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PREFACE 

This Teport desoTibes a series of model expeTiments pertaining to the 
operation of the regular gate struoture for the Foothill Feeder of the Metro~ 
politan Water District of Southern California, The regular gate struoture 
is designed to control the flow in the tunnel and provide the head diffeTential 
that is required in the opeTation of the system. The tests showed that, in 
general, the struoture operated as designed with smooth quiet flow for normal 
operating conditions. Information was also provided regarding the head differ
entials for various discharges. Pressures were measured within the struotuve 
and on the piers and floor downstream of the gates to delineate the oavitation 
potential. Observations were also made to determine the minimum head neces
sary to prevent sweepout from the gates. In these respects, the design was 
quite suitable. 

The studies also suggested some changes in the vent system and the 
gate shaft to reduce surges in the event the emergency overflow weir should 
operate. 

Measurement of vibratory pressures on the gates in the model combined 
with computations of the natural frequency of the PTototype gates indicated 
that special studies of gate vibrations would not be necessary beoause the 
natural frequenoy was appreciably higher than any of the frequencies measured 
in the model .. 

The model test desoribed in this report was sponsored b.v the Harza 

Engineering Company of Chioago, Illinois which ltlaS represented by Dr. David 
LOUie, head of the Hydraulios Section of the Harza Engineering Company. The 
experiments were performed at the St. Anthony Falls Hydraulic Laboratory under 
the immediate direction of Alvin G. Anderson. The models were fabricated in 
the Laboratory shops with much of the researoh carried on by David J. Anderson 
and Roy M. Kuha. 
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MODEL STUDIES - FOOTHILL FEEDER PROJECT 

11ETROPOLITAN WATER DISTRICT OF SOUTHERN CALIFORNIA 

PART I. REGULAR GATE STRUCTURE 

IN'rRODUCTION 

The toothill Feeder Projeot of the Metropolitan Water Distriot of 
Southern California inoorporates a long tunnel that will be part of the 
system whioh will supply water to a large area in Southern California in
cluding metropolitan Los Angeles. In this system head control devices ~e 
needed to regulate the discharge through the tunnels and the appurtenant 
structures and for this purpose gated struotures open to the atmosphere were 
ohosen which also provided an acoess for machinery needed for the tunnel 
maintenance. The gate structures, oircular in plan, with the necessary 
emergency overflow weirs were made large enough so that the machinery access 
into the tunnel for maintenance could be incorporated in the structure. The 
circular plan also provided oertain struotural advantages. The researoh 
desoribed in this report was carried out to study in detail the hydraulic 
characteristics of these gated structures for a wide variety of possible flow 
conditions. More specifically, the items of special interest were: 

1. Energy losses through the 'gate and adjacent sections. 
2. The possibility of oavitation in or adjacent to the gates 

during operation with small gate openings. 
). Air entrainment by the flow at the gate structure and 

subsequent removal of the air in the downstream air 
oollector system. 

4. Fluctuating pressures Or water hammer resulting from the 
entrainment and removal of air from the system. 

The basic features of the regular gate structure are shown in Charts 

1 and Z. It oonsisted of a gate shaft about a hundred feet high which 
incorporated in a center dividing wall two side gates each 6 it ) in. wide 
by 18 it 6 in. high and a center gate 2 ft wide and 18 ft 6 in. high. 
Overflow weirs, also located in the dividing wall with their crests about 80 
ft above the invert, permit emergency flow through the structure when the 

--------------------~----~-~----------------------

gates are partially closed. Downstream of the gate structure the crown of 
the tunnel was raised to provide an enlarged section for the collection and 
removal of air. Two types of air removal chambers were proposed for study. 



Chart i shows the design of an air r~moval ohamber with a crown sloping 
upstream whioh has been dea:i.gnated as Scheme A, and Chart 2 shows a design 
in which the orown has been raised uniformly to provide a horizontal 
oolleotor seotion with a 3 ft vent at the downstream end for the release 
of air. This design has been designated as Soheme B. A further modifioation 
ot the gate shaft involved the provision for aooess of machinery to the 
tunnel. In Sohemes A~l and B-1 the maohinery aooess was provided on the 
downstream side of the gates, and Sohemes A~2 and B-2 were developed to 
provide a maohinery aooess on the upst~eam side of the gates. The provision 
for maohinery acoess resulted in a diff~~ent geometry and different hydraulic 

conditions for the flow over the weirs. 

Preliminary oomputations of the operating oonditions by the Harza 
Engineering Company indicated that the energy gradeline on the downstream 
side of the tower would be c9ntrolled between 28.2S ft above the invert and 
48 ft above the invert for normal operating conditions. It was indicated 
that the head drop across the gates for normal operating conditions might 
range from about 27 ft for small gate openings to about 0.3 ft for gates 

.' 
fully open. With emergenoy flow over the weir the gradeline on the upstream 
side of the gates oould be up to 93 ft above the invert. This would result 
in a fall into the tunnel proper on the downstream side of the weir of the 

,order of SO to 60 ft. 

A. Desoription of Model and Appurtenanoes 

The several models used in the study were fabrioated of a transparent 
plastic to a scale of 1:38.3 so that a convenient standard size plastic 
tube oould be used as the tunnel. Photo 1 is an overall view of the model 
of Scheme B.l fitted with piezometer taps and pressure transduoers ready 
for testing. The transparency of the plastic permitted observations of the 
flow patterns with1.n the structure and photographs and movie$ of the internal 
hydraulio conditions. Taps were provided at significant presSUre points for 

,piezometers, and fittings for transduoers to measure fluotuating pressures 
were installed at various points in the air collector system and gate 
structure. Batiks of piezometer gages and a record~or toe pressure trans
duoers were supplied with the model. 



the water supply was pumped from the Mississippi River through the 
Laborato~ supply system. lt was oontrolled by valves in the lines and 
measured by means of calibrated orifices for both large and small dis
oharges; Before entering the tunnel sections the flow was passed through 
wi~e meshes and a honeycomb section in order to remove large fluctuations 
and provide a reasonably uniform flow into the tunnel system. The model 
tunnel discharged into the tailwater reservoir, the level of which could be 
controlled to maintain the downstream tunnel pressure at prescribed values. 
From the tailwater reservoir the discharge was returned to the river through 
the Laboratory drainage system. 

B. Scale Relationships for Hydraulic Similarity 

The gate structure, in which a free water surface exposed to the 
atmospheric pressure exists, represents a hydraulic system operating under 
the force of gr9,vity, and the velocities, pressures, and water surface 
elevations represent gravitational phenomena. For this kind of a system 

dynamic similarity is obtained when the model-prototype relationships are 
determined by the Froude law of similarity. The following relationships 
for velocity, discharge, pressure, etc. in terms of the length scale ratio 

(Lr :::: 38.3) are then obtained. 

v =: L l/Z 
r r 

Q = L 5/Z 
r r 

l' = L r l' 

T := L l/Z 
l' l' 

(1) 

By utilizing the above equations, the model discharge can be determined and 
pressures and velocities as measured in the model can be readily translated 
to the prototype values. 

Complete sim:Uarity fo.r the air entrainment and ail' removal process 
_______ _____ .. ____ ce.nno.t---.in_geneI'al_hfLQb.tained~ecaus_e __ ~_f_di:fj'j.QuJj:,y---.in controlling the.. size_____ ____ _ 

of air bubbles in the model. However, the processes involved are quali~ 
tatively similar and it is believed that the observations made in the model 
regarding the air removal pattern are qualitatively correct. 
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EXPERIMENTAL RESULTS 

The results ot the studies of the gate struoture are described below 
under several headings describing the particula~ kind ot experiment. They 
inolude oorresponding measurements for eaoh of the struotures in order that 
the results may be more easily compared. Those experiments dealing with the 
operation ot the gate struotures at or near normal operating conditions will 
be desoribed first. The tests for emergenoy conditions and non-normal operat" 
ing patterns, whioh should be made in order to determine the range of opel'", . 
ating 'Obaracteristics or the safety of the structures in the event that such 
flow patterns oocur, are described in the later portions of the report. 

A. Head Differential Through the Struoture 

For normal operating conditions the gate position for a given head. 
water and tailwater elevation is predetermined. This no~al operating ourve 
shows the head differential at the structure for various discharges in terms 
of the necessary gate opening. The measurements of the head loss or head 
differential through the gate structure for various gate openings and dis" 
oharges are shown in Charts ) through 6 for structures A-l,A-2, B-1, and 
B-2. Each plot was established by opening the gates an equal fixed ~ount 
and measuring the head differential across the gate for the various dis
charges within the capacity of the structure. These data are plotted as 
separate c~rves tor the various gate openings shown on the oharts. The . 
normal operating curve has been superimposed upon the measured head loss 

. curve. in eaoh case to show the head ditferential and aischa.llgeunder ilbrmal 
operating ·conditions. !'t will be noted that as the gate opening is in .. 
creased, the head differential or the head los$ at the struoture becomes 
less. When the gates are fully opened the head differential is reduced to 
approximately 0.5 ft. In order to measure this small difference in the 
model, special precautions had to be taken in setting the discharge, and the 
measurement of the small head difference waS done by means of a mioromanometer. 
Tf!.~ rating curves for the 2 ft gate and the 6 ft :3 in~_gat~ are shown sep .. 
arate1y in Chart 6A. 

These curves show the gate opening necessary to provide a given head 
differential at the gate structure for the different discharges. The 
flow through all of the structures for these conditions is smooth and very 
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quiet. Photo 2 shows the maximum discharge of 2250 cfs through Scheme A-l 

with the gates wide open. It is apparent that there is no entrained air at 

the gates al~ the surface is undisturbed. Photo 3 shows similar floW con

ditions through Scheme B-1. In this case the tai1water is maintained at 48 
ft above the inVert of the tunnels and the photograph shows that the head 

loss through the structure is extremely small. Again, the flow is smooth 

without any air entrainment. In Photo 4 the gate opening has been reduced 

to 30 per cent. The tailwater was maintained at 38 ft above the invert in 
th:i.s test, but the headwater has increased to 61 ft so that fora discharge 

of 2.250 cfs the head drop through the structure has been increased to 23 

ft. This is not a normal operating condition, but the flow is still smooth 

and free of air. Photo 5 is a portion of Photo 4 enlarged in order to show 

the qUiet surface of the upstream and downstream pools and the complete lack 

of air entrainment for these flow conditions. Further closure of the gates 

for the same discharge will, of course, increase the head difference so that 

when the gates are closed suffioiently some of the flow will be forced over 

the emergency weir whose crest is located 80 ft above the tunnel invert. 

Such flow patterns will be described in later sections. Photo 6 shows the 

same disoharge of 2250 cfs through the Scheme )3...2 structure. Struoture B-2 

is essentj.ally struoture B-1 rotated through a half circle and rep1aoed in 

the tunnel system. This changes the immediate upstream and downstream flow 

geometry, sinoe now the machinery access is on the upstream side. 'I'he 

photograph showf.l that for this condition also, the flow is still very smooth 

and quiet. EVen when the gate opening is reduoed to 50 per cent and the 

head drop has been increased to 5 ft, the flow is still very qUiet as is 

illustrated by Photo 7. These photographs show that smooth operation through 

the structures will be attained for the normal operating condition and for 

a considerable range of gate openings on either side of the normal operating 

line. Throughout the range of head drops and discharges shown in Charts 3 
through 6, all of the flow has been through the gate openings and none of 

the flow has occurred over the emergency weirs. It may be expeoted, there

fore, that for the entire range of discharges and gate openings sho~lon the 

For very small discharges only the 2 ft center gate will be operated 

with the two side gates closed. For this flow the ve100ity in the tunnel is 
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very small (for a discharge of SO cfs the tunnel velocity is less than 0.2 

fps). The water surface is quite undistu~bed. Special effort was made to 
photograph this oondition and to delineate the flow pattern. Photo 8 is an 
attempt to show the flow pattern by the injection of a small quantity of 
dye. Dark streaks against the white background show the streamlines 
approaohing the 1 ft opening of the gate, Photo 9 shows a slug of dye on 
the floor approaohing the gate section. 

B. Effectiveness of Air Colleotors 

The preliminary proposals (Soheme A or Soheme B) were presented to 
determine the relative effeotiveness of the two air collector systems in 
preventing entrained air from entering the tunnels. The idea in both schemes 
is that any air entrained by the flow through the gates or over the emergency 
weirs will rise to the surface and oo.lleot near the crown wi thin the air 
colleotor systems. From the collectors it will then be released to the 
atmosphere by flowing back up the sloping crown and up through the shaft for 
Scheme A and out through the vent pipe in Scheme B. Experiments were made 
using both schemes with flow over the emergency weirs in order to determine 
which of the two was more effective and which should be recommended for use 
as the regular gate struoture. It appears from the charts in the previous 

section that, as far as head 10s6 is concerned, either Soheme A or Scheme B 
would be equally effective, In this section their relative effectiveness in 

the release of entrained air is studied. 

Photos 10 and 11 show the flow through the Soheme A-2 structure when 
the discharge is 22S0 cfs and the gates are oompletely open and conlpletely 
closed respectively. !n Photo 10 with the gates tully open as in normal oper~ 
ation the flow is quite smooth and there is no entrained air, while in Photo 
11 the gates have been completely closed and the discharge is forced over the 

emergenoy weirs. In falling back into the tunnel section, a great deal of air 
is entrained which begins to rise to the surface in the air oollector system. 
I-'r_act,icallyallof the air pas been released rromt.llej:)"ow to be collected 
at the top of the oollector. Much of the air so colleoted is being dis-
oharged through the gate shaft. Photo 14 is a close-up of the junction of 
the air oollecting segment and the tunnel proper and shows that the volume 
of oollected air at the top of the air oolleotion seotion is great enough to 
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permit some of the air to enter the main tunnel. The photograph also shows 
the air bubbles rising to the surfaoe in the air oollection chamber. 

It would appear from Photo 14 and as was observed in the experiments, 
that more of the air could have flowed upstream along the sloping crown to 
be discharged through the drop shaft if the slope of the crown had been 
steeper_ This, of course, would have made the tunnel near the gate shaft 
considerably deepe~ and the exit of the air collection chamber would have 
been further up on the side of the shaft. Conceivably, the downstream 
portion of the air collection chamber could have been made steeper and the 
upstream portion might have been flatter and. still be effective in removing 
the entrained ail:'. The extl:'eme case of such an arrangement is Scheme B 

in which the downstream portion of the ail:' collectol:' has been made vertical 
while the crown itself remains horizontal. It would appear that the sharp 
shouldel:' at the downstream flange in Scheme B would be effective in pre
venting ail:' from entering the main tunnels if the volume of air in the 
collector is small and easily released through the vent pipe. This con
dition is illustrated in Photos 12 and 13, which show a discharge of 2250 
cfs through Scheme B with the gates fully opened or completely closed 
respectively. In Photo 12, in which the gates are wide open, the flow is 
again very smooth and without entrained air, while in Photo 13 the dis
oharge is'over the emergency weir with a consequent high degree of air 
entrainment. Hel:'e again, the entrained air rises to the cro~m well within 
the air collector system and is discharged through the vent pipe. The 

tailwater was maintained at 48 ft for both of these conditions. Photo 13 
shows the collected air forming large bubbles at the crown of the colleotor 
and moving downstream toward the vent. Photo 15 gives a close-up view of 
the downstl:'eam end of the air collection ch~nber and junction with the 
'tunnel for the same now conditions as in Photo 1;3. The collected air has 
formed a la~ge bubble which extends to the downstream end and which is 
d.isoharged through the vent pipe in a rather large gulp so that the water 
surfaoe strikes the orown of the air oollection section with a considel'able 

-- --- ---- -- - - -

force. This effect is more noticeable for the high tailwater because of the 
---aaalT,~onal pressure act1.ng on tne coXlectea volume ofa1Y;-Pllo'to-l.5---show5 

that some air might be carried into the downstream tunnel because of the 
disturbance caused by the flow of air up the vent pipe. It was suggested 
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that if the vent pipe were moved upstream, this possibility would be reduced. 

This question has been studied and will be described in a later section. 

In the experiments just described, a maximum discharge of 2250 cfs 

was passed through the structure in order that the worst conditions might 

be illustl'ated. The amount of air entrained by the flow going over the weir, 

however, is a function of the discharge. As the discharge is decreased, the 

~lount of air entrained is also decreased so that the conditions shown in the 

photograph represent the worst conditions that might be expected to occur. 

These experiments have demonstrated that the operation of Scheme B with the 

abrupt dOl~stream junction combined with a horizontal crown and a vent pipe 

can be improved and is considerably more effective than Scheme A. 

Along with the relative effectiveness of air removal goes the 

generation of sizable pressure fluctuations caused by the weir flow plunging 

back into the do~nstream pool. To investigate this aspect, pressure trans

ducers were installed at several points in the air collector systems of 

both Schemes A and B. Typical results of these measurements for the maximum 

discharge are shown in Charts 7, 8, and 9. In Chart 7 are typical transducer 

tracings recorded when the gates are wide open and when the gates are 

completely closed and weir flow occul'red. vllien the gates are fully opened, 

the records of transducers A and B demonstrate a smooth quiet flow for normal 

operations. The pressure fluctuations are very small so as to be essentially 

negligible. When the gates are closed, on the other hand, and the flow is 

over the weir, very large pressure fluctuations up to 25 ft of water are 

generated by the jets plunging into the pool. Somewhat similar conditions 

are shown in Chart 8 except that the pressure fluctuations in Scheme A-2 for 

flow over the weir are appreciably less than those measured for Scheme A-I. 

This reduction in magnitude is probably due to the fact that the drop shafts 

on the downstream side of the weir have a reduced cross-section so that they 

are essentially sealed by the flow coming over the weir, with a consequent 

reduction in the magnitude of the pressure pulses. Chart 9 shows the results 

of-some pressure fluctuB,tion measurements in the Scheme-B-I structure when 

the gates are wide open for normal operation and when the gates are completely 

closed and flow takes place over the weirs. The discharge for this condition 

is 2250 cfs, ~~en the gates are open the pressure fluctuations are a minimum 

and the flow is quite smooth. When the gates are closed, however, pressure 
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fluctuations of appreciable magnitude occur at both t~ansduce~s A and B. The . 
pressure p~lses having a period of approximatelY 6.4 sec a~e due to the 
sudden periodic ~e1eases of air through the vent pipe. These sudden"re-
leases are caused by the water forced into the vent pipe by the high tai1~ 
wate~ which is above the c~own of the oollector. When suffioient air has 

collected at the crown of the air collection chamber, it tends to ~ise in 
the vent pipe and carries some of the water with it. The air is explosively 
discharged with a momentary reduction to atmospheric pressure in the col
lection chamber. The high tailwater then cause/3 the water level in the air 
collection chamber to rise rapidly to impaot against the crown of the ohamber. 

Eaoh time this occurs, the pressure pulse so generated is recorded on the 
pressure transducer. Pressure pulses of the order of 90 ft of water Were 
measured in these experiments. 

