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INTRODUCTION

In nearly all river outlets designed previous to those for the
Friant and Shasta Dams each outlet conduit was equipped with two gates

or valves, one for regular operatioﬁ and the other for emergency use

in case the first failed to function,

This arrangement limited the duties of a coaster gzte to those of
a bulkhead, its purpose being to seal the outlet conduit at the upstream
end, therel:y making the entire length accessible for inspection or
repairs., The gate was never expected to be lowered into place with the
outlet discharging.

The function of the coaster gate changed materially when the emer-
gency gate or valve was omitted, as in the case of the Friant and Shasta
designs., Besides acting as a seal it had to assume emergency duties,
one being to close the outlet conduit during operation at full capacity.
This condition; representing the control valve jammed in the open '
position, was considered the worst under which the gate would have to
operate, the velocity in the conduit and differential pressures on the
gate being 2 maximum., The function was similar to that of a coaster
gate used in emergency closure of power penstocks, Figure 1.

Use of the coaster gate under these conditions was expected to be
infrequent, thus the outlets would rarely be subjected to cavitation

due to the presence of negative pressures in the bell entrance.
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lforeover, the time to close it would be of such short duration that
no damage should result, From this standpoint the presence of near
absolute pressures would not be objectionable., However, should they
contribute to vibration, their reduction or elimination would become
imperative., It was for the purpose of investigating the behavior of
the coaster gate functioning under emergency conditions that hydraulic
model studies were made in the Bureau of Reclamation hydraulic labo-
ratory. The fact that cavitation was of minor consideration, resolved
the problem into one concerned mainly with investigating the presence
of vibration and evolving a means of reducing it to a minimum,

The model. Because of the similarity between the designs of the
Friant and Shasta outlets at the time these tests were instigated, it
was possible to utilize an existing 1:17 model of the Shasta outlets,
Figure 2. The model was comprised of a head tenk fabricated from
steel plates, a bell entrance machinea from a brass casting, and sec-
tions of six-inch pyralin pipe shaped to the outlet profile.

The bell entrance was fastened to the outlet end of the head tank
so that a steel plate in the tank represented the face of the dam,

The coaster gate of galvanized sheet metal, constructed similar to the
preliminary design for the Shasta Dam Fenstocks, Figures 3 and 4,
operated in slide grooves attached to:this plate, A piece of threaded
brass tubing, fastened loosely to the gate and connected to a duct
through the gate, provided a passage for admitting air to thé bell

entrance and a means for raising and lowering the gate, Flexible con-

nections between the stem and gate allowed free movement in case the
gate vibrated. Location of the vent system in the stem permitted
initial studies to be made without altering the bell entrance used
intermittently for tests on the Shasta outlet and tube valve. The
supply duct size was varied by placing 1/8- to 7/8-inch telescopic
brass tubing in the gate stem. '

A pressure gage, reading in feet of water and attached by a
short length of pipe to the downstream end of the head tank, was used
to record the head on the outlet,
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Pressures in the outlet conduit were recorded by manometers atta-
ched by rubber tubing to piezometric openings in the outlet wall. Uncer-

tainty concerning the outlet control valve design at the time these

 tests were conducted made it desirable to perform them without the valve.

Moreover, it was felt that the reduced loss duvue to its omission would
induce a factor of safety. |

Hydraulic similitude. Much could be said concerning model proper-

ties which are essential to attain exact similitude. Wany of these pro-
perties cannot be controlled and others are of minor importance in hydrau-
lic testing, so the subject will be discussed only bfiefly in this report.
Exact similitude is never attained when the licuid used on' the model
is the same as exists on the prototype, mainly because of the incorrect
relationship existing between viscous properties, This relationship is
of little concern in open-channel models where appreciable depths are used
and the linuid has a low viscosity. The same holds true in closed con-
duit. flow when both the model and prototype operate with values of Reynolds'
number above or below the critical range. The case is different, however,
if Reynolds' number on the modelis below the critical range and that for
the prototype is above, To assure similar flow when this condition
obtains, it is neces:ary to increase the size of the model or in some
manner increase Reynolds' number above the critical rance, Inability to
utilize a larger model and impracticability of employirs~ 1 licuid with
less viscosity forces one to resort to other methods. One effectively

used is the increasing of the operating heads on the model to values

- much greater than those representing the prototype heads.

