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PREFACE

The rodel of Wasteway No. 2, described herein, was designed and
tezted in the hydraulic laboratory of the Bureau of Reclamation in Denver,
Coloradn, under the supervision of T. G. Owen, Assistant Engineer, and
under ths directicn of J. E. ¥arnock, @ngineer in charge of the laboratory.:
All laboratories are under the supervision of Arthur Ruettgers, Senior
Yngineer, and Re F. Blanks, Senior Engineer,

The structures desecribed huorein were designed by We Ee Schneider,
Associate Enginecr, and K. K. Young, Assistant Engineeor, under the dircc-
tion of A. B. Reeves, Senior Engineer, and under the supervision of H. R.
McBirney, Senior Engineer, and E. Re Crocker, Senior Engincere. All design
work is under the general supervision of J. L. Savage, Chief Designing En-
gircer, and all engineering activities Jf the Bureau of Reclamation are
dircetad by 8. O Harper, Chiof Enginecre The activities of the Burcau of
Reclamation are dirocted by John Ce. Pagc, Commissioncer, in ashington,
DeCe
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Denver, Colorado, March 27, 1942,

mNORAPDU 70 CHIEF DESIGNING ENGINEER
o + G. Owan, Assistant Engineer,
through J. E. Warnock)

Sub jectt Devolopments in the des1gn.of low=head siphons and diverging
chutes resulting from model tests of Wasteway Nos 2 Roz
Division, Yakima Project - Washington.

CHAPTER I - INTRODUCTION

» 1o Purpose of investigation. Wastoway No. 2 is an emorgeney pro-.
vision of the Yakima Ridge oanal system, designed to return a maximam of
2,100 sccond-fect of water to the Yakima River. Tho location of tho waste<
way is shown in figure 1. The gato structure of the wasteway, located
about 700 feet downstream from the junction of the wasteway with theo
Yakima Ridse canal, accommodetos two 10-foot radial gates, figure 2o On
each side of the gate structurc are two siphons which empty into the spill-
way downstrzam from the radial gates, figure 8, Below the gate structure
is a chutc 22 foct wide which drops about 160 feet in 372 feet and tormi-
nates in a stilline pool 44 foet wideo.- Boyond the stilling pool is an
unlined ¢ffluent canal which conducts the waste watcer to the Yakima River
about 4,450 fcct downstreams

It is planned at some future dato to enlarge the canal immedintely
upstream of the gate structure into a forcbey from which a maximum of
950 second=-fuct of water will be taken to supply the proposed power plant.
Whin th: power plent is operating, the siphons will function as emergency
spillwnys to prevent overtopping of the lined portion of the canal and
forebay if' the turbinc gates should be suddenly closcd due to load failurc.
A load failure at the plant capacity of 950 seocond-fcct will coroate a bore
le2 feet high, a head on the siphon orests of 0488 foot, and a total siphon.
operating head of 8.43 feets It is also possiblec that tho siphons may be
required to act as water-leveling devices to acoommodate fluctuations of
the domend on the power plante Under thesc conditions of operation it was
imperative thet the siphons prime quickly at a low hcad on tho crsste The
stilling pool, nt the foot of .the chute, was designued to operete for a
normal discharge of 950 second=f¢ct and to handle a meximum of 2,100 second-
feet, a condition of rare oocurrence and short duration.

The combination of the radial gates and siphons using thc sams chute
presented such an unusuel problem that it was considered ndvisable to check

the design of gote structure, siphons, chute, and stilling pool by use of
rmodelss



The discussion that follows falls naturally under two headingst the
rmate struecture, chute, and pool investiration; and the siphon investira-
tions The former will be treated under chaptor II, the latter in chapters
I1I, IV, and V,

2. Laboratory apparatuss The model tests were made in the hydraulic
latoratory in the basement of the Customhouse, Denver, Colorados The floor
plan of the laboratory is approximately 50 by 103 feet, and the maximum
available head room is 16 feete 'The water system is of the recirculating
typee Head is maintained by centrifugal pumps, and return to the pumps is
cffected by channels under the floor.

The details of the original model (soale 1:24) are shown in fimure 4.
The wmter supply was taken from a 6-inch centrifugal pump to the head box
of thc model where it was quieted and given a uniform wvelocity of approach
to the canal by passing through a 4-inch gravel bafflce The longth of
canitl approachiny the gate structure was equivalent to 160 feet, prototyme.
The length of the effluent canal beyond the transition at the end of the
pool was cquivalent to 200 feet, prototypoe The approach cananl, chute,
and stilling pool were mad: of cypr:ss to resist soaking, swelling, and
warpinge The warped walls of the transition, upstresm from the gate struc-
- ture and downstream from the stillins pool, werc made of a mixture of mold-
ing plaster and cemente The ceffluent cannl wns formed in packed sande The
siphons were made of lbminated'redwood, and the outer walls of the two outer
siphons vere made of Os10-inch pyralin (a transparent, colorless plastic).
The covers of the reqtanzular conduits leading from the siphons to the
ports in the walls of [the spillway werc also made of OslO=inoch pyralin.
Later in the testing pirogram, it was found necessary to build a 1:8 scale
model of one siphone The construction was similar .to that used in the 1124
scale riodels The invert and the crown were made of laminated redwood, each
layer beinpg about two inches thick with the grain running perpendicular to
the srain in the adjacent layerses The crest length in the prototype wms €
. feut; so the model crest length in the 1:8 model was 9 inchese This re=-
quired a block of wood 9 inches thick with height and length equivalent to
thd over-all dimension of the models From this block was cut both the in-
vert and the crown of the siphone The two picces were then shaped until
both fitted perfectly a negative template made of shect metale The sur-
fac:s of the crown and the invert were sanded until a smooth surfacc was
obtaincds Both blocks wers then soaked for 24 hours in a bath of hot line
sezd oil. After the bath, both were chcecked against the template, and any
swelling or warping was correcteds The blocks were allowed to dry thor-
ouchly and then painted with several coats of aluminum paint. All the
models were provided with two transparent $ides, with the exception of the
original and the first revision, both of which had but one transparent
wall, Thesc walls were made of 1/4-inch/pyralin to facilitate visual ob=
sarvation and photographic rocordinge ithen the painted bhloeks were thor-
‘ocughly dry, the transparent w2lls were /screwed to them and an airtight s-:al
eff.octed by usine » pipe joint compound between the sides and the woodin

\



blocks. The model of the siphon was then installed. Since only one of
the four siphons was tested, the forebay was so proportioned that the
approach velocity. for the one would be the same as in the case wherec all
four were operating.

Heads on the siphons and gates, and tailwater elevations in the
stilling pool, were measured by single-tube manometer gages.s Discharges
were measured by a 4einch Venturi meter for the 1124 model and by either
8 4« or 6-inch meter for the 1:8 modele A point gage equipped with a
neon glow lamp and needle point facilitated accurate water surface mea-
surements in the chutes

3. Model scalese Where the force of gravitation is the most impor-
tant considerdtion, for similarity the Froude number should bc the same
in model and prototype, or

2 2
Vo '
Lo~ Lyg

where V, L, and g refcr to velocity, leﬁgth; and acceleration due to
gravity, respectively, and the subscripts p and m refer to prototype
and model.s Since the accecleration due to gravity is the same in both

model and prototype, it is obvious that L, « N =‘Lp and- Vm? * N= sz,
whero N 1is the scale ratios The former condition establishes geometric
similaritys For the latter equality to be true, n_ - N6 - Do where n

is the roughness factor in Mamning's formula. This relation would detcr-
minc thc scale ratioy that is, if the roughness factor in the prototype
werc 0,014 and the roughness factor of the model is 0,010, ‘then the scalc
ratio should bc 755« Such a scale ratio would require a fall of over 21
feet in the model and a discharge of 13+4 secord-feet, both of which ex-
cecded the laboratory facilitiess However, it has becn shown that air
will be entrained in the water of the prototype where velocities arc above
.16 fect per second and that entrained air increases the resistance to
flow, resulting in lower velocitics and consequently lower total energy.
Velocitics as high as 65 feet per second are expeccted at the junction of
the ohute with the stilling pool in Wastoway No. 2. The amount of resis-
tance offercd by the air in that velocity range cannot bec accuratcly pre-
dicted, but in similar instances its effcct, combined with the frictional
resistance of the floor and the walls and expressed in terms of a total
roughness coefficicnt, has been shown to be equivalent to a wvalue of n .
of about 0s019¢ Assuming this to be true in thc case of the prototype of
Wastoway No. 2, the valuc of roughness for the meterial in the model chute
agrees rather well for a scale ratio compatible with laeboratory facili-
tiose Under thesc conditions a model scale of 1:24 was acoceptable for the
wastowaye. A discussion of the model socale rmtio for the siphons, includ-
ing the mathomatical investigation of minimum model size, will be treated
subsequently., :



4. Summary and conclusions of wastewny studies. Model tests showed
that entrance conditions in the original design were satisfactory, both
at the gnte end siphon structuress Flow through the chute past the siphon
exits caused no objectionable disturbance. Although a high fin was formed
in the chutc when the siphons alone were discharging, the resulting waves
in thc chute did not endanger the freeboard nor cause undue disturbance
in the operation of the pools Model tests indicated that the vertical
curve located at the start of the steep chute and designed according to
the trajectory theory operaoted satisfactorily.

Both the parabolic wall design of the diverging chute (design 4) and
the adopted design using diverging guide vanes were effective in spread-
ing the high-velocity jets Thée design using the diverging guide vanes
gove a more even distribution of water across the section and had the
further advantage of having lower specific energy of water entering the
poole 1Its mein disadvantage was the construction cost as compared to the
design using parabolic wallsy but after considering the cost of the whole
project, it was adopted because it allowed shorter bridge spans and there-
fore less costly construction of the three structures crossing the waste-
waye

From the model experiments o pool design wns developcd which is 30
feet shorter, 4 feet narrower, with the pool floor 4.6 feet higher than
the original design, resulting in a considerable saving in excavat bn and
concretes Twenty-five feet of rock paving downstream from the warped
wall transition was demonstrated by the model to be adequate.

5. Summary and conclusions of siphon studies. An outline of the de-
sign of nny but the lowe~head type of siphon is bcyond the scope of this
discussions Generally, the conditions at the sito of the proposed siphon
will impose such restrictions as maximum available head, meximum width of
crest, maximum redius of crest,” total discharge, and required priming
heade The designer must determine the details of the siphon which will
most cfficicritly meot the conditions at the minimum costs The following
outline is proposed:s ' '

(a) Estimnte the approximate number of siphons required and the approxi-
mote discharge per siphon.

(b) Detcrmine the crcst radius and the dopth of throat, kecping in mind
thet for minimum loss the R/b ratio should bc about 2.5 and that the crest
radius determines the maximum allowabls discharge ¢xcept when the head is
very smalls

(¢) Assign o width to the crest. Usual practice is to make the width
equal to twice the depth at the throate If the siphon is required to
prime quickly, it may be expedient to inereasc thc aspect ratio = the
retio of crest length to throat depth - to some vnlue greater than 2.0.



However, no decronsc in tend loss due to increased aspect ratio may be ex-
p:etued pelow an aspect rntio of 3.0.

(d) Customary practice makes the inlet area twice that of the throat.
Experiernce has shown that the exact shape has little effect as long as the.
inlet has reasonably good lines. The lip of the hood should be well sub-
merged below the forebay elevation at which siphonic action should cease.
It should not be placed at the elevation required for breaking the vacuum.
L pipe or air vent for breaking the action of the siphon must be provided.
This procedure results in eliminating vibration when siphonic action is
breaking and also minimizes the formation of vorticese The amount of air
and, consequently, the size of pipe required depends upon the shape, size,
and priming characteristigs of the siphon. A model camnot be relied upon
to accurately predict the air required by the prototype for the same rea-
sons that the model cannot be used to accurately determine the priming
characteristicse The prototype will require at least as much air as in-
dicated by the model. There is 1little available data on how large the area
of the air wvent should be in comparison to the throat areas In installa-
tions on record, the ratio of the air-vent area to the throat area varies
from 1/4.3 to 1/288. The latter value, however, was -insufficient to break

iphonic actirnes The value used for t le siphons of Wasteway No. 2 wa's
1 54.2. However, it is believed that the air vent area is a little too
emall for safety and that it should be increased to about twice that value,
or from a 6= to a 9-inch pipe, giving an air vent to throat ratio of
1/24.85, g S .

(e) The radius the lower bend may next be determined. As demon-
strat d by these tdgsts, it does not have to be small for good priming
gualities if a satisfactory priming device is useds For siphons with par-
ticularly ITow hoads a large radius is a decided advantage. The larger
radius is advantageous up to an R/D ratio of 2.5 to 3.0.