The experiments deso~ibed in this seotion show that as fa~ as ai~ 
removal is conce~ned, Soheme B is more effeotive than Scheme A even though 
the p~essure pulses as measured we~e app~eciably higher. This oonclu/3ion is 
reached because subsequent measu~ements have indicated that the pressure 

fluctuations oan be greatly ~educed and the escape of air into the tunnel 
eliminated by app~opriate arrangements of the vent pipe. Fo~ this reason 
the subsequent expe~iments to be described are limited to the B-1 and B-2 
structures, and Scheme A was dropped from further consideration. 

C. Pressures on the Piers and Adjacent Floor A~eas 

One of the objectives of the overall study was to determine the 
likelihOOd of cavitation on the pie~s and floor downstream of the gates and 

gate slots. This section desoribes the results of p~essure measurements 
made in the neighborhood of the gates and the piers for both B-1 and B-2 
st;ructu;res~ 

'r'he first set of measurements was made in the region downst~eam of the 
gate slots on the outside wall of the struoture. For this purpose several 

. -piezomete:rs 'Wel:'e installed just downstream{)fthegate -at an elevation about· 
0.40 ft above the floo~ of the structure. This arrangement and the ~esults 
of pressure measurement at these points are shown in Chart 10. The measure
ments were made for small gate openings in o~der to create conditions of 
maximum velocity. The results show that for given gate openings the pressure 
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deo~eases with ino~easing disoharge. Fo~ these small gate openings, how
eve~, as the discha~ge ino~eases above a ce~ta:i.n point, the ~equired upst~eam 
head is such that some of the water is fo~ced over the emergency wei~ and 
the discharge under the gate remains essentially a oonstant. It would be 
expeoted, therefore, that the minimum p~essu~e on the side walls would 
~emain ~elatively constant even though the discharge inoreases. The lowest 
pressure was about 22.5 ft of water which ocour~ed for a gate opening of 1.0 
ftfor discharges above 1500 cts. These pressures are well above the 
cavitation p~essure so that oavitation is not likely to be a problem in the 

area downstream of the gate slots. 

The piezometer taps Were installed because the values would represent 

the pressures essentially at a point. Only average pressu~es can be measured 
with a piezometer tap, so in spite of the increase in area over which the 
pressure would be measured, a p~essure transducer was j.nstalled downstream 

of the gate as shown in Cha~t 11. The pressure fluctuations for seve~al 

discharges were quite small so that the minimum pressure would not be 
appreciably lowered by the addition of pressure fluctuations. Fo~ this 
reason subsequent pressures were measured by piezometer. 

Because of the high velocity downstream of the gates around the pie~s 

when they a~e partially closed, the local pressure is reduced conside~ably 
below the tailwater p~essure. If it becomes low enough so as to app~oach 
vapor pressu~e, cavitation may occu~. Chart 12 shows the p~essu~es measured 

on the pier wall downstream and adjacent to the 2 ft center gate. These 
pressures were measu~ed for va~ious combinations of discha~ges and gate 
openings such that the head drop, .6h, would be a maximum, and hence 

maximum velooities and minimum pressures would occu~ in the region just 
downstream of the gate. It was not possible to install a p~essu~e t~ans-· 
duce~ in the confined area in which these p~essures were to be measured, so 

recourse was had to pressure measurements by means of piezometers. The 

values given on the chart are the minimums of the fluctuations observed on 
--the -manometel'. - -The -minimumpressure~n -this area was -1. 8 ·ftof-wa.tel'measured
during a flow of 2400 cfs with the 2 ft center gate wide open. Even for 
these extreme, non-normal conditions of flow, the minimum p~essure is well 
above the vapor pressure for the fluid. 



i 
I-~ - - - ~ - - - - - -

! 

.. 11 .. 

Additional piezometer pressure measurements were made on the pier wall 
and floor for both the 6 it ; in. gate and the 2 ft center gate. These 
results are shown in Charts 1; through 16 on which the minimum pressure in 
feet of water in terms of the gate opening in feet for various discharges has 
been plotted. Superimposed on the ohart is the normal operating line, that 
is, a line to represent the minimum pressure on the piers or the floor when 
the struoture is operating under normal conditions. The oharts indioate the 
pressures that might be expeoted for non-normal operating oonditions and pur
port to show the minimum pressures,tor the entire range of operating oondi
tions. The lowest pressures measured on the side of the pier are shown in 
Chart 13, whioh indicates that the minimum pressure of 6.8 ft of water 
oocurred when the gate opening Was 4 ft for a discharge of 2250 ofs and head 
drop of 47 ft. Normally, for a disoharge of 2250 ofs the gates would be wide 
open and the pressure on the pier would be much higher. It is interesting 
to note that in all cases the mi.nimum. pressure occurred at tap 7 which is 
located just downstream of the sharp break at the downstream end of the pier. 

The data shown in these charts are average or temporal mean pressures 
as determined by a manometer. Fluctuations resulting from flow past the gate 
slots can result in a momentary lower value. As a check on the minimum pres. 
sure resulting from these flUctuations, a transducer was installed in the 
lowest pressure point in the side wall as shown in Chart 11. Due to resonant 
conditions in the chamber resulting from the high frequency of pressure pul
ses in this region, it was necessary to switch to a surface mounted gage. 
The measurements indicate that the fluctuations will be less than ±lO ft of 
water around the mean piezometer pressure, so that for all normal operating 
cendi tions the minim.um pressure should be of the order of 12 it (gage).:,:( See 
Chart 10.) For the lowest pressure, the momentary minimum might be of the 
order of zero or slightly below zero but still well above the cavitating 
pressure. Similar measurements were made in the Scheme B-2 structure. These 
are shown in Charts 17 through 20. In this case, however, because of the 

. _lop.g,_rElli-t:i..v~lY'streamlinecl piers,_·therninim1.U1'.t p:rel;lsures are in all cases 
appreciably higher than those measured for the B-1 structure. 

These results show that in all cases the pressure on the piers and 
downstream of the gates will always be appreciably above the cavitation pres
sure even when highly non-normal operations are carried out. 
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The lowest pressures on the floor and piers a.re shown in Charts 13 
and 1/+, and the tap where the minimum pressure ooourred is just downstreaM 
of the break in the pier wall. This low pressure ooours here primarily 
beoau~e of the separation of the flow at this break, but also beoause the 
'Pier is quite short relative to the gate.. It was suggested that, if the 
piers for the B~l struoture were more streamlined, the minimum pressure would 
be oonsiderably higher and hence still farther above the cavitation pressure. 
Experiments were performed with streamlined piers and the results are shown 
in Charts 21 and 22. As expeoted, the minimum pier pressures are muoh higher 
and appro~oh those for the normal operating line. 

The experiments demonstrate the superiority of streamlined piers in 
pressure and flow quality, but since the pressure pattern for the unstream~ 
lined piers is quite satisfactory the extra cost of streamlined piers is 
soaroely justified, 

D. Minimum Tailwater Elevation to Prevent Hydraulio Jump in the Tunnel 

For normal operation of these structures tests show that the tailwater 
elevation as originally presoribed is suffioiently high to completely sub
merge the gates and thus prevent entrainment of air and the subsequent intro
duction of suoh air into the tunnels. In this section tests are desoribed 
whioh were made to determine the minimum tailwater elevation that would be 
necessary if the tunnels are to remain filled and the gates submerged for 
diffe~ent discharges and gate openings. At the same time pressures were 
measured at vB.rious points on the piers and floor downstream of the gates to 
determtne the minimum p~essures that might be expected for this oondition. 
In these experiments the tests were oarried out h1 adjusting the gates for 

a given disoharge until the headwater was equal to 80 ft for the normal 
tailwater elevation. The oenter gate was olosed. The tailwater was then 
lowered until the flow was on the ve~ge of expOSing the gates. When this 
point was reached, the measurements of elevation and pressure were reool'ded. 
If the tailwater was drawn down still furthe~, the hydraulio jump would move 

-doWnstream until it :fornie~f inth~ tunnel itself (see-f,hoto -16) •. At-this 

------------poi-nt-t-he-ai-T--t-hat-woul-d-be-ent-rai-ned-in-t-he-hydraul-i-o--jWllp--wQul-d-be-l-i-berated-----
in the tunnel to be carried further downstream by the flow. These measure
menta are $hown in Charts 23 thrQugh 25. The data in Chart 23 show the 



minimum tailwater elevation ss well as the reduced headwater elevation for 

stl"ucture B-1 a.fter the jump has just moved away from the gate. The chart 

a.lso shows the minimum average pressure on the pier and on the floor near 

the pier for this condition. It appears that although the tailwater may be 

red.uced to 20 ft above the invert without entraining any air in the tunnel, 

the minimum pressure on the piers for structure B-1 oontinues to decrease 

until a pressure of -20.5 ft is reached when the discharge is 1750 cfs. For 

discharges in excess of 1750 cfa the pressure begins to increase due to con

tinuing increase in the size of the jet and therefore decreaSing velocity. 

This suggests that in addition to other effects of hydraulic jump sweepout, 

the piers and the floor might be subjected to cavitation. These minimum pres~ 

sure conditions are the consequence of the angular geometry of the downstream 

piers in the B~l structure. If the downstream piers had been streamlined, 

these minimum pressures would be considerably higher (see Chart 25). The 

data for the measurements of Scheme B-2 are shown in Chart 24 which shows the 

headwater elevation, the tailwater elevation, and the minimum pressures on 

the pier wall and the neighboring floor for various discharges. Of particu

lar interest is the magnitude of the pressures along the pier and the neigh~ 

boring floor for incipientsweepout. Because of the long, well streamlined 

piers in the direction of flow, these pressures are considerably higher than 

those encountered under similar conditions in Scheme B-1 in which the flow 

was essent.ially in the opposite direction. Even at the point of sweepout the 

pl'essurt;..s h61'e a'!:'a well above those which might be conduci Va to cavitation 

along the du'ffistream piers. Chart 25 shows that when the short piers of 

structure B~l are streamlined the minimum pressure is increased by 17 ft of 

water to approximately .. 3.5 ft of water. 

The r~sults shown on these charts indicate that the minimum tailwater 

fol' tho p:r.e'lrention of the hydraulic jump is approximately 20 ft above the 

tlll1nel invert. In order to prevent air entrainment for normal operation, the 

tailwater should be maintained at considerably higher elevations than this. 

The experiments also serve to verify the design computations for the down-

stream tailwater elevation necessary to keep the gates well submerged and pre~ 
----------------- --vent--air--entrainment-downstream-of-the-gat-e--and-cavi-tail:i-on-pressures-in-the-----

neighborhood of the downstream piers. 



E. Gate Vib~ations 

The gates cont~olling the flow th~ough the regular gate struotu~e are 
suspended from the operating platform at the top of the gate shaft by means 

of semi-rigid gate stems, The gates themselves are fab~icated of steel 
shapes and move up and down on ~ollers in vertical gate slots. The gate 
system is a relatively flexible system that could vibrate o~ undergo an 

oscillating motion if acted upon by suffioiently large fluctuating forces, 

Such fluctuating fo~oes are inherent in the flow in the tunnel or can be 
gene~ated by periodio vortioes shed f~om the gate lip or other irregular~ 
ities in the geometry. 

The gate system itself has a certain natural frequency determined by 

its mass and rigidity. If the natural frequency is equal to the forcing 

f~equenoy, ~esonance will exist and rather large vertical oscillations may 

occur. The magnitude of the oscillation is gove~ned to a large extent by 
any damping forces such as gate friction that is inherent in the system 

and which may be enhanced by the large lateral force due to the head 

differential across th~ gate system. 

This section deals with the studies undertaken to estimate the 
natural and forcing frequencies and hence the likelihood that the vertical 
oscillations of the gates will be deleterious to the system. Since the 

model gates are not dynamically similar to the prototype gates, direct 

measurements of the oscillations were not feasible with the present apparatus. 
The model gates would have to be precisely fabricated so as to be geomet~ 

rically and dynamically similar and fitted with rollers such that the gate 
friction will approximate the expected prototype f~iction ~educed to model 

scale. In order to circumvent this sitUation, the estimate was based upon 

a comparison of computed values of the natural frequency and the forcing 
frequencies measured in the model. In addition, frequency and oscillation 

data from other model and prototype gates were utilized. 

To measure pressure fluctuations on the gates in the model, a pressure 
--- ----- -- -- - ----- -- -- ----------- -- - --- -- -- - - --------------------.--- -- ----

transducer was mounted in a chambe~ in the gate. Small holes tapped into 

----tne--uhamher---tranBmittl9d-the-prelSsure-fiuutuatii)na--t"O-the-t-ransdu.~er~T-he---:-----

arrangement is shown in Chart 26. The gates were then wedged rigidly in the 
closed podt;i.on so that the transducer would measure only the pressures 
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transmitted by the flow. The experiments were made in the B-1 structure in 
whidh the vent pipe had been moved to a point adjaoent to the gate shaft. 

. . ; 

Eiperiments to be desoribed late~ had indioated that at this position the 
maximum pressll~e :duetuations were greatly reduced. Since the gates were 

closed the flow (Q = 2250 ers) was directed over the emergency weirs. It 
was felt that ulQXifuum pressure variations would occur for this flow condition. 

The natur~ of the pressure fluctuations and the pressure frequenoy 
spectra for pulses on both the downstream and upstream sides of the gates are 
shown in dharts 26, 27, and 28. Pressure fluotuations on the two outside gates 

simultaneously recorded are shown in Chart 26. The simultaneous reoords for 
the outside gates are essentially identical for both the upstream and down
stream sides. This result suggests that fo~ this oondition of flow there is no 
interaction between the gates. It is also to be observed that the fluctuations 
on the downstream side of the gates are considerably larger than those on the 
upstream side. The downstream fluctuations are generated by the impingement 
of the weir flow in the downstream pool, while those on the upstream side are 
more likely to be caused by the inherent turbulence generated in the laboratory 
supply system. The frequency speotra of the pressure fluotuations for data 

similar to that shown in Chart 26 are given in Charts 27 and 28 for the down
stream and upstream sides respeotively. The plots show the root-mean-square 
(RMS) of the amplitude of the pressure pulses in terms of the frequency with 
which they ocour. ffi~S is defined as the square root of the sum of the devia
tions squared divided by the number of deviations measured. The signifioant 
feature of the graph is the frequency with which the various pressure pulses 
occur. In the case of Chart 27, only a very small portion of the total power 
occurs at frequenoies of lOops or more. Although the curVe is much more 
irregular for the upstream face of the gate, Chart 28 also shows a negligible 

portion of the total pOWer above 10 cps. It is felt that the peaks in the 

spectrum represent soma regular pulse inherent in the flow system rather than 
a charaoteristio of the weir flow. 

Since the model gates during these tests did not simulate the pl'ototype-
gates and because the compu.tations were relatively straightforward, the natural 
frequency based upon the proposed gate design was computed. Since the long 

gate stem is the most critioal portion of the gate system as far as natural 
frequency is conoerned, the computations were oarried out for several assumed 
stem geometries. 



The n~tural frequency is qefined by 

Jj - J:. J.!. 
;L - 211 M' (2) 

where f is the natur~l frequenoy in cyoles per second, K is the com

bined spring constant, and Mt is the effective mass of the system. It is 
I 

assUmed that the gate itself is rigid and acts as a weight at the end of the 
f1exible stem. The gate stem and the hoist sorew are flexible but not 
~eightless, so they oontribute to the effective mass. The spring constant 
also incorporates the effect of two fleXible members in series as well as the 
effect of parallel stems for the two outside gates and the single stem for 
the center gate. The computed spring oonstants and natural frequencies for 
several types of gate stems are tabUlated in the following ta~le and the 

range of frequenoies determined for all conditions are plotted in Charts 27 
and 28. 

COMPUTED GATE FREQUENCY 
Effeotive Spring Natural Fr~uency Constant K Gate stem 
10.5 1b Eer inch 

in Air 
lL~ Extension cEs 

Gate DEen 
6',,3" x 18' ... 6" hollow 4.98 20.8 

4" solid 7.4 24.2 
611 solid 16.8 36.0 

2" .. 0" x 18'-611 hollow 8 .. 76 33.1 
7" solid . 11.4 35.;3 
9" solid 17.1 ~8.l 

Gate Closed 
6'-3" :x: 18' .. 6" hollow 4.68 19.8 

4" solid 6.80 22.8 
6" solid 13·6 28.4 

2' .. 0" x 18'-6" hollow 7.94 ;30.4 
7" solid 10 .. 0 31.8 
9" solid 1.5.2 34.0 

---- - ------ - - -- ----- ------ --- - - -- ------------ - -- -- -- - --

---~Sillne___the__natural___trequenuy~1'---the--va~i-ou_s_gate-cull1bj.-nati-on-s-1'aj.~-s'~aft1tl-------~ 

values for which the forcing frequency is a small value, the likelihood of 
resonanoe is small and any oscillations in the gate will not be magnified. 



In addition, the inherent gate friction will further damp any tendency to 

magnify the oscillations because of resonanoe. 

In order to utili~e other experience with gate oscillations bbth at 
the model and prototype scale, a figure (page 18) was prepared. These data 

were obtained from a study of gate vibrations * for a different structure, but 

the form of the plot should also apply to the present gates. The experiments 
shoW that when the gates are as :rigidly mounted as those for the regular 

gate structure, that is, with high valu~s of the spring, oonstant, the motion 
generated at the gates is quite small and well within tolerable limits. 
In the figure the gate amplitude has been plotted in terms of the natural 
frequency of the system. The curve drawn through the data is based primarily 

on model studies, but prototype measurements of the gates at the Fort 
Randall Dam have been included. The agreement with the model studies is 

unexpectedly good, The decrease in vertical oscillation is due primarily to 
increasing stiffness of the gate components which is exemplified by in~ 
creasing natural frequency- The natural frequency of the gates proposed for 
the regular gate structure is also relatively high and falls in the region 

where the vertical oscillations are quite small. Based upon this analysis 
and considering the frequencies tabulated in the above table, the osoillations 

of the gates can be expected to be quite small. 

The pressure measurements on the gates given in Chart, 26 show that 

pressure pulses occur simultaneously on both gates, so there is no apparent 

interaction. These exploratory experiments on pressure pulses and the 
computations of natural frequency provide sufficient data regarding the 

stability of the gates to make additional studies on special gate models 

unnecessary. 

F. Effect of Vent Pipe Orifice Si~e on Pressure Fluctuations 

If for a.ny reason the gates are olosed and the entire discharge 

flow:i.ng in the tunnel. flows over the emergency weir to impinge on 
. ·'\:.11e flow downstream of the gates, largequantitieso£ air will been,.; 

______ --'t~ainad_by-theJalling._j£Lt-.-Ko-r-thisJ'-eA$PJ1.J.----.a_PJLcJ.Jll air collector has 

* 

I 
-< 

kNdraulic Studies of Gates and Gate Slots of Tunnel System for South 
Saskatchewan River Project, St. Anthony Falls Hydraulic Laboratory, Univer
sity of Minnesota, February 1962. 
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been in.oorporated into the tunnel in this l'egion to trapl the air as it is 
released from the flow and to vent it to the atmosphere through a 3 ft vent 
pipe at the downstl'eam end of the colleotor. This entrainment process and 
the disturbance cl'eated by the jet also give rise to large pressure fluotu. 
ations whioh may be tl'ansmitted through the tunnel. An attempt has been 
made to measure these pressure flUctuations and to develop means of 
eliminating them if they are deleterious to the operation of the system. 
The high intensity pl'essure pulses are due to the explosive disoharge of 
air through the water trapped in the vent pipe by the tailwater whose 
elevation is always above the orown of the oollector. As air is released 
from the flow, it collects along the crown of the air collector. As more 
air is oolleoted and the pressure inoreases, it colleots in the vent pipe 
under the water bubble. As it rises up through the vent pipe it is suddenly 
released through the water to the atmosphere. This sudden release and the 
momentary reduotion of oolleotor pressure to the atmospheric pressure cause 
the water level in the collector to rise rapidly to the crown resulting in 

an appreoiable impact. This impaot may be transmitted down the tunnel. 

