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HYDRAULIC STUDIES OF A VERTICAL SHAFT 
INTAKE TO A PRESSURE TUNNEL 

by 

James W. Balll and Jack C. Schuster2 

SUMMARY 

The hydraulic studies discussed in this paper were made for 
the purpose of determining the most suitable design of vertical intake 
shaft for conveying water from a small diversion reservoir to a pres-
sure tunnel 300 feet below the ground surface. Three shaft designs 
were considered: (1) one in which the water entered through a morn-
ing-glory shaped entrance and plunged into the partly full shaft, (2) 
one in which the jet from a control at the top of the shaft plunged through 
a vacuum in the upper portion of the shaft into the partly full shaft, and 
(3) one in which the shaft was kept under pressure by a control at the 
bottom of the shaft so that air would not enter. The considerations and 
model tests which concerned each design and led to the final hydraulic 
features of the third and adopted design are discussed. 

INTRODUCTION 

The Eucumbene-Tumut Tunnel is located in the Snowy Mountains 
area of southeastern Australia near Cooma about 260 miles southwest of 
Sydney (Figure 1). The 21-foot-diameter tunnel connects the large Adam-
inaby storage reservoir on the Eucumbene River to the power reservoir 
(Tumut Pond) on the Tumut River about 14 miles through the mountain 
range. An 18 -foot -diameter vertical shaft intersects the tunnel about 
10-1/2 miles from the portal at Adaminaby Reservoir (Figure 2). This 
shaft receives water from a small diversion reservoir (Junction Pond) at 
the confluence of the Tumut and Happy Jacks rivers and discharges it into 
the tunnel about 300 feet below the ground surface; the tunnel conveys the 
water to Adaminaby Reservoir when the combined flows of the rivers ex-
ceed the capacity of the powerplant at Tumut Pond. The water thus stored 
later flows through the tunnel to Tumut Pond when the flows from the 
Tumut and Happy Jacks rivers are insufficient to supply the demands at 
Tumut Pond. The design of this shaft to divert water quantities up to 9,000 
cfs from Junction Pond to Adaminaby Reservoir was evolved through the 
aid of comprehensive hydraulic model studies. 
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The crest of the diversion dam at Junction Pond is elevation 
3910 and the maximum flood level is elevation 3940. The crest of the 
morning-glory-type inlet structure, hexagonally shaped in plan, is at 
elevation 3885, 25 feet below the diversion dam crest (Figures 2 and 3). 
The inlet water passage is tapered downward from hexagonal at the crest 
to the 18 -foot circular shaft in a 25 -foot vertical distance. Piers at the 
corners of the hexagon support a hexagonally shaped enclosure of con-
crete extending upward to elevation 3940. This enclosure supports the 
trashracks, cylinder gate hoist equipment, and the bulkhead gates for 
unwatering the shaft. 

The 18-foot-inside-diameter shaft connects the inlet structure 
to an enlarged section in the 21-foot-diameter Eucumbene-Tumut Tunnel. 

THE PROBLEM 

The problem was to develop by model studies a hydraulically 
sound design of vertical intake shaft for conveying floodwaters from 
Junction Pond to the Eucumbene-Tumut Tunnel. 

Six models (including an aerodynamic model and an electric ana-
log) were used in solving the hydraulic design problems pertaining to this 
tunnel intake system. Two of these models were used to establish the in-
let design. The others, including the aerodynamic model and the electric 
analog, were used to study the 20-foot 4-inch-diameter cylinder gate con-
trol which is to be in the base of the shaft. 

INVESTIGATION OF VERTICAL SHAFT TUNNEL INTAKE 

Types of Inlets Considered 

Three types of inlets to the tunnel intake were considered: (1) 
one in which the water entered a morning-glory type of spillway entrance 
with free flow over the inlet crest, (2) one in which the discharge from a 
control at the top of the shaft plunged through a vacuum into the water -
filled lower portion of the shaft, and (3) one in which the inlet was kept 
submerged to prevent air entrainment by regulating the amount of flow 
released from the bottom of the shaft into the tunnel. 

Free Flow Inlet 

Description of model. A 1:21.6 scale hydraulic model was used 
for the tests on the firsi an t ird types of inlets (Figure 4). The model 
represented a portion of Junction Pond, the inlet structure, and part of the 
18-foot-diameter vertical shaft. The portion of the vertical shaft was rep-
resented by a 10-inch-inside-diameter transparent plastic pipe. Topog-
raphy affecting the flow to the inlet structure was represented accurately 
by a cement-sand mortar placed over a framework of wire lath and wood. 
The flow approaching the inlet structure was passed through rock baffles 
to represent flow from the Tumut and Happy Jacks river channels. 
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Flow condition in model shaft.  When the model was first oper-
ated as a morning-glory type spillway with the flow plunging over the crest 
and into the partially filled shaft, large quantities of air were entrained 
and much turbulence and surging were observed (Figures 5, 6, and 7). 

Also, the nappe of water was alternately in contact and free from 
the interior surface of the inlet crest section. This unstable flow action 
occurred for nearly all discharges to the maximum of 9, 000 cfs (Figure 
5). The changing flow conditions of one or more nappes could cause unde-
sirable vibration in the structure. This type of inlet structure was not 
considered suitable for free-flow operation. Even with the inlet designed 
to eliminate this action, large quantities of entrained air would be expected 
in the prototype junction shaft if it were operated under free-flow condi-
tions. It was felt that such quantities of entrained air would induce violent 
surging with possible damaging effects when the air under substantial pres-
sure was released in the tunnel control gate shaft or in the tunnel portal 
area at Adaminaby Reservoir. Such conditions were noted at the gate valve 
in the horizontal section of the model discharge pipe when the model was 
operated to represent the free-flow condition. The forces accompanying 
such air release could not be predicted from the small scale models and 
the limited information from available literature indicated adverse condi-
tions would result if the free-discharge inlet were used. Accordingly, the 
free-discharge inlet was abandoned. 

