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PREFACE 

dammg Thee redesi~ of the outlets at Shoshone Dam, to prevent severe 
by cavitation, v~s evolved from aerodynamic and hydraulic studies 

conducted in the hydraulic laboratory of the Bureau of Reclamation, 
Denver, Colorado, from October 1942 t o  April 1943. 

The plans for the I- to 8-2/S-eeale hydraulic model of the balanced 
valve a-~ for the alterations to the field structure were prepared in 
the mechanical section of the Bureau by B. H. Starts, Engineer, under 
the direction of P. A. ~Inzie and W. C. Beatty, Senior Engineers. The 
laboratory investigation was conducted and this report prepared under 
the direction of J. E. Warnock, Semior Engineer in charge of the~hydrau- 
lio laboratory. Credit is due D. J. Hebert, Associate Engineer, ar.d 
Fred X,c~r, 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. Savage, Chie£ ~ Design- 
ing Engineer, and all work of the Bureau is directed by S. O. Harper, 
Chief Engineer. The activities of the Bureau arc directed by H. W. 
Bashore, Ccmmuls sl one r. 
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Subject: Model studies for the redesign of the 58-inch balanced i 
~Ives - Shoshone outlet works~ Shoshone Dam, Shoshone i 
Project. 

INTRODUCTION 

I. Bureau of Reclamation structures Using the balanced outle~ 
valve, Several hig~-pre~sure o'utlet" structures, de'signed by the Bttreau 
o-'~amation in t,he early part of the twentieth century, employed ~e 
Ensign balanced valve f~ flow regulation. The outlets at the Roosevelt, 
Pathfinder, Arrowrock, Elephant Butte, and Shoshone Dams were typical 
installations (figure I). The structures were similarly arranged, and, 
in all except the ~hoahone 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 val~ss were 
placed in wells near the upstream face of the dam with the ~ter reach- 
ing them through passages from the reservoir, while at Shoshone Dam they 
were placed in a tunnel bypassin~ the left end of the dam. Except f~ 
the 60-inch valves at Elephant Butte Dam, all were of the 88-inch size. 
Flow frmm the valves discharged into conduits downstream. ~ough the 
lengths of these conduits varied in the different structures and n~mer- 
cue ~etails were dissimilar, the installations-were sufficiently alike 
to possess similar operatin~ characterisbics, even to mechanical an~ 
physical difficulties. ~ne mechanical problems were usually of a nature 
easily overcome by small changes in design t while those of a physical 
mature, mainly damage to the valve needles and discharge conduits by a 
des~-uctive pitting action, were more troublesome. Althou~h similar, 
the damage at the different structures varied in severi~. 

2. Operating difficulties at the balanced-valve installations. A 
report on Bureau of 'Reclamation installations, "HighJP~essure Reser1~ir 

Outlets, ~ ~; J. Y. Gaylord and J. L. Sa~ge~ published in 1923, describes 
the outlet structures at the dams referred to in paragraph i in devil 
and reco~uts the difficulties experienced at each. ~ae report directs 
attention to the seriousness of the dasmges resulting from operation of 
the outlets and discusses measures taken to repair or eliminate thsm. 

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, wldch, on pa6e 8, summarize~ 
them as follows, 
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"... Most of the difficulties with the outlets builtby the 
Bureau of Recl~mation can be attributed to the e~fectof vacuum 
in the conduits below the regulatin~ devices. Generally the 
damage 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 carrjing water at high velocities 
an irregular pittin~ or cavitation of the lining is often ob- 
served. Thi~ 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-Sav~e report contains only limited discuasic~ of the 
Shoshone installation since it was one of the last usin~ the balanced- 
type valve and had not been required to release large quantities under 
high heads for prolonged periods~ thus the destructive action had not 
developed to the critical sta~e. However, the nLture and extent of the 
damage to ~his structure durir~ subsequent seasonal operation areelearly 
depicted by the following excerpts concernir~the other installations, 
taken from the report. 

On pa~e 59, extracts from a report dated October 19,~ 1913, from I. 
C. Harris to O. H. Ensign concernin~ the inspection of the aS-inch 
balanced-valve installation at the Roosevelt Dam, are, in parts 

"We found the tire steel seats of the valves in bad shape, 
and the first section of the discharge pipe, which is bolted to 
the grilla~e frame, is also deterioratin~ very fast. ... The 
seats and pipes are ~oin~ the same ~y rapidly. The seats are 
in bad shape. In some places they are out so that the retaining 
rin~ for the packing is half gone. .... It does not act like 
o~diuary wear, for the metal is 'honeycombed' in peculiar shapes.." 

On page 60, quotations from the project superintendent's report of 
July 29, 1915, co~cernin~ the inspection of the Roosevelt outlets states 

"... 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 relinin~ ...... Two years ago these pipes showed the 
same pitting. At t.~at time the abrazed part was filled with 
Smooth-on, leaving a satisfactory surface on the inside of the 
pipe. The inspection showed that this pipe was in very good 
conditio~ the first of this season, but they have been discharg- 
ing under such a high head that this fillin~ seems to have worn 
away, and the metal it.'elf is be~innlng 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 linin~ of the ~unnel very seriously." 

On p~es 89 ~nd 90, t h e  damage by operation of the 58-inch balanced 
valves at the Pathfinder Dam in 1915 and 1914 is depicted as follows~ 

"... At the end of the season several yards of con- 
crete were gone from the concrete conduits of Nos. l, 4, 5, 
and 6 ..... The damage to the concrete conduits indicated a 
sh~tterin~ 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 worm done bein~ to plug up 
the holes in the concrete conduit with a rich concrete and 
fill the pitted places in the cast-iron liningsii~th Smooth- 
on ..... After a few days operation of the bala~ced val~es 
(I~14) the patches in the concrete conduits began to ~o out, 
and by the end of the season there were large holes in the 
conduits, the dan~ce beir~ 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-I/2-inch shell in 
m~ny places, and the surface presented a spongy appearance. 
This ds~na~e was believed to be caused by the formation of a 
vacuum around the jet issuing from the valves." 

The damage caused by the operation of the 58-inch balanced valves at 
Arrowrock Dam is described on pete 112 in the followin G manners 

"... Annual inspections of the outlets have been made 
since the valves were first installed. The wear on the con- 
duits w~s very slow at first, and the condition of the valves 
and conduits in tho fall of 1920 was reported to be practi- 
cally as 8cod as when first i~stalled. In the fell of 1921, 
however,0 the throat liners and the concrete conduits below the 
semisteel linings were found to be considerably worn, .... The 
pitting of the throat pieces had the peculiar, rough, honey- 
comb appearance noted in m=ny of the other outlets of the 
service and ~s most severe immediately below the V-guides of 
the balanced valves," 

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

Althou~h the theory of cavitation at the time the Oaylord-Savage re- 
pert was written differs materially from that accepted by present-day 
hydrauliciana0 the condition described in the foregoinz excerpts is still 
attributed to the same phenomenon. As was the case then, the r~st prac- 
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tical remedy to be applied to the discharge conduits is considered to be 
the 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 ef operation, but, in viewof air requirement 
tes~e made in recent years on both model and prototype structures, it i8 
doubtful if the air supply in most cases was adequate. The location of 
the air inlets to the conduits is often more important thanthe size. 
Thus improper location might }mve 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 eliminatin~ damage to this part of the valve. However, this 
damage could be reduced to a minimum by limiting the valve operation to 
noncritical openings. 

S. Desqription and histor~of the Shoshone outlet works. In May 
1915 two 88-inch Ensign balanced valves were ina--talled in,he lower out- 
let tunnel in the south canyon wall downstreamfromthe Shoshone Dam, 
located in the Shoshone River about eight miles west of Cody, Wyoming 
(~i~ure 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 Randy Iron Works under an extension of specifi- 
cations No. 266, contract No. 548, dated June 5, 1914~ which was nego- 
tiated ori~inally for 20 valves for Arrowroek 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 In- 
stal!ations would be required to keep the outlets in conditic~ for re- 
leasln~ irrigation water. Pitting of the downstream faces of the valve 
needles and severe damage to the discharge conduit walls immediately be- 
low the valves occurred durin C 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 al~ys the danger 
that the patches would be torn out, allowing the areas to become pitted to 
a greater dep~, possibly renderin& the release system useless until ex- < 
tensive repairs could be m~de. 

