisfactory for
the purposes of flow measurements to operate at partial gate open-
ings. This condition is due to the much more positive control
formed by the gates than by the bell-mouth entrances., This also
avoids the unstable region where the chenge occurs between orifice
flow and open channel flow.'

The 1:8 model of the needle valve outlet included the needle valve
and a suitable length of approach conduit to insure proper velocity dis-
tribution at the valve and at the piezometers which measured the pressure
head 15-&/16 inches upstream from the upstream flange of the velve (fig-
ure 7), From the data obtained on the model, a family of curves was de-

16



TASLE II
BARTLETT DAM SLUICEWAY OUTLETS Sheet 1 of 3

RATING TABLE

ONE OUTLET GATE PARTLY OPEN

Reservoir Discharge in second-feet
elev. in Gate opening

feet 1l foot 2 feet 3 feet 4 feet 5 feet 6 feet 7 feet

1615.5 82 - - - - - -

1616.0 85 - - - - - -
6.5 88 151 - - » - -
7.0 92 157 - - = - =
7.5 95 163 225 - - - -
8.0 97 169 235 - - - -
8.5 100 175 245 307 - - -
9.0 102 180 255 320 - - =
9.5 105 185 264 332 398 - -

1620.0 108 190 272 345 415 - -
0.5 110 195 282 357 433 504 -
1.0 113 201 290 370 450 527 -
1.5 115 206 299 381 467 549 -
2.0 117 210, 307 392 483 571 -
2.5 120 216 315 404 499 593 736
3.0 122 220 323 415 515 614 762
3¢5 125 225 330 425 529 633 787
4.0 127 230 338 436 545 654 812
4.5 129 235 345 446 558 672 836

1625.0 132 240 351 456 572 692 860
5.5 134 245 359 466 585 710 881
6.0 136 250 365 476 598 728 903
6.5 138 254 372 , 485 610 745 923
7.0 140 258 378 495 623 762 943
7.5 143 262 384 504 635 778 963
8.0 145 267 391 513 €47 795 983
8.5 147 271 396 521 658 810 1,002
9.0 150 275 402 531 870 825 1,022
9.5 152 280 408 538 680 838 1,040

1630.0 154 284 414 547 690 865 1,061
0.5 156 288 419 556 703 867 1,080
1.0 158 292 425 564 714 880 1,100
1.5 160 296 431 573 724 893 1,119
2.0 162 300 436 580 736 905 1,138
2.5 164 304 441 588 745 918 1,157
3.0 166 308 447 595 756 930 1,175
3.5 167 312 452 603 766 943 1,193
4.0 169 316 458 610 776 956 1,212
4.5 171 320 464 617 785 967 1,229

1635.0 173 324 469 624 796 980 1,248
5.5 175 327 475 632 805 992 1,267
6.0 177 330 480 638 8l4 1,003 1,284
6.5 178 334 485 645 82% 1,015 1,302
7.0 180 337 490 653 832 1,027 1,319



PABTFrailE
BARTLETT DAM SLUICEWAY OUTLETS Sheet 2 of 3

RATING TABLE

ONE OUTLET GATE PARTLY OPEN

Reservoir.* Discharge in second-feet
elev. in Gate opening

feet 1l foot 2 feet 3 feet 4 feet 5 feet 6 feet .7 feet

1637.5 182 340 495 660 841 1,038 1,337 ..
8.0 184 344 500 667 850 1,050 1,354
8.5 185 348 505 674 858 1,062 1,370
9.0 187 351 510 681 866 1,074 1,386
9.5 190 354 515 688 875 1,085 1,402

1640.0 192 358 520 655 883 1,096 1,418
0,50 193 361 525 702 892 1,108 1,433
1.0 195 364 530 708 900 1,120 1,449
1.5 197 367 634 715 908 1,132 1,464
2.0 199 370 6539 723 915 1,143 1,479
2.5 200 373 543 729 922 1,154 1,493
3.0 202 377 648 736 931 1,165 1,508
3.5 204 380 553 742 939 1,176 1,523
4,0 205 383 557 749 947 1,187 1,536
4,5 207 385 562 755 955 1,199 1,550

1645.0 208 388 565 . 762 963 1,210 1,564
5ok 210 391 570 768 971 1,220 1,578
6.0 212 393 574 774 - 978 .1,231 1,590
6.5 213 396 578 780 987 1,242 1,604
7.0 215 398 583 787 995 - 1,252 1,618
7ol 216 401 587 793 1,003 1,262 1,632
8.0 218 403 592 798 1,011 1,272 1,645
8.5 220 406 596 803 1,018 1,282 1,658
9.0 221 408 600 808 1,026 1,292 1,670
9.5 223 411 604 -813 1,033 1,303 1,683

1650.0 224 413 608 819 1,040 1,313 1,696
0,5 225 415 613 824 1,049 1,323 70
1.0 227 418 617 829 1,056 ) BB 1,722
L5E 228 420 621 834 1,063 1,342 1,735
2.0 230 423 625 839 1,071 1,352 1,748
2.5 231 425 630 844 1,078 1,362 1,761
& o) 233 428 635 850 1,086 1,371 1,774
3.5 234 430 " 639 855 1,093 1,381 1,786
4,0 235 433 | 643 859 1,1¢1 1,391 1,799
4,5 236 435 - 646 863 1,108 1,400 1,812