Controlled Inlet 

Description of model. Another plan for regulating the flow of 
water from Junction Pond tot e Eucumbene-Tumut Tunnel was to pro-
vide a control at the shaft inlet where it could be easily inspected or re-
paired. This control would exclude air from the shaft and the water 
would fall in the shaft where ejector action had created a vacuum equal 
to water vapor pressure. 

A schematic model of the proposed control was constructed to 
demonstrate the characteristics of such a design (Figure 8). A 6-inch-
inside-diameter pipe 18.5 feet long attached to the downstream side of 
an orifice plate represented the vertical shaft. A 1-1/2-inch sharp-edged 
orifice represented the control at the top of the shaft. 

It was thought that cavitation might result from entrained vapor 
cavities when a high velocity jet plunged through a vacuum into a pool. 
Such a condition, of course, could not be studied on a small scale model 
because the action was dependent upon high velocity flow. It was believed 
that this condition could be demonstrated by discharging a small diameter 
jet at prototype velocitythrough a vacuum into a pool. The schematic 
model shown on Figure 8 was constructed for this purpose. 

Model operation. It was estimated that the jet from the prototype 
control wo ave a maximum velocity of about 110 feet per second by the 
time it reached the water surface in the shaft. Therefore, a jet of water 
having a velocity of approximately 110 feet per second was discharged 
from the orifice down the pipe. The pipe flowed full unless the turbine 
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pump on the discharge end was operated. The water level could be ad-
justed throughout the length of the 6 -inch pipe by controlling the discharge 
from the 8-inch turbine pump. A pressure of 9 inches of water, absolute, 
surrounding the jet could be obtained by pumping the water from the 6 -inch 
pipe. 

Flow characteristics. The jet of water had the same appearance 
as one discharged into atmospheric pressure and had a measured diver-
gence rate of about 1:50. Irregular surface eruptions were made visible 
with high-speed photography (Figure 9). These surface eruptions were 
presumably caused by turbulent eddies originating in the pipe system up-
stream of the orifice and not by the vacuum surrounding the jet. No at-
tempt was made to reduce the turbulence because a jet with an irregular 
surface is likely to occur in any large control of this type. 

Cavitation tests. The characteristic noise of cavitation was 
heard in the 6 -inch pipe in the region where the jet penetrated the wa-
ter. A section of plastic pipe, approximately 4-1/4 feet in length, was 
placed in this region to facilitate observation of the flow action. The 
flow in this pipe appeared to be a very turbulent mixture of water and 
vapor cavities. High-speed motion pictures through the plastic pipe 
disclosed a turbulent mixture, but separate cavities were not distinguish-
able. The vapor cavities seemed to be entrained in the turbulent flow with 
no definite concentration of collapse taking place. The maximum noise 
seemed centered 2 or 3 diameters downstream of the jet and water junc-
tion. A 2-foot length of 6-inch-inside-diameter, concrete-lined pipe was 
placed 12 feet below the orifice and the jet-water junction was maintained 
nearthe upper end ofthis pipe section totest for cavitation erosion (Figure 8). 

A rapid erosion of the concrete lining by cavitation was expected 
because of the relatively high noise level. After 25 hours of operation with 
a jet velocity of 110 feet per second and a pressure of 9 inches of water 
absolute in the upper end of the pipe just below the orifice, no damage def-
initely attributable to cavitation could be detected (Figure 10A). Before 
replacing the pipe for additional testing, four areas chosen at random, 
two at each end, 900  apart, and 2 inches from the pipe ends, were pho-
tographed through a microscope at 12 times magnification. The 2-inch 
distance was limited by the photographic equipment. Photomicrographs 
of the same areas were again taken after 7 5 hours additional testing (to -
tal of 100 hours) because no increase in damage to the surface was evi-
dent to the naked eye. The photographs disclosed a change in the surface 
texture near the top of the pipe where the cavitation seemed concentrated 
(Figure 10B). Small holes in the concrete at 25 hours were enlarged 
after 75 hours more testing. Small amounts of the sand-cement mortar 
were removed and the texture of the surface seemed to have a spongy 
appearance, characteristic of cavitation erosion. The concrete surface 
2 inches from the bottom of the pipe was essentially unchanged. Al-
though no erosion of a large magnitude occurred, the characteristic noise 
of cavitation in the model and the slight erosion of the concrete surface in 
the region of cavitation concentration led to the conclusion that this type 
control was not suitable for the junction shaft of the Eucumbene-Tumut 
Tunnel. 
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An enlargement of the shaft to cause the cavity collapse to take 
place in the flow away from the shaft surfaces might make this type of 
control suitable for an installation where the shaft water level is rela-
tively constant. Such an enlargement was not feasible for the junction 
shaft since the water level will vary almost the full height of the shaft. 

Submerged Inlet (Adopted Design) 

Flow conditions. Operation of the 1:21. 6 scale model, with the 
inlet submerged prevented air entrainment. The submergence was ac-
complished by controlling the flow through the structure using the gate 
valve located in the discharge pipe. Flow conditions were tranquil with 
this method of operation which represented a control placed in the base 
of the shaft or in the tunnel. 

As a result of these observations and discussions with the de-
signers, it was decided that the investigation should be continued to de-
termine (1) the feasibility of this operating method, (2) the minimum shaft 
water level with respect to the pond level that would prevent air entrain-
ment with free flow at the crest, and (3) the head loss through the sub-
merged bulkhead gate openings. 

The minimum water level in the shaft with respect to the pond 
water level to prevent air entrainment is uncertain because air quanti-
ties entrained in model flow do not represent the larger quantities that 
are present in prototype flow. Dissimilarity in the degree of turbulence 
in the model and prototype at the interface of the air and water within the 
shaft is the principal reason for this difference. 

