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ABSTRACT 

Studies on a 1:14 scale model of the low level outlet works of Portage 
Mountain Development show the fixed-cone valve-ring deflector com- 
bination provides a relatively simple and effective device for flow con- 
trol and energy dissipation. The ring deflector contributes signifi- 
cantly to energy dissipation. BaMe piers downstream from the 
deflector and a weir at the downstream tunnel portal can be added 
later to improve energy dissipation if necessary. The extent of the 
steel-lined section required downstream of the valves was determined. 
High £luctuating pressures were measured on the wall of the liner in 
the impingement area  of the jet and on the upstream face of the ring 
deflector at the crown and invert. Pressures on the lip of the deflector 
were slightly subatmospheric. No uniform simultaneous peaking of 
pressures at widely separated areas occurred on the deflector ring. 
A recirculating air supply tunnel was developed to provide near atmos- 
pheric pressures within the cone-shaped jet as well a s  upstream of the 
jet at the valves. Nonsymmetrical operation of the valves is not recom- 
mended. The design discharge of 10,000 cfs per tunnel at reservoir 
elevation 2125 was verified by the model operation. 
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5. Dynamic pressures on the baffle piers fluctuated widely but the 
lowest average pressure was about 9 feet of water below atmospheric 
and the highest average pressure on the upstream face was  about 
34 feet of water above atmospheric. Instantaneous pressures from 
vapor pressure to 91 feet of water above atmospheric were measured, 
Figure 19. -S 

6. Cone-shaped (Dokan) fillets under the valves caused instability of 
the jet emerging from the deflector ring and were not recommended, 

V 

- Figure 23. 

7. The findl design, which did not include a portal weir or b a e  
piers, operated satisfactorily. The fjxed-cone valve-ring tieflector 
combination provided a simple and effective low-level outlet device 
for flow control and adequate energy dissipation, Figures 29 through 33. 

8, The maximum air demand at the valves in the final design was 9,000 
cfs (cubic feet per second) at a water discharge of 10,000 cfs. 

9. Average pressures on the ring deflector were as  high as 112 feet of 
water above atmospheric near the base and as  low as 7 feet of water 
below atmospheric on the top surface near the upstream edge. Instan- 
taneous dynamic pressures fluctuated from vapor pressure to 175 feet 
of water above atmospheric. Pressures on the barrel wall fluctuated 
from near atmospheric to vapor pressure except in the jet impact area 
where the pressure attained instantaneous peaks of about 476 feet of 
water above atmospheric, Figure 36. There was no simultaneous peak- 
ing of pressures in widely separated areas on the deflector ring. 

. . .  .lo. vapor pyessures.we~e observed less than 1 percekof the op& ' 
time on the baffle piers and along theibarrel w%U w r i n g  deflector. 
Cavitation damage is not expected under these conditions. 

11. One valve operation,is not recommended and should be avoide 

12. The discharge capacity of the valves was 10,000 cfs per tunn 
reservoir elevation 2125 and 11,100 cfs at reservoir elevation 2225, 
Figure 43. ? 



Portage Mountain damsite is located in the Peace River Canyon in 
northern British Columbia 480 miles north of Vancouver and 80 miles 
west of Dawson Creek. The nearest community is Hudson Hope, 
approximately 11 air miles from the site. The nearest center of 
communication i s p o r t  St. John, approximately 55 air  miles east of 
the' site. The map of the catchment area (Figure 1) shows some of 
the above-mentioned geographical 'locations. 

T i e  general arrangement of the development is shown in Figure 2. 
The zoned earthfill dam has a 6,700-foot-long crest at elevation 
2230 and r ises  600 feet above the riverbed. A radial gate controlled 

Peace River during the 

THE MODELS 



a point 472 feet downstream of the plug. The model included about 
58 percent of the true length of the 84-inch outlet conduits through 
the tunnel plug. The bellmouth entrances were studied and found to 
be satisfactory in the initial model, and were not rebuilt for the 
second model but were represented by cone-shaped transitions. The 
shortened tunnels and cone-shaped transitions were provided to in- 
sure that the head at the valves would equal or exceed the equivalent 
prototype head. The two Howell-Bunger valves were constructed 
from brass; one valve was available in the laboratory and the second 
was built from the same plans. These valves had four vanes support- 
ing the center dispersion cone. Information received near the end of 
the studies revealed that the prototype valves would probably have 
six vanes. It is believed that this difference will cause only minor 
variations in the flow pattern. 