1655.0 237 437 651 868 1,115 1,410 1,824
ol 239 440 655 873 1,123 1,420 1,836
6.0 240 442 659 878 1,130 1,429 1,849
orlo 242 445 663 883 1,137 1,438 1,861
7.0 243 447 667 888 1,144 1,448 1,874
7.5 244 450 671 892 1,151 1,458 1,887
8.0 245 452 675 897 1,158 1,466 1,898
Bilo, 247 454 678 902 1,165 1,476 1,911
9.0 249 456 683 907 1,172 1,485 1,923

1659.5 250 459 686 912 1,178 1,494 1,935



TABLE II
BARTLETT DAM SLUICEWAY OUTLETS Sheet 3 of 3

RATING TABLE

ONE OUTLET GATE PARTLY OPEN

Reservoir - < Discharge in second-feet -
elev. in Gate opening
feet 1l foot 2 feet 3 feet 4 feet 5 feet 6 feet- 7 feet
1660.0 251 462 690 917 1,186 1,504 1,947
0.5 253 464 693 922 1,192 1,513 1,960
1.0 254 466 697 926 1,200 1,522 1,971
1.5 265 468 701 930 1,207 1,532 1,983
2.0 266 471 705 935 1,213 1,50 1,995
2¢5 258 473 708 940 1,219 1,549 2,007
3.0 259 475 712 944 1,226 1,558 2,018
3.5 260 478 715 948 1,233 1,567 2,029
4.0 262 480 718 953 1,239 1,575 2,040
4.5 263 483 722 957 1,245 1,584 2,052
1665.0 264 485 725 962 1,252 1,592 2,063
5.5 265 487 728 967 1,258 1,600 2,075
6.0 266 490 731 972 1,263 1,608 2,085
6.5 268 492 735 976 1,270 1,617 2,097
7.0 269 494 738 980 1,276 1,625 2,108
7.5 270 497 743 985 1,282 1,632 2,118
8.0 272 499 745 990 1,287 1,639 2,130
8.5 273 501 749 994 1,293 1,647 2,141
9.0 275 504 752 998 1,298 1,656 2,152
9.5 276 506 756 1,003 1,304 - 1,662 2,163
1670.0 277 508 759 1,007 1,310/ 1,668 2,174

Discharge for more than one outlet may be obtained by multi-
plying values in this table by the number in’operation.
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veloped with three wvariables, pressure head vs., valve openings vs. dis-
charge quentity (figure 8). These results were transmitted to the field
by e letter dsted March 23, 1940, with the following instructions:
"By installing a recording pressure gage on’the plezometer

outlets from the needle valve conduits, a continuous record of

the pressure will be obtained. The valve opening can be recorded

each time the operatcr changes the setting. By integration,the

total flow can be computed over a given period.®

The determination of discharge through measurement of pressure head
a short di stance upstream from the valve may seem unorthodox to the opera-
tor accustomed to obtaining dlscharge thrcugh outlets from the water sur-
face elevation in the reservoir. However, discharge curves based upon the
water surface elevation would not be accurate because frictional losses in
the conduit of the prototype can not be duplicated in the model with any
degree of precision. Even if this were done, the results would be uncer-
tain because the friction of the prototype conduit will change with time,
due to rust accumulstions, and growths may appear gradually in the con-
duit. By meesuring the pressure head near the valve all uncertainties
cen be eliminated inasmuch as losses by friction through the valves are

negligible.

CHAPTER III - NEEDLE-VALVE TBSTS

6. Use of 1:8 Bartlett Dam model for initial Friant Dam needle-valve
tests. As ocen bte seen in the difference between the detes of the first

letter requesting means of measuring flow at Bartlett Dam, February 18,
1937, and the final transmittal of the rating curves for needle valves
March 23, 1940, considerable time elapsed. This was due to the problem
of the calibration of the model needle valve being subject to postpone-
ment in the face of more urgent work. However, when the problem of im-
proving the design of the Friant Dem needle valves was assigned to the hy-
draulic laboratory, the 1:8 Bartlett model was used for initial tests
since this model was similar to other prototype valves in which adverse

effects of cavitation were observed, These studies included a detailed
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FIGURE 8

PRESSURE HEAD AT GAGE - FEET OF WATER
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pressure-discharge study covering the entire range of head and valve open-
ings, In this way it was possible to complete the calibration requested
by the field, chapter II, and at the same time meke the initiel Friant

test.

Negative pressures in the model paralleled cavitation in similar pro-
totype structures. The model pressure gradients indicated a region of
negative pressures on the needle immediately below the seat at valve open-
ings up to 30 percent, and also on the curved portion of the nozzle down-
stream from its seat. Reports on prototype structures indicated that the
region of cgy}tat{ggﬂggﬂggqﬁ;qg'ypq_i;;gdiqpe;y“downst;eqm_from the seat
aq@i&fﬁi}ﬂlgg§ severe up to openings of 30 percent but negligible when the

velve was wide open., Cavitation also occurred on the curved portion of

prototype nozzles downstream from the seat,

To eliminate negative pressures, the needle and the nozzle of this
1:8 Bartlett model were revised according to recommendations from previous
tests on the 5<inch needle valve, described in the report, '"Hydraulic
Model Studies for the Design of Valves for Outlet Works," (Hyd.-98) by
N. G. Noonan, H. M, Martin, and D. J. Hebert, August 1941. The angle be-
tween the needle and the nozzle was made to converge three degrees, a

sharp-edged exit was used, and the seat was on the cone portion of the

needle.