An approximate maximum difference of 1-foot prototype from 
pond level to shaft level without air entrainment was indicated by the 
1:21. 6 scale model for discharges from 1, 000 to 9, 000 cfs with free flow 
over crest. Air entrainment is likely to occur at a smaller differential 
in the prototype because of the more turbulent flow. 

Although flow conditions were tranquil in the inlet and pond for 
submerged operation, a slight surging and surface roughness occurred 
within the shaft (Figures 11 and 12). Flow conditions in the inlet were 
satisfactory at all flows when sufficient submergence was maintained. 
The submergence was sufficient for discharges up to 3, 000 cfs when the 
pond was at elevation 3895. Ample submergence for discharges from 
3, 000 to 9, 000 cfs was obtained when the pond elevation was raised from 
elevation 3895 to elevation 3910 in direct proportion to the discharge. 

The operating mechanism of any control gate would have to be 
related to the pond level and the shaft water level to give the required 
submergence of the inlet. The difference between the pond and shaft 
water levels or the loss of head across the bulkhead gate opening was 
obtained for discharges up to 9, 000 cfs. The head loss curve for the 
bulkhead gate openings submerged the equivalent of 1 foot (pond level 
3895) at 3, 000 cfs and 16 feet (pond level 3910, crest of diversion dam) 
at 9,000 cfs, Figure 13, was obtained for use in designing the cylinder 
gate controls. 
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Because the preliminary design inlet performed very satisfac-
torily when it was operated submerged, the design was adopted. All 
subsequent tests were focused toward the development of a control which 
would pressurize the shaft and meet operational requirements. 

Problems Pertinent to a Control 

The use of a control at the base of the shaft to keep the inlet 
submerged imposed several requirements. The control must have suf-
ficient capacity to handle the design discharge, it must be free of cav-
itation under all conditions of operation, it must be supported to with-
stand unbalanced pressures in both the vertical and horizontal directions, 
it must be free of any instability which might induce surging, it must be 
provided with controls which would keep the proper relationship of res-
ervoir water surface to shaft water surface to prevent air entrainment, 
and it should be mechanically as well as hydraulically adequate. Sev-
eral separate model studies were made to determine whether or not 
these design requirements could be met. 

Description of cylinder gate model. A cylinder gate located in 
the bottom of the shaft at the junction of the shaft and tunnel seemed the 
most feasible means of controlling the flow and reservoir elevations to 
maintain optimum conditions. This design had the disadvantage that un-
watering of the entire tunnel would be required in making inspections 
and repairs. However, its merits were believed to outweight this disad-
vantage, particularly if the gate design was hydraulically sound. Accord-
ingly, an intensive test program was begun to develop this design. A 1:18 
scale model of a preliminary design consisted of a 12-inch-inside-diameter 
pipe representing the 18-foot-diameter shaft, a cylinder gate of brass, a 
transparent plastic gate chamber to facilitate flow observations, and a 
6-foot-long tunnel section of 14-inch-inside-diameter pipe (Figures 14 
and 15). The 14-inch pipe was connected by a 3-foot-long reducer to a 
length of 12-inch pipe containing a valve for controlling the back pres-
sure on the model. 

Initial testing of cylinder gate. The model was operated accord-
ing to computed head differentials based on the losses from the shaft in-
let to the cylinder gate and the losses from the cylinder gate to Adami-
naby Reservoir. With increasing discharge, the tunnel back pressure 
increases and the shaft pressure decreases such that the tunnel becomes 
the discharge control at about 9, 000 cfs (Figure 16). Using the difference 
between the maximum normal head available at the shaft inlet and the 
computed back pressure, gate openings were determined for discharges 
to 9, 000 cfs. The gate opening for a particular discharge was deter-
mined by adjusting the model to obtain the computed differential head. 
The differential head was referred to a constant tunnel back pressure of 
3. 3 feet (model) which submerged the gate but which did not overstress 
the plastic gate chamber. 

Preliminary tests and observations of the gate model disclosed 
no adverse flow conditions that would require major changes to the design. 
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Pressures within the gate structure, measured with open tube water 
and mercury manometers, were above atmospheric with the exception 
of an 18-foot subatmospheric pressure on the gate seat. Pressure 
fluctuations were evident in the gate chamber as the jet energy was 
dissipated, but no movement of the model gate was discerned in the 
preliminary tests when the gate was suspended on three 1/4-inch  stain-
less steel rods 18. 5 inches long. These conditions were explored fur-
ther in the final gate design. 

Gate chamber design.  Water from the junction shaft passes 
radially between six vanes o the gate into the gate chamber and flows 
(downstream) toward the Adaminaby Storage Reservoir (Figure 2). The 
preliminary gate chamber transition toward Adaminaby Reservoir had 
been tapered in plan view to converge at a loo angle in the direction of 
flow (Figure 15). It was designed to aid in directing the flow from the 
gate to the tunnel with a minimum of head loss. The flow of water 
through the tunnel in one direction caused an unbalance of hydraulic 
pressure on the gate. This unbalance depends on the losses and flow 
conditions within the gate chamber and tunnel transition. A test was 
made on the preliminary gate and this transition to determine the effect 
of the transition shape on the pressure and flow conditions and to de-
termine whether or not the unbalanced pressure would be excessive for 
the gate guides. Pressures were measured by piezometers at six points 
on the gate, one each upstream and downstream at elevations 2 feet, 
6. 88 feet, and 11. 38 feet above the gate lip (Figure 17). 

A pressure unbalance, measured at the top piezometers, var-
ied from a maximum of 1 foot of water in the upstream direction at 
2, 500 cfs to a maximum of 2 feet of water in the downstream direction 
at 9, 000 cfs. The unbalanced pressure at the middle piezometers var-
ied from a maximum upstream of 1. 8 feet at 5, 000 cfs to approximately 
0 at 9, 000 cfs. The unbalance at the bottom piezometers was a maxi-
mum of 1. 5 feet upstream at 7, 000 cfs and varied to 0 at 93  000 cfs. 
These pressure differences were allowable since the change from a 
pressure upstream to a pressure downstream occured gradually. 

