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PREFACE 

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

The plans for the 1- to 8-2/3-soale hydraulic model of the balanced 
valve and for the alterations to the field struoture were prepared in 
the mechanical section of the Bureau by B. H. Statts, Engineer, under 
the direction of P.A. Kinzie and W. c. Beatty, Senior Engineers. The 
laboratory investigation was cond1cted and this report prepared under 
the direction of J.E. Warnock, Senior Engineer in charge of the hydrau­
lic laboratory. Credit is due D. J. Hebert, Associate Engineer, and 
Fred Locher, Assistant Engineer, who contributed to the study. 

All laboratories of the Bureau of Recla.ma.ti on in Denver, Colorado, 
are in the Materials, Testing and Control Division, under R. f. Blanks, 
Senior Engineer. All desi�n work is under J. L. Savace, Chief Design­
inc Engineer, and all work of the Bureau is directed by S. o. Harper, 
Chief Ene;ineer. The activities of the Bureau are directed by H. w. 
Ba shore, C or:1I11.is si oner. 
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MEMORANWM T� CHIEF DESIGNING ENGINEER 
(J. W. Ball through J. E. Warnock) 

Denver, Colorado, October 12 , 1943. 

Subject, Model studies for the r edesign of the 58-inch balanced valves -
Shoshone outlet works, Shoshone Dam, Shoshone project. 

INTRODUCTION 

1. Bureau of Reclamation structures using the balanced outlet 
valve. Several high-pressure outlet structures, designed by the Bureau 
of Reclamation in the early part of the twentieth century, employed the 

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

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

The major difficulties encountered in all these structures, namely, 
the pitting by cavitation of the valve needles and discharge conduits, 
are discussed in detail in the report, which, on page 8, sunmarizes them 
as follows, 
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"••• Most of the diffioulties with the outlets built by the 
Bureau of Reolamation oan be attributed to the effect of vacuum 
in the conduits below the regulating devices. Generally the 
danage to the conduits has been more serious than to the valves, 
although under extreioo oonditions the valves have also been seri­
ously dans.ged. 

"In valves and conduits oarrying water at high velocities 
an irregular pitting or cavitation of the lining is often ob­
served. This appears first as a slight blemish on the surface, 
but if allowed to continue, the material becomes honeycombed to 
a considerable depth and is ultimately destroyed. The surface 
is not 1WOrn away by attrition or sandblast action, but is 
roughened as though attacked by chemical action.• 

The Gaylord-Savage report contains only limited disoussion of the 
Shoshone installation since it was one of the last using the balanced­
type valve and had not been required to release large quantities under 
high he ads for prolonged periods; thus the destructive action had not 
developed to the critical stage. However , the na.ture and extent of the 
damage to this structure during subsequent seasonal operation are clearly 
depicted by the following excerpts concerning the other installations., 
taken from the report. 

On p�ge 59, extracts from a report dated October 19, 1913 ., trom I. 
c. Harris too. H. Ensign concerning the inspection of the 58-inch 
balanoed-valve installation at the Roosevelt Dam. are, in partr 

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

On page 60, quotations ·trom the project superintendent• s report o-f 
July 29, 1915 ., concerning the inspection of the Roosevelt outlets state, 

"••• The first length of pipe next the valve is very seri• 
ously pitted, and I do not think they will stand up another year 
without relining • ••••• Two years ago these pipes showed the 
same pitting. At that 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 
condition the first of this season., but they have been discharg• 
ing.under such a high head that this filling seems to have worn 
any, and the metal itself is beginning to disappear. Where the 
pipes discharge into the tunnel, the No. 3 valve (the farthest 
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from the vent in the north side) has oommenoed cutting into 
the concrete lining of the tunnel very seriously • ., 

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

"••• At the end of the season several yards of con­
crete were gone from the oonorete conduits of Nos. 1, 4, 5, 
and 6 • •••• The damage to the concrete conduits indioated a 
shattering of the mass rather than an abrasion, as the oon­
crete surfaces were jagged and rough • •••• At the close of 
the season of 1913 it was not considered necessary to make 
any extensive repairs, the only work done being to plug up 
the holes in the concrete conduit with a rich concrete and 
fill the pitted places in the cast-iron linings ��th Smooth­
on ••••• After a few days operation of the balanced valves 
(1914) the patches in the concrete conduits beg�n to go out, 
and by the end of the season there were large holes in the 
conduits, the danage being much greater than in the previous 
season, probably due to the increased use of the outle�. The 
danage to the cast-iron conduit linings had also increased. 
There were holes entirely through the 1-1/2-inch shell in 
many places, and the surface presented a spongy appearance. 
This damage was believed to be caused by the formation of a 
vacuum around the jet issuing from the valves." 

The danage oaused by the operation of the 58-inch balanoed valves at 
Arrowrock Dam is described on pe.ge 112 in the following manner, 

"••• Annual inspections of the outlets have been made 
since the valves were first installed. The wear on the con­
duits 1'18.S very slow at first, �nd the condition of the val ves 
and conduits in the fall of 1920 was reported to be practi­
cally as good as when first installed. In the fall of 1921, 
however, the throat liners and the concrete oonduits 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 many 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 
Dam, they vividly portray the operational difficulties encountered at this 
project sinoe the report was IM.de. 

Although the theory of cavitation at the time the Gaylord-Savage re• 
port was written differs materially from that acoepted by present-day 
hydraulicians, the condition described in the foregoing excerpts is still 
attributed to the same phenomenon. As was the case then, the most prao-
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tical remedy to be applied to the discharge conduits is considered to be 
tne introduction of air ir.unediately below the regulating devices. The 
admission of air to the discharge conduit was employed in many instances 
during the first few years of operation, but, in view of air requirement 
te$ts �ade in recent ye ars on both model and prototype structures, it is 
doubtful if the air supply in most cases was adequate. The location of 
the air inle ts to the conduits is often more important than the size. 
Thus improper location might have been one of the main factors contri­
buting toward failure of' some of the early vent systems. 

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

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

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

Attempts were nade to prevent further damage by patching the pitted 
areas. A :rra te_rial 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 beat, only temporary. The bond between the new and 
the parent mterials was none too reliable and there was always the danger 
that the patche s would be torn out, allowing the areas to become pitted to 
a greater depth, possibly rendering the release system useless until ex­
tensive repairs could be ma.de. 

It was realized that the pitting was an action accompanying subatmos­
pheric pressures, but the cause was not completely understood. At first 
the pitting 'Was believed to be a direct result of the making and brae.king 
of the vacuum in the immediate vicinity and then considered the result of 
ca'vi ta ti on. 
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An attempt was me.de in the winter of 1930-31 to  relieve the condi­
tion at Shosh one Dam by admitting air through a system of vents to  the 
conduits below the valves. The conduits were repaired by patching , then 
lengthened and provided with twenty-four 2•inch pipes and an 8-inch duct 
below each valve (figure 3 ) .  Each was c onstricted two inches in diameter 
at the down stream end. A ma rked inorease in the intensity of the noise 
accompanying the discharging water resu lted, and the experiment was c on­
sidered unsuccessful. The 8-inoh vents were closed with wooden plugs 
when investigations disclosed them to be the main s ource of the increa sed 
noise. Because of the apparent fai lure of the vent system, resort was 
made to the original method of maintenance and the valves used as little 
as possible, being clos ed whenever sufficient water to  meet doVlnstream 
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; h owever, a more practical method of repair was not ap­
parent at the time. 

The development of lands downstream and reoent requests to control 
floods to  prevent damage to crops along the river necessitated the re­
lease of more water thr ough the outlet valves. Damage to  the outlet 
struoture was increased severely by these requirements and the problem 
of maintenance became c ritical, 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 nade by Engineer J . E .  Warn ook or the Denver office hydraulic labora­
tory on October 10 and 11, 1942.  Inc urred damages were reported in a 
memorandum t o  the Chief Engi neer by Mr. Warnock , dated October 30, 1942, 
as follows , 

"The c onc rete for several feet dovmstream from the metal 
lining in each c onduit has been severely eroded and the majority 
of the twenty-four 2•1nch pipes embedded in the oonduit during 
the revisi on in 1931 have been torn out and washed away in the 
eroded areas .  The leakage around the west valve in the closed 
position is abnormal, indicating the seat packing is missing and 
a leakage through the needle face on the west valve has increased 
in siz e  sinc e  it was notic ed in December 1941� 

"In the east valve c onduit, seven of the twenty-four 2-inch 
pipes are still intact, the remainder being torn out as shown in 
figures 4 and 5.  The oonorete is stripped out from 6 to 10 feet 
d o'W!lstream from the metal liner on the left side ( figure 4) 10 
feet on the bottom, and 3 to 6 feet on the right side. In the 
bottom, the maximum depth of erosion was 11 inohea below the 
original invert. The 8-inoh pipe in the c rown, which was plugged 
since_ the tri als on its effectivene s s  in 1931, is still intact 
but the oono rete is torn from a round it. The semiateel c onduit 
liner below the valve is severely pitted due to  cavitation as 
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shown in figure 4. The seve rity of the pitting oan be judged by 
a study of figure 5. 

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

" The conduit downstream from the west valve is not as ex• 
tens ively erod ed as the east valve but it is more severe in 
spots.  Twelve of the twenty-four 2-inch pipes are still intact, 
the othe rs being rippe d from their embedment. Figure 5 shows 
the remains of the se pipes and a hole in the conc rete approxi­
mately 15 inche s deep. In this conduit, the plug in the out­
let of the 8-inch air pipe had bean torn out." 