Pressure-discharge measurements on this revised valve were compared °
with the originel Bartlett Dam model. The pressure gradients of the revised
valve showed no negative pressires, but the discherge weas only 85 percent of
that of the original Bartlett Dam model. These two tests were considered
as the initial tests for the design of the Friant Dam needle valves and were
designated as tests 1 and 2. Their results seemed to define two limitations,
for their pressure-discharge characteristics were opposite. The original
1:8 Bartlett valve, test 1, had a favorable di scharge but developed nega-
tive pressures, while the valve of test 2 had positive pressures but the
discharge was reduced. Tests on the Frisnt Dam needle valves could start

by using a valve similar to the one used in test 2. Changes could be made
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to the nozzle and the needle so that positive pressures obtained in test
2 would be maintained but the discharge increased. These changes might
be continued until a point was reached where a further increase of dis-
charge would cause negative pressures. Such a valve would ostensibly be

the ideal design.

Although this general method for conducting the preliminary studies
was clear, two factors had to be decided before the testing could proceed.
First, it was necessary to design a model of the Friant Dam needle valve
to include the desirable features of the needle valve used in test 2; and
secondly, it was necessary to determine a testing procedure and decide
upon a point at which the area and the head would be measured for deter-

mining the coeffiocient of discharge.

7. The model. Since the Bartlett Dam needle-valve model was used
in the initial tests for the Friant Dam needle valve, it was suggested
that this model be adapted for use in the tests which were to follcw (fig-
ures 9 and 10). Accordingly, a scale ratio of 1 to 12,3 was established
for the Friant model by comparing the equatorial diameter of the body of
the 1:8 Bartlett model to that of the tentative design of the Friant
valves., Upstream from the equator of the adapted 1 to 12.3 Frient model,
similarity between this model and the tentative design for the Friant Dam
needle velves did not exist. For example, the 9-7/8-inch entrance dia-
meter of the 1 to 12,3 model was equivalent to an entrance diameter of
121-1/2 inches in the prototype, while the actual entrance dismeter for
the Friant Deam needle valves will be 110 inches. This is not considered
a serious departure in the tests since the primary function of the tests
was to study the effect of different conditions of the needle and the
nozzle, and it was contemplated that the design with the most favorable
pressure-discharge conditions would be duplicated later in a modsl having
the proper approach conditions. This later model was constructed to a
scale ratio of 1 to 18.33, and duplication tests to check the effect of
dissimilar entrance conditions between the 1 to 12.3 scale model and éﬁe

l to 18,33 model concluded the needle-valve tests,
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NEEDLE IN CLOSED POSITION

NEEDLE IN OPEN POSITION

Figure 9



FIGURE 10

NOZZLE REMOVED SHOWING NEEDIE

VALVE DISCHARGING, 100 PERCENT OPEN,
SHOWING ATTACHMENT FOR MEASURING JET PROFILE

1:12,3 NEEDLE VALVE MODEL



In adapting the Sartlett Dam model needle valve to be used as a
model for the Friant Deam needle valves, B. A., Halliday, in a memoran-
dum to Senior Engineer W, C. Beatty, questioned the loss in the expand-
ing entrance section which was part of the Bartlett Daw needle-valve
model (figure 7). In a memorandum to Senior Engineer ¥. C., Beatty dated
March 14, 1940, J. E. Warnock states this loss to be negligible:

"In my opinion too much emphasis has teen placed on this
factor. To satisfy all interested persons, including our-

selves, the conduit with the expanding section is being re-

placed by & constent-diameter conduit, and key tests will be

repeated to give comparable date directly applicable to the

Friant problem. "

After the constant-diameter conduit was installed and the key tssts
were made, it was shown that the entrance losses in the expanding en-
trance section were negligible, These tests, reruns «f the originsl ang
the revised Bartlett model valve, were designated as tests 1-R and 2-F.
The 1 to 12,3 model used in the preliminary tests thus consisted of a con-
stant-diameter entrance c¢onduit to which was attached the body of thse
velve of the original Bartlett Dam model. A 5/b-inch sleeve was constructed
tc lengthen the body of the valve to study the effeot of increasing the
travel of the needle. An attechment wes also constructed to measure the

jete in the different tests (figure 10).