The need for the loo convergent transition was investigated be-
cause, structurally, the 23-foot radius reversed curve transition of the 
Tumut side of the initial gate chamber offered greater strength at a 
lower construction cost. Since there would be no flow in the tunnel up-
stream from the gate, the model gate chamber was tested in a reversed 
position. 

With this arrangement, the maximum pressure unbalance in 
the upstream direction was 3 feet and the maximum downstream 7. 2 feet. 
The direction of the unbalance changed with discharge but the maximum 
recorded in either test was 7. 20 feet. This value was permissible and 
a gate chamber of two 21-foot -high transitions with their semicircular 
walls aligned on 23-foot-radius reverse curves was accepted for a final 
design (Figure 2). 
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Unbalanced horizontal forces on cylinder gate.  When the transi-
tion shape a been determined a-  nnE a satisfactory cyl rider gate design 
developed, the unbalanced pressures were again measured to determine 
the adequacy of the gate guides. It was neither feasible nor necessary to 
alter the model gate height to represent the shorter final design gate. 
The piezometers used to measure the unbalanced pressure at the top of 
the gate were therefore 2. 3 feet higher in the gate recess. The pressures 
measured by these piezometers were considered applicable because in 
both designs the top of the gate was within the gate recess above the 
crown of the gate chamber. The pressure unbalance for the recommended 
design was always in a downstream direction, reaching a maximum of 
approximately 10 feet of water at 9, 000 cfs. This pressure head applied 
uniformly to the projected gate area would not overstress the guides and 
thus the designs of the gate chamber reverse-curve transition and general 
overall cylinder gate were acceptable. 

Unbalanced vertical forces on cylinder gate. The suspension of 
the gate on lift stems approximately 330 feet long introduced the problem 
of vertical movement of the gate. A vertical movement of the gate would 
not result from pressure fluctuations on the top and bottom if they were 
in phase and equal in magnitude and occurred simultaneously around the 
gate. Movement could result if the fluctuations occurred simultaneously 
around the gate in phase but unequal in magnitude, or out of phase and 
equal in magnitude. To determine the tendency toward vertical oscillation 
and probable downpull forces, the pressure fluctuation and unbalance on 
the top and bottom of the gate were investigated. Water manometers were 
used to obtain the average pressure differences in only one section of the 
gate between adjacent splitters at three positions in the section (Figure 18). 

From these curves, it was apparent that a change of loading 
would occur on the gate lift stems and hoists. Unless the loading change 
occurred suddenly, no movement of the gate would be expected because 
of the small pressure differentials. Since the inertia of water in open 
manometers tends to dampen pressure surges, reactance-type pressure 
cells were attached to Piezometers No. 1, 13, 18, and 9 to measure mag-
nitude, frequency and phase relationships of the pressure fluctuations on 
the gate. 

Oscillograms of the pressure fluctuations for 1, 000 cfs incre-
ments of discharge were obtained with the model attached directly to 
the laboratory supply system. Pressure fluctuations at the gate top 
and bottom were essentially in phase but different in magnitude. The 
maximum difference of 11. 0 feet occurred between Piezometers No. 13 
and 1 for discharges of 7, 000 and 8, 000 cfs. Pressure differences were 
not consistently upward or downward but occurred at random at the two 
piezometer locations with frequencies varying between 2. 5 and 5 cycles 
per second. 

Surging was known to be present in the laboratory supply lines, 
and to exclude the influence of the piping system, the model was con-
nected to an available head tank with a free water surface. In this setting, 
water flowed from the 6-foot-diameter head tank through a bell-mouthed 



entrance into the 12-inch pipe representing the 18-foot-diameter inlet 
shaft. 

Oscillograms of pressure fluctuations were obtained for dis-
charges of 2, 000, 4, 000, and 6, 000 cfs, the discharge limit for the head 
tank arrangement. Although the peak to peak average of the pressure 
fluctuations was reduced by approximately 50 percent, a maximum dif-
ferential of 11. 0 feet was obtained for a discharge of 6, 000 cfs. The fre-
quency of pressure fluctuations had increased slightly with those at Pie-
zometers No. 1, 13, and 18 essentially in phase between 4 and 5 cycles 
per second. Fluctuations at Piezometer No. 9 were about 7 per second. 
Because it was infeasible to attain similarity of the physical properties 
of the prototype and model gate structures, the effect of the pressure 
fluctuations and their frequency on the gate movement could be only qual-
itatively evaluated. 

The short stems of the model (Figure 14) restrained the gate 
and did not provide the freedom of movement that would occur on the pro-
totype gate. To demonstrate the possibility of a prototype gate movement, 
the model gate was suspended on springs to represent more nearly the 
long unrestrained prototype stems. The springs for the suspension of 
the model gate had a natural period of approximately 5 cycles per second 
to correspond approximately with the frequency of the pressure fluctua-
tions. It was assumed for the purpose of testing, that if the pressure 
forces were large enough, the gate could move at the frequency of the 
pressure changes. 

The model gate moved up and down under the influence of the 
pressure changes within the gate chamber. The movement was not reg-
ular or at a frequency of the pressure fluctuation but was at a random 
and lower frequency. Nevertheless, the possibility of a prototype move-
ment was demonstrated, provided (1) the natural period of the prototype 
gate was near the frequency of prototype pressure fluctuations, and (2) 
this gate had sufficient freedom of movement to react readily to the-pres-
sure changes. Tests showed that a slight friction applied to the model 
gate stems would damp the movement of the gate. Friction at the guides 
of the prototype gate is expected to provide ample damping. 