These pressure pulses oan be clearly seen from the recorder traces 

incorporated in Charts 29 and 30. In Chart 29 the pulses as measured for 
three discharges at a constant tailwater elevation are shown. For these 
tests the gates are closed and the entire discharge flows over the emergency 
weir. As miglitbe expected, if the rate of air entrainment increases with 
the disoharge over the weir, time required to inorease the pressure enough 
to force water out of the vent pipe deoreases and the frequency of the pulses 

as well as their magnitudes increase. This is shown by the recorder traoe. 
As the discharge increased from 500 to 2250 ofs, the maximum pressure pulse 
inoreased from 16 ft of water to 90 ft of water. Similar effects are shown 

in Chart 30 when the discharge is oonstant at 2250 cfs and the tailwater 
suooessively decreased from 48 ft to 33 it above the tunnel invert. The 
effect of decreasing the tailwater elevation is to decrease the magnitude 

__ or 'i:,hepl'essure pulses. Th~s _ 1.13 beoause _ the volume_ ofwater_entrapped:i.n. 
the vent pipe is reduced as the tailwater is lowered so that the air may be 
released at pressures more nearly equal to the tailwater pressure. Measure~ 

ments from the recorder traces show that the maximum pressure pulse decreased 

from 90 ft to 58 ft as the tailwater decreased from 48 ft to 33 ft. 
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A study of the reo order traoes and observations in the model suggested 
that these pressure pulses would be reduced if the pressure in the vent pipe 
were held more nearly oonstant. An orifioe at the end of the vent pipe 
would provide both a more oonstant pressure in the collector and permit the 
more uniform release of air as it was collected in the air oolleotor. To 

investigate this possibility, reoordings were made of the pressure pulses 
when orifioes of various diameters were installed at the end of the vent 
pipe. The data thus obtained are shown in Charts 31, 32, and 33 for the 
Soheme B-1 structure and in Charts 3~, 35, and 36 for the B .. 2 struoture. 
Chart ;1 shows the recorder traces as measured b,1 a pressure transducer at 
A (the downstream end of the colleotor) for vent orifice areas of 0 sq ft, 
0.5 sq ft, and 9.0 sq ft_ The disoharge waS 2250 cfs and th~ tailwater was 
maintained at 3) ft. It appears from the recorder tracings that the pressure 
fluctuations have been reduced when the vent area was reduced to approximately 

0.5 ft. In addition, the periodicity ef the pressure fluctuations has been 
eliminated. The results of additional measurements on B-1 are tabulated in 
Chart 31 to show the maximum pressure pulse in feet of water in terms of 
the vent area. Similar results are given in Chart 32 for the same conditions 
except that the tailwater has been raised to 48 ft above the invert. Here 
again, the reduction of the pulses and the elimination of periodioity are 
shown when the vent area is reduced to 0.5 ft. The results shown in Charts 
31 and. 32 have been plotted in Chart 33 in order to graphically show the 
effect of vent or.-ifice area on the pressure pulses for both high and low 
tailwater elevations. It is clear from the chart that the pressure pulses 
are dr.'amatically reduced if the vent orifice area is in the neighborhood of 
0.5 sq f't and that the pulses increase rapidly with increasing vent orifice 
size. 

The results for the B-2 structure are quite similar in character. 
The geometry of the B-2 struoture, however, is such that the drop shafts 
through which the water falls are appreciably restricted in area so that for 
the high discharges water does not fall completely free but is influenoed 
by the side walls. This has a tendency to damp out the distinct pressure 

--puls"9s--ana---t'ecl.uce-thei-r-magni-tudes-.-----!l'-hi~l_6G-gi-v~s----l'i-6e.,_h.Gwev~l'-,-tG---a~~~~~

secondary effect in the form of a long-period surge superimposed upon the 
higher frequen~ pressure fluctuations. A hint of this surge can be seen in 
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the ~ressure records in Charts 34 and 35. The results of the measurements 
tor the B-2 structure have been oolleoted in Chart 36, which also shows that 
the minimum pressure fluotuations are recorded when the vent orifice area 
has been reduced to approximately 0.5 sq ft. The ohart also shows the 
overall reduced magnitude of the pressure pulses for the B-2 struoture. 

The results of this series of experiments indioate that the operation 
of the gate structure for emergenoy flow conditions can be made relatively 
smooth if the size of. the vent is reduced. They further demonstrate that 
Scheme B can be made effective in removing air from the system under emer
genoy oonditions when the overflow weirs are being used. It should be 
remembered, however, that the entrainment of air does not follow the s~e 
la.ws of similitude as the flow of water over the weirs, SO that in this 
case the results obtained in the model with regard to vent orifice size are 
not directly transferable to the prototype. This means that the precise 
determination of the size of the vent must be determined in the prototype 
and any orifice installed in the prototype should be adjustable to the extent 
that the oorreot size can be obtained when the prototype vent is functioning. 
It would appear also that the 3 ft vent pipe as originally proposed should 
be retained in combination with an adjustable orifice. 

G. Optimum Location of Air Vent Pipe 

From earlier experiments it appeared that the release of air through 
the air vent tended to generate appreciable pressure pulses. It also 
appeared that these pressure pulses might be transmitted downstream through 
the tunnel with a consequent adverse effeot. In o~de~ to eXplore this con~ 
dition an additional pressure transduce~ was 'located at a point equivalent 
to ll-85 ft downstream of the air colleotor. Simultaneous measurements of 
pressure fluctuations were made at transducer A and transducer C so that the 
fluctuations could be compa.red. These data. are shown in Chart 37 for two 

tai1water elevations, 31 ft and 45 ft above the tunnel invert. The trans-
-- --- - - -ducar records show that the pulses generated in the aircQl1ect9r~re 

transmitted down the tunnel in a somewhat attenuated state. The pressure 
pulses are appreciably reduced at point C as compared to those in the air 
collector, but they are still a sizable fraction of the upstre~ pulse. 
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As described in the previous section these pressure pulses could be 
reduced by installing an orifice at the end of the vent pipe to build up 
the internal pressure and allow a more uniform release of air. It was also 
observed that if the vent pipe were moved further upstream the pressure 
pulses were also reduoed. This is brought out in Charts 38 and 39 whioh 
show for comparison the transducer traoes for three positions of the vent. 
The pressure pulses are largest when the vent is at the downstream position 
and a minimum when the vent is at the upstream position, When the tailwater 
elevation is 48 ft above the invert as in Chart 38, notioeable pulses are 
observed when the vent is at the midpoint of the oollector, but when the 
tailwater is reduced to 33 ft the pulses, as well as those when the vent is 
at the upstream position, are eliminated. It appears from these records that 

additional benefits beyond those obtained by the use of an orifice would be 
gained by moving the vent pipe upstream. 

The flow patterns through the air oollector for various positions 

of the vent pipe are shown in Photos 17 through 20. In Photo 17, when the 
vent pipe is ~ar downstream from the point where the entrai~ed air is 
released, the air colleots in large bubbles at the top of the collector and 
is explosively released when the pressure is sufficient to raise the 

entrapped water. At the upstream end as in Photo 20, the air is more or 
less continuously released through the spray and turbulence generated by 
the air rising to the surface, 

H. Experiments on Revised Vent System Using Horizontal Plate 

In an attempt to reduce the large pressure flUctuations and possibly 

the surges generated by the jet, it was suggested that the vent system be 
revised to consist of a horizontal plate mounted aoross the top of the air 
collector and extending from the upstream end to a point beyond the region 
of high turbulence generated by the jet. The air entrapped at the top of 
the' collector was then removed by means of a pipe running up the inside of 

_ ... ___ .. the toWel". In the first design the ple.t.e extet1d~d _3.2. :rt downs~'X'eam oi'~lle 
tower and provided a passage 3 ft high at the crown. A transduoer mounted 
at the downstream end of the air collector measurea~lle pressure fl~ua. 
tions. As in previous tests it was found that the pressure fluctuations 
were somewhat reduced when the area of the orifice at the end of the vent 



was reduced. It appeared that for the larger opening the very free movement 

of masses of water and air in the vent system gave rise to much higher 

pressure fluctuations. When the vent was partially closed, the pressure in 

the system was increased, the air discharge was more uniform, and the 

pressure fluctuations were reduced. Photos 21 and 22 show the action of the 

air collector when the vent is wide open and the tailwater is the maximum of 

48 ft. The two photographs show a wave traveling back and forth in the air 

collector. This WaVe gives rise to pressure variations and intermittent 

releases of air as the wave closes or exposes the downstream end of the air 

vent. Visual observations of the flow show that the plate was not long 

enough to prevent the rough surface generated as the air rose to the surface 

of the air collector from sealing the end of the vent. 

After the above test the vent system was further revised by increasing 

the length of the horizontal plate and extending the plate up the inside of 

the tower as shown in Chart 40. The chart shows that for downstream tail

wat.er elevation of 33 ft above the invert, the system appears to be 

relatively stable. Chart 41 shows similar results when the tailwater 

elevation is raised to 48 ft except that here the maximum pressure pulses 

hav'e been appreciably increased primarily because a considerable amount of 

water is trapped in the vertical vent section. As the air is discharged 

through the vent, the water also moves up and down the vent and causes a 

very considerable gulping effect as the air breaks through the water barrier. 

The maximum pressure fluctuations as given in Charts 40 and 41 have been 

collected together in Chart 42 which shows the maximum pressure fluctuation 

in terms of the size of the vent for tailwater elevations of both 33 ft and 

48 ft. The relationship between orifice siZe and maximum pressure pulse is 

well defined and the chart shows that the pressure fluctuations decrease as 

the size of the orifice decreases. 

The flow pattern with the revised vent system and a discharge of 

2250 cfs is shown in Photos 23 and 24 in which tailwater elevation is held 

. constant at 33ft; the vent is fully opened in Photo 23 and fully closed 

in Photo 24. It will be observed that when the vent is fully opened, the 
.... _-------_._------------

water surface in the air collector appears to be irregular with waves moving 

up and do~mstream, while with the vent closed the water surface in the 

collector is quite smooth, but the volume of entrapped air is much larger 



since all of the entrapped air must find its way back up the gate structure 

around the vent. 

These experiments show that an additional plate inserted horizontally 
at the crown of the air collector will serve as a vent. It has a tendenoy 
to generate surges as the end of the vent section is exposed or covered by 
the waves generated in the oollector system. These fluotuations are 
augmented by the release ot air past the water trapped in t:,.e vent. The 
results Were somewhat better than those obtained with a simple vent pipe at 

the top of the air colleotor system, but the additional cost of such a vent 
system does not appear to be justified on the basis of these experiments. 

I. Deflectors in the Gate structure to Reduoe Surging in the Air Collector 

In the B-1 structure flow over the weir impinges directly on the down

stream wall of the gate shaft and then falls into the downstream pool 
insufflating a large amount of air. The impact of the jets on the wall of 
the shaft gives rise to the pressures shown in Chart ~3. The chart also 
shows the distribution of the forces and the area over which they act. In 
addition, these jets create a relatively long~period surge that is observed 
in the air co1leotion chamber and whioh, no doubt, moves down through the 
tunnel. The character of these surges is clearly shown in Chart 44. which 
presents a number of typical pressure traces taken at a relatively low speed 
from a pressure transducer mounted on the side of the air collector. For 
given gate openings the amplitude of the surges increases with increasing 
discharge, but the period remains essentially constant. The chart also 
shows that the surges are appreciably reduced with increasing gate opening, 

an effect that may be due either to the reduction in disoharge over the we:i.r 
or to the high velocity under the gates that disrupts the surge pattern. 
The character of the flow with the gates closed is shown in Photos 25 and 26. 

Photo 25 is a view from overhead that shows the jets spreading out and 
impinging on the wall from which they fall as a more or less solid curtain 

..... (Photo 26) into the downstream pool. The air that is entrained by the jets 
is distributed through the entire cross-section of the tunnel. 

It appeared that the surges were caused by the direct impingement of 

the flow upon the downstream pool and that the surges would be reduced if the 



jets were deflected to the side of the gate struoture so that they would fall 

on the oonorete shelf before reaohing the tunnel flow. To this end several 
types of defleotors were studied. The most effective defleotor was a ,curved 
vane attached downstream of the weir which deflected the flow through 90 
degrees. The flow pattern and the reduced air entrainment with this 
deflector are shown in Photos 27 and 28. The effect of this defleotion on 
the surges is shown in Chart 45 which may be compared to Chart 44, 

In the B.2 struoture in which the machinery access is on the upstream 
side, the drop shafts from the emergency weirs are very restrioted. ~llien 

the maximum flow ooours over the weirs these drop shafts are sealed by the , 

flow and, beoause air is pumped from the drop shatt by the entrainment of air 
released in the air oolleotor, the water surface in the drop shaft undergoes 
surges of oonsiderable magnitude. The defleotors of the type used in the 
B ... l structure oannot be used in the B-2 structure because of the shaft 
restrictions, but other smaller deflectors as shown in Chart 46 and Photos 
29 and 30 were used. The jets impinged on the deflectors and a oonsiderable 
amount of energy was consumed before the water reaohed the downstream tlow. 
The results of measurements with and without deflectors are shown in Chart 
46 tor various discharges and tailwater elevations. The use of deflectors 
resulted in a very large reduction in surge magnitude so that there is 
praotically no fluctuation in the air oollector. It is also signifioant 
that the entrainment of air has been drastioally reduced. 

Beoause ot the submergence of the weirs and a certain dissatisfaction 
with deflectors which intrude on the flow passage, consideration was given to 
deflectors at the type used in the B-1 structures. It appeared that the drop 
shaft of the B-2 structure CQuld be appreciably enlarged by the removal of 
some a! the concrete on the outside walls of each shaft so that the drop 
shaft would conform to the oircular section of the shaft. The existence of 

the enlarged drop shafts for the weir flow was a factor in reducing the surge 
a.nd elimina.ting the submergence of the weirs that had ocourred 'With the narrow 

- -- -- - -arop shafts. This effect is shown in Chart 47 arid Photos 31 and 32. By this 

~-----------~alter~tion-an-imp~ov~ment-in-the-f~w-Qonditions~1as-Obtained-as~ell-as-an----------

appreciable saving in concrete volume. 
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CONCLUSIONS 

The experimental study of the Regular Gate Structure was concerned 

with its operating characteristics for both normal and non-normal conditions. 

The results of the study led to the following conclusions. 

1. 

2. 

4. 

5. 

6, 

8. 

For normal operation the flow in all of the structures 
for all discharges was smooth and relatively undisturbed. 

The measurement of head differential agreed well with 
preliminary oomputations. 

From the point of view of air collection when emergency 
overflow weirs are operating, the Scheme B struoture 
was considered to be superior to the Soheme A structure. 

The pressures on the piers and floor downstream of the 
gates in the region of high velocity are well above 
the cavitation pressure fOl' both normal and non-normal 
operating conditions. 

The minimum tailwater elevation for which the gates are 
not exposed and the hydraulic jump is eliminated, is 
approximately 22 ft. The minimum design tailwater for 
all discharges is 28.3 ft. 

The natural frequency of the gates in comparison with 
the frequencies of the forcing functions are sufficiently 
large that oscillations of the gates will be at a minimum. 
These and other experiments indicate that additional 
experiments on gate vibrations would not be very useful. 

A vent pipe to release air during emergency operation 
is necessary. It should be located at the upstream end 
of the air collector near the gate structure. It should 
also be fitted "i-1ith an adjustable orifice so that most 
efficient operation oan be established. 

A revised vent system consisting of a flat plate located 
near t~e crown of the air collector showed some improve
ment over the simple vent pipe but was felt not justified 
becuase of added cost. 

The pressure fluctuations and surges in the air colleotor 
and tunnel could be reduoed by several types of deflectors 
in the drop shaft, but inasmuch as emergency now will 
occur only ra~ely the added cost was not deemed warranted. 

--------------._------



LI§T, Q! PHOTOS 

PHOTO 1 (Serial No. 168-92) View of model of Foothill Feeder-Tunnel Gate 
Structure. The model is construoted of ple~iglas, to a scale of 
38.3 to 1. It simUlates a section of tunnel 350 ft long upstream 
of the gate structu:t'e and about 700 ft long downstream of the 
~ate structure. Soheme B-1, with uniform air removal chamber 
and vent pipe. is shown here. 

PHOTO 2 '(Serial No. 168-3) View of Soheme A.1 with a flow of 2250 cfs, 
This photograph shows the absenoe of entrained air and 1aek of 
surface disturbance in the gate ohamber with the gates full open. 

PHbTO 3 (Se:t'ial No. 168-12) View of gate structure, Scheme B-1 structure 
with, gates full-open and flow of 2250 efs. The tailwater grade
line was 48 ft above the invert. The pool in the tower was quiet 
at the surface, even though the maximum disoharge was passing 
through the full-open gates. 

PHOTO 4 (Serial No. 168-19) Scheme B-1 with flow of 2250 cfs and side 
gates open 30 per cent (T.W. = 38 ft, H.W. = 61 ft). 

PHOTO 5 (Serial No. 168-19 enlarged) View of pools on upstream and down
stream sides of gate with head loss of 23 ft (enlarged section of 
Photo 4). Note the qUiet surface of these pools and lac1<: of air 
entrainment. Tubes from pressure taps can be seen in the back. 
ground. 

PHOTO 6 (Serial No. 168-47) In this photograph the gate structure is 
operating in its normal condition. For a disoharge of 2250 cfs the 
gates are wide open as the flow passes smoothly down the tunnel. 
The water surfaoe in the gate structure is smooth and the water is 
quiet. The head loss for this operation is approximately 0.5 ft. 

PHOTO 7 (Se1-i$.1 No. 168-48) In this photograph the gates have been closed 
to 50 per cent open. The head loss has been increased to' 5 ft, but 
for a disoharge of 2250 cfs the flow is still quite smooth and low 
in turbulence. 

PHOTO 8 (Serial No. 168-97) For a discharge of 50 cfs only the center gate 
is open. The flow is delineated by dye streaks as it approaches 
the small gate opening. 