The 1 to 18.73 scale mcdel needle valve hed no special attachments

besides plezometer connections for the measurement of pressure gradients,

8. Testing procedure and measurement of coefficient e¢f discharge,

As the pressure gradients and discharge coefficients were the important
objectives, the testing was mainly to determine these factors for a com-
plete range of heads and velve openingse The pressure gradients were
measured by piezometers located slong the critical sections of the needle
end the nozzle., For each test, valve openings of 5, 20, 20, £0, 7&, and
100 parcent were studied, When the velve was 100 percent open, four runs
were made by setting heads ranging from 2 to 22 feet of water., For all

other valve openings only two runs were made, ot herds of approximately
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8 and 22 feet of water, The steps in making each run were to measure the
valve opening and to set a discharge that gave the desired head. This
discharge was then measured over a 90-degree V-notch weir while pressures

on the needle and the nozzle were recorded.

In addition to these data, jet profiles were measured with the valves
100 percent open and the condi tion of the jet was noted at all other open=-
ings,

The coefficient of discharge C 1is the ratio of the actual discharge
of a velve Q to e theoretical discharge A \/2gH in the formula
C= _A_\."‘FZEH- where A represents an area through which the water passes
and H the head. While the area A 1is not based upon any fixed point in
a valve, it mey be that of the vena contracta of the jet, or the outlet di-
ameter of the valve, or the diameter of the conduit to which the valve is
attached. Some differences in opinion existed as to which point was best
suited for these studies, but it was finally decided to base the area A

upon the diameter of the conduit to which the valve was attached,

Questions also arose as to the best point for measuring the head, H.
The best head to use would be the water surface elevation of the reservoir,
but it was not convenient to do this in the model studies, Also, losses
would not be the same in different conduits upstream from the valves, There-
fore, the head was first measured at the upstream flange of the valve and
defined as the pressure head plus the veloocity head. Pressure gradients
indicated a disturbance at this point, and, to avoid this disturbance, the
head was finally measured one diametsr upstream from the upstream flange
of the valve. This definition excluded the use of an expanding entrance,
such as was on the original model of the Bartlett Dem needle valvae (figure
7), but demanded the constant-diameter approach conduit which was placed
in the model to eliminate any possible losses due to the expanding entrance

section,

9. Description of tests., After the first two tests were made, the

expanding entrance section was replaced by the constant-diameter conduit

and reruns of these tests, 1-R and 2-R, were considered as the first tests
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of the Friant program (figure 11). As the test program was to involve
changes in the outlet section of the revised valve, test 2-R, these changes

were outlined and the following 15 tests made (figures 11, 12, and 13),

Test

1-R Rerun of test 1 on adapted Bartlett Dam needle valve to
eliminate the effect of expanding entrance section (fig-
ure 11 3).

2=R Rerun of test 2 on adapted Bartlett Dam needls valve to
eliminate the effect of expanding entrance seotion.

3 Similar to test 2-R, except body of valve lengthened 3/8
inch to study effect of increased travel of needle,

4 Similar to test 2-R, except outlet diameter increased
from 8.13 inches to 8.30 inches to study effect of in-
creasing outlet diameter,

5 Similer to test 4, except body of valve increased 3/8 inch.

6 Similar to test 4, except outlet diameter increased to
8,54 inches.,

7 Similar to test 6, except body of valve increased 3/8 inch.
8 Trial 1 = Mechanical section.

9 Trial 2 = Mechanical section.
10 Trial & = Mechanical section,
11 Trial 4 - Mechanical section (figure 12).
12 Trial 5 = Mechanical section,

13 Trial 6 - Mechaniocal section,

14 Similar to test 13, except body of valve increased 3/8 inch
to study effect of travel of needle.

12 Duplication test on the 1:18,23 scale model to eliminate
the effect of the difference in entrance conditions be-
tween the 1 to 12.3 scele model and the tentative Friant
Dam needle-valve design (figure 13).

Test 1l«=R was similar to the original 1:8 Bartlett Dam needle valve,
while tests 2-R through 7 studied variations in the revised valve of test
2, as noted above. Tests 8, 9, and 10, submitted by the mechanical sec-
tion, studied changes in the contour of the nozzle of a needle valve similar
to test 2-R, Tests 11 and 12 simulated the design for the Friant Dam needle

valves. In this design, outlet diamsters of 102 and 105 inches were pro-
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posed; thus test 11 had an outlet diameter eguivalent to 102 inches and
test 12 had an outlet diameter eguivslent to 105 inches. As the nozzle
of test 12 was formed with a compound curve, test 13 was similar to test

12 except the nozzle was made with a simple curve.

10, Selection of a valve for Friant Dam, The tests outlined in sec-

tion 9 served two purposes: (1) to select a velve to be used for the de=
sign of the needle valves at Friant Dam, which was urgent; and (2) later,
when time permitted, to study a few characteristics of needle valves from

a general analysis of the test data,

To select a valve to be used for the design of the nesdle valves at
Frient Dem, the results of teats 1 through 14, shown in figures 5 and 6,

were compiled as follows:

Discharge
Test Pressures coefficient Remarks
1=-R Negative 0.51 Not satisfactory because of
negative pressures.
2-R Positive 0,425 Not satisfactory because of
low discharge.
d Positive 0,440 Not satisfactory because of
low dischsrge.
4 Positivse 0,438 Not satisfactory because of
low discharge.
5 Positive 0,460 Not satisfactory because of
low discharge.
Positive 0,462 Valve did not seat.
Positive 0,482 Valve did not seat,
Negative 00474 Not satisfactory because of
negative pressures.
3 Slight 0,470 Surface irregularities in
negative prototype might cause cavi-
tation.
10 Positive 0,456 Not satisfactory because of
low discharge.
11 Positi ve d. 458 Not satisfactory because of
low discharge.
12 Positive 0,480 Valve selected for further

tests.
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Discharge

Test Pressures coefficient Remarks
13 Positive 0,480 Per formance as good as test
12.
14 Positive 0,500 Increased length of valve not

economical,

The contour of the valve of test 12 was selected as that for the final
design of the Friant Dam needle valve, and the 1 to 18,33 model of the
final design of the Friant needle valve was construc;ed to produce the
proper approach conditions. Pressures on thie vaslve were, for all practi-

cal purposes, the same as those of the valve of test 12, and the coeffi-
LA

/ =¥ K')
clent of discharge was 0.584. - b g MET e o2 c*/fJ([‘ -9 ¢
P A o g /. ¥ i ‘i. P

Although the coefficient of the 1 to 18.33 model is larger then the
coefficient of the 1 to 12.3 model, it was shown that the relative quan-
tity of water through both valves was the same, Figure 13 shows both
valves in prototype dimensions. The principal difference is the 121-1/2-
inch intake diameter for the valve of test 12 and the 110-inch intake dia-
meter for the valve of test 15. If the energy head at both of these valves
were the same, it can be shown thet the discharge Q= CA |/2gh -will be
the sawes for all praotical purposes, since the product Cx A is the same
for both valves, This must be true since the control is at the exit end

of the valve and losses through the valve are negligible.

11, Measurement of jet profiles. Throughout the tests the shape and
the condition of the jets were observed and the jets of tests 2-R through

14 were profiled up to their vena contracta with the valves 100 percent

open (table 3). Observations of jets were made in the previous tests of
the 5-inch valve and included as photographs in the report, "Hydraulie

Model Studies for the Design of Valves for Outlet Works." In those tests
and in tests 1-R to 15, inclusive, it was observed that the jets were more
solid and had a better general appearance in valves having a sharp-edged
nozzle exit than in valves having a curved nozzle exit., However, this
difference should not be important in a prototype outlet although the sharp-
edged exit might be preferable because it should cause less spray.

The jets of tests 2-R to 14, inclusive, were prdfiled by the coordi-
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nometer shown in figure 10, The procedure was to place the depth gage at
a given position on the bar whioch was parallel to the axis of the valve
and to move the point of the depth gage into the jet until it touched a
solid wall of water., A white stresk then appeared downstream from the
depth-gage point., Near the valve exit the water surfece was clear so that
precicee measurememts oould be obtained, but several inches downstream a
spray began to form which concealed the actual boundary of the jet, meking
the above procadure necessary. At about six inches downstream from the
nozzle exit the position of the jet boundary began to fluctuste, so no
further measurements could be made., Apparently the vena contracte of the
Jjets was about six inches from the nozzle exit. Howsver, it was impossible
to find the actual location, Since the vena contract was in a region dif-
ficult to measure, table & which gives the jet diameter st various dis-
tances from the valve exit should not be applied where & precise determi-

nation of the vena contrscte is required.

12, Pressure-discharge study. In addition to evolving e valve de-

sign for frient Dam, these tests were sufficient to study some pressure-
discharge characteristics of needle valves having a sharp-edged noz:le
exit, The object of this discussion is to state a criterion for meintein-
ing positive pressures at all points in the valve at any valve opening and
then to show how a maximum discharge coefficient may be obtained within
this pressure criterion., For oclarity, severeasl terms are defined, as fol-
lows:

(a) Control.=eThe minimum area of passage through the velve, where

velocities are a maximum and pressures a minimum, is the control. To
meintein ‘positive pressures through the velve, the control should alwsys

be at the exit of the outlet section of the velve,

(b) Outlet Egcﬁigp of the zglyp.--Before the water discherges from
the valve irto the atmosphere, it flows between two conical surfaces be-
cause a short section of the nozzle immedietely upstream from its exit
forms the frustrum of & cone, and opposite, a section of the needle down-

stream from its seat also forms the frustrum of & ocone (figure 14). These
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TABLE 3
FRIANT DAM NEEDLE=-VALVE TESTS
MEASUREMENT OF JET PROFILES - VALVES 100 PERCENT OPEN
TESTS 2-R TO 14