(f) The outlet tube, when it follows a right-angle bend, should diverge,
the amount of divergence being a balance between increased discharge and
increased coste In the Wasteway No. 2 siphons, the divergence was 8 degrecs
and 30 minutess The exits cbnnect hg the siphons with the chute were four
feet high, so this dimension was allowed to control the amount of diverg-
ence, making the depth at the outlet 1.85 times the throat dept h

(g) The velocities at the entrance, throat, and exit may now be computed
and all losses - entrance, upper bond, lower bend diwverging tube, and
friction - expressed in terms of the veloc1ty head at t le throat. The sum
of thuse losses plus the velocity head at the exit is equated to the total
operating hcade From this expression the mean velocity at the throat sec-
tion can be founde This should bec confpared with the maximum permissible
mean throat vclocity found from the/7huation

\



v 2
" 2~ N loge T
where
V, = average throat velocity,
r, = radius of crest,
r; = radius of orown,
h = maximur. allowable vacuum at the crest in feet of.water.

If the mean velncity at the throat section exceeds that given by the above
aquaticn, thre radius of the crest must be irncreasedes The discharge cun

be eomputed by rultiplying the mean throat velocity by the throat arca.

If this computed discharge is smaller than required, either the losses
rmuct be decreoased or the crosse-sectional area increased.

{h) The priring characteristics of the siphon are functions of the
chapy, size, and design features. If the hcad on the crest at which prim-
ing ccecurs is of no particular consequence, priming devices need not be
cor.cidered, for with good design, priming may be accomplished at a head .on
the crest of 4/3 without them. “here quick priming at a small head dn the
cr2zt is imperative, many expedients may be utilizeds A water scal at the
lower bend is beneficial, but the depth of seal should be small, allowing
the priming jet to penctrate the sealing pool and rclease the entrained
air downstream from thc low point of the lower bend crowne The lower icg
may bz cither vertical or overhanginge A spur to cause the priming jet to
spring fric from the invert and cross the lower lecg to scal against the
low=r bord crown will expedite priming at a low heade The spur, when lo-
cat.d as ir the siphons of Wasteway No. 2, should be designed so that the
Jet at the minimum priming hcad will strike slightly above the point where
a v.urtical plance is tangent to the lower bend crowne A simple priming de-
_vice consisting of a transverse slot in the crown of the lower bend con-
nccted to the diverging tube by a pipe may be used 1o great advantage to
further decrease the minimum priming head and the time to prime, at the
same timc maliing rno sacrifice of efficiency by decreasing the radius of
ths lower bende  The upstream edge of the zlot should be located at-that
point an the curve of the lowcr bend where it will most effectively catch
the azir bubbles as they risc from the scaling pool. '

ks a result of the investigation, it may be concluded that laws per-
taining to pip< flow aru applicable to siphon design when the structure
flows full. Frictinn losses in siphons may be computcd as in othcr con-
duits. Th: bond loss is governcd by the same laws as the bend loss in
other ~2onduits and is a function of the R/Dr'atio, the angle of deviation,
ard the sauar: of the vulocity. Where the bond losscs can be cstimated
with a fair degrec of accuracy, the discharge can be computede This value
can ther be comparcd with the discharge as computed by the method of freco



vortex flow. If the former exceeds the latter, then the permissible
vacuur: at the throat has been exceeded and the design must be revised.

The cocefficient of disohérge is a confusing and misleading quantity
when used in connection with siphonse The expression for efficiency as
outlined in this discussion is probably the best indicator of siphon pers
formance, It does not, however, consider the priming qualities,

High priming efficiency does not depend upon-a sharp curvaturg of..
the lewer bends For best results, the priming jet should strike the crown
of the lower btend at an acute angle, and as near the sealing pool as pos=
sibles This may be accomplished by properly designing the spur and using
an acration tube to maintain equal pressures above and below the jet, in-
suring a normal trajectory. Good priming qualities are not necessarily
incompatible with high siphonic efficiency. The priming devices presented
in this discussion are simple to construct and efficient in operation.

(FAPTER II - ENTRANCE, CHUTE AWD STILLING POOL INVESTIGATIONS

6+ ILxperimental procedure. As it is planned that the radial gates
and siphons will not operate simultaneously, the flow through each was
studied senarately. Flow through the gate structure was investigated
both with the' pates maintaining the normal canal water surface elevation
andl for the oondition of free flow without the use of gatess All obser-
vationz on flow at the entrence to the gate structure were visual, as were
thone of the flow conditions whon only the siphons were discharging.

Sinece economic considerations dictated a stilling pool twice the
width of the wasteway control section, the principal chute studies con-
curnied the method of diverging the high-vclocity watcer as it passod through
the inclincd chute to the stilling pool. The criterion of good dcsizn was
taken as the flow distribution at the bottom of the chutes This distri-
bution was determined by cross-succtional water surface profiles which con-
sicted ! 2luven readings at cach of the several stations throughout the
diversivs chute for the first four designs and sixty-scven readings at each
cross coetion for the adoptud desipgne To facilitate these numcrous obsur-
rations, e point gmage was constructed using an insulat:d needlo point con-
nected to a ncon plow lamp which indieatud contact of' the point with the
watur surfacce Thus thc amount of divergence was measured,

The stillire pool designed for 950 sccond=-feut is required 1o oporate
satisfactorily for 2,100 second-fect, a condition of operation that ic ex-
pzcted rarcly and f'or a duration of not more than 2 to 4 hours. The pool
action vms studicd both visually and by point gagc traversess Flow condi-
tinrs dowrstremm from the pool were investipgatoed by usirg dyc in the water
and nlso bty noling the position and wuxtent of scour.



7. Entrance conditionse The entrance conditions were satisfactory
except for an unstable vortex in front of each gatee An attempt to eli-
ninate these vortices wms made by extendirg and rounding the noses of
the walls betweer. the radial gates and the siphenss The improvement was
only slight ard did rot Justify the expenditure. For a discharge of
2,100 seconcd-feet urder the radial gates, the water surface was above the
siphor exits and there was little disturbances When the siphons were

operating, a high fin formed in the center of the wasteway channel but

caused no serious splashe The fin induced waves which, though reflected
back and ferth down the chute, did not encroach on the freeboard or no-

ticeably affect the pool operatione

8. Diverging chute design 1 (original)s Four of the five designs
of the diverging chute tested in the model are shown in figure 5, to-
gether with the corresponding water surface profilese Design 1 was un-
satisfactory, as may be seen from examinatior of the water surface pro-
files at stations 11400 and 11+50, figure 5 and photographs figure 6.
The jet was concentrated to the right of the center of the chute and re-
sulted ir a turbulent pool with high effluernt velocities in the center.

S+ Diverging chute design 2. To improve the divergence in the orig-
inal chute, a 1,200-foot radius curve was fitted to the walls with the"
point of intersecticn of the tangents at station 10480, the station of
the start of straight-line divergence in the original design. The water
surface pﬁofiles showed but slight improvemernt over design l. :

10, | Diverging chute design 3., Since it was believed possible to ac-
complish |satisfactory spreading of the wasteway flow by properly diverging
the chutq walls, an equation for their alinement wes developed considering
the down4chute velocity and the transverse component of the acceleration
of gravity as prime factors influencing the divergence. Frietion forces
were neglectede The relation between the divergence and the down-chute
distance was derived by obtaining expressions for the transverse component
of gravity, the down-chute and transverse distances that a particle moves
in time, t, and making proper substitutions. An expression for the trans-
verse component was obtained by resolving the acceleration of gravity, for
unit mass, intc its down-chute and normal-to-floor components, then resolv-
ing the latter into components normal and parallel to the transverse water
surface slope which was assumed constant between the center line and walls
of the chute. The expression obtained from figures 7A and B ist ‘

gy'—'—"g cos a Sing coono-ooioonooooouoooo.-ooocooooo-ooo-(1)_

To obtain an expression for the transverse distance, y, in figure 7C,

- traversed by a water particle in time, t, it was assumed that the trans-
verse velocity was due solely to the component of gravity given by equation
1), that the velocity at/the origin or point of divergence was zero, and
that it incressed as’th77flow moved downstrecams With these assumptions, y

'

|
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ray bte expressed as the distance traveled by a freely falling body w1th
rcceleration, gy, or ,

1 2
2]
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y:

L

Tr. cbtaining ‘en expression for the down-chute distance traveled on
the inclined floor, x, in figuré 7C, it was assumed that the velocity
‘hrough the diverging section was constart and enual to the average ve-
lceity in the sections With this assumption,

An alinement equation y = g cos @ sin ¢"x2, a parabola of the

2 v2

ferm y = kxz,rtSULtS when the expressions for ¢+ and By in equations
‘1) and {3) are placed in egquation (2)e

An assumed transverse water surface slope of 0,10, and an average
prototype velocity of 69.2 feet per second at station 10+50, bassd on the
mcdel tests from design 2, were used to determine the first equation. By
inspection, it was seen that the diverging section supplied by this equa-
ticn was too shorte The maximum instead of the average velocity at sta-
tion 10480 was then used to obtain a new alinement equation, y = 0,00024 x5,
fer desigr 3. The divergence, or maximum value of y, fixed at 11 feet
by the pool and chute widths, limited the length of the diverging section
ir this desipgn to 214.09 feet. Although the model tests indicated im=
preverent over the two previous designs, a concentration of flow existed
rear the center of the chute at its junction with the stilling pool:¢ " No
deubt ‘he assumptions used in developing or evaluating the equation were
ircorrect, Had correct assumptions been made, the flow would have spread
mere everly and the measured transverse water surface slopes in table I
wou'd have béeen more constant than those obtained for this design. -

TABLE I
MEAN WATER SURFACE SLOPES DETERMINED FRCM MODEL
Yayl - Design No. 1 i
I'esign | (Original) ]Design No. 2 jDesign No. 3 | Design No. 4
I Origin at Origin at Urigin at Origin at
Station ! 5ta. 10+50.00 {Sta. 5+96.78 i Stas 9+59.51 Sta. 8458.34
5+00,00 ! - - - +0,005
9+5%.51 : - - - +0, 007
G+GB. TR - - -0,011 -0,006
20+50400 _ - -0,032 «06017 -0.010
11+O0.00 -~0,043 =0,042 ~0,030 -0,010
11450, G0 ~0.042 -0, 040 =-0.027 -0.01€
-1+71 78 .- - -0.027 -0,017

Hotet The plus cign indicates a slope upward and outward from the
certer line; the negative sign indicates that the slope is
iovraward ard outward from the center line.



11s Diverging chute design 4. As it was desired to accomplish fur-
t her improvement in flow distribution entering the stilling pool, a
fourth desien was developed, design 4, fimure 5. The mean velocity in
‘the diverging section of the model chute and the transverse water sur-
face slope of 0,011, measured at station 9+96,78 on design 3, were used
to establish a new equation for the wall alinement. The length of sec-
tion required to acoomplish the eleven feet of divergence was prohibitive,
indicating the k value of 0.000011 to be too small, and signifying the
- equation to be empiricale A value of 0,00011 was then chosen for k as
a trial, making the alinement equation y = 0.00011x2, which gave a reae
sonable length of diverging section. Design 4, based on this equaticn,
showed marked improvement in divergence with satisfdctory entrance condi-
tions at the stilling pool. This design was being considered as a- final
design when a new type was proposed by the design sectiones Although a
great deal of data pertaining to the spreading of flow in an inclined
‘chute was taker from this model, the experimental results indicated no
justification for the assumptions made in developing the equation for the
wall alinermert. Moreover, the model was small and the data-too meager to
establish general laws- pertaining to the divergence of flow in inclined
chutess )

.12. Diverging chute design 5 (adopted design). Except for the in-
corporation of vanes in the floor for spreading the wasteway flow, the
diverging section, including the wall alinement, was identical to that of
design 1, figure 5, A comparison of flow conditions in the stilling pool,
figures 6, 9, and 10, and water surface profiles at station 11450, figure
11, disclosed this type to be hydraulically Superior’to all previous de-
sigrss However, construction of the vanes was believed costly, and it was
only after comparative cost estimates of this design and design 4, includ-
ire the two flumes and the bridge spamning it, disclosed design 4 to be
morée costly because of the necessity for longer spans for the three struc-
tures, that the vaned chute was . adopted for the prototype.

- /

13, S+tilling pool studies. After the studies on the diverging chute
had beern satisfactorily completed, attention was directed to the perform-
anice of the stilling pool. Studies of the pool embraced the original two
revisiors ard the adopted designe The original pocl design and the first
revision, design 2, figure 12, were tested, using only design 4 of the
divergingz chute; the second revision, desipgn 3, figure 12, was tested
with toth design 4 and the adopted design of the diverging chutc.

2oth visual and mathematical examinations of the original pecol indi-
cated that the floor should be raised and shorteneds Accordingly, the
floor was raised 7.68 feet and shortened 33 feet, figure 12B. Tests dem-
orstrated that the change was too drastic. In design 3, the floor wac
lowered 3.08 fcet ard lengthened 3 feet. Chute blocks were used when
this desizrn was tested with diverging chute design 44 but the blocks werc
ormittcA wher *estir: with the adopted chute design. The comparative data
for tine pool 12zimns tested are compiled in table II.