In view of the findings of this inspection and simila r previous occur­
rences at this and othe r instal lations, hyd raulic model tests were be­
lie ved to be the only practicable means of solving the problem, and a com­
prehensive test prog ram was instigated imme diately to enable repairs be­
fore the start of the 1943 irrigation season o  

PURPOSE OF MODEL STUDIES 

4 .  Scoie of tests. The main purpose of constructing a model of the 
Shoshone out et valve was to evolve a means of minimi zing or eliminating 
the seve re danage to the outlet structure , the reby reducing the unrea­
sona bly hilh sea�onal mai ntenance costs and removing the danger of a 
possible failure in the wate r release system. This problem involved  an 
extensive study of the pressure distribution in the valves and discharge 
conduits, first, on a l-to-6-scale ae rodynamic model representing a one­
eighth sector through a valve and discharge conduit, to expedi te the re­
design so tha. t purchase of the necessary na.te ri als might be made in time 
for completing repairs before the 1943 irrigation season;  and then on a 
l-to-8•2/3-scale hydraulic model of one vaJve and discharge conduit to 
ve rify the air model te sts. study refinements in design, and determine 
the adequacy of the ae ration system in both the original and the proposed 
designs. In addition, studies conce rning the aotuating pressures for the 
valve plunger were made. Afte r it was found impossible to obtain nite­
rials for the new needle tips and air intake manifolds required for the 
proposed changes, due to  re strictions by the War Production Board,  tests 
were conducted to ascertain valve-opening r anges of safe ope ration t o  
minimize damage by limited operation until materials became available . 
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Also , a study was instigated to asce rtain the possibility of obtaining 
acceptable conditi ons by minor alte rations to the present field struc­
ture. The model s tudie s i nclud ed tests to determine the reliabi lity of 
using air as a. fluid instead of wate r and investigations to ascertain 
limitations and disadvanta�es of the aerodynamic model. In connecti on 
with these tests. an examination was made of hydraulic and ae rodynamic 
equations to ascertain the error induced when using the simpler hydraulio 
equation in detePlllining the flow of air throur;h an orifice. 

5. Summa ry of results . A satisfactory solution to the p roblem of 
rel ieving the seve re subatmosphe ric pressures on the valve needle s and 
discharge conduit walls to p revent the occurrence of the cavitation 
phenomenon , the reby el iminating the destructive pitting action to these 
parts of the structure, was obtained through the model studies sub se­
quently described .  

The model tests indicated that either of two metho ds might b e  em­
ployed to give satisfactory operation .  One included major chan�es in 
the val ve needles and air-supply system and requ ired the p urchase of 
heavy me tal castings.  while the othe r invo lved the strea.�linin� of the 
s�al ing edge of the plunger, removal of a portion of the bronze seal ing 
ring by ch ipping and grinding, removal of the throat l inerw and revamp­
ing the ai r-supply system. Aeration equivalent to three 1 2-inch ducts 
was found to be adequate in thi s  arrangement, but slightly more area 
was recommended as a factor of safety because of the l imited informati on 
available on the air requirement in high-ve locity flow. 

The mode l  tests showed that the pres�nt prototype vent system is 
inadequate to prevent cavitation for all except a very smal l  range of 
val ve opening. Insufficie nt air is supplied at openings between 23 and 
70 pe rcent, and some of the 2-inch vent pipes on the inve rt and crown 
becon� ineffective at openings above 85 pe rcent. due to eddies forming 
immedia te ly downstream from the V-guid e s . The se conditions prec luded 

safe operation of the present ins tal lation at ranges of valve opening 
other  than 70 to 85 pe rcent .  

Model studies of t he present fie ld design indicated that the pitting 
of the prototype valve needles has been the result of operating at valve 
openings between 14 and 25 pe rcent and that damage to the conduits re­
sul ted between 23 and 70 percent valve opening. No doubt the damage to 
the conduit at the se openinis rende red the air-supply system ineffective 
and aggravated the destructive action for large r valve openings. Dis­
charge coefficie nts and ca?acity cu rves, which wi ll assist the project 
ope ratinE pe rsonnel to detennine the flow bei ng released by the outlet 
wo rks before and afte r the outlets have been revised,  were prepared from 
the mode l  data. 

The use of an aerodynamic model constructed of molding p laster 
proved an extreme l y  useful expedient in d etermining the feasibility of 
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the proposed redesi gn. The tests on aerodynamic models of the Shoshone 
va lve and on two other small valves, usil}f; air and water as flow media, 
indicated that it is pos sible to obtain reliable pressur� and calibra• 
tion data from air models providing the tests  are conducted oarefully 
and proper interpretation of the results is made. 

Investigation of hydraulic and thermodynamic equations for comput­
ing the qu antity of air discharging from an orifioe disclosed that the 
simpler hydraulic equations may be used without introduc ing noticeable 
errors only when the pressure d if ferential through the orifice remains 
small. 

INTERPRETATI ON OF RESULTS 

6. Transference of model results to prototype .  It is generally 
accepted by present-day hydrauliclans that cavitation in a hydraulic 
passage occurs only when the pressure at some point within it approaches 
or reaches the vapor pressure of the flowing medium. In view of this 
con cept, pressures equal to the vapor pressure of water would have to 

· exist in the outlets at Shoshone Dam before damage to the valve needles 
and dis c h arge conduit s would result. Interpretation of the pressure 
data obtained from the Shoshone outlet models was based on this concept. 
Because the aerodynamic tests were limited to a small range in head by 
the lack of air-blower capacity, the following discussion ia direoted 
principally to hydraulic models using a liquid as a test medium. 

Whether or not the pressure at various points in the prototype oa.n 
be accurately predicted from model results depends on the conditions 
existing during the operation of the prototype. If  the pres sures at all 
points within the prototype are above the vapor pressure of the fluid, 
the problem is simple and \he usual similitude trans fer relations are 
valid. However, if the pressure at any point becomes equal to the vapor 
pres sure of the fluid am 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 vacuum such that a true scale exists 
between the vapor and arti ficial atmospheric pressures of the model and 
the vapor and natural atmospheric pressures at the prototype. 

If, at the scale heads, over a oertain operating range. negiecting "-­
the relative difference in model and prototype triotion due to different 
Reynolds numbers. the soaled model pressures at any point within the 
valve do not extend below the vapor pressure of the prototype', the pres­
sure at any corresponding point on the prototype may be found by the 
usual m¢el•to-prototype transfer expression 

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

However , if the scaled value at any point extends bel ow the vapor 
pressure, which conditi on indicates that cavitation will occur on the 
prototype, it is not p ossible by this method to predict the correct pres­
sure for any point on the prototype other than that c orresponding to the 
lowest existing on the mod.el and possibly the pressure which controls the 
discha rge, as that in the throat below the seal  ring of the Shoshone 
valve. To assulll3 all pressures with such scaled magnitudes to be equal 
to the vap or pressure on the prot otype (the lowest obtainable prot otype 
pressu re) is erroneous,  pa rticularly if the values are for widely sepa­
rated point s and both a re not of the same intensity. Pressu res obtained 
in the usual manner for sn y  point in the prototype other than the conm 
tro1 or lowest pressure wi ll the refore be too low, and the percent of 
error wi ll be proporti onal to the deviation of the soaled pressu re from 
the vapor pressure. When this condition obta ins, another method must be · 
employed to evaluate the p rot otype pressu res. 

If the model and prototype have definite cont rolling pres sures at 
the same relative locati on and the b oundary contour upstream from this 
point is sufficiently streamlined to preclude any chan�e in the shape of 
the stream t ubes due to ohangea in head. that i s, the coefficient of 
discha rge, C in the equation 

remains constant, the ratio of the difference in head between any two 
points in thi s re19- on to the total difference ( upstream to control pres­
sure)  is �o,1stant arid may be termed a pressu re factor for predicting the 
prot otype values at corrospondinr, l ocations. This method of predicting 
prot otype pressures is als o applicable where the scaled model pressures 
ara abov e  the vapor pressure of the prototype as  explained above, provid­
ing, of course, that the stream tubes d o  not change shape when the head 
is varied. If the model is to be used in dete rmining the control pres­
sures, care must be taken to construot the model to give the correet 
scaled va htes of the se pressures . Otherwise the operating characteris­
tics of the fu ll-sited structure may or may not be indicated by the model. 

Since the p ressu re ��r rounding the vena contracta of a j et issuing 
from a va lve influences its discha rge rate and hence the pressures at all 
point s within it , the total change of head th routh a valve sh ould be 
taken a s  that from the upstream side to the vena cont racta. Neglecting 
the relative difference in mod el and prototype friction because of the 
difference in Reynolds number, the stream tubes will remain geometri­
cally simila r  and the same relation will exist in the prot otype as in 
the model .  Thus, knowing the control pressu re on the prot otype and the 
pressure-drop ratios (pressure factors, F) for the points in question, 
it is  possible to predict quite accurately the pressures at these points 
by using the expressi on 
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P • F D  + P 
p t C 

where Pp is the prototype pres sure in feet of water for the point i n  
que sti on ;  Pc i s  tr� prot otype contro l  pressure ( negat ive and equal 
to  the vapor pre s su re of water at the pr ototype when the scaled value 
equals or exceeds the vap or pre s sure ) expressed  in feet of water above 
or bel ow atmosphere , a s  the case may be ; Dt is the total head differ­
ence in r�et of water on the prot otype , from the upstream side of the 
valve to the co ntro l pre s sure J and F i s  the factor f or the po int in 
que st ion cbtai ue d from the m odel te sts . 

Th ough the appli cati on of this me thod t o  ca ses  where the stream 
tube s  change apprecia bly  with changes in head ,  a s  in the pre sent fie l d  
de sign of the Sh oshone valve , is  incorrect and the m odel sh ould be en­
cl os ed in a pa rti al vacuum to g ive  true pressure value s ,  it may be used 
to a limited extent . In regi ons mere the boundary surface of the ma in 
flow d oe s  no t change appreciably ,  the value s  obta ined by thi s me thod 
will  be rea sonably correct whi le th ose obtai ned f or regi ons where the 
bound ary change i s  considerable , a s  at the d ownstream ed ge of a low­
prQs sure z one whe re the main fl ow sepa rates fr om the solid boundary, 
wi l l  be substantially in e rror .. 