~

— s — B

(] S P

Model date - A1l dimensions in inches

- — ey, —

Test
- I-F_o‘.___g:g_u_Ié“ ___g“____s_____g____l__s___ 9 10 11 12 13 14
d4¥ Jet diemeter at X
0 40130 8513 8,30 8,30 8,54 8.54 8030 8630 8,30 8630 8,523 8,533 8,533
0.25 7,89 7.89 8,03 8,03 8.21 8.22 8,03 8,03 8,03 8,10 8,27 B.27 8,27
0,80 7.66 7.68 7.1 7,81 7,98 8,01 7,84 7.82 7.682 7,90 8,08 8.08 8.08
0,76 7.48 7.51 7.63 T.64 7.8l 7.85 7¢67 TeFx T.85 T,72 7,290 7,90 7,92
1,00 7.32 7.38 7.48 T7.49 7.66 7,72 7e54 T.€1 7.81 7.57 7.75 7.75 7.79
125 7620 7425 7.35 7.37 To54 T.59 742 7.40 7.37 7,44 7,61 7.61 7.67
1.60 7.10 7.15 7,24 7,27 7.43 7.49 7.%2 7.30 7.27 7.32 7.50 7.80 7.57
1.75 7.02 7.06 7.15 7.18 7,33 7.39 7.24 7,22 7.18 7.24 7.41 7.41 7.47
2,00 6,95 6,28 7.07 7.11 7.24 7.31 7.17 7.14 7,11 7.16 7.23 7.22 7.38
.60 6.84 6,87 6,96 6,99 7.10 7.19 7.07 7,04 7,00 7.04 7.20 7.18 7.25
3.C0 6,76 6078 6,87 6691 7,00 7.10 6,99 6,96 6,93 6,95 7.10 7.07 7.18
3,60 6,71 6,73 6.8 6.85 6,92 7.04 6.93 6,91 6,87 6.88 7.02 7.01 7.13
4,00 6067 6,68 6677 60680 6,86 7.Cl 6,90 6,687 6,83 6,84 6,97 6,98 7.09
4,50 6,64 6.65 6,73 6.76 6,82 6,98 6,88 6.84 6.80 6,82 6.93 6,96 7,07
5,00 6662 6,62 6,71 6,723 6680 6697 6.87 6,81 6,79 6,81 6,91 6,95 7.06
5050 6,60 6061 6,69 6671 6078 6,96 6,86 6,80 6,78 6,80 6,90 6,94 7.05
6600 6660 6461 6068 68,70 6,77 6,96 6,86 6480 6,78 6,80 6,20 6,94 7.04
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oones, forming the outlet section, are described by their angle with the

axis of the valve,

(¢) Angle of the needle, or a.

(d) Angle of the nozzls, or E-

(e) Converging outlet section.--"here a is less than [, the outlat

saction is converging,.

(f) Parallel outlet section.--"here a 1is equal to [, the outlet sec-

tion appears to be parallel. Actuslly, the area of passage is converginy
tecause the direction of flow is towards the apax of the cones forming the

outlst section.

(g) Diverging outlst section.--Yhere a is greater than | the outlet

section appears to diverge, and a - p 1is called the degres of divergence,
Actually, divergence of passage indicated by a « § may not exist, Since
the direction of flow between the cones forming the outlat section is to-
ward their apex, it is possible that the passage area be corverging although
a - § appears to be diverging. Divergence or convergence of passage will

depend upon the velve cpening.

13, Pressure studies.=~To maintain positive pressures in the velve,

the outlet section must be designed to keep the control at the ex t., It

was with this object in view that recommendations for velve design were

m.de after studies on the S5«inch valve at Boulder Dum were completed, Thase
were, briefly, to have a converging outlet section, a sharp-edged nozzle
exit, and the seat of the needle on the cone portion. With a converging
outlet section, pressures were positive at all velve opanings (tests 2-R to
7 and 11 to 14, inclusive). With a parallel outlet section, pressures were
also positive (test 10), Vith a dverzing outlst section they were nega-
tive at openings less than 50 parcent {(test 8)., W"ith a divergence of 4 de-

Zrees, pressures were negative at omenings less than 10 percent (test 9).

It was apperent that the control wouli be at the exit of a converging
outlet section and at the exit of a parallel section, However, with a di-

verying section ths control was at the exit at wide valve openings but
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upstreem from the exit at small velve openings, with resulting negative
pressures. If a velve were not to be operated at small openings, a diverg-
ing outlet section could be used. To approxinste the critical opening
where pressureschange from positive tov negative with further closure of
the velve, it is only necessary to compare the area at the exit with an
area a short distance upstream, The factors involved will be a, f, the
needle travel, and the outlet diameter. With 8 degrees divergence,

test 8, this critical opening was celculeted tuv te 42 parcent, which agrees
with the test data, With 4 degrees divergence, test G, the critical open-
ing was approximately 10 percent, However, at such a smsll opening the
outlet passage was so short that the difference of areas was slight., Ac-

cordingly, negative pressures were not severe,

In addition to the outlet section, as described, the curvature of the
needle upstream from the seat also caused a reduction in pressure and may
cause adverse effects if no factor of safety is used in selecting the differ-
encey between angles a and f. No tests were made to study the effects
cf this curvature. As long as the seat of the needle is on the cone por=-
tiorn end the cuwvature is similar to the velves tested, it should not be

the cause of trouble,

In connection with pressure studies it is well to note the relation
of pressure to head. Figure 12B shows this relation to be linear, Tests
of the 5-inch vslve at Boulder Dam under heads of 500 feet show a linear
raletion of pressure to ;ead if all pressures in the valve are positive.
However, if negative pressures are present it is difficult to determine

the exact pressure-head relationship.

14, Discherge studies. A pressure criterion which selects a given

divergence or convergence of the outlet section does not specify the actual
values of a and p, but only their difference. Therefore, it followe that
the values of a and [ may be selected so as to give a maximum coefficient

of discherge.