PHOTO 9 (8al."ial No. 168-96) The flow through the gate is relatively 
undisturbed as demonstrated by a wedge of dye approaching the 
opening. Because of the construct/ion of tha flow at the gates the 
velocity will increase and the dye wedge will become thinner and 
move more rapidly as it approaches the gate. For these relatively 

------~----sm.all__£lQws___onliV-the-center~~ta-nead-he-o-p-e-~ed=: ___________ _ 

PHOTO 10 (Serial No. 168-46) Flow of 2250 cfs through Soheme A-2 structure 
when gates are wide open is a normal operating condition for which 
the flow is undisturbed and the head differential is about 0.5 ft 
(prototype). 
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PHOTO 11 (Serial No. 168-41) In this photograph of a disoharge of 2250 ofs 
in Soheme A-2 the gates are oompletely olosed and the flow is 
foroed over the emergenoy weirs. Much air is entrained and 
colleoted in the air oolleotor to move upstream to the gate 
shaft. 

paOTO 12 (Serial No. 168-12) View of Soheme B-1 with gates open and flow 
of 2250 ofs, 

PHOTO 13 (Serial No. 168-11) View of Scheme B-1 with gates closed and 
emergency flow of 2250 cfs over weir. T.W. = 48 ft, H.W. = 93 ft. 

PHOTO 14 (Serial No. 168-6) Downstream end of A-l air removal ohamber 
showing air being carried into tunnel. T.W. = 48 ft. 

PHOTO 15 (Serial No. 168·55) View of junction of the air collector with 
downstreanl tunnel. Discharge of 2250 cfs over the emergenoy weir 
entraining maximum amount of air, The released air is oollected 
at the orown in a large bubble whioh moves downstream to the air 
vent. No air enters the downstream tunnel. 

PHOTO 16 (Serial No. 168-94) Hydraulio jump will form in the tunnel if 
the tailwater is reduced below a minimum of about 21 ft. If the 
jump forms in the tunnel, air will be released to be oarried down
stream. 

PHOTO 17 (Serial No. 168-11) Soheme B-1 with air vent at downstream end 
of air collector. Maximum pressure pulses were largest with the 
vent in this position. Photo shows the oolleotor full after 
release of colleoted air. 

PHOTO 18 (Serial No. 168.10) Soheme B-1 with air vent at one.third point 
of air. oollector. Gates were closed and tailwater elevation 48 
ft. Pressure pulses were reduced to about two-thirds of values 
obtained with vent at downstream end of collector. 

PHOTO 19 (Serial No. 168-9) Scheme B-1 with air vent at midpoint of air 
oollector. The results Were similar to those for one-third point 
shown in Photo 18. 

PHOTO 20 (Serial No. 168-16) Soheme B-l with air vent near gate shaft. 
The pressure pulses were a minimum at this point and air was more 
continuously released as it rose to the surface. 

PHOTO 21 (Serial No. 168-29) In this photograph the vent pipe in the gate 
strllCture is fully opened to an area 9 sq ft. The relatively 
free movement of air and water in the vent pipe gives rise to a 
considerable surging in the air collector downstream of the vent 

------...'plate. T~ogl'aplrs1l0ws-tlie sul'g:i..ng 'Water-1ll'tne a:i..rcol1.ect""oX'..,.--------
at the moment that the vent area downstream of the plate is com-
pletely closed. The tailwater is 48 ft above the invert. 



PHOTO 22 (Serial No. 168-30) This photograph is the same as Photo 21 taken 
at a time that the surge was at the downstream end of the air 
collector. At this point the vent is almost completely open so 
that air can escape from the collector. The surging back and forth 
of the water under these circumstances causes rather large pressure 
surges in the tunnel proper. 

PHOTO 23 (Serial No. 168-33) As a result of the previous experiments with 
the revised vent, the vent plate has been increased to 50 ft down
stream of the gate structure and the pipe in the gate structure 
has been increased in size to 31 sq ft. The photograph shows a 
discharge of 2250 cfs over the emergency weirs with the tailwater 
33 ft above the invert and the vent area completely opened. This 
method appeared to work well with less turbulence and pressure 
fluctuations than were observed in the previous photos. 

PHOTO 214- (Serial No. 168-36) In this photograph the vent area Was completely 
closed at exit. The increased pressure in the air collector and the 
increased volume of air collected before it can get back through the 
gate structure forces the water surface nearly down to the crown of 
the tunnel proper. In the photograph the air pocket has increased 
to approximately 7 ft below the crown of the air collector. The 
increased pressure due to the closed vent has the effect of smooth
ing out the pressure fluctuations and dampening the surges somewhat. 
It is apparent that for this arrangement some type of venting system 
is necessary. 

PHOTO 25 (Serial No. 168-65) The jets from the weirs begin to spread out 
before they impinge on the far side of the drop shaft. The flow 
then drops straight down into the downstream pool, generating 
surges of considerable magnitude as well as entraining much air. 

PHOTO 26 (Serial No. 168 ... 20) This photograph from the side shows the jets 
impinging on the side of the drop shaft and plunging into the 
downstream tunnel. A large amount of air is entrained by the flow. 
After impinging on the downstream side of the drop shaft, the water 
falls as a heavy curtain along the wall into the downstream pool. 
This clll'tain not only entrains the air but is rather effective in 
preventing the air in the collecting section from escaping up the 
shaft. 

PHOTO 27 (Serial.No. 168-63) As a final effort, curved vanes were installed 
to deflect the flow 90° from its initial direction. The flow 
pattern is shown in this photograph. 

PHOTO 28 (Seris.l No. 168-64) The 900 curved deflector is still more 
effective in reducing the amount of air entrained and in spreading 
the flow around the entire periphery of the drop structure. 

--------------_. 

PHOTO 29 (Serial No. 168-73) In order to reduce the surging in the control 
structure due to flow over the weirs~ deflectors were installed in 
the drop shaft to assist in the dissipation of energy of the jets. 
These deflectors reduced both the amplitude of the surges and the 
amount of air entrained. 



PHOTO 30 (Serial No. 168-72) For smaller discharges, the degree of submer~ 
gence of the weir is reduced and the jets striking the deflectors 
are more clearly defined. In this photograph, the Qrnount of air 
entrained in the tunnel appears to be more than that entrained for 
the maximum discharge. 

PHOTO 31 (Serial No. 168~79) When the vent area is increased to 9 sq ft, 
extensive surging exists in the ~rop structure. This photo shows 
surging in the d.rop shaft between the two arrows. This photo was 
taken when the surge was at the top of its motion. The photograph 
also shows the Burging occurring in the vent pipe at the s~e time. 

PHOTO 32 (Serial No. 168.80) This photograph is similar to Photo 9 except 
that it was taken at the moment when the surge was at its lowest 
point in the drop shaft as well as in the vent pipe. The range of 
surging occurring in this test is shown Qy the arrows attached to 
the drop shaft. 
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PHOTO 1 (Serial No. 168-92) View of model of Foothill Feeder-Tunnel Gate 

structure. The model is constructed of plexiglas, to a scale of 38.3 
to 1. It simulates a section of tunnel 350 ft long upstream of the 

gate structure and about 700 ft long downstream of the gate structure. 

Scheme B-1, with uniform air removal chamber and vent pipe, is shown 

here. 









PHOTO 2 (Serial No. 168-3) View of Scheme A-l with a flow 
of 2250 cfs. This photograph shows the absence of 
entrained air and lack of surface disturbance in the 
gate chamber with the gates full open. 

PHOTO:3 (Serial No. 168-12) View of gate structure, Scheme 
B-1 with gates full-open and flow of 2250 cfs. The 
tailwater gradeline was 48 ft above the invert. 
The pool in the tower was quiet at the surface, even 
though the maximum discharge was passing through 
the full-open gates. 



Photo 2 

Photo 3 







PHOTO 4" (Serial No. 168-19) Soheme B .. l with flow of 22.50 
ors and side gates open 30 per cent (T.W. ; 38 ft, 
H.W. = 61 ft). 

PEOTO .5. (Serial No. 168-19 enlarged) View of pools on 
upstream and downstream sides of gate with head 
loss of 23 ft (enlarged section of Photo 4). Note 
the quiet surface of these pools and lack of air 
entr~inment. T~bes from pressure taps can be seen 
in the background. 



Photo 4 

Photo 5 
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PHOTO 6 (Serial No. 168-47) In this photograph the gate 
struoture is operating in its normal oondition. 
For a disoharge of 2250 ofs the gates are wide 
open as the flow passes smoothly down the tunnel. 
The water surfaoe in the gate struoture is smooth 
and the water is quiet. The head loss for this 
operation is approximately 0.5 ft. 

PHOTO 7 (Serial No. 168-48) In this photograph the gates 
have been closed to 50 per oent open. The head loss 
he.s been inoreased to 5 ft, but for a disoharge of 
2250 ofs the flow is still quite smooth and low in 

"turbuilience. 



Photo 6 

Photo 7 
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PHOTO 8 

PHOTO 9 

(Serial No. 168-97) For a discharge of 50 cfs 
only the center gate is open. The flow is delineated 
by dye streaks as it approaches the small gate 
opening. 

(Seria.l No" 168-96) The flow through the gate is 
rel<?tively undisturbed as demonstrated by a wedge 
of dye approaching the opening. Because of the con
struction of the flow at the gates the velocity will 
increase and the dye wedge will become thinner and 
move more rapidly as it approaches the gate. For 
these relatively small flows only the center gate 
need be opened. 



Photo 8 

Photo 9 







PHOTO 10 (Serial No. 168-46) Flow of 2250 ofs through Soheme 
A-2 struoture when gates are wide open is a normal 
operating oondition for whioh the flow is undisturbed 
and the head differential is about 0.5 it (prototype). 

PHOTO 11 (Serial No. 168-41) In thi~ photograph of a dis
oharge of 2250 cfs in Scheme A-2 the gates are 
completely olosed and the flow is forced over the 
emergency weirs. Much air is entrained and collected 
in the air collector to move upstream to the gate 
shaft. 



Photo 10 

Photo 11 







PHOTO 12 (Serial No. 168-12) View of Scheme B-1 with gates 
open and flow of 2250 cfs. 

PHaro 13 (Serial No. 168-11) View of Scheme B-1 with gates 
closed and amergencr,y flow of 2250 efs over weir. 
T.W. = 48 ft, H.W. = 93 ft. 



Photo 12 

Photo 13 







PHOTO 14 (Serial No. 168-6) Downstream end of A-l air 
removal ohamber showing air being oarried into 
tunnel. T.'t-l. = 48 ft. 

PHOTO 15 (Serial No. 168-55) View of junction of the air 
collector with downstream tunnel. Discharge of 
2250 cfe over the emergency weir entraining maximum 
amount of air. The released air is collected at 
the crown in a large bubble which moves downstream 
to the air vent. No air enters the downstream 
tunnel. 



Photo 14 

Photo 15 







PHOTO 16 (Serial No. 168-94) Hydraulic jump will form in 
the tunnel if the tailwater is reduced below a 
minimum of about 21 ft. If the jump forms in the 
tunnel, air will be released to be carried down
stream. 



Photo 16 







PHOTO 17 (Serial No. 168-11) Soheme B-1 with air vent at 
downstream end of air collector. Maximum pressure 
pulses wer~ largest with the vent'in this position. 
Photo shows the oolleotor full after release of 
oolleoted air. 

PHOTO 18 (Serial No. 168 .. 10) Soheme B-1 with air vent at 
one-third point of air collector. Gates were 
olosed and tailwater elevation 48 £to Pressure 
pulses were reduced to about two-thirds of values 
obtained with vent at downstream end of oolleotor. 



Photo 17 

Photo 18 







PHOTO 19 (Serial No. 168-9) Scheme B-1 with air V'ent at 
midpoint of air collector. The results were 
similar to those for one-third point shown in 
Photo 18. 

PHOTO 20 (Serial No. 168-16) Scheme B-1 with air vent near 
gate shaft. The pressure pulses were a minimum at 
this point and air was more continuously released as 
it rose to the surface. 
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Photo 19 

Photo 20 





" ,.' 



PHOTO 21 (Serial No. 168-29) In this photograph the vent pipe 
in the gate tower is fully opened to an area 9 sq ft. 
The relatively free movement of air and water in the 
vent pipe gives rise to a considerable surging in the 
air colleotor downstream of the vent plate. The 
photograph shows the surging water in the air collector 
at the moment that the vent area downstream of the 
plate is completely closed. The tailwater is 48 ft 
above the invert. 

PHOTO 22 (Serial No. 168-30) This photograph is the same as 
Photo 21 taken at a time that the surge was at the 
downstream end of the air collector. At this point the 
vent is almost completely open so that air can escape 
from the collector. The surging back and forth of 
the water under these circumstances causes rather 
large pressure surges in the tunnel proper. 



Photo 21 

Photo 22 







PHOTO 23 (Serial No. 168-33) As a result of the previous 
experiments with the revised vent, the vent plate 
has been increased to 50 ft downstream of the 
gate structure and the pipe in the gate structure 
has been increased in size to 31 sq ft. The 
photograph shows a discharge of 2250 cfs over the 
emergency weirs with the tailwater 33 ft above the 
invert and the vent area completely opened. This 
method appeared to work well with less turbulence 
and pressure fluctuations than were observed in 
the previous photos. 

PHOTO 2Lj. (Serial No ~ 168 .. 36) In this photograph the vent 
are~l .vas completely closed at exit. The increased 
pressure in the air collector and the increased 
volume of air collected before it can get back 
through the gate structure forces the water surface 
nearly down to the crown of the tunnel proper. 
In the photograph the air pocket has increased to 
approximately 7 ft below the crown of the air 
colleotor. The increased pressure due to the 
closed vent has the effect of smoothing out the 
pressure fluctuations and dampening the surges 
somewhat. It is apparent that for this arrange
ment some type of venting system is necessary. 



Photo 23 
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PHOTO 25 (Serial No. 168-65) The jets from the weirs 
begin to spread out before they impinge on the 
far side of the drop shaft. The flow then drops 
straight down into the downstream pool, generat,izlg 
surges of oonsiderable magnitude as well as 
entraining much air. 

PHOTO 26 (Serial No. 168-20) This photograph from the 
side shows the jets impinging on the side of the 
drop shaft and plunging into the downstream 
tunnel. .A large amollnt of air is entrained by the 
flow. After impinging on the downstream side of 
the drop shaf~, the water falls as a heavy 
curtain along the wall in'co the downstream pool. 
This curtain not only entrains the air but is 
~ather effective in p~eventing the air in the 
collecting section from escaping up the shaft. 



Photo 25 

Photo 26 







PHOTO 27 

PHOTO 28 

(Serial No. 168 ... 63) ~ a final effort, ourved 
vanes were installed to deflect the flow 900 

from its tnitial direction. The flow pattern 
is shown in this photograph. 

(Serial No. 168-64) The 900 curved deflector is 
still more effective in reducing the amount of air 
entrained and in spreading the flow around the 
entire periphery of the drop structure. 



Photo 27 

Photo 28 







PHOTO 29 (Serial No. 168-73) In orde~ to reduce the surging in 
the oontrol structure due to flow over the weirs, de
fleotbrs we~e installed ~n the dr~p shaft to assist in 
the dissipation of energ, bf the jets. These deflec
tors reduoed both the ~p11tude of the surges and the 
~ount of air ent~ained. 

PHo'ro 30 (Ser:tal No. 168-72) For smaller discharges, the degree 
of. sUbmergenoe of the weir is reduced and the jets 
striking the deflectors are more clearly defined. In 
this photograph, the ~ount of air entrained in the 
tunnel appears to be more than that entrained for the 
maximum discharge. 



Photo 29 

Photo 30 
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PHOTO 31 (Serial No. 168 ... 79) When the vent area is 
increased to 9 sq ft, extensive surging exists 
in the drop structure. This photo shows surging 
in the drop shaft between the two arrows. This 
photo was taken when the surge was at the top of 
its motion. The photograph also shows the 
surging occurring in the vent pipe at the same 
time. 

PHO'fO 32 (Serial No. 168-80) This photograph is similar 
to Photo 9 except that it was taken at the moment 
when the surge was at its lowest point in the 
drop shaft as well as in the vent pipe. The 
range of surging occurring in this test is shown 
by the arrows attached to the drop shaft. 



Photo 31 

Photo 32 
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CHART 46 (168B459~79) Comparison of the surges generated in the B-2 struc. 
ture with and without defleotors in the drop shaft for various 
disoharges and downstream sUbmergenoe. 

CHART 47 (168B459.88) Transient and average pressures in revised B~2 struc
ture with a vent area of 0.5 sq ft for various disoharges. 



.' =----- ~'I -t~
~' .. 

~i .. .... ~r' I ' '" " " {lJ .. -'_-Yi--~'~ 
I, .! 

"'-- - -- :;;/ , 

r 
A 

'--..,..,"~ 

A-A SCHEME A-R 

[lncA-ElIN9ygraf!e1lne 
lIp8/rflumol'§tJle 

C-C 
A-A SCHEME. A-I 

rtf. air y,nt O;·rHaJ 
:.. ScIJwng kR(P-; 

I <PI""" a+~~~>r-__ I_+ V-i 01' tower . +-.-----+-~.c-l-I ~, "1""'4' 

\ .-Op6rtlfHJ9 deck 
I not s/lt1wn 

l' 
s_4-, 

IJfI/JiIA I 
G"te slot 

,pelrJilA 

-.--+-:I~ ..J 
F 

~I 

I 

" 

DETAIL A 
SG,*~Fef/t 

~'.'~Q' 

'N' 1114:"" Jirl!iL.. 1 }-t"'(,'YA! ;<""""""""''' ~I t!Iccess ~hi"1 

., 
~I 

IY 

r 
A 

J,-----m!;\;. ,~,~,,~--- -F"'''~ . .-J 
DETAIL C 

f ... ...,--ir,i 
I; 

oI~;II,:!; 
"'""",Ing 

51"" 

---!3 

I 

TU;;;;r.r'SCIIEME-A~ 4~" 

'uwB-E""",,,ad4""-",,,,!,, li 
mV< - r'" i 

6 

Scd'aO~Feet 

r~rto' 

t 
A 

"l 

Ra~ of'lnwrl Slopes 

8.=alptm8,K~ 

8~aoO I ~ Flow A 
~.--~. ~--~.-

L..-o S'.,o.?;1. 5'--/ 
~fI c..J· ·I"s,_~.!-:,,,;,,;;t:;:o-

__ 36'-0' _ __ ~ SECTION TIlRIi BAT!' 
TOWER STR/JCTIIRE 

SCI/EME A-I 

rt of tower 

l~: , . - C,::: 

~~ i~;~~ 
'DETAIL 0 

Scale!O~Feet 

.'.,'-0' 

0-0 

B-B 
SCIIEME A-i' 

CHART I 

SCHEME B-i' (38IJS1(C/I?l) 

,,-/M 

6-6 

~",lh!~--.50ffl91 
/¥·wto· 

{.Keepl p1Sn(Jled 
FILLET OATA l~' -" ~~ 

TABlElJFlJFFSElS 1----~ -~--)( r X Y O!;r I .~ 
to 6.96 ' 

109 22 14/5 I! \ THE METROPD/.lTAN WATEi' IJISTII/cT {IF 
NO IIIITIIIIUTIOM ¥ . 198 ."!4 lBE 'I . 5/)IJTJltRN. CAU£ORN/A-------[.K.~ ~t~:;~·~:----~~ a DRII -~,~, ,.,~,~-I --Ii -J..75. :~ -B175 - -- -- ---

:, ~~,t;:r~~ ~11i~~~~=1 _ ~. j-'?e'§" J 
F-F NOTES: 

Work Ibis dr.4'wing wil" !J80S/(CI?7 
R31~1~1 
.e21~'1'1~~r,~' 

~'E 

GAlE TOWER STRIJCT/lR£ 
SCHEME A 

PWG.NO. 
380.5K(1.?(l!?3 



~ 
i 
'-

~ 

::-~ 

1---------- __ .---M!O~ 
(fyp) -

c..J 
(88a5KC/RB) 

~ 
~I~ 

'·~l.;-

Is!nH 

. ...+.--~ ~1_£1!~. __ _ 

A-A SCIlEME 8-/ 

'l-'" 
-.j 

toftower"~ r Opera!illfl declr 
I not shown 

OrlwsM. 