10



TABLE II

COMPARATIVE DATA - MIDEL POOL STUDIES

' Original | - f i Adopted
Item Design Design 2 | Desipgn 3 Desirn
Station at start of pool 11473.78 | 11469.46 | 11463,61 | 11463.61
Wiith of pool, W ‘ 44,00 44,00 40,00 40,00
Actual discharge per foot i '
from modcl experimsnts, q 46,175 464175 50,7925 62,485
Avorage dopth ontering pool, .
from meodel, d1 _ A © 0823 0. 836 0,917 1.170
Average velocity entering pool,) :
from model, Vq 56410 55425 55,40 44,87
Tailwatcr elevation for 2,100 )
second-feet 1027.42 1027,42 1027,42 1027.42
- Pool Floor elevation 1010, 32 1016, 80 1014.92 1014.92
Actual conjugate depth, d,' 17.10 10,62 12,50 12,50
Theoretical d, from momen=
tum 12,287 12,187 12,779 12,532
Actual length of pool, L' 75000 42,00 45,00 45,00
Length of bpool, L=
3¢5 dy . 43,00 42,65 44,73 43.86
Avirage wolocity in effluent ‘
channel, Vo 4,887 4,887 4,887 5.050

5

The watcer surface profiles through theedopted pool design and pool design
3 Tor beth design 4 and the adopted design of the diwverging chute are

shown in figure 12C.
pool desisn is superior.

It is evident from the profiles that the adopted
The reasons for this .superiority were not sclf-

cvidents so a chart was proparcd comparing the wvariation of the hydraulic '
The wetted perimeter is the
sar; for both designs at station 10+26, while at station 114+50,00 the
wotted purimetor for the adopted” chute dosign is roughly twice that for

climents for the two designs, figure 13,

chute dorign 4.

design 4.

compared in figures 8, 9, and 10.

This increasc in wetted perimcter rosults in an increase:
of' friction loss and a decreasec in specific cnergy.

From modcl tests at

station 11460.00, the specific cnergy content for chute design 4 is 1.425
“times that for the adopted designe . It is to be expected, then, that tho
pool operation with the edopted design will be improved .over that with

These two diverging wall designs used with pool design 3 are
In comparing the flow conditions shown

in thisc figurcs, it should be remembered that. the 950 second-foot dis-
charge is thc amount normally oxpected, and that the 2,100 second-foot
discharge will occur rarcly and for a period of not more than 2 to 4 hours.
From these facts, it is concluded that either of the two pool designs

would have been safice

11



Downstr«am from the stilling pool it was found that tho warped wall
transition from roctanguler to trapezoidal section was satisfactory. The
mod::l demonstrated that a Z6-foot width of riprap adjacent to tho transi-
tion section gave sufficient protection to the structure.

CHAPTER III - THEORETICAL CONSIDERATIONS OF SIPHONIC FLOW

When preliminary tests on the original 1:24 mode¢l indicated that the
siphons werc incapable of discharging the required quantity nt the avnil-
‘able head, an investigation was made of the conditions of similitudo bo- .
tween model and prototype. The losses in the siphon were considercd
annlogous to similer losses in a bont pipe or conduit, and othor fenturcs
of siphonic flow were examined, including vortex flow, thv diverging tube,
priming charncteristies, the coefficiont of discharge, end the efficicney
of o siphone Thc discussion of the theory involved in the flow of wntor
 through siphons‘mekes usc of more or less singular nomenclature. Figure
14 shows the torminology which will be us:d.
14. Vortex flows It is gonerally agreod that flow over the crest
~of & siphor epproximatcs frec vortex flow. It has boen assumed that the
strecmlires in the throat 5f a siphon are concentric circles, the bounda-
rics beins; the crovm and ervst of ths upner bend of the sinhon, and that
th: veloeitivs arc entir.:ly tanmential, »2  For this tyne of flow the

1,2
Those and «ll following notes in this memerandum refer to numbers
listed in the Bibliogrephy, in the order of their ~ppcnrence.

following r:lotions may e written:

vr = Vlrl = erz = Constﬂnt. 0lo.‘...loooic..o....oo.noool(l)

; 1‘2 )
Vlrl 10?‘%—2.1_ -...oooo.oooo-o-o-ooo.oooocooooc-no.o(g_)

el
1l

vy = N ) S €<

th:: radius nt any point,

th. veloeity at radius, r,

the maxirmum ellowable discharge per foot of crest width,
the maximum permissible velocity nt the crust (r = rl)
b~szd on h,

the maximum permissible vacuum ot the crest, in foect of
wtr,

ri = tha rndius of the crost,

<“
<
T T |

o
il
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r, = the radius of the crown at the throat section,
g = acceleration due to gravity.

Usdnlly the valuc for h 1is taken cs 75 percent of the baromctric pres-
suru ot the site of the siphon, which produces a safo working prossure at
which there will be no separation due to removal of entrained air from the
water which would cause a break in flow continuity in the downstrcam water
leg.

Tho theory of vortex flow over the siphon crest was used in tho theo-
reticnl investigation of the siphons of Wasteway No. 2. The roquired dis-
charge per foot of crest length for each siphon was 3958 second=feot.
From cquation (3) the maximum permissible velocity at the crest wes deter-
mincd for h = 24 foet and used in equation (2) with r. = 4 inchcs and
rop = 3 fecet 4 inches to fimd q, the moaximum allowable discharge per foot
of crest lengthe The value of q was 30.16 second-feet, or 224 second-
feet loss than the required total of 950 socond-feet for all four siphons.
From these computations, it was obvious that even if the maximum allowable
negative pressure at the crest could be developed, the discharge would
still be only 76 percent of the désired capacity, and therefore, the de=-
sign would have to be revised.

15. Conditions of similitudes In studies of hydraulic structures
by the use of models it is important to ascertain the relation between
the prototype and model data. When the force of gravitation is the most
important factor, the Froude number for both model and prototype must be
the same. The Reynolds number should be the same in both model and pro-
totype where viscosity is the most important item. In cases where the
surface tersion or capillary forces become the most important considera-
- tion, both |model and prototype must have the same Weber number. Where
elasticity !is a primary factor, the Cauchy number should be the same in
modcl and prototypes In a siphon flowing full, the last two considera-
tions may be neglecteds The two factors that must be considered are the
Froudc and Reynolds numbers. Experiments have shown that in short siphons
the Roynolds  number is not extremely important, although for dynamic simi-
larity — (the expression for Reynolds number for pipe) should be the
samc for'model and prototype. Gibson® has shown that for coefficicnt of
discharge and pressure-distribution measurcment the model will give -closc
agrecement with the prototype if the value of vd for the modcl is greater
than 1.8, This value of vd 1limits the sizc of the models As Gibson
points out, in the few instances where results of both model and prototype
tests are available, agrecment of coefficients is close where the model.is
largc enough that thc value of vd 1is greater than 1.8. Other investi-
gators,4s9,6,7 have confirmed the fact that whon flowing full, the model
closcly represcnts, the prototype when the scale is properly chosen. A
sccond consideration in the choice of the model scale should be the pres-
surce The ncgative press:;z’in fcet of water in the model, whcen multi-

plied by the scale ratio, st not excesd the allowable negativs pressure
irn the prototype. A simpve computation will indicate the minimum model
. (
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scales

Another factor to be considered in scale models is that of frictions
In order that the model represent the prototype as closely as possible,
the coefficient of roughness in the model should be proportional to the
coefficient of roughness in the prototypes It can be shown that the coef-
ficiemt of roughness in the model multiplied by the scale ratio to the
1/6 power equals the coefficient of roughness for the prototypes Although
friction is a minor loss in short siphons, it is quite possible, as.
Williamson8 suggests, that the loss in bends, exolusive of friction, may
be a function of the coefficient of roughnesse This point should be the
subject of further investigation.

Flow under the condition existing when the siphon is priming involves.
a consideration of two fluids of different kihematic viscosities. Fur- -
_thermore, the effect bf surface tonsion during priming becomes important.
For dynamic similarity it is required that the kinematic viscosity bs re-
duced in the proportion of the scale ratio to the 3/2 powsr, whils the
surface tension of the model should equal that in the prototype divided by
the scale ratio squareds It is evident, then, that similarity of the
model to the prototype is impossible, usinr ths same fluids in each. How-
‘ever, experionce has shown that the head required to prime,as indicated by
the model, is always groater than the actual head required to prime the
prototype. Some writersls® say that the priming charasteristics of a
siphon can bec predicted by studying threc models to widely different
scalese Then by extrapolation of the curves pleotted from the data obtaincd
from thc three models, the priming head and time to prime for the prototype
can be closely approximateds It is interesting to ecompare ths heads to
prim¢ as extrapolated from the data given by Veronesoe The results of ex-
trapolation by four different methods are given in the following tablc.

Extrapolation Extrapolation Actual Error

Siphon. Method Head, om. Head, om. Percent
Caruzzoni - A 0.1 13,0 -42,9
B 8.9 13,0 -46, 1
C 16.42 1360 +20.8
D 9,04 13.0 -43.8
Carron A 18.8 1843 + 2.7
B 14.2 1843 -28.9

C 35456 18.3 +48.5 -
D 14. 28 1803 '28.2
Se Cotorina £ 42,0 40,0 ¥+ 4.8
3 3800 40,0 - 5.3
C 48,57 40,0 +17.6
D 47.47 40,0 . +15.7

14



Extrapolation methods A and B gere both graphical, but by dif'ferent
errineers, The curves were plotted with the scale ratios as the abcissa,
andi the model head to prime multiplied by the scale ratio as the ordinats.
Yethod C is an algebratic solution accomplished by putting a curve of

*he form y = ax® + bx% + cs + d through the three known points anrd fur-
ther definine one end so that dy/dx = O when x = 1. Method D is
sirilar to rethod € except that the equation was of the form y'= axX + b
but with v» limitin- end condition. The error is the amount that the par-
ticular extrapolated head either exceeded (plus) or fell short of (minus)
the actual head, and is expressed in percent of the extrapolated head.
aminatior of the table reveals that the graphical methods are as gnod as
any methond trieds It is apparent, furthermore, that the accuracy in pre-
dictin:- the prototype priming head, even by extrapolation from the results
of models to three different scales, camot be relied upon to be very
cleses  Extrapolation from results of three models anpears to be the
closest ap-roxiwation nossible that has yet been developed, and, althouch
nnt accurate, it is better than nothin~. ‘

n
L¥-

Corpiicd i» table IIlare the values of the minimum secale ratio as de-
tarmined by the various methods. After corsideration of all factors, a
model scale of 1:8 was chosen.

TABLE IIX
MIY IS SCALE RATIO FOR SIPHYY DETEALINSD RY ¢ (TOUS METEODS
75—
. by = np
vd > 1.8 d ~/h 2 0.28| Fm = model
vl 1.8 wnore vd > 1leF where rourhness
. where d = diameter whero d = the throat = (.00
Conditionsd = depth of pipe d =4 tires denths = pratctime
~crernine iof barrel|of area =2qual the h = avorage rourhness
sizo at throat] +to throat | hydraulic | working b= 0.014
of modcl) rection areca’ radius | hoad N =_seale
Sinimam i ' '
mod 1. .
scale 187,85 1:10.,72 1:9,61 v 1:2.86 1:7.54
ratio ' |
1. 1ns2.3. “iith the total available onzrating head fixcd by the

conditions at the site. of a low<head siphon, an investiszation of the losscs

will revenl
cirodeide
v:nd,

Lreuny

1

The

Ve -
aLver!

tres v loedin;

whoethoer
lasses

$n
rJ. -

ik

in ean.s

in tho sinhon ocenr at
iy And 4ue to friction,

or 1ot the pormiscible vacuum at tio erest will bo xe-
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where: the approach volocity to th., siphon is himh,

; nund of spproach may be considuraed a rofirnement and therefore



namligible. Mo totel opuratin: head on siphoms with verious tymes
sutlots 12 a subject of mueh controversy amons hydrauwlic engineers, and
8 discussior »f this noint will he considersd subsequently. iFor the
present, the total onerating head will be assumad to be the differsnce
betwecon the foreohay and tailweter elevations, and this must equal the
suz of the losses plus the wwlocity head at the exit saction.