As the re were two low-pre s sure zones i n  the Sh oshone outlet mode l  
where the scale d pre s sure s  fo r ce rtain va lve ope n ings extended bel ow the 
vapor pres sure or water at the p rototype structure, about -28 feet of 
wate r ,  the pressures in the se regi.ons were taken as criteria in estab­
lish ing the critical ra[lf;e of opening for the pre sent pr ototype val ve .. 
Since it was desired to determine the exi stence of cavitati on pre s sures 
and n ot the pre s sure dis tributi on in the valve or the l ocat i on where 
damaze would re sult from the c o llapse of the oavi  tie s ,  the transfer of 
mod el data to prototype was not so involved.  However ,  both methods 
out l ined above were us ed. 

The transferenoe o f  the aer odynamic model data to pr ototype was made 
by pressure faotora in a :manner simi la r  to that desor ibed previ ou sly .  
However, two var iations o f  the meth od were employed f one , using factors 
based on the head on the valve , ab ove atm osp here , expres sed above or be­
low atmosphere as ind icatad by the piezometer , be ini considered; and the 
othe r ,  u sini factor s  based on the total head d ifference bu t expre s sed  
ab ove  the aera ti on ( cont r o l )  pre ssure , obta ined from the tests on  the 
1-to  8-2/3-soale hydraulic model . Those  expressed in pe rcent of the 
head ab ove atmosphe re were adequate f or determining the p re s sures in the 
propos ed rede si Dl, si nce the aerati on of the valve was sufficient t o  make 
any change from t he small negative pre s sures at the van.a c ontra.e ta neg­
li�ible . Thi s is not the case in  d e si gns like the pre sent field struc­
tur e whe re sub stant i al subatmosphe rio pressure s  exist . _  

Pre ssure s  ob taine d in this  manner, for instances where the scaled 
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values exceed the vapor pressure and are as sumed to be equal to  it, as 
in the redesign when unaerated , or in the pre sent installati on when par­
ti ally aerated, a re inoorreot, the resu lts being similar to those ob­
tained in a hydraulic model when the familiar similitude relationship is  
used and the srune assumpti on is  made. Critical pres su res are indicated 
over a g reater porti on of the outlet and for a wider range of valve open­
ing than -should be the case. 

The s econd variati on menti oned above was expected to give pressures 
moro closely representi ng thos e  for the prototype structure; thus it was 
employed in recomputing the prototype pressures in all aerodynamic tests 
after the aerati on pressure had been dete rmined by the hydraulic model. 
Excellent agreement rosul ted between the hyd raulic and the aerodynamic 
data for the p roposed redesie;n, but di screpancies of app reciable magni­
tude, attributed partlJ' to di fferent degrees of separation of the two 
flow media froo the boundinE surfaces and partly to limitations of the 
aerodynamic model, were noted fo r the present i'ield design. 

SPECH.L AERODYNAMIC STUDIES 

7 .  Air versu s  water as a test medium. The failure of di scha rge 
data taken from 45 -degree sector aerodynamic models to agree within the 
limits of expe rimental e rror with that ob tai ned f rom complete hydraulic 
models, in tests nade previ ous to those on the Shoshone outlets, led to 
investi gati ons to ascertain whe ther the difference was introduced by 
using air as a flow medium or by u sing sector models of one scale for 
air and complete models of anothe r scale for water. It -was concluded 
from the tests desc ribed subsequentl y that e rrors are more likely to re­
sult f rom the latter. 

Two small valves (fig,ure 7 } .  one a 3•inch hollow-jet and the other 
e. 2 .8-inch needle , for which the 1.e.bora tory air-blower oapa.ci ty was 
s ufficient to give reliable me asurements, were cali brated, first wi th 
air,  then with water. 

There was very poor agreement between the aerodynamic and the hy­
drau lic data from b oth models when first compared. The di soha rge ooef­
.fioients f or each valve were inconsistent regardless of the medium em­
ployed ,  and the results obtai ne d  by  using air were in poor agreement 
with those using water. Better c omparison was obtai ned 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• 
rati on at the rounded edge for a given head. It  seemed that the flowing 
media would at times cling to the curved surface, causing a recovery of 
head which was not included in the reading of a piezometer located one 
pipe diame ter upstream f rom the valve. At other times the flow would be 
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free from this action. To eHminate any variation from this sou rce the 
valve exit was oh�nged to the sharp-edged type. The results obtained 
f rom this arrangement were considered excellent when the discha rge ooef­
ficients obtained by using the two flow media were plotted against 
Reynolds number based on the entrance diameter of the valve ( figure 7A) .  
The altered exit shape eliminated the abrupt changes in direction at the 
boundary of the flow passage and gave coefficients which did not vary 
with the head . Though the agreement between the ae rodynamic and the 
hyd raulic tests was good, the comparison would have been more convincing 
if the capacity of the air blower had been sufficient to obtain the same 
Reynolds number  as for water, without necessitating the ope ration of the 
valve at extremely low heads whe re the accuracy of head and discharge 
measurements with water we re questionable.  

The first attempts to compare the aerodynamic and the hyd raulic data 
from the 3 -inch hollow-jet valve we re discouraging, for the discharge 
coe fficients obtained by using air, measuring the head on the valve with 
atmosphe ric pressure as a datum and not considering the negative pressure 
on the interior of the valve downstream f rom the oute r edge of the needle, 
were considerably in excess of those obtained by using water. Afte r in­
vestigating the pressures in the downstream portion of the valve near the 
outer edge of the needle whe re apprecia ble subatmosphe rio pressures  were 
found to exist, the disagreement was attributed to improper measurement 
of the he ad on the valve in the aerodynamic tests. At times, the sub­
atmospheric pressu re in this regi on was almost equal to the pressure above 
atmosphere recorded by the piezoiooter located one pipe diameter upstream 
from the valve. The subatmosphe ric pressure at the same point was neg­
ligible when water was passing through the valve; thus the head obtained 
for the hyd raulic t e s t had been nearer the oorreot value than th_at 
for the aerodynamic tests. When the head on the val ve was taken as total 
change in pressure f rom a point one diameter upstream to one immediately 
downstream from the outer edge of the needle, ve ry good agreement resulted 
between the aerodynamic and the hydraulic tests ( figure 7B). The se tests 
demonst rated that oare must be exercised in conducting aerodynamic test­
ing of hydraulic devices. Pressures bounding a jet of water may be in­
significant, while those at the same boundary when air is used may re­
present a large pe rcentage of the total head. 

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

, ponding pressures on the model. 

Even with the aeration pressures known, the problem would be a diffi­
cult one, for the abrupt changes in direotion of the flow passage in thia 
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de s i gn wou l d  oau se sepa rati on o f  the na in f l ow  fr on1 t he bound a ry end the 
amount of ge pa rati cin wou ld ve ry l':ith the he ad on the ve.lve e The d i ffer­
ence in the phy s i ca l prope rti e s  of e. i r  A.nd water would a l s o  influence the 
sepe. rati o� .  thus poor e.greerre nt ba tween te st s  us ing a ir and those using 
water as e flON mediun: mirht be expected . The d iff�rence in pre s sure fac ­
tors obt� inerl a t  various va lve openinrs on the aerodynamic and the hydraul i c  
mod e l s  of the pre sent fie l d  de si gn ( fi gure 8 8 ) might be exp la ined i n  thi s 
manne r . 

The pre s sure !  for the proposed de sign of the ShoshoM outlets c ould 
be pred i c ted ac cur8 te ly from t he a ir te sts,  since the subatmosphe ric  pre s - � 
sure a t  the oontro l wa s negligi ble and su ffic i ent aerati on to obta in 
c omparable mode l  pre s su re s  c ould be provided by removi ng the model d i s­
c ha rge conduit . In add i ti on , the positive contro l imrnedie to l y  downstream 
fro111 the seat s t sure s agai nst any appre cia ble c hange in the s tream tube s 
to e ffec t  the p re s su re factors ( fi gure 8A ) o  

8 .  C omp ar i so11 o_f _!i�d rau lic  and ��e r!11odY!!amic e 'iuations for computi!!.£_ 
� fl_c,,; of a i r  thro�h an ori :fi oe . W he n  ae rot1ynamic te ats f or the re -

d e d gn of the Shoshone out let wor ks we:re ir-.s t!e;e.ted , i t  wa s rea l i zed the. t 

11u1r.e rou s  oomputa. t i on s  o f  the �ir d i scharge through e. standard i lltake ori­

fi ce would be r9 qu ir�d d uring the s tudy. Thi s  work cou ld be fac i l it�ted 

i f  the hyd re.u l ic e que.tior1 Q • C A  ,y'2 g h wa s used instead of the more 

compl�x the rmodynami 0 e quati on 

More ove r •  the i nfor rnAtic,n. wou l d  be u �e fu l  in futur� ae r odynamic: te st s . A 

c omprehensive compari son W8. !; made of the two e quati ons , be. sad on both the 

upstream and the d owns tream pressure s . 

The hyd rau l ic e qua ti on for flow through an orifice  when based on at­

mo sphe r i c  pre s sure ma y be e xpre s sed e. s :  

�a • C A  "\(2i" 

and t he  tbA rr.odynamic e quati on a a :  
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where 

\a and Q
te. 

are quantitie s in oubic fee t per second at 

atmospheric pressure , obtained by the hydrau lic and 

thermodynamic equations, 

C is the d ischarge coefficient o f the orifice 1 

A is the area of the orifice in s quare feet , 

g is the acceleration d ue to gravity, 

Pd is the downstream pressure in pounds per square inch 

absolute , 

Va ia spe ci fic volum of the fluid at atmosphe ri c pressure , 

cubic feet pe r  pound 1 

V d is ape oi fie vol ume at the d owns tream pressure: and 

k, l o406 for air , is the constant for adiabatic change of 

state , a change in which the system neither receives 

nor gives out he at. 
. 

