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PREFACE

The redesign of the outlets at Shoshone Dam, to prevent severe
damage by cavitation, was evolved from aerodynamic and hydraulic studies
conducted in the hydraulic laboratory of the Bureau of Reclamation,
Denver, Colorado, from October 1942 to April 1943.

The plans for the 1= to 8-2/3-30&10 hydraulic model of the balanced
valve and for the alterations to the field struocture were prepared in
the mechanical section of the Bureasu by B. H. Statts, Engineer, under
the direction of P. A. Kinzie and W. C. Beatty, Senior Engineers. The
laboratory investigation was conducted and this report prepared under
the direction of J. E. ¥Warnock, Senior Engineer in charge of the hydrau-
lic laboratory. Credit is due D. J. Hebert, Associate Engineer, and
Fred Locher, Assistant Engineer, who contributed to the study.

All laboratories of the Bureau of Reclamation in Denver, Colorado,
are in the Materials, Testing and Control Division, under R. F. Blanks,
Senior Engineer. All design work is under J. L. Savare, Chief Design-
ing Engineer, and all work of the Bureau is directed by S. O. Harper,
Chief Engineer. The activities of the Bureau are directed by H. W.
Bashore, Cormissioner.
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Denver, Colorado, October 12, 1943.

MEMORANDUM TO CHIEF DESIGNING ENGINEER
(Jo W. Ball through J. E. Warnock)

Subjects Model studies for the redesign of the 58-inch balanced valves -
Shoshone outlet works, Shoshone Dam, Shoshone projecte.

INTRODUCTION

l. Bureau of Reclamation structures using the balanced outlet
valve. Several high-pressure outlet structures, designed by the Bureau
of Reclamation in the early part of the twentieth century, employed the
Ensign balanced valve for flow regulation. The outlets at the Roosevelt,
Pathfinder, Arrowrock, Elephant Butte, and Shoshone Dams were typical
installations (figure 1). The structures were similarly arranged, and,
in all except the Shoshone and the Elephant Butte installations, the
valves were placed on the upstream faces of the dams where they were
subjected to full reservoir head. At Elephant Butte Dam the valves were
placed in wells near the upstream face of the dam with the water reach-
ing them through passages from the reservoir, while at Shoshone Dam they
were placed in a tunnel bypassing the left end of the dame Except for
the 60-inch valves at Elephant Butte Dam, all were of the 58-inch size.
Flow from the valves discharged into conduits downstream. Though the
lengths of these conduits varied in the different structures and numer-
ous details were dissimilar, the installations were sufficiently alike
to possess similar operating characteristics, even to mechanical and
physical difficulties. The mechanical problems were usually of a nature
easily overcome by small changes in design, while those of a physical
nature, mainly damage to the valve needles and discharge conduits by a
destructive pitting action, were more troublesome. Although similar,
the damage at the different structures varied in severity.

2. Operating difficulties at the balanced-valve instellations. A
report on Bureau of Reclamation installations, "High-Pressure Reservoir
OQutlets,™ by J. M. Gaylord and J. L. Savage, published in 1923, describes
the outlet structures at the dams referred to in paragraph 1 in detail
and recounts the difficulties experienced at each. The report directs
attention to the seriousness of the damages resulting from operation of
the outlets and discusses measures taken to repair or eliminate them.

The major difficulties encountered in all these structures, namely,
the pitting by cavitation of the valve needles and discharge conduits,
are discussed in detail in the report, which, on page 8, summarizes them
as follows:
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"eee Most of the diffioculties with the outlets built by the
Bureau of Reclamation can be attributed to the effect of vacuum
in the conduits below the regulating devices. Generally the
damge to the conduits has been more serious than to the valves,
although under extreme conditions the valves have also been seri-
ously damaged.

"In valves and conduits ocarrying water at high velocities
an irregular pitting or cavitation of the lining is often ob-
served. This appears first as a slight blemish on the surface,
but if allowed to continue, the material becomes honeycombed to
a considerable depth and is ultimately destroyed. The surface
is not worn away by attrition or sandblast action, but is
roughened as though attacked by chemical action."

The Gaylord-Savage report contains only limited discussion of the

Shoshone installation since it was one of the lest using the balanced-

type
high

valve and had not been required to release large quantities under
heads for prolonged periods; thus the destructive action had not

developed to the critical stage. However, the nature and extent of the
damage to this structure during subsequent seasonal operation are clearly
depicted by the following excerpts conserning the other installations,
taken from the report.

On page 59, extraucts from a report dated October 19, 1913, from I.

C. Harris to O. He Ensign concerning the inspection of the 58-inch
balanced-valve installation at the Roosevelt Dam, are, in part:

July

"fe found the tire steel seats of the valves in bad shape,
and the first seotion of the discharge pipe, which is bolted to
the grillage frame, is also deteriorating very faste ... The
seats and pipes are going the same way rapidly. The seats are
in bad shape. In some places they are ocut 80 that the retaining
ring for the packing is half gonee ... It does not aot like
ordinary wear, for the metal is 'honeycombed® in peculiar shapes.”

On page 60, quotations from the project superintendent's repert of
29, 1915, concerning the inspection of the Roosevelt outlets states

"c.es The first length of pipe next the valve is very seri-
ously pitted, and I do not think they will stand up another year
without relining. ..... Two years ago these pipes showed the
samo pitting. At that time the abraged part was filled with
Smooth-on, leaving a satisfactory surface on the inside of the
pipes The inspection showed that this pipe was in very good
condition the first of this season, but they have been discharg-
ing under such a high head that this filling seems to have worn
away, and the metal itself is beginning to disappear. Where the
pipes discharge into the tunnel, the No. 3 valve (the farthest
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from the vent in the north side) has commenced cutting into
the concrete lining of the tunnel very seriously."

- On pages 89 and 90, the damege by operation of the 58-inch balanced
valves at the Pathfinder Dam in 1913 and 1914 is depicted as followss

"eee At the end of the season several yards of con=-
crete were gone from the conorete conduits of Nos. 1, 4, 5,
and 6. .... The damage to the concrete conduits indicated a
shattering of the mass rather than an abrasion, as the con-
crete surfaces were jagged and rough. ... At the close of
the season of 1913 it was not considered necessary to make
any extensive repairs, the only work done being to plug up
the holes in the concrete conduit with a rich concrete and
fill the pitted places in the casteiron linings with Smooth-
on. ... Af'ter a few days operation of the balanced valves
(1914) the patches in the concrete conduits begun to go out,
and by the end of the season there were large holes in the
conduits, the damage being much greater than in the previous
season, probably due to the increased use of the outlet. The
damage to the cast-iron conduit linings had also increased.
There were holes entirely through the l-l/é-inch shell in
meny places, and the surface presented a spongy appearance.
This damage was believed to be caused by the formation of a
vacuum around the jet issuing from the valves."

The damage caused by the operation cf the 58-inch balanced valves at
Arrowrock Dam i8 described on page 112 in the following manners

"ees Annual inspections of the outlets have been made
since the valves were first installed. The wear on the con-
duits was very slow at first, and the condition of the valves
and conduits in the fall of 1920 was reported to be practi-
cally as good as when first installed. In the fall of 1921,
however, the throat liners and the concrete conduits below the
semisteel linings were found to be considerably worne .... The
pitting of the throat pieces had the peculiar, rough, honey-
comb appearance noted in many of the other outlets of the
service and was most severe immediately below the V-guides of
the balanced valves."

While the foregoing extracts do not concern the outlets at Shoshone
Dam, they vividly portray the operational difficulties encountered at this
project since the report was made.

Although the theory of cavitation at the time the Gaylord-Savage re-
port was written differs materially from that accepted by present-day
hydraulicians, the condition described in the foregoing excerpts is still
attributed to the same phenomenon. ‘As was the case then, the most prac-



tical remedy to be applied to the discharge conduits is considered to be
tne introduction of air immediately below the regulating devices. The
admission of air to the discharge conduit was employed in many instances
during the first few years of operation, but, in view of air requirement
tests made in recent years on both model and prototype structures, it is
doubtful if the air supply in most cases was adequate. The location of
the air inlets to the conduits is often more important than the size.
Thus improper location might have been one of the main factors contri-
buting toward failure of some of the early vent systems.

Streamlining the needle tips is considered the only practicable
means of elimirating damage to this part of the valve. However, this
damage could be reduced to a minimum by limiting the valve operation to
noncritical openings.

3. Desoription and histery of the Shoshone outlet works. In May
1915 two 58einch Ensipgn balanced valves were installed in the lower out-
let tunnel in the south canyon wall downstream from the Shoshone Dam,
located in the Shoshone River about eight miles west of Cody, Wyoming
(figure 2). Although this type of valve had necessitated considerable
maintenance work in the installations at the Roosevelt and Pathfinder
Dams, it was adopted because of the lack of a better design. The valves
were furnished by Joshua Hendy Iron Works under an extension of specifi-
cations No. 266, contract No. 548, dated June 5, 1914, which was nego-
tiated originally for 20 valves for Arrowrook Dam.

The valves were in operation but a few seasons when it became evi-
dent that seasonal maintenance similar to that required at the older ine
stallations would be required to keep the outlets in condition for re-
leasing irrigation water. Pitting of the downstream faces of the valve
needles and severe damage to the discharge conduit walls immediately be-
low the valves ocourred during extended periods of operation.

Attempts were made to prevent further damage by patching the pitted
areas. A material known as Smooth-on proved unsatisfactory; so the
cavities in the needles were filled by arc-=welding various metals into
them. With few exceptions the patches eroded more rapidly than the parent
materials and were, at best, only temporary. The bond between the new and
the parent materials was none too reliable and there was always the danger
that the patches would be torn out, allowing the areas to become pitted to
a greater depth, possibly rendering the release system useless until ex-
tensive repairs could be made.