It was realized that the pitting was an action accompanyin6 sub~t~os- 
pheric pressures, but the cause was not completely understood. At first 
the pitting was believed to be a direct result of the ~kln~ and breakln~ 
of the vacuum in the immediate vicinity and then considered the result of 
cavitation. 
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An attempt was made in the vdnter of 1930-31 to relieve the condi- 
tion at Shoshone Dam by admitting air throu~,~h a system of vents to the 
conduits below the valves. The conduits were repaired by patching, then 
lengthened and provided with t~venty,four Z-inch pipes and an 8-inch duct 
below each valve (figure 3). Each was constricted two inch~s in diameter 
at the downstre~ end. A marked increase in the intensity of the noise 
accompanying the discharging water resulted, and the experiment was con- 
sidered unsuccessful. The 8-inch vents were closed vrith 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 littl~ 
as possible, beir~ 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 dov~stream and r~cent requests to control 
floods to prevent damage to crops alon~ the river necessitated the re- 
lease of more water through the outlet valves. Damage to the outlet 
structure 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 cn October i0 and ii, 1942. Incurred danages were reported in a 
memdrandum to the Chief Engineer by ?.Sro Warnock, dated October 30, 1942, 
as followss 

"The concrete for several feet dov~stream from the metal 
l~ninG in each conduit has been severely eroded and the majority 
of the twenty-four 2-inch pipes em~Jedded in the conduit during 
the rev~ sion in 1931 have been torn out and washed away in the 
eroded areas. The leakage around the west valve in the cl~ed 
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 
pipe8 are still intact, the remainder bein~ torn out as shown in 
figures 4 and 8. The concrete is stripped out from 6 to I0 feet 
downstream from th~ metal liner on the left side (figure 4) I0 
feet on the bottom, and 3 to 6 feet on the right side. In the 
bottom, the maximum depth of erosion was II inches below the 
oziginal invert. The 8-inch pipe in the crown, which was piug~$d 
since the trials on its effectiveness in 1931, is still intact 
but the concrete is torn from around it. The semisteel conduit 
liner below the valve is severely pitted due to cavitation as 
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s h o w n  in figure 4. The severity of the pittln5 o a n  be JudKed by 
a study of figure 8. 

"The east valve closes satisfactorily, but there is an ex- 
tensive pitted area on the sealin~ rin K at the invert. The face 
of the needle has pitted areas on which several kinds of met~l 
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 weldin~ on the face of the 
needle. The areas of greatest pittin& were directly below and 
above the respective v~Ive ~uides. In those areas only S/4 of 
an inch of the ori~nal two inches of parent metal remains. 

"The conduit do.stream from the west valve is not as ex- 
tensively eroded as the east v~Ive but it is more severe in 
spots. Twelve "of the twenty-four 2-inch pipes are still intact, 
the others bein~ ripped from their embedment. Figure 5 shows 
the remains of these pipes and ~ hole in the concrete approxi- 
mately 18 inches deep. In this conduit, the plug in the out- 
let of the 8-inch air pipe h~d ~een torn 5ut. ~ 

In view of the findings of this inspection and similar previous occur- 
rences at this and other insta!l~tions~ hydraulic model tests were be- 
lieved to be the only practicable means of solvin& the problem, and a com- 
prehensive test program ~s instigated immediately to enable repairs be- 
fore the start of the 194S irri~ation season. 

PURPOSE OF MODEL STUDIES 

L 4. Sco2e of tests. The main purpose of constructing a model of the 
Shoshone outlet v~Ive ms to evolve a means of minimizing or ellmlnatin5 
the severe dan~ge to the outlet structure, thereby reducin~ the unrea- 
sonably hizh seasonal m~inten~nce costs e_~d removing the dew&or of a 
possible fail t~.e in th~ w~ter release system.~ This problem involved an 
extensive stud~ of the pressure distribution in the valves and discharge 
conduits, first, on a 1-to-S-scale aerodynamic model representing a one- 
eighth sector through a valve and discharge conduit, to expedite the re- 
design so that purchase of the necessary m~terials might be made in timm 
for completing repairs before the 1945 irrigation season; and then on a 
l-to-8-2/3-scale hydraulic model of one valve ~nd discharge conduit to 
verify the air model tests, study refinements in design, and determine 
t~ a~equacy of the aeration system in both the ori~inal and the proposed 
designs. In addition, studies oonoernin~ the aetuatin8 pressures for the 
valve plun~er were made. After it 1,~s 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 %Vat Production Board, tests 
were conducted to ascertain valve-opening r~_n&es of a-ale operation to 
mlnimi~e damage by limited operation until m~terials became available. 
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Also, a study was instigated to ascertain the possibility of obtainin~ 
acceptable conditions by minor alterations to the present field struc- 
ture. The model studies included tests to determine the reliability of 
usin~ air a s  a fluid instead of ~er and investigations to ascertain 
limitations and disadvantages of the aerodynamic model. In connection 
with these tests, an examiru~tion was made of hydraulic and aerodynamic 
equations ~o ascertain the error induced when usin~ the simpler hydraulic 
equation in determinln6 the flow of air through an orifice. 

5. Summary of results. A satisfactory solution to the problem of 
relievin~ the severe subatmospheric pressures on the valve needles and 
discharge conduit walls to prevent the occurrence of the cavitation 
phenomenon, thereby ellminatin~ the destructive pitting action to these 
parts of the structure, was obtained throush the model studies subse- 

quently described. 

The model tests indicated that either of two methods might be em- 
ployed to ~ive satisfactory operation. One included major chan~es in 
the valve needles and air-supply system and required the purchase of 
heavy metal castings, while the other involved t h e  streamlinin& of the 
sealing edge of the p lunser, remov~l of a portion of the bronze sealin~ 
rin~ by chippin~ and ~rindin&, removal of the throat liner, and revamp- 
in& the air-supply system. Aeration equivalent to three 12-inch ducts 
was found to be adequate in this arransement, but slightly more area 
was recommended as a factor of safety because of the limited information 
available on the air requirement in hish-velocity flow. 

The model tests shc~ed that the present prototype vent system is 
i~dequate to prevent cavitation for all except a very small range of 
valve opening. Insufficient air is supplied at openings between 23 and 
70 perce~t, and some of the 2-inch vent pipes on the invert and c r o w n  

become ineffective at openings above 85 percent, due to eddies formln~ 
immediately downstream from the V-b~uides. These conditions precluded 
safe operation of the preseut installation at ranges of valve openin8 

other than 70 to 85 percent. 

Model s~dies of the present field desisn indicated t h a t  the pitting 
of the prototype valve needles has been the result of operatin8 at valve 
openings between 14 and 25 percent and that damase to the conduits re- 
sulted between 23 and 70 percent valve openinG. No doubt the damage to 
the conduit at these openin6s rendered the air-supply system ineffective 
~nd a~sravated the destructive action for lar~er valve openings. Dis- 
charge coefficients and capacity curves, which will assist the project 
operatinc personnel to determine the flow beln~ released by the outlet 
works before ~nd after the outlets have been revised, were prepared from 

the model data. 

The use of an aerodynamic model constructed of moldln~ plaster 
proved an extremely useD~l expedient in determinin~ t h e  feasibility of 
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the proposed redesign. The tests on aerodynamic models of the Shoshone 
valve and on two other small valves, usin~ 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 care~lly 
and proper interpretation of the results is made. 

Investigation of hydraulic and thermodynamic equations for comput- 
in G the quantity of air discharginA 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 proto-t~pe. It is generally 
accepted by-present-day hydraulicianst~t cavitation in a hydraulic 
passage occurs only when the pressure at some point within it approaches 
or reaches the vapor pressure of the flowin~ medium. In view of this 
concept, pressures equal to the v~por pressure of water would have to 
exist in the outlets at Shoshone Dam before dama&e 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. 
~eca~se the aerodynamic tests were limited to a small range in head by 
the lack of air-blower o~pacity, the following discussion is directed 
principally to hydraulic models usin~ a liquid as a test medium. 

Whether or not the pressure at various points in the prototype can 
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 prototyp~ are above the vapor pressure of the fluid, 
the problem is simple and the usual similitude transfer relations are 
valid. However, if the pressure at any point becomes equal to the vapor 
pressure of the fluid and 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 v~e~um 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. 

if, at T~he scale heads, over a certain operatin~ range, ne~lectin~ 
the relative difference in model and prototype friction 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 carrespondin~ point on the prototype may be found by the 
usual model-to-prototype transfer expression 

Pp " N Pm 

where P and P are prototype and model pressures, respectively, a n d  
p m 
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N is the model scale. 

However, if the scaled value at any point extends below the vapor 
pressure, which condition indicates that cavitation will occur on the 
prototype, it is not possible by this method to predict the correct pres- 
sure for a~ point on the prototype other than that corresponling to the 
lowest existin~ on the model ~nd possibly the pressure which controls the 
discharge, as that in the ~hroat below the seal rln8 of the Shoshone 
valve. To assume all pressures with such scaled ma~nltudes to be equal 
to the vapor pressure on the prototype (the lowest obtainable prototype 
pressure) is erroneous, particularly if the values are for widely sepa- 
rated points and both are not cf the same intensity. Pressures obtained 
in the usual manner for shy point in the prototype other than the con- 
trol or iciest pressure will therefore be too ic~, and the percent of 
error will be proportional to the deviation of the scaled pressure from 
the vapor pressure. ~en this condition obtains, another method must be 

employed to evaluate the protots~e pressures. 

If the model and prototype hove definite controlling pressures at 
the same relative location and the boundary contour upstream from this 
point is sufficiently streamlined to preclude any chan~e in ~,he shape of 
the stream tubes due to chan~es in head, that is, the coefficient of 

discharge, C in the equation 

Q'CA 

re~ins constant, the ratio of the difference in head between any two 
points in this re~ion to the total difference (upstream to control pres- 
sure) is constant and may be termed a pressure factor for predictin~ the 
prototype values at correspondin~ 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 determinin8 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-si~ed structure m~y or may not be indicated by the model. 