17. Entrance losss <here the entranze’'is bellmouthed and has a
larz . ares" 2o-pared to thet of the throat audtion, tre loss may safcl:
 agsum -4 as Oed the velneity hoad et the cptrance section. Gibson®
has shorm thot tha exact shape of the entr&ﬁze has 1littls cffect on the
corffieci.nt »# discharze as long as it,ha&/raasonably mood lines,

'

18, 3cnd lossuse Althourh there has beoan ruch work dono on losses

=
~3

in pinc berds, the availaeble data of various investigators are not versy

consistont, and it is still a difficult tasic to cstimats tho loss duc to

bsndis in a siphone The loss due to bends is usually expressod As o coof-
fieiunt Hinoes the velocity hcade In oxperiments on bend lossces in pipes,
Beij hns iividzd the loss into three parts; (1) the loss due to frie-

tion in o strnisht pipe of longth cqual to that of ths bend plus the up-
stroam and dovmstream tanzents, (2) the oxcuss loss within the bond,
which h enlls the deflietion ecouffiei mb, Aand (3) the nxcess loss in

the daﬂﬂ~tr'7r ten~ont, which he ealls the tengont cncfficionts His work
wns dons Lrtircly on 90=degres bends, usin~ a pipe diameter of 10423 cm.
(approxinaicly 4403 inch:s) writh various bend redii, nnd with uniform’
v:loeclty distribution epproaching thu bende 5y plotting the bond coof-
fici-.nt,wfhie 1t the sum of tha defluetion end tensont coofficionts,
arcinat the retios of thu radius of the bend to the ‘pive dimmeter (R/D),
e, nes shorm that the minimas loss duc to th. bond ocecurs when ths r-tin
nf 2D ir hedvnon 248 and 345.  Attempts hrve boon mado $o predict th
/7 ronige Ior minimur. loss by muans of thw so=cnll.d "r¢bound polyzn
mothole 12 Th results of this mothod of anr'vails would pndicote thnt
thore should b minimum woluss of loss oceurrineg ot rntios of_H/D 28 lel,
6e1, 1549, "mdl so forth. IHowever, it is sumpost tht",aftJr throe ro-
Heusls 2thier fretors would bcom: prominint onou-h to Lod~tv the flow to
el o ovient thot the rosults would be uunpredistahl:e This mothod of
enalynis, wowov.r, docs not amrec with oxperirenicl resulis,

Yorm.1l moesurcd losses in 6einch bonds with on &/D ratio of 1.375
Yt anviys yerisus angles off defl.ctiones The loss.s e to tho bends,
xelusive of frietion, expressced os o eacfficitnt o7 th: wvelocity hewid
vere fouandg Lo b Lell for o 4b=dogrz: bond, 0eld for n 90=dagres bhond,
He19 f'or 1R0-dopgry: hond of continuous curvaturec, 0631 for 180-degrce
bund of roeverse curveturs, and 0440 for 270-degrec bound of twrd raversase
T sts or the 180=-durre. hend with rovors: curvaturc end uniform veloeity
of ~nmro ch indic~te? that ahout &1 pereent of the loss occurrcd in the
boael ibo g £ romainder aceurrwd in thu dowrstroun tenrmente In othier
viords, ti. logs i ihe 180-decerce revors. curv. bend developed in tho
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\ .
bend itself, exprossed as a coefficisnt of the velocity héead, is about
0.158. The tests indicated further that with a nonuniform velocity dis-
tribution in the approach tangent, the velocity being highest on the in-
side of the bend, the loss was 1 to 4 times that found when using a uni-
form vclocity of ‘approach. When the voloeity of approach was highest on
the duter side of the approach tangent, it was found that some bends showed

a slightly highor loss.while others indicated a somewhat lower loss.

A rocont paper by Willia:_nson8 gives the losses in 4- by 4-inch squarc
teakwood bends of various angles of deflection and various ratios of ‘R/De
The bends tested were all of continuous curvature, and the velues ziven
zrc thosc of extra loss to thc bends alonc. As statedebove, the losscs
Jetermined hy Yarnell were all for bends of circular cross section and an
R/D ratio of 1.375. Interpolations between valucs of the bend losses for
all thu %/D ratios of 1.5 and 1.06 given by Williamson were required so
thnt the direct comparison, given in the following table, could be made.

Anglo Loss in Bend Loss in Bend

of Bend, of B of
Degrecs Circular Cross Section | Squarc Cross Section
2
45 0,11 0.08 —Z
2g 2g
2 ' 2
90 0.15 0.16 —
2g 2g
180 0,19 Y2 0.32 YT
(continuous)! 2g ' 2g

Insncetion of. . the vmlues reveals that agreement is very close except for
the 180-degree bends In the past, it has been assumed, without proof,
that losses in bends of rectangular cross section would approximate those
in bends of circular sections. The above comparison would strengthen the
assunption. ' -

Madison and Parker12 have published thet results of their experiments
on losses in bends of rectangular section using air as the flaid. The re-
sults of their experiments indicate that thc R/D ratio for minimum loss is
in tho viecinity of 2.5 to 3. This is approximatecly the same value as was
found for bunds of circular cross sectiones In thc experiments on bends of
ractanpular’ section there arises a term which Madison and Parker call the
asccct ratio, and they define it as the ratio of the width alone the ‘axis,
of the bend to the dépth in the plane of the bend. In a siphon this would
correspond to the ratio of the length of the crest to the depth of the
throat ssction. The results of these expariments show that in the range
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ot ®/D ratios of 140 to 3.0 the loss is practically independent of the
aspect ratio for .bends with aspect ratios fraom 1 to almost 3. For higher
aspect ratios the loss due to the bend decreases until, for an aspect ra-
tio of 4, the loss is 88 percent of that .for a bend of aspect ratio of
unity (square in cross section). For bends of lower aspect ratios the
loss increases rapidly until, for an aspect ratio of 0.25, the loss is
about 217 percent of that of a bend of aspect ratio of unity. 1In the range
~f 3/D ratios from 0e0O-to 0.5 the loss in a bend with an aspect ratio of
Ce26 is 130 nercent of that when the aspect ratio is unity. The less de-
creases rapidly as the aspect ratio is increased to unity and more slowly
as the aspoct ratio is incroased beyond unity. The value of the loss when
the aspect ratio is 4 becomes 74 percent of that of a bend of aspsct ratio
of unity.

" The results of the experiments also indicate that the loss in an cl-
bow is practically proportional to the angle of turn up to 90 degrees.
For a 45=-degrce bend the loss was found to be 52 percent of that for a 90-
degrec bend; and for a 180-degree bend the loss was found to be 165 per-
cent of that for a 90-degree bend. These findings are more or less quali-
tatively consistont with the results of tests by Yarnell,

If it can bz assumed that the rosults of these cxpcriments which usc
air as the fluid can be applied direcetly to the instances whero water is
us.d as the fluid, somc interesting observations resulte It hes bheen found
that the ratio of R/D giving minimum loss, lies between 2,5 and 3.5. By
increasing the aspect ratio, holding the R/D ratio at the optimum, the loss
Jdu. to the beond may be further decreased. The usual value of the aspect
r"*lﬂ st the throat scetion of a siphon is about 2. In cases wherc a
valus of R/D of 2.5 cannot be obtained, it may be possibls to increasc the
asp-oct rotio until the loss is comparable with that of a bend of R/D of
245 1nd aspoct retio of, say, 2. Furthermore, logic would point to the
cornclusion that a siphon of large aspoct ratio at the crest section would
prime moro quickly then another siphon of equal throat area but smaller
nspeet ratio, bucnuse, for the same valuc of the priming head, the area of
the prining jeot would be lnrger and the volume of air per foot of crost
length to he exhaustod would be less in the siphon of the larger aspect
ratios In n number of installations the aspect ratio has been decrsased
betwieen the throat seetion and the lower bend of the siphone In the light
of the cxperiments performed using air, this procedure has resulted in in-
creasad loss at the lower bond, 2 fact confirmcd from tests performed by
Gibson, Aspey, cnd Tattersnll.5 :

Adequate information on losses in bends of rectanpuler cross sections
is wvery scant. What little there-is available at the present time is not
consistent. To design a siphon spillway without the use of hydraulic
models, the 2ngineer must bz able to determine the losses rather accurately
or scrious difficulty will resulte If, for instance, the assumed bend
lossss arc too high, the permissible vacuum at the throat may be excceded,
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resulting in cavitaition at the crest or even a break in the water leg,
causing the siphon to pulsate. On the other hand, if the assumed bend
losses are too low the capacity of the siphon will be lower than that for
which it is designeds Until such time as adequate data on bend losses are
available, the designer must resort to model tests.

19. The diverging tube. An ingenious device for increasing the dis-
charge and efficiency of a low=head.siphon is the divdrging outlet tube.
When the diverging tube runs full, part of the kinetic energy is thereby
converted to pressure energy, which causes a decrease in the pressure at
the .throat section and consequently an increase in the throat velocity,
with a corresponding increase in the efficiency. A different, and possibly
a simpler, concept of this same phenomenon would be to consider the outlet
section of the siphon as an orifice discharging water under a head measured
from the forebay level to the ccnter of the outlet. The whole siphon might
then be considered as a distorted mouth to the orifices In comparing the
discharges of two orifices operating under the sarme heed, the orifice hav-
ing the larger area will have the larger dischargee. Furthermore, thc ori-
fice having a constriction in its mouth (which is analogous to a siphon
with a diverging tube) would obviously have a lower coefficient than an
orifice having no constriction. When the action of a siphon with a diverg-
ing tube is considered in this light, the reason for the incrcase in dis-
chargc is obviouss Kurthermore, the reason for computing the discharge co-
efficiznt based on the outlet area is also obvious.

The diverging tube increases the capacity of the siphon without in-
crcasing the cross-sectional area of the throat section or. of the lower
leg which, in some¢ designs, results in decreased cost and shorter priming
time. By increasing the outlet arca, the effluent vclocity is decreascd
which, under certain conditions, such as in the case of Wasteway No. 2,
may be an advantage. The diverging tube decreases the pressurc at the
throat scetion, thus necessitating a stronger crown.

The optimum angle of divergence in a tube following a right-angle

bend was found by Gibson® to be 8 degrees 30 minutes, His exporimentsld
indicate that the loss in a diverging tube, including friction, is:

2
0.17 (Vl - VZ)

hy =
where
hd = loss due to diverging tube,
vy = the initial veclocity in the diverging tube,
v, = the final welocity in the diverging tube.
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20, Friction losss The loss due to friction can be computed con-

veniently by the Mannineg formula;

(nv)©
(o1} r4/3

(> IEs}
2.:’.:

/
/
h, = head loss Adur to triction

mean slone of hydraulic eradient in the reach,

= 0wy
u

= the lenpth of reach considered,
n = Confficirnt o' rouphnescs,
v = the mean velocity in the reach,

r = the mean hydraulic radius in tho reach,

Th  total loss du-~ to friction is the sum of the individual loss. s in
eenoreach, The friction loss should Lo computed only to the start of
the diversing tube, since the loss in the diverping: tub  includes fric-
4= T cumm

21, Totel loss throuch siphon, The kiretic entrgy at the outlet

5 |
. . v o5 P .
tg computs 1 by th formula, —m—, where v is the v-locity at the ~xit
(~ (5
I fll th ant the kinetic energy at outlet arc row ~x-

pr: s@~4 in terms of A coctficicnt times the velocity head nt the throat

s ction and their sum is set caual to the availnrble totel hrad, the
volecity at the throat scction can be computed., Having ths meen velocity
ai; b Sehnontisizction nnd tha digchons® Solel ot ol eypst 1rngth, bhign

tha rrdius of the crest 4 pth at threat, and se forth, cen Y= found,

22, Qriterin of siphon design, In the lest annliysis, the begt

siphor: desipn is the one which ean snalisfy the conditions of desipn at
th: lowest cost. Whils such r criterion is parmmount 'rhen congidering
verious siphorn .designe for A particular instelletion, it is impracticel

N

Sor ecmpering the operntisn af Aifr-~rent siphons due tiol only to the if-
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ties and during different periods of construction., It has therefore been
necessary to find some other basis for comparing siphon performance, Un-
fortunately, no single criterion can be established which included minimum

priming head, priming time, discharge, area, and operating hend,

23. Tre coefficient of discharge, In computing the coefficient cf

discharge, the general form of the equation iss

Cu—-—.—i—a—__
A~/2 gH

vhere

Q
'}

the coefficient of discharre,

the total discharge in second-feet,

the area in square‘feet,

o= D
u

= the operating head in feet,

Thus the expression should give & relatiog between the actual dis-
charge and the theoretical discharge, There are twc points, however,
that are subjects of much controversy, the area and the head. N&ylorl4
proposes that the outlet area is the only one upon which the computation
should be baseds If this practice is adhered to, the coefficient will
never become unity or greater., For example, in the test on the Wastewny
No. 2 siphon, a coefficient of 0,596 was obtained when the coefficients
were based on the outlet areaj but when based on thé area of the throat,
the coefficient became 1,093, In a paper on the coefficient discharge of
siphons, Scimeni4 bases the discharge coefficient on the throat area, In
the seme paper he also discusses several siphons, the most notable of
which was a type reported by A, Weirich in "Selbstattige Sauguberfallo"
(Deutsche Bauzcitung 1917, p. 225). This siphon had an overhanging
crest, a diverging lower leg, and discharged wvertically into a pool,
Weirich did not mention the method employed in computing the coefficient
of discharge, but gives values ranging from 0,956 to 0,984, OScimeni ex-
presse~d his surprise at such a high coefficient, Apparently a coeffi-

cirnt of this size or lerger could be obtained only if the thront arce
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vas used instead of the outlet area. This example has been cited to illus-
trate the ccnfusion which results from having no universally standard meth-
od of computations It seems most unfortunate that this condition shculd
exist when its remedy appears to be so simple,

The second term ir the expression for the coefficient nf discherge of
the siphon which, because of its indefiniteness, helps to complicats the
alrcady confusing term 1is ‘the total operating hecad. In cases where the
fxit 1s s~eled by the tailwater, determination of the operating head is
simples The head is the difference between the forcbay and the level of
the tailwater. "Then the siphon dischergcs horizontally and frecly into
tre air, the exit section being vertical and flowing full, the head is
measured to the center line of the jets., In almost all other cases the
point to which to measure the head is a matter of cpinion and thercby be-

comés an indefinite value,

Stevens15 prepcsed thet the coefficient be expressed by a relation
which does rot includes the head and vhich involves the area of the outlet.