It was realized that the pitting was an action accompanying subatmos-
pheric pressures, but the cause was not completely understood. At first
the pitting was believed to be a direct result of the making and breaking
of the vacuum in the immediate vicinity and then considered the result of
cavitation.






An attempt was made in the winter of 1930-31 to relieve the condi-
tion at Shoshone Dam by admitting air through a system of vents to the
conduits below the valves. The conduits were repaired by patching, then
lengthened and provided with twenty-four 2-inch pipes and an 8-inch duct
below each valve (figure 3). Each was constricted two inches in diameter
at the downstream end. A marked inorease in the intensity of the noise
accompanying the discharging water resulted, and the experiment was con-
sidered unsuccessful. The 8-inch vents were closed with wooden plugs
when investigations disclosed them to be the main source of the increased
noise. Because of the apparent failure of the vent system, resort was
made to the original method of maintenance and the valves used as little
as possible, being closed whenever sufficient water to meet downstream
requirements passed through a notch in the spillway crest. It was real-
ized that the pitting was serious and that repairs by the usual method
were inadequate; however, a more practical method of repair was not ap-
parent at the time.

The development of lands downstream and recent requests to control
floods to prevent damage to crops along the river necessitated the re-
lease of more water through the outlet valves. Damage to the outlet
struoture was increased severely by these requirements and the problem
of maintenance became critical, so much so that an inspection of the out-
let structure was requested by the field at the end of the 1942 season,
after the valves had operated at near full capacity over an extended
period to regulate flood flow. In response to this request an inspection
was made by Engineer J. E. Warnock of the Denver office hydraulic labora-
tory on October 10 and 11, 1942, Incurred damages were reported in a
memorandum to the Chief Engineer by Mr. Warnock, dated October 30, 1942,
as followss

"The concrete for several feet dovnstream from the metal
lining in each conduit has been severely eroded and the majority
of the twentyefour 2=inch pipes embedded in the conduit during
the revision in 1931 have been torn out and washed away in the
eroded areas. The leakage around the west valve in the closed
position is abnormal, indicating the seat packing is missing and
a leakage through the needle face on the west valve has increased
in size since it was noticed in December 1941.

"In the east valve conduit, seven of the twenty-four 2-inch
pipes are still intact, the remainder being torm out as shown in
figures 4 and 5. The oonorete is stripped out from 6 to 10 feet
downstream from the metal liner on the left side (figure 4) 10
feet on the bottom, and 3 to 6 feet on the right side. In the
bottom, the maximum depth of erosion was 11 inches below the
original invert. The 8-inoh pipe in the crown, which was plugged
since the trials on its effeectiveness in 1931, is still intact
but the oconcrete is torn from around ite The semisteel conduit
liner below the valve is severely pitted due to cavitation as
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A.

C.

Outlets of 58-inch balanced velves in South
Canyon Wall.

Two-inch air pipes laild bare by destruction of
concrete downstreem from east 58~inch balanced
valve.

B.

D.

——

Remains of 2-inch eir pipes in vent of 52-inch
conduit looking downstreem from east valve,

Severe pitting due to cavitation on conduit
liner immediately below east 58-inch belanced
valve.
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A.

Pitting on metal liner near seat on east 58-
inch balanced valve.

Remains of 2-inch air pipes and 8-inch vent and
deep hole cut in right side of 52-inch conduit
downstream from west 58-inch balanced valve,

B.

D.

Remains of 2-inch air pipes in east conduit.
Extensive welding on needle face is apparent.
End of metal liner cut off in 1921 when pres-
ent installation was made.

Face of needle in west 58-inch valve, showing
extensive welding and exposure of air vent pipes
downstream from metal liner.
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shown in figure 4. The severity of the pitting can be judged by
a study of figure 5.

"The east valve closes satisfactorily, but there is an ex-
tensive pitted area on the sealing ring at the invert. The face
of the needle has pitted areas on which several kinds of metal
have been tried, such as Wilson 17, Airco nickel, 25-12 stain-
less steel and Hobart cast iron. None has been satisfactory.
Figures 5 and 6 show the extensive welding on the face of the
needle. The areas of greatest pitting were directly below and
above the respective valve guides. In those areas only 3/4 of
an inch of the original two inches of parent metal remains.

"The conduit downstream from the west valve is not as exe
tensively eroded as the east valve but it is more severe in
spots. Twelve of the twenty-four 2-inch pipes are still intact,
the others being ripped from their embedment. Figure 5 shows
the remains of these pipes and a hole in the concrete approxi=-
mately 15 inches deep. In this conduit, the plug in the out-
let of the 8-inch air pipe had been torn out."

In view of the findings of this inspection and similar previous occur-
rences at this and other installations, hydraulic mcdel tests were be-
lieved to be the only practicable means of solving the problem, and a com-
prehensive test program was instigated immediately to enable repairs be-
fore the start of the 1943 irrigation season.

PURPOSE OF MODEL STUDIES

4. Scope of tests. The main purpose of constructing a model of the
Shoshone outlet valve was to evolve a means of minimizing or eliminating
the severe damage to the outlet structure, thereby reducing the unrea-
sonably high seasonal meintenance costs and removing the danger of a
possible failure in the water release system. This problem involved an
extensive study of the pressure distribution in the valves and discharge
conduits, first, on a l-to=6-scale aerodynamic model representing a one-
eighth sector through a valve and dischurge conduit, to expedite the re-
design so that purchase of the necessary materials micht be made in time
for completing repairs before the 1943 irrigation season; and then on a
1-t0-8-2/3-scale hydraulic model of one valve and discharge conduit to
verify the air model tests, study refinements in design, and determine
the adequacy of the aeration system in both the original and the proposed
designs. In addition, studies concerning the actuating pressures for the
valve plunger were made. After it was found impossible to obtain mate-
rials for the new needle tips and air intake manifolds required for the
proposed changes, due to restrictions by the War Production Board, tests
were conducted to ascertain valve-opening ranges of safe operation to
minimize damage by limited operation until materials became available.

It
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A.

C.

Severe pitting of metal liner and concrete in
crown of conduit immediately downstream from
west 58-inch balanced valve.

Two-inch pipe openings in conduit on December
17, 1941.

B.

D.

Extent of erosion in east valve of December 17,
1941, showing 2-inch pipés uncovered in crown
end left side of conduite

Extensive welding on face of needle and leak-
age through needle - December 17, 1941,
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Also, a study was instigated to ascertain the possibility of obtaining
acceptable conditions by minor alterations to the present field struc-
ture. The model s tudies included tests to determine the reliability of
using air as a fluid instead of water and investigations to ascertain
limitations and disadvantages of the aerodynamio model. In connection
with these tests, an examination was made of hydraulic and aerodynamic
equations to ascertain the error induced when using the simpler hydraulio
equation in determining the flow of air through an orifice.

5. Summary of results. A satisfactory solution to the problem of
relieving the severe subatmospheric pressures on the valve needles and
discharge conduit walls to prevent the occurrence of the cavitation
phenomenon, thereby eliminating the destructive pitting action to these
parts of the structure, was obtained through the model studies subse=-
quently described.

The model tests indicated that either of two methods might be em-
ployed to give satisfactory operation, One included major changes in
the valve needles and air-supply system and required the purchase of
heavy metal castings, while the other involved the streamlining of the
saaling edge of the plunger, removal of a portion of the bronze sealing
ring oy chipping and grinding, removal of the throat liner, and revamp-
ing the air-supply system. Jderation equivalent to three 1l2-inch ducts
was found to be adequate in this arrangement, but slightly more area
was recommended as u factor of safety because of the limited information
available on the air requirement in high-velocity f'low.

The model tests showed that the present prototype vent system is
inadequate to prevent cavitation for all except a very small range of
valve opening. Insufficient air is supplied at openings between 23 and
70 percent, and soms of the 2-inch vent pipes on the invert and crowm
become ineffectivs at openings above 85 percent, due to eddies forming
immediately downstream from the V-guldes. These conditions precluded
safe operation of the present installation at ranges of valve opening
other than 70 to 85 percent.

Model studies of the present field design indicated that the pitting
of the prototype valve needles has been the result of operating at valve
openings opetween 14 and 25 percent and that damage to the conduits re-
sulted between 23 and 70 percent valve opening. No doubt the damage to
the conduit at these openings rendered the air-supply system ineffective
and aggravated the destructive action for larger valve openings. Dis-
charge coefficients and capacity curves, which will assist the project
operating personnel to determine the flow being released by the outlet
works before and after ths outlets have been revised, were prepared from
the model data.

The use of an aerodynamic model constructed of molding plaster
proved an extremely useful expedient in determining the feasibility of

13



the proposed redesign. The tests on aerodynamic models of the Shoshone
valve and on two other small valves, using air and water as flow media,
indicated that it is possible to obtain reliable pressure and calibra-
tion data from air models providing the tests are conducted carefully
and proper interpretation of the results is made.

Investigation of hydraulic and thermodynamic equations for comput-
ing the quantity of air discharging from an orifice disclosed that the
simpler hydraulic equations may be used without introducing noticeable
errors only when the pressure differential through the orifice remains
small,

INTERPRETATION OF RESULTS

6. Transference of model results to prototype. It is generally
accepted by present-day hydraulicians that cavitation in a hydraulic
passage ocdurs only when the pressure at some point within it approaches
or reaches the vapor pressure of the flowing mediume In view of this
concept, pressures equal to the vapor pressure of water would have to
"exist in the outlets at Shoshone Dam before damage to the valve needles
and discharge conduits would result. Interpretation of the pressure
data obtained from the Shoshone outlet models was based on this concept.
Because the aerodymamic tests were limited to a small range in head by
the lack of air-blower capacity, the following discussion is direocted
principally to hydraulic models using a liquid as a test medium.