The model was initially operated with air supplied directly from the , 

atmosphere through a 12-foot-diameter air inlet located in the tunnel 
directljr above the valves. However, before any extensive air demand 
measurements were made, the complete 12-foot-diameter recirculat- 
ing air tunnel was installed as shown in Figure 4. Three dFfferent 
sized circular orifices were used in the air tunnel to measure the air 

Flow was supplied to the model by means of the laboratory's permanent 
pumping system; discharges were measured by calibrated Venturi meters 
permanently installed ,in the laboratory supply system. The operating 
head (or reservoir elevation) was measured one tunnel diameter upstream 
from the plug by means of a differential mercury manometer. - Flow 
depths in the downstream tunnel were controlled by an adjustable tail- 
gate at the downstream end of the model tunnel and were measured by 

at Station 1347, approximately 401 feet downstream from + ,-~: 
lug. - 

THE INVESTIGATION 

Introduction 

investigation was.primarily concerned with dissipating the energy 
e flow from the outlet works control valves. Studies of the.flow 

in the bellmouthed conduit entrances were conducted in 
e jet-flow gates (see Appendix). 

the  s,@iies were conducted with both valves discharging 
at  maximum capacity of approximately 4 000and 5,500 

at reservoir elevations 2125 and 2225. Howevefi:investigations 
adewith partial valve openings for flows as'low as,2,,500 cfs 
.reservoir .elevation 2125, :and- with fully open valves operat- 
ervoir elevations ranging:from 1,700 to 2,200 feet. Single- 

operationwas also studied. % .. 



Tests on the 1:24 scale model using the jet-flow gate control had 
indicated that an extensive stilling basin would be necessary to 
effectively dissipate the flow energy, or that a major portion of 
the diversion tunnel should be reinforced with a thicker concrete 
lining. Therefore, the jet-flow gates were abandoned and a second 
scheme utilizing fixed-cone (Howell-Bunger type) valves with a 
ring deflector similar to the design for the OrovUe Dam outlet 
workslJ was adopted. This arrangement permitted energy dissi- 
pation to be effected in a relatively short distance between the 
valves and a ring deflector in a steel-lined barrel section. 

Preliminary Desiqn 

Description. --Two 84-inch fixed-cone valves discharged into the 
diversion tunnel from two 84-inch-diameter conduits that passed 
through the tunnel plug. The conduits were 3.5 feet above center- 
line of the diversion tunnel and were spaced 19 feet apart. A 40- 
foot-diameter reinforced concrete barrel lined with steel plate 
extended for a distance of 63 feet downstream from the tunnel plug, 
Figure 5. The lower half of the liner extended downstream for an 
additional 31 feet, and a quSrter segment on the invert another 65 
feet. 

A 4.5-foot-high ring deflector was located 42 feet downstream from 
the tunnel plug and two rows of five baffle blocks each were located 
80 and 145 feet downstream from the plug. The baffle blocks ex- 
tended to a height of 11.5 feet above the tunnel invert. 

i /  

Operatinq conditions. --The tests were made under the following 
operating conditions: 

1 Tailwater conditions ~ e s e r v o i r  elevations Valve o~eninu 
, 

I Curve A re~resented completed project conditions when the invert at 
1. elevation 1640. controlled the u~s t r eam tail- 



Figure 6. 

Discharse capacity. --For the initial model operation the discharge 
capacity of the valves was determined for 25-, 50-, $5-, and 100- 
percent gate openings and related to the reservoir elevation measured 
in the model tunnel upstream of the tunnel plug, Figure 7. These 
capacities were expected to be slightly greater than would occur in 
the prototype since all of the head loss was not represented in the 
model. In the initid studies, 10,300 cfs was discharged at reservoir 
elevation 2125 with the gates fully open. In the final capacity tests, 
with the computed operating head measured 1 diameter upstream of 
the valves, the discharge proved to be 10,000 cfs. 

/-%> 

Flow characteristics. --Far tailwater Curve A, Figure 6, two hydrau- 
lic jumps occurred in the tunnel downstream from the denector ring 
for -a l l  ies; discharges obtained at reservoir elevations up to 2000, - 
Figures 8, 9, and 10. One jump occurred in the baffled area in the 
40-foot-diameter liner and the other in the 48-foot-diameter horse- 
shoe tunnel. 

At reservoir elevation 2125 with the valves fully open, discharging 
about 10,300 cfs, the jump occurred only in the tunnel. The jump in 
the baffled area swept out and a large boil or surge occurred over 
each of the two sets of five baffle piers, Figure 11. Similar condi- 
tions occurred with the valves 50 percent open and discharging ap- 
proximately 7,100 cfs at reservoir elevation 2125. 

For taiiwater Curve B, Fi ,ydraulic jump formed in the 
baffled area of the 40-foot ?'l= iner 6, and a p  tranquil flow existed in the down- 
stream tunnel with the valves fully open and reservoir elevations 1690 
to 1770, and for flows of 5,000 to 8,600 cfs at various valve openings 
and reservoir elevations ranging from 1770 to 2000 feet. The energy 
dissipation was quite satisfactory, Figures 8, 9, and 10. It was not 
anticipated that the outlet works would discharge at reservoir eleva- 
tions above 2000 with Cu 

ns were not teste 

that the slope of the tunnel was supercritical and a hydraulic jump 
wouldform downstream from the 40-foot-diameter liner. .Therefore, 

Curve B represented high tailwater conditions estimated to exist in the 
river during a temporary construction phase when the river channel was 
partially blocked. The tailwater elevation at Station 13+67 in the tunnel 
was assumed to be level with that in the river channel for this condition, 



: ' New desim reauiremmks. --At this stage of the investiqation, .the design 
triteria were modified suchthat the outlet works migh&be required to 

Air demand. --The air demand at the valves in the 40-foot-diameter 
barrel liner was measured initially with air supplied directly from 
outside the tunnel, and later with the air supplied through a recircu- 
lating tunnel as previously described. No significant differences in 
the' quantity of airflow could be detected from either source of supply. 