Reynolds' number was near the critical renge when the 1 to 17 outlet
model used for these studies was operated at heads representative of the
prototype., For this reason it was deemed desirable to conduct the tests
with heads greatly in excess of those representing the prototype. This
procedure assured operation at values of Reynolds' number beyond the

critical range and in addition provided a more reliable means of
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establishing the relation between head and critical flow conditions,
Vibration of model. The model was first operated without aeration,

Although vibration was present no movement of the gate was noted,
Anparently the pressure differential on the gate was sufficient to hold
it firmly against the plate representing the face of the dam, thus pre-
venting any movement, Vibration of the entire model occurred at all
gate openings, becoming more intense as the head increased, This con-
dition was attributed to the large negative pressures in the bell
entrance, which also varied as the head, Although the gate did not
seem to be directly affected, it was believed desirable to eliminate

as much of the vibrati;n as possible, Aeration of the negative pres-
sure region seemed the only practicable way to accomplish this, More-

over, relieving the negztive pressure would reduce the downstream force

on the gate and facilitate its operation,

Effect of aeration on model vibration., The admission'of air to

the bell entrance was found to affect the vibration intensity., By
using supply ducts up to one inch in diameter it was ascertained that
the intensity increased slightly for duct sizes up to one-fourth inch,
then decreased rapidly as the size increased, being much less for the one-
inch duct than vhen no air was admitted. This indicated that consid-
erable damping could be accomplished by aeration. However;, a more
detailed model arrangement including a varisble vent system and a
means of recording the vibration intensity, was needed to determine
if the duct size wes critical. In order that this model be of the
greatest value it was also necessary to determine the most desirable
points for admitting air, Pressure distribution in the outlet was
obtained for this purpose.

Vent location governed by conduit pressures. Since the flow of

air between two points is proportional to the pressure drop between
them, the most desirable place for admission of air to a region of
subatmospheric pressure would seem to be that at which the negative
pressure is the greatest., However, this is not necessarily true when
the pressure in all parts of the region is auickly equalized by the

admission of air, Under this condition it would be essential only



98-dAH

that the vents enter at some point within this region. This condition
being anticipzted in the Friant outlet downstream from the coaster gate
made it essential to ascertain the extent of the subatmospheric region
under the various onerating conditions, Accordingly, piezometer
readings were taken for gate openings of 25, 50, and 75 percent at

heads ranging from 10 to 68 feet. (Gate opening being defined as the
ratio between the distance from the bottom edge of the gnte to the outer
edge of the bell entrance and the maximum diameter of the entrance.)

The longitudinal 1imit of the negative pressure region, which
encircled the outlet jet in the bell entrance,'was found to vary directly
as the head and inversely as the gate opening., Changes from negative to
positive pfessure on the crowvn and invert of the bell entrance occurred
at 0.8 and 0.6 conduit diameter downstream from t»e face of the entrance
for 0.5 gate opening and a 10-foot head (model), Figure 5. For greater
gate openings and smaller heads the negative pres.;ures were so small
that venting for these conditions was not deemed necessary. Moreover,
properly located vents would serve to serste most of these cases. The ‘
1limits for 0.5 gate opening and a 10=-foot head were therefore used as
a criterion in establishing the longitudinal vent location on the model,
the distance from the upstream end being arbitrerily chosen as half of
the conduit diameter. That it would not be necessary to limit venting
to the crown was shown by the ecual distribution of negative pressure
on the circumference of the outlet, This characteristic permits admis-
sion of air at more than one point on the circumference of the pipe and
allows the openings in the wall to be much smaller and therefore less
susceptible to local caﬁitation. Venting in this manner would be more

comnlete than a single opening, because air could be admitted near the
invert.

From the pressure studies it was concluded that a very satisfac-
tory position for the vents would be in the weall of the bell entrance

one-~half conduit diameter from the upstream end.

New bell-entrance design, Upon completion of the initial tests

it was decided that a new bell entrznce, with a variable supply duct,
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a manifold, and variable vent openings, would give results of a more
peneral nature as well as . provide 2 means of determining the proper air
supply duct size. Accordingly, a flexible bell entrance was constructed,
Meure 6.

The air supply duct of this system was formed from standard pipe
and fittings to facilitzte rapid chanres from one arransement to another.
With this arrangement it was possible to test duct sizes up to 1+ inches
in diameter.