\a The comparison was accomplished through the use of the ratio 
�

· 

since it expressed the d ischarge obtained by using the hydraulic for­

mula in terms of the correct amount given by the thermodynamic relation­

ship. 

From the two equations, 

• • • • • • • • ( 1 )  

Squaring both 1ides , 
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Q,r}· 
Q 2 

-
ta k 

k -

Using pl 
k 

vl • P2 

1 

{P  - Pd ) V  a a 

[Pa Va • Pd Vd ] 
V 2 a 
V 2 d 

v k k P3 v3 from whioh 2 • 

• • • • • • • • • • • • • •  ( 2 )  

V • V a d 
p 

(-2-.) pa 

1 
k 

• 

substituting for Va in ( 2 )  and d ividing bot h  numerator. and denominator 
by P 11 • the rati o bec oue s 

[ 
p k 

____ k..,... ( P
d
a ) • k _, i p � ]  ( p: ) 

pd �: Assuming va lues of -p , the ratio of ---- can be obtained and 
Q 2 

�a
a ta 

the square root give s  � from which the amount �a h greater or 
ta 

sllll ller than Q
t oan be determined . 

a P d When the assumed value s for -y-- of Oo85 , Oo90 ,  0.95,  0 . 97 ,  and 

0.99 were used to obtain the rati o oY. quantitie s and the re su lt s were 
plotted ( figure 9). i t  was found tha t substantial e rror s c ould be  intro­
duced by using the hyd raulic formula 1  that these errors would always be 
posi tive when the hyd rau lic, e quation , ba sed on eithe r Pa or Pd , was used 
instead of  the the rmodynamic e quati on ba sed on Pa J that they would be 1 

negative when the hyd raulic e quati on, based on Pa • wa s used instead of 
the thermodynamic e quation based on Pd , and that they wou�d be positive 
when the hyd raulic e quation , based on Pd , was used- instead of the the r- . 
modynamio _one based on Pd . 
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In a ll cases the error wa s sub stantia l  for large diffe renc es  in head , 

d eoreasi� to a negligible amount a s  the d ifference becaxre sme. 11 and the 
Pa ratio -,,-- appr oached uni ty . 

From this inspecti on it wa s concluded that the hydre.u lio equa ti on may 

n ot be used without introducing an appr ecia ble 

fe rential thr ough the orific e i s  si:re. 11 . Since 

error unle s s  the head dif-

the differ,nce did not ex­

oe ed 0 . 35 fe et in the Shoshone te sts , 
d giving a value of -,r- of Oo99,  and 

the err or did not exceed O.B percent , the hyd raulic e quati on ba sed on at-

mosphe ric pr es sure wa s  used in all computati ons to ob te.in the d hche. rge of 

air thr ough the s tand ard mea suring orifice attached to the intake of the 

blow er .  

INVEST IGATION OF THE SHOSHONE OUTLET BY AERODYNAMIC MODEL 

9 .  Description of 1 to  6 a erodynamic model. A m od el having a scale 
of l to 6 ,  r epr e s enting a one-eighth s ector thr ough the valve and dis­
charge conduit and u sing air a s  a test medium, wa s employed as an expe­
dient in determining the feasibility of propos ed changes in the present 
fi eld insta lla tion of the Shoshone outlet to enable the r evision of the 
pr ototype structur e b efor e the start of the 1943 irrigati on s ea s on. The 
m odel co nsi sted of a secti on of 12-inch diameter metal pipe ; a transiti on 
from 12-inch diameter to a 45-degre e ,  12-inch radius ,  cir cular segment, 
a 45-d egree V-shaped channel with one side oi' fiber wood and the other of 
transparent pla stic ;  and 45-d egree  pla ster s ect ors of th e valve and dis­
cha rGe condu it ( figure lOA ) .  

Metal t emplates fastened to a sliding frame fitted to the ed�e of 
a smo oth flat-topped table were used in f orming the s ect or s  of the tunnel 
and discharge c onduit . Mortar , pr epared by sifting dry molding pla ster 
int o a ves sel of  water unti l it was just cover ed by the water and stirring 
it in a manner t o  pr event entrainment of air , wa s place.d on the table as  
it reached the proper c onsistency , and the templates moved back and f orth 
acr os s  it. The mod el s egments were shaped thr ough a proce s s  of building 
up and scraping off the surplus  pla ster as it obta in ed its s et .  

The valve ne edle p h ousing ,  and supp ort ring; were shaped by template s 
which were r ev olved about fix ed cent ers .  The plaster mortar was plac ed 
in V-tr ough s with sid es shaped appr oximately to the s ecti on pr ofi les of 
the needle and h ousing, and the templa tes, centered at the end s, swung 
back and for th acr oss the tr ough s .  

Th e s ection r epresenting the vulva support ring was constructed by 
a metal temp late revolved ab out a cent er on the flat-top table, shaping 
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the setting plaste r as explained  above. 

Except fo r the movable needle, which was controlled by an L•shaped 
rod with one end i ns e rted into a metal tube installed within the needle 
and the othe r pas si ng upstream through a groove in the bottom of the 
trans parent-sided V-cha.nnel, all the plaste r segments we-re fitted and 
bolted to the ch&nnel. Ai rtight j oint s  we re obtained by placing a fillet 
of modeling clay alone; the seams inside the model . Air was supplied to 
the model by a 4-inch positive-di s placement blower of limited capacity, a 
type not as well  adapted to aerodynamic studie s as the centrifugal or 
axial- flow type due to its almost c onstant output agai nst vari ous pre s­
sures. 

Piezomete rs were i nstalled by d rilling small hole s into the model 
segments and inse rting small coppe r  or brass tubes for attachi ng to a 
water manomete r. The conneoti ons be tween the model and the metal tubes  
we re made ai rtight by placing plaste r  mortar around them. 

The needle actuati ng rod , menti oned previ ously, and a scale of valve 
openings etched on a strip  of transparent plastic and cemented to the 
plastic wal l of the V-c �annel ,  enabled accurate setting of the valve for 
testin g .  

A water manome te r was used to  measure the diffe rence  in piezometric 
pressure s  be tween the p ie zome te r  indicati ng the heQ.d on the valve and 
any particula r  piezomater . This procedure was followed to avoid read­
ing extremely small dif ferenc e s  in head when c ritical areas we re being 
investi gated , which  would ha ve been necessary had atmosphe ric pre ssure 
been seleoted as the datum. 

10. Study of proposed redesign outlet .  The usual procedure of fi rst 
construc ti n� and testing a model of the original de sign to asce rtain its 
characte ri sti c s  and then altering it  to obtain improvement was not fol­
lowed in the Shos hone outlet study, pri ncipally because the completion 
of the model te sts  on the proposed redesign was nece s 5ary if revision of 
the p rototype was to be accomplished before the 1943 i rrigation season. 
Insufficie nt ti me remai ned to complete both te sts . Moreove r, the relia­
bi l i ty of re sult s from air te sts on a de sign of thi s type was questi on­
able because of the magn.i. tude of the subatmosphe rio pre s sures involved. 
The be havi or of the model was expeot�d to be similar to that expe rienced 
in te sts cond uc ted in the hyd raulic laboratory on models of othe r valves. 
The pre ssu re, s near the two z one s whe re dam.age occ urred on the p ro totype 
were c e rtain to be subatmosphe rio suf ficiently to i ndicate cavitation , 
a c ond ition oonside rod to exis t  when the scaled model pros sures exoeed 
the prototype vapor pre s sure.  

Since subatmosphe ric pressu re s  in  outlet structures like those at 
Shoshone Dam b ecome more seve re as the head i s  increased, the pre s sures 
p redicted from the model te sts were based on the naximum p rototype head, 
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approximately 2 20 feet. By using the p ressure factors and c onducting 
tests to determine the variation of the control  pressure with head, it  
would be  possible to ascertain those for greater or lesser heads. The 
present desi gn is an undesirable one ; so an extensive program to study 
the variation of the control pressure vrith the head did not seem j usti­
fied when this investigation was made.  

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

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

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

Pressure measurements for the complete range of valve opening in­
dicated satisfactory conditi ons at all points in the valve except on ' 
the needle and the support-ring surfaces (piezometer 8, figure llD) imme­
diatoly below the seat where a divergent passage formed as the valve 
neared the olosed position. To alleviate this condition. the continuous 
curve below the valve seat on the support ring was replaced by a short 
tangent, diverging one-half of one degree from the needle angle (figure 
lOC ) .  Complete p res sure mee..sureme nts, including those downstream from 
the V-guides, were again taken (figures llE and F) . Though the pres­
sures remained subatmospherio for openings of les 3  than six percent, 
the y were not of a magnitud e 1niioat1 ng cavitation (figure llG) ,  and the 
design was considered satisfactory insofar as the aerodynamic investi­
gation was cono erned. Construction drawi ngs for the changes were pre­
pared on the basis of the se findings ( specifications No. 1681-D, appen­
dix I ) , but it was b elieved advisable to corroborate the results by 
hydraulic tests on the l•to 8-2/3-soale model before the plans were 
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ad opted , parti cularly since aerodynamic te sting was c omparative ly new 
to the l ab orator; pers onnel . The aerodynamic te s ts later pr oved to  be 
a valuable expedient "4hen almost identi cal resu lts were obtained from 
the hydrau l i c  model  requiring ma.ny time s  a s  l ong to construct. 