FILLET DATA 
TABlE or OFFSETS 

F(88{J5KC'/I!B) ..., J! 

II I ""des 

SCHEMEB-/ 

-iI'" 

I ·=l·c-: .... f-~· ," ¥~ --,i 

S:rJ" ~e2'- .- \ 

~ 

~"-...... 

.-'-.;r- t==--:--;'·o;-===:j 
A-A SCIlEMfiN 

/"- of lower 

.~~-

SCHEME B-c 

0-0 

CHART 2 

NorES: 
I. Wwk INa drdwlng WIth 880srclM. 
2. For /oedtion ufllneA amlB anddsplh OP~O 

aee dr~1ng 3tJOSI<C199. 

Sciltq 2pr(lri 
1*_10'-0· 

_________ --1~~~ .. ~.~.~m~-~'~ .... ~--- THE METPOPOLITAN WATER o/STP/cT OF --f>RIN,.s--- -----1'OIllIfERI/J)AI/E!J/IIi/A 

~TI~-,7 ::0::" FOOTHIll FEEDER CONTROL 8TRIlCTURE 

IWHTL?8 .Its Iw.-T .,... Hi' 34 .904-

D!:PT.r:oo' 'leT. DlPT. ,rjM 3~ ~1 
CIVIL JW.- :;46 __ ~ 

~':'.;, 
I~ 

I ..... 

R31~.J'5i':"~!f~.7·~H"""'-Y-&H'FI'" I UK-lAG 

R2iN' ,t~,~=.w-.w~.u I M'r 1""-
;,,'/ C .. II,,,,,.,,-, 
if: I"~T~ I NATUR£ OF UYISIO" 

,ATE TOWER STRUCTURE 
SCIlEME B 

HA:;~ov~o~~N:~~~~~~~NY 
CHICAOO,I1..I.. .. iol& 1~~/l$6lpWG.NO. a80SKC/27R3 



-" " u. 

.!: 
J: 
<I 

I 
~ j 

, 
,i 

I T~-:-! I I -r '-Ti71i I I i I UTI 
- : J ____ J ---r- -- ; , 

25 . l--i--rff" ,It-rl_Ll--+-+±iH---
-'-~,.;",,-----'-- --'.,1/'20% 'I I :, c___ 1'" ",.-. +-:' 'ji f - ,1-;: i J - , •• -••. - - -r Ai! " -l.-. ,._J 

-~--. _._--', _. J/; ,- -1;---" , , 
20~--~~+-L-L+---+~~--~~~~~ 

CHART 3 

Line A 7 

Line B 7 

" 

Elevation 

= ~ = 
Plan 

10~_+._~+r~-+~+-~--~~~~~~4_~~_+~~+4 
Sketch of Scheme A-1 Model Configuration 

1000 1500 2000 2500 3000 

Discharge -in cfs 

Note$~ 1 
1. Line A is a downstream extension of the Energy Grade Line from upstream of the gate. 

2. Line B is an upstream extension of the Energy Grade Line from downstream of the downstream transition. 
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5, Operating,data obtained from Harz a sketch 380 SKC 139. 
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6. Reference: Harza Engineering Company drawing 3BO;SKC 127R3. 

7. CLrves for gate openings of 5.5% and 20% were computed based on data obtained for other openings. 
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Notes: 

1. Transducers used were 25 psi C. E.C., 
chamber mounted type • 

2. With gates open, air entrainment and 
pressure fluctuation are small. With gates 
closed and flow over weir, air is entrained; 
the majority of the air returns back up the 
the trap and out the tower, but some does 
escape downstream. The irregular fluctu
ations shown are caused by the entrained 
air. 

3. The maximum magnitude of the pulses is 
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FLUCTUATING PRESSURES IN AIR TRAP 
OF A-I TYPE STRUCTURE 

Q = 2250 cfs 
D. S. Submergence = 48 ft 
Gate Opening = 0% and 100% 

Model Scale 1 :38.3 

FOOTHILL FEEDER STUDIES 
Metropol itan Water District of 

Southern Cal ifornia 

Harza Engineering Co., Chicago, III. 
SAINT .l.NTHONY FALLS HYDRAULIC 

....... "---.~ OfP -.----.-

I_AWN DA i:HECKEo;f(1ir l.-..ovm 
SCALE . _ATe 5- 3- I NO: 



I 
~" 

,_.C-

~"":"".,.,,, ):i .,': 

:i 
50 '-r ""'cL"rcr 

',j''t:t+''*'Iw.''TTW'IL 

30 

20 

o 

.:~i::::t; :-; 

sf 
"1rl 

5 

5 

;-::;.: 

LJ::1: 

~r 

-~ 

:=1. 

Time in Seconds 

1,'0: 

10 

10 

_ Transducer uB" 
~~'Is;~1M' 

'iff"'" 
1:!:.:::f:"+J::! 

":l:J:.,;· 
;l~n'.~: 

t,~ l~! 

lhl 
I 

I 

Ir_ --,- .-, -> - ,,~ 

"'0 ;;;¥: ~;S 
"""1'"" -" 

"€fij~ 

;lill 
i!i jii 
il: ;!i!, 

t:: Transducer "A II 

)j1i11Ti 

~~HI~Uf!j'~i1 
:::; 

'r.:tJlf-; :T;p 

::;~ 

~ 
iITl11jE 

I 

Transducer liB" 

n 

15 

~~c;-~t 
'~~",;,'.,"'.",~','.,"",','~ 
~ 

.. 

15 

CHARi 8 

Water ,surface 

_ ~ gates closed 

': ~ I~ _I~ __ ~IL'· 951, 

" " " " ~ ~ II,' LWeirelev. 
80 ft <: <: 

" " 

~ 
Water surface 

f'-gotes open 
--L-Elev. 48.5 ft 

~t 
L Datum (elev. 0.0 ft) 

Notes: 

Side view of structure showing 
I ocoti on of pressure transducers 

1. Transducers used were 2.5 psi C.E.C., chamber 
mounted type. 

2. With gates open, air entrainment and pressure 
fI uctuations are sma". Wi th gates cl osed and 
flow over weir, air is entrained; the majority of the 
air returns back up the trap and into the tower 
where it is ogo;n entrained. A portion of the 
entrained air escapes downstream. The irregular 
fluctuations shown are caused by the entrained air. 

3. The maximum magni:,u~,e of the pulses is17 ft of 
water at transducer B • 

FLUCTUA TlNG PRESSURES IN AIR TRAP 
OF TYPE A-2 STRUCTURE 

Q = 2250 cfs 
D. S. Submergence = 48 ft 
Gate Open i ng = 0"10 and 100% 

Model Scale 1 :38;3 

FOOTHILL FEEDER STUDIES 
Metropol itan Water Distri ct of 

Southern California 

H~~a -E~ginee~ing Co., Chicago, III 
SAINT ANTHONY FALLS HYDRAULIC LABORATOR' . "~.'~I---·-·r OF 

~""N DJA I CHECKED i{' m j( I ","M)VED 

I.~., r I ".TE 8-1-66 I NO.168-B-459-63 

J 



Gates Open 

55-~..j% 
50 
45 

.. v 

35 I 
o 

1::: 

jl201~~cl~d 
"ii 95-"£1 

m. ;~j 
u.. 70" 
.!: 

'~I Iii 20···'. . 

-5- . 120. 95·~ ! :. 

70"" -: 

~:::~ j t :ttl 
45 

20' 

-5. 
I 
0 

A 

I 

5 

I 

1b 
Time in Seconds (Prototype) 

Transduce-r lIA II 

I" n-
) /111 Ai, ~"' 

1 I!i, 
~J IlL Trans. USn 

dlE~ 

. ----15 1 . Flow 

] 
1 

" L Datum (EI ev .0. 0 ft) 

- ~·-I 

CHARTY 

->+ -

. / 11 
I (II Ii! !i 

Water surface L gates cI osed 
Elev. 93 ft 

T Weirelev. 
L 80 ft 

; I, 
I )j '/ L Water surface 1--n~-lLl~~ 

--~ 
Transducer nA u 

Side view of structure showing location of pressure transducers 

Notes: 

1111111!11111111111_1I1111 :: 
Transducers used were 2.5 psi C. E. C., chamber 
mounted type. 

With gates open, air entrainment and pressure 
fluctuation are small. With gates closed and 
flow over weir 7 air is entrained; air escaping 
through vent results in dynamic pressure 
oscillation .• 

I I ! I , ; 
I 

10 15 

Time in Seconds (Prototype) 

Ave. period of major pulses = 6.4 sec. 
Ave. magnitude of major pulses = 59 ft 
Max. magnitude of pulses = 90 ft 

FLUCTUATING PRESSURES NEAR 
AIR VENT IN B-1 STRUCTURE 

Q= 2250 cfs 
Gate Opening = 0% and 100% 
D. S. Submergence = 48 ft 
Model Scale 1:38.3 

FOOTHILL FEEDER STUDIES 

Metropolitan Water District of 
Southern California 

-HarzaEnllineerinll Co., Chicago, 111 
SAINT ANTHONY FALLS .•. Ill"" lunl 

UNIVERSITY OF I" .... WNRMK I CHECKED£B4 II~ROVED 
SCALE DAn; 5-4- ~ NO. 



.. ., 
~ 
'0 
't 
" u.. 

.= 
I!! 
::> 
:: 
1. 

351 II 
-+ t 

-t 
1 1 

I I 
1 r 

I I 

~ '. I 

3O~Ul r Illj:"f:'7~~'?! II_~_ I . 
. . .-e'. . --'- ~ -'-L +- '-I -:-+-. -'.......0- ......,-~--F . _ ~ _-------t , . _ 1_ , ! L -+-

; 
1 

SIl- I-I~~--I-~l ~~ ,--- li--I=r--I 1_,-'-

25F=tlKt 1 1- i f81 ,-r rFiFtll1 1 t 
-I-
f-e, 
I 

~!- --L..L I 
T-""F" t-6-1-' ,-1-·'1 =-r:.....= 

~ . ~ , ---+ ,-- J ~ 

, 
:J 

I ., t 
J , 

2. For gate openings of 0.5 and 1.0 
ft, minimum pressures were recorded 
at location 15. 

--.~ l-~~~f:~t-
" ! 

I I 

-j--f j. j- +-

i i 
1 1 

~ : I : -j ._-- ,. ) i ; 
I • ,. 1 

; -~--.-.J---.+--
i j, 
! . 1 , 

3. For gate openings of 1.5 and 2.0 
ft, minimum pressures were recorded 
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1. The tests rere mode to determine possibil ity of cavitation in vicinity of gates. 

2. A gate ~ening less than 2.0 ft was not attempted because of pressure 
cet dimensions. A flush mounted type was used rather than a chamber 
d fiype which was eliminated because the chamber mounted system 

decreased!' the natural frequency. This low natural frequency mode it 
impossiblJ to accurately measure pressures at the opening of the chamber. 

I 
3. The flow "onditions were obtained from Harza sketch 3BO-SKC-139. The 

upstream ~. G. L. was set by varying the downstream E. G. L. The head loss 
in the model did not correspond to that in the sketch. 

4. The mini~um pressures found were: Q = 900 cfs, min. press. = 34 ft water 
I Q = 1350 cfs, min. press. = 39 ft water 

I 

I 

Q (cfs) 

900 2.0 

1350 3.5 r - 57 
, 

15 

15 

CHART 11 

III II ['Weir elev. 
" '_ -LBO ft 

AH= 24 ft-

A H = 17 ft-. I~,r±-II~=I,ITT r - -!,-1-:: I 1/ 57 61 ft I . , Energy G L 
Ii upstream • • 

4037 ft 

, Datum (elev = 0.0 ft) Transducer (see 
enlarged view below) 

Side view of structure showing location 
of transducer at side wall 

Area covered 
by transducer --
(2.5 psi C.E.C.)" I /- ,- Gate slot 
{1.6 ft dia. proto.)';( ~.' 1.-+' 

i "'-,,< \ i Flow 

40 

I \ //, j-'-
1.0ft,~ , 

J 
,--, Invert 

Enlarged view of transducer location 

DYNAM IC PRESSURE OSCILLATIONS 
DOWNSTREAM OF GATE AT SIDE WALLS 

OF B-1 STRUCTURE 

Model Scale 1:3B.3 

FOOTHILL FEEDER STUDIES 
Metropol itan Water District of 

Southern California 

Harza Engineering Co., Chicago, "I. 

SAINT ANTHONY FALLS HYDRAULIC LABORATORY 
UNIVEptSITV OF, M1NNESOTA 

D~AWN RMK I;:'ECK':DJLHj>'7 I A~~VI:O 
SCACE IOAT1<7-13"66 INO.16B-6-459-55 
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CHART 12 

Notes: 

1. Two outside gates closed, center gate open, no vent. 

2. Pressures measured at positions shown in sketch, 0.4 ft above 
floor of control structure. 

3. This series of tests was run in order to determine the lowest 
overage pressure on the pier walls, assuming that this low 
pressure condition occurs with a large AH through the gates, 
a constant H. W. = 80 ft and a constant D. S. Submergence = 
28.3 ft were used throughout the tests. 

4. For a gate opening of 0.5 ft the lowest pressure connot be 
measured since the vena contracta depth is less than 0.4 ft. 

5. The lowest pressure recorded was 1.8 ft of water at Q = 2400 cfs 
and a gate opening of 18.5 ft. 

6. The solid symbols represent computed values for the pressure at 
certain distances upstream from the gate slot. These values were 
determined by subtracting the velocity head at a point from the 
80 ft of head available. 

Discharge 
cfs 

0 2400 
6. 1700 
El 1470 
(; 1050 
;f 840 
ji 480 

Jl 205 

ff 53 

Gate Minimum 
0pBning Pressure 

ft ft ofwoler 

18.5 1.8 
15.0 3.0 

13.0 3.Q 
10.0 9.5 
8.0 10.6 

5.0 15.0 
2.0 24.8 
0.5 26.8 

SCHEME B-1 
AVERAGE MINIMUM PRESSURES 

ON PIER WALL WITH ONLY 
CENTER GATE OPEN 

H.W. = 80 ft 
D.S. Submergence = 28.3 ft 
Model Scale 1:38.3 

FOOTH ILL FEEDER STUDIES 
Metropol itan Water District of 

Southern California 

Harza Engineering Co., Chicago, 111. 

I "p'P'~Vl:D 
I NO. 168-B-459-5 
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1 "(-~ \/" / / .J- / / 0 Q=775cfs, T.W.=29.0ft 

f------ I -\~~ V_// / --V- Q = 1050 cfs, T.W. =29.6 ft i '" "'''- \ 1/ /- A 

10 

I 

""-~"- 1/ / /" Q= 1260 cfs, T.W. = 30.2 ft f---- I El 
1 ~, ......-1. L <) Q =1400 cfs, T. W. = 30.7 ft I -" --/ f------i -

"" 
--- --------

I ;;f Q = 1600 cfs, T.W. = 31.5 ft 
!-------~I --

'--. / f--- --- fi{ Q = 1760 cfs, T.W. = _32.1 ft -- - --l- --1---------- ---
p' Q=-2000cfs, T.W. =32.0 ft 

f----- - [ ""-,,---~,,- ---_ ... --- - - ------ ------ --------- - - -_ .. -----
// Q = 2250 cfs, T.W. = 33.0 ft 

f------- -+ ----- ---- ----.---
~ I ---- - - Normal Operating Line I 

5 

"------1 r---- -- - ---------- -

o o 
I 
:1 2 3 4 5 6 

i l 

7 S 9 10 
i 

Notes: 1 

1. C~nter gate cl osed, 
left and right gcites 
open equally, no 
v~nt. 

5. /:::,.~~ across gates 
ra ged up to 57 ft. 
L ge values of /:::,.H 
netessitate some 
wdir flow. 

I 

Gate Opening in Feet 

2._ Pressures were measured 
at positions shown in 
sketch, 0.4 ft above 
floor of cOntrol structure. 

6. Minimum pressure of 6.8 ft 

3. Tailwater elevation 
estab I ished using Harza 
sketch 3S0-SKC-139. 

of water occurred when_/:::"H = 47 ft, 
Q=2250cfs, T.W.=33.0ft, 
gate opening = 4 ft. 

4. Minimum -pressure 
occurred at location 
7 for each condition 
-tested. 

CHART 13 

Flow -

Plan view showing the positions 
on pier wall at which pressures 
were measured 

SCHEME B-1 
MINIMUM AVERAGE PRESSURE 
ON PIER WALL DOWNSTREAM 

FROM GATE SLOT WITH 

/1 

TWO 6 FT3 IN. GATES OPERATING 

Model Scale lds.3 

FOOTHILL FEEDER STUDIES 
Metropolif® Water Disfrictof 

Southern California 

Harza Enaineerina Co., Chicago, III. 
SAINT ANTHONY FALLS HYDRAULIC LABORATORY 

U.NIVEPtSITY OF MINNESOTA 

D" .. wNDJA 
SCALE 
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Normal Operating Curve 
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Notes: l 
1. Center gate clos d, left and 

right gates open ~eqUOIIY' no vent. 

S. 6H across gates ranged up to 
58 ft. Large val es of 6H 
necessitate somelweir flow. 

3 4 5 6 7 8 9 10 
Gate Open~ng in Feet 

2. Pressures were measured at 
positions shown in sketch, 
0.4 ft from pier wall. 

3. Tdilwater elevation-established 
using HaTZa sketch 380-SKC-139.~ 

4. Minimum pressure occurred at 
location 7A for each condition 
tested. 

6. Minimum pressure of 13.1 ft of water 
occurred when 6H = 48 ft, Q = 2250 cfs, 
T.W. =33.0 ft, gate opening=4.0 ft. 

7. Pressures were measured 
using piezometers. 

~ 

/ 
-;' 

Plan view showing positions on 
floor of control structures at 

which pressures were measured 

SCHEME 8-1 

CHART 14 

MINIMUM AVERAGE PRESSURE ON 
FLOOR GATE OF STRUCTURE --

DOWNSTREAM FROM GATE SLOT 
WlTH TWO 6 FT 3 IN. GATES OPERATING 

Model Scale 1:38.3 

FOOTHILL FEEDER STUDIES 
Metropolitan Water District of 

Southern California 

HaTZa Engineering Co., Chicago, III. 
SAINT ANTHONY FALLS HYORAUUC LABORATORY 

UNIVERSITY OF MINNESO,TA 

DftAWN DJAI CHECKED f( 1'11( I A"'''''VE'' 

SCAJ •• "ATE 8-12-66JJ'IQ_168 ... B-A59-74 

l 



CHART 15 
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-.~ ._---- -- -~----. 