An anemometer placed in a measuring tunnel attached to the suprly
duct recorded the air flow through it for the various oberating con-
ditions.

The special hardwood clamp, designed to su'port strain gares and a
metal reed for measuring the vibretion intensity, was fastened on the
pyralin pipe immediately downstre=n from the entrance casting,

Piezonmeters were installed in the entrance wall for ascertaining
the degree of aerzation.

Effect of supply duct size on negative pressure in bell entrance.

Records from the piezometers in the crown of the entrance for wvarious
heads and supply duct sizes disclosed that a rapid rise in pressure
occurred wheﬁ the size was incre=zsed ffom one=half inch to one inch and
that the change became more gradual with further increase in size. This
characteristic, which became less pronounced as the gate closed, was
similar for all gate openings and definitely indicated the size of the
air supply duct to the critical, Vigure 7, This size was found to be
about one inch on the model, and did not very with the model head. How-
ever, in some instances the change in pressure was still quite rapid when
the duct diameter was increased to 1+ inches, indicating the latter to- be
the more desirable criterion, especially for the smaller gate openings,
Considering the relatively greater friction on the model, both sizes
should be more efficient than indicated and supply duct sizes based on
the one-inch pipe should prove satisfactory, Curves for obtaining the
proper air supply duct size for any given outlet conduit diameter were

prepared. These curves, based on the model sizes of 1 and 1} inches,
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were obtained by ass'ming the model to represent outlet conduits of
various diameters, I'igure 7.

Effect of su.ply duct size on vibration of the model, It had been
definitely determined in the initial studies that some relation existed

between the supply duct size and the vibration of the model. Since both
the pressures and vibration varied as the duct size it seemed that some
relation should exist between them., It was necessary to determine the
vibration intensity in order to ascertain if such a relationship existed.
Examination of the model in operation disclosed several sources of vibra=-
tion other than that due to the loﬁ pressure in the outlet entrance. To
eliminate these extraneous vibrations would have required a very elab-
orate modél arrangement. Even then the intensity would have beev only
relative and not transferable to the prototype. Moreover, it wa:
believed that the cri%ical duct size could be determined without the use

of such an elaborzte model.

Assuming the performance of the model and prototype tb be similar

‘and the critical air supply duct size not to very with the head on the

outlet, the results from the less elaborate model should give an ade-
cuvate solution to the coaster-zate problem.

Vibration pulsations in the pyralin section immediately downstream
from the entrance casting were visible., A specially built clamp of
hardwood with extension arms for mounting De Forest strain gaces, was
placed on this section of pyralin pipe, Figure 8. The location was
close to the subatmospheric region below the coaster rate where it was
believed the apparatus would record principally the vibration from
this source,

It was found impossible to obtain complete records with the strain
gares, Uithout aeration at high heads the vibration was so intense that
the inertia of the clamp prevented it from keeping contact with the pipe.
Increasing the‘tension on the clamp spring to remedy this condition pre-
vented the recording of vibrations of only slightly less intensity. For
this reason strain-gage records were used only to check the reliesbility
of a simpler method, the measurement of the displacement of a vibrating

red, A piece of thin steel measuring tape was fastened to the clamp






FIGURE 8

Side view of model gate, bell-entrance
and vibration clanp

View of vibration clamp showing reed
and De Forest strain gage.

MODEL BELL~-ENTRANCE, COASTER GATE AND VIBRATION RECORDER
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to form a reed, the displacement of which under the various conditions was
believed proportional to the vibration intensity. Plotted records for the
various operating conditions disclosed that in all cases the maximum
damping effect was attained by the time the model supply duct reached one-
half inch in diameter, Figure 9, Some of these curves substantiated the
earlier tests which indicated an increase in vibration for very small air
ducts. Since this characteristic was not recorded by the strain gages -

it was attributed to an unknown source, The strain-gage readings, obtained
by scaling 80-diameter photomicrographs of the target records, Figure 10,
were considered more accurate., However, the same critical size was
obtained in both cases, so either method would have sufficed. In these
tests the reed records were more useful because they represented the trend
over a wider range in operating conditions,

The critical duct diameter, found to be slightly less then one-half
inch in all cases, did not vary with the head, in fact, a slight reduc-
tion was noted in several instances when the head was inereased. On this
basis, assuming va}ious scale ratios for the model, it was possible to
ascertain the critical supply duct size for various outlet conduit diam-
eters, Figure 9.