Capacity of cylinder gate.  It was important that the shaft sys-
tem have adequate capacity for the 9, 000 cfs design discharge, therefore, 
a calibration was made of the model of the preliminary gate design. This 
calibration indicated the capacity to be more than adequate. Discharge 
coefficients, computed from model data, reached a maximum of 0. 90 at 
an 8. 5-foot gate opening and decreased to approximately 0.7 3 at a 10. 8 -
foot maximum opening (Curve a, Figure 19). The decrease in the coeffi-
cient over the range of opening from 8. 5 to 10. 8 feet indicated that a loss 
in capacity would result by opening the gate beyond 8. 5 feet. It was be-
lieved that the gate height could be reduced provided the cause of the re-
duction in coefficient could be determined. 

At the bottom of the lower gate frame of the preliminary design 
there was an abrupt offset from the inside diameter of the shaft to the 
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inside diameter of the gate. It was reasoned that as the bottom edge of 
the gate approached the offset, the flow pattern and the contraction 
changed to decrease the discharge coefficient. This was indicated by 
the behavior of the pressures on the bottom surface of the lower gate 
frame. When referred to the same datum, these pressures were higher 
than those on the top of the gate for gate openings up to 7 feet, equal to 
those at the 7-foot opening, 5 feet less at an 8-1/2-foot opening, and 
again equal to those at a 10-foot opening. 

The lower frame of the model gate was extended downward the 
equivalent of 2. 3 feet to ascertain if the coefficient curve was character-
istic of the abrupt offset. The coefficient curve for this arrangement 
was of the same general shape but with the maximum discharge coeffi-
cient of 0.83 occurring at an opening of about 6. 75 (Curve b, Figure 19). 
This test confirmed that the offset and its position with respect to the 
bottom of the gate were the main factors contributing to the shape of the 
coefficient curve. A gate shortened by 2. 3 feet having alower initial cost 
could be used provided the effect of the offset could be sufficiently reduced. 

A gradual expansion from the inside diameter of the shaft to the 
inside diameter of the gate would be desirable because it would prevent 
the inner edge of the lower frame from influencing the contraction under 
the gate, give maximum capacity at full gate opening, and make the gate 
height a minimum. Structural limitations prevented the use of such an 
expansion, and a compromise was necessary. 

A limited expansion of the final flow passage in the lower gate 
frame section of the model represented a change in diameter from 18 
feet to 18 feet 11 inches in 4 feet (Figure 20). This expansion was the 
maximum which could be included and still provide a stiffener ring of 
sufficient size to support the gate frame and seal ring. 

The maximum coefficient of discharge of approximately 0. 83 
for this arrangement was obtained at the design maximum gate opening 
of 7. 5 feet (Figure 21). A further expansion of the lower gate frame pas-
sage would probably have increased the coefficient of discharge between 
the 6- and 7. 5-foot gate openings. However, the gate capacity was ade-
quate and a maximum at full opening. 

Pressures at the bottom of lower gate frame were positive and 
slightly lower than the shaft pressure. This reduction in pressure oc-
curred as the flow expanded to fill the passage inside the gate. The ex-
pansion of flow and the reduction in pressure was gradual and did not 
cause a decrease in the gate capacity at the larger openings. Apparently 
the inner edge of the bottom surface of the lower frame did not influence 
the contraction under the gate. Operating curves for the recommended 
design model and the pressures at the offset between the lower frame and 
gate are shown on Figure 22. The expansion of the lower frame from 18 
feet to 18 feet 11 inches in diameter was satisfactory. 
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The completion of this phase of testing established the adequacy 
of the shaft design and all subsequent testing was focused on the hydraulic 
characteristics of various parts of the cylinder gate. Extensive tests 
were made on the gate seat and the seal at the top of the gate (Figure 20) 
to obtain a cavitation-free design. These tests were considered too ex-
tensive to be contained in this paper and reference is made to them only 
to point out the importance of considering what in many cases appears to 
be only minor details. 

ACKNOWLEDGMENT 

The series of studies discussed in this paper was made over a 
period of several months which enabled several Australian engineers to 
take part in the work. Angus McKinnon helped in the planning and testing 
during the early part of the program and Milton Chappel took part in later 
tests and analyses. Don Campbell and other Australian engineers and 
officials observed many of the model tests and discussed the results. Per-
mission to use the results of the hydraulic studies discussed in this paper 
was granted by the Snowy Mountains Hydro-Electric Authority. 

11 



r fl, 

l 

a~ 
JTUMBARUMBA \ 

1 

t 

1 

~ 

TUMUT 
TI TAILRACE ` ) POND DA, 
TUNNEL ------. - 

TI POWER  
STATION— 

\; iv er 

„b 
T/ PRESSURE  

TUNNEL---' l i 

EUCUMBENE-TUMUT 
TUNNEL------- 

34' 

SURRINJUOK N E W 1 
RESERVOIR-, ; 

Pa 
GOOTAMUNDRA  GOULBiRN ~ 0 

SOUTH O 33' 

WAGGA A TUMUT 
N E  
UEANBEYAN ~ 

TUMBARUM '\ WALES   Q 

HUME  

N 

31JRY R£SERVOI MA  
J 

LBOURNE 191 MILE L ' 

TI PROJECT - h 

SOMBALA / 
37' 

VICTORIA 

I N D E X M A P 

-ADAMINABY 
\RESERVOIR ~. 

1 
m 

\\ 
Y  

O C A 

FIGURE I—LOCATION MAP 
EUCUMBENE—TUMUT TUNNEL—T-I PROJECT, AUSTRALIA 



-Maximum flood level. 
sl.s*mn 

Hoist not shown7. 

Counterweight 
,,Crest of dam. guides. 

.4nlet Structure 

Bulkhead gates. 

E 1. 3660.00 

4400 

06 161M-4282.58N~J`; 

200 

10 

950 

GENERAL PLAN 

SCALE OF FEET 

j ~' 
11 Eucumbene- 

1 
d 

2t 51,  

r*lv9i 0. 

Intersection of 
ail arc and floor-` 

PLAN OF CYLINDER GATE CHAMBER 
2,0 310 

SCALE OF FEET. 

4200 

 | wcm 
~ ' ~^~~ 4000 _4 -Manhole. 