Whether or not the pressure at various points in the prototype ocan
be accurately predicted from model results depends on the conditions
existing during the operation of the prototype. If the pressures at all
points within the prototype are above the vapor pressure of the fluid,
the problem is simple and the usual similitude transfer relations are
valide However, if the pressure at any point becomes equal to the vapor
pressure of the fluid ard cavitation is present, the problem is more in-
volved and accurate evaluation of pressures may become impossible unless
the model is enclosed in a partial vecuum such that a true scale exists
between the vapor and artificial atmospheric pressures of the model and
the vapor and natural atmospheric pressures at the prototype.

1f, at the scale heads, over a certain operating range, neglecting ™
the relative difference in model and prototype friotion due to different
Reynolds numbers, the scaled model pressures at any point within the
valve do not extend below the vapor pressure of the prototype, the pres-
sure at any corresponding point on the prototype may be found by the
usual model-to-prototype transfer expression

where Pp and Pm are prototype and model pressures, respectively, and
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N is the model scale.

However, if the scaled vulue at any point extends below the vapor
pressure, which condition indicuates that cavitation will occur on the
prototype, it is not possible by this method to predict the correct pree-
sure for any point on the prototype other than that corresponding to the
lowest existing on the model and possibly the pressure which controls the
discharge, as that in the throat below the seal ring of the Shoshone
valve. To assums all pressures with such scaled magnitudes to be equal
to the vapor pressure on the prototype (the lowest obtainable prototype
pressure) is erroneous, perticularly if the values are for widely sepa-
rated points and both are not of the same intensity. Pressures obtained
in the usual manner for sny point in the prototype other than the con-
trol or lowest pressure will therefore be too low, and the percent of
error will be proportional to the deviation of the scaled pressure from
the vapor pressure. When this condition obtains, another method must be"
employed to evaluate the prototype pressuress.

If the model and protctype have definite controlling pressures at
the same relative location and the boundary contour upstream from this
point is sufficiently streamlined to preclude any change in the shape of
the stream tubes due to changes in head, that is, the coefficient of
discharge, C in the equation

remains constant, the ratio of the diffsrence in head between any two
points in this region to the total difference (upstreum to control pres-
sure) is constant and may be termed a pressure factor for predicting the
prototype values at corresponding locations. This method of predicting
prototype pressures is also applicable where the scaled model pressures
are above the vapor pressure of the prototype as explained above, provid-
ing, of course, that the stream tubes do not change shape when the head
is varied. If the model is to be used in determining the control pres-
sures, care must be taken to construct the model to give the correct
scaled values of these pressures. Otherwise the operating characteris-
tics of the full-sized structure may or may not be indicated by the model.

Since the pressure surrounding the vena contracta of a jet issuing
from a valve influences its discharge rate and hence the pressures at all
points within it, the total change of head through a valve should be
taken as that from the upstream side to the vena contracta. Neglecting
the relative difference in model and prototype friction because of the
difference in Reynolds number, the stream tubes will remain geometri-
cally similar and the same relation will exist in the prototype as in
the model. Thus, knowing the control pressure on the prototype and the
pressure-drop ratios (pressure factors, F) for the points in question,
it is possible to predict quite accurately the pressures at these points
by using the expression
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Pp 'FDt *Pc

where P is the prototype pressure in feet of water for the point in
question; P, 1is the prototype control pressure (negative and equal

to the vapor pressure of water at the prototype when the scaled value
equals or exceeds the vapor pressure) expressed in feet of water above
or below atmosphere, as the case may be; Dy is the total head differ-
ence in fset of water on the prototype, from the upstream side of the
valve to the control pressurey and F is the factor for the point in
questicn cbtained from the model tests.

Though the application of this method to cases where the stream
tubes change appreciably with changes in head, as in the present field
design of the Shoshone valve, is incorrect and the model should be en-
closed in a partial vacuum to give true pressure values, it may be used
to a limited extent. In regions where the boundary surface of the main
flow does not change appreciably, the values obtained by this method
will be reasonably correct while those obtained for regions where the
boundary change is counsiderable, as at the downstream edge of a lew-
prassure gone where the main flow separates from the sclid boundary,
will be substantially in error.

As there were two low=-pressure zones in the Shoshone outlet model
where the scaled pressures for certain valve openings extended below the
vapor pressure of water at the prototype structure, about =28 feet of
water, the pressures in these regions were taken as criteria in estab-
lishing the critical range of opening for the present prototype valve.
Since it was desired t¢ determine the existence of cavitation pressures
and not the pressure distribution in the valve or the location where
damage would result from the collapse of the cavities, the transfer of
model data to prototype was not so involved. Howewer, both methods
outlined above were used.

The transference of the aerodynamic model data to prototype was made
by pressure factors in a manner similar to that described previously.
However, two variations of the method were employed; one, using factors
based on the head on the valve, above atmosphere, expressed above or bee
low atmosphere as indicatad by the piezometer, being ccnsidered; and the
other, using factors based on the total head difference but expressed
atove the aeration (control) pressure, obtained from the tests on the
l-to 8-2/3-scale hydraulic model. Those expressed in percent of the
head above atmosphere were adequate for determining the pressures in the
proposed redesign, since the aeration of the valve was sufficient to make
any change from the small negative pressures at the vena contracta neg-
ligibles This is not the case in designs like the present field struc-
ture where substantial subatmospheric pressures exist.

Pressures obtained in this manner, for instances where the scaled
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values exceed the vapor pressure and are assumed to be equal to it, as

in the redesign when unaerated, or in the present installation when par-
tially aerated, are incorrect, the results being similar to those ob-
tained in a hydraulic model when the familiur similitude relationship is
used and the same assumption is made. Critical pressures are indicated
over a greater portion of the outlet and for a wider range of valve open-
ing than .should be the case.

The second variation mentioned above was expected to give pressures
more closely representing those for the prototype structure; thus it was
employed in recomputing the prototype pressures in all aerodynamic tests
after the aeration pressure had been determined by the hydraulic model.
Excellent agreement resulted between the hydraulic and the aerodynamic
data for the proposed redesign, but discrepancies of appreciatle mazni=-
tude, attributed partly to different degrees of separation of the two
flow media from the bounding surfaces and partly to limitations of the
aerodynamic model, were noted for the present field design.

SPECIAL AERODYNAMIC STUDIES

T. Alr versus water as a test medium. The failure of discharge
data taken from 45-degree sector aercdyramic models to agree within the
limits of experimental error with that obtained from complete hydrsulic
models, in tests made previous to those on the Shoshone outlets, led to
investizations to ascertain whether the difference was introduced by
using air as a flow medium or by using sector models of one scale for
air and complete models of another scale for water. It wms concluded
from the tests descrited subsequently that errors are more likely to re-
sult from the latter.

Two small valves (figure 7), ocne a 3=inch hollow-jet and the other
& 2.8-inch needle, for which the laboratory air-blower capacity was
suf ficient to give reliable measurements, were calibrated, first with
air, thsn with water.

There was very poor agreement between the aerodynamic and the hy-
draulic data from both models when first compared. The discharge ocoef-
ficients for each valve were inconsistent regardless of the medium em-
rloyed, and the results obtained by using air were in poor agreement
with those using water. Better comparison was obtained for the needle
valve than for the hollow-jet valve,.

In the initial tests on the needle valve, the exit edge of the
valve was rounded similarly to the design used in the Boulder Dam out-
lets. Apparently this exit shape did not give constant degrees of sepa-
ration at the rounded edge for a given head. It seemed that the flowing
media would at times cling to the curved surface, causing a recovery of
head which was not 1included in the reading of a piezometer located one
pipe diameter upstream from the valves At other times the flow would be
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free from this action. To eliminate any variation from this source the
valve exit was ohanged to the sharp-edged type. The results obtained
from this arrangement were considered excellent when the discharge coef-
ficients obtained by using the two flow media were plotted against
Reynolds number based on the entrance diameter of the valve (figure 74).
The altered exit shape eliminated the abrupt changes in direction at the
boundary of the flow passage and gave coefficients which did not vary
with the head. Though the agreement between the aerodynamic and the
hydraulic tests was good, the comparison would have been more convincing
if the capacity of the air blower had been sufficient to obtain the same
Reynolds number as for water, without necessitating the operation of the
valve at extremely low heads where the accuracy of head and discharge
measurements with water were questionable.

The first attempts to compare the aerodynamic and the hydraulic data
from the 3-inch hollow=-jet valve were discouraging, for the discharge
coefficients obtained by using air, measuring the head on the valve with
atmospheric pressure as a datum and not considering the negative pressure
on the interior of the valve downstream from the outer edge of the needle,
were considerably in excess of those obtained by using water. After in-
vestigating the pressures in the downstream portion of the valve near the
outer edge of the needle where appreciable subatmospheric pressures were
found to exist, the disagreement was attributed to improper measurement
of the head on the valve in the aerodynamic tests. At times, the sub-
atmospheric pressure in this region was almost equal to the pressure above
atmosphere recorded by the piezometer located one pipe diameter upstream
from the valve. The subatmospheric pressure at the same point was neg-
ligible when water was passing through the valve; thus the head obtained
for the hydraulic t e s t had been nearer the correot value than that
for the aerodynamic tests. When the head on the val ve was taien as total
change in pressure from a point one diameter upstream to one immediately
downstream from the outer edge of the needle, very good agreement resulted
between the aerodynamic and the hydraulic tests (figure 7B). These tests
demonstrated that care must be exercised in conducting aerodynamic test-
ing of hydraulic devices. Pressures bounding a jet of water may be in-
significant, while those at the same boundary when air is used may re-
present a large percentage of the total head.