Thus, he develcops the expressions

. Q

whrre

C = coefficient of discharge bascd on outlet area,

Q = discharge of siphon ir second-frct,
. ’

. 4 = aree of outlet in square feet,
rhere
h, = kead required to produce flow
’ 2 2
: = . Q
4% 2 gAg

o9
N



hl = total losses in the siphon from entrance to exit
2 2 2 2
s (a+b o+ .) — -k — =K‘Q2=Bf’-

a, b, c, etec. = coefiicients of losses due to entrance, bendis,
friction, etc.

E =8 +D +C + eoievesnene
and
B = —ﬁ%— = sum of loss corfficient divided by A2,
A
Then
2 2 2 ,
S kv
2 gh & E " a
and
C = , 2Q - , - 1
i - / anl
. Q“ I~ 1 IE /S 1 + BA
A\J 2¢ (——2g R + Bi)

This expression was proposed by Stevens for computation of the cocfficient

of discharge. It will be remembered that B 1is the sum of the loss co-

cfficients divided by Az, or B = I; « Thus the expression for the coef-
A
ficient becomess’
O S -
.\/1+K2 +A2 " + K
/ A

This is in the form which Seimeni proposed., It is intcresting also to
note that a similar expression is given by Schoklitsch.1® It appears to
be an ideal expression, since it involves neither the indefinite head
nor any area, throat or outlet, In those cases where the vélues of the
integral parts of K can be determined either by velocity traverses or
pressure measurcments at the scveral necessary points.thfoughout the:
ciphon, the above cxpression can be used to determine the coefficient of
discharge, Also, in designing the siphon this expression may bc'qud,

giner. the value K can br determined from thr assumed losscs., However,
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in most siphon installations the pressure or velocity meesurements needed
at numerous points are impossible to obtein, and therefore, the total
wpdrnting head must be known in order to compute the coefficient of dis-
cherges Fortunately, many siphon installations have sealed exits and in
' those cases the operating head is definite. The outlet area, as previously
'pointed out, is the only one used in computing the coefficient., It will be
shown in the following chapter that the coefficient is an unreliable cri-

terion of the effectiveness of the siphon,

24, Efficiency. The efficicncy of any machine is the ratio of the
output energy to the input energy. Vhen applied to a siphon, this is
equivalent to the ratio of the velocity head at the outlet to thg total

operating head on the siphon, The efficiency would be

h
n= —
but VOZ
ho - 2g
and - V2
ST
then v 2
n = )
V2
.. Q ; Ao v
A vﬁ—gﬁ— Ao'yergﬁ
C2 o voz - Vo2 o Vo2
. 2 gH V2 V2
2g Tg—
n = c°
whe re
7N = efficiency of siphon,
ho = yrlocity hrnd at outlet,

H = total operating heed,

v
0

velocity at outlet,



V = theoretical veloeity corresponding to total opereting lead,

Q = actual discharge of siphon,

=
l

area of outlet,

¢ & comiTicient of discharse,

If tre ccefricient ot discharge 1s not considered satisfactory as a crite-
~

rion of performarce, then the efficiency as expresued by n = ¢® weuld be
subject to the same criticism. Stevons15 and Le Contnl? both discuss this
rrproach, Stevensl5 discusscs another expression for cfl'iciency which he
defines as the ratic of actual flow to maximum attainable flows the latter
weuld occur when a subatmospheric pressure of one atmosphere is developed
ail the throat section., The efficiency in that case would be

| Q_ et

At-l'\/é ga At V&

Q@ = actual discharge,
A = area at the throat section,‘
Vt = actunl mean throet velocity,

7 = thecretical mean throat velocity corresponding to a
head of one atmosphere,

a = head ecquivealent to one atmosphere,

= 14 : : d =
Faylor™ = developed a similar expression which he dcfincs as "The

retio of the discharge to the discharge of a 'perfoect! siphon of the same
threoat area. By a 'perfect! siphon is meant the pur:ly theoretical con-
srption of a siphon with a perfect vecuum across the throat." Thus, the

expression:

where
7} = the efTiciency of the siphon,
2

= the actual discharge,

A = the area of the throat section,
e = vacuum head in faet of water equivalent to onc atmospher:.



When

a = 34 feet, the expression becomes

ne= ‘Z?‘I:‘ .

This expression eliminates the indefinite head and definitely fixes the
area as that of the throat section, Because it would be impossible to
obtain an average negative pressure of one atmosphere across the throat
section, the efficiency can never reach 100 percent. Naylor further points
out that "the 'coefficient of discharge! diverts attention from the true
desiderata of a siphon., It suggests that the discharge is proportional to
the sguare root of the head available in any particular design, whereas

it depends rather upon the vacuum atteinable at the throat section,” The
truth of the foregoing statement may be demonstrated,

The total operating head must equal the sum of the losses plus the
velocity head at the outlet. Thus, in a low-head siphon with a diverging
tubes '

v, 2 v 2 v.2  y? (v, - v )2
Haa t + b t + e t + d t + 6 t o
2g 2g 28 2g 2g
v 2
o]
+-
2g

or
2gHe (8 +b+csd+oe) vtz ~2e V V4 (1+ec) vo2
where . .
H = the total operating head,
Vt = the average throat velocity,
Vo = the average outlet velocity,

a, b, ¢, d, end e = the coefficients of loss for cntrance,
upper bend, friction, lower bend, and diverging tube,
respectively,

By taking the first derivative of the head, H, with respect to the out-



let velocity, VO, and equating this to zero, a relation between the out-
let velocity and throat velocity is obtained;’

dH .
—ET = - Z2e Vt + 2(1 + e)Vo 0
‘or
V o= —V

Therefore, the minimum head to develop the maximum allowable negative
pressure at the crest, which, in turn, will 1limit the allowable average
throat velocity and the maximum allowable discharge, is obtained by sub-
stituting the value of Vo in the original equation so that;
2
e ) t
l+e 2g

H=(a +b+c+d+

r
. 2 ) <.
Since gq = v,r, log —;I-g v, = YZzghi end q=(r, -r))V,, it my

be seen thats
I'l r
Vt = '\/2 gh —r;—:—;i— ].Oge

2
1

r

which, when substituted in the precéding equation, yields

e ! ) .
H=(a +b+c +4d + T+ % ) (h) ( P —— 1°Se r )
2 1 1
where
H = the total operating head,
h = maximum permissible vacuum at the crest in fect of water,
r, = the radius of the crest,
r, = the radius of the crown,
If, at the upper bend, we let R/D = 2.5,‘that is r, = 1.5 r), and teke
h = 24 feet,
H=15,78(a + b + ¢ +d + -T-g-g-)
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Now, if A = 0.10, b = 0,16, o = 0.10, d = 0.16, and e = 0,17, the
value for the minimum heéd becomes H = 10.57>feet. Thié means that

for this pnrticﬁlar design for heads in exgess of 10,57 feet, the discharpe
cannot be safrly increased by merely increasing the operating head, tut the
radii of the crest and crown must also be increased if the allowable vacuum
at the crest is not to be exceeded.

Q , while it doos not include
A x/? ga
the priming characteristics, would be a satisfactory criterion for compar-

It appears that equation 7 =

ing siphon performances, although in an actunl design the construction
cost may be of much importance. The efficicnecy may be increased by in-
creasing the radii of the bends, by providing e long diverging tube, and
by other means which, when carricd to extreme, would involve a consider-

able increase in cost,

. 26, Priming characteristics. In installations in which siphons

are to be used ns water-level regulators, the interest is particularly

in two factors; the head on the crest at which the siphon:will prime,

and thc time required for the siphon to prime at this head., Both of' these
guantities are dependent upon'the size and shapc of the siphon and upon
the rate of rise of the forebny level., Many investigators have ettempted,
in modrl tests, to détermine the hend required to prime when the forebay
level was rising at a constant rate, They defins the head required to
nrim~ for a specific rate of forebny rise as that head on the cr-st at

the ‘instrnt when all air is evacuated from the siphon. To esteblish this
qurntity, three varinbles, the time, the forebay level, and the quantity
of dischrrge must be considered., Model data obtained by this procedure

is subjrct to inaccurncics unless ~laboratr appnratus is used, DMoreover,
model date on priming chrrnctoristics cennot be senled to the prototype,
Therefore, the only value of sucﬁ dnta is for compnrison of priming quali-
ties of wodels of the same scale, A morec accurat~ end a simplor expedicnt
is to determine the minimum hend required to prime with a constant level
of the forebay, This eliminetes one-variable, the rate of° forebay rise,

and is analorcus to the situation in which the for»bry area is lnrpge, with
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the conseauent slow rise in the forebay level resulting in the siphon nrim-

ing, for all practical considerations, at a constant head on the rrest,

Some experimenters have expressed the head required to prime in terms
of depth at the throat seetion. Thus
| d

LI Sl
h k
where
h = head on crest required for priming,
d = depth of throat section,

k = priming constant, -
If the throat depth were 3 feet and the head to prime were 0,5 foot,
. d 3 | d
= = = ! 3 a—
k T 0.5 6, or h 5

This expression suggests that the head requﬁred to prime is a function of
the depth at the throat section, whereas the head to prime actually de-
pends upén the shape of the siphon and the method employed to effect prim-
ing. Considering the rate of priming, a better criterion than the time
alone would be the mean rate at which the air is evacuated. This latter
value would teke into account not only the time but also the volume of air

to be exhausted,

264 Priming devices. In siphon installation where quick priming et

a low head is one pf the foremost considerations, various devices have
been émployed to decrease the head and the priming time. 1In one type,

the effective crest was lengthen<d by zigzag metal strips embedded in the
concrete of the crest. One invr:stigatorl8 claims the priming time was re-
duced 23 percent by use of the best type of zigzag crest or teeth as com-
| pared with that of the crest using no teeth. He fails td‘state the effect
of the zigzag crest on the coefficient of discharge or the efficiency of
the siphon, Obviously, during priming, with the same head on the crest,
such a device would incrrase the discharge as compared with a straight,
smooth crast, and therefore decrnase the time to prime. IHowever, when

flowing full the loss over such a sharp and irregular crest would be higher
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than the loss when a smooth crest was employed.

Another device is the priming weire It 1s similar to the type with
the castellated or zigzag crest in that it also has a crest of increased
length which discharges more water per unit head than the ordinary siphon
during priminge The weir is at the elevation of the crest; is connccterd
to the crowr. of the lowor leg; and is suppli’.d with water by a channel
which communicatus with the forebay. Usually this priming device is uszd
in siphons whore the lower leg is not vertical but slopos downstroam.

The jet from the prriming woir crosses the lower leg, scaling the air in

the crown. The air in the crown is gradually evacuatod and priming is pro-
ducade In thn: Boar Kiver siphons,19 a priming weir was used, and tests on
the prototypc structurs indicated thatwhen using this device the head recquir:d
to prime was roducaed to about half that when a priming weir was not uscd.
Reither thc primire weir nor the devicececusing e castellated crest have mot
with much anprovale It is folt that the advantage duc to the lower prim-
ing head 3s morc than offsat by the reduction in the efficiency.

On many of the carlier installations requiring a low priming hond, a
small auxiliary siphon is useds The purposa of the auxiliary siphon is to
raduce both the head and the time required to prime. This was accomplishcd
in one of two ways. In the first, the auxiliary siphon discharged an un-
broken jet obliquely across the lowsr leg of the main siphon, thus produc-
ing an airtight scals The air trapped above tho suel was graijually evac-
uated by thc shecet of weter flowing over the crest of the main siphon,and
priming was effected. In the socond casc the auxiliary siphon primed and
then acted as an ojector, drawing air from the main siphon until priming
was complctede The disadvantages of the auxiliary siphons agarin outweigh
the advantages, They are not only difficult but expunsive to construct.
Usually they act as an obstruction to flow in the main siphon, and bocause
they are ncecessarily smnll, thers is also the danger that they may becomo
foulcd with trash.