Since the pressure surrounding the venn contracts of a Jet iasuin~ 
from a valve influences its discher~e rate and hence the pressures at all 
points within it, the total chan~e of head through a valve should be 
taken as that from the upstream side to the vena contracts. ~eglectin~ 
the relative difference in model and prototype friction because of the 
difference in Reynolds number, the stream tubes will remain ~eometrl- 
ca!ly similar and the same relation will exist in the prototype as in 
the model. Thus, knowing the ~ntrol 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 usir~ the expression 
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Fp = FDt+ P c 

where Pp is the protot~pe pressure in feet of water for the point in 
question; Pc is the prototype control pressure (negative an~ 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; D t is the tot~l head differ- 
ence in feet of water on the prototype, from the upstream aide of the 
valve to the control pressure; and F is the factor for the point in 
question obtained ~rom the model tests. 

Though the application of this method to cases where the stream 
tubes chsmge appreciably with chan~es in head, as in the present field 
design of the Shoshone valve, is incorrect and the model should be en- 
closed in a pQrtial 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 chan~e appreciably, the values obtained by this method 
will be reasonably correct while those obtained for re,ions where the 
boundary change is considerable, as at the downstream edge of a Ic~- 
pressure zone where the main flow separates from the solid boundary, 
will be substantially in error. 

As there were two low-pressure zones in the ShoshoI*e outlet model 
where the scaled pressures for certain valve openln~s 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 eetab- 
lishlng the critical range of opening for the present prototype valve. 
Since it was desired to determine the existence of cavitation pressures 
and not the pressure distribution in the valve or the location where 
damage wc~Id result from the collapse of the cavities, the transfer of 
model data ~o prototype was not so involved. However, both methods 
outlined above were used. 

The tre.nsference of the aerodynamic model data to prototype was made 
by pressure factors in a manner similar to that ~ described previously. 
However, two variations of t~he method were employed; one, usin~ factors 
based on the head on the valve, above atmosphere, expressed above or be~ 
low ~tuuoaphere as indicated by the piezometer, being oonsldered; and the 
other, usin~ factors based on the total head difference but expressed 
above 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 chan~e from the small negative pressures at the vena contracts neg- 
ligible. This is not the case in designs llke 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 presm~re 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 familiar similitude relationship is 
used and the same assumption is made. Critical pressures are indicated 
over a ~reater portion of the outlet and for a wider range of valve open- 
in~ than should be t~h~ case. 

The second variation mentioned above was expected to give pressures 
more closely representin@ those for the protot3,pe structure; thus it was 
employed in recomputin~ the prototype pressures in all aerodynamic tests 
after the aeration pressure had been determined by the hydraulic model. 
Excellent a~reement resulted between t~ hy~rau!ic and the aerodynamic 
data for the proposed redesign, but discrepancies of appreciable magi- 
rude, attributed partly to different degrees of separation of the two 
flow media from the bounding surfaces and partly to limitations of the 
aerod~n~amic model, were noted for the present field desi@u~ 

SPECIAL AERODYNA~IC STUDIES 

7. Air versus water as a test medium. The failure of discharse 
data taken~from 45-de~ree sector "aerodymamic models to agree within the 
limits of experimental error with that obtained from complete hydraulic 
models, in tests m~de previous to those on the Shoshone outlets, led to 
investigations co ~scertain whether the difference was introduced by 
usin~ air as a flow medium or by using sector models of one scale for 
air and complete models of auother scale for water. It was concluded 
from the tests described subsequently that errors are more likely to re- 
sult from the latter. 

Two s~ll valves (figure 7), one a 5-1rich hollow-Jet and the other 
a 2.8-inch needle, for which the laboratory air-blower capacity ~m~ 
sufficient to give reliable measurements, were calibrated, first with 
air, th~n with water. 

T}~re was very poor agreement between the aerodynamic and the hy- 
draulic data from both models when first compared. The discharge coef- 
ficients for each valve were inconsistent regardless of the medium em- 
plc~'ed, and the results obtai~d by usin~ air were in poor agreement 
with those usix~ 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 flowin~ 
media would at times cling to the curved surfaoe, oausin~ a re~ove~ of 
head ~hich ~s not included in the reading of a piezometer l@eated ome~ 
pipe diameter upstream from the valve. At other times the flow would he 

17 



! 

% 

.... Eight ribs 
?,. 

: . ~ 

g 

! , i  
' , /  . 

T r o v e / •  1.200" 

A. N E E D L E  V A L V E  
~.~00" DIA. #VLET " 2.S'II, " DIA. SHARP-EDGED EXIT 

,..046"7"rL 

,,e .~ a 

• ~ ~ 

3 
Q 

..Y 

T r o v e / .  1.008" 

~.  H O L L O W - U E T  V A L V E  
3.023"DIA. INLET - 4.662" DIA. EXIT 

i i - -  _ ~L_ --- 

-,~S ~ tO & I ~ ' 

3.0 s I ' ' ,r I O  • ~ - / i 

, 1 --L~ 

* " a  i 
L l e  t 

t :o ' .  I '  

t,n x I 0 s . . . . . . .  
I 

O.gX I01 - i 

COEFF IC IENT  OF DISCHARGE r 

C IN Q • C A ~ j ' Z ~  • 

L E G E N D  
• • AID. 
= ' W A T E R  

3.1;  x t O  s 

3.0 x tO s - 

..---4.---P.....P-. 

F--,,,-f-;--1 "-.-.r'-- 
l •  i i 

LOX tO" , ~ - 
P--.-P--- 1 -,--.f-- 

~ , S  x I 0  ~ 
~ k  66 . 6 0  

COEFFICIENT OF D I S C I ~ R G g -  

iN Q • C A V ~ ¢  C 
I~ • s~a~ic + velocffy h~d 

KZ 2..~ = los 

¢Z 

Z 

1.5 x IO s 

Ice 7.,5x IO s 

Q: 

z Z.O x tO ~ 
t~ 

°1  , J  
o 
Z 

n, |.5 x 106 

I 
- -  _ ! 

D I S C H A R G E .  C O E F F I C I E N T S  FOI~ S M A L L  V A L V E S  
USING AIR AND W A T E P  AS F L U I D S  



free from this action. To elimlnateany -~riation from this so~rce the 
valvo exit was ch~n~ed to the sharp-edged type. The results obtained 
from t~is arrangement ~ere considered excellent when the discharge coef- 
ficients obtained by usin~ the two flow media were plotted a~ainst 
Reynolds number based on the entrance diameter of the ~valve ~fi~ure 7A). 
The altered exit shape eliminated the abrupt eh~r4~es in direction at the 
boundary of the flow passage and gave coefficients which did not vary 
wit~ the head. Though the a~reement between the aerodynamic and the 
hydraulic tests was ~ood, the comparison would have been more convincin~ 
if the capacity of the air blower had been sufficient to obtain the same 
Reynolds number as for water, without necessitatin~ the operation of the 
valve at extremely low heads where the accuracy ~of head and discharge 
measurements ~i~ water were questionable. 

The first attempts to compare the~aerodynamic and the hydrau.lic data 
from the 3-inch hollow-jet valve were d~scoura~ing, for the discharge 
coefficients obtained by usin~ air, measurin8 the head on the valve With 
atmospheric pressure as a datum and not conaiderin~ the negative pressure 
on the interior of the valve downstream fro~ the outer edge of the needle, 
were considerably in excess of those obtained by usin~ water. After in- 
vesti~atin~ the pressures in the downstream portion of the valve near the 
ou~er edge of the needle where appreciable suba%mospheric pressures were 
found to exist, the disagreement was attributed to improper measurement 
of the head on the v~Ive in the aerodynamic testa. At times, the sub- 
atmospheric pres~2re in this re~ion v~s almost equal to the pressure above 
~tmosphere recorded by the piezometer located one pipe diameter upstream 
from the valve. The sub~tmospheric pressure at the same point was neg- 
ligible when ~ter was passin~ through the valve; thus the head obtained 
for the hydraulic t e s t had been nearer the correct value than that 
for the aerodynamic tests. When the head on the valve ~e tauten as total 
chan~e in pressure from a point one dlamter upstream to one immediately 
downstream from the outer edge of the needle, very ~ood a~reem~nt resulted 
between the aerodynamic and the hydraulic tests (figure 7B). These tests 
demonstrated that care m~st be exercised in conductin~ aerod~mamic test- 
in~ of hydraulic devices. Pressures boundin~ ~ 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 charaoterlstics as well 
as the pressure distribution for most hydraulic devices can be obtalned~ 
from an aerodynamic model if the tests are made with extreme care and 
the results are properly interpreted. It ~ould be practically impossible 
to predict pressures in the present Shoshone outlet structure by aero- 
dy~ic studies v~_thout first ms~ir~ hydraulic studies to obtain the 
aeration pressure or measurin~ the prototype pressures and uein~ corres- 
pondin~ pressures on the m~iel. 

Even with the "aeration pressures known, the problem would be a diffi- 
cult one, for the abrupt c~nges in direction of the flow passage in this 
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design would cause separaticm of the main fl~ frcmL the boundary and the 
amount of separation would very with the head on the v~Ive. The differ- 
ence in the physical properties of air and water would also influence the 
seperatiom~ thus poor agreement between tests usin~ sir and those using 
water as s flo. medium might be expected. The difference in pressure fac- 
tors obtained at warious vBlve o~nings on the aerodynamic and the hydraulic 
models of t~ present field design (figure 8B) might be explained im this 

The pressures for the proposed design of the Shoshone outlets could 
be predicted accurately from the sir tests, since the subatmospberic pres- 
sure at the control was negligible and sufficient aeration to obt~im 
comparable model pressures could be provided by removing the model dis- 
charge conduit. In addition, the positive control immediately downstream 
from the seat assure~ a~ainst a~y appreciable change in the stream tubes 
to effect the pressure factors (figure 8A). 