Location of vent openings in outlet conduit., Pressures obtained for

the 11-inch air supply pipe for various heads, with three and five vents
from the air manifold to the conduvit, disclosed that pressures on and
near the invert were not relieved to the same extent as those on the side
and crown when the air was admitted at points on or above the horizontal
centerline, Figure 1l. Evidently air must be admitted near the invert

to successfully relieve the region of subatmospheric pressure. Since

the pressures on the invert never contact the coaster gate, it is ques-
tionable if they would effect its operation or cause it to vibrate.
However, should it be deemed desirable to aerste tiie cutlet in this region
vents could be placed near the invert., Should this be done care should
be taken to locate them where they would not be in danger of becoming

plugged by sediment or foreign material in the water. In any case, it
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is believed that aeration should be made at more than one point., Besides
giviné more equalized pressures, this method, by its smaller openings
through the wall of the outlet, becomes less conducive to local cavit-
ation. (Smaller holes cause less disturbance and sre less likely to set
up conditions resulting in cavitation.) Six port holes from the manifold
through the wall of the outlet should give ample aeration. These openings
should have a combined area slightly greater than that of the supply

duct to offset the losses at their entrances., It seems that aeration
would be most effective and uniform with the lowest vents placed 30

degrees off the invert,

RESULTS AND CONCLUSIONS

Infrecuent operation of the coaster gate under emergency conditions
and the short period of time required to effect its closure under these
conditions made the elim‘nation of cavitation due to negative pressures
in the bell entrance a minor consideratibn, thus resolving the problem
into one dealing mainly with vibration.

The use of the same liquid on the model as exists on the prototype
made exact similitude impossible, It would have heen impracticahle, if
not impossible, to employ a liquid having the viscous cualities dictated
by the model scale. The model was operated under heads greatly in excess
of that representing the maximum on the prototype, to offset this con-
dition as much as possible., This procedure =2lso assured operation with
values of Reynolds' number beyond the critical range. The reliability
of the model dszta is believed to be increased by the fact that the model
was operated in tl.i: manner.

Initizl tests disclosed the presence of negative pressures in the
bell entrance immediately downstream from the coaster gate for all heads
with gate openings of 54 percent or less. This region of negztive pres-
sure was found to be a source of vibration, not effecting the gate itself,
but the model as a whole. Although it was believed that the vibration
would not be harmful to the mechanical operation of the gate, it was
thought desirable to reduce it as much as possible. The =zdmission of

air to the negative pressure region was found to damp the vibration
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materially, thus testing reverted to aeration of the bell entrance.

Since venting must be'doné within the negative pressure area to be
effective, piezometef records were obtained to ascertain the extent of
this region under the various operating conditions, :

The minimum longitudinal limit of the subatmospheric region recorded
on the model was 0,2 and 0,5 conduit diameter from the upstream end on
the crown and invert, respectively. It is believed that locating the
air vent 0.5 diameter downstream would provide aeration for conditions
arising frém any decrease in head, It is therefore, reéommended that

a distance of one-helf diameter be used in future designs. Air vents in

~this location would be in the region of less curvature on the bell entrance,

thus less disturbance would result and cavitation would be less likely
to occur regardless of the size of the opening in the vall of the outlet
conduit, '

Equal distribution of pressure on the circumference of the outlet

entrance, without aeration, proved that it was not essential to restrict
venting to the crown of the outlet conduit, making it possible to utilize
a manifold with several openings into the interior of the conduit.

After the initial tests had proven that aeration of the negative
pressure region below the cozster gate was necessary to damp the vibra-
tion resulting therefrom and had indicated the most desirable longitu-
dinal locztion of the vents to be one~half diameter downstream from the
face of the bell entrance, a new entrance, incorporating these findings,
was constructed., It contained a manifold with provisions for changing
the size and number of ports from it into the conduit.

Three vent ports from the air manifold to the outlet conduit, two
placed 45 degrees from the vertical axis and one on the vertical axis,
produced desirable damping effects. Piezometer readings, however,
showed less reduction in pressure on the invert than in the crown so
two more vents were placed 90 degrees from the vertical axis. No further
reduction in pressures on the invert was noted, signifying that vents
should be placed near the invert to obtain complete esualization of

pressures, The effect of providing additional ports nearer the invert

10
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was not investigated since their location in this region would be governed
more b¥ the possibility of becoming nlugged by sediment or foreign matter
in the water.