11 . S tudy of pre sent outle t ins tal lati on. As the parts of the 
aerodynami c  mode l were constru cted easi ly, the model wa s  altered to 
inc lude the pre sent fie ld de si gn, except for the aera ti on system and the 
d ownstream end of the dis ch arge conduit ( figure 1GB ) . The mode l  was not 
aerated, a s  the p rototype aerati on pre s sure s  were unkn own . M ore over, it 
w ould  have been difficu lt to  aerate properly the aerodynamio model to  
represent the se pre ssure s  had their corre ct ll¥l.gnitude been kn own . A 
hi gh-vel ocity air jet transp orts the surround ing air more readi ly than a 
water jet of the sa.me size and vel ocity; thus considerably m ore vent area 
is requ ired to obtain o orre sp ond ine pre s sures at the vena cor.tracta ot the 
air j et and the a rea c ould  be determine d  only by trial and e rror. The 
model te sts indi cated l ower pressure s  at all  p oints than w ould h ave been 
the case had proper aerati on been supplied, a fact later verified by the 
hydrau lic m odel. 

The pre s sure s  in the outlet were as  anti cipated, severely subatmos­
phe ric on the outer edge of the p lunger needle and in the c onduit down­
stream . The pre s sures ( figure l lA ) ,  c omputed by using p ressure factors 
based on the head ab ove atmosphere on the valve and expre s sed a s  per­
centa�es of this dif ferential ab ove or below atmosphere ,  were found to 
deviate markedl y from th ose obtained subsequently from the 1- to 8-2/3-
scale hydrauli c model . Apparently the prototype pre s sure s  c ould n ot be 
predicted a ccurately by this  pro cedure .  Examinati on dis cl osed that the 
resu lts were simil ar to th ose obtai ned in hydraul i c  model s  when empl oy­
ing the usu al mod el-t o-prot otype transfer expre s si on di soussod in sec­
tion 6 of this memorandum, and as suming tha t al l s caled value s exceeding 
the v apor pres sure were constant and equal to it. The pre s sure s  were 
re c omputed using pre s sure fa ctors based on the total change in head 
throush the valve but expres sed as a pe rcentage of the change above the 
control pre s sure ,  obtained fr om the hyd raul i c  te sts { fi gure l lB ) .  Better 
ae,reement was ob tained between the aerodynami c and the hyd raulic tests 

when the latter meth od was u sed . 

The clearance-ring pres sure at fu l l  opening wa s n ot subatmospheric, 
as had been expe cted , but was substanti ally p ositi ve ,  190 feet of water 
or a b out 20 feet l ower than the pressure in the tunnel immediately above 
the valve s .  Thus little wo uld be gained to improve the operation of the 
valve at large openings by al tering the clearance ring .  Pre ssures on 
certain parts of the needle were greater than the clearance-ring pre ssure 
for openings ab ov e 95 pe rcent, ind i cating that the valve c ould n ot be 
cl os ed hydrauli cally by t he clearan ce-ring pre s sure from the se openings 
( fi �ure llA and B ) . 

Al thour,h the present field de sign was n ot repre sented c orrectly by 
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the aerodynamic model, due to the short section of di scharge conduit and 
impro per aeration, the tests were bel ieved to give some clue as to the 
conditions causing the damage to the outlet during the 1942 season. 
Moreover, the model represented the prototype structure as it existed 
before the d ischarge conduits were lengthened and the aeration systems 
added in 1931 and the pressures, no doubt. were closely representative 
of those causing considerable damage prior to that date. The tests were 
important in that the y furnished useful information oonoerning aerody­
namic tests and interpretation of the test data. 

INVESTIGATION OF THE SHOSHONE OUTLET BY HYDRAULIC MODEL 

12. Descri ption of the 1- to 8-2 3-so ale hydraulic model. The 
hydraulic 'inoci'e' of one va ve and discha rge con uit of the Shoshone outlet 
works, constructed to verify the resu lts from the 1- to 6-scale aerody­
namic model, study refinements in design, investigate hydraulic operat­
ing characteristics or the valve, and determine the adequacy of the aera­
ti on system of the proposed redesign, present fie ld installation, and a 
modified design.  c onsisted of a high-pressure steel head tank, a l• to 
8-2/3-scale bronze model valve, and a seotion of transparent plastic pipe 
representing the di scharr;e conduit of the east outlet ( figure 12A ). 

The model valve was made geometrically similar to the prototype to 
permit a study of its opera.ting; cha racteristics when the plunger actuated 
hydraulically and to investigate methods of increasing the effectiveness 
of the actuating m,chanism when the valve plunger neared the open posi­
'ti on. P ie zometars were loc ated on the needle tip and in the oondui t 
wall immediately downstream f�om the valve to determine whether or not 
the pressures in the se rer;i ons were sufficiently s ubatmospherio to induce 
cavitation. The pie zometers were not installed until manual controls 
were provided, si nce the ir 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
design and the present field design, we re made removable to facilitate 
changing from one design to the other. The two throat sections,  one re­
presenting the air intake manifold of the proposed redesign and the other 
the valve seal and throat liner of the p resent field design, were ma­
chined from bronze castings and were i nterchangeable. The section repre­
senting that of the present fie ld structure was remachineclz_ for tests on 
the mod ified design. 

The portion of the dis cha rge co nduit be yond the throat liner of the 
prototype valve was rep resented by a length of transparent plastic pipe 
to permit observation of the flow condi ti ons in the conduit. Twenty­
four 0.234-inch holes were provided in the wal l of. thi s  pipe to represent 
the 2-inch vent pipes on the present prototype installation. Water and 
mercury manoma ters were used to reco rd the piezometric pressures. 
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13. llydrau lic  operati on of the valve plunger - Proposed redesibn 
outlet . Tests pe rtai ning to the hyd raulic ope rati on ofthe v alve were 
made for the propos ed redesign outlet ( figure 12B )  before piezometers 
were installed, si nce their presence  wou ld inte rfere with the free move­
me nt of the val ve plunger, preventi ng a c orrect measurement of the fric­
tion. Moreover, they wou ld have been of little value si nce the operation 
of the valve at definite openings would have been difficult and the data 
would have appeared i nconsistent .  The pres sure tests were perforned at 
the conc lusion of th is i nvestication after positive mechanical control 
of the plunger had been provided and exuct openings could be establi shed. 

I nitial operation of the mo del valve disc losed that an abnormal ly 
high pres sure ( about two feet of water on the model valve center line)  
was necessary to overcome the fricti on on the plun�er; thus it could not 
be actuated by the c learance-ring pres sure over rr.uch of the opening 
range. Changes i n  ali nement of the V-guides reduced thi s value to about 
0.65 foot of water. A pressure of 0.55 foot of water on the back area 

of the valve was requi red to keep t he valve in motion during the c losi ng 
cycle. This value was assu:roo d to be that requi red to keep the plunger in 
motion during the opening cycle when thrust computati ons were made. With 
the reduc ed fricti on, the plunger of the proposed redesi gn could be 
operated hydraulically by pres s ure from the c learance ring, p roviding it 
was not allowed to reach the wid e-open posi tion. Investigation indicated 
tha t it s fai lure to operate at this positi on resulted when a seal formed 
between the machined surfaces of the back of the plunger and the inside 
of the valve housing, preventi ng the pressure f rom the bull-ring cylinder 
from reaching the back· end of the plunger. Once  this seal was bro ken, 
the c learance-ri ng pressure was sufficient to actuate the valve at all 
openi ngs. To asoertain if tha c learance-ri ng pressure was sufficient to 
actuate the valve from the wid e-open posi tion and whether the failure to 
start closure was due entirely to the seal, grooves were out through the 
bul l-ri ng seat at the back of the plunger. The clearance-ring pres sure 
was transmitted to the back end of the pi sto n  through these �rooves and 
hyd rau lic  ope ration of the valve was pos sible at all openings. Thou�h 
it is not indicated by the thrust diagram ( figure 13) , the force to close 
from the wi de-open positi on is avai lable since the pressure on the needle 
surface below the V-guides at larbe valve openings i s  les s than on the 
remaini ng portion of the needle and these were not considered i n  the 
thrust computations . The proposed redesign of the field s tructure should  
the refore be operable at all openings by the clearanoe-ri ne pres su re, 
providing the fricti on between the valve plunger and bu ll-ring cy linder 
i s  not too great and a s eal similar to that observed on the model doe s 
not form on t he prot o�;pe. 

14. Study of pressu res in the proposed redesi gn outlet. After the 
operati ng cha racteri stic s of the proposed redesi gn outlet had been s tudied 
ihtd the c learanc e-ring pres sure found adequa ta for actuati ng the plunger 
¥:'nen the fricti on between the plu nger e.nd the bull-ring cylinder was not 
too great and the seal baok of the bull ring elimi nated, the mechanical 
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operating mechanism and the pie zometer connections were installed. The 
pres sures on the needle and in the condu it were record�d for small open­
ings as well as for each lo-percent increment of valve opening and the 
flow conditions for each noted. 

The jet from the valve was reas onably smooth with the downstream 
end of the discha rge condu it filling and operating under pres sure when 
the plunger neared the wide-open position. 

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

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

A comparison of the se pressures with those obtained from the aero­
dynamic model disclosed them to be in good agreement, even to the sub­
atmospheric pressures existing at extremel y  small openings (figures 
llE and 14C) and the design _ (specifications No. 1681-D, appendix I )  was 
recommended. Invitations for bids were prepared, but due to restric­
tions by the War Production Boe.rd, the deci sion was ma.de 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 proposed redesi n outlet. Prototype discharge 
cur ves (figure 16 for a single valve operating at different openings 
and for one valve fully open and the othe r at various openings was pre­
pared from model calibrati on data. The curves show a substantial r�� 
duo tion 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 300 second-feet ( figures 15  and 17 ) .  

Head losses from the reservoi r  to the val ves were computed for 
various quantities  flowing i n  the tunnel and were plotted below a hori­
zontal line representing the reservoir elevati on. The descending (loss) 
cur ve obtained in this manner represented the available head at the 
valves for the given reservoir elevation and vari ous quantities of 1'8.ter 
passing through the tunnel. Plotted against  discharge, the losses are 
the same regardless  of reservoir elevation. Discharge curve s for differ­
ent openings  of the valves, ob�ained from ooeffioients based on the total 
head on the valves , were plotted on the same graph. The di scharge for a 
given val ve opening and reservoir elevation is that shown by the inter­
secti on of the se ourves with the loss ourve for the reservoir elevation. 
To determine the quantity of water being released when the reservoir 
elevation and the val ve opening are known, enter the graph on the loss 
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curve for the known reservo ir level, follow along this curve until it 
intersects the dis charge cur ve for the given valve opening, and read 
the discharge soale vertically bel ow  th is intersection. The outlet dis­
charge for intennedia te reservoir elevations may be found by interpola­
tion. 