3 4 ~ ~..." 
..,.. :J'- .'! 

:B. ,~ -A--
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-J---- ~55~~ --" ~ 
..;.. ,. 

"'-.J.::.:-r ~- ~~. !lr r~onnal ..---< r-
"- "- . operating line ,...-I .C--

25 -, ,. ~ ~-

"'-----..c... -----. --
--~.--.. --.. 

J -------
20 

'0 -- --------
;; 
OJ 

u- ----- . -------- -_ .. _----" 
.S 
! 

---- --1----' . 
Plan view showing the positions a 15 ____ ..l 

--0-- location 3 on pier wall at wh ich pressures 
!! were llleGlSured a. ---~ Q=50cfs, T.W. =28.3 ft 

---- Location 1 
-- -0- Q=50'cfs, T.W. = 28.3 ft 

10 

r-=~=l- --A- location 3 
Q=I00cfs, T.W.=28.3ft 

I-- -- -/};.- location 1 --+ Q= 100 cfs, T.W. =28.3 ft 
5 ___ L 

--8- location 3 
r-- --- -- Q=225cfs, T.W.=28.8ft 

------
_ G _ location 1 

f------- Q=225cfs, T.W.=28.8ft SCHEME 8-1 
0 

Notl
1 

AVERAGE MINIMUM PRESSURES 
0 2 3 4 5 6 7 8 ON PIER WAll WHEN ONLY 

Gate Opening in Feet 
CENTER GATE IS OPERATING 

Model Scale 1 :38.3 

1. Side gates cI 05ed, 2. Pressures were measured 3. Tailwater elevation 4. L1H across gates FOOTHIll FEEDER STUDIES center gate open, at positions shown in established using Harza ranged ur: to 54 ft. 
no vents. sketch, 0.4 ft above sketch 380-SKC-139. Large va ues of 8. H Metropolitan Water District of 

flocr of control structl!re. necessitate some Southern California 

5. Minimum pressure of 22. 5 6. For each discharge the gate was weir flow. Harza Engineering Co., Chicago, 111. 

ft of water occurred when opened and pressures were recorded SAINT ANTHONY FAlLS HYDRAULIC LABORATORY 
H = 325ft T Q = 225 cfs ... up to the gate opening for which the UNIVEI'tSITY 'oF MINNESOTA 

T. W. = ~8.8 ft, gate openmg = 3 ft. lowest pressure equaled the T.W. pressure. D __ DJA 
CHECKED C £13 APfO .... YEO 

DA 7-5-66 NO.168-B-4 9-
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-------+-- .. _-_. 
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I 
15 I 

I --I 

---+---- -

--

--- -----+--t=- - J - ~~~----L g -+------f- -

---'. - t Q ID. S. Submergenc: 
1
0 

: 1 1 - 50 cfs--
! o 28.3 ft 

~:l- r----.-c-- ___ -==-_=--::-~-=-~ ~_....L.. _______ I 

5 i Lo. 100 cfs 28.3 ft 
c--- --1--- ---------- ----t--- --- -------

c--- t -------j---------- 0 225 cfs 28.8 ft 
~---:-- r----- ------- j------

o I 
o 2 3 4 

Notes: i 

Gate Opening in Feet 
5 6 7 8 

3. TElilwater elevation established 
using Harza sketch 380-SKC-139. 

r"" ']="'='''f 
, I~I " 

~~Si 
~ 0.5 ft ---jj-kJ~ . 

1.5 ft _ __ 2-\ \ 

: 77 ///7j" u .•••. 

/ 

Plan view showing the positions on 
control structure floor at which 

pressures were measured 

CHART 16 

SCHEME B-1 
AVERAGE MINIMUM PRESSURES 
ON GATE STRUCTURE FLOOR 
WHEN ONLY CENTER GATE 

4. Lo.H across gates ranged 
up to 53 ft. Large 
values of Lo.H necessi-

IS OPERATING 

Model Scale 1:38.3 1. Side ga.t~ closed, center 
gate ope!, no vents. 

2. Pressures were measured at 
positions shown in sketch, 
0.4 ft fram pier wall. 

5. Minimumlpressure of 24.9 ft· of 
water occurred when Lo.H = 52 ft, 
Q = 225 tfs, T. W. = 28.8 ft, 
gate operling = 2.0 ft. 

6. Pressures were measured 
using piezometers. 

. . tate some weir flow. 
7. MinImum pressure occurred at 

FOOTHILL FEEDER STUDIES 
Metropolitan Water District of 

Southern Cal ifornia 
location 3A for each case tested. 

I 

Horza Engineering Co., Chicago, III. 
SA1NT ANTHONY FALLS HYDRAULIC LABORATORY 

UNIVERSITY OF MINNESOTA 

C .... WN D JA I e..-EeKEc R M K I A~~""VEC 
SeALE I CATE 8-11-66 I NO. 168-B-459-73 



CHART 17 

35 I, " " " ,,"' ~ -""- ", '" '" '" '" '" " " '" '" '" ' ___ L Normal --operating Flow 
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~-- -- - -\~ ----:-Vlin~ 
30 

" / -;~ 

~ :- - -
"- ¥ ) - , --- --.........., 

~ 1: --;- ~--- :=-- ~ ----~irc -25 ~11 i2 13 1415 16 17 ~~ ~~ ~~ -- -- :J 
-- ._---- . -------- ----- W()()( , 

... -- -- c------ -- 0.5 ft4 7 at 1.5 ft 
1! -- - --- - -- -- 1.5 ft 0.5 ft 
~ 20 ... a - ----- - --1--------1---- ----- -- ... - -~---- -- --- - - .. -.-. --_ .. - ">-
G --- - ---- 1----- .-.. ~~ r--- ---------- "----- -- -~ .. ---. - --------- .. _-------._- Flow 
,f / //// /////////// //// 
.5 

- - - ----~ ----------------- -----1--- ---------- ./ I 

! 
------- - .... - --".---- ------ ... - 1------------

I 

ii: 15 Disc,!arge I. vv.ftl:.lev. Plan view showing the positions on pier wall 
f -- - - --- ---1------- - .-- ------- ---~--- . --- cfs - at wh i cb pressures were meosured .... --- - --------- ------- 29.0 0 775 

-- - ---- --.--- ----- ---------- ------
--- --- !- -- ------ J;:,. 1050 29.6 

For any particular test condition, the pressures 10 

~--- - --~ 
El 1260 30.2 along the pier wall (location 11 to 20) varied by -- .. __ ._. -.---- .- --- ._----- ._---- ~- approximately 1 ft of water. 

------ ----- ---------- ------ ------------- 0 1400 30.7 
------- -----.~ --- --.---~--. 

P 1600 31.5 
-- - . ~-----.--.. ------ --- _."-- -~-.--.- f-----'----- -

5 ()S 2250 -33.0 

-------- ----- ---_ .. - - .. _-- -I- -- -- ---- --
_._--- - ---- --- __ 0. r-- - . --

-- -- Normal Operating Line 1----- - . __ ._-- ----- .. _-- -- -- f------ - -- --- - - --'-
- - -- -------f--------- --- SCHEME B-2 

00 
I I MINIMUM AVERAGE PRESSURE ON PIER j 2 3 4 5 6 7 8 

WALL DOWNSTREAM FROM GATE SLOT 
WITH TWO OUTSIDE GATES OPERATING 

Gate Opening in Feet 
Model Scale 1;38.3 

Notes: 

1. Cent r gate closed, left and right 2. Pressures were measured by piezometers 3. Tailwater elevation is the minimum FOOTHILL FEEDER STUDIES 
gates wen equal amounts, no air at positions shown in sketch, 0.4 ft found on Harza sketdi 38D-SKC-139. Metropolitan Water District of 
vent i\; air collector. above floor of control structure. Southern California 

4. MiniJum pressure occurred at 5. Ll.H across gates ranged up ta 58 ft. 7. Minimum pressure of +25.2 ft of Harza Engineering Co., Chicago, III. 
locatibn 11 for 1 ft gate opening, Large values_of A H necessitate some water occurred when Ll.H = 52 ft, 

SAINT ANTHONY FALLS HYDRAULIC LABORATORY 13fa~2ftgateopenin9' and 20 weir flow. Q=1600cfs, T.W.=31.5ft, UNIVERSITY OF MINNESOTA 

for gate openings af 3 or more feet. 6. Pressures were measured using piezometers. gate opening = 2 ft. D __ DJA 1 CHECKED 'LMK. I A_ 

I ____ SCALE 1 DATE7-26-66 1_.168-8-459-58. 
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CHART 18 

35 ~:-I-:::==[:::==--= 
30L=~~3===+=~~ 

-... - .. --f-----+--
I" " " '\ '\' . '\ '\ " " "" """ " "\,,,,, ·"1 

I Flow ,.. 

0 0 

---

-,---'"----

) ~ 0.4ft 

~ 18A 20A 1 = ~~ 12A 14A 16A 0 . 0 T • l1A 13A L f 

~ 1.5t 
3 at3.0ft 

0.5 ft~ .. 0.5 ft 1.5ft ___ 

r7 7// / 
Flow ')0 

-1/ / / / / / / / / / / / / / / / 
// 

Plan view showing positions on floor of control 
structure at wh i ch pressures were measured 

SCHEME B-2 

Normal Operating Line 

MINIMUM AVERAGE PRESSURE ON 
FLOOR OF GATE STRUCTURE 

DOWNSTREAM FROM GATE SLOT 
WITH TWO OUTSIDE GATES OPEN 1 

3 4 5 6 2 

Notes: 
Gate Opening in Feet 

I. Genter gate closed, outside gates 
open, no airlvent in air collector. 

i 

4. Minimum preksure occurred at location 
13A for gate jopenings of 1, 2, and 3 ft 
and at locqtion 16A for gate openings of 
more than :3 ft. . 

2. Pressures were measured by using 
p!ezometers at positions shown in 
sketch, OAlt froml?ier wall. 

5. L:> H across gatesranged up to ;;7.5 ft. 
Lorge values of t;, H necessitate some 
weir flow. 

7 8 

3. Toilwater elevation is the minimum 
fpund an Harza sketch 380-SKC-139. 

6. Minimum pressure of+24.5 ft of water 
occurred when l>H = 52 ft, Q = 1260 cfs, 
T. W. = 30.2 ft, gate opening = 2 ft. 

Model Scale 1:38.3 

FOOTHILL FEEDER STUDIES 
Metropolitan Water District of 

Southern California 

Harza Engineering Co., Chicago, III. 

SAINT ANTHONY FALLS HYDRAULIC LABORATORY 
UNIVERSITY.R~ MINNESOTA 

C~WN'JRB I A~ROV'l:D 
SC4LE I NO. 16B::S::459':'/7 
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1---- +-----------~---
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---1- ---- -~--

10 [I--Lj----------[ -----t- Dis~~~r:~~~·ftElev. _____ ; ==: ---~=:-_= __ -=~=~: I 0 50 28.3 

5 ~ -:------ --- -~----~~- 100 28.3_ 
, I 0 225 28.8 

---~- ---- -~-~-----I-------
Miscellan.eouf·points 
on operatmQ rne f--- " o 

---- ----"-- ----+---
-- Normal Operat-ing Line 

o 1 'I 1 

o h 2 3 4- 5 6 7 

Notes: 
II Gate Opening in Feet 

1. CentJr gate open, outs ide gates 
closed, no air vent in air 
colle~tor. 

4. Minirr)um pressure occurred at locatian 
1 for 0.5 ft and 1 ft gote openings r 
and ~ location 3 for gote openings of 
1.5 o~ more feet. 

, 

2. Pressures were measured by piezometers 
at positions shown in sketch, 0.4- ft 
above floor of control structure. 

5. 1:. H across gates ranged up to 53 ft. 
Large val ues of 1:. H necessitate some 
weir flow. -

6. Pressures were measured using piezometers. 

CHART 19 

;, \. " " l " " ,,\. \. \. ~ " '\ \. \. \. \. ' 
~ ; 

1 2 3 4- 5 0, 7. ~, :, ~~ 
~'""7'. /"\. /' 7"":: 

0.5 ft -~'{~F-!i'<-+ U.5 ft flow C ~ rc7"'.5' • ) 

n-r!7///// ///// ////: 
./ / 

Pion view showing the positions on pier wall 
at wn ich pressures were measured 

For any particular test condition, the pressures 
along the pier wall (location 1 to 10) varied by 

approximately 1 ft of water. 

3. Tailwater elevation is the minimum 
found on Harza sketch 380-SKC-139. 

7. Minimum pressure of+26.7 ft of 
water occurred when1:.H; 53 ftr 
Q; 100 cfs, T. W. ; 28~3 ftr 
gate opening; 0.5 ft. 

SCHEME B-2 
MINIMUM AVERAGE PRESSURE ON PIER 
WALL DOWNSTREAM FROM GATE SLOT 

WITH ONLY CENTER GATE OPEN 

Model Scale 1 :38.3 

FOOTHILL FEEDER STUDIES 
Metropolitan Water District of 

Southern California 

Harza Engineering Co" Chicago, III. 

SAINT :4NTHONY FALLS HYDRAULIC LABORATORY 
UNIVERSITY OF MINNESOTA 

DRAWN DJAl CHECKED iZ. rJ1.~1 "'P~IItOVIE~ 
SCALE I gAn 7-29-66 I NO_168-S=459-60 
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rNormal operating 
/ line 

k-
// I-

~- 1-----1---
~---[J 

~ 15 ' J I * l -.I - ~ Discharge I T.W. ~ __ 
c& ft 

o 50 28.3 
f------- - --i--

10 
£;. 100 28.3 

1---
o 

5~1------~------~------~------~ ¢ 

f---

225 28.8 

Miscellaneous Points on 
Operating Line 

Normal Operating Line 

o ~!--------~~--------~--------~--------~------------------------------~ o 2 3 4 5 6 7 
Notes: Gate- Opening in -Feet 

1. Center ghte open, outside gates closed, 
no air veht in air collector. 

I 
4. Minimuml pressure occurred at location 4A 

for all gdte openings. at 50 cfs and for 0.5 ft 
~ate ope~ing at 100 cfs, and at location 6A 
or all ater conditions tested. 

2. Pressures were measured by using piezometers 
at positions shawn in sketch, 0.4 ft from 
pier wall. 

5. 6 H across gates ranged up to 53 ft. 
Large values of £;'H necessitate some 
weir flow. 

CHART 20 

" 

0.4 ft 

6A 8A lOA 
o 

~3°at 3.0 ft '~ 
~I *0 1.5ft ~ .... _n&:rL 

/ 

Plan view showing the positions on the floor of the 
control structure at wh ich pressures were measured 

3. Tai/water elevation is the 
minimum found on Harza sketch 
380-SKC-139. 

6. Minimum pressure of +26.6 ft of 
water occurred when 6H = 52.5 
ft, Q = 225 cfs, T. W. = 28.8 ft, 
gate opening = 1.5 ft. 

SCHEME B-2 
MINIMUM AVERAGE PRESSURE ON 

FLOOR OF GATE STRUCTURE 
DOWNSTREAM FROM GATE SLOT 

WITH ONLY CENTER GATE OPEN 
Model Scale 1:38.3 

FOOTHILL FEEDER STUDIES 
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Notes: 

1 j Center gate cI osed, 
I eft and right gates 
open equally, no 
vent .• 

I::; H across gates 
ranged up to 51 ft. 
Large values of 1::,. H 
necessitate some 
weir flow. 

--I --j ~ Q ~ 22" ok, T, W, ~ 33,0. 

'1 ~ .~ .... ~ - - N°7al Operating Une 

3 4 5 6 7 

Gate Opening in Feet 

2. Pressures were measured 
at positions shown in 
sketch, 0.4 ft above 
floor of control structure. 

6. Minimum pressure of 22 ft 

3. Tailwater elevation 
established using Harza 
sketch 380-SKC-139. 

of water occurred when I::;H = 46 ft, 
Q= 2250 cfs, T.W. = 33 fI, 
gate opening = 4 ft. 
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Plan view showing the positions 
on pier w",11 <!It wh i ch pressures 
were measured 

4. Minimum pressure 
occurred at location 
7 for each condition 
tested. 

SCHEME B-1 
(Revised Pier Nose) 

MINIMUM AVERAGE PRESSURE 
ON PIER WALL DOWNSTREAM 

FROM GATE SLOT WITH 
TWO 6 FT 3 IN. GATES OPERATING 

Model Scale 1:38.3 

FOOTHILL FEEDER STUDIES 
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Southern California 

Harza Engineering Co., Chicago, III. 

SAINT ANTHONY FALLS HYORAULIC LABORATORY 
UNIVERSITY OF MINNESOTA 

D"AWN JRB 
SCAL.E 



0-

J! 
~ 
'0 
Qj 
J! 
.5 
~ 
iil 
~ 

a.. 

1 
I 

I ~~ 1 -r:=lbl::LL 3 I =$=---J 

2 [~~Ii=E' 
I L Normal operatingL --1 line t--t-~--~~. 

--- t---::~ l~= ~-+--- L--
2ql i l , 

II 1 ______ :_ 
j 

1-
Ir-----! i 

It:::+- ~=-;- . .... .. I-
I i I ---f-----
I __ c __ -- --- - =-~1~~~~--=~-= ~±~~ 

101 i - ; 

---t ----~ --------f--- --t---
+---+--- ~----- - ---~~t::~~--=~i-

51 i i _ _ 
I--+------+------+--, ---- 0 Q-50 cfs, T.W. -28.3ft 

t Lj t:!. Q: 100 cfs, T.W.: 28.3 ft 

I I 0 Q-225,cfs,T.W.-28.8ft 

00 2 3 

I Gate Opening in Feet 
Notes: 
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I 1. Side gates closed, center 2. Pressures were measured at positions 
I gate open, no vents. shown in sketch, 0.4 ft above floor 
I of control structure. 

4 • .6.H- across gates ranged up 
to 53.5 ft. _ Large values 
of .6.H necess itate some 
weir flow. 

5. Minimum pressure of 26.7 ft of water 
occurred when .6. H = 52.2 ft, Q = 
225 cfs, T. W. = 28.8 ft, gate opening = 2 ft. 
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Plan view showing the positions 
on pier wa 11 at wh i ch pressures 
were measured 

3. Tailwater elevation 
establ ished using Harza 
sketch 380-SKC-139. 
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MINIMUM AVERAGE PRESSURE 
ON PIER WALLS WHEN ONLY 
CENTER GATE IS OPERATING 
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Notes: I 

1. Center gote iclosed, left and right gates open 
equally, no ~ents. 

, 

2. Pressures on 'pier wall were measured at 
positions 5, '6, 7, and 8 shown in sketch, 
0.4 ft abov~ floor of control structure.: 

3. Minimum prJssure occurred at location 7 
for each coniditicn tested. 

~-I 

~ 
I 

1000 1500 
Discharge in Cubic Feet per Second 

4. Test procedure was as follows: 

a. A given discharge was established. 

b. The left and right gates were opened 
equally so that the H. W. = 80 ft. 

c, The D, S. submergence was- decreased un
til sweepout occurred, i.e,', until the 
hydraul ic jump was no longer submerged 
and hod moved into the transition down
stream from the gates. 

d. Data presented on this drawing were then 
recorded. 