In compering the discherge coefficients based on the intake diameter

of 9.875 inches (121-1/2 inches prototype), it shculd be pointed out tret



the different valves did not have the saxe outlet diameter nor the same
needle trevel, As these features determined the size of the valve, any
fair comparison should be based on velves having the same outlet diemster
and neadle travel. As the control of the velves was at their exit, it
follows thet the coefficient of discharge, based on the intake dismeter,
veried directly with the square of the exit diameter. To find a rule

which governs changes of the coefficient with changes of needle travel,

the curves of figure 16 were plotted, The increased travel of tests 3,

5, 7, end 14 was obtained by lengthening the velves ot tests 2-R, 4, 6,

end 13, Thus, the respective teats fell on the same curves when plotted

on the needle travel-discherge coefficient coordinates of figure 15.
Plotted on logarithmic coordinates, the coefficient of discharge was approx-
imately proportional to the square root of the needle travel at valve open-
ings greater than 2.5 inches (60 percent). The discherge coefficients were
corrected to a valve having en outlet diemeter of 8.200 inches and a needls

travel of 3,187 inches.,

Pifferent values of a, P, a - B, and ths coefficient of discharge
are shown in figure 16 and in the table below, As explained above, the
dischergn coefficients were based on an intske diameter of 9,875 inches
and corrected to ths selected needle travel and outlet di ameter., Tests
2-R to 7, inclusive, were ;eprasented by test 4,for their discherge coef-
ficient was the same when corrected to the selected outlet diameter and

needle travel. For the same reason, tests 11 through 14 were represented

bty test 1ll.

Divergence Corrected
Test a, ¥ a -3, di scharge
No. degrees degrees degrees coefficient
4 37 40 =3 0,424
8 45 37 8 0,474
a 45 41 4 0.462
10 45 45 0 0.450
11 39 40 -1 0.439

The valves of tests 8, 9, and 10 of constant a (45 degrees) formed
a streight line (curve A, figure 16). Assuming that a similar relation-

ship would exist for other angles, curves B and C were drswn. The rel-
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lation between a and the coefficient of discharge for zero divergence

was then drewn (curve D).

The points forming curve D were located by assuming curves B and C
as straight lines with the same slope as curve A, inasmuch as the latter
was a gtraight line., Curve C' shows that if curves B and C did not have
the same slope, curve D would still retain the same general shape. To
set a lower limit for curve D it can be shown thet as @ and { approach
zero, the discharge coefficient also approaches zero, To detemnine an
upper limit, as a and § approach 90 degrees, the nozzle would become a
sharp-edged orifice which hes a discharge coefficient of 0,60 when un-
obstructed, 3By assuming that the obstruction caused by the needle would
be slight, this value, 0.60, may be used to approximate the coefficient
of 2 velve laving a - f = 90 degrees., As the value 0,60 is based upon
the exit area while the desired coefficient must be based upon the inlet
area, in aoccordance with the definition of the discharge coefficient given
in section 7, the correction 0,60 {83 = 0,425 was applied where
8.300 is the exit diameter and 9. 875(isezgg inlet diameter, The coeffi-
oient, 0,425, is shown on curve D for a = 90 degrees. Curve D is only

an indicated curve, and its actual shape must be found through additional

tests,

Curve D is important for it indicates that there is a value of a
and p which will give a maximum coefficient of discharge for a valve of
zero divergence. Similar curves can be found for any divergence or con-
vergence desired. This curve shows that the valve selected for the
Friant design does not have an optimum coefficient of discharge, for the
coefficient could be increased by changing the angles of the needle and
the nozzle from 39 and 40 degrees to about 45 degrees without changing the
size of the valve, The determination of optimum values of a and f sug-
gests future needle-valve tests, as the original object of these tests
was to develop a valve having positive pressures and at the same time the

hi ghest possible coefficient of dischsrge.
A different approach might lead to the same conclusions as obtained
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from ourve D by determining the area of passage at the nozzle exit and
the area of the jat at its vena contracta as the values of a and
changes As a and f increase, the area of passage at the exit increases,
but the area of the jet at the vena contracta decreases., There must be
some value of a and f at which these opposing factors are balanced,
However, additional tests would be necessary to study the discharze ochar-
acteristics of the valve from this approach.

CHAPTER IV - TUBE VALVE TESTS

15, Tube valve models. Both the preliminary and the final tube

velve models had a scale ratio of 1:18.33 which was established by using
a 6-inch approach conduit in the models as compared with the 110-inch
prototype conduits (figure 17A),

To have reasonable similitude between the model and the prototype,
it #es expedient to measure the energy head one diameter upstream from
the valve to eliminatas the difference between the model and the prototype
losses in the approach conduit and to avoid pressure disturbances caused
by the valve, This was established by needle-valve tests. It was also
necessary to have a proper velocity distribution of flow approaching the
valve, this being obtained by using a straight brass pipe 14 feet long for

the approach conduit,

The model differed from the prototype in that the prototype conduit
was 8loping while that of the model was tested in a horizontal position,
By measuring the energy head near the valve, however, the data obtained
in these tests is applicable to any valve regardless of the alinement or

length of its approach conduit.