Although not a priming device in a strict sense, the sealing basin
pleys an importent part in the priming of the siphon. On this point al-
most nll suthorities agree. After the forcbay level has riser and covered
the eir vent, if the siphon is equipped with a scaline basin the interior
of the siphon is then sealed completely. Wo air can enter. Air bubbles
ar2 then carried down by the jet into the scaling basin, where they aro
released to rise downstream from the lower bend and -are thus exheasted to
the atmosphere. Some desiegnars consider that for best priming qualities,
the radius of thc lower bhend must be sharp, sven to tr: point of boecoming
e knifc cdges The disadvantazes of a sealing pool arc that. if the rate
of risc. of the forcbay level is rapid, the air trapp:d in the interior of
. the siphon may b compresseds Furthermore, the sealing pool deereascs the
officiency of the siphon somewhat. The advantagues arc the great reduction
in thec hzad and primins time.

Probably the most common method of producinz priming in a siphon is
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to induce the Jjet tc leave the invert anrd cross the lower les to impinge
at an acute angle on the lower leg crown, thereby producing a seals The
rethods of brinsing this about vary., In some cases the lower leg is sud-
denly bent downward; in others, there may be a double bend to produce the
desired result.s A small spur or step may be employed. The step or jogrle
may be either with or without a sealing pool. If both the step and the
cealing pool are employed, it is advantagenus to lccate the step so that
the jet will strike the crown close to the outlet lip.

CHAPTER IV
EZPERIVENTAL INVESTIGATION COF SIPHONS

27. Experimental procedure, To obtain the wvarious criteria of siphon
performance - coefficient of discharge, efficiency, and the head-dischargo
relation - it was necessary to calibrate the model for a wide range of
total operating hecads. The discharre was measurced by venturi meterse In
test 1-2 (fisure 150), where the exit was not szalcd by the tailwater, the
total head was measured from thes forebay water level to the FeCe of thae
lower bend. In test 2-1, figure 16D, the head was m oasurced from the fore-
bay water level to the slevation of the cuntor of curvature of the lower
bond crown, :xeant when the diverging tubs wes xad. to flow full by in-
creasing tho teilwat.r., The tailwater eluvation, to produce this condition,
corr.sponded vory clossly with the =lovation of the crown at the «xit s.c-
tion. Thus, when the diverging tub: was flowir~ full, the hoad wme oA
surcd from th. forcbay lavesl to the exit crovm l.vatione All the por-
frarmance charsctoristics o the siphon models, with th. ~xc.ption of th-
primins qualities, were deterrmined from theso monsurominto,

fany investigators have detormincd the minirum head reauir:d tor
priming, usine a rising forocbay water lovel, and define it as the koo d ot
which th< siphon primecs, when the rate of ris« is n pivin valuce “hen
~hus d.fincd, the hcad required to wrim. is « functiorn »f the rat. »f ric
2 the forubay wator level for nny piven siphons To duplicent. in the
rodel a given prototype constant rat. of rise, two frctors muast b vari o d;
Y1) ths hcad on the siphon crest must be incrensed ot o constant rate, and
(2) th: discharge must bo inervas<d at = vorying r-te in ordcr to maint-in
tris eonstent retc of risc in the forcbay water luvel, To follow this pro-
curdur. with any dogrec of accurncy is difficulte I it i1s not nccurat ly
done, the rosull is menninglesse It hes already been pointad out thet
sven with thre. modcle ~t diff.rent ccnles, the prototype priming hoed e -
not b-. praedicted too nccurstoly. For thes. roncons it wns deeided to -in-
rloy o simpler method of ditormining the wmirnimum priming biade  This pro-
c dure roquirced the veriction of only onc gqurntity, the dischery.e In th
modol tests on the siphonn of Umstowny ‘loe 2, o eondition of flow wos
cotenlishned o thet th o sishon wodo 1 weould rot pri in ony longrth of tim .
Yy lnercocine Lhe hocd oon 'hoeront oty sme !l dneroments, the omiviimar b
rooulred o osrise owwmo et redirede Thin procodure wns not oniy simoelor,



but also resulted in much greater accuracy then could have been obtaincd
by employing = rising water level. Furthermore, this procedure probably .
duplicates prototype conditions more closely than the others, since the
rats of rise of the forebay water level is usually slow enough to be con-
sidered-constant, eXcept in the case where the forebay free water surface
area is relatively small.

In determining the time to prime at the minimum priming he<ad, the ¢
siphon was vented to the atmosphere to prevent priming durirng tho time ’
flow equilibrium was being established in the modele When the head on
the crest was accurately set and equilibrium of flow existod, the air
vints to the siphon were closed. The time required to prime was recorded
as the clapsed tim: from the instant the air supply was cut off until the
air was compluetely cxhausted from the siphon.

In Nasteway No. 2 a bore causing an Q. 88=foot head on the siphon
crzsts will be formed if the turbines in the power plant are suddenly
shut off. It was desired to determine the time rcquired for priming under
this practically instantaneous hcad, and this was accomplished in the
model by raising the water in the forebay from normal elevation to the
bore height lcvel as quickly as possible end maintaining the 0.88-foot
head during the priming action. The time required to prime und.r this
condition was rccordcd as the elapscd time from the instant the water in
the forebay began to rise until the siphon was completely primed.

The mirimum discharge for continuous operation wns considired a son-
gsitive indicator’rcletive to the priming characteristics and wes thero-
for:: obtain:d in most cases. The heads on thce er.:st of the siphon cor-
rspordine te ¥arious discherges through it were - lso acterminid.

28. Jrizinnl mod=l (Test 1=1). In the oripinal dosipgn (figurc
18D), th: 1lin of the siphon was plnced at the normnl farsnay wrtor lova-
tion so5 th-t tho siphon would break its prime when the wnter was lowered
to th~%t luvsle A hump was plncasd in the wxit tube to «stablish o water
.1 at the lower bonde Tests proved thet this sanling pool was insf-
feetive in faciliteting priminge The flow followced the invert from the
cr-st throurgh the lowsr bend and removed the wrter in the seeling pool,
thus rendering it us<lesse  Nhen a head on the crest cquivalent to 1.33
fezt prototype wns nttainced, th: jet sprang froc from the crest and,
croccsine the lower loag, impinged on the opnosits wall, forming o cnurtnin
coale  Priming quickly ensucd. ’

Yhen thoe siphon model wnas flowing full, tho actual wns far below the
desirnud capocitys  The deusigned dischargs was 950 sceond-fect for four
sirhonsy or 237.5 sccond-faet for each, at o hend on the crest of 0.88
fonte 1t thic hend the dischargs, as determinced from the model, was only
15%.5 soceornd-foct, or 64.6 pereecnt of the doesipgned values
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The efficiency, computed by'the equation

Q
A /2 ga

T]B

was only 18613 percent. At the designed head, the moicl showed a coelfi-
cient of discharge of 04365 as compared to 0465 which wac used in the de-
signs It was apparent that the hump in the exit tube wa:s the source of
much loss and, since it was ineffective in producing a scaling pool, should
be climinated.

A large cddy zone downstream and immediately boleow the erest of the
ori~inal model indicated a definite loss duc to sharpn:zss of tho uopper
bende The water could rot follow the inner radius and tonded to crowd
against the outer radius forming the eddy zonee The profile of the water
passage in test 2-1 (figure 16D) was desi;ned to follow the t'low path and
to oliminate the cddy zone indicated visually in the original.

The original model had a transparent face only on the front, which
wes a handicap in photographing the flow patterne When the model was re-
built for test 2, both faces were made transparcnt so that light could be
reflected through the flow,

29 Removal of hump in original design (Test 1-2). ‘“hun th. hump
vas rgmoved, the exit tube became diverging, as shown dotted in figurw
15D. This change eliminatcd the double bende The priming qunlities wcre
not affected by thz change, but the discharge characteristics were, im-
proved considerablye With the outlet frce, the discharge was 18740
second-feet, an increasc of 21l.8 percent over the original models The
cocfficient of discharge and efficiency were increased proportionately.
‘Nhen tailwater sufficient to submerge the exit was obtained by a control
in the &ffluent channel, the discharge was increascd to 20548 second-fuct,
or an increasc of 34.1 percente This valuc was still considerably bolow
the required dischargee A new model was then designed in which attontion
was given to reducing losscs and thercby increasing the discharec.

30. Effect of increasc of crest and lower bend radii (Tost 2-1).

Tests 1=1 and 1-2 showsd thet the entrance conditions could be improved;
"that ths crest and lower bend radii should be inercascdy and thet a di-
verging tube vwas a decided aedventage in increasing the dischorge when the
sxit wes submerseds Theso foatures were incorporcted in the modzl (fizure
16D)s The shapc of the crest is a close approximation to +the eurved path
.deseribed by the lower nappe as it sprang free from the crost. of the
oririnael modcl, flowins under e le33-foot heade A l-inch off's:t was in-
troduced below the crest to ceuse the jet to sprins freo from the invert
ot that point, tc fecilitet: priming, and provisions werc made for acra- |
tion of the lower roppe at the offsct by o vent to the atmosphurse The
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lower log was made in an Seshape to improve the priming characteristics
and incrcase the efficiency. Tests showed that with the outlet free,

th:: discharge, with a head on the crest of 088 foot, was increased to
270+4 second-foet, an increase of 44.6 percent over test 1-2. When the
outlet was subtmeregcd, the discharge at the sams head was 371s1 second=-
feet, or 80e3 porcont greater than in test 1-2 with the outlet submerged.
The diverging tube did not flow full (figure 17A) when the outlet was not
submerged, even with a discharge of 317 second-fout and a hoad on the
erest of 4410 foet, the maximum possible head in the models Figure 17B
shows.the diverging tube flowing full as tho result of submerging the
oxite For this condition, the maximum capacity of the model supply pump
was reached beforc the maximum head on the crest could be obtaineds Dy=
was introduced to show the stream liness The priming characteristics for
this model, when the outlet was free, were inferior to the originale. The
m inimum hecad required to prime was 2437 feet, with the nappe unaerated,
giving a priming efficiency of a/1.27. With thc nappe aerated and the
outlet free, the minimum priming head was 1¢53 feet, giving a priming ef-
ficioncy of d/1.96.

The nappe, clinging to the invert, ocan be seen in figure 18A. Figurec
18B shows the aeratocd nappe springing free at the offset, crossing the
lower leg and forming a seal a% the opposite sides When a seal at the
lower berd was effccted by controlling the tailwater and wilth nappe aerated,
the minimum priming head was réduced to 0.45 feet, less than throe-tenths
of the value found with nappe aerated and the outlet free« With the nappc
acreted and the outlet unsubmerged, the jet sprang frec from the ‘invert at
the offset, crossed -the lower leg, and impinged on the opposite side, there-
by sealing the uppur part of -the siphon from the lower (figure 18B). ' The
sheet of wator flowing past the erown of the lower bend and dropping to tho
invert was broken end allowed air from the diverging tube to pess through
it, meintnining o pressure of praetically atmosphoric intensity in the re-
gion beclow thc nnrpce The upper surface of the nappe gradually evacuaeted

- air from the smocc above it, and since the pressure below the nappe re-
‘mained practically atmospheric, a dlfferencb in prﬁssuro between the upper

end lower pnrts of the siphon, thus divided by thg jet, was grodually
createds ‘then this difference in pressure rcfched n certain value, the
nappe began fluttering, the intcnsity increasing until suddenly the scal
between the upper and lower parts of the 31nhon was broken and the pres-
sures equenlizede ith an increase of head on the crest, the neppe thick-
ness inercascd, thce durantion of the fluttering motion becamb longor until
at & hend of 1.53 feet the thickmess of the nappc wns sufficient to main-
tain the pressurc difference, and after a short period of nappe flutter,
the s phon primedes W ith no sealing pool 2t ‘the lower bend, the minimum
hcad required to prime becomes that head which will produce & jet of sufa=
ficiznt thickness and velocity to maintain & seal without breakinge With
sufficient tailwater, the sealing pool maintains the pressure differcnce,
and the minimr hcad nccessary for priming is that which produces a jet of
sizc 1rd velocity sufficicnt to penetrate the sealing pool to a point where
the ontrain.d oir will rise downstream from the lowest part of the crown
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of the lower bende The minirum priming head in the second case is lens
than in the first, where no seal at the lower hend was provideds The
sealing poocl proved a definite advantamge in priming and was incorparated
in the subscquent teste A further increase in the radii of the crest and
lower bend, and a decrease in the depth at the throat section was also in-
dicated.