A maximum air velocity of 300 feet per second is normally used as a 
design criterion to keep below the "whistling" range. The head $if- 
ferential required to create an air velocity of 300 feet per second is 
about 1.5 feet of water. Assuming an entrance, line, and exit head 
loss in the air duct of 0.5 foot, a maximum subatmospheric pressure 
of 2 feet of water was permissible in the tunnel around the valves. 
The air demand was approximately 7,000 cfs for valve openings of 
50-, 75-, and 100-percent when the pressures ail the valves was 
about 2 feet of water below atmospheric, Figure 12. Tailwater eleva- 
tion did not affect the air demand unless the tailwater was extremely 
high, such as tailwater elevation 1675, and then only a very negligible 
amount. 

Based on a maximum air demand of 7,000 cfs, a 6-foot-diameter flat- 
bottom horseshoe tunnel would provide sufficient area for a velocity 
of about 220 feet per second. Since the accurate prediction of proto- 
type air demand by the use of scaled models has not been proven, it 
was desirable to provide a sufficiently large tunnel to maintain the 
air velocity well below the "whistling" velocity of 300 feet per second. 
Therefore, a 10-footdiameter flat-bottom horseshoe tunnel was chosen 
which provided a theoretical velocity of less than 80 feet per second 
when the airflow was 7,000 cfs. 

The inlet to the recirculating air tunnel appeared to be sufficiently far 
downstream to prevent splash and spray at the baffle blocks from en- 
tering the air twnel or interfering with the fntake of air. 

A curtain wall extending from the water surface to the crown of the 
tunnel was installed at the downstream end of the model to simulate 
a prototyPe curtain at the portal that might be used to prevent ex- 
tremely cold outside air from entering the tunnel. This curtain 
slightly reduced the air dernanci. 

Second Desiqn 11 



second design shown in Fi e 13. The desi was essentially the 
same as the preliminary CY. esign except that 9" ive additional baffle 
piers were installed and the baffle piers in the upstream row were 
rearranged. 

Flow characteristics. --At reservoir elevations 2125 and 2225 with 
the valves fully open, this arrangement provided considerable energy 
dissipation with a minimum amount of splash and high boils for the 
Curve A tailwater aperating conditions. However, the additional 
blocks failed to create a hydraulic jump and shooting flow existed in 
the b a e d  area. 

Tailwater requirements. --Tests were made to determine the tailwater 
depth required at  St t ion 13.167 to bring the toe of the hydraulic jump to 
three locations in the tunnel: (1) the downstream side of the downstream 
row of baffles; (2) just upstream of the downstream row of baMes; and 
(3) at the downstream end of the half liner, Figure 14. These tests 
were conducted with gate openings of 35-, 50-, 75-, and 100-percent 
for a range of reservoir elevations from 1690 to 2225. 

Computations based on these tailwater tests indicated that a 14-foot- 
high, unobstructed weir at the tunnel portal, with i ts crest at eleva- 
tion 1654, would provide sufEicient tailwater depth to maintain the toe 
of the jump upstream of the downstream row of baffles, Figure 14. 

Third Besiqn . 

Descri tion --The diameter of the barrel liner at the downstream end z-ai-3- e p ug w a s  increased from 40 to 43 feet for structural reasons. 
The elevation and spacing of the fixed-cone valves were not changed. 
The cross-sectional height of the ring deflector was increased from 
4.5 to 6 feet, while maintaining the inside diameter at 31 feet. The 
upstream toe of the ring deflector was located at the same station as 
in the preliminary design. The number, height, and location of the 
baffles were not altered. 

The 12-foot-diameter air vent with i ts inlet at the same tunnel station, 
was rotated to a position 45O to the right of the tunnel crown, and ter- 
minated in an 8- by 10-foot rectangular duct tangent to the tunnel crown 
at the valve chamber. 



Fourth Desian 

a. A 15-foot-high weir (not shown in -e 15) was proposed at .: 

the downstream tunnel portal. 

b. The number of baffle piers was reduced from 15 to 8. 

d. The spacing between the valves was increased from 19 to 21.5 
feet for structirral reasons: the elevation was not changed. 

e. The air vent supply tunnel was relocated to a position directly 
above the tunnel crown. 



(2) with the toe of the jump near the upstream end of the upstream 
baffles, and (3) with the toe of the jump near the 43-foot-diameter 
barrel. 

The tailwater- depth required to maintain the jump at the first loca- 
tion was the minimum to preverit-a jump from forming downstream 
from the baffled area: anv tailwater elevation that eaualed o r  ex- 
ceeded this minirnum're&irement provided satisfacfory flow condi- 
tions in the baffled area and in the domstream tunnel. Tailwater 
depths required to place the jump at the second location were pre- 
ferred, inasmuch as these depths provided a large margin of safety 
that would permit these depths to be reduced, ' or  exceeded, by ap- 
proximately 3 o r  4 feet still hold the jump in the b a e d  area. 
The pool that formed beneath the valves never submerged the valves 
with the jump at  any of the three locztions. 