8. Compariso~ of..h~.,raulio mad thermodynamic equations for computing 
the flew of air through an orifice. When aerodynamlc tests for the re- 

design of the Shoshone outlet works were instigated, it was realized that 

numerous computations of the air discharge through a standard imt~k~ ori- 

fice would be required during the study. This work could be facilitated 

if t}~ hydraulic equation Q- CA ~ was used instead of the more 

complex thermodynamic equation 

.... s7 Q = CA 2g ~k - 1 Pa V "  PdsVd J " 

Moreover. the information would be useful in future aerodymamic tests. A 

comprehensive comparison was made of the t~'o equations, based or, both the 

upstream and the downstream pressures. 

The hydraulic equation for flc~ through an orifice when based on at- 

mospheric pressure may be expressed as: 

and the thsrmodynamic equstiom as: 
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whe r e  

f 

Q~.. ~ -~-~ ~ I I V 
a 

~V 

~a and Qta are quantities in cubic feet per second at 

atmospheric pressure, obtained by the hydraulic and 

the rmodynamic • quati on s ! 

C is the discharge coefficient of the orifice! 

A is t~m area of the orifice in squ~re feats 

g is the acceleration due to gravity~ 

Pd is th~ downstream pressure in pounds per square inch 

absolute ; 

V a is specific volume of the fluid at atmospheric pressure, 

cubic feet per pound! 

Y d is specific volume at the duwnstream pressures and 

k, 1.405 for air, is the constant for adiabatic change of 

state, a change in which the system neither receives 

n o r  gives o u t  h e a t ,  

The comparison was accomplished through the use of the ratio -~---, 

since it expressed the discharge obtahned by using the hydraulic for- 

mula in terms of the correct amount given by t~ thermodynamic relation- 

ship. 

From the two equations, 

. . . . .  . . . . .  : . . . . .  : . . . . . . . . .  ....C1) 

"~/ I~ 1" ;kk 1" v-P~V~ v~ 

S q u a r i n g  b o t h  s i d e s ,  
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i k+l 

Pd ~- ( pP__~_d ) -~- (~-) - 
a 

( ) - (~-) 
a 

i ̧'" 

:! 
^ 

Pd 
Assuming v a l u e s  o f  "~5---, the  r a t i o  o f  ~ can  be o b t a i n e d  and 

%" Qd 
the square soot ~ives -~ from which the amount 

sml l i e s  them Qte san be d e t e r m i n e d .  
"" Pd 

When the assumed values for -~_ of 0.85, OegO, 0e95, 0.97, and 

0.99 were used to obtain the ratio o7 quantitAes and the results were 

plotted (figure 9), itwas found that substantial errors could be intro- 

% -  i s  g r e a t e r  o r  

duoed by usi~ the hydraulic formulaj that the,e errors would always be 

positive when tha hydraulic equation, based on either Pa or Pd* was used 

instead of the thermody~&mio equation based on Pa! that they would be 

negative when tha h~draulio equation, based on Pa" was used instead of 

t h e  therm~dyz~mio e q u a t i o n  based  on Pd; and t h a t  t .hey would be p o s i t i v e  

when the hydraullo equatlo~z, based on Pd 0 was used instead of the ther- 

modynamic one based on Pd e 
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In a l l  oases the error was substantial for large differences in heed, 

decreaSip~ tc a negligible amount as  the difference became small and the 

ratio -~ approached unity. 

From this inspection it was concluded that the hydraulic equation ~y, 

not be used without introducing an appreciable error unless the head dilf- 

ferential through the orifice is small. S~nce the difference did not e~-- 

"d o f  0 , 9 9 ,  and oeed 0.~5 feet in the Shoshone tests, giving a value of 

the error did not exceed 0.~ percent, the hydraulic equation based o~ at- 

mospher/c pressure was used in all computations to obtain the discharge of 

air through the standard measuring orifice attached to the intake of the 

blower. 

INVESTIGATION OF THE SHOSHONE OUTLET BY AERODYNAMIC MODEL 

9. Description of  I 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 V-shaped channel with one side of fiber wood and the other of 
transparent plastic; and 45-degree plaster sectors of the valve and dis- 

charse conduit (fi&ure lOA), 

Metal templates fastened to a sliding frame fitted to the edge of 
a smooth flat-topped table were used informing the sectors of the tunnel 
and discharge conduit. M o r ~ r ,  prepared by sifting drymolding plaster 
into a vessel of water until it was just covered by the water and etlrrln~ 
it in a manner to prevent entrainment of air, was placed on the table as 
it reached the proper oonslstency, and the templates moved back and forth 
across it. The model se~nen~s were shaped through a process of building 
up and scraping off the surplus pl~ster as it obtained its set. 

The valve needle, housing, and support ring were shaped by templates 
which ~re 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, s*e~ng 

back and forth across the troughs. 

The section representing the vulva support ring ms construc%ed by 
a metal template revolved about a center on the flat-top table, sh~pin~ 
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the setting plaster a s  explained above. 

F~cept for the movable needle, which was controlled by a n  L-shaped 
rod with one end inserted into a metal tube installed within the needle 
and the other passin~ upstream throur~h a ~roove in the bottom of the 
transparent-sided V-channel, all the plaster segments were fitted and 
bolted to the channel. Airtight Joints were obtained by placln~ a fillet 
of modelin~ clay alon~ the seam~ 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 a~ainst various pres- 

s u r e s e  

Piezometers were installed by drilling small holes into the model 
segments ~nd insertin~ small copper or brass tubes for attmchln~ to a 
water manometer. The connections between th~ model and the metal tubes 

" ~'~ * by placin~ plaster mortar around them. wer(~ l~MK~e alr~lo~ 

The needle actuatin~ rod, mentioned previously, and a scale of valve 
openings etched on a sbrip of transparent plastic and c~ented to the 
plastic wall of the ~-cnannel, enabled accurate settin~ of the valve for 

testing. 

A water manometer w a s  used to measure the difference in piezometric 
pressures between the plezometer indicating the head on the valve and 
any particular piezometero This procedure was followed to avoid read- 
in~ extremely small differences in head when c~-itlcal areas were bein~ 
investigated, which would have been necessary had atmospheric pressure 

been selected as the datum. 

i0. Study of proposed redesisn outlet. The usual procedure of first 
constructin~ and testings model 0f the ori~inal design to ascertain its 
characteristics and then altering it to obtain improvement was not fol- 
lowed in the Shoshone 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 ................ 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 ~as expected to be similar to that experienced 
in tests conducted in the hydraulic laboratory on,models of other valves. 
The pressures near the two zones where damage ~ecurred on the prototype 
were certain to be subat~ospheric sufficiently~to indicate cavitaClon, 
a condition considered to exist when the scaled model pressures e~oeed 

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 maxin~am prototype head, 
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approximately 220 feet. By usino ~ the pressure factors and conducting 
tests to determine the variation of the control pressure with head, it 
would be oos~ible to ascertain those for ~re~ter 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- 

fied when this investigation was rode. 

~rnen the proposed redesign (figure IOC) 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- 
in~ above or below atmosphere, the pressures near the seat on the support 
rln8 and in the discharge conduit were severely suba tmospheric (as mush 
as 42 percent of one static head on the v=ive), indicating that cavita- 
tion v~uld result to the redesign if the outlets were improperly aerated 

(fieure IIA). 

'/.~ith 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- 
in~ the jet immediately downstream of the valve; thus the conduit see- 
tot below the model valve (area i, figure IOC) was removed to acquire 
representative conditions. Tests on this arrangement disclosed that the 
admission of air to the re~ion immediately below the valve was still 
hampered by the downstream edge of the support rin~. The aeration pres- 
sure was too low so the downstream portion of the support tin8 (area 2, 
figure 10C) was removed. The negative pressure at piezometer 9 (fig- 
ure liD)was negligible for all positions of the model plun~er. 

The clearance-rin~ pressure (piezometer 16, figure liD)was equal 
or rester than any on the needle, thus i:~dicatin~ non,trouble in 

- • g ..... ~--- ~ .... ~- wide-on*n nosition as had been ~ the case w~th 

the present field installation. 

Pressure measurements for the complete range of valve openin~ in- 
dicated satisfactory conditions at all points in the valve except on 
the needle and the support-rin~ surfaces (piezometer 8, fi&ure lID)imme- 
diately below the seat where a dlvereent passage formed as the valve 
neared the closed position. To allevi~te this condition, the continuous 
curve below the ~alve seat on the support rin6 was replaced by a short 
tano~ent, diver~ir~ one-half of one degree from the needle an~le (figure 
IOC). Complete pressure measurements, including those downstream from 
the V-~uides, were ~ain taken (figures lie and F). Though the pres- 
sures remained subatmospheric for openings of less than six percent, 
they were not of a magnitude indicating cavitation (figure IIG), and the 
design was considered satisfactory insofar ~s the aerod~emlc investi- 
gation was concerned. Construction drawings for the chan~es were pre- 

pared on the basis of thes~ findings I~aPP an" 
dix I ), but it was believed advisable to corroborate t~e res~l~ by 
hydraulic tests on the !-to 8-2/~-scale model before the plans were 
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adopted, particularly since aerodynamic testing was comparatively new 
to the laboratory/ personnel. The aerod)m~mic tests later proved to be 
a valuable expedient v&en a~most identical results were obtained from 
the hydraulic model requirin~ many times as long to construct. 