S= 001, >,80v 
~,mo 

3600 

—
`'smn3o+oaoo ,soo 

pnor/Ls ,^mu 

5 0 10 20 30 

SCALE OF FEET TUNNEL PROFILE FROM Ao«m/wwoY ' 
ToruMur pomo 

FIGURE 2—EUGU^8BENE-TU&8VT TUNNEL INTAKE SHAFT 



SECTION A-A 

EL. 39,  

2' Pipe 

FIGURE 3-SHAFT INLET STRUCTURE 

FIGURE 4-1:21.6 SCALE MODEL 
SHAFT INTAKE 

FIGURE 5-WATER SURFACE WITHIN 
MODEL SHAFT INLET 

FIGURE 7-WATER 
FIGURE 6-FREE.FLOW AND ENTRAINED 
OVER INLET CREST AIR IN MODEL 

9000 C.F.S. SHAFT- 9000 C.F.S. 



I} DIAMETER SHARP EDGED ORIFICE 

I ;PLASTIC OBSERVATION 
x SECTION 

N 

I 

LV I 

j I 

i 

m 
of 

al 

~ yy 

i q
y
. 

I 

I 

,-WATER SUPPLIED BY  
2-12-INCH CENTRIFUGAL; 
PUMPS 

;10-INCH RETURN 
PIPE---, 

A 
•_ FLOOR--". ....... 

VARIABLE SUMP LEVEL ^; i 
I TO 3 FEET -------- 

FIGURE 8-MODEL REPRESENTING 
CONTROL AT SHAFT INLET 

.•6-INCH BRASS PIPE 

,-B-INCH PIPE FINISHED 
TO A 6-INCH 
INSIDE DIAMETER 
WITH CEMENT-SAND 

j MORTAR 

B-INCH TURBINE PUMP 

ing-RIm 

FIGURE 9-TURBULENT SURFACE 
ERUPTION, HIGH-VELOCITY 

JET IN 6-INCH PIPE 

A-SURFACE AFTER 25 HOURS B - SURFACE AFTER 100 HOURS 

FIGURE 10-CONCRETE PIPE SUBJECTED TO CAVITATION 



FIGURE II-WATER SURFACE IN SHAFT FIGURE 12 -FLOW CONDITIONS 
SHAFT INLET SUBMERGED 

3.5 

3.0 '— 
HEAD LOSS-, 

W 2.5 
CL 

F- 
O —a FLOW 

o.2.0 

1- 
O 
K 
a 2.0 

w W 
W 
LL 

N 1.5 

O 
J 

O 
Q 
W 
= 1.0 

0.5 

0 0 I 2 3 4 5 6 7 8 9 10 I 

PROTOTYPE DISCHARGE IN THOUSANDS OF CFS 

FIGURE 13 -HEAD LOSS-SHAFT INLET 



FIGURE 14 — ASSEMBLED 1:18 SCALE FIGURE 15— 1:18 SCALE MODEL OF CYLINDER 
MODEL OF CYLINDER GATE GATE AND TUNNEL TRANSITIONS 

300 6 

COMPUTED DIFFERENTIAL HEAD 

. 5 For Junction Reservoir at Elevation 3910 

and Adaminably Reservoir of Elevation 3663 

I - Tunnel n=O.OIo 

4 

GATE OPENING 

Measured from Model 

0 L 0  'ter  
0 1 2 3 4 5 6 7 8 

DISCHARGE IN THOUSANDS OF C.F.S. 

FIGURE 16 — HYDRAULIC CHARACTERISTICS OF TUNNEL SHAFT INTAKE 

w 
w 250 
a 
3 

LL 
O 
r 
w 
LL 200 

w 
r 
a 
t7 

N 
p 150 
cr 

a 
w 
x 

100 
a 
r 

w 
Cr 

LL 

0 50 

2 

9 



UPSTREAM PRESSURE. 
A 
I  "-------- 49.51--1-- 

DOWNSTREAM PRESSURE. 

60 

30 

40 

30 

20 

10 

PIEZOMETER A-US. PRESSUR  

34 

'— PIEZOMETER B-D.S. PRESSURE. 
I 

CURVES FOR U.S. AND O.S. PRESSURE AND PIEZ. 
33 AND 34 APPLICABLE TO ALL DATA. 

L . I — 
A. PRESSURE UPSTREAM AND DOWNSTREAM 

11.38 FEET ABOVE THE GATE LIP 

0 00 

PIEZ. 19 

50 
22 

0 

30 

ZO 

0 
C. PRESSURE UPSTREAM AND DOWNSTREAM 

2.00 FEET ABOVE THE GATE LIP. 
Oo I f 3. 4 3 6 7 B 9 II 

60 

50 

40 
z 
0 

30 

w 
w 

w 
N 
w 10 
a 
u 

00 I 2 3 4 5 6 7 6 9 

a DI SCHARG E- THOUSANDS OF QF.S, 
0 

W 
F 
Q 
3 

0 O 
f 
W4 

w 

In 
N 
w 
a 

PIEZ 20 

23 

B. PRESSURE UPSTREAM AND DOWNSTREAM 
6.88 FEET ABOVE THE GATE LIP. 

I z a J e a m 
DISCHARGE- THOUSANDS OF G.F.S. 

PIEZOMETER LOCATION 

DISCHARGE-THOUSANDS OF C.F.S. 

FIGURE 17- UNBALANCED HORIZONTAL PRESSURES ON CYLINDER GATE 

III 

MENEM U.S. PD 
, MEN No1AP.0111 

molvalma 
, 

>VrtNrtV C- 1~1VU>/i  
A. PRESSURES AT CENTERLINE OF UPSTREAM SPLITTER 

MENEMA 0 
MMPAAFEMM. 

~~■~~~ '~

D.S- PRESSURE HEAD 

 

0  ~pp p 
wiffiffinom MEN 

V I 

B. 