Water surface fluctuations at  Station 13+67 in the tunnel were recorded 
for the minimum tailwater elevations. Fiqure 16. The maximum fluc- 
tuation from peak to trough was ap r6ximhtely 4.5 feet with the valves 
fully open at reservoir elevation 2 4' 25. The amplitude of the fluctuation 
for any specific discharge.did not vary noticeably with tailwater depth. 

Pressures. --Pressures on the baffle piers were recorded for the 
design tailwater, assuming the use of the proposed 15-foot weir, and 
f o r  no tailwater, assuming no weir at  the portal and no hydraulic jump 
in the baffled area. 

Piezometer locations and water manometer pressures a re  shown in 
Figures 17 and 18. Neither tailwater elevation nor discharge had any 
significant effect on the pressures observed on the upstream baffle 
when the valves were discharging at reservoir elevation 2125 or 
greater, Figure 17. However, on the sides and top.of the downstream 
baffle the pressures were lower with no tailwater than with the design 
tailwater. Lower pressures also were observed for either tailwater 
condition when the reservoir was increased from elevation 2125 to 
2225. 



recordings a r e  tabulated in Figure 19 and some a re  plotted in Figure 20 
for comparison with the water manometer pressures. 

The maximum and minimum dynamic pressures recorded in Figure 19 
were chosen so  that the pressure was within these limits at least 95 per- 
cent of the time. For example, Figure 20 shows that the dynamic pres- 
sure atpiezometer No. 10 fluctuates from 5 feet of water above atmos- 
pheric to 17 feet below atmospheric, o r  a range of 22 feet, a s  compared 
to a range of about 2 feet a s  measured by the water manometer. Ektreme 
maximum and minimum pressures were also recorded to show the ex- 
tremes to which the dynamic pressures occasionally fluctuated, Fig- 
ures 19 and 20. The extreme fluctuations forPiezometer No. 10 were 
from 30 feet of water above atmospheric to vapor pressure. The fre- 
quency of dynamic pressure fluctuations and the number of these fluc- 
tuations that reached or  exceeded the maximum and minimum pressure 
limits, including hesitations and minor reversals in the pressure trace, 
were recorded, Figure 19. Only a small percent of the fluctuations 
reached or  exceeded the limits; for example, at Piezometer No. 10, for 
a discharge of 10,300 cfs with either high or  low tailwater, ths average 
number of fluctuations was 8 per second while the average number that 
reached or  exceeded the maximum and minimum limits was 1.2 per 
second. Pressures that reached the vapor pressure at any piezometer 
occurred less  than 1 percent of the operating time. 

Air demand. --The smaller ring deflector approximately doubled the 
subatmospheric pressure in the valve chamber, which increased the 
air  demand. However, for a chamber pressure of 2 feet of water, 
below atmospheric, the maximum air demand only increased from 
about 7,000 cfs to about 9,000 cfs. At 100- and 50-percent valve open- 
ings, the air demand increased to approximately 8,000 cfs, Figure 21. 

The larger air demand increased the computed velocity in the 10-foot 
horseshoe tunnel from about 80 to 100 feet per second, which-is still 
well below the 300 feet per second limit recommended for design 
purposes. 

Other Desiun Modifications 

Tests were also made with the valves raised 14.75 inches to 4.73 feet 
above the tunnel centerline an at the same time, with the valve spac- 9 ing reduced from 21.5 to 19.4 feet. This arrangement provided a more 
stable jet emerging from the ring deflector and a good hydraulic jump. 
(This arrangement was tested prior to increasing the insidediameter 
of the ring deflector; subsequent tests indicated that the larger inside 
diameter ring deflector also stabilized the jet, making it unnecessary 
to raise the valves. ) Tailwater depths under the valves w 
with the valves in the higher Position. Air demand was sl 
than in the third design but slightly less  than in the fourth 



Cone-shaped fillets placed under the valves, Figures 22 and 23, 
simila,~ to those used at Do- Dam in Iraq, proved to be of no 
value. ' The fillets increased the instability of the jet emerging 
from the ring deflector, particularly when used with the smaller 
inside diameter ring deflector. The fillets prevented the pool of 
water from forming under the valves, and appeared to increase the 
force of the jet striking the lower half of the ring deflector, causing 
the jet leaving the ring to spurt intermittently upward and impinge 
on the crown of the tunnel. Since the ring deflector prevented the 
formation of a pool of water that might submerge the valves at high , 

tailwater, fillets for this purpose at Portage Mountain were unneces- 
sary. The air demand was not significantly changed by the fillets. 