The testing procedure was to record the pressures and discharge for
heads ranging from 4 to 30 feet (70 to 550 feet, prototype), and for valve
openings ranging from 15 to 100 percent. The pressures through the valve
were obtained from piezometers located as shown in figure 17A, and the

discharge was measured over a V-notched weir,

16. The preliminary test. Hydraulic model studies on needle and

42



tube valves for the outlets at Friant Dam and on tube valves for outlets

at Shasta Dam were commenced at about the same time. Model studies on

the tube valves at Shasta Dam are described in the report " Hydraulic

tudies for the Design of the Tube Valves in the Outlets in Shasta Dam"

by D. J. Hebert, Associate Engineer. The tube valves at Shasta and Friant
dams could not be designed from the same model studies because the Shasta
valves are to be placed in the conduit near the entrance, while the Friant
valves are to be placed at the exit end of the conduit. Nevertheless, the
preliminary test of the Friant tube valve was made with a Shasta model by
removing all of the conduit downstream from the valve so that it would dis-
charge freely into the atmosphere., The test was described as test 7 in the
report "Hydraulic Model Studies for the Design of the Tube Valves in the
Outlets in Shasta Dan."

This Shasta valve had a curved nozzls exit, slightly diverging, which
caused negative pressures on the nozzle near the exit, To avoid this ocon=-
dition for the Friant tests, & sharp-edged exit was used which successfully
eliminatad the negative pressures on the nozzle, but it reduced the exit

area 30 percent and lowsred the coefficient of discharge (figure 17).

Although the sharp-edged exit eliminated negative pressures on the
nozzle, negative pressures developed on the lip of the tube at openings
less than 50 percent (piezometer A ), This lip was shaped so as to cause
8 divergence in the passage between the 1lip of the tube and the tody of the
valve, and this condition was assumed to be the cause of the negative pres-

sSures.

Another function of the preliminary test was to observe the form of
the jet at various valve openings. At wide openings, a solid jet was
formed, but as the valve closed the diameter of the jet became smaller
until, at approximately 15 percent open or less, the jet disintegrated and
formed considerable spray. Such spray would be undesirable at most pro-
totype structures; so the use of a tube valve should be limited to larger
valve openings. The form of the jet appeared to bear a direct relation to

the pressurss inside the tube, for when a s0lid jet was being ejected the
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tube was full of water under pressure, As the valve slosed, the pressure
inside the tube was reduced, and when the valve was 15 percent open the
pressure beceme slightly negative so that the tube filled with air in-
stead of water, the air apparently causing the jet to disintegrate.

17, The final design. The Frient tube valves were designed similar

to the adjacent needle valves in the river and the Friant-Kern canal out-
lets, since they were connected to the seme size conduits and operated under
the same heads, To meintein positive pressures in the tube valve, a sharp-
edged nozzle exit was used, but no divergence was permitted in the passage
between the lip of the tube and the nozzle such as occurred in the prelimi-
nary test. As a result, positive pressures were recorded in the valve

through the entire range of heads end valve openings,.

The cheracteristics of the jat were similar to those of the preliminary
tube valves since the jet caused spray at small valve openings, in this case
openings of less than 30 percent as compared to 15 percent in the preliminary
test. The spray condition was easier to observe on the final design because
the jet formed a more regular pattern with less dieintegration. At small
valve openings the tube was filled with air and the pressure inside was slightly
negative, as observed during the preliminary test; but it was further observed
that the jet formed a hollow cone with its tase at the nozzle. At the apex
of thf; cone, approximately one diameter downstream, the impact of the water

was unbalanced, causing the jet to flutter and disintegrate into spray.

Although the operation of the tube valve under these conditions was
not desirable at openings of less than 30 percent, it was anticipated that
such operation may be necessary in an emergenocy, in which case the negative
pressures inside the tube should be eliminated., It was proposed that they
be relieved by aeration, but this was found to be unnecessary, since air
broke through the walls of the cone-shaped part of the jet, relieving the

negative pressures and making the tube self-aerating (piezometer inside the

tube),

-A test was conduoted to determine the tendency for the tube to vi=-
brate. To do this, a loosely fitting tube was installed and the valve was
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operated at several heads and openings. Since no vibrations were apparent,
a mmi@ht was then added to the inside of the tube to throw it off balance,
but no vibrations occurred. It was concluded that the. model tube valve

wag free from vibration, but it is impossible from this test to state that

no vibration will occur in the prototype tube valve.

The coefficient of discherge of the tube valve of the final design
was 0,51, which does not compare too favorably with the coefficient of the
needle valves which was 0.59 (figure 178). In future designs of tube valves
the coefficient could be improved by increasing the exit diameter a small
amount and by shortening the lip of the tube, such revisions being checked
by model tests., The limit of the latter revision would be to cut off the
lip at its point of seat. This would have the same effect upon increasing
the travel of the tube and is substantiated from tests which showed that
the coefficlent of discherge could be increased by increasing the travel of
the needle. A possible disadvantage of increasing the coefficient of dis-
charge of the tube valve would be a reduction in the range of regulation.
This was indicated from comparing the preliminary and the final valves, the

former having a l>ower coefficient but a greater range of regulation,

F. C. Lowe
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