C a 4 0 0 I a Y IV 
DISCHARGE-THOUSANDS OF C.F.S. 

PRESSURES 22i DEGREES LEFT OF SPLITTER. 

I I Io 
I I 

I 
f LOW p ~ 
C-C 

6 ~ p 

I Z I FL~ 

F LOW TO 
ADAMINA BY 

a 

IW

I 1++
33 

 
B-B A 

A '-SPLITTER. 

FLOW 
DISCHARGE-THOUSANDS OF C.F.S. A-A  

S. PRESSURES 45 DEGREES LEFT OF SPLITTER D. PIEZOMETER LOCATION. 

FIGURE 18- UNBALANCED VERTICAL PRESSURES ON CYLINDER GATE 



to 
2 
= 5( 

(L 
0 

3( 

2.0 

nri 

( 

3~ 
—T 

c "LOWER FRAME. y  

LL "PIEZOMETE RS AT BOTTOM 
OF LOWER FRAME. 

-a. COEFFICIENT CURVE 

-PIEZOMETERS AT TOP 
FOR PRELIMINARY 

'MAXIMUM 
18 FEET OF GATE. GATE

DESI
G OPENING 

DIA.-- Y FEET 1:18 MODEL. 
ABRUPT ENLARGEMENT _?— 

OF FLOW PASSAGE. 

- --EXTENSION TO 
a li REDUCE MAXIMUM 

11 GATE, OPENING 
I 

TO 8.5 FEET. 
1 
K 14 '  

C -GATE. 
--20=4"DIA. -- 

b. COEFFICIENT CURVE FOR 

B. JUNCTION OF GATE AND 
GATE WITH LOWER FRAME 

LOWER FRAME 
EXTENSION-MAXIMUM GATE 
OPENING 8.5 FEET 1:18 
MODEL. 

Cd•A e  2✓ g H 

0• DISCHARGE CFS. p=32.2 
As AREA OF 18 FOOT DIAMETER SHAFT 
A H• DIFFERENCE OF TOTAL HEAD 

18 FOOT SHAFT AND 21 FOOL 
TUNNEL. 

';PIEZOMETER LOCATIONS 
_ Ig _ 

P
~ 

Ve 

H $EG 

_`-GATE i a I 

,-53.5'-4 

U. L U.9 U.O U.0 I. V 

COEFFICIENT OF DISCHARGE-Cd 

FIGURE 19—DISCHARGE COEFFICIENTS 
PRELIMINARY DESIGN CYLINDER 

GATE WITH 10.8 AND 8.5 FOOT 
MAXIMUM OPENINGS 

ELEVATION 

FIGURE 20—CYLINDER GATE AND FRAME 

I 

DETAIL A 
(TOP SEAL) 

o: 

DETAIL 8 

(SEAT) 



C) 
ro 0 

0 

10.0 

9.0 ;GATE RECESS 

IB' DIA. 
------ SLOWER FRAME 

EXPANSION. 

8.0 20=4" _O - 

I, MAXIMUM GATE 

- -FLOW DEFLECTOR OPENING 7.5 FEET. 

CURTAIN. 
70 TE OPENIN 

J 

-SEAT 

60 

A. GATE DETAILS 

5.0 
Cd• 0 

A S  2 

0 DISCHARGE CFS. g-32.2 
As,  AREA 18 FOOT DIAMETER SHAFT. 
AH• DIFFERENCE OF TOTAL HEAD 

V, 40 18 FOOT SHAFT AND 21 FOOT 
TUNNEL. 

DATA FROM 1:18 SCALE MODEL. 

3.0 

yt 
H• v + f9 

2.0 
.N IB _ PIEZO METE' 

r 
M y LOCATION 

I ~ ~ 
1.0 

00 0.2 0.4 0.6 0.8 1.0 

COEFFICIENT OF DISCHARGE-Cd 

7.0 280 

6S 260 

60 240 

55 220 

5.0 200 

4.5 G: ISO 
W 

H ~ 
W 

G 

w 4.0 W 160 
O 

U' H 
= w 
Z 3.5 W  140 
W U. 
IL w 
o G: 

30 y 120 
Q V/ 

2.5 
a 

 100 

2.0 60 

1.5- 

1.0— 40 

0.5 20 

0 0 

SHAFT PRESSURE 
REFERRED TO GATE --~" 
SEAT ELEVATION. H.-SHAFT PRESSURE. 

PIEZOMETER 25 AND -- 
PRESSURE AT 

\ US. PRESSURE _ D. S. PRESSURE. 

SEAT ELEVATION:-'~ , \ 
26 DATUM GATE PIEZOMETERS. 

SHAFT PRESSURE 
REFERRED TO 
DOWNSTREAM \ 
PRESSURE.----- -̀  

\ `GATE 
OPENING 

m 25 \\ 

\ 

2s \ 
\ 

\ 

\ 

25 
2 

D.S. PRESSURE-DATUM-GATE SEAT ELEV.; 

O 1 2 3 4 5 6 7 6 9 t0 
DISCHARGE-THOUSANDS OF CFS. 

FIGURE 21-DISCHARGE COEFFICIENTS FIGURE 22-CYLINDER GATE DISCHARGE 
FOR RECOMMENDED CYLINDER GATE CHARACTERISTICS AND GATE 

FRAME PRESSURES 



HYDRAULIC STUDIES OF A VERTICAL SHAFT INTAKE TO A PRESSURE TUNNEL 

(PAPER 93 AS GIVEN BY C. W. TITIOM&S AT IAPi CONFEMCE, 
LISBON, JULY 25, 1957) 

The principal objective of the Snowy 1~buntains Hydro-
Electric Authority is the inland diversion and utilization of the 
water from the Snowy River which rises in the highest part of the 
Southern Alps of Australia and normally flows to the Pacific. The 
entire development is designed to furnish peak power load with steam 
generation furnishing the base load. The ultimate development will 
provide several independent series of power stations, each with a 
large storage reservoir and independent water supply. This paper is 
concerned with the hydraulic studies made in cooperation with the 
Authority for design of one of the diversion series. 