Final Model Desian 

General. --A review of the operating history of the project indicated 
that the prototype tunnels had discharged river diversion flow at ve- 
locities up to 55 feet per second with no apparent damage to the orig- 
inal tunnel linin . It was conceivable that the baffle piers and portal 
weir of Design 2 could be eliminated in the final design if velocities 
in the outlet works flows did not exceed this value. Therefore, tests 
were made to determine the flow characteristics without the baffle 
piers or ring deflector. From these tests it was concluded that the 
fixed-cone valve-ring deflector combination without baffle piers pro- 
vided a relatively simple and effective low-level outlet device for flow 
control and energy dissipation. Under the maximum gross head at 
Porta e Mountain Dam, and with full  open valve's discharging about 
11,008 cfs per tunnel, the enqgy would be dissipated approximately 
as follows: - 

. . . . . .  In tunnel and conduits upstream of valves 120 feet 
From valves to a point 100 feet downstream 

of ring deflector. . . . . . . . . . . . . . . . .  390 feet . . . . . . . . . . . .  In low energy jump in tunnel 15 feet 

525 feet 

Assuming a 25-foot flow depth in the tunnel, the 
total remaining energy would be about 27 feet. 

Flow characteristics. --Flow depths were measured, and the velocity 
and energy in the flow computed at Station 13+67 assuming no weir 
control at the downstream portal. The measurements were made with 
and without the baffles and also with and without the ring deflector, 

the baffles and ring deflector removed, and operat 
s 100-percent open at reservoir elevation 2125, th 



the jet emerging from the crown of the barrel liner followed a tra- 
jectory which reached the invert about 200 feet downstream of the 
valves, i. e., beneath the air-circulating tunnel inlet, Figure 25. 
From this point the extremely turbulent flow shot downstream at 
a velocity estimated at over 70 feet per second, o r  considerably 
higher than the velocities realized during the diversion flows (ac- 
curate measurement of the model water depth and velocity was 
difficult because of the turbulence and fluctuating water surface). 
The total energy head at this velocity and flow depth exceeds 80 feet 
and the jump would be swept from the t~-:iel. This test showed con- 
clusively that the ring deflactor was essh t ia l  to intercept the jet 
flowing along the walls of the barrel liner, to deflect it inward on 
itself, and to direct it downward toward the tunnel invert. 

With the baffles removed and the ring deflector in place the veloc- 
ity downstream was only 45 feet per second for valves fully open 
discharging 11,300 cfs. The corresponding energy head was about 
39 feet, as compared to the gross head of 550 feet. Under these 
conditions, a low energy jump, with downstream depth about 25 feet, 
formed in the tunnel. 

With all eight bafnes in place in addition to the ring deflector, the 
velocity was reduced to approximately 38 feet per second for both 
valves fully open discharging 11,300 cfs. The total energy head 
was about 32 feet as compared to 39 feet with the baffles removed. 

,- 
As a result of these tests i,:'was concluded that the ring deflector 
was essential in reducing the velocity and energy in the flow but that 
the baffles did not significantly increase the energy dissipation. It 
was also concluded that formation of the hydraulic jump in the steel- 
lined section was not necessary and therefore, the 15-foot-high weir 
at the tunnel portal could be omitted. However, after the reservoir 
filling period, the tunnel inverts should be inspected for damage and 
the need for portal weirs and baMe piers should be reassessed at 
that time. 

.. , . . , . :  . 
.Tailwater requirements. --The tests, as discussed above, .. 

that the baifkpiersand portal weirs were unnecessary for, 
factory energy dissipation, and that a low-energy jump will 
the downstream tunnel. However, should tunnel damage occur a 
the result of the low-energy jump, a weir. crest at  the tunne1,por 
could be instaJled to provide sufficient tailwater to move .the ;jum 
locationto the linedsection. The tailwater depth at Station 13+6 
required to accomplishthis without the addition of baffle 
in Figure 26 for two different jump locations. If at that 
also .decided..to use-eight , baffles arranged a s  shown in- Figur 

water depth requirements a re  shown in Figure 16. 
.I ,) 

::-~. 



Water d a c e  profiles. --Water surface profiles through the lined 
section downstream from the rinrr deflector were obtained for 
11,000 ds to determine the necessary length and height of the 
43-foot-diameter liner, Figure 27. The tests showed that the 
65-foot-long quarter liner along the invert should be replaced with 
a 52-foot-long liner in the lower half of the tunnel. 

A long sloping fillet diverging from the end of the 43-foot-diameter 
half liner to the 48-foot-diameter horseshoe tunnel was considered 
but not tested. The velocity of the downstream end of the liner was 
estimated.to be 40 feet per second; it was believed that adverse 
pressures would be more likely to o c m  with a fillet than with the 
offset at the end of the liner. Abrasion damage at the offset is not 
likely since debris is not expected to be present in the flow. It is 
important that all foreign material be removed from the tunnel be- 
fore the outlets are placed in operation. 

Final Desim Operation 

The final design evolved from this series of tests resulted in a 
simple and effective energy dissipating system consisting of the 
4.5-foot-high ring deflector in the 43-foot-diameter barrel liner 
and an 83-foot-long semicircular extension of the liner along the 
invert downstream from the deflector, Figures 28 and 29; the bafne 
piers and portal weir were eliminated. 