Also, it was concluded that the discharge characteristics as well
as the pressure distribution for most hydraulic devices can be obtained
from an aerodynamic model if the tests are made with extreme care and
the results are properly interpreted. It would be practically impossible
to predict pressures in the present Shoshone outlet structure by aero-
dynamic studies without first making hydraulic studies to obtain the
aeration pressure or msasuring the prototype pressures and using corres-
.ponding pressures on the model.

Even with the aeration pressures known, the problem would be a diffi-
cult one, for the abrupt changes in direction of the flow passage in this
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design would cause separation of the main flow from the boundary snd the
amount of separation would very with the head on the valve, The differ-
ence in the physical properties of eir and water would also influence the
seraration; thus poor egreement between tests using air and those using
water as 8 flow mediur might be expected, The diffsrence in pressure fac-
tors obteined at various velve openings on the aerodynamic and the hydreulic
models of the present field design (figure €B) might be explained in this
nanner,

The pressures for the proposed design of the Shoshome outlets could
be predicted accurately from the sir tests, since the subatmespheric pres-°
sure at the contrcl was negligible and sufficient aeration to obteinm
comparable model pressures could be provided by remcvirg the model dis-
cherge conduit, In addition, the positive comntrol immedietely downstreeam
from the seat sssures against any apprecisble change in the stream tubes
to effect the pressure faotors (figure 8A),

8. Comperison of hydraulic and thermodynamic equations for computing
the flos of sir through an orifise. When aerodymamic tests for the re-

decign of the Shoshone wutlet works were irstipated, it was realized that

numerous computeaticns of the air discherge through = stendsrd irnteke ori-
fice would be reguired during the study. This work could be facilitated
if the hydraulic eguation Q = CA \/2 gh was used instead of the more

complex thermodynamic eguation

R R

Moreover, the informaticm would be uzeful in future aerodynamic tests., A
conmprehensive comparison was made of the two equations, based on both the

upstream and the downstreaw pregsureses

The hydraulic equaticn for flow through an orifice when based on at-

mospreric pressure may be expressed os:
Qha = CA \32g

and the tharmodyneamic equation as:
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where

Qha and Qta are quantities in ocubic feet per second at
atmospheric pressure, obtained by the hydraulic and
thermodynamic equations;

is the discharge coefficient of the orifice;

is the area of the orifice in square feet;

>

is the acceleration due to gravity;

[STI ]

is the downstream pressure in pounds per square inch

absolute;

V. is specific volume of the fluid at atmospheric pressure,
cubic feet per pound;

Va is specific volume at the downstream pressure; and

k, 1,406 for air, is the constant for adiabatic change of

state, a change in which the system neither receives

nor gives out heat,

%ha

The comparison was accomplished through the use of the ratio n
since it expressed the discharge obtained by using the hydraulic for-
mula in terms of the correct amount given by the thermodynamic relation-
ship.

From the two equations,

—— e cooooooo(l)

Squaring both sides,

22



(P, =P )V
. == ' a oo 0 olazenaitiaie et AIED]

U 5 V,@2
T-1 |fa’a”Ta'a |72
d
A
Po 1B
k k k d
Using Py V =P, V, = P, V. from which V =V, ( P ) .
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Agsuming velues of Pd , the ratio of -—%r— can be obtained and
a Q

ta
the square root gives -zrji from which the amount Qha is greater or
ta

s ller than Qta can be determired,
P
2 of 00,85, 0,90, 0,95, 0.97, and

0.99 were used to obtain the ratio of quantitiss and the results were
plotted (figure 9), it was found that substantial errors could be intro-
duced by uaing the hydraulic formula; that these errors would always be

YWhen the assumed values for

positive when the hydraulic equation, based on either Pa or Pd' wag used

instead of the thermodynamic equation based on Pa' that they would be ,

negative when the hydraulic equation,based on Pa' was used instead of
the thermodynamic equation based on Pd; and that they would be positive

when the hydraulic equation, based on P,, was used instead of the ther-

d
modynamio one based on P,e
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In all cases the error was substential for large differences in head,

decreasing to a negligible amount as the difference became small and the

ratio approached unity.

B
N

From this inspection it was concluded that the hydrsulic equation may
not be used without introducing an appreciable error unless the head dif-

ferential through the orifice is small. Since the difference did not ex-

ceed 0.35 feet in the Shoshone tests, giving a value of Pd of 099, and
the error did not exceed O£ percent, the hydraulic equatisn based on at-
mospheric pressure wes used in all computetions to obtein the discherge of
air through the standard measuring orifice attached to the intake of the

blower.

INVESTIGATION OF THE SHOSHONE CUTLET BY AERODYNAMIC MODEL

9. Description of 1 to 6 aerodynamic model. A model having a scale
of 1 to 6, representing a one=eighth sector through the valve and dis-
charge conduit and using air as a test medium, was employed as an expe=-
dient in determining the feasibility of proposed changes in the present
field installation of the Shoshone outlet to enable the revision of the
prototype structure before the start of the 1943 irrigation season. The
model consisted of a section of 12-inch diameter metal pipe; a transition
from 12-inch diameter to a 45-degree, 12-inch radius, circular segment;

a 45-degree Veshaped channel with one side oi t'iber wood &and the other of
transparent plastic; and 45-degree plaster sectors of the valve and dis-
charge conduit (figure 10CA).

Metal templates rastened to a sliding frame fitted to the edge of
a smooth flat-topped table were used in forming the sectors of the tunnel
and discharge conduit. Mortar, prepared by sifting dry molding plaster
into a vessel of water until it was just covered by the water and stirring
it in a manner to prevent entrainment of air, was placed on the table as
it reached the proper consistency, and the templates moved back and forth
across it. The model segments were shaped through a process of building
up and scraping off the surplus plaster as it obtained its set.

The valve needle, housing, and support ring were shaped by templates
which were revolved about fixed centers. The plaster mortar was placed
in V-troughs with sides shaped approximately to the section profiles of
the needle and housing, and the templates, centered at the ends, swung
back and forth across the troughs.

The section representing the vulve support ring was constructed by
a metul template revolved ahbout a center on the flat-top table, shaping
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the setting plaster as explained above.

Except for the movable needle, which was controlled by an Leshaped
rod with one end inserted into a metal tubse installed within the needle
and the other passing upstream through a groove in the bottom of the
transparent-sided Vechannel, all the plaster segments were fitted and
bolted to the channel. Airtight joints were otbtained by placing a fillet
of modeling clay along the seams inside the model. Air was supplied to
the model by a 4-inch positive-displacement blower of limited capacity, a
type not as well adapted to aerodynamic studies as the centrifugal or
axial-flow type due to its almost constant output against various pres-
sures.

Piezometers were installed by drilling small holes into the model
segments and inserting small copper or brass tuhbes for attaching to a
water manometer. The connections between the model and the metal tubes
were made airtight by placing plaster mortar around then.

The needle actuating rod, mentioned previously, and a scale of valve
openings etoched on a strip of transparent plastic and cemented to the
plastic wall of the V-channel, enabled accurate setting of the valve for
testing.

A water manomster was used to measure the difference in piezometric
pressures between the piezometer indicating the head on the valve and
any particular piezometer. This procedure was followed to avoid read-
ing extremely smell dif ferences in head when critical areas were being
investigated, which would have been necessary had atmospheric pressure
been selected as the datum.

10. Study of proposed redesign outlet. The usual procedure of first
constructing and testing a model of the original design to ascertain its
characteristics and then altering it to obtain improvement was not fol-
lowed in the Shoshons outlet study, principally because the completion
of the model tests on the proposed redesign was necessary if revision of
the prototype was to be accomplished before the 1943 irrigation season.
Insufficient time remained to complete both tests. Moreover, the relia-
bility of results from air tests on a design of this type was question-
able because of the magnitude of the subatmospheric pressures involved.
The behavior of the model was expeotsd to be similar to that experienced
in tests conducted in the hydraulic laboratory on models of other valves.
Ths pressures near the two zones where damage occurred on the prototype
were certain to be subatmospheric sufficiently to indicate cavitation,

a condition considered to exist when the scaled model pressures exceed
the prototype vapor pressure.

Since subatmospheric pressures in outlet structures like those at
Shoshone Dam become more severe as the head is increased, the pressures
predicted from the model tests were based on the maximum prototype head,
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approximately 220 feet. By using the pressure factors and conducting
tests to determine the variation of the control pressure with head, it
would be possible to ascertain those for greater or lesser heads. The
present design is an undesirable one; so an extensive program to study
the variation of the control pressure with the head did not seem justi-
fisd when this investigation was made.

When the proposed redesign (figure 10C) was tested without aeration
and the data transferred to prototype by using pressure factors based
on the static head on the valve (above atmosphere) and expressed as be-
ing above or vpelow atmosphere, the pressures near the seat on the support
ring and in the discharge conduit were severely subatmospheric (as much
as 42 percent of the static head on the valve), indicating that cavita-
tion would result to the redesign if the outlets were improperly aerated
(figure 11A).

¥With the aeration to be provided to the prototype valve by the air-
intake manifold and an air duct of approximately six square feet of area,
pressures near atmosphere were expected to exist in the space surround-
ing the jet immediately downstream of the valve; thus the conduit sec-
tor below the model valve (area 1, figure 10C) was removed to acquire
representative conditions. Tests on this arrangement disclosed that the
admission of air to the region immediately below the valve was still
hampered by the downstream edge of the support ring. The aeration pres-
sure was too low so the downstream portion of the support ring (area 2,
figure 10C) was removed. The negative pressure at piezometer 9 (fig-
ure 11D) was negligible for all positions of the model plunger.

The clearance-ring pressure (piezometer 16, figure 11D)was equal
to or greater than any on the needle, thus indicating no trouble in
closing the valve from the wide-open position as had been the case with
the present field installation.