An air manifold with vent openings spaced about the circumference
would probably produce the most desirable pressure conditions., No doubt
more air is needed in the crown than any other point, thus the vent spacing
should provide more openings near that part of the outlet con?uit. How-
ever, some air should be zdmitted near the invert to relieve the pressure
under the outlet jet. This is indicsted by the fact that the preséure

on the invert remained constant with three and five ports nlaced in the

upper half of the conduit, Figure 11. The selection of the number of vent
ports is left to the designer. IiHowever, the entrance loss to these ports

should be tzken into account and their area increased accordingly, making

their combined area larger than that of the air supply duct.

Vibration intensity recorded by the displacement of a vibrating reed
and De Forest strain gares, disclosed a critical air supply pipe size to
obtzin a maximum dampinz on the model., This size, oné-half inch model,
did not increase with increase in head, in fact it was found to decrease
in several cases, A relation between the vprototype outlet diameter and

the critical air supply duct size based on this conclusion was obtained

by assuming that the model represented conduits of various sizes, Figure 9.

When using these data it should be remembered that the relationship is
based on the results from one model and that the prototype might deviate
slightly, thus sizes smaller than indicated by these tests should never
be used. Extensive testing on at least two, but preferably three, elaho-
rately constructed models would be necessary to accurately establish this
relationship over & wide range.

Urgent work in the laboratory and the limited time to obtain results
prevented the conducting of such an extensive program. LMoreover, the
current problem had been trezted satisfactorily and the data were believed
to be sufficiently of & dimensionless nasture to form a basis for future
designs. It is believed, however, that additional studies should be

made at the first opvortunity.

11
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Pressure records for various gate openings and heads disclosed

a critical duct size also existed for relieving the negative pressures
in the entrance, This size was different from that shown by the vibra-
tion studies, thus the relation between supply duct size, vibration,
and pressure was not as had been expected, a much larger duct being
required to relieve the pressure than to damp the vibration. A one-
inch diameter model duct proved to be the critical size for relieving
pressures in the majority of cases. Only in a few instances did the
size aporoach 17 inches, the additional change in pressure obtained by
using the larger size was very small, being zero for heads representing
the prototype and two feet of water for the very high heads. Use of
the data based on the larger size does not seem justified under these
conditions, However, since a conservative designer might prefer the
larper size, curves obtained in a similar manner to that for the vibra-
tion studies and based on both sizes are presented, Figure 7,

It is evident from the model studies that designing for critical
pressure conditions automatically takes care of vibratibn, thus in

designing duct sizes for relieving pressures downstream from a coaster

' gate, one need not be concerned with vibration,

Whether or not air-duct designs should be tased on the relief of
negative pressures or the damping of vibration in the emergency operation
of cozster gates, is a matter for conjecture. The uncertain relation
between negative bressures on the model and prototype would seem to
favor designs based on the reduction of negative pressures.

Because of the various sources of model vibration and the daming
and amplifying effects that micht exist for different heads, it is felt
that comparison of the vibration intensities for various heads is not
reliable., However, for constant gate opening and constant head the
vibration due to factors other than the air supply duct size should
remain unchanged, thus indiéating the relative damping due to duct sire
only. '

Although the Friant outlet design was changed materially from that
tested, it is believed that the data are still applicable. Moreover,
the results of these tests should be helpful in determining the vent

12
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sizes necessary for coaster-gate closures of power penstocks,

lFeasurement of air flow through the supply duct, while of very little
practical value, showed the greatest demand for air occurred between
gate openings of 25 and 30 percent for all heads, Figure 12,

In these tests no attempt was made to determine the proper shape
for the bottom edge of the coaster gate, considerable work having pre-
viously been done along that line in connection with gate valves.

At the completion of these tests, the purchase of the Friant entr-
aﬁce castings had® progressed to such an extent that changes were not advis=-
able unless the air-supply ducts proved to be smaller than the critical
size to Jamp vibration. Checking disclosed the ducts to be slightly
larger than the critical so no changes were recormended,

Should progress on the Shasta entrance designs be sufficiently in
the preliminery steges to enable incorporation of the features indicated
by the model, it is suggested that the final design be governed by these
tests, A system with air manifold and vent ports is believed supefior
to the usual arrangement of one large opening in the curved portion of

the bell-mounted entrance,
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