Comparison of the discha rge ooeffioients (figure 15 ) shows slightly 
more cap acity for the air model than for the hydraulic model. The reason 
for this difference was not ascertained, but it might have been the re­
sult  of errors inherent in constructing and assembling the V-shapes used 
in the aerodynamic model or the operation of the aerodyn&.mio model at 
smaller Reynolds numbers. A more elaborate model than that used in the 
air study wo uld have assured cor rect shapes and no doubt would have re­
sulted in closer agreement. 

16. draulic operation of the valve plun er of resent outlet 
installation. The pres sures end ng to open he mo e va ve were greater 
than the clearance-ring pressure over much of the s urface 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
ures 13 and 14A). This unfavorable pressure distribution existed over 
the rang e  of valve opening from 95 to 100 percent and precluded suooess­
f\ll closing of the valve by the clearance-ring pressure at these openings. 
This condition, which was also obtained from the aerodynamic tests, no 
doubt explains the difficu lty experienced by the project in closing the 
prototype val ves when they are operated near the wide-open position. 

17. Stud ressures in the resent outlet installation. As soon 
as it was earned tha t mater a s  or the new needle tips and air-i ntake 
manifolds of the proposed redesign could not be purchased, an extensive 
test program was initiated to investigate a ( 1 )  the pressure conditions 
in the present design to ascertain the possibility of minimi zing the 
pitting resulting from cavitati on by limiting operation of the valves to 
noncritical openi ngs, and (2 ) to attempt to discover a method for eli­
minating the destructive acti on in the present structure by minor modi­
ficati ons not involving the purchase of strategic war materials . Tests 
for comparison with those. obtai ned from the aerodynamic model were also 
made. 

There were two low-pressure zones in the Shoshone outlet model 
'Where the pressur es at certain v alve openings when transferre(\ to the ' 
prototype reached the vapor pressure of water. a.bout -28 feet of water . 
The pressures in the se r egions ( 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 tests and not the pressure distribution in 
the val ve or the locati on where damage would result from_ the collapse of 
the cavities , the transfer of model data to prototype was simplified. 
However, both metho ds outlined previously were used and the pressure 
distribution for the field conditions investi gated. 
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It was intended to us e prototype measurements made in 1931 as  the 
control pressur es for the model in predi cting the minimum pressures in 
zone A of the prototype. However, when scaled to the prototype, the 
model pressures in  the condu it below the valve were not in agreement, 
being nearer the vapor pres sure for all valve openings than the proto­
type measuren:e nts, even with all twenty-four 0. 234-inch holes open. To 
ascertai n whethe r this di screpanoy was due to a deficiency of air re­
sultint from aeration by the holes ins tead of pipes of the same diameter 
and the scaled length, the capaci ties of th e two systems were compared. 
Computed discharges. using the swne pres sure di fference, showed the 
quantity of air from the holes to be about 1.42 times that for an equal 
number of pipes, and i t  was concluded that the differenc e was not due 
to the method of aerating the model . Damge to the field structure also 
indicated more severe pres sures than those tabulated in a report from 
the Project Superintend ent to the Chief Engineer , dated December 1 1 ,  
1931 , for with pres sur es of this magnitude  cavitation could not have 
occurred unless  aeration was not effectiv e upstream from where the pipes 
entered the d i scha rge conduit, and the model studies did not indicate 
this to be the �ase. The control pressures in zone D for predicting 
those in othe r parts of the prototype were therefo re obtained from scaled 
model pressures. The minimum pressure in zone B for each lo-percent 
incre100 nt of the plunger travel a.:1d max imum head wa s obtained and scaled 
to prototype by the similitude  relationship, 

P + N p  • p m 

When va lues obtained in thi s  manner were above the v�por pressure 
for the prototype (about - 28 feet of water at Shoshone Dam), they were 
used directly. When below this  value (nume rically larger), they were 
assumed to remain constant at •28 feet of water. The pres sure in zone 
B, obtained in this manner, was added to the static head for the corres­
ponding valve opening to obta.in the tote.l hea.d difference acros s the 
valve . The static he ad was obtained from a head loss-discharge curve 
computed for the outlet tunnel. 

Tr� minimu� pres sure in z one A on the needle for each valve opening 
was then obtai ned from the relati onship 

p A • F Dt + PB 

Since the destruc tive action in the field structure indicated the 
suba.tmospherio pres sures in  the discharge conduit to be more severe than 
those measured on the prototype in 1931, and sinoe the model pres sures 
near the vent s in the crown of the di scha rgo conduit were not in agree• 
ment wit h them, it was consid ered neces sary to detennine the effect of 
d if ferent degrees of aeration on their magnitude. Pressure s in the model 
were obs erved for four degrees of aeration which  ware obtai ned by varying 
the number of open supply ports ( 0 . 234-inch holes ) to the di scha rge con-
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d ui t. The model was operated with 24 , 17 ,  and 12 of these p orts open 
and wi th a l l  of them c l osed. As the supply p orts we re approximately 
1 .42 times as  e ffective as  pipes of scaled length and the se.me diame ter,  
the aerati on of the first three arrangements was equivalent to  34 , 24 , 
and 17 tw o-inch pipes. 

S ome criteri on as to  the all owable magnitude of the minimum pres­
sures in z ones A and B to prevent cavitati on had to be ad opted t o  estab­
lish the n oncritical range of valve opening . A value of -20 feet of 
water, ab ove which c ondi ti ons w er e  c onsidered satisfactory, was ch osen 
f or these st udies, and the ranges of valve opening subsequently referred 
to as critical are based on this value.  

Vfuen the model pressures in the c onduit and on the needle for heads 
representing approximate ly reservoir e levati on 5364 and va lve ope nings 
fr om 20 to 100 percent were transferred to prot otype , as outlined in 
secti on six of this memorandum, the results indicated that the pre s s ures 
in z ones A and B would reach the vap or pressure of water over certain 
ranges of valve opening. 

There was prac tical ly n o  c hange in the minimum pressures in z one A 
on the needle f or the different degrees of aerati on . Only by cl osing 
the vents or by reducing the number until the hydra ulic j ump moved up­
stream t o  o over them was i t  p ossible t o  di scern any change in these 
pressures . Even s o .  the oha.nge was s light, increasing by two pe rcent the 
upper limit of the critioa.l range of valve opening for the needle , making 
it 14 to  27 percent ins tead of 14 t o  25 percent ( figure 16 ).  Severe 
atmosphoric pressur es in zone A on the present prot otype desi gn may 
therefore be expected over a range of openin� from 14 t o  25 pe rcent. 
R ou6hne s s  of the surface in this z one might extend the cri tical range , 
but be c ause of the rapid rate of increase in pressure at the upper limi t, 
any c hange from this source i s  expected t o  be ne gligible . The different 
degrees of aerati on prod u c e d  no appreciable change in the critical range 
or the m gnit ude of the pr essur es in this z one. It was c onsidered doubt­
ful if they w o uld bec ome less critical  even with c omplete aerati on of 
z one B .  Thus it might be imp ossib le t o  operate the va lve in this ranEe 
with out dama�ing the needle. Later te a ts on this valve , with min or m odi­
ficati ons to the ne edle and with z one B wel l  aerated,  c orrob orated this 
be lief. 

Because of the peculiar expansion of the je t as  it omerged from the 
end of the needle, the discharge c onduit of the m odel flowed full  after 
the valve plunger c omple ted approximately 25 percent of its travel to­
ward the open p os i ti on .  Z one B was aerated by air fl owing upstream al ong 
tho crown of the conduit until the needle reached this p ositi on and the 
pre ssures in this reg;i on were n ot severe ly subatm ospheric for any of the 
degrees of aerati on .  As the valve approached 25 percent open and the 
flow cf air from downstream was cut off, the pressures dropped rapidly, 
reaching the vap or pressure  when scaled t o  the prototype. 
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When the aeration was equivalent to thirty-four 2-inch p ipes , the 
model indicated tha t the minimum pres sure in z one B would remain at the 
vap or pressure for a rMge pf valve opening between 25  and 47 percent, 
then begin a gradual rise to about -8 feet of water when fully open 
( figure 1 6 ) . With aeration equivalent to twenty-four 2-inch pipes, the 
range over which the pres sure remained at -28 feet of water was extended 
to a b out 58 percent , from where it rose to appr oximately -12 feet of 
water at 100 percent ope n . The upper limit of this range was increased 
t o  approximately 76 percent v.hen the aeration was reduced to the equiva­
lent of seventeen 2-inch pipe s.  The pressure at 100-percent opening 
reached  about -18 feet of water. Without aeration , the pressures re­
mained at the vapQr pres sure thr ough the range fr om 23 to 100 percent. 
From these resu lts it was conc luded that the critical range of valve 
opening; for the conduit in the present field installation , aerated by 
twent y-four 2-inoh pipes , based on -20 feet of  water ,  gage pressure,  
will be from 23 to 70 percent open. 

During operation of the mod el valve , with aeration representing 
the twentyufour 2-inch pipes , eddies were observed t o  form downstream 
from the V-guides  as  the valve appr oached 90 percent open , c overing the 
ends of some of the air vent s on the crown and the invert of the dis­
charge c onduit,  the reby decreasing the amount of air reaching the throat 
of the dis charge c onduit and lowering the pres sure in that region . Be­
cause of the danger of ob taining; subatmospheric pressures of sufficient 
magnitude to caus& the hydraulic jump in the pipe to move upstream and 
cover the remaining open ings, thus pr oduc ing cavi tati on pres sures on the 
throat liner,  it was recommend ed that the maximum valve opening for the 
present insta llati on ba limited to 85 percent . 