~ 

2000 2500 

5. Minimum pressure of -20.5 ft of water 
occurred with a Q = 1750 cfs, D,S. 
submergence = 18.5 ft, gate opening = 
3.1 ft. 
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Plan view showing the positions on 
pier wall and on floor of control 
structure at which pressures were 
measured. 

o Pressure at I ocat; on 7 

z::,. Pressure at I ocat i on 7 A 

o D. S. Submergence after sweepout 

o H. W. Elevation after sweepout 

SCHEME B-1 
MINIMUM AVERAGE PRESSURE ON PIERWAU 

AND ON FLOOR OF GATE STRUCTURE 
DOWNSTREAM FROM GATE SLOT WITH 

OUTSIDE GATES OPERATING 

Model Scale 1 :38. 3 

FOOTHILL FEEDER STUDIES 
Metropolitan Water District of 

Southern Col ifornia 

Harza Engineering Co., Chicago, III. 
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c... 20 Plan vIew showing the positions on the pier wall and on the 
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.....,. floor of the control structure at wh ich pressures were measured 
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O. ,,~.:, 0 Mi n imum pressures on floor 
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f', Minimum pressures on pier 

0 D. S. Submergence at sweepout 

0 H. W. Eievation after sweep out 
; I I 

~ 2D , j '" 1 000 1500 """ 2500 
Discharge in Cubic Feet per Second SCHEME B-2 

Notes: MINIMUM AVERAGE PRESSURE AT POINT 

I. Center gate losed, left and right gates open 4. Test procedure was as follows: 
OF SWEEPOUT ON PIER WAll AND ON 

5. Minimum pressure of -1.0 ft FLOOR OF GATE STRUCTURE 
equally, no tnt in air trap. a. A given discharge was established. of water occurred when DOWNSTREAM FROM GATE SLOT 

2. Pressures wer measured by using piezometers b Th I ft d' ht t d 
Q = 1000 cfs, D.S:_sub- WITH OUTSIDE GATES OPERATING 

I . 1 h h 20 • II 0 4 ft • e e an rig ga es were opene mergence = 15 ft, gate 
Model Scale 1:38.3 crt ocatlons t roug on pier wa • II th t th H W = 80 ft _opening = 1. 8 ft. above floor a contrgl structure and at locations equa y so a e •• • 

llA, 12A, I A, 14A, 16A, 18A, and 20A on c. The D.S. submergence was decreased un-
FOOTHILL FEEDER STUDIES floor of cantr!'1 structure 0.4 ft from pierwa". til sweepout occurred, i.e., until the 

3. Minimum pre~ure occurred at locations'I3 and hydraulic jump -:vas no longe~ s.ubmerged 
Metropol itan Water District of 

Southern California 
13A for dischbrges up to and including 1500 cfs and had moved Into the transition down-

Harza Engineering Co., Chicago, III. and at locaticlns 20 and] 6A for discharges stream from the gates. 
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Notes: I Discharge in Cubic Feet per Second . 

1. Cen er gate closed, left 4. Test procedure was as follows: 5. Minimum pressure of -3.5 
and right gates open a. A given discharge was established. ft of water occurred with 
equ lIy, no vents. b. The left and right gates were opened Q = 2250 cfs, D.S. sub-

2 P 'I d equallysothattheH.W.elev.=80ft. mergence=20ft,gate 
• rasSures were measure Th D S '- d d . 35ft 

t b 't· h ' c. e.. suomergence was ecrease opening =. • 
a p Sl IonS s own In 'I' d ' 'I 
sketbh 0.4 ft above floor untl sweep?ut.occurre I I.e. untl 
of cbntrol structure. the hydraulic lump was no ,longer 

l submerged and had moved Into the 
3. Minimum pressure occurred transition downstream from the gates. 

at IJcati,:m 7 for each con- d. Data presented on this drawing were 
ditiJn tested. then recorded. 

I 

Model Scale 1:38,3 

CHART 25 

)\\\\\\\\\\' 

.::. --Flow 

\\\\\\\\ ,\\\\\\\\\\ 

Plan view showing the positions 
on pier wall at which pressures 
were measured ' 
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MINIMUM AVERAGE PRESSURE ON 
PIER WALLS WHEN SWEEPOUT OCCURS 
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1. Transducers used were 2.5 psi 0 i 5 10 15 C. E.C., chamber mounted type. 

60 
I Time in Seconds (Protol e 

t 11m: Downstream Side - L"ft Gate I 2. Gates closed, flow over the weir. 
J3 Iti 3. The records at left show the 50 :! ,U, I " similarity of pressure potterns 

recorded simultaneously on either 
40 the upstream or downstream side 

W 
J'illi " 

of the two outside gates. 
j I~I- !!it ~ 30 .,L :' '-: -0 1~ ': ~ 

'0 ,!if i eo. 20 
c: litl ~i;, 

, 
~ 

: Q) I:lj! jli ' , 

SIMULTAN EOUS PRESSURES C 10 

II i Ill!"1 I 
II1I ! 

' , 

I 11:1111111 IIIIIJIII 11111111111 III J:I ~ ! 
I 

l 

III 1 I 
II: 

II 
1 

I 
ON THE TWO OUTSIDE GATES ~ 

I ~ I I 
I (; 
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.~ 50 " jil Gate Opening = 0% 
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Time in Seconds (Prototype) 

Typi.cal.recordof pressure fluctuations 

To recorder and 
amplifier 

Transducer 

Q) I 0 1 g, 
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~ 0.4 'f21~ 2 Flow 
~ 

~ I.:: 1 .:: 

~ CZ :c: 
! ::;; : ~ 

0.2 -T-- ----L------~--+_-+~-+.~~-------~-----4_----r--~4_~~4_+_-------~ Sketch of gate showing transducer location 
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Frequency in cps (Prototype) 
Notes: I 

I 

1. Transducers used were 2.5 psi 
c. E.t., chamber mounted type. 

2. Gates closed, flow over the weir. 

3. The tjansducer was mounted so as to 
recora fl uctuating pressures 4 ft above 
the bottom of the gate. 

4. The spectrum was obtained by analysis of 
records similar to that shown (above right). 
The graph above is a plot of the Root Mean 
Square of the amplitude of the various pressure 
pulses which occur on the face of the gate in 
terms of the frequency with which these pulses 
occur. 

5. Dashed lines on graph 
indi cote natural fre
quency of gates as 
designed by Harza 
Engineering Co. and 
shown on Harza draw
ings 380-SKC-165 
and 166. 

HARMONIC WAVE ANALYSIS OF THE 
PRESSURE PULSES OCCURRING ON TH E 

DOWNSTREAM SIDE OF THE GATE 
Q= 2250 cfs 
Gate Opening = 0% 
D.S. Submergence = 35 ft 

Model Scale 1:38.3 
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1. Transducers used were 2.5 psi 4. The spectrum was obtained by analysis of 
C.E.t., chamber 'mounted type. records similar to that shown (above right). 

2 Gat I I d fl th - . The graph above is a plot of the Root Mean 
• eS c ose I ow over e we,r. S f h I' d f h . I quare 0 t e amp ,tu e 0 t e varIOUs pressure 

3. The tfansducer was mounted so as ta pulses which occur on the face of the gate in 
recora fluctuating pressures 4 ft above terms of the frequency with which these pulses 
the bbttom af the gate. occur. 

I 

5. Dashed'i ines on graph 
indicate natural fre
quency of gates as 
designed by Harza 
Engineering Co. and 
shawn on Harza draw
ings 380-SKC~165 
and 166. 

HARMONIC WAVE ANALYSIS OF THE 
PRESSURE PULSES OCCURRING ON THE 

UPSTREAM SIDE OF THE GATE 
Q= 2250 cfs 
Gate Opening = O"k 
0.5. Submergence = 35 ft 

Model Scale 1 :38.3 
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Notes: 

'"- Datum {Elev. 0.0 ftr 
Side view af structure showing location 

of pressure transducers 

1. Transducers used were 2.5 psi C. E.C;, chamber 
mounted type. 

2. With gates closed and flow over weir, air is 
entrained; air escaping through vent causes 
dynamic pressure oscillations. 

3. In this test, the period and magnitude of 
pressure pulses were measured for 3 different 
discharges with constant d.s. submergence. 

Discharge {cfs} 500 1000 2250 

Peri od {Seconds} 17 10 ' 6.4 

Maximum magnitude of 
pressure ~ulses {ft wate.r} 

16 62 90 

VARIATION OF FLUCTUATING PRESSURES 
NEAR AIR VENT IN B-1 STRUCTURE DUE 

TO VARIED DISCHARGE 
Q = 500, 1000, 2250 cfs 
D. S. Submergence = 45 ft 
Gate Opening = 0% 
Model Scale 1:38.3 
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Transducer "B" r -/ =:::.::= 'ie I Li --I 
" l 1- - - . 

T 
'- Weir elev. 

80 ft 

15 I . _. 
Submergence II j 

! T ransducer_ "A "1 1 ---~ 

1. 
lTransducer "A" 

0._.. _._ 

Transducer II A--n ~
! 

5 

15 

Notes: 

Side view of structure showing location 
of pressure transducers 

1. Tronsducers used were 2.5 psi C. E.C., chamber 
mounted type. 

2. With gates closed and flow over weir, air is 
entrained; air escaping through vent causes 
dynamic pressure oscillations • 

3. In this test, the downstream submergence was 
varied, causing'a difference in period and 
magnitude of pressure pulses. 

0.5. Submerflence '33 ft 138 ft 143 ft 148ft I 
Ave. Period fin seconds) 5.3 1 5.6T5T~4-] 
Maximum magnitude of 
pulses Cft water) 

58 1 75 i 75 90 

VARIATION OF FLUCTUATING PRESSURES 
NEAR AIR VENT OF B-1 STRUCTURE DUE 
TO CHANGE IN D. S. SUBMERGENCE 

Q = 2250 cfs 
Gate Opening = 0010 
D.S. Submergence: 33 ft to 48 ft 
Model Scale 1 :38.3 

FOOTHILL FEEDER STUDIES 

Metropol itan Water District of 
Southern Cal iforn ia 

Harza Engineering Co., Chicago, III. 
SAINT ANTHONY FALLS HYORAULIC LABORATUft' 

·····VERS1TV,.-.Pf\MINNESOTA 

I C"AWN RMK I CHECI<ED~U II~YEC 
'CALECATE 5-5 6 NO.1, 
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CHART 31 

.- Water surface ::~~~~~~fr--~= 'L elev. 93 ft ?' 11-----1 rrr::=Vent "An _ 

= 
~ 
~ 
u 

" ~ 
c 

~-~f:71 

("' 

I 
J 

I 

LWeirelev. 
80 ft 

15 .;f- ---- Flow 
"T? submergence 

II 33 ft 
~ 

Flow 
;t: 

15 

L Datum (elev. = 0.0 ft) 

Notes: 

Side view of structure showing 
location of transducer and vent 

1. Transducer used was a 2.5 psi C.E.C. chamber 
mounted type • 

2. With gates closed and flow over weir, alr is 
entrained; air escaping through vent causes dynamic 
pressure oscillations. 

3. The reduction in vent area causes a higher pressure 
air pocket in the trap. This pressurized air reduces 
the turbulence in the trap and thus reduces the 
magnitude of the pulses,. 

Vent area ~ 
{sqft,proto.~ 0 0.1 

Max. pressure , 
pulse (ftwater)! 21 1 13 

i b.ol 
0.251 ~.5t:_~~ 4.5 19.0 

13 1 14 t 18 ! 26 , 42 1 58 
, ! 

COMPARISON OF FLUCTUATING 
DYNAMIC PRESSURES IN AIR TRAP 

OF B-1 STRUCTURE WITH VARIATION 
OF VENT CROSS-SECTIONAL AREA 

Q= 2250 cfs 
D. S. Submergence = 33 ft 
Gate Opening = 0% 
Model Scale 1:38.3 

FOOTHILL FEEDER STUDIES 
Metropolitan Water District of 

Southern California 

Harza Engineering Co., Chicago, III 

SAINT ANTHONY FAlLS HYDRAUUC LABORATORl 
UNIV!!:JltSITY OF MINNESOTA 

I" ........ RMK 1 CHECKED,uQc:..L. ! ApPROVED 
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CHART 32 

Varioble dia. orifice 

Fv t "A" n I" rWatersurface fF- I~ 
! en ! ..__-I---lj...1.. elev. 93 ft 

'/ 

t j 1/ r -1"1: w • u 1 "elr elev. 

1 l80ft 
~ , -,. 
I :j , 

II I 

~l-D.S.I . . , 

l' -.- Flow SUbmergence! ~ 

;t 

, I 48ft F~- 1 
L Datum (elev. = 0.0 ft) 

Notes: 

Side view of structure showing 
I ocati on of transducer and vent 

1. Transducer used was a 2.5 psi C. E. C. chamber 
mounted type. 

2. With gates closed and flow over weir, air is 
entrained; air escoping through vent causes dynamic 
pressure oscillations. 

3. The reduction in vent area causes a higher pressure 
air pocket in the trap. This pressurized air reduces 
the turbulence in the trop and thus reduces the 
magnitude of the pulses. ' 

,------~--~-- -..,.-·--.--r ----r-- --, 
Vent area 
(sq ft, proto;) 0 0.1 0.25 0.5 9.0 

Max. pressure 
pulse (ft water) 20 12 12 16 90 
'--____ ---'-_ ___'__---'-~___'_ _ ___'__-L_-L_--'-_ _' 

COMPARISON OF FLUCTUATING 
DYNAMIC PRESSURES IN AIR TRAP 

OF 8-1 STRUCTURE WITH VARIATION 
OF VENT CROSS-SECTIONAL AREA 

Q= 2250 cfs 
D. S. Submergence = 48 ft 
Gate Opening: 0% 
Model Scale 1 :38.3 

. ________ FEEDER STUDIES 
Metropolitan Water District of 

Southern California 

I Enaineerina Co., Chicago, III. 

SAINT ANTHONY FAllS HYDRAUUC LABORATOK' ---------- -- r OP' MINNESOTA 
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Area of Vent Orifice (sq ft, Prototype) 
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CHART 33 

• ...L I e area orifi ce ~ Water surface ~n~ . =J r 93ft 

~ 

~==='·~T--11=1I....Lelev. f CV~, "." lC<ll 
lWeirelev. 

80 ft· 
.. 
ID' 
U 
::J 

I 
I 

" E ,g 

---Flow 

T"----
48 ft 11-_ 
~ --
33 ft 

0.5. 
submergence 

U_T 
Flow I 

-L Datum (elev. = 0 ft) 

Notes: 

Side view of structure showing 
location of transducer and vent 

1. Dynamic pressures were measured with 2.5 psi 
C. E.C. transducers, chamber mounted type. 

2. Vent area was varied by installing assarted dia. 
orifi ces at the end of the vent tube. 

3. With the gates closed and flow over the weir, 
air is entrained. Air escaping through the vent 
causes dynamic pressure oscillations. With the 
use of lOT small diameter vent, the escaping air 
is throttled, causing a higher pressure air packet 
at the crown of the trap. The pressurized air 
pocket reduces fluctuations of the water surface, 
thus reducing the pressure pu Ises. 

COMPARISON OF FLUCTUATING 
DYNAMIC PRESSURES IN AIR TRAP 

OF B-1 STRUCTURE WITH VARIATION 
OF VENT CROSS-SECTIONAL AREA 

Q= 2250 cn 
D.S. Submergence = 33 ft and 48 ft 
Gate Opening = 0% 
Model Scale 1 :38.3 

FOOTHill FEEDER STUDIES 
Metropol itan Water District of 

S".;them Cal ifornia ' 

_ngineering Ca., Chicaga,lII. 

SAINT ANTHONY FAllS HYDRAULIC LABORATORY 
UNIVERSITY OF MINNESOTA 

C""WN RMK \CHECK""DOa lA_we 
SCALE l.PATIE 6-30T 66- I NO. 168-8-459-51 
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40 
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.. 
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20 ~. i 
L""io' 1',1' ·,· ... nn'·.~. '1" .......... . 

10 IVent Or1ifi~e Are~r.?:O sq ft 
I II I 
o 5 • I 

Time Tn Seconds (Prototype) 
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I 
10 

I I 

I 
15 

• 
Note: The average ~alue of the fluctuating pressures on the recordings does not always agree with the d.s. submergence noted because 

of the preserjce of lang period surges d. s. of the gates. See Drawing No. 168-8-459-72 for details. 

CHARL34 
Variable dia. 

orifice ~ Water surface r r elev• 95 ft (r - -I-- - - :::l!----L 

"'nil -II LWeir elev. 
I 80 ft 

=*If---

~ l'::: 
"-

Flow 

Datum (elev. = 0.0 ft) 
Side view of structure showing 
I ocati on of transducer and vent 

Notes: 

1. Transducer used was a 2.5 psi C. E.C. chamber 
mounted type. 

2. With gates closed and flow over weir, a.r .s 
entrained; air escaping through vent causes 
dynamic pressure oscillations • 

3. The reducti on in vent area causes a higher 
pressure in the trap. This pressurized air 
reduces the turbulence in the trap and 
thus reduces the magnitude of the pulses • 

Vent area 
(sq ft, proto.) o I O.~ 0.511.012.014.519.0 

Ma;<. pressure I 13 I 10 
pulse (ft water) 10 I 15 18 I 'Zl 'Zl 

COMPARISON OF FLUCTUATING 
DYNAMIC PRESSURES IN AIR TRAP 

OF 8-2 STRUCTURE WITH VARIATION 
OF VENT CROSS-SECTIONAL AREA 

Q= 2250 cfs 
D. S. Submergence = 33 ft 
Gate Open i ng = 0% 
Model Scale 1 :38.3 

FOOTHILL FEEDER STUDIE.S 
Metropolitan Water District of 

Sauthern California 

HaTZa Engineering Co., Chicago, Ill. 
SAINT ANTHONY FALLS HYDRAULIC LABORATOR' 

-------~OP' 

I DftA~N DJA \ CH~KED J!.1111 IS I .. ...-VKD 

~ .. I ~ 1"'I.-rT 8-2-66 ND. 
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~JillEj!fu'l1l 
T-·~·-~-'-'-.L _r_ 
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Time iri Seconds (Prototype) 

Note: The average vctlue of the fluctuating pressures on the recordings does not always agree with the d.s. submergence noted because 
of the presence of long period surges d.s. of the gates. See Drawing No. 168-8-459-72 for details. 
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CHART 35 

Variable dio. 7 Woter.surfoce 
orifice ij .£Iev. 95 ft 

~ II q::: II 

(" -Lweir elev. 
80 ft 

~]~ 1111 

~ II D. S. submergence ~ l!:::=====1 
'( '[ ---- 48 ft "-----+-~ Flow Flow 

Dqtum (elev. = 0.0 ft) 
Side view of structure showing 
location of transducer and vent 

Notes: 

1; Transducer used was a 2.5 psi C. E.C. chamber 
mounted type. 