Flow conditions in this structure were satisfactory over the full 
range of discharges and reservoir elevations, Figures 30 to 33. 

Pressures. --Pressures on the walls of the barrel liner, and on 
the ring deflector were recorded during operation with full open 
valves discharging 10,300 and 11,500 cfs. Data were obtained 
first by means of water manometers, Figures 34 and 35. Piezom- 
eters No. 2 and 3 in the liner were located in the impingement area 
of the jet from the left valve. Piezometer No. 1 located immediate1 
upstream of the impingement area, and Piezometers No. 4, 5, and 
were on the downstream side. Piezometer No. 7 was located in an 

i 
impingement area of a fin of water caused by one of the structural 
ribs on the valve cone. 



The pressure at Piezometer No. 2 for the two discharges averaged 
approximately 133 and 161 feet of water, respectively, and fluctuated 
tremendously as discussed later. The pressure at Piezometer No. 3 
was about 90 feet less t&m at No. 2 and the pressure at Piezometer 
No. . 7 was much less than at either of these two, Figure 34. Just up- 

,!?-stream..from.fhe impingement-area at Piezometer No. 1 anddown- 
stream at Piezoneters No. 4, 5, and 6, pressures were .near 
atmospheric. 

Pressures on the upstream side of the ring deflector were highest 
near the base of the deflector at the crown and invert of the barrel 
liner, Figure 35, and fluctuated considerably. At Piezometer No. 1 
(nearest the crown) the average pressures were approximately 112 
feet and 86 feet of water for discharges of 11,500 and 10,300 cfs, 
respectively. 

The average pressure at Piezometer No. 15, near the upstream 
edge of the horizontal lip of the ring deflector on the inverf was 
slightly below atmospheric and fluctuated to as much as  7 feet of 
water below atmospheric at 11, 500 cfs. Pressures on the down- 
stream side of the ring deflector were atmospheric or abave. 

.A 

A representative group of the more critical pressure readings that 
indicaled low subatmospheric, high impact, or  large fluctuations in 
Dressure on the rina deflector and wal l s  of the liner were further 
'evaluated using pressure transducers and a direct writing oscEio- 
graph. The dynamic pressures interpreted frodthese oscillograph 
recordings are tabulated in Mgure 36. 

The dynamic maximum and minimum pressures tabulated in Figure 36 
were not exceeded more than 5 percent of the time. , Extreme maximum 
and minimum pressures are also tabulated to show the extremes to 
which the dynamic pressures occasionally fluctuated. It is believed 
that the maximum and minimum limits chosen are conservative. 



It was note& that the average pressureat Piezometer No. 15, located 
on the horizontal'lip of the  ring deflector at the invert, was near at- 
mospheric butA that a t  reservoir elevation 1900 to. elevation.2125, the 
dynamic presinre fluctuated sometimes to vapor pressure. This was 

e r  was open to the atmosphere nearly 100 

fluctuation in pressure at Piezometer No. 2 possibly is due in part to 
a quiver or movement in the location of the impingement area of the 
jet on the model walls. The reason for the quiver is not known. 

The frequency of the dynamic pressure fluctuations, and the frequency 
at which Lyese fluctuaticns reached or exceeded the maximumandmini- 
mum dynamic pressure limits, including hesitations and minor rever- 
sals in the pressure trace, are tabulated in Figure 36. Only a small 
percentage of the fluctuations reached or  exceeded the limits. For 
example, at Pieeometer No. 2 in the jet impingement area on the wall, 
the average number of fluctuations per second was about 15 and the 
average quinber reaching either limit ranged from 0.9 to 3.2 for dis- 
charges of 10,300 and 11, 500 cfs. 

The high-frequency dynamic pressure vibrations could easily be felt 
on the 1/4-inch-thick plastic wall of the model barrel liner upstream 
of the ring deflector. A much lower frequency vibration could be seen 
and felt on any part of the model tunnel downstream from the ring de- 
flector. Dynamic pressures were recorded simultaneously at eight 
piezometers shown in Figure 37 to determine if simultaneous peaking 
of the pressures occurred. Six of the piezometers were at two dif- 
ferent cross section locations in the ring deflector; the seventh was a 
probe extending through the wall of the barrel liner into the interior 
of the hollow cone-shaped jet; and the eighth piezometer was located 
in the wall of the barrel liner upstream of the jet. The latter two 
piezometers measured the ambient pressure in the hollow portion of 
the cone jet and in the valve chamber rather than waterflow pressure. 

These simultaneous recordings were obtained for discharges with the 
valves fully open for reservoir elevations 1800, 1900, 2000, 2125, and 
2225. There appeared to be no uniform simultaneous peaking of the 
pressures, except for some uniformityaoted at adjacent piezometers 
in the same cross section of the ring deflector. Oscillograph record- 
-hgs obtained during operation at reservoir elevations 2125 and 2225 
a re  shown on Figures 38 and 39. ,- 

\I  



To prevent these low, fluctuating pressures, the top surface of the 
ring deflector should be redesigned to provide a sharp edge as shown 
in the alternate designs in Figure 40. Although these proposed modi- 
fications were not tested, the square corner and offset will prevent 
the jet from clinging to the top surface of the ring deflector. 

