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Research shops for their rapid and accurate fabrication and installation 
of the many complicated configurations required before a satisfactory 
design was perfected. Speed was of the utmost urgency since model 
studies proceeded concurrently with the repairs and modifications of 
the damaged spillway tunnel. 
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PURPOSE 

These model studies were made to develop an aeration 
device to be installed in a spillway tunnel during repair 
and modification o t  the tunnel. Air entrained in the 
flowing water would aid in the preventiol; of cavitation 

- -~ damage to the concrete lining of the tunnel. 

RESULTS 

1 .  An aeration slot at Station 6+64 entrained air in the 
model flow; however, as the stream ,progressed down 
the inclined~tunnel, the bubbles- k f t  the in;.ert rather 
rapidly and n y e  remained near theilow boundaries at 
the PC of the bend, Station 7+95.08;;".. ' 

2. The aw entrained in the f low by an aeration slot at 
Station 7+79 appeared to remain in the stream and 
near the flow boundaries il~roughour the vert~cal bend. 

'',' 3.  These limii;:l studies failed to "produce a 
satisfactory aeration'.:device in the bend at SFtt_ion 
9-67.67. ., . , 

, ,  ~ 

APPLICATION 
. . .. 

These studies for the aeration o f  the flow in the 
Yellowtail Dam spillway tunnel, together with the 
report of the studies regarding aeration of thespillway 
tunnel at Hoover a am', should serve as a guide in the 
design of aeration devices for modification of existing 
structures. Further studies are needed to define the 
parameters for determining , the configuration and 
location of aeration devices in both existing and 
proposed tunnel bends. 

INTRODUCTION 

The diversion tunnel at Yellowtail Dam in South 
Central Montana was closed in November 1965, and 
B~ghorn Reservoir behind the dam started to fill. After 
diversion flows stopped, the entri&, sloping portion, 
and vertical bend of the tunnel spillway were 
constructed t o  intersect the old diversion tunnel 1.200 
feet upstream from the exit portal of the tunnel 
(Figure 1). The debridaden water of the Bighorn River 
had roughened and eroded the concrete in  the tunnel 
invert until aggregate was exposed. Also, in the newly 
constructed portions of the spillway tunnel, the 
concrete lining contained small aggregate pockets. 

bugholes, spalls, and other comparatively minor surface 
irregularitik. Repairs throughout the tunnel were made 
by grinding or bushhammering to eliminate abrupt 
into-the-flow irregularities. Depressions or gougeswere 
repaired with concrete patches keyed into the original 
concrete and with epoxy-bonded epoxy mortar. 

During the spring of 1967, heavy rains in the wztershed 
of the Bighorn River resulted in large inflows into 
Bighorn Reservoir. The Bighorn River below Yellowtail 
Dam flows. into the uncontrolled Yellowstone River, 
and for a t i m e  floodwaters were im'poundrd,in the 
Bighorn R~servoir because the Yellowstone was in 
flood. O n  June 26, the water "surface of Bighorn 
'i3eser~oi;~was 9 feet into the exclusive flood control 
pool and an initial spillway release of 3,000 cfs was 
made (Figure 21. Spillway discharges were increased to 
12.000 cfs on June 27 and varied as flood demands .. 
required theieafter.0n July.4, the discharge through . .. 

h e  spillway was increased to 15,000 cfs and the 
hydraulic jump swept out of the basin as intended with 
the jet..being "flipped'::intn the river.' 

q . . 

 kidi is charge remained at 15,000 cfs or greater (up t o  
18,000 cfs) and the flow remained i n  the flipped". 
attitude, from about noon on-July 4 to 5:30 p.m.. July : 
14.. A t  this time, the 15.00U-cfsdischarge stopped 
f:$ping and the toe of the hydraulic jump swept back 
through the basin and into-the tunnel. Several ' . . 

attempts, involving increased spillway discharges to 
15,500 cfs and reduced tailwater, were made to again 
sweep the flow from the basin, but none were 
successful. Thespillway basin would not sweepput. ,: 

Obviously, somechange had occurred in  the flow 
passage which produced a large increase in energy loss 
in the f l ow  through the tunnel. The discharge was 
reduced t o  8,300 cfs, the minimum allowable for the ,.,, 
safety of the dam. 