Pressure mpasurements for the complete range of valve opening in-
dicated satisfactory conditions at all points in the valve except on °
the needle and the support-ring surfaces (piezometer 8, figure 11D) imme-
diately below the seat where a divergent passage formed as the valve
neared the olosed position. To alleviate this condition, the continuous
curve below the valve seat on the support ring was replaced by a short
tangent, diverging one-half of one degree from the needle angle (figure
10C). Complete pressure measurements, including those downstream from
the V-guides, were again taken (figures 11E and F). Though the pres-
sures remained subatmospheric for openings of less than six percent,
they were not of a magnitude indicating cavitation (figure 11G), and the
design was considered satisfactory insofar as the aerodynamic investi-
gation was concerned. Construction drawings for the changes were pre-
pared on the basis of these findings (specifications No. 1681-D, appen-
dix I ), but it was believed advisable to corroborate the results by
hydraulic tests on the l=to 8-2/3=soale model before the plans were
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adopted, particularly since aerodynamic testing was comparatively new
to the laboratory personnel. The aerodynamic tests later proved to be
a valuable expedient when almost identical results were obtained from
the hydraulic model requiring many times as long to construct.

11, Study of present outlet installation. As the parts of the
aerodynamic model were constructed easily, the model was altered to
include the present field design, except for the aeration system and the
downstream end of the discharge conduit (figure 10B). The model was not
aerated, as the prototype aeration pressures were unknown. Moreover, it
would have been difficult to aerate properly the aerodynamic model to
represent these pressures had their correct magnitude been known. A
highevelocity air jet transports the surrounding air more readily than a
water jet of the same size and velocity; thus considerably more vent area
is required to obtain corresponding pressures at the vena contracta of the
air jet and the area could be determined only by trial and error. The
model tests indicated lower pressures at all points than would have been
the case had proper aeration been supplied, a fact later verified by the
hydraulic model.

The pressures in the outlet were as anticipated, severely subatmos-
pheric on the outer edge of the plunger needle and in the conduit down-
stream. The pressures (figure 11i), computed by using pressure factors
based on the head above atmosphere on the valve and expressed as per=-
centages of this dif ferential above or below atmosphere, were found to
deviate markedly from those obtained subsequently from the 1= to 8-2/3-
scale hydraulic model. Apparently the prototype pressures could not be
predicted accurately by this procedure. Examination disclosed that the
results were similar to those obtained in hydraulic models when employ-
ing the usual model=to-prototype transfer expression discussed in sec-
tion 6 of this memorandum, and assuming that all scaled values exceeding
the vapor pressure were constant and equal to it. The pressures were
recomputed using pressure factors based on the total change in head
throush the valve but expressed as a percentage of the change above the
control pressure, obtained from the hydraulic tests (figure 11B). Better
apreement was obtained between the aerodynamic and the hydraulic tests
when the latter method was used.

The clearance-ring pressure at full opening was not subatmospheric,
as had bsen expectad, but was substantially positive, 190 feet of water
or about 20 feet lower than the pressure in the tunnel immediately above
the valves. Thus little would be gained to improve the operation of the
valve at large openings by altering the clearance ring. Pressures on
certain parts of the needle were greater than the clearance-ring pressure
for openings above 95 percent, indicating that the valve could not be
closed hydraulically by the clearance=-ring pressure from these openings
(figure 1lA and B).

Although the present field design was not represented correctly by
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the aerodynamic model, due to the short section of discharge conduit and
improper aeration, ths tests were believed to give some clue as to the
conditions causing the deamage to the outlet during the 1942 season.
Moreover, the model represented the prototype structure as it existed
before the discharge conduits were lengthened and the aeration systems
added in 1331 and the pressures, no doubt, were closely representative
of those causing considerable damage prior to that date. The tests were
important in that they furnished useful information concerning aerody-
namic tests and interpretation of ths test data.

INVESTIGATION OF TH® SHOSHONE OUTLET BY HYDRAULIC MODEL

12. Description of the l- to 8-2/3-scale hydraulic model. The
hydraulic model of one valve and discharge coniuit of the Shoshone outlet
works, constructed to verify the results from the l- to 6-scale aerody-
nemic model, study refinements in design, investigate hydraulic operat-
ing characteristics of the valve, and determine the adequacy of the aera-
tion system of the proposed redesign, present field installation, and a
modified desipgn, consisted of a high-pressure stesl head tank, a l- to
8-2/3-scale bronze model valve, and a section of transparent plastic pipe
representing the discharge conduit of the east outlet (figure 12A).

The model valve was made geometrically similar to the prototype to
permit a study of its operating characteristics when the plunger actuated
hydraulically and to investigate methods of increasing the effectiveness
of the actuating mechanism when the valve plunger neared the open posi=-
tion. Piezometers were located on the needle tip and in the conduit
wall immediately downstreem from the valve to determine whether or not
the pressures in these regions were sufficiently subatmospheric to induce
cavitation. The piezometers were not installed until manual controls
were provided, since their presence would interfere with the hydraulie
operation of the valve. Two needle tips and two throat sections were
provided. The bronze needle tips, representing those of the proposed re-
design and the present field design, were made removable to facilitate
changing from one design to the other. The two throat sections, one re-
presenting the air intake manifold of the proposed redesign and the other
the valve seal and throat liner of the present field design, were ma-
chined from bronze castings and were interchangeable. The section repre-
senting that of the present field structure was remachined. for tests on
the modified design.

The portion of the discharge conduit beyond the throat liner of the
prototype valve was represented by a length of transparent plastic pipe
to permit observation of the flow conditions in the conduit. Twenty-
four 0.234-inch holes were provided in the wall of.this pipe to represent
the 2-inch vent pipes on the present prototype installation. Water and
mercury manoreters were used to record the piezometric pressuress
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13. llydraulic operation of the valve plunger - Proposed redesign
outlet. Tests pertaining to the hydraulic operation of the valve were
made for the proposed redesign outlet (figure 12B) before piezometers
were installed, since their presence would interfere with the free move-
ment of the valve plunger, preventing a correct measurement of the fric-
tion. Moreover, they would have been of little value since the operation
of the valve at definite openings would have been difficult and the data
would have appeared inconsistent. The pressure tests were performed at
the conclusion of this investigation after positive mechanical control
of the plunger had been provided and exact openings could bte established.

Initial operation of the model valve disclosed that an abnormally
high pressure (about two feet of water on the model valve center line)
was necessary to overcome the friction on the plunger; thus it could not
be actuated by the clearance-ring pressure over much of the opening
range. Changes in alinement of the V-guides reduced this value to about
0.65 foot of water. A pressure of 0.55 foot of water on the back area
of the valve was required to keep the valve in motion during the closing
cycle. This value was assumed to be that required to keep the plunger in
motion during the opening cycle when thrust computations were made. With
the reduced friction, the plunger cf the proposed redesign could be
operated hydraulically by pressure from the clearance ring, providing it
wags not allowed to reach the wide-open position. Investigation indicated
that its failure to operate at this position resulted when a seal formed
between the machined surfaces of the back of the plunger and the inside
of the vualve housing, preventing the pressure from the bull-ring cylinder
from reaching the back end of the plunger. Once this seal was bro ken,
the clearance-ring pressure was sufficient to actuate the valve at all
openings. To ascertain if the clearance-ring pressure was sufficient to
actuate the valve from the wide-open position and whether the failure to
start closure was due entirely to the seal, grooves were ocut through the
bull-ring seat at the back of the plunger. The clearance-ring pressure
was transmitted to the back end of the piston through these grooves and
hydraulic operation of the valve was possible at all openings. Though
it is not indicated by the thrust diagram (figure 13), the force to close
from the wide-open position is available since the pressure on the needle
surface below the V-guides at large valve openings is less than on the
remaining portion of the needle and these were not considered in the
thrust computations. The proposed redesign of the field structure should
therefors be sperable at all openings by the clearance-ring pressure,
providing the friction between the valve plunger and bull-ring cylinder
is not too great and a seal similar to that observed on the model does
not form on the prototype.

14, Study of pressures in the proposed redesign outlet. After the
operating characteristics of the proposed redesign outlet had been studied
and the clearance-ripng pressure found adequate for actuating the plunger
when the friction between the plunger and the bull-ring cylinder was not
too great and the seal back of the bull ring eliminated, the mechanical
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operating mechanism and the piezometer connections were installed. The
pressures on the needle and in the conduit were recorded for small open-
ings as well as for each l0O-percent increment of valve opening and the
flow conditions for each noted.

The jet from the valve was reasonably smooth with the downstream
end of the discharge conduit filling and operating under pressure when
the plunger neared the wide-open positione.

The pressures on the needle and the support ring were positive for
all except very small openings where a slightly diverging passage formed
downstream from the seat causing them to become negative. Though these
pressures were substantial, they were not of a magnitude indicating
cavitation and the design was considered satisfactory.

The pressure in the air-intake manifold was only slightly subatmos-
pheric over the entire range of opening, indicating adequate aeration
for the designe.

A comparison of these pressures with those obtained from the aero-
dynamic model disclosed them to be in good agreement, even to the sub-
atmospheric pressures existing at extremely small openings (figures
11E and 14C) and the design (specifications No. 168l-D, appendix I) was
recommended. Invitations for bids were prepared, but due to restric-
tions by the War Production Board, the decision was made to repair the
outlets and continue the test program to ascertain the feasibility of
minor alterations requiring a minimum of strategic materialse.

15. Calibration of proposed redesizn outlet. Prototype discharge
curves (figure 16 for a single valve operating at different openings
and for one valve fully open and the other at various openings was pre-
pared from model calibration data.s The curves show a substantial re-
duction in ocapacity from the present field installation - that for one
valve at the maximum head being approximately 1,120 second-feet, a re-
duction of about 300 second-feet (figures 15 and 17).