The recording charts of Figures 38 and 39 do not show the rapid fre- 
quency of pressure fluctuations which existed at Piezometers No. 20, 
21, and 22 located on the ring deflector near the horizontal centerline. 
This w a s  due to the extra long copper leads between these piezometers 
and the transducers attenuating the pressure fluctuations. 

Reference is made to Harrold's p a p e r a  in which he cited the Corps 
of Engineers as havhg concluded from model and prototype compari- 
son tests that vapor pressure'existing 25 percent of the operating time 
could be tolerated for infrequent operation. At Piezometers No. 2, 14, 
and 15, Figure 36, pressures as low as the vapor pressure occurred 
only about 1 percent of the operating time. 

Air demand. --Air demand was the same a s  that requirpd for the fourth 
design, Figure 21. 
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T. W. El. 1669.0 (Curve B assurmng t o w  
river discharge = 28,000 cfs) 
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Figure 10 
Report No. Ryd-562 

Note. T. W. eleva- 
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Figure 11 
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tions are set  

Valves 100 percent open 
Q = 10,300 c fs  

T. W. El. 1651.0 (Curve A) 
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Figure 31 
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RESERVOIR ELEVATION 1700, Discharge 2,500 cfs 

RESERVOIR ELEVATION 1780, Discharge 4,900 cfs 

RESERVOIR ELEVATION 1900, Discharge 7,100 cfs  

WRTAGE MOUNTAIN DEVELOPMENT 
LOW LEVEL OUTLET WORKS 
- - FINAL DESGN 



Note: 
ValvesSiIly open 

RESERVOIR I .; SVATION 2000, Dischar! 







- 

'EPORT .HYO 562 











F IGURE 40 
R E P O R T  H Y D  - 562 

CIENTLY TO ACCOMMODATE 
OUT GRINDING. 









The purpose of this phase of the model study was to develop the 
hydraulic design of Portage Mountain Development low-level outlet 
works utilizing two 84:inch jet-flow gates in each of two diversion 

The above-atmospheric pressures obtained at aJl operating condi- 
tions showed that the shape of the bellmouth entrances was  satis- 
factory. Head losses through the model bellmouth entrances and 
conduits down to the valves closely represented the computed pro- 
totype losses. The discharge coefficient of the jet-flow gates was 
0.83 for 100-percent opening. The size of the air vents to the 
gate slots and downstream conduit was increased from tw.6 24-inch- 
diameter conduits to one 42-inch-diameter conduit; the maximum 
air demand was found to be about 2,000 cis per gate, resulting in 
a velocity of about 210 feet per second through the 42-inch conduits. 
The steel liner downstream from the face of the tunnel plug should 
be lengthened several hundred feet. 

A stilling basin 300 feet long with the floor 26 feet below the tunnel 
invert was required to adequately still the flow. In addition to the 
basin, a 9-foot-high weir was needed at  the downstream portal to 
provide sufficient tailwater depth for the hydraullc jump; the weir 
height cannot exceed 9 feet t o  avoid surges from the hydraulic jump 
sealing the tunnel. The tunnel must be free of debris to avoid 
erosion of the concrete by abrasive action of material in the 
hydraulic jump. 

:INTRODUCTION 

with developing an. energy 
s controlled by jet-flow 
outh entrances, the jet- 
eam portal were also 



also studied. 

.. 0 
~heoperating head on the gates was measured 1-tunnel diameter 
upstream from the plug and flow was regulated by simultaneously 
adjusting the opening of the jet-flow gates and the discharge. 

Previous"studiesl/ have shown that the bellmouth entrances to the 
conduits in the p c g  should be located a minimum distance away 



surfaces. Twenty piezometers were installed on one of the model 
bellmouths (five each on the crown, -invert, and two sides) to con- '. 

firm these criteria. These piezometers showed that the bellmouth 
pressures were above atmospheric and therefore satisfactory during 
operation with both gates either partially or fully opened (Fig. 3). 
Similarly, all pressures were satisfactory with one gate fully dosed. 

The pressure data, expressed as a dimensionless factor, 
Ah , ,e given in Figure 4. Ah equals the piezoketric pressu?? 

In the final design, the bellmouths were placed higher in the plug 
to provide a rock trap in the diversion tunnel and to steepen the 
angle of flow from the condutts into a proposed stilling basin. 
Since the bellmouths were no closer to the tunnel boundary than in 



compared to about 5 feet below atmospheric at the invert piezometers 
in this  region. However, these low-pressure areas appeared to be 
in an area where the jet had not yet expanded to f i l l  the conduit and 
were probably due to lack of sufficient air supply from the vents 
rather than from the flowing water. For 5,000 cfs per gate at 
reservoir elevation 2100, the subztmospheric pressures were 
approximately 10 feet below atmospheric both at the invert and 40" 
from the invert, and the subatmospheric pressure region appeared 
to extend more than 1 diameter downstream from the gates. These 
pressures also appeared to be in the vented area rather than in the 
area where the flow was in contact with the boundaries; therefore, 
additional piezometers were installed farther downstream to deter- 
mine the pressure pattern in the region of flow contad with the walls. 

outside wall of 

The additional piezometers showed that a s  the gates were opened, 
the point of impact of the jet moved downstream. Upstream of the 
impact area, pressures were below,atmospheric; in the impact area 
the pressures were well above atmospheric; and downstream from 
the impact area the pressures were near atmospheric. 