The severe subatmospheric pressures prevalent in the m odel of tha 
present outlet  design ( figure 14A) were attributed t o  inadequate aeration 
resu lting principally from improper loc ation of the delivery ends of the 
air ducts .  but due also to the sma l l  aerati on area .  The peculiar shape 
of the jet bey ond the end of the nee dle ti p no d oubt contributed to the 
severity of the se pres sures. The stream expanded abruptly t o  fill the 
c onduit at approximately 25-pe roent opening , with the action c ontinuing 
throughout the upper r ange . 

The model tests indic ated tha t operati on of the Sh oshone outlet 
valves to obtain any appreciable am oimt of flow regulation with out damage 
t o  the discha rge c onduit was impract ible and that damage to the needle 
could be av oided only by limiting the valve operati on to openings greater 
than 25 pe roent • 

To ascertain the reliability of the aerodynamic tests on this de­
sign, the discharge c onduit of the hydraulic mo del wa s shortened to cor• 
respond to tha t  studied on the air model. Comp aris on of the results 
from the two models reveale d  poorer agreement than had bean anticipated ,  
but the differenc e was n ot sufficient t o  prove the aerod ynamic tests un-
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reliable . Part or the disagreement was attributed to the variation in 
the physioal properties of air and water which it is believed caused 
different degrees or 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 ins tallation . The model was cali­
brated to ascertai n the dis charge oharacteristios of the present instal­
lation. Discharge coefficients for the vari ous openings were obtained 
and capacity c urves prepared in the same manner as for the proposed re­
design outlet, for a single valve and for both valves operating simulta­
neously (figure 17) . From these curves it may be shown that the rate of 
increase in di scharge decreases materially as the valve plunger approaches 
the open position . With the reservoir at elevati on 5360, the increase 
obtained by opening the valve from 80 to 90 percent is approximately 3-
1/2 peroent of that for full opening, while that obtained by opening the 
valve from 90 percent to full opening is about 2-1/2 percent. Thus, open­
ing the valve another 10 percent in the upper region increases the dis­
charge only slightly. That excellent agreement existed between the model 
and the prototype oapaoity is evident from a comparison of model and pro­
totype discha rges for both valves operating at 90 percent open ( figure 17 ).  

19. Study of air vent s ize for the modified outlet design. After 
it was found. impossible to purcha se materials for the revisions required 
in the proposed redesign outlet and pressure conditions for the present 
field design were found to be extrensly critical for practically all 
ranges of valve opening, it was deemed advisable to continue the model 
studies in an attempt to discover a satisfactory means of alleviating 
the condition inducing cavitation by making minor modifi cations requiring 
a minimum of strategic na teri als . It was believed that a solution might 
result from alterations consisting of streamlining the exposed corners of 
the bronze sealing ring in the conduit and the seat. ring on the valve 
plunger by chipping and grinding, removing part of the throat liner ; and 
modifying the air-vent sys tem to provide more air to the outlet conduit 
at the proper location. The model was modified to include these ohariges 
(figure 12C ) . Aeration, equivalent to three 12-inch ai r ducts on the 
prototype, was provided. It was intended that three openings would be 
ins talledJ one at the crown and two at the sides of the conduit liner in 
the throat. However, the openings were inadvertently placed 45 degrees 
counterclockwise from the intended positions . Testa were conducted on 
this arrangement since it was believed tha t the jet of water discharging 
from the valve woul d  be completely surrounded by air and thus the pres­
sure within ·this region would be eque.liied. This was found to be the case 
for the stmller valve openings . However, eddies forming downstream from 
the V-g·uides divided the air spa ce into two sections at the larger valve 
openings aDd the aeration of these two compartments was unequal. Sinc e  
the piezome tars in the thr oat were in the section supplied by one vent 
and the pressures in th is regi on were satisfactory, the arrangement was 
not changed. Moreover, the top vent wouid have been ineffective because 
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of the eddies b elow the V-guides had it b e en placed at the crown as planned .  
Fr om the mod el t ests on the present fi eld desiin and this m od ified desi gn ,  
it was con clud ed that a ir vent s t o  the balan ced valve sh ould n ot ont er at 
the c r own or invert of the condu it downstream fr om th e V-guides . 

Eaoh of  the v ent openings on the mod el wa s provided with a 4-inoh 
diameter by 1 .5-f o ot long measurin� secti on in which standard air-measuring 
orifi ces were installed for d etermining the air r equirements and studying 
the air-duot size of the m od ified design outlet . Three orifi ce si z es were 
used - 1/2-. 1- ,  and l•l/2-inch di ameters. 

Pressur es in the t�� oat and on the needle were investigated f or the 
thr ee orific e sites t o  asc ertain the adequacy of the c ontemplated vent 
system .  The thr ee vent opening s ,  when fitted wi th the l/2-i 1- , or 1-1/2-
inoh orifi ces were appr oximately equivalent t o  pr ot otype openings of 7-1/2, 
15 , and 23 inches, diameter, r espectiv ely . The thr oat pressur es were 
severely subatmospherio for the smallest oril'ice, but quite small f or the 
othe r two .  The maximum negativ e pr es sur es in the mod el were -6 .0 ,  -lo4 , 
and -o .8  feet of water f or the small, med ium, and large-si z e  orifi ces, 
r espectiv ely . Air measurement s f or vari�s valve oponings and heads wer e 
made for all three orifi ces and a curve � versus opening pl otted ( fig-
ure 18 ) .  Qw 

20 . Study of pr essures in the mod ifi ed desie;n. A pe culiar c ondi­
tion was n oted  on the needle duri ng the initia.l tests on this modified  
desi gn . The pr es sure at piezometer l was re corded as being po s itive , a 
condi tion n ot ex is ting bef ore the seat rinE on the plunger had b een 
streamline d .  Appa rently tho fl ow did n ot spring fre e fr om the edr;e as  b e­
f or e  and the b ound ary layer entered the gr o ove, pr odu cing positive pressure 
at piez ome ter 1. Pie z ometers 2 and 3 showed sever e  subatmospherio pres­
sur e, indicating this t o  be the case . R emoval of the 1/4- by 1-i n ch wedge 
( d etai l D, figur e 19 ) fr om the ne edle c orrect ed this c onditi on, and , al­
th ough subatmospher ic pre s su res  still  exi sted,  th eir nagnitud e was d e­
creased . 

The cond iti on of n ot b ei ng able t o  close the val ves  at openings ab ove 
95 percent by the cl earan ce-ri ni pres sure still existed , but as pointed 
out pr eviou sly,  th is is n ot criti cal since the last 10 percent of opening 
r esults in an increase of dis cha rge of less th an 3 per cent of the t otal 
f or f ull opening . 

Pressur es on the needle ,  using the 1-1/2-in ch orifice s ,  were fou nd 
t o  be positive f or all open ing s ab ov e  23 percent ( figur e 14B ) . F or smaller 
openings the pr essur es on the su r fa ce of the needle near its outer edge 
were severely subatmospheric, indi cating that cavitati on wou ld oc cur on 
the pr ototype . Since the crit ical pr essur e existed over su ch a small 
ranEe of opening and daroa. Ee to  the needle could b e  eliminat ed by av oiding 
ope rat ion s in this reei on, and sinc e it wus impossible t o  streamline the 
c ox·ner of the plunr;er sufficiently to r el ieve this condition with out a 
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major revision of the valve, the modified outlet desiEn was recommended 
for installation during the 1943-44 winter season. The modification 
prepared from  the mod el finding s, considering structural and construction 
difficulties, was prepared by the desi gn section (figure 19 ). 

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

22. Status of repair s and alterati2.!.1!_• The original proposal on 
the repai rs of the 68-inch outlet valves was to so modify the design as 
to elimina te all of the adverse pressures which occur in the original 
design. Based on the results of the model studies in the hydraulic 
laboratory, a satisfac tory design was prepared, and invitations for bids 
were requested on specifications No . 1681-D which i ncluded drawings Nos. 
26-D-1605, 26-D-1606, and 26-D-1607 ( appendix I ) .  Application for 
Priority Assistance on Form PD-200 was nade to the Yfar Production Boa.rd 
for the extension of preferenc e rating 11.A-2x to obtain prompt delivery of 
the imterials covered by these specifications. Inasmuch as the extension 
of the rating was permissible only on qualification by this office tha.t 
the work was necessary to prevent an impending breakdown, the decision 
was made to proceed instead with the repair of the valves to permit opera­
tion during the season of 1943 .  The project was so informed by offic e 
letter of January 15, 1943, and the sug Eestion was made that the valves 
be inspected not later than July 15, 1943 . If further repairs and re­
vamping of the v1:1lves were then shown to be necessary, there would be suf­
ficient time to obtain priority and to purchase and install these parts 
before the start of the 1944 irrigation season. 

Duri ng the pe riod from December 1942 to March 1943,  neces sary re­
pairs were :irade on both va lves, under the supervision of Master Mechanic 
Wm. J. Mont gomery , to restore them to their conditi on prior to the irri• 
gation season of  1942. The east valve was dismantled except for the base 

and cylind er; the poorly bonded weld metal on the valve piston shell or 
needle was removed and new metal placed, using 1/8-inoh "Ferroweld" arc­
welding electrode;  and the valve parts were c leaned and repaired. The 
pitted areas on the piston shells and throat liners on both valves were 
filled by welding. The 2-inoh air-vent pipes and reinforcing steel in 
both conduits torn out during the 1942 season were replaced, and the con­
duits relined with concrete by pressure grouting. The damaged packing­
ring seat in  the west valve was replaced by a new one. The valves were 
under pres sure and readr f'o r  ope ration on March 26. Late in March work 
was started on filling the notoh in the spillway. Master Mechanic Wm. 
J. Montgomery was on the job from December 30, 1942, to February 19, 1943 . 