3le HReduction of throat depth and further increase of crest and
lower tend radii (lest 3-1)e The depth at the throat section was reduccd
fror. & feet to 2 feet 2 inches, making the ratio of the radius of the
center line to the depth at the throat scetion R/D = 2.345, as comparcd
to an /D = 0.61 for the original model and an R/D = 0.83 for tcst 2-1,
At a point 60 degrees down from the crest a transverse slot vented to the
atmosphere, scmicirgular in section and with a 2-inch diamcter, was in-
cluded instead of the offset in test 2-1 to facilitate aeration of the
nappce The anrle of divergence of the exit tube was made 8 dugress 30
minutcs, which Gibson considered the optimum following a right-anglec bunde
Since th: depth of the barrel at the start of the divereing tub. had been
decrcased to 2 feet 2 inches, and bucause the depth at exit was fixed at
4 fect by the size of the effluent conduit, the lemgth of the diverging
tub:, was necessarily groeater than previously. A seal at the lowzr bend
was cffected by locating the low point of the crown of the low:r hend at
thc)samm glevngion ns that of the invoert at the ocutlet sccetion (firure
19D ).

In test 3-1, #hé diverging tube always flowed full at the deosigned
head of 0,88 foot, and the discharpge at this head was 331.1 sccond-fuut,
o decranasce of 1068 percent as comparcd with test 2-1 with the outl:t sub-
mora.de Becousc the throst arcn of this model was docreascd 27.8 pereent
s compared with test 2-1, the deercase in discharese was expect. d.

Th: s:al at the lower buend presented o now probleme As the wotur
level in the forebay rose ebove the lip of the heood, air trapped in the
siphen wns compressed, with the result that ths water lovel inside the
siphon was less than the forcbay watur levelse With this cendition, the
time of priming was increaseds- A compression. relisf tube (figure 19D) was
instelled connceting the upper part of the siphon with thu divorsine tubte
2t o point such that its lower ¢nd would b: senled when th. head on the
cr.st was Os¢88 foote With the comprussion roliuf fube open, the minimunm
hiad to prime was 0,96 foots the minirwm'h.nd was 0,68 foote Fimire 204
is & viuw of test 3-1 flowing at the minirum dischare. for continuous oper-
ation.

32+ Bffect of step in crovm of exit (Tust 3-2). 4 study of the cool-
in: pool showed ‘hat many of the air bubbles which had nassed #lwe Yowest
pai=t af the crown of .the lower bend were carried back intn Lhe lower air
zone 21 the ciphon by water currents creat2d by the jet cnterin~ the seal-
ing po2le  In an atterrt to prevent this action and thereby decreasc the
time o priri-g, a step tio inches deep was out in ihe erown o the ivore-




ing tube (figure 19D)s The step was not effective in improving the prime
ing qualitiese.

33. Addition of spur above aeration slot (Test 3-3). It appearad
that if tho jet could be made to cross the lower leg and impinge upon the
opposite side that it would cling to that side as it dropped into the scal-
inz pocl and thc priming characteristics would be improvede To accomplish
this end, a spur was installed above the aeration slot (figure 19E). This
spur deflected the jet excessively so that it impinged too high on the
opposite side.

34s Increase of spur radius (Test 3-4). A rcvised spur with a longer
radius (figure 19E) deflected the jot the right amounte By reference to
the summary of performance characteristics on figure 19, it will be seen
that the effect of the spur used in test 3-3 was to decrease the discharge
by only 8¢3 sccond-feet, or 2,5 percont, while at the same time, thc mini-
mum head required to prime was deoreased by 0,12 foot, or 17.7 percents
* The time required to prime at this minimum head,as indicated by the model,
was 10,380 seconds or almost 3 hourse Although it was known that thce prim-
ing quelities in prototype would be better than indicated by the modcl, a
further improvement was desirede During tests on the longer radius spur,
it was observed that priming would start with a very low head on the crest
and sovoral largc bubbles were noted to be in motion in the center of the
crown (figurc 20B). After a nogative model pressurc of about 0,02 foot of
watocr was developed, the priming action would ceases That is, when the
test was first started, a few air bubbles would escape beyond the low
point of the crown of the lowsr bend, but after a few minutes, the depth
of thu secal was inecreased duc to the negative pressure insidece Although
the scaling pool wes charged with bubbles, few, if any, could cscapec prst
ths crown of the lower bend because of the incrzased depth of scalse It
was not until a head of 0,56 foot on the crast was rcached that priming
action continued. A study of the priming phenomcnon led to the development
of & new priming devicee

35+ Guide vane in lower bend (Test 3-6)e A pguide vane spaced two
inchos from the crown of the lower bend wns installed in the model (figure
19F). The purpose of the vane was to give the air-laden primin: jet a
horizontal direction so that the air released in the sealing pool would
risc downstream from thc lower bend. The guide yanc was very successful
in this respects Figures 21A and B show the siphon during priming when
tho hued on the crost was 0.51 foot and with air escaping from the end of
the »rimineg guide vane during flow at the minimum head to primee There is
a complcte rbsence of air bubbles in the left side of the scaling pools
The ebscnce of «ir is even more striking when compared with figure 20A or
figur.s 22A and B in which the guide vane was not usedes The minimum head
rcquired to prime was reducod to 0415 foot, giving a priming efficiency of
d/14.46, At this head the siphon primed in 690 scconds with the comprcse
sion relicf tubc closede At & hend on the orest of 0,88 foot, the siphon
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rrimed in 130 scconds with the comprossion rolief tub.. apen and 138 sc-
amds whnen elosed. P

"he discharge of the siphon was decreascd by 28.6 ceemd-fout or
3.9 percent, due to the interfercnce of tha priming vance Thure wer:,
hovrver, much more scrious objections. It was folt that trash migsht 111
th: small spac: between the vane and thz crown, or that ice micht bend or
brzak it .

36, Trashrack in guide vane cntrancec (Tost 3-6). To overcom. the
objection that trash might plug th: spacc betwuen the guide,vane and the
crown, another vane was designed incorporating a trashrack (figure 19G),
Furthermore, the passage betwoen the crovm and the vane was diverged
slightly. W ith this dcvice the siphon prircd at the samo huad as it did
with thc original vane, but it required a much longer timce The discharge
characteristics werc worsc than in the former cas.e For thesce reasons,
the priming van. was not considcred to be entirely satisfactory, and
anothcr approach to the problem was tricd.

37. fTransversc priming slot with air-cscapc tube (Test 3=7)s 4 trans-
verse priming slot cut in the erown of thc lower bend was connceted by a
6- by 6-inch air-sscape tube to the downstrcam ond of the divergine outlet
tub~ (figure 19I). The minimum huad required to prime was 0.15 foot, the
same o5 whon the muide vanes werce used, but the priming tim. nt this hecad
wns consideranly roduccde The time to'prime at n hund of G, 88 foot was
rcdused to 79 scenudse The discharge characteristics wore supcerior to
thase whon the muide vane was uséds When the siphon was running full, it
we.s noticud that there vms a circulation of wotcer beck from the diversingeg
tube to the nriminm slote A test was made in which tho nir-esenpe tubo
w8 ehoked such os to allow cir flow but imped. water flow back through
the tubue  Thu effiuct of closing the air-escapc tub. in this manner wns to
incercase the discharge 241 percente Comparcd with test 3-4, the effuct
of the priming slet on the discharge with thu air-uscape tubc opon s to
deernase it by only le.2 perconts

38+ Enlargument of primins slot and nir-cscapc tube (Test 3-8).

The originel primin~ slot appeared to be inadequate, so it was widened,
the corners of the entrance rounded, and andther ~ir-escape tubc ~dded
(firure 19I)e Exporiments indicrted thet the minimum priming head re-
mined unchnanred, but the time reouired for priming wns reduczd by 5847
p.re.at, or to 166 sceconds, as compared with 402 scconds requircd for the
nrisincl priminr slote The time to prime at o hand of 0485 foot was re-
ducud by 2Y9eb percunt, or to 65 sceonds, ns comparzd with 78 scconds for
the oririnel priming slote By rounding the cdges of the primins slot,
th. "dischrr: wos ineronscd only 1le4 sccond-feet, or 0e44 poreunte “When
the nir-csenps tubus wire choked to prevent roturn water flovw, th- Jis-
chers. wes incronscd by 2e5 poreent, comparcd with the oriminal prinine .
slot opor-tin-s under the same: conditionse Th. model showed furthir that
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dheck valves in the air-escape tubes tn pravent this return flow mizht’
Justify the expense of installation, since by using them the dischar.e
could be incrcased by 4.2 percent, or the efficiency increasei by 2.35
percent.

‘“hen the priming slot was used, the compression relief tube was
omittede The spur, however, was considered quite essential, since it
caused the jot to strike the side of the lower leg opposite th. crest,
where it tonded to cling to the crown of the lower bend, thereby giving
the released air bubbles a downstream direction as they passed throuch
the scaling pools When the jet does not first strike the wall opposite
the crost before entering the scaling pool, as with the spur, a large
portion of the cntrained air returns to the air zore below the under
napoe and hinders primings The action of the jet with and without the
spur is illustrated in figure 19D. By using the spur, the arca in the
vicinity of the: priming slot is more dens-ly charged with air.

3y, Pressure cqualizer (Test 3-8). The priming of a siphon consizts
¢ssontually of ovacuation of the air in the structure and replacing it
with « flow of water, which may bc accomplished by some outside arency
such ss an air pump, providine the entrance and exit are clos:d by water
sealss In large structures, under automatic operation this is not cco-
nomical or completely practical; so the jet of watcr flowing over the
crest must p. made to perform that function.

The pressure equalizer (figure 19D) was introduced to increase the
¢ffsetivencss of the jote The offset in tost 2-1 and the 2-inch semi-
circuler transverse aeration slot in test 3-1 were introduced to disrupt
the continuity of the viscous force which causcd the thin shecet of water
to cling to the invert and not break free to impingc on the opposite
wall to form n seals As the flow passed the offsct or slot, an eddy wes
form.d which bridged the gap and allowed the water to continue to cling.
In the first attempts to remedy that condition the offset or slot was
vented to the atmosphere to relieve tho subatmospherie pressurc in the
2ddy. As the tests progressed, it became apparent that with such aera-
tion the reduction in pressure in the upper air zone deflected the jet
upward, causing it to impinge at an adverse anpgle and rebound. This
tendel to defeat the purpose of the jet deflection. Since the air above
th= Jjet had to be evacuated to prime the siphon and air was being taken
in from the atmosphere to relieve the low pressure under the nappe at
the acreation slot, the idea was advanced to take the air nceded in the
a:ration clot from the upper zone, from where it had to be removed any-
vmye. The pruessurc cqualizer shown in figure 19D was installed to perform
this dual function.s It cqualized the pressure in the two air zones,
ctabilizin- the jet and allowing it to impingc at the optimum anglecs In-
st..ad of ihe” lowr nappe removing the air drawn in throuch the aeration
v.nt, it, in sfi'cet, assisted the upper nappe in evacustine the air in
th. otire sinhone When the asration tube 1s not us<d and the slot is
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vented to the atmosphere, there is a considerable retound, with the result
that the certer of gravity of the air-charged area in the sealing pocl
lies farther from the priming slote The effect of this is to increase ithe
priring tirme, Figure 22A shows the normal jet with the pressures balanced
by the presczure equalizing tube, and 22-B, the condition with a diffcrenc.
in pressure tetween the upper and lower parts of the siphon when the pros-
sure equalirzer is rot used. ’

40, Lorgituiinal slots in lower bend crown (Test 3-9). A sories cf
lonritudinal slots in the crown of the lower bend were considercd as a
possible means of improving the priming characteristics of the siphon by
an action similar to that of the priming miide vane. OSuch a device is
shovn in fizure 19H. The results were disappointing.

4l. Fillot in seration slet (Test 3-10). The acration slo- usod in
previous desisns to expedite priming was filled with modeling clay to
permit cvaluation of the loss due to the 2ddy in the slot when the siphon
was flowing full (figure 19E). The model irndicated that the fill.ot in-
creased the efficicrey by aprroximately onc percentes  Subsequontly the
samc measurcront was made in test 4-1, with comparable results (fizure
£23D)e This fill:t resulted in a slight incrcasc in efficiency but sh-owed
a definite tindencey for the jet to cling to the siphon invart at 1ow heads.
‘loreover, acration would be more difficult with the fillet,

[y

42, Sharp lower bend radius (Test 4-1).  Some authoritiss beolicve
that the radius of the lowsr bond must be small to obtein good vriming
charact:riztics ard that priming efficiency is gained at the..xpunse or
ths siphoric e¢fficicncys A new modsl was constructed, ossentially similar
to the model in tost J-1 except the crown of ths lowcr bond had a radius
of & inches instuad of 48 inches (figurc 23D)s The minimum head required
to prim: was Oel4 feoot, or a decrcasc of only O.Cl foot. Figures z4A and
8 show the prococss of priminge The priming wrd dizeherse characteristics
arc riveon in the table and curves, figur: 23. The tire to prim ot thre
minirmur priming head was 163 zeconds, which comparcs favorably with 164
sueonds, the time roquired to prime in test 3-8 when using the oniargod
priming slote The time to prime with a huad of 0488 (ot wns ¢€ sececuds
as comperecd with 55 scconds in test %=-8. Exporimental crror could account
for some of this differcnce, but it would appenr that the primins qunli-
ties in tost ¥-8 were superior at the 0e88-f20t heads  On the oih.r hocd,
the velus of the minimum dizcharge for continmous opuration in test 4=l
iz smellar then the velue found in tust 3-#, seti ~ceond-folt tor Ehe
formur ag copmprrod with 21.7 sceond=feet for the laticrs

The Adischnres characturistics iu t:st 4-1 v ro Lufrior t- thooo in

tust 3-8, “h0e1 sucond-funt ns compared with 28064 socond=foet b tn
nirecseny . tubos wore open, or oo deer oo of G500 soearidelt vl mHpreno
ir cm2ther wy, the offoct of inerenasin. the rodius of the low o r ool wns

to increrae the dischearp. by 2506 porcont, e, by usine an appronriat



priming device, there was no adverss cffect on the priming qualities of
the siphon.