II. Study of ~resent outlet installation. As the parts of the 
aerodynamic model were constru6~e~easily, the model was alteredto 
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 ~erate properly the aerodynamic model to 
represent these pressures had their correct n~ni~ude been known. A 
hi&h-velocity 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 contracts of ~e 
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 s~pplied, 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 plun~er needle and in the conduit down- 
stres~n. The pressures (fi~ure IIA), computed by using pressure factors 
based on the head above atmosphere on the valve and expressed as per- 
centares of thia~ differential above or below atmosphere, were found to 
deviate ~erkedly from those obtained subsequently from the l- to 8-2/S- 
scale hydraulic model. A~parently the prototype pressures could not be 
predicted accurately by this procedure. ExLmination disclosed that the 
results were similar to those obtained in hydraulic models when employ- 
in~ the usu%l model-to-prototype transfer expression discussed in sec- 
tion 8 of this memorandum, and as sumiug that all scaled values exceeding 
the vapor pressure were constant ~nd equal to it. The pressures were 
recomputed usin~ pressure factors based on the total change in head 
through the valve but expressed as a percentage of the change above the 
control pressure, obtained from ~e hydrauliz tests (figure lIB). Better 
a~reement was obtained between the aerody-~mic and the hydraulic tests 
when the latter method was used. 

The clearance-rir~ pressure u0 full openin~ was not subatmospherio, 
as had been expected, but was ~ubstantially positive, 190 feet of water 
or about 20 feet lower the:, the pressure in the tunnel immediately above 
the valves. Thus little would be ~ained to improve the operation of the 
v a l v e  a t  large openings by altering the clearance ring. Pressures o n  

certain p~rts of the needle were ~reater t~an the -learance-ring pressure 
for openings above ~5 percent, indicating that t~e valve could not be 
closed hydraulically by the clearance-rin~ pressure from these openings 
(figure IIA 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, the tests were believed to ~ive some clue as to the 
conditl ons causin~ the damage 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 1951 and the pressures, no doubt, were closely representative 
of these causir~ considerable damage prior to that date. The tests were 
important in that they furnished useful information concernin~ aerody- 
namic teBts and interpretation of the test data. 

INVESTIGATION OF THE SHOSHONE OUTLET BY HYDRAULIC MODEL 

12. Description of the i- to 8-2/5-scale hydraulic model. The 
hydraulic model of one valve and discharge conduit of the Shoshone cutlet 
works, constructed to verify the results from the i- to 6-scale aerody- 
mamlc model, study refinements in design, investigate hydraulic operat- 
ing eharacteristic~ of the valve, and determine the adequacy of the aera- 
tion system of the proposed redesign, present field installation, and a 
modified design, consisted of a hitch-pressure steel head tank, a I- to 
8-2/3-scale bronze model valve, and a section of transparent plastic pipe 
representirL~ the discharge conduit of the east outlet (figure 12A). 

The model valve was made geometrically similar to the prototype to 
perm/t a study of its operatin G characteristics when the plunger actu&ted 
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 downstream from the valve to determine whether or not 
the pressures in these re~ione were ~fficiently subatmospheric to induce 
cavitation. The piezcmeters were not iLstalled until ~nual controls 
were provided, since their presence would interfere with the hydraulic 
operation of the valve. Two needle tips and two throat sections were 
provided. The bronze needle tips, representing those of the proposed re- 
desig~ and the present field design, were made removable to facilitate 
changing from one design to the other. The two throat sections, one re- 
presentin~ 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- 
sentin G 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 lengt~h of transparent plastic pipe 
to permit observation of the flow conditions in the conduit. Twenty- 
four 0.234-inch holes were provided in t~e wall of this pipe to represent 
the 2-inch vent pipes on the present prototype installation. Water and 
mercury manometers were used to record the piezometric pressures. 
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13. [l,rdraulic operation of the valve plun~,er -Proposed redesign 
outlet. T'ests pertainin~ to the hydraulic operation of the valve were 
made for the proposed redesisn outlet (figure 12B) before piezometers 
were installed, since their presence would interfere with the free move- 
ment of the valve plun&er, preventin~ a correct measurement of the fric- 
tion. t~oreover, they would have been of little value since the operation 
of t.he v-lye at definite openings would have been difficult and the data 
would ,~mve appeared inconsistent. The pressure tests were performed at 
the co~clusion of this investi[,ation after positive mechanical control 
of the plur-v,~er had been provided and exact openings could be established. 

Initial operation of t~ model valve disclosed t}mt an abnor~mlly 
hi[~h pressure (about two feet of water on the model v~ive center line) 
was n~cessary re overcome the friction on the plunser; thus it could not 
be actuated b:i the clearance-rin6 pressure over much of the opening 
rem~e. Chances in alinement of the V-~ides 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 v~as required to keep the valve in motion during the closing 
cycle. This velue was assumed to be that required to keep the plun~er in 
motion durin~ the openin6 cycle when thrust computations were m~de. With 
the reduced fr~ctiul,, the plun~er of the proposed redesign could be 
operated hydraulically by pressure from the clearance rinG, providin~ it 
was not allowed to reach the wide-open position. Investisation indicated 
that its failure to operate at this position resulted when a seal formed 
between the machi:ied surfaces of the back of the plunger and the inside 
of the w, lve housinc, preventin~ the pressure from the bull-rind cylinder 
from reachin~ the bac~', end o!' the plun~er. Once this seal was b~ken, 
the clearance-tin& pressure w~zs sufficient to actuate the valve at all 
openin&s. To ascertain if the clearance-rin~ pressure was sufficient to 
actuate the valve from the wide-open position and whether the failure to 
start closure was du~ entirely, to the seal, ~rooves were cut through the 
bull-rin~ seat aC the back of the plun~er, The clearance-ring pressure 
~vas transmitted to the beck end of the piston throuzh these ~rooves ~nd 
hydraulic operation of t~te valve w~s possible at all openings. Though 
it is'no% indicated by the thrt, st diagram (fi~,re 15), the force to close 
from thewide-open position is available since the pressure on the needle 
surface below the V-[.uides at large valve openings is less than on the 
rem~inin& portion of the needle and these were not considered in the 
thrust computations. The proposed redesign of the field structure should 
t.~mrefors be operable at all openin[,s by the clearance-rin& pros,sure, 
providi:~6 t.~ friction between the valve plun&er and bull-rin~ cylinder 
is not too ~reat and a seal similar to that observed on the model does 

not form on the prefer'pc. 

14. Study . of pressures in the proposed redesign outlet. After the 
operatinc c~haracteristics of the proposed redesign outlet had been studied 
a:~i the clearsxtce-rln~ press, re found adequate for actuatin& the plunger 
~'hcn t!-~e friction between the plunger and the bull-tin G cylinder was not 
too ~reat and the seal back of the bull tin& 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 10-percent increment of valve opening and the 

flow conditions for each noted. 

Tt~ Jet ~rom the valve was reasonably smooth with the downstream 
end of the discharge conduit filling and operating under pressure when 
the plunger neared the wlde-open position. 

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 causin~ them to become negative. Though these 
pressures were substantial, they were not of a ~snitude indioatlng 
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 design. 

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 open lngs (figures 

lie 14c) and the design . . . . . .  I) ,-, 

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 materials. 

15. Calibration of ~roposed redesign outlet. Prototype discharge 
cur~s (figure 15) 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. The curves show a substantial re- 
duction in capacity from the present field installation - that for one 
valve at the maximum head being approximately 1,120 second-feet, a re- 
duction of about 500 second-feet (figures 15 and 17). 

Head l o s s e s  f r o m  t h e  r e s e r v o i r  t o  t h e  v a l v e s  we re  compu ted  f o r  
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 loss~s are 
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 c~rve fer the reservoir elevation. 
To determine the quantity of water being released when the reservoir 
elevation and the valve opening are known, 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 seals 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 wLs not ascertained, but it might have been the re- 
sult of errors inherent in constnucting 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 a~sured correct shapes and no doubt would have re- 
sulted in closer ;greement. 

16. Hydraulic operation of the waive plun~er of present outlet 
installation. The pressures tending to open the model valve were greater 
t~an the "clearance-ring pressure over much of the surface area of the 
needle tip; thus for certain openings the force exerted on the end of the 
plunger by the clearance-ring pressure was insufficient to move it (fig- 
urea 13 and 14A). This unfavorable pressure distribution existed over 
the range of valve opening from 95 to I00 percent and precluded success- 
ful closin~ of the valve by the clearance-ring pressure at these openings. 
This condition, which was also obtained from the aerodynamic testa, no 
doubt explains 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 s o o n  
as it was learned that materials for t~e hew needle tips and air-intake 
manifolds of the proposed redesign could not be purchased, an extensive 
test pro~re,n was initiated to investigate. (I) the pressure conditions 
in the p~esent 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- 
mlnating the destructive action in the present structure by minor modi- 
fications not involving the purchase of strategic wax materials. Tests 
for comparison with those obtained from the aerodynamic model were also 
made. 