Head losses from the reservoir to the valves were computed for
various quantities flowing in the tunnel and were plotted below a hori-
zontal line representing the reservoir elevation. The descending (loss)
curve obtained in this manner represented the available head at the
valves for the given reservoir elevation and various quantities of water
passing through the tunnel. Plotted against discharge, the losses ars
the same regardless of reservoir elevation. Discharge curves for differ-
ent openings of the valves, obtained from coefficients based on the total
head on the valves, were plotted on the same graph. The discharge for a
given valve opening and reservoir elevation is that shown by the inter-
section of these curves with the loss curve for the reservoir elevation.
To determine the quantity of water being released when the reservoir
elevation and the valve opening are kmown, enter the graph on the loss
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curve for the known reservoir level, follow along this curve until it
intersects the discharge curve for the given valve opening, and read

the discharge scale vertically below this intersection. The outlet dis-
charge for intermediate reservoir elevations may be found by interpola-
tion.

Comparison of the discharge coefficients (figure 15) shows slightly
more capacity for the air model than for the hydraulic model. The reason
for this difference was not ascertained, but it might have been the re-
sult of errors inherent in constructing and assembling the V-shapes used
in the aerodynamic model or the operation of the aerodynamic model at
smaller Reynolds numbers. A more elaborate model than that used in the
air study would have assured correct shapes and no doubt would have re-
sulted in closer agreement.

16. Iydraulic operation of the valve plunger of present outlet
installation. The pressures tending to open the model valve were greater
than the clearance-ring pressure over much of the surface area of the
needle tips thus for certain openings the force exerted on-the end of the
plunger by the clearance-ring pressure was insufficient to move it (fig-
ures 13 and 14A). This unfavorable pressure distribution existed over
the range of valve opening from 95 to 100 percent and precluded success-
ful closing of the valve by the clearance-ring pressure at these openings.
This condition, which was also obtained from the aerodynamic tests, no
doubt expleins the difficulty experienced by the project in closing the
prototype valves when they are operated near the wide-open position.

17. Study of pressures in the present outlet installation. As soon
as it was learned that materials for the new needle tips and air-intake
manifolds of the proposed redesign could not be purchased, an extensive
test program was initiated to investigates (1) the pressure conditions
in the present design to ascertain the possibility of minimizing the
pitting resulting from cavitation by limiting operation of the valves to
noncritical openings, and (2) to attempt to discover a method for eli-
minating the destructive action in the present structure by minor modi-
fications not involving the purchase of strategic war materials. Tests
for comparison with those obtained from the aerodynamic model were also
made.

There were two lowepressure zones in the Shoshone outlet model
where the pressures at certain valve openings when transferred to the
prototype reached the vapor pressure of water, about =28 feet of water.
The pressures in these regions (zones A and B, figure 16) were taken as
criteria in establishing the noncritical range of openings for the pro-
totype valve. 8ince it was desired to determine the existence of cavie
tation pressures by these tests and not the pressure distribution in
the valve or the location where damage would result from the collapse of
the cavities, the transfer of model data to prototype was simplified.
However, both methods outlined previously were used and the pressure
distribution for the field conditions investigated.
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It was intended to use prototype measurements made in 1931 as the
contrecl pressures for the model in predicting the minimum pressures in
gone A of the prototype. However, when scaled to the prototype, the
model pressures in the conduit below the valve were not in agreement,
being nearer the vapor pressure for all valve openings than the proto-
type measurements, even with all twentyefour 0.234=-inch holes open. To
ascertain whether this discrepancy was due to a deficiency of air re-
sulting from aeration by the holes instead of pipes of the same diameter
and the scaled length, the capacities of the two systems were compared.
Computed discherges, using the same pressure difference, showed the
quantity of air from the holes to be about 1.42 times that for an equal
nuwber of pipes, and it was concluded that the difference was not due
tc the method of aerating the model. Damsge to the field structure also
indicated more severe pressures than those tabulated in a report from
the Project Superintendent to the Chief Engineer, dated December 11,
1931, for with pressures of this magnitude cavitation could not have
occurred unless aeration was not effective upstream from where the pipes
entered the discharge conduit, and the model studies did not indicate
this to be the case. The control pressures in zone B for predicting
those in other parts of the prototype were therefore obtained from scaled
model pressures. The minimum pressure in zone B for each l10=-percent
increment of the plunger travel and maximum head was obtained and scaled
to prototype by the similitude relationship,

P +NP .,
P m

When values obtained in this manner were above the vapor pressure
for the protctype (about =28 feet of water at Shoshone Dam), they were
used directly. When below this value (numerically larger), they were
assumed to remain constant at =28 feet of water. The pressure in zone
B, obtained in this manner, was added to the static head for the corres-
ponding valve opening to obtain the totel head difference across the
valve. The static head was obtained from s head loss-discharge curve
computed for the outlet tunnel.

The minimum pressure in zone A on the needle for each valve opening
was then obtained from the relationship

PA =FD + P

B

Since the destructive action in the field structure indicated the
subatuiospheric pressures in the discharge conduit to be more severe than
those measured on the prototype in 1331, and since the model pressures
near the vents in the crown of the discharge conduit were not in agree-
ment with them, it was considered necessary to determine the effect of
dif ferent degrees of aeration on their magnitude. Pressures in the model
were observed for four degrees of aeration which were obtained by varying
the number of open supply ports (0.234-inch holes) to the discharge con-
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duit. The model was operated with 24, 17, and 12 of these ports open
and with all of them closed. As the supply ports were approximately
1.42 times as effective as pipes of scaled length and the seme diameter,
the aeration of the first three arrangements was equivalent to 34, 24,
and 17 two-inch pipes.

Some criterion as to the allowable magnitude of the minimum pres-
sures in zones A and B to prevent cavitation had to be adopted to estab-
lish the noncritical range of valve opening. A value of =20 feet of
water, above which conditions were considered satisfactory, was chosen
for these studies, and the ranges of valve opening subsequently referred
to as critical are based on this value.

When the model pressures in the conduit and on the needle for heads
representing approximately reservoir elevation 5364 and valve openings
from 20 to 100 percent were transferred to prototype, as outlined in
section six of this memorandum, the results indicated that the pressures
in zones A and B would reach the vapor pressure of water over certain
ranges of valve opening.

There was practically no change in the minimum pressures in zone A
on the needle for the different degrees of aeration. Only by closing
the vents or by reducing the number until the hydraulic jump moved up-
stream to cover them was it possible to discern any change in these
pressures. Even so, the change was slight, increasing by two percent the
upper limit of the critical range of valve opening for the needle, making
it 14 to 27 percent instead of 14 to 25 percent (figure 15). Severe
atmospheric pressures in zone A on the present prototype design may
therefore be expected over a range of opening from 14 to 25 percent.
Roughness of the surface in this zone might extend the critical range,
but because of the rapid rate of increase in pressure at the upper limit,
any change from this source is expected to be negligible. The different
degrees of aeration produced no appreciable change in the critical range
or the magnitude of the pressures in this zone. It was considered doubt-
ful if they would become less critical even with complete aeration of
zone B. Thus it might be impossible to operate the valve in this range
without damaging the needle. Later tests on this valve, with minor modi-
fications to the needle and with zone B well aerated, corroborated this
belief.

Because of the peculiar expansion of the jet as it emerged from the
end of the needle, the discharge conduit of the model flowed full after
the valve plunger completed approximately 25 percent of its travel to-
ward the open position. Zone B was aerated by air flowing upstream along
the crown of the conduit until the needle reached this position and the
pressures in this region were not severely subatmospheric for any of the
degrees of aeration. As the valve approached 25 percent open and the
flow of air from downstream was cut off, the pressures dropped rapidly,
reaching the vapor pressure when scaled to the prototype.
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Yihen the aeration was equivalent to thirty-four 2-inch pipes, the
model indicated that the minimum pressure in zone B would remain at the
vapor pressure for a range of valve opening between 25 and 47 percent,
then begin a gradual rise to about =8 feet of water when fully open
(figure 16)., With aeration equivalent to twenty-four 2-inch pipes, the
range over which the pressure remained at -28 feet of water was extended
to about 58 percent, from where it rose to approximately -12 feet of
water at 100 percent open. The upper limit of this range was increased
to approximately 76 percent when the aeration was reduced to the equiva-
lent of seventeen 2-inch pipes. The pressure at 100-percent opening
reached about =18 feet of water. Without aeration, the pressures re-
mained at the vapor pressure through the range from 23 to 100 percent.
From these results it was concluded that the critical range of valve
opening for the conduit in the present field installation, aerated by
twenty-four Z-inch pipes, based on -20 feet of water, gage pressure,
will be from 23 to 70 percent open.

During operation of the model valve, with aeration representing
the twentyef'our 2«inch pipes, eddies were observed to form downstream
from the V-guides as the valve approached 90 percent open, covering the
ends of some of the air vents on the crown and the invert of the dis-
charge conduit, thereby decreasing the amount of air reaching the throat
of the discharge conduit and lowering the pressure in that region. Be-
cause of the danger of obtaining subatmospheric pressures of sufficient
magnitude to cause the hydraulic jump in the pipe to move upstream and
cover the remaining openings, thus producing cavitation pressures on the
throat liner, it was recommended that the maximum valve opening for the
present installation be limited to 85 percent.

The severe subatmospheric pressures prevalent in the model of the
present outlet design (figure 14A) were attributed to inadequate aeration
resulting principally from improper location of the delivery ends of the
air ducts, but due also to the smmll aeration area. The peculiar shape
of the jet beyond the end of the needle tip no doubt contributed to the
severity of these pressures. The stream expanded abruptly to fill the
conduit at approximately 25-percent opening, with the action continuing
throughout the upper range.