The size of the air vent was increased from two 24-inch-diameter 
conduits to one 42-inch-diameter conduit to alleviate the low pres- 
sures in the conduit downstream from the gate slots. The increased 
air supply reduced the instantaneous minimum subatmospheric 
pressure from 24 feet of water below atmospheric to only 5 feet 
below atmospheric. 

Air demand measurements showed that the airflow i~creased  with 
increase in head or with increase in gate opening. In general, the 
ratio of airflow io waterflow increased as the gate opening decreased 
or as the head increased. These data agreed with the Trinity Dam 
jet-flow gate test data. 

Maximum ah demand was approximately 2,000 cfs per conduit 
supplied through one 42-inch-diameter air duct into the air chamber. 
Velocity of the air through the duct would be approximately 210 feet 
per second which is below the recommended maximum limit of 
300 feet per second. 

Flow Downstream from the Tunnel Pluq 



The steel liner extended 150 feet downstream from the conduit por- 
tals and formed a vertical offset between the liner and tunnel wall. 
Although the -liner extended beyond the impingement area of the 
jets, the velocity of the flow at the end of the liner was almost as 
high as at the conduit portal. . Some of the flow backed up and sub- 
merged the undernappe of the jet at the offset which could introduce 
adverse pressure conditions. Therefore, it was felt that a long 
transition section should be placed between the liner and the horse- 
shoe tunnel'or that the liner should be extended farther downstream. 

An alternative to lengthening the-steel liner was to construct a 
stilling basin immediately downstream from the tunnel plug to dis- 

StiUinq Basin i n  Tunnel 

The initial stilling basin development tests were with the tunnel plug 
conduits placed on an 8" 30'  slope discharging ir\lto a basin 40 feet 
wide by 343 feet long with its floor 21.5 feet be1c.w the centerline 
of the conduits, Figure 8. Since the computed tailwater depth at  Sta- 
tion 11+20 (assuming critical depth at the portal Station 1+87)- indicated 
insufficient depth to maintain the hydraulic jump within the basin at any 
discharge,. a weir was required at;or near the tunnel portal toprovide 
sufficient d2 or tailwater depth. 



and the basin was narrowed from 40 to 38 feet. The narrower 
basin performed well for flows up to and. including the design flow 
of 5,000 cfs at reservoir elevation 2100. Although the conduit por- 
tals were not submerged at lower reservoir elevations, occasionally 
the flow from both conduits veered to one side or the other and 
flowed downstream along one of the side w a s .  Flow returning up- 
stream alon the opposite side wall nearly submerged the portal 
mar that w& Eowever, the flow was sufficiently stable to be con- 
sidered a satisfactory operating condition for the short time that - 
the reservoir would be discharging at reservoir elevations below 
2100. 

For emergency operating conditions with either one gate operation 
or both gates fully open operating at maxlmurn reservoir elevation, 
the performance was acceptable. However, the surging in the flow 
t h o u  h the tunnel increased with discharge until, at 10,000 cfs, the 
tunne 9 occasionally filled. The surges did not fffl the tunnel for 
9,000 cfs at about reservoir elevation 2000, although waves from one 
side or the other sometimes reached the crown. 

Data were obtained for this basin to determine how variation in weir 
height affected hydraulic characteristics of the tunnel such a s  the 
location of the jump, jump sweepout, depth of flow at the face of the 
tunnel plug, depth of flow in tunnel at the downstream end of basin, 
surges at the portal and tunnel vibratim, and audible choking as 
caused by the surges. 

- 

These tests showed that the surges filled the tunnel near the down- 
stream portal causing an audible belching and tunnel vibration when 
the weir was sufficiently high to prevent the jump from sweeping 
out of the basin. Based on these tests, the basin floor was lowered 
11 feet to elevation 1616, the sloping apron lengthened to 190 feet, 
and the basin length was  reduced to 300 feet to m a i n i n  the same 
werall length, Figure 9. c 

The same data obtained on the revised basin determined that the 
weir crest should not be higher than elevation 1649 and that the 
basin floor should be placed at elevation 1616. The hydraulic per- 
formance of the revised basin was very satishctory at 5,000 cfs 
and acceptable at a discharge of 10,000 cfs, Figure 10. The surges 
at the portal occasionally came close to sealing the -el at flow? 
of 10,000 and 11,000 cfs, but the audible belching effect did not 
occur. 
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A. Both gatesdischar g 5,000 cfs P Reservoir El. 21 0 Looking downstream. 

B. Both gates dischar g 5,000 cfs ?? Reservoir El. 21 0 Looking downstream. 
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