There were two low-pressure zones in the Shoshone outlet model 
where the pressures at certain valve openings w h e n  transferred to the 
prototype reached the vapor pressure of water, oil, out -28 feet of water. 
The pressures in these re~ons (zones A and B, figure 16) were taken as 
criteria in establishing the noncritical range of openings for the pro- 
totype valve. Since it was desired to determine the existence of cavi- 
tation pressures by these ~ests and not the pressure distribu~ on in 
the v~Ive 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 conoi~ions investigated. 
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It was intended to use prototype measurements made in 19SI as the 
control pressures for the model in predicting the minimum pressures in 
sone A of the prototype. However, when scaled to the prototype, the 
model pressures in the cond,~it below the valve were not in agreement, 
being nearer the vapor pressure for all valve openings than the proto- 
type measurements, even with all twenty-four 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 cf the same diameter 
and the scaled length, the capacities of the two systems were compared. 
Computed discharges, usin@ the same pressure difference, showed the 
quantity of air from the holes to be about 1.42 times that for an equal 
number of pipes, and it was concluded that the difference was not due 
to the method of aer~tin~ the model. Damage 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 II, 
1931, for with pressures of this magnitude cavi~tion 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 ~one B for predicting 
those in other p~rts of the prototype were therefore obtained from scaled 
model pressures. The minimum pressure in zone B for each lO-percent 
increment of the plt~er travel and maximum head was obtained and scaled 
to prototype by the similitude relationship, 

P + N P  m 

p m 

When values obtained in this manner were above the vapor pressure 
for the prototype (about -28 feet of water at Shoshone Dam), they were 
used directly. When below this value (num~rically larger), they were 
assumed to remain constant at -28 feet of w~ter. The pressure in zone 
B, obtained in this manner, was added to the static head for +_he corres- 
pondin~ valve openin~ to obtain the total head difference across the 
valve. The static ,head was obtained from a head lossldiseharge curve 
computed for the outlet tunnel. 

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

PA " F Dt * PB 

Since the destructive action in the field structure indicated the 
eubatmospheric pres:~ures in the discharge conduit to be more severe than 
those measured on the prototype in I~31, and since the model pressures 
near the vents in the crown of the discharge conduit were not in a~ree- 
ment with them, it was considered necessary to determine the effect of 
different degrees of aeration on their magnitude. Pressures in the model 
were observod for four de,tees of aeration which were obtained by varyin~ 
the number of open supply ports (0.2S4-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 ~, supply ports were approximately 
1.42 times as effective as pipes of scaled lengthand the same diameter, 
the aeration of the first three arrange~,nts was equivalent to 34, 24, 
and 17 two-~nch 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. 

W%en the model pressures in the conduit and on the needle for heads 
representing approximately reservoir elevation ~ 5364 and valve openings 
from 20 to i00 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 resch 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. 0nly 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 chan~e in these 
pressures. Even so, the change was slight, .......... by two percent the 
upper limit of the critlcal range of valve opening for the needle, making 
it 14 to 27 percent instead of 14 to 25 percent (figure 16). Severe 
a~mospheric pressures ia 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 ma~nltude of the pressures in this zone. It was considered doubt- 
f~l if they would become less critical even with complete aeration of 
zone B. Thus i~ 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 plun~er completed ~pproximately 25 percent of its travel to- 
ward the op~ position. Zon~ B was aerated by air flowing upstream along 
the crown of the conduit until the needle reached this position an@~the 
pressures in this regior were not severely subatmospl~ric for any of the 
degreeJ of aeration. As the valve approached 2~ percent open and the 
flow of air frdm downstream was cut off, the pressures dropped rapidly, 
reaching the va~or pressure when sealed to the prototype. 
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When 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 ~here it rose to approximately -12 feet of 
water at I00 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 v~ter. Without aeration, the pressures re- 
mained at the vapor pressure throuch the range from 23 to i00 percent. 
From these results it was concluded that the critical range of valve 
openin~ for the conduit in the present field installation, aerated by 
twenty-four 2-inch pipes, based on -20 feet of ~ater, ~age pressure, 
will be from 23 to 70 percent open. 

During operation of the model valve, with aeration representin~ 
the twenty-four 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 ~ir vents on the crowr, and the invert of the dis- 
charge conduit, thereby decreasing the amount of air reaching the throat 
of the discharge conduit and Iowerin~ the pressure in that re~ien. Be- 
cause of the dan~er of obtainin& subatmospheric pressures of ~uffie~ent 
magnitude to cause the hydraulic Jump in the pipe to move upstream aria 
cover the re~Inin~ openings, thus producin~ cavitation pressures on the 
tkroat liner, it was recommended that the maximum valve openin~ 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 aer~tlon 
resulting principally from improper location of the delivery ends of the 
~ir ducts, but due also to the small 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 
t~moughout the upper ran&e. 

The model tests indicated that operation of the Shoshone outlet 
valves to obtain any appreciable amount of flow regulation without da~x~ge 
to the discharge conduit was impractlble and that damage to the needle 
could be avoided only by limitin~ the valve operation to openings Kreater 
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 t,hat 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 dish,remnant 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 c harac-teristios of the present instal- 
lation. Discharge coefficients for the various openings were obtained 
s.nd capacity curves prepared in the same manner as for the proposed re- 
design outlet, for a single valve and for both valves operating simul~- 
neousl¥ (figure 17). From these curves it may be shown that the rate of 
increase in discharEe decreases materially as the valve plun~er approaches 
the open position. With the reservoir at elevation 5560, the increase 
obtained by openin~ the valve from 80 to 90 percent is approximately S- 
1/2 percent of that for full opening, while that obtained by openln~ the 
valve from 90 percent to full openin~ is about 2-1,/2 percent. Thus, open- 
in~ ~he valve another I0 percent in the upper re~,ion increases the dis- 
charge only slightly. That excellent a~reement existed between the model 
and the prototype capacity is evident from a comparison of model and pro- 
retype disc.barges for both valves operatin~ at 90 percent open (figure 17). 

19. Study of air vent size for the modified outlet desi~. After 
it was fou~l impossible to purchase nmterials 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 w~s deemed advisable to continue the model 
studies in an attempt to discover a satisfactory means of alleviating 
the condition inducin~ cavitation by making minor modifications requiring 
a minimum of strategic m~terials. It was believed that a solution might 
result from alterations consistin~ of streamlinin~ the exposed corners of 
the bronze sealir~ ring in the conduit and the seat ring on the valve 
plunger by chipping and grinding; removin~ part of the throat liner; and 
modil~ying th~ air-vent system to provide more air to the outlet conc~uit ~ 
at the proper location. The model w~s modified to include these changes 
(figure 12C). Aeration, equivalent to three 12-inch air ducts on the 
prototype, was provided. It was intended that three openings would be 
installed; o~e at the crown and two at the sides of the conduit liner in 
the t~oat. However, the openings were inadvertently placed 45 desrees 
counterclockwise from the intended positions. Tests were conducted on 
this ~rransement since it was believed that the Jet of water discharsin~ 
from the valve would be completely surrounded by air and thus the pres- 
sure w~thin this re~ion would be equalized. This was found to be the case 
for the sn~ller valve openings. However, eddies formin8 downstream from 
the V-Euides divided the air space into two sections at the larger valve 
openings and the aeration of these two compartments was unequal. Since 
the piezometers in the thro~t wore in the section supplied by one vent 
and the pressures in this re~ion were satisfactory, the arrangement was 
not changed. Moreover, the top vent would have been ineffective because 

43 
2 



FIGURE 17 

D 
i 

5:]63 

5540 

53Z0 

t,- 
LLI 
LU 

5500 
z 

z 
o 

~.. 5Z6C 
> 
L t J  
- J  

iLl 

E I 

se6o 

u'l 

[E 

5E40 

52,'O 

5ZO0 

Res¢rvoir  El. 

I 
I 
I 
I 

1 
1 

1 I I 

. . . . . .  i , I 

I 
I 

I 
' l  

I 

I 
~. . l  . . . . . .  L - - -  

I 

' Ii 
-I 

I 
I l 
I 
I '//)) I' I 

i I 
I I: 

5364  ..... } 
- - -3 - ! ,  

Tu_ nnel loss......~ I 

"~.1 

!/ / / l/// / 
I 

/ 

! 

- T - ~  
I ! 

I 

/ I 
/ / 

I 1 

/ 
~t .  / 

: / /  

/ /  ; / '/ ; / l  9 I / j / ..... -/ .1 Z./~_ ._...~ 
_/_~ / / 'J,,, 

/ 0 '  ' / , ! / / ,  
"1 V ; / . ) ;  /) ~ 

I/, ! ,,, ,,: 
500 ICOC ~500 

DISCHARGE IN CUBIC  F E E T  P E R  S E C O N D  

I 
' • , # . ,  

P . .~ . . .  
. i  ~ , , ~  
/ I I . ~  . . . .  