The model tests indicated that operation of the Shoshone outlet
valves to obtain any appreciable amount of flow regulation without damage
to the discharge conduit was impractible and that damsge to the needle
could be avoided only by limiting the valve operation to openings greater
than 25 percent. =

To ascertain the reliability of the aerodynamic tests on this de-
sign, the discharge conduit of the hydraulic model was shortened to cor=
respond to that studied on the air model. Comparison of the results
from the two models revealed poorer agreement than had been anticipated,
but the difference was not sufficient to prove the aerodynamic tests un-
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reliable. Part of the disagreement was attributed to the variation in
the physical properties of air and water which it is believed caused
different degrees of separation from the solid boundary where abrupt
changes in direction of flow took place, as at the outer edge of the
plunger needle when in a partially open position.

18, Calibration of present outlet installation. The model was cali-
brated to ascertain the discharge characteristiocs of the present instal-
lation., Discharge coefficients for the verious openings were obtained
and capacity curves prepared in the same menner as for the proposed re-
design outlet, for a single valve and for both valves operating simulta-
neously (figure 17). From these curves it may be shown that the rate of
increase in discharge decreases materially as the valve plunger approaches
the open position. With the reservoir at elevation 5360, the increase
obtained by opening the valve from 80 to 90 percent is approximately 3-
1/2 percent of that for full opening, while that obtained by opening the
valve from 90 percent to full opening is about 2-1/2 percent. Thus, open-
ing the valve another 10 percent in the upper region increases the dis-
charge only slightly. That excellent agreement existed between the model
and the prototype capacity is evident from a comparison of model and pro-
totype discharges for both valves operating at 90 percent open (figure 17).

19. Study of air vent size for the modified outlet design. After
it was found impossible to purchase materials for the revisions required
in the proposed redesign outlet and pressure conditions—for—the present
field design were found to be extremely critical for practically all
ranges of valve opening, it was deemed advisable to continue the model
studies in an attempt to discover a satisfactory means of alleviating
the condition inducing cavitation by making minor modifications requiring
a minimum of strategic materials. It was believed that a solution might
result from alterations consisting of streamlining the exposed corners of
the bronze sealing ring in the conduit and the seat.ring on the valve
plunger by chipping and grinding; removing part of the throat liner; and
modifying the airevent system to provide more air to the outlet conduit
at the proper location. The medel was modified to include these changes
(figure 12C). Aeration, equivalent to three l2-inch air ducts on the
prototype, was provided. It was intended that three openings would be
installed; one at the crown and two at the sides of the conduit liner in
the throat. However, the openings were inadvertently placed 45 degrees
counterclockwise from the intended positions. Tests were conducted on
this arrangement since it was believed that the jet of water discharging
from the valve would be completely surrounded by air and thus the pres-
sure within this region would be equelized. This was found to be the case
for the smaller valve openings. However, eddies forming downstream from
the V-guides divided the air space into two sections at the larger valve
openings and the aeration of these two compartments was unequal. Since
the piezomsters in the throat were in the section supplied by one vent
and the pressures in this reglon were satisfactory, the arrengement was
not changed. Moreover, the top vent would have been ineffective because
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of the eddies below the V-guides had it been placed at the crown as planned.
Prom the model tests on the present field design and this modified design,
it was concluded that air vents to the balanced valve should not onter at
the crown or invert of the conduit downstream from the V-guides.

Each of the vent openings on the model was provided with a 4-inch
diameter by l.5-foot long measuring section in which standard airemeasuring
orifices were installed for determining the air requirements and studying
the air-duct size of the modified design outlet. Three orifice sizes were
used = 1/2-,1-, and l-1/2-inch diameters.

Pressures in the throat and on the needle were investigated for the
three orifice sizes to ascertain the adequacy of the contemplated vent
system. The three vent openings, when fitted with the 1/2-, l-, or 1-1/2-
inch orifices were approximately equivalent to prototype openings of 7-1/2,
15, snd 23 inches, diameter, respectively. The throat pressures were
severely subatmospheric for the smallest oririce, but quite small for the
other two., The maximum negative pressures in the model were =5.0, -l.%,
and -0.8 feet of water for the small, medium, and lurge-sige orifices,
respectively. Air measurements for varioas valve openings and heads were
made for all three orifices and a curve _“&_ versus opening plotted (fig-
ure 18). Qw

20, Study of pressures in the modified design. A peculijar condi-
tion was noted on the needle during the initisl tests on this modified
desien. The pressure at piezometer 1 was recorded as being positive, a
condition not existing before the seat ring on the plunger had becn
streamlined. Apparently the flow did not spring free from the edge as be-
fore and the houndary layer entered the groove, producing positive pressure
at piezomster 1. Plezometers 2 and 3 showed severe subatmospheric pres-
sure, indicating this to be the case. Remcval of the 1/4- by l-inch wedge
(detail D, figure 19) from the needle corrected this condition, and, al=-
though subatmospheric pressures still existed, their magnitude was de-
creased.

The condition of not being able to close the valves at openirngs above
95 percent by the clearance-ring pressure still existed, but as pointed
out previously, this is not critical since the last 10 percent of opening
results in an increase of discharge of less than 3 percent of the total
for full opening.

Pressures on the needle, using the l-1/2-inch orifices, were found
to be positive for all openings above 23 percent (figure 14B). For smaller
openings the pressures on the surfece of the needle near its outer edge
were seversly subatmospheric, indicating that cavitation would occur on
the prototype. Since the critical pressure existed over such a small
range of opening and damage to the needle could be eliminated by avoiding
operations in this region, and since it was impossible to streamline the
corner of the plunger sufficiently to relieve this condi tion without a

45



FIGURE 18

VALVE OPENING IN PERCENT

202 _20 4O 60 | 80 i00
| . P | . .

1.8 | : LEGEND [
widEER R L sheie— Ratio-gf 5;; for various valve

| \ e openings and orifices.

el . —=— Pressure in air manifold for

1™ x il various vaéve openings and

f | - LKa
: _ \ it ratios of g, .
i l | ©0-2% Orifice to measure air.
L4 \ s g 13@ Orifice fo measure qir.
t \ | o-%"Orifice to measure air.
i \ | | Qg- Quantity of gir at atmospheric
! b | pressure.

12 | | Qw-Quantity of water discharging
] \- | from valve under 25-foot head.
e \ T -

W L\ |
|I‘~ZOZ Open* ||
EEEEREE K
N | X Air flows upstream in
el a | discharge conduii
0.8 -~ :
bNg \
B pmN)
| ]l  40%
- L2 _ﬂ- v .*t I
Ml Ny
; | D,
o N i A L N i
O L[- : il Fﬁh_
5 \QL; 1% \N\
Wi - N
;| .\‘\(\507 \ % Th
! | b £ i h %
Ozkoxi"‘\ Bﬁ**- N \\ \\\
I - N 7 0% :'“w.\. ‘\‘ R ~
N J00%k Tl BREERN <L
I 0 | i 8 I~
[E)(q"h-‘o—§-_'t?!---.J.__~ : \_\-.__\ ﬁ"~=. A8 \\
ob—t-1 4 | i o e - 3P R BN B2 T4
0 2 4 6 8 10 (2

AIR MANIFOLD PRESSURE IN FEET OF WATER
BELOW ATMOSPHERIC PRESSURE (MODEL)

SHOSHONE DAM

58-INCH BALANCED VALVE
HYDRAULIC MODEL STUDIES -1:8% SCALE

AIR MANIFOLD PRESSURES AND AIR DEMAND
EER MMOPEE."OF - MODBDIETED DESIGN OUTLET




oat liner




ma jor revision of the valve, the modified outlet design was recommended
for installation during the 1543-44 winter season. The modification
prepared from the model findings, considering structural and construction
difficulties, was prepared by the design section (figure 19).

2l. Calibration of modified outlet design. The outlet was cali-
brated and a discharge graph for various reservoir elevations prepared
for one valve discharging and for both valves discharging, one at 90
percent and the other at various openings.(figure 20). The graph may be
used to determine water releases after the modified design is placed in
operation.

22. Status of repairs and alterations. Thé original proposal on
tne repairs of the 58-inch outlet valves was to so modify the design as
to eliminate all of the adverse pressures whicih occur in the original
design. Based on the results of the model studies in the hydraulic
laboratory, a satisfactory design was prepared, and invitations for bids
were requested on specifications No. 1681-D which included drawings Nos.
26-D-1605, 26-D-1606, and 26-D-1607 (appendix I). Application for
Priority Assistance on Form PD-200 was made to the War Production Board
for the extension of preference rating iA-2x to obtain prompt delivery of
the materials covered by these specifications. Inasmuch as the extension
of the rating was permissible only on qualification by this office that
the work was necessary to prevent an impending breakdown, the decision
was made to proceed instead with the repair of the valves to permit opera-
tion during the season of 1943. The project was so informed by office
letter of January 15, 1543, and the suzpgestion was made that the valves
be inspected not later than July 15, 1943. If further repairs and re-
vamping of the valves were then shown to be necessary, there would be suf-
ficient time to obtain priority and to purchase and install these parts
before the start of the 1944 irrigation season.

During the period from December 1942 to March 1943, necessary re-
pairs were made on both walves, under the supervision of Master Mechanic
Wm. J. Momtgomery, to restore them to their condition prior to the irri-
gation season of 1942. The east valve was dismantled except for the bace
and cylinder; the poorly bonded weld metal on the valve piston shell or
needle was removed and new metal placed, using 1/8-inch "Ferroweld" arc-
welding electrode; and the valve parts were cleaned and repaired. The
pitted areas on the piston shells and throat liners on both valves were
filled by welding. The 2-inch air-vent pipes and reinforcing steel in
both conduits torn out during the 1942 season were replaced, and the con-
duits relined with concrete by pressure grouting. The damaged packing-
ring seat in the west valve was replaced by a new one. The valves were
under pressure and ready f'or operation on March 26. Late in March work
was started on filling the notch in the spillway. Master Mechanic Wm.