The main conveyance of this series is the 21-foot-diameter 
Eucumbene-Tumut Tunnel which connects Adaminaby Storage Reservoir 
and Tumut Pond (power reservoir) about 14 miles through a mountain. 
(Slide T-PX-D-1957). An 18-foot-diameter vertical shaft intersects 
the 21-foot tunnel about 10-1/2 miles from the portal at Adaminaby 
Reservoir (Slide T-PX-D-1958). This shaft receives water from a 
small diversion reservoir and discharges it into the tunnel about 
300 feet below the ground surface. The tunnel conveys the water to 
Adaminaby Reservoir when the combined flows of the rivers at the 
diversion reservoir exceed the capacity of the powerplant at Tumut 
Pond. The water thus stored later flows through the tunnel to Tumut 
Pond when the river flow is insufficient to supply the demands at 
Tumut Pond. It was planned to divert water in quantities to 9,000 cfs 
in this scheme. 

Three types of inlets to the tunnel intake were considered: 
(1) one through which the water entered a morning-glory type of 
spillway entrance with free flow over the inlet crest, (2) one in 
which the discharge from a control at the top of the shaft plunged 
through a vacuum into the water-filled lower portal of the shaft, 
and (3) one in which the inlet was kept submerged to prevent air 
entrainment by regulating the amount of flow released from the bottom 
of the shaft into the tunnel. 

Free Flow inlet 

A 1:21.0' scale hydraulic model of the inlet was used for 
the tests on the first and third types of inlets (Slides T-PX-D-195., 
and T-H-1078-13). The model represented a portion of the diversion 
reservoir, the inlet structure, and part of the 18-foot-diameter 
vertical shaft. Tests on this structure disclosed that it was not 



suitable for free-flow operation. The undesirable action of large 
quantities of air entrained by the flow of water and carried to the 
shaft could not be eliminated by improvement of the design (Slide 
T-H-1078-39). It was believed that such large quantities of entrained 
air would induce violent surging with possible damaging effects when 
the air under substantial pressure was released in the tunnel control 
gate shaft or in the tunnel portal area at Adaminaby Reservoir. The 
forces accompanying such air release could not be predicted from 
the small scale models, and the limited information from available 
literature indicated adverse conditions would result if the free 
discharge inlet were used. 

Controlled Inlet 

Another plan for regulating the flow of water from the 
diversion reservoir was to provide a control at the shaft inlet 
where it could be easily inspected or repaired. This control would 
exclude air from the shaft, and the water would fall in the shaft 
where ejector action would create a vacuum equal to water vapor 
pressure. A schematic model of the proposed control was constructed 
to demonstrate the characteristics of such a design (Slide T-PX-D-1960). 
It was estimated that the jet from the prototype control would have 
a maximum velocity of about 110 feet per second by the time it reached 
the water surface in the shaft; thus, a jet of water having this 
velocity was discharged down the vertical pipe of the model. 

The characteristic noises of cavitation were heard in 
the model pipe in the region where the jet penetrated the water. 
To test for cavitation erosion, a 2-foot length of 6-inch inside-
diameter concrete-lined pipe was placed at the jet-water junction. 
Although no erosion of large magnitude occurred after testing for 
100 hours, the characteristic noises of cavitation in the model and 
a slight erosion of the concrete surface in the region of cavitation 
concentration led to the conclusion that this type of control was 
not suitable for the junction shaft of the Eucumbene-Tumut Tunnel. 
An enlargement of the shaft to cause the cavity collapse to take 
place in the flow away from the shaft surfaces might male this type 
of control suitable for an installation for which the shaft water 
level is relatively constant. Such an enlargement was not feasible 
for the junction shaft since the water level will vary almost the 
full height of the shaft. 

Submerged Inlet 

Operation of the 1.21.6 scale model with the inlet 
submerged prevented air entrainment. Flow conditions were tranquil 
with this method of operation which represented a control placed in 
the base of the shaft or in the tunnel. A cylinder gate located 

2 
G 



in the bottom of the shaft at the junction of the shaft and tunnel 
seemed the most feasible means of controlling the flow and diversion 
reservoir elevations to maintain optimum conditions (Slide T-PX-D-190'5). 
This design had the disadvantage that unwateri.ng  of the entire 
tunnel would be required in making inspections and repairs. 

A 1:1.8 scale model of the gate and tunnel chamber was 
constructed (Slide T.i-1038-8). Tests and observations of the gate 
model disclosed no adverse flow conditions that would require major 
changes to the design. The flow of water through the tunnel in one 
direction caused an unbalance of hydraulic pressure on the gate. 
After a series of evaluation tests, a gate chamber in the tunnel 
consisting of two 21-foot-high transitions with their semicircular 
walls alined on a 20-foot-radius reverse curve was accepted for a 
final design. 

The suspension of the gate on lift stems approximately 
330 feet long introduced the problem of vertical movement of the 
gate. Water manometers were used to obtain the average pressure 
differences between the top and bottom of the gate. Pressure 
fluctuations were measured by dynamic pressure cells. As a result 
of these studies, it was concluded that there would be the possibility 
of a vertical prototype gate movement provided (1) the natural period 
of the prototype gate was near the frequency of prototype pressure 
fluctuations and (2) the gate had sufficient freedom of movement to 
react readily to the pressure changes. Tests showed that a slight 
friction applied to the model gate stems would damp the movement 
of the gate. Friction at the guides of the prototype gate is expected 
to provide ample dampening. 

It was important that the shaft system have adequate 
capacity for the 9,000-cfs design discharge; therefore, a complete 
series of calibrations were made of the model of the gate. After 
certain modifications of the upper frame of the gate, there was found 
that this gate would have a maximum coefficient of approximately 0.83 
at a maximum gate opening of 7.5 feet. This capacity was considered 
adequate. 
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