Subsequent to the decision to repair rather than revise the valves 
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during the winter of  1942-43 , laboratory tests were made on a model of 
the o rigi nal design of  the valve.  During the se studie s  a partial re­
vision was devel oped which would require muoh le s s  critical material 

,and would permit the ope ration of the valve from 23 to 95 peroent open 
without the adve rse subatmos phe ric pressures now so prevalent. This 
partial revision ( drawine; No . 26-D-1610, fi�ure 19 ) entails the removal 
of the thr oat line r and the downstream e nd of the conduit liner;  stream­
linin� the exp os e d  cor ner of the bronze sealing ring b y  chipping and 
rrinding; streamlining of the exposed oorne r  of the bronze seat on the 
pisto n ;  and the provision o f  an adequate air co nduit which can later be 
inc orporate d in the comple te revision shown in spe c ifications No . 1681-D .  

By le tter o f  August 10, 1943, the project  superintendent gave the 
following report on the co nditi on o f  the valves  and condu its t 

"The 58"  balanc ed valves and the ir conduits were inspected 
on August 7 .  The west  va lve has been operated 3 5  day s this 
season at 0 . 75 ope ning . The valve itself shows no visible evi­
denc e of additional pitting . A minimum amount of p itting has 
occurre d ,  however, in the extreme top of the discharge conduit .  
A s q�are foot or s o  o f  c oncrete is gone where it covered the 
capped 8 "  air vent and lapped over onto the pitted di scharge 
liner . Thi s exposes part of the capped 8 "  air vent. Then at 
odd intervals  of about one fo ot apart are p itted areas not over 
two inche s deep which extend out the discharge conduit for about 
ten feet . None of the 2-inch air vent pipes  are exposed . Ex­
cept for the spotted pitting in the top of  the dischargo con­
duit, no other damage to the concrete lining can be observed. 
It is planned to patch the small damaged area s before the valve 
is again put in operation . 

, 
"The east valva has been operated for only 8tj" hour s this 

sea.son at 0 . 30 opening . The plunger needle on thi s valve and 
the concrete lining in the dis cha rge tunne l l ook the same as 
whe n repa ir work was completed la st  spring . 

"The open in� of the west  valve s o  far this sea son has been 
in the non-critical r ange as pointed out in the Chief Engineer ' s  
le tter of April 1 7 ,  1943 0 It appear s that it will  soon be ne­
cessary to use one of  the val ve s  for the release of water from 
the re servoir a nd it wi l l  probauly be neces sary to operate it 
in the critical range if stored water is to be conserved for the 
Gene reti on of power this wi nter .  I t  is therefore probable that 
the great.est  amount of dama ge to the di scharr;e conduits,  etc . ,  
this season will occur during the remainder o f  the irrigation  
season . '' 

23 . C ono lu sions o From the mod el s tudie s  o f  the Sho shone outlets , 
it was co ncl uded that the damage to the struc ture in past years  had 
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resulted from cavitation, a phenomenon which takes place when the pressure 
at some point within a flaw passage reaches the vapor pressure of the 
flowing medium. The presence of cavitation pres sures in the prototype, 
a condition -produ c ing the damage obs erved on the field structure, was 
indic ated by the subatmospheric pressures on the model whose scaled values 
were equal to or lower than the vapor pressure for the prototype. 

It would be difficu lt to operate the present valves to obtain an 
appreciable amount of  regulation without damaging the outlet structure. 
Pitting of the needles is expected when the valves operate between 14 
and 25 percent open and in the conduit between 23  and 70 percent open; 
al so , the re will be danger at opening s greater than 85 percent, since 
the ends of several of the 2-ineh air-supply pipes will be covered by 
eddies forming below the V-guid es. Little damage to the present instal ­
l ation should resu lt when the valves are operated between 7 0  and 85 per­
cent open. 

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

The present aeration system is inadequs. te, as well as improperly 
loc ated, to relieve the pressures induc ing .cavitation in the present in­
stallation . The 8-inch vents .  which have been plugged in previous years, 
would tend to relieve the c ri tioal pressures in the conduit but would be 
inadequate to eliminate them. e ven 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 loc ated, the additional air reaching the 
c ritical pressure zone in the throat would of fer considerable relief. 

Should the friction (by restricti on or roughness )  in the downstream 
portion of the dis charge conduit be relatively greater on the prototype 
than on the model and cause _the hydraulic jump to move upstream over the 
2•1nch vents as the val ve plunger approaches the wi de-open position, 

. severe subatmospherio conditions inducing cavitation and oonsequently 
deatruotive pitting would result. 

The daa ge to the needle during the 1942 season was the result of 
operating the �alves from 22 to 48 percent open during the last few 
weeks of the season. The daim.ge to the conduits first resulted from 
ope rating between 46 and 52. peroent during the first one and one-half 
months �nd was then aggravated by operating at 90 percent open after 
the initial damage had reduc ed the effectivenes s  of the 2-inch vent 
pipes . 

The presenc e of press ures on the valve needles , which exoeed the 
clearance-ring pressure at valve opening s  in excess  of 95 percent , pre­
vent clos ure of the val ves by this pressure when the plungers are in 
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this region . 

Though the s ubatmospheric pressures tend to lessen as the head on 
the valve decreases. a substantial reducti on would be necessary to 
allevia te the dam.acing aotion on the present field design . 

From the model calibration data on the present field installation 
it was found that the increase in flow is small compared with the in­
crease in the valve plunger movement when the plunger operates near full 
opening , the increase in discharge being 3-1/2 percent when open be­
tween 80 and 90 pe rcent and 2-1/2 percent when  open between 90 e.nd 100 
percent . Since 97-1/2 percent of the maximum discharge through the 
valves can be obtained at 90  percent opening. it is not important that 
the valves operate beyond this point . particu larly s ince it is difficult 
to close the val ve_s when this opening i s  exceeded. 

Damge by cavitation on the valve needles and discharge conduits 
can be entirely elimina. tad by re;ri sini:; the needle tip s. the valve seat. 
the condu it throa t, and _the aeration system ( appendix I). This solution 
wo uld be applicable to simila r out let ins tallati ons. Maintenan ce cost 
would be reduced to a minimum by this revision and valves cou ld be ope rated 
at any desired opening without the fear of dar:iage due to subatmospheric 
pressures. The aeration system for the proposed redesign is Slitiafactory,  
probably over-adequate. The outlet capacity., however., will be substan­
tial ly  reduced, and consideration should be given to this fact when 
future revisions are planned. 

Dama ge to the condu it can be e liminated in the present design by 
streamlining the exposed ede;e of the bronze sealing rine; t removing the 
throat liner, and providi ng; an adequate air-supp ly system at the looa­
tion as shown on figuro 19. However, operation of this modified design 
at openings smaller than 2 3  percent would ha ve to be avoided to prevent 
da."!lf.i. ge to the nee dle . 

Openine; a into an area of low pressure,  suoh a s  those to the throat 
of the Shoshone outlet, should not be p laoed too near the surface of 
the flowing water. for this condi tion c onstricts the flow of air and 
prevents complete aeration of the jet. For example , the same size open­
ing into the outlet throat v� ll provide nore aeration when the throat 
liner is removed. An air-supply duct equ ivalent to three 12-inch dia­
mter openings into the throat of the outlet s hould provide ample quan­
titie s of air at all val ve openings in the modified desi gn. The modi­
fie d outlet is like ly to be noisy since the air taken into the conduit 
vi a the aeration system wi ll be under pressure when released at the 
c onduit exit, and explosive reports may accompany its expansi on .  

Transference of mode l pressu res  to prototype, by assuming all scaled 
values exceeding the vapor pressure to be equal to it ,  is  incorrect. 
The pressur e distribution,  when su ch condi tions exist. does not correctly 
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represent the. t of the prototype, for all p ressu res obtained in  this manner 
( except the oontrol pressure ) are too low. It is not possi ble to p redict 
aoourately the p ressure dist ributi on in oases whe re the scaled values 
exceed vapor p ressure and the st ream tubes change with the head unless 
the model 1s enclosed in  a partial vacuum to give the proper relation 
be tween the artificial atmosphe ric p ressu re of the model and the natural 
atmospheric pressure of the p rototype. 

It is difficult ,  and in  many cases impossible , to determine cont rol 
pressures in a hydraulic structure f rom air tests alone. This means that 
the cont rol pressu res must be known or must be dete rmined by computation 
o r  from a ca re.fully const ructed hyd raulic model before the p rototype pres­
sure distri bution can be predicted accurately. 

Aerodynamic models are extremely useful as an expedient in testing 
p relimina ry desi gns of hydraulio devices with closed-conduit flow. The 
models ·oan be oonst ruoted easily and quickly and the tests can be con­
ducted rapidly and without the cumbersome piezometor boards and connec­
tions. Calibrati on data as well as p ressure data may be obtained, pro­
vidi ng extreme care is taken to assure that the model is being tested 
unde r compa rable conditions. It is  necessary to make radical alterations 
to the aerodynamic model i n  some oases to attain the required effect . 
The removal of the downstream portion of the model of the p roposed re­
design outlet to �ive desired pressures is an example . 

The positive-displaceme nt rota ry blower used in the ae rodynamic 
tests had insuffic ient capacity and was too i nflexible 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 which de­
live r la rge quanti ties  at low pressures. The 4-inch positive-type blowe r 
in the laboratory is inadequate for all except small scale models and 
larger soale sector models whioh are difficult to oonst ruot and ope rate , 

When the diffe rence in head across a standard air-measuring orifice 
is small, the hydraulic equation Q • CA � may be used, since the 
e rror introduced is negligible. 
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3 c~ ~,nser. f co~uit ;mar _~ fhru o~eninq in base 

b Assemb/e air inlet momfot.d L reside conduit o~)enincl 
and bolt securely to bose, 

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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