/ ; / , /  

, '  I " I I  
'/ ~ 1" t'1 
I I I 1  " " , / / /  

. / ~ / /  
I I I  ' " , 

t I I  , 

,i I 

D I S C H A R G E '  C U R V E 5  

q - " 7  ..... [ " 1 E X P L A N A T I O N ' - ; "  " ~  

J ~ne vc'lve open 

. . . . .  Two vQive$ OPeC ~ 

®Two profofype valves open I 
so% ( ~  zo-vqo~ ; 3 - ~  
ZOO0 250C 

UJ 

0.82, 

c" A-'7~V-W ̧ I 
~ . 6 0 , - -  A=Areo of  S2"condulf ~ -  

h t = Total heod on volve 

°~ ..... I ! .LT___________________~_ 

'J .~o 

I0 20 30 40 SC 60 70 80 90 I O0 

VALVE OPENING IN P E R C E ~ T  OF PLUNGER T R A V E L  

C O E F F I C I E N T  C U R V E  

)w.8 -H R $ -R F M~D 

S H O S H O N E  D A M  
5 8 - I N C H  B A L A N C E D  . V A L V E  

H Y D R A U L I C  MODEL S T { I D l E S -  S C A L E  I TO 8z/ j  

C O E F F I C I E N T  A N D  D I S C H A R G E  CURVES 
E X I S T I N G  I N S T A L L A T I O N  



. . . .  w ~ ,  ~. , ~ ~ ~ ~.~%- 
. . . .  •; L 

m 

I 

of the eddies bel¢.~ the V-~uides had it been placed at the crown as planned. 
From the model tests on the present field design and thls modified design, 
it was concluded that air vents to the balanced valve should not enter at 
the crown or invert of the cor.duit downstream from the V-~uides, 

Each of the vent openings on the model was provided with a 4-inch 
diameter by 1.5-foot lon~ measurin~ section in which standard alr-measurln~ 
orifices were installed for determining the air requirements and studying 
the air-duct size of the modified design outlet. Three orifice sizes were 

used - I/2-,I-, and l-I/2-inch diameters. 

Pressures in the throat and on the needle were investigated for the 
three orifice sizes ascertain the adequacy of the contemplated vent 

vte°t o enin~s, when fitted with the I/Z-, I-, or l-I/2- system. The three P ~ ~. 
inch orifices were approximately equivalent to prototype openln~s of r-I/~, 
15, and 2S inches, diameter, respectively. The throat pressures ,ere 
severely subatmospheric for the smallest orifice, but quite small for the 
other two. The m~ximum negative pressures in the model were -6.0, -1.4, 
~xd -0.B feet of water for the sm~ll, medium, and l~r~e-size orifices, 
respectively. Air measurements for variuRs valve openings and heads were 
m~de for all three orifices and a curve ~ versus openin~ plotted (fis- 

ure 18), ~w 

20. Study of pressures in the modified desi5 n- A peculiar condi- 
tion was n-oted on the ~needle durin~ the 'in'itia-~ te~ts on this modified 
desizn. The pres'~ure at piezometer I w,As recorded as being positive, a 
condition not existin~ before the seat rim41 on the plunger h~d been 
streamlined. Apparently the flow did not sprin8 free from the edge as be- 
fore and the boundary layer entered the &reeve, producin~ positive pressure 
at piezor~ter I. Pie zometers 2 ~nd ~ showed severe subatmospherio pres- 
sure, indicatin~ this to be the cas~. Removal of the 1/4- by 1-inch wedge 
(detail D, figure 19) from the needle corrected thle condition, and, al- 
thouch subatmospheric pressures still existed, their masnitude was de- 

crew.sad. 

The condition of not bein~ able to close the valves at openings above 
95 percent by the clearance-rind pressure still existed, but as pointed 
out previously, this is not critical since the last I0 pe~-cent of opening 
resul~s in an incrense of disc.barge of less than S percent of the total 

for full opening. < 

Pressures on the needle, using the l-I/2-inch orifices, were found 
to be positive for all openings above 2~ perce~t (figure 14B). For smaller 
openings the pressures on the surface of the needle near its outer edge 
were severely subatmospheric, indicatln& that cavitation would occur on 
the prototype. Since the critical pressure existed over such a sm~ll 
ranse of opening and d~m~Se to the needle could be eliminated by avoidin~ 
operations in this re~ion, and since it w&s impossible to streamline the 
corner of the plunser sufficiently to relieve this condition without a 

45 



V A L V E  O P E N I N G  , IN ,  P E R C E N T  " "  
29  4 0  +60  8 0  l O b  

• p : 

| I ' ' i ' I L E G E N D  J i ' ' ' "  ~ 
' +  . . . . . . . .  . . . . . .  b - - - -  , , o o f  f o ,. ,, o ,.', ou  vo , + . . . . . .  

i - -  openinqs end or i f i ces .  : Z Z  
t.6 I . i !X~ .... 1 ........ - - - - - -  P r e s s u r e  in ~ i r  m o n i f o l d  f o r  :, 

i i _~L , v a r i o u s v o T v e " o p e n i n q s a n d  - - - - -  
........ :, " ...... [ ,  - ,  " ~ t o ,  of ~ .  -_Z Z 

!'q --[I ~', ~ "~ . , x -  ! 3=:¢ O r i f i c e  1"o m e o s u r e  air.  - - J  . , 
..... I -  i .... _ h _  u -  ~ o r i f i c e  1o m e o s u r e  air. - ~ - -  

' . Oa- Q u a n t i f y  o f o l r  01" a t m o s p h e r i c . - - , - -  .... . 
' I '  ~ ' ure .  " .~_ 

• i J l . LZ I , , ~ I Q w , Q u a n f i f . v  o f  w ( ~ f e r  d i s c h a r q i n g .  

& ~ '-zoT+ o ',-,--T I ......... : ; " 1 ............ ! . . . . . . . .  

Lo I t t ..... [ + I i . . . .  ' 

I t 1 1 + ' I ! t I ! 

I I I I ' ~ A i r  f l o w s  u p s t r e a m  in . . . .  ] 
\ i  i I ! ~ t 1 I ~ 

¥ qL ' ,  . . . . .  i . . . . . . . . . . . . ,  : . . . . .  ,, , 
0 . 6  ' ~ ' ' } '  t . . . .  ' , ' ' 

......... ff-.,t ..... +, ...... +, . . . . . . . . . . . . . . . . . .  I . . . .  I [- . . . . . .  t i 1 - - r  + ]- . 

" -- i : ~ L ;  " q . . . . . . .  r . . . . . . . .  " . . . . . .  : 

O . ? _ ~ j . . . '  .,,a " ' + 
"-80X ' . q ' - , t  " "  } " 9  i / J { . ~  , t, ] ' ' ' 

' J F + ' 
"}00~; . , , .  r-, , " - - -  . ,' ~ . i  ' .' 

o .  + - - +  t ~ . + , ~ _  T ~ - 4 - ~ - -  " :  
0 2 q- 6 8 I 0  I?- 14 . 

A I R  MANIFOLD PRESSURE IN FEET OF WATER 
B E L O W  A T M O S P H E R I C  P R E S S U R E  ( M O O E L )  

S H O S H O N E  D A M  
5 a - i N C H  B A L A N C E D  V A L V E  

HYDRAULIC :v'IODEI. STUDIES - 1:8Z/3 SCALE 
A I R  M A N I F O L D  P ~ E S S U t : t E S  A N D  A I ~ I  D E M A N D  

F O #  M O D E L  OF" M O D I F I E D  D E S I G N  O U T L E T  



• , v . . . . . .  2 ' - 6 "  ..... " 

.x_____.~., ,, ~ _ _ _  .... ..__~ 

1 S E C T I O N  B ' B  

• 

~ ~ r  

J 

. 

\ . 

_.J 

. . , _ . .  

I 
L 

~ , " , , ,  

" ' -~"Plafe a ir  ducf  

- 3 -  

S E C T I ¢ ) N  A - A  

. i  

• r • . 

~--~ -z~"--~ 

! / 

. = . . . ~ ' - 0 ~  

Grouf -- ,  

~Z .~upp lv  ".... . . . . .  " 
....................................................................... ~ T  

i 

L_, 

! 

~ j  

I 

~ Y _ . _  

i 
z I 

t~J 
i 

F L O W  

,i 

r • 

.._1 

O E T A  I L "'O'" 

..Remove throM 
,~ / ,, 

. ~ " ~  . . . . . . .  ~. . . . . . . . . .  .., . . . . . .  . - - - ~  
= IIR,~I ~ ",~, I ~ '~ ! 

/ ' ~ /  ¢ ¢ 
•/~.) 

D £ T A  I L " E "  

. L  i ; 

. • #'R:" 

' "x O "  " Cut 2-6 Z- opemnq ~ - ~ - / ~  -.~ 
in old concrete with #" i | T 
rudiu~ in corners ......... : . . :  I ; ~" 

w ~ i " '  * 

' % / '  • 

. ~ '~::~; 

S E C T ' I O N  C - ~  

• | j . . . . .  i 
\ ~ q J N I T E O  I T & T ~ J I  

USP&H t ~ * l ~ r  OP TI l l ;  ; laT~RlOR.  
I w U R I t ~ . ~ C ( . I  t ~ t £ G I ~ A l i t A T I O N  

• ~ H O . ~ N O N E - ' ~ R O ~ I E 0 1 ~  * W Y O I ~ N J  

S H O S H O N E  D A M  
.,~11" IAL.ANOm'D VAL. V E  ,~ 

INSTALLATION A,g~tEMDLY'MODIIrlED D ~ I O N  
I REMOVAL OF THROAT L INERANDAIR P l P ~  • 

AND INSTAI/.L. ATION OF AIR D, U O ' i l  

| TRACI~O ~l[* l t  ' . . . . .  t~I~,~OMMItNO~ 0 . . . . . . . . . . . . . . . . . . . .  . -  • . . ~ . , . . . ~ . * .  