2. With gates closed and flow over weir, aIr IS 

entrained; air escaping through vent causes 
dynamic pressure oscillations. 

3. The reduction in vent area causes a higher 
pressure in the trap. This pressurized air 
reduces the turbulence in the trap and 
thus reduces the magnitude of the pulses. 

Vent area 
(sqft,proto.) 1010.2510.511 2 14.5 I 9.0 

Max. f'ressure 113 I 15 I 16 I 24 I 36 I 47 I 45 
pulse (ft water) 

COMPARISON OF FLUCTUATING 
DYNAMIC PRESSURES IN AIR TRAP 

OF B-2 STRUCTURE WITH VARIATION 
OF VENT CROSS-SECTIONAL AREA 

Q =2250 cfs 
D. S. Submergence = 48 ft 
Gate Opening = 0% 
Model Scale 1 :38.3 

FOOTH ILL FEEDER STUDIES 
Metropol itan Water District of 

Southern California ' 

HarzaEngineering Co., Chicago, III. 
- SAiNT ANTHONY FALLS HYDRAULIC LABORATOR 

UNIVERSITY OF 

~~~~~~~~~~~~_I~A~~~~~wro~~~~~ 
I~ 16R-B-459-65 
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CHART 36 

r , 
Water 
surface 
elev. 95 ft 

! I; rt;-... ilL ; 'Iii! 

~ )' ILl" JIAI Iii 1 ii 

1 
Weir elev. 
80 ft 

~ ~ "' Ihl~' ,~- ,~- - 48 ft-' j L_, 
====<J Q }D.S. 33 ft~! \... ~ " 1--- Flow il submergence _ ,J _ Flow_~ 
, - it ' =\-

L __ Datum (elev. ; 0.0 ft) 

Nates: 

Side view of structure showing 
location of transducer and vent 

1. Dynamic pressures were measured with 2 .. 5 psi 
C. E.C. transducers, chamber mounted type. 

2. Vent. area was varied by installing assorted dia. 
orifices at the end of the vent tube. 

S. With the gates closed and flow over the weir, 
air is entrained. Air escaping through the vent 
causes dynamic pressure oscillations. With the 
use of a small diameter vent, the escaping air 
is throttled, causing a higher pressure air pocket 
at the crown of the trap. The pressurized air 
pocket reduces fluctuations of the water surface, 
thus reducing the pressure pulses. 

COMPARISON OF FLUCTUATING 
DYNAMIC PRESSURES IN AIR TRAP 

OF B-2 STRUCTURE WITH VARIATION 
OF VENT CROSS-SECTIONAL AREA 

Q= 2250 cfs 
D. S. Submergence = 33 ft and 48 ft 
Gate Opening; O"k 
Model Scale 1 :38.3 

FOOTHILL FEEDER STUDIES 
Metropolitan Water Distri ct of 

Southern California 

Harza Engineering Co., Chicago, III. 
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CHART 37 

. r Water surface 
/-II---II--L Elev. 93 ft 

I r">',,---

L Weirelev. 
80 ft 

f I 
I I 
f 

"130 ft J. 485 ft 
E 

..... -1 

I-vii 
145ft 31 ft 

Submergence --J if 4 ---- Flow 

C Transduce;'nC" ~ Datum (Elev. 0.0 ft) 

Side view of structure showing location of transducers 

Notes: 

1. Transducers used were 2.5 psi C. E. C., chamber mounted type. 

2. With gates closed and flow over weir, air is entrained; air 
escaping through vent causes dynamic pressure oscillations • 

3. In this test a transducer was instolled 485 ft (prototype) down
stream of the air trap near the tailwater tonk. Objective of 
the test was to check pressure fluctuations at this point and 
phase relationship relative to fluctuations near air vent 
(transducer nAn). 

4. Pressures were in phase within a smell fraction of a second 
but decreased in magnitude with distance from the vent. 
Apparently there were no significant fluctuations due to 
small amount of air entering tailwater tank. 

COMPARISON OF FLUCTUATING PRESSURES 
NEAR AIR VENT WITH DOWNSTREAM 

PRESSURES IN B-1 STRUCTURE 

Q= 2250 cfs 
Gate Opening = 0% 
D.S. Submergence = 31 ft and 45 ft 

Model Scale 1:38.3 

FOOTHILL FEEDER STUDIES 

Metropolitan Water District of 
Southern California 

Harzo Engineering Co., Chicago, III. 
SAINT ANTHONY FALLS HYDRAULIC LABDRATDRJ 
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Curved Deflecto r- Water surface (Elev. 95.0 ft) 
Rod. = 6 ft ,I. 

Arc = 900 

3ftDicmeterV~nts ~==~~,Ib===dl ____ -Jr~i'EI." 00". 
D.S. "b~ ... ~J "-= 
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Side View of Structure 
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CHART 38 

I Vent 
'Maximum 

Dist. Downstream Pulse Period 
, Position from Gate (ft) (ft water) (sec) 

A 170 82 6 

B 100 77 6 

D 35 15 -

Notes: ... 
,1. Transducers used were 2.5 psi C. E.C., chamber 

, mounted type. 

2. With gates closed and flow over weir, air is 
entrained; air escaping through vent causes 
dynamic pressure oscillations. 

3. In this test, the position of the 3 ft diameter vent 
was changed in order to find that vent location 
which will cause the smallest pressure oscillations. 

VARIATION OF FLUCTUATING PRESSURES 
NEAR DOWNSTREAM END OF AIR TRAP 

OF 8-1 STRUCTURE WITH DEflECTORS DUE 
TO'CHANGE IN VENT LOCATION 

Q= 2250 cfs 
D. S. Submergence = 48 ft 
H.W. = 95 ft 

,Gate Opening = 0% 
Model Scale 1 :38.3 

FOOTHILL FEEDER STUDIES 
Metropol itan Water Distri ct of 

Southern California 

HarzQ Engineering Co., Chicago, III. 
SAINT ANTHONY FALLS HYDRAULIC UBORATORl 
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Vent at.A 
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Vent at B 
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CHART 39 

Maximum 
Vent Dist. Downstream Pulse Period 

Position from Gate (ft) (ft water) (sec) 

A 170 62 6 

B 100 12.5 -
D 35 10 -

Notes: 

1. Transducers used were 2.5 psi C. E. c., chamber 
mounted type. 

2. With gates closed and flow over weir, air is 
entrained; air escaping through vent causes 
dynamic pressure oscillations. 

I 
I 

3. In this test, the position of the 3 ft diameter vent 
was changed in order to find that vent location 
which will cause the smallest pressure oscillations. 

VARIATION OF FLUCTUATING PRESSURES 
NEAR DOWNSTREAM END OF AIR TRAP 

OF B-1 STRUCTURE WITH DEFLECTORS DUE 
TO CHANGE IN VENT LOCATION 

Q = 2250 cfs 
D. S. Submergen ce = 33 ft 
H.W.=95ft 
Gate Opening = ()o1o 
Model Scale 1 :3S.3 

FOOTHILL FEEDER STUDIES 
Metropol itan Water District of 

Southern Cal iforn ia 
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CHART 40 
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loT ransduceril p yp 

2. With gates Iclosed and flow over weir, air is entrained; air escaping through vent causes dynamic pressure 
oscillations. 

I 
30 This test w6s similar to test shown on Drawing No. 168-B-459-54 except the horizo plate was 205 ft 

I 

below the crown and extended 50 ft d.s. of the towero The vertical vent was enlarged to a max. 
cross-secti6nal area of 31 sq ft and equipped with variable area orifices. 

4. The recordi~gs shown are typical for the conditions noted, consequently the values shown in the tables are 
not necesscrrily from these recordings. The values in the table are plotted on Drawing No. 168-B-459-59. 
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Gate Opening = 0% 
Model Scale 1:38.3 
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1. Transducer dJsed was a 2.5 psi C. E.C. chamber mounted type. 

2. With gates blosed and flow over weir, air is entrained; air escaping through vent causes 
dynamic pr/,ssure oscillations. . 

3. This test wJ similar to test shown on Drawing No. 168-8-459-54 except the horiz. plate was 
2.5 ft below the crown and extended 50 ft d.s. of the tower. The vertical vent was 
enlarged t~.a max. cr~-sectional area of 31 sq ft and equipped with variable area orifices. 

4. The recordifSs shown are typical for the conditions noted, consequently the values shown in the 
tables are ntt necessarily from these recordings. The values in the table are plotted on Drawing 
No. 168-8,459-59. 
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Flow 1 
L "L-A 

Datum (elev. = 0.0 ft) 

Side view of structure showing 
I ocati on of transducer and vent 

15 

2.5':Y d)~;~~;" ;0·"'1. 
Vertical [==:J 
air vent 

... l$i 

15 

Q= 2250 cfs 
H.W.=93ft 
Gate opening = 0% 

Section A-A 

i Vent area 
I (sq ft, proto.) 

IMax. pressure I pulse (ft water) 

D. 5. Submergence = 48 ft 
Model Scale 1 :38.3 

Section B-B 

Oil 5 10 20 31 

16 I 18 ! 22 
I : 

26 29 32 I 

DYNAMIC PRESSURE FLUCTUATIONS IN 
AIR TRAP OF B-1 STRUCTURE - REVISED 

VENT SYSTEM ALONG CROWN 
AND· UP GATE STRUCTURE 

FOOTHILL FEEDER STUDIES 
Metropolitan Water District of 

Southern California 

Harza Engineering Co., Chicago, III. 

SAINT ANTHONY FALLS n" ..... uLI\; LAIIU"'HUK1 
tJN1~"!!I:IT'V OF MINNESOTA 

I DfOA_ RMK I CHECKED ~I APP'''''YEO 
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Notes: I ' 

30 

1. Tr:ansducer used was a 2.5 psi C. E.C. chamber mounted type. 

2. J.th gotes closed and flow over weir, air is entrained; air escaping through vent causes 
~namic pressure oscillations. 

35 

3. nlis test was similar to test shown on Drawing No. 168-8-459-54 except the horiz. plate was 
215 ft below the crown and extended 50 ft d.s. of the tower. The vertical vent was 
ehlarged to a max. cross-sectional area of 31 sq ft and equipped with yariable area orifices. 

4. ie values shl!)wn on the curves were taken from Drawings No. 168-8-459-67 and 68. 
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Water surface 
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DGltum (elev. = 0.0 ft) 

2.5 ft 

Side view of structure s~owlng 
vent and transducer I ocati on 
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Section B-B 

DYNAMIC PRESSURE FLUCTUATIONS IN 
AIR TRAP OF 8-1 STRUCTURE - REVISED 

VENT SYSTEM ALONG CROWN 
AND UP GATE STRUCTURE 

Model Scole 1 :38.3 

FOOTHILL FEEDER STUDIES 
Metropolitan Water District of 

Southern Cal ifornia 

Q= 2250 cfs 
H.W. = 93 ft 
G.,9.= 0% 
D.': S. Submergence = 33 ft and 48 ft 

Harza Engineering Co., Chicago, III. 

SAINT ANTHONY FAllS HYDRAULIC LABORATORY 
UNIVERSITY OF MINNESOTA 

,,, ... _RMK ICHECKEDFAJ6l I .... ~ 
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CHART 43 

MAGNlTUDE AND lOCATION 
OF FORCE ON TOWER WALL 
DUE TO JET ISSUING FROM 

OVERFLOW WEIR 
F~' r- ofT_,.tJo, I .... d An" (Loold"" U. S.I 

1. Figures shown are pressures, in feet of water. Model Scale 1:38.3 

2. Pressures measured by use of piezometers at 
locations shown by figures. 

3. Q:: 2250 cfs, H. W. = 93 ft 
Weir elevation = 80 ft 

FOOTHill FEEDER STUDIES 

Metropolitan Water Distri ct of 
Southern Ca lifom i a 
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CHART 44 

Water surface 
I r (see table) 

/-lr--,-
r' /lI,', 1,1,1 1-1 Wei; elev. 

'!II 180ft. 

liil' II! • 
Transdu~er '-_ _ _ ~,,'II,' I 

rr== I " J ql i 1 "D~: ~ IL ____ =j 
(' ____ - Flow i'l ,D._S,' subm. i!~ ~ 
L ! ___ <s.ee table) U .. ow I 

7 Datum (Elev. = 0.0 ft) 

Side view of structure 

Notes: 

1. Average pressures were measured with a 2.5 psi 
C. E. C. transducer, chamber mounted type. 

2. No vents were used in these tests. 

3. The long period surges shawn at the left are caused by 
the flow over the weir striking the d.s. pool. v.t.en 
the H. W. elev: is below the weir, it is noted that 
the surging ceases. 

Q{cfs) 500 1000 1500 2250 

Gate Opening (%) 0!~101 05.5110 I 0'5.5110 0'5.5' 10 

H.W. (ft) MI~I~I~ MIMI~I~I~ 93191 188 
D. S. Submerg. (ft) 29 29129 30 30130 31 31 131 33 33 33 

Surge Magnit. (ft) 3 0 i 0 3 1.51 0 8 21 1 10 5 2.5 

Surge Period (sec) 47 0; 0 42 44 I 0 39 45 I 0 37 45 44 

Model Scale 1 :38.3 

COMPARISON OF SURGING IN B-1 
STRUCTURE WITH VARIATION OF 

DISCHARGE AND GATE OPENING 

FOOTH ILL FEEDER STUDIES 
Metropolitan Water District of 

Southem California 

Harza Engineering Co., Chicogo, III. 
SAINT ANTHONY FALLS HYD .... UUC LABO .. UO .. 

------------
UN!VE~5ITY OF MINNI:-:!!IoV . . I OPOA"';N RM K I CHECKE,;,K \V ("l II ...... IOOVED 

sc...LE DAn: 8-1!t M NO. /0> 
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CHART 45 

Curved deflector 
Rad. = 6 ft 

Water surface 
. i [ (see table) 

Arc = 900 

Transducer ---,. I 

~ ---.~, 

" 1---1 ===1 '0 . 
~I IDS. subm. ---' i r:-. Flow (s~e table) r -- Flow 

'7 Datum (Elev."= 0.0 ft) 
Side view of structure 

Q (cfs) , 500 1000 1500 . 2250 

Gate opening ( %) 015. a 5.5 05.5 05.51 
H. W. (ft) 85 61 ; 88 84 90 87 95; 92 

I ' 
33 331 ID.~subme~g.(ftL 29 29,~ 30 31 31 

! Surge magnit. (ft) 0.5 a :0.5 a 2 0.5 4 S 
!SurgeperiOd (sec) 0i 0'1 0'0 \.21 52 21 32. 

6b, .. 
,J __ \\. 

;::; l 

--~"'--",'--,d' .:.,-' ,,- .!' " ~---.. 

, I'" 
'.," "'" 

Section A-A 

Notes: 

1. Average pressures were measured with a 2.5 psi C. E.C. transducer, chamber mounted 
type. 

2. No vents were used in these tests. 

3. In these tests, the long period surges shown on Drawing No. 168-B-459-75 were reduced 
or eliminated by the use of deflectors installed at the weir as shown above. The 
deflectors changed the flow direction of the overflow so it did not fall directly onto 
the d.s. pool, but instead struck the horiz. slab outside of the channel at elev. 30.25 ft. 

Model Scale 1 :38.3 

COMPARISON OF SURGING IN B-1 
STRUCTURE WITH VARIATION OF 

DISCHARGE AND GATE OPENING 
REVISED DESIGN WITH DEFLECTORS 

INSTALLED AT OVERFLOW WEIRS 

FOOTHILL FEEDER STUDIES 
Metropol itan Water District of 

Southern Cal ifornia 
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CHART 46 

<Flow 

Deflectors 

Elev.60ft-, 
Elev. 46 ftl t 

Vent 

r 
I 
1 

t 

I[ Water surface 

Weir Elev. 
80 ft 

c_ 
Flow 

Datum (elev. = 0.0 ft) 

Side view of structure 

Notes: 

I. Transducer used was a 2.5 psi C. E.C. chamber 
mounted type. 

2. Step type deflectors were installed in d.s. tower 
to di~ipate energy in order to eliminate long 
period surges in structure. Comparison of record
ings with deflectors in place with those previous 
to installation shows that the efficiency of the 
defl ectors is good • 

3. A vent was found to be necessary near upper end 
of air collector to rid structure of entrained air 
in discharges of 1000 and 1500 cfs. 

4. Gate opening = O"k in all tests. 

Model Scale 1 :38.3 

SURGING IN B-2 STRUCTURE
COMPARISON OF ORIGINAL DESIGN WITH 

REVISION USING STEP TYPE DEflECTORS 
IN DOWNSTREAM SECTION OF TOWER 

FOOTHILL FEEDER STUDIES 
Metropol itan Water District of 

Southern Cal ifornia 
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CHART 47 

~
,,~. 

IV ' 

-,\;;t;J-
rWater surface 

~ ___ ~ (see table) 

ii- --11- -- IL 
j r~11 - IT;'; 
;,~ I 'if : _Weir elev. 
, ' I' '80ft 

~'--d --j;t 
0.5 sq ft Area Vent" A ' __ :': + ,; A 

T d ~~, :r", ,I 

~
ransucer ·l',i 1,1' i 

--'-]'i ~~J~ :I'i~i II~, _ ' 
D. S. ,~~l L ___ '_-'j 

-+-- I Submergence ~ j - ~ r 
_ Flow. ~--=- i (elev. = 48 ft) i FI~ q 

Datum (elev. = 0.0 ft) 

Section A-A 

Side view of structure 

Q (ds) ---- 500 • 1000 11500 2250 

H. W. (ft) 84 I 87 I 89.5 93.5: 

Maximum Surge (ft) - I - I 4 3 i 
~!~:1Um_~.~e~~t2_+ 4 1 __ 9] ~.5' 

Surge Period (sec) -----=-1 - I 24 ; 21 ' 
I , , 

Notes: 

1. Dyna",ic pressures were measured with a 2.5 psi C. E.C. transducer, 
chamber mounted type. 

2. With the gates closed and flow over the weir, air isentrained. Air 
escaping through the vent causes dynamic pressure oscillations. With 
the use of a small diameter vent, the escaping air is throttled, causing 
a higher pressure air pocket at the crown of the trap. The pressurized 
air reduces fluctuations of the water surface, thus reducing the 
pressure pulses. With the vent throttled to 0.5 s'l ft of area, tests 
indicate that the transient pressure pulses and the long period surges 
are effectively reduced. 

D.S. Submergence = 48 ft 
Gate Opening = 0% 
Model Scale = 1 :38.3 

COMPARISON OF AVERAGE AND 
TRANSIENT PRESSURES IN REVISED B-2 

STRUCTURE WITH 0.5 SQ FT AREA VENT AT 
"D" DUE TO VARIATION OF DISCHARGE 

FOOTHILL FEEDER STUDIES 
Metropol itan Water Distri ct of 

Southern Cal ifornia 