CHAPTER V ~ ANALYSIS- AND INTERPRETATION OF RESULTS
OF SIPHON STUDIES

43, Zffect of increasing crest radiuse. The discharge of the siphon
was increased by lengthening the crest radiuse Curves 3, 5, and 6 in
figures 15C, 16C, and 19C give the relation between hcad and dischargoe
for three models tested under similar conditionse The diverging tube, the
crest longth, and the outlet area were constant in all three testss Tho
throat arca for curves 3 and 5 was the same, but the throat arcva for curve
6 was considerably reduced because of the material increase of cfficicncy
due to lengthening of the crest radjus and the desirability of rodueing
the size of the structures The crest radii were 4, 11.84, and 48 inches,
respectively. By comparieon, curve 5 indicates a much higher dischargoe
for the samc head than either of the other two curvese The 1l.84-inch
crest radius rives the best resultse. Howcver, the arua of the throat see-
tion for curves 3 and 5 was 18 square feet, while thc throat arva of curve
6 was reduccd to 13 square feets In comparine the effiect of the crest
radius, the comparison should bc on the basis of throat area. At a head
on the crest of 2.0 fest, the discharge per square foot of throat area
with a 4-inch crest radius was 12.1 second-feet; with an 1l.84-inch radiius,
2l.9 second-foct; and with ‘a 48-inch radius, 27.8 sccond-fevete By incrcas-
ing *the crest radius from 4 to 11484 inches, an increase in discharg. of
81.0 percent was obtainedy and by incrsasing the radius from 4 to 48 inchns,
an increase in discharge of 129.8 percont was obtaineds This inereasc ir
discharge was duc to decreasing the losses, Increzasing the crist radius
was not alone responsible for the inoreased discharge, for, in all casas
where the crest radius was enlarged, so also was the radius of thu lower
bend,. :

The head-dizcharge curves, in almost all oasecs, have a point at
which a sudden change of slope occurse It 4s at this point that the si-
_ phon cecases to draw aire The hizad at which this occurs varies with the
perticular design.e The siphons having the bast hcad-discharge curves also
ravc the best c¢fficiency curvese Efficiency, as dofinced in this discussion,
may also he 2xpresscd as the squarc root of the ratio of the actual vacuum
to a porfict vecuum at tho throet scetion. As the discharge character-
istics of a sivhon are improved, so also will the efficicency-or the vacuum
at the throat be incrcaseds The incrgased wacuum at the throet results in
& rgroater cntrance volocity, eceompanicd by a greater drewedown curve, with
trhe ultimete result that the head on the crost at which the siphon ceascs
to draw air will be higher,

A conmpericon of the coefficient of discharpe, curves 3, 6, nnd €, »on
f'irurcs 154, 16A, and 12A, indicate thrt by inereacing the cerest radius
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from 4 to 11484 inches, the discharge chnractcristies were gratly im-
provcd; but when the crest rodius weas increased to 48 inches, the dis-
chorge characteristics werc worsee Such is not the case, howsvir, sincw
ne consideration is mode of the areasr of the barrel from the throat s:c=-
tion to the beginning of tho diverging tube. If, on the other hond, the
areza of the throat section is used in computing the coefficient, -~ valuc
greeter then unity may results This illustrates the inherent difficul-
ties in using the coefflclant of discharge as a moasure of the offective-
ness of the siphon.

For another example, consider curves 4 ard 5 on figure 16A. Although
tha discherge was lower in the case of curve 4 than in curve 6§, the couf-
ficicent of discharge is largers The outlet afca in tho case of curve 4
was the same as the throat area, while in curwe 5 the outlet area was 33
percent groaters The head for curve 4 was mepsured to approximetely the
center of curvature of the lower bend, since that wns considored the point
where atmospheric pressure was attainede The hesd used in computin: curv:
5 was mecasured to the surface of the tailweter, which was approximntuly
the elevation of the crown at the exit section. Because both the arca and
‘the head wecre smaller, the coefficient shown by curve 4 is larger thnn in
curve 5 This servos to illustrate another inconsistency of thz couffi-
cient os a measure of the effectiveness of a siphon.

The effect upon the cfficiency of increasing the radius of the crest
is shown by curves 3, 5, and 6 in figures 15B, 16B, nnd 19B. For o hecad
of twc feet, curve 3 shows an efficicncy of 25,8 percent for thc four-
inch crost radius and curve 5 an efficiency of 46.7 percent for the 11.84-
inch radius, or an increase of 209 percents By increasing the crest
radius to 48 inches, the officiency as indicated by curve 6 was increcsad
to 5846 percent, more than double the value given by curve 3o This
clearly 111ustrates the advantage gained by cnlarging the radii of the
bendse - )

44, Effcct of the diverging tubes The use of o divepging tubs in-
cr-eses the siphon discharge. Curves 4 and 5, figure 16C, illustr-te this
pointe With e hcad of 0.88 foot on the crest, thc discherge, when the
action of the diverging tube was not utilized, wn.s 270.4 sccond-foote With
sufficient tailwater to cause the divergins tub: to flow full, the dis-
charge wees 371.1 second-fcecety an increase of 10047 sccond-fect or 37.2
porccnte The diverging tube is an advantageous feature so long as thr
pressure at the crest does not too closely approach the vapor pressur. of
water.

The coefficient of discharge, as shown in the table on figure 16, is
dcerensed when the diverging tube is in actions Tho cocfficient without
the diverging tube is 046913 but operatinz with it, the couffici.nt is dc-
crias:d to 0e668es As previously explained, the hcad and th. outlet nrce
in th: computction of the coefficisnt are the causc of this inconsistuncy.
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“Without the divergent tube action, the head was measured to the point where
atmospheric pressure first occurred in the lower leg, approximately the
center of curvature of the lower btende The outlet area was taken as that
of the lower leg at the same point. This area was the same as that of the
throate But in the case where the diverging tube was made to flow full,
the head was measured to the crown of the outlet section and the area was
that of the outlet sections Although the discharge in the sccond case was
1007 second-feet larger than in the first, the increased outlet area and
total head were sufficient to decrease the coeffieient.

The efficiency in the same case was increased. from 31.90 to 44,20 per=-
cent by employing the diverging tubee. Thus the efficiency is a much better
indicator of effect of the diverging tube upon the performance of the siphon
than is the coefficient of discharges The difference in efficiency gives
an indication as to the amount by which the negetive pressure at the throat
is changed.

45, Effect of priming devices upon efficiencys One of the principal
purposes of the Roza Wastcway siphon investigation was to detcrmine the
relation between good priming qualities and siphonie «<fficiency. Aftiur an
efficient siphon design was obtained at a reasonablc cost, figures 15B,
16B, and 19B, attention was concentrated upon the priming characteristicss
Many previous investigators have concluded that high siphonic efficicncy
is incompatible with good priming qualities and that for high priming «f{i-
ciency ths radius of the lower bend should be very small, with a watcr
seal in the lower bende Curves 8 to 15, inclusive, figure 19B, illustrato
the sffect on efficioncy of progressively improving the priming charactor-
isticse Curve 15 shows that the c¢fficiency of the modecl in test 3-8 ic
about as high as that of any model testeds Furthermore, the priming char-
ecteristics of thet model were as good ns any of the various models tustod
which included test 4-1 having a sharp curvature at the lower bend.s Curve
18 repres.nts the zfficicney of a model with a sharp lewer bend, and, when
compared with curvc 15, the conclusion is that the radius of the lower
bend does not have to be sharp to develop good priming characteristicse.
Furthermore, good priming characteristiecs are not necessarily incompatible
with high siphonic efficiency. Results of the investigation confirm the
fact that for rood priming characteristics s water seal at the lower bend
is essentinlg

46. OGiphon inlet sections The entrzncc conditions in test 3-1, firure
15D, werc srtisfactory for all heads except thosc that allowsd air to :nt.r
th¢ siphone Under the latter conditions, the model vibratsde To all.vinte
this condition it wms recommended that the lip of the hood of th= siphon b
oxtended below rormal forobay level and o pipe for bruaking siphonie setion
be incorporntsd in the prototype design.
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A. NO DISCHARGE

B. DISCHARGE, 2100 SECOND-FEET

DIVERGING SECTION OF ORIGINAL WASTEWAY CHUTE (DESIGN 1}
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A.

B. DIVERGING CHUTE WITH PARABOLIC WALL

DIVERGING CHUTE WITH SPREADING VANES
DESIGN 4 AND POOL DESIGN 3.

ADOPTED POOL AND WAIL DESIGN.

WASTEWAY CHUTE AND STILLING POOL - NO DISCHARGE
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A. DIVERGING CHUTE WITH SPREADING VANES. B. DIVERGING CHEUTE WITH PARABOLIC WALL
ADOPTED POOL AND WALL DESIGN. DESIGN 4 AND POOL DESIGN 3.

WASTEWAY CHUTE AND STIILING POOL ~ DISCHARGE 950 SECOND-FEET
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A. DIVERGING CHUTE WITH SPREADING VANES. B. DIVERGING CHUTE WITH PARABOLIC WALL
ADOPTED POOL AND WALL DESIGN. DESIGN 4 AND POOL DESIGN 3.

WASTEWAY CHUTE AND STILLING POOL - DISCHARGE 2100 SECOND-FEET
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FIGURE 17

A. DISCHARGE 317 SECOND-FEET WITH HEAD OF 4,10 FEET(PROTOTYPE), NO TAILWATER.

B. DISCHARGE 404 SECOND~FEET WITH HEAD OF 2.50 FEET(PROTOTYPE)
TAILWATER TO SEAL EXIT.

EFFECT OF TAIIWATER ON SIPHON PERFORMANCE.

MODEL WITH INCREASED CREST AND IOWER BEND RADII ~ SCALE 1:8



FIGURE 18

A. DISCHARGE 44 SECOND-FEET WITH HEAD OF 1,53 FEET(PROTOTYPE). UNAERATED
NAPPE CLINGING TO INVERT, INCREASING TIME AND HEAD TO PRIME.

B. DISCHARGE 44 SECOND-FEET WITH HEAD OF 1.53 FEET(PROTOTYPE). AFRATED
AT OFFSET, NAFPE SPRINGS FREE, SEALS UFPER AIR ZONE, INDUCING PRIMING.

EFFECT OF NAFPE AERATION ON PRTMTN(:.

MODEL WITH INCREASED CREST AND LOWER BEND RADII - SCALE 1:8
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FIGURE 20

A. DISCHARGE 22 SECOND-FEET(PROTOTYPE). FLOW CONDITIONS FOR
MINIMIM HEAD TO PRIME.

! B. CROWN OF LOWER BEND ~ BUBBLES MOVING SLOWLY OUT TO INDUCE PRIMING.

MODEL WITH SEALING POOL, REDUCED THROAT DEPTH AND FURTHER
INCREASED CREST AND LOWER BEND RADIT - SCALE 1:8



FIGURE 21

A. SIPHON DURING PRIMING, HEAD OF 0.51 FOOT(PROTOTYPE).
NOTE ABSENCE OF AIR IN SEALING POOL.

B. AIR ESCAPING FROM END OF VANE PAST CROWN OF LOWER BEND.
AT MINIMUM PRIMING HEAD OF 0.15 FOOT.

ACTION OF PRIMING GUIDE VANE IN LOWER BEND.

MODEL WITH GUIDE VANE IN LOWER BEND -~ SCALE 1:8



" FIGURE 22

A. PRESSURES IN UPPER AND LOWER ZONES EQUALIZED. NAFPE IN NORMAL POSITION.

B, ATR ZONE PRESSURES NOT EQUALIZED, NAFPPE DEFLECTED UPWARD.

EFFECT OF PRESSURE EQUALIZER.

MODEL WITH LONGITUDINAL SLOTS IN LOWER EEND CROWN ~ SCALE 1:8
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FIGURE 24

A. FLOW AT MINIMUM PRIMING HEAD(O.14 FOOT PROTOTYPE).

B. FLOW AT LOWER BEND WITH MINIMUM HEAD TO PRIME(0.14 FOOT PROTOTYPE).
FIQW CONDITIONS WITH SHARP LOWER BEND.

MODEL WITH VERTICAL LOWER LEG AND SHARP LOWER BEND RADIUS - SCALE 1:8