C N £ C / ( £ O  . . . . . . . . . . . . .  APP~OV£D ................................ F l l ,  "~ 

] o, ' ,vv'=,  c o ~ R . , , ~ .  ,v,~'," 7. ~'g"~ | " 1 6 " D " 1 5 1 0  
• I • i i 

! 



major revision of the valve, the modified cutlet design Was recommended 
f~r installation durin5 the 194S-44 winter season. The mc~iflcatlom 
prepared from the model findin&s, considerin£ structural and ccnstructlom 
difficulties, was prepared by the design section (figure 19). 

21. Calibration cf modified outlet design. The outlet was cali- 
brated and a disch~rse graph for various reservoir elevations prepared 
for one val~ discharsin~ and for both valves diechar&in~, one at 90 
percent and the other at various openings (figure 20). The graph may be 
used co determine water releases after the modified design is placed in 
operation. 

23. Status of repairs and alterations. The original proposal on 
the repairs of the 58-inc'h" outlet valves ,;as to so modify the design as 
to elimirmce all of the adverse pressures which occur in the ori~izml 
desi6n. Based on the results of the model studies in the hydraulic 
laboratory, a satisfactory desicn was prepared, and invitations for bids 
were requested. 

Application for 
~Priority Assistance on Form FD-20C~was made to the War Production Board 
for the extension of preference rating AA-P,x to obtain prompt delivery of 
the mLterials covered by these specifications. Inasmuch as the extension 
cf the ratinz was permissible only on qualification by this office that 
the work was necessary to prevent an impendin& breakdown, the decision 
was made to proceed instead with the repair of the valves to permit opera- 
tion durin~ the season of 1945. The project was so informed by office 
letter of Js~luary 15, I~4S, and the suggestion was made that the valves 
be inspected not later than July I5, 194S. If further repairs and re- 
vampin~ of r~.c 7elves 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 irriKation season. 

D~ing the period from December 1942 to March 1945, necessary re- 
pair8 ~re made on both v~Ives, under the supervision of Master Mechanic 
Wm. J. Montgomery, to restore t~m to their condition prior to the irri- 
~ation season of 1942. The east valve was dismantled except for the base 
and cylinder; the poorly bonded weL~ metal on the valve piston shell or 
needle was ren~ved and new metal placed, using I/8-ineh "Ferroweld" arc- 
weldinz 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 weldin 6. The 2-inch air-vent pipes and reinforcing steel in 
both conduits torn out duri.% the 1942 season were replaced, and the con- 
duits relined with concrete by pressure ~routin 6. The damaged packing- 
ring seat in the west valve was replaced by a new one. The valves were 
under pressure and ready for operation on March 26. Late in March work 
was started on fillin8 the notch in the spillway. Master Mechanic Wm. 
J. Montgomery was on the Job from December ~0, 1942o to February 19, 1945. 

Subsequent to the decision to repair rather than revise the valves 
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durir~ the ~nter of 1942-45, 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 
~ithout the adverse subatmospheric pressures now so prevalent. This 
partial revision (dra~In~ 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 chippin& and 
~rinding; 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 specifications No. 1881-D. 

By letter of August i0, 1943, the project superintendent gave the 
following report on t~le condition of the valves and conduitst 

"The 58" balanced valves and their conduits were inspected 
on AuGust 7. The west valve has been operated 55 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 t~p 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 discharge 
liner. This exposes part 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 diPcharge conduit for about 
ten feet. None of the 2-inch air vent pipes are exposed, Ex- 
cept for the spotted pittin~, in the top of the discharge con- 
duit, no other damage to the concrete linin~ can be observed. 
It is pl~uned to patch the small damaged areas before the valve 
is a~ain put in operation. 

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

"The openin~ of the west valve so far this season has been 
in the non-critic~l range as pointed out in the Chief Engineer's 
letter of Ap.~il 17, 1943. It appear8 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 critical range if stored water is to be conserved for the 
5eneration of power this winter. It is therefore probable that 
the greatest amount of damage to the discharge conduits, etc. a 
~his season ~dll occur durin~ the remainder of the irri~ation 
season, 

25. Conclusions. From the model studies of the Shoshone outlets, 
it w~s conc-~ed 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 som~ point within a flow passage reaches the vapor pressure of the 
flowing~ medium. The presence of cavitation pressures in the prototype, 
a condition producin~ the damage observed on the field structure, was 
indicated by the subatmospheric pres~res on the model whose scaled values 
were equal to or icier than the vapor pressure for the prototype. 

It would be difficult to operate ~the present valves to obtain an 
appreciable amount of regulation without daxuagin~ the outlet structure. 
Pittin~, of the needles is expected when the valves operate between 14 
and 25 percent open and in the conduit between 2S and 70 percent open; 
also, there mill 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 subatmcspheric pressures on the needles at small valve 
openings can be reduced by streamlining the outer corner of the seat 
rin~ 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- 
stallation. The 8-inch vents, which have been plugged in previous Fears, 
would tend to relieve the critical pressures in the conduit but ~uld 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 wo~id offer considerable relief. 

Should ~he friction (by restriction or roughness) in the downstream 
portion cf the discharge conduit be relatively ~reater on the prototype 
then on the model and cause the h~Iraulic Jump to move upstream over the 
2-inch vents as the valve plunger approaches the wlde-open position, 
severe subatmospheric conditions inducin~ cavitation and consequently 
destructive pitting ~ould result. 

The damage to the needle during the 1942 season was the result of 
operating the valves from 22 to 48 percent open durin8 the last few 
weeks of the season. The d~ge to the conduits first resulted from 
operating between 46 and 52 percent during the first one and one-half 
months and wee then aggravated by opQratir~ at 90 percent open after 
the initial d~age had reduced the effectiveness of the 2-inch vent 
pipes. 

The presence of pressures on the valve needles, ~lich exceed the 
clrar~nce-ring pressure at valve opez~ings 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 t*6 
alleviate the damagir~ action 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 moveme~ ~ when the~lunger operates near full 
opening, the increase in discharge being 5-I/2 percent when open be 
tween 80 and 90 percent and 2-1/2 percent ~en open between 90 and I00 
percent. Since 97-1/2 percent of the :~mxlmum discharse 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 exceeded. 

Damage by cavitation on the valve needles and discharge conduits 
can be entirely eliminated by revisin~ the needle tips, the valve seat, 
the conduit throat, and the aeration system (appendix I). This solution 
wuuld 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 openi~ without the z ear of damage due tc subatmospherio 
pressures. The aeration system for the proposed redesign is ~tisfactory, 
probably over-adequate. The outlet capacity, however, will be substan- 
tially reduced, and consideration should be given to this fact when 
future revisions are planned. 

D~m~e to the conduit can be eliminated in the present design by 
streamlining the exposed edge of t}~ bronze sealing ring, removing the 
throat liner, and providin~ an adequate air,supply system at the loca- 
tion as shown ~n figure 19. H~vever, operation of this modified design 
at openings smaller than 25 percent would have to be avoided to prevsnt 
d~e 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 flo~ing water, for this condition constricts the flow of air and 
prevents complete aeration of t h e  Jet. For example, the same size open- 
in~ into the outlet throat will provide more aeration when the throat 
liner is removed. An alr-supply duct equivalent to three 12-inch dia- 
meter openinzs into the throat of the outlet should provide ample quan- 
tities of air at all valve openin6s in the modified design. The modi- 
fied outlet is likely to be noisy since the air taken into the conduit 
via the aeration system will be under pressure ~en released at the 
conduit exit, and explosive reports may accompany its expansion. 

Transference of model pressures to prototype, by assuming all scaled 
values exceedin~ the vapor pressure to be equal to it, is incorrect. 
The pressure distributic'~, when such conditions exist, does not correctly 
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represent that of the prototype, for all pressurwobtained in this manner 
(except the control pressure) are too low. It is not possible to predict 
accurately the pressure distribution in cases where the scaled values 
exceed vapor pressure and the stream tubes change with the head unless 
'~e model is ehclosed in a partial vacuum to give the proper relation 
between the artificial atmospheric pressure of the model and the natural / 
atmospheric pressure of the prototype. 

] 

It is difficult, and in mar~ oases 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 oare~lly constructed hydraulic model before the prototype pres- 
sure distribution can be predicted accurately. 

I 

b 

Aerodynamic models are extremely useful as an expedient in testing 
preliminary designs of hydraulic devices with closed-condult flow. The 
models can be constructed easily and quickly and the tests can be con- 
ducte~ rapidly and without the cumbersome piesometer boards and connec- 
tions. Calibration data as well as pressure data may be obtained, pro- 
vidin~ e~treme care is taken to assure that the model is being teated 
under comparable conditions. It is necessary to.make radical alterations 
to the e.erodynamic model in some cases to attain the required effect. 
The removal of the downstream portion of the model of the proposed re- 
design outlet to ~ive 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 centrifugal or axial-flow types ~:ich de- 
liver large quantities at low pressures. The 4-inch posltlve-type blower 
in the laboratory is inadequate for all except small scale models Lnd 
lar~er scale sector models which are difficult to construct a n d  operate, 

When the difference in head across a standard ~ir-meaauring orifice 
is small,, the hydraulic equation Q " CA ~ may be used, since the 
error introduced is negligible. 
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c Ipserf mgm,ro~ shell £ ~:nd weld to ~ir inlet mani- 
fold ~.  

d Assemble drain pipe 8and weld to monifbld she/I.E. 
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fold shell ~_. 

q. Ptoce ~° bolts /~ with ~ coafin~ of" heavy qrease on 
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