J. Montgomery was on the job from December 30, 1942, to February 19, 1943.

Subsequent to the decision to repair rather than revise the valves

48



FIGURE 20

Reservoir El. 5364 -,

' DISCHARGE CURVES

R[] —

A/2ghy T 1 —r
60— A=Area of 52"conduit - =
\— h= Total head on valve et =] !
I/‘/

.80

.40

A1
.20
P

.00

COEFFICIENT OF DISCHARGE

0 10 20 30 40 50 60 10 80 90 100
VALVE OPENING IN PERCENT OF PLUNGER TRAVEL

COEFFICIENT CURVE

SHOSHONE DAM
58-INCH BALANCED VALVE
HYDRAULIC MODEL STUDIES~-SCALE | T0 8%
COEFFICIENT AND DISCHARGE CURVES
MODIFIED DESIGN OUTLETS




during the winter of 1942-43, laboratory tests were made on a model of
the original design of the valve. During these studies a partial re-
vision was developed which would require much less critical material
,and would permit the operation of the valve from 23 to 95 percent open
without the adverse subatmospheric pressures now so prevalent. This
partial revision (drawing No. 26-D=1610, figure 19) entails the removal
of the throat liner and the downstream end of the conduit liner; stream-
lining the exposed corner of the bronze sealing ring by chipping and
rrinding; streamlining of the exposed corner of the bronze seat on the
piston; and the provision of an adequate air conduit which can later be
incorporated in the complete revision shown in specificaticns No. 1681=D.

By letter of August 10, 1943, the project superintendent gave the
following report on the condition of the valves and conduits;:

"The 58" balanced valves and their conduits were inspected
on August 7. The west valve has been operated 35 days this
season at 0.75 opening. The valve itself shows no visible evi=-
dence of additional pitting. A minimum amount of pitting has
occurred, however, in the extreme top of the discharge conduit.
A square foot or so of concrete is gone where it covered the
capped 8" air vent and lapped over onto the pitted discherge
liner. This exposes pert of the capped 8" air vent. Then at
odd intervals of about one foot apart are pitted areas not over
two inches deep which extend out the discharge conduit for about
ten feet. None of the 2-inch air vent pipes are exposed. Ex=-
cept for the spotted pitting in the top of the discharge con-
duit, no other damage to the concrete lining can be observed.
It is planned to patch the small damaged areas before the valve
is again put in operation.

"The east valve has been operated for only 8% hours this
season at 0.30 opening. The plunger needle on this valve and
the concrete lining in the discharge tunnel look the same as
when repair work was completed last spring.

"The opening of the west valve so far this season has been
in the non-critical range as pointed out in the Chief Engineer’s
letter of April 17, 1943. It appears that it will soon be ne=
cessary to use one of the valves for the release of water from
the reservoir and it will probably be necessary to operate it
in the eritical range if stored water is to be conserved for the
generstion of power this winter. It is therefore probable that
the greatest amount of darmge to the discharpge conduits, etc.,
this season will occur during the remainder of the irrigation
season,”

23. Conclusions. From the model studies of the Shoshone outlets,
it was concluded that the damage to the structure in past years had
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resulted from cavitation, a phenomenon which takes place when the pressure
at some point within a flow passage reaches the vapor pressure of the
flowing medium. The presence of cavitation pressures in the prototype,

a condi tion producing the damage observed on the field structure, was
indicated by the subatmospheric pressures on the model whose scaled values
were equal to or lower than the vapor pressure for the prototype.

It would be difficult to operate the present valves to ottain an
appreciable amount of regulation without damaging the outlet structure.
Pitting of the needles is expected when the valves operate between 14
and 25 percent open and in the conduit between 23 and 70 percent open;
also, there will be danger at openings greater than 85 percent, since
the ends of several of the 2-inch air-supply pipes will be covered by
eddies forming below the V-guides., Little damage to the present instal-
lation should result when the valves are operated between 70 and 85 per-
cent open.

The severe subatmospheric pressures on the needles at small valve
openings can be reduced by streamlining the outer corner of the seat
ring on the plunger, but they cannot be eliminated without a major re-
vision similar to that included in the proposed redesign outlet.

The present aeration system is inadequate, as well as improperly
located, to relieve the pressures inducing cavitation in the present in-
stallations The 8-inch vents, which have been plugged in previous years,
would tend to relieve the critical pressures in the conduit but would be
inadequate to eliminate them, even though they do not become covered by
the hydraulic jump in the conduit or by eddies downstream from the V-
guides. If they were properly located, the additional air reaching the
critical pressure zone in the throat would offer considerable relief.

Should the frietion (by restriction or roughness) in the downstream
portion of the discharge conduit be relatively greater on the prototype
than on the model and cause the hydraulic jump to move upstream over the
2-inch vents as the valve plunger approaches the wide-open position,

. severe subatmospherio conditions inducing cavitation and consequently
destructive pitting would result.

The damage to the needle during the 1942 season was the result of
operating the valves from 22 to 48 percent open during the last few
weeks of the season. The damesge to the conduits first resulted from
opsrating between 46 and 52 percent during the first one and one-half
months and was then aggravated by operating at 80 percent open after
the initial demage had reduced the effectiveness of the 2-inch vent
pipes.

The presence of pressures on the valve needles, which exceed the

clearance-ring pressure at valve openings in excess of 95 percent, pre-
vent closure of the valves by this pressure when the plungers are in
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this region.

Though the subatmospheric pressures tend to lessen as the head on
the valve decreases, a substantial reduction would be necessary to
alleviate the damaging aotion on the present field design,

From the model calibration data on the present field installation
it was found that the increase in flow is small compared with the in-
crease in the valve plunger movement when the plunger operates near full
opening, the increase in dischsarge being 3-1/2 percent when open be-
tween 80 and 90 percent and 2-1/2 percent when open between 90 end 100
percent. Since 97-1/2 percent of the maximum discharge through the
valves can be obtained at 90 percent opening, it is not important that
the valves operate beyond this point, particularly since it is difficult
to close the valves when this opening is exceeced.

Damage by cavitation on the valve needles and discharge conduits
can be entirely eliminated by revising the needle tips, the valve seat,
the conduit throat, and the aeration system (appendix I). This solution
would be applicable to similar outlet installations. Maintenance cost
would be reduced to a minimum by this revision and valves could be operated
at any desired opening without the fear of damage due to subatmospheric
pressures. The aeration system for the proposed redesign is sutisfactory,
probably over-adequate. The outlet capacity, however, will be substan-
tially reduced, and consideration should be given to this fact when
fature revisions are planned.

Dama e to the conduit can be eliminated in the present design by
streamlining the exposad edge of the bronze seuling ring, removing the
throat liner, and providing an adequate air=supply system at the loca-
tion as shown on figure 19. However, operation of this modified design
at openings smaller than 23 percent would have to be avocided to prevent
dama ge to the needle.

Openings into an area of low pressure, such as those to the throat
of the Shoshone outlet, should not be placed too near the surface of
the flowing water, for this condition constricts the {low of air and
prevents complete aeration of the jet. For example, the same size open=-
ing into the outlet throat will provide more aeration when the throat
liner is removed. An air=-supply duct equivalen% to three 12-inch dia-
meter openings into the throat of the outlet should provide ample quan-
tities of air at all valve openings in the modified design. The modi-
fied outlet is likely to be noisy since the air taken into the conduit
via the asration system will be under pressure when released at the
conduit exit, and explosive reports may accompany its expansion.

Transference of model pressures to prototype,by assuming all scaled
values exceeding the vapor pressure to be equal to it, is incorrect.

The pressure distribution, when such conditions exist, does not correctly
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represent that of the prototype, for all pressuresobtained in this manner
(except the control pressure) are too low. It is not possible to predict
acocurately the pressure distribution in cases where the scaled values
exceed vapor pressure and the stream tubes change with the head unless
the model is enclosed in a partial vacuum to give the proper relation

be tween the artificial atmospheric pressure of the model and the natural
atmospheric pressure of the prototype.

It is difficult, and in many cases impossible, to determine control
pressures in a hydraulic structure from air tests alone. This means that
the control pressures must be known or must be determined by computation
or from a carefully constructed hydraulic model before the prototype pres-
sure distribution can be predicted accurately.

Aerodynamic models are extremsly useful as an expedient in testing
preliminary designs of hydraulic devices with closed-conduit flow. The
models ‘can be constructed easily and quickly and the tests can be con-
ducted rapidly and without the cumbersome piegometer boards and connec=
tions., Calibration data as well as pressure data may be obtained, pro-
viding extreme care is taken to assure that the model is being tested
under comparable conditions. It is necessary to make radical alterations
to the aerodynamic model in some cases to attain the required effecte.

The removal of the downstream portion of the model of the proposed re=-
design outlet to give desired pressures is an example.

The positive-displacement rotary blower used in the aerodynamic
tests had insufficient capacity and was too inflexible to permit exten-
sive tests by this method. This type of blower is not as well adapted
to aerodynamic studies as the centrifugel or axial-flow types which de=-
liver large quantities at low pressures. The 4=inch positive-type blower
in the laboratory is inadequate for all except small scale models and
larger scale sector models which are difficult to construct and operate,

When the difference in head across a standard air-measuring orifice

is small, the hydraulic equation Q = CA /2 gh may be used, since the
error introduced is negligible.
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