After the spillway flow swept back into the basin, 
project personnel became aware of'distinct vibration? 
in adits in the dam and abutments. Also, when standin; 
near the radial intake gates, loud "thu-mpings" could be 
heard emanating from the spillway tunnel. T,hese 
physical indications of something amiss in the tunnel 
may have been present, but remained unnoticed, prior 
to loss of the flipping action. The spillway discharge 
was held at 8.300 cfs'until July 23. then gradually 
decreased ;until complete spillway shutdown was 
achieved on July 25. A 10-houishutdown permitted a 
scuba diver examination of the tunnel lining. Major 
damage wm found in the near-horizontal tunnel and in 
the elbow. Because additional reservoir evacuation was + 





Figure 2. Yellowtail Dam spillway releases between Jone 

26 and July 28.1967. 
. -, .,.. 

2: ,. 
required, t h e  spillway ,&as again activated and 
discharged up to  3,000 cfs until final shutdown was 
achieved on the morning of July 28. 
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Figure 3. Yellowtail Dam-Section 1hrough;unnel spillway 
Ercept for the 1 O h r  shutrlown July 25, the spillway 

bend-locationlof. damaged areas, 
operated continuously 'fror;i June 26 to  Jbly 28. I n  re,eares, 
that period, 650,000 acre-feet of floodwaters had 
passed through the spillway at variable discharges up to  removed. The crater reached tniaxiium depth a f  7 
i8.000 cfs. feet and a width of 19.5 feet. Portions of the concrete 

1/ lining along the sides of the damaged area had been 
A t  4 p.m. on July 6, the reservoir reached a peakjj undercut as much as 6 feet. 
elevation of 3656.43, 3.57 feet below the crest of the' 
dam. The :,070 feet of tunnel lining downstream from the, 

large hole was undamaged except for minor gouges '.' 
After flood danger had passed, the tunnel Gas probably caused by the movement o i  large blocks o f  
dewatered and the concrete tunnel liningwas subjected concrete and rock from the heavily damaged .area 
to a thorough examination (Figure 31. The largest upstream. (Note: The flow velocity in tlie spili"ay 
damaged area was centered on the tunnel invert tunnel for a discharge of 15.000 cfs is approximately 
begiming 8 feet downstream from the P.T. of the 90 fps at Station 6+50, 140 fps through the bend; and 
tunnel bend and extending downstream for 125 feet 85 fps at the tunnel exit2.) 
(Figure 4). A surface discontinuity was responsible for 
the cavitation that initiated the damage, and a Two areas of major damage occurred in the tunnel 
combination of cavitation and jet action continued to  elbow (Figure 5). In each instance, the cavitation 
erode the concrete and foundation rock downstream. which resulted in the damage was induced by failure of 
The surface discontinuity resulted from the partial an epoxy mortar patch within a dry pack mortar patch. 
failure of an epoxy patch which had been placed to  f i l l  One damaged area began at Station 9+00 and <'" 
in an eroded area in the tunnel invert before spillway extended along the tunnel centerline for 20 feet. The 
releases were made. The spalled area was 114 inch deep, damage consisted of three holes each about 3 feet in 
6 inches wide. and 10 inches long. Remains of epoxy diameter, 6 to,12 inches'deep, and interconnected by 
mortar could be seen around the perimeter of the shallow damaged areas. Another area of major 
patch. Cavitation damage started immediately cavitation damage in the bend continued for 30  feet 
downstream from the depression, and damage in the downstream from Station 9+45 and was 3 feet to  the 
first 25 feet was sufficiently deep to expose right of the tunnel ci:;terline. The damage consisted of 
re in forcement  bars. In  the next 300 'feet 'five distinct teardrop-shaped holes, in line, with a 
(a~~roxir3ately) ,  the tunnel inveii concrete and large maximum width and depth of 6 and 2 feet. 
quantities of the limestone foundation rock had been respectively. -. 
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Figure 4. V i e w  looking dolr~xream at  the iarge eroded 
area below the P.T. uf the i&d.  Cavity is about 100 feet 

long. 7 feet deep, and. 19:1:2 , f ee t  wide. Photo 
P&Y-D-70515 

. . , 
In addition:to the major damaged zones, many smaller 
areas of cavitation damage occurred in the vertical 
k n d .  The cavitation "'producing these damaged areas 
was initiated by comparatively minor surface 
irregularities resulting from calcium carbonate deposits. 
failure of cement mortar applied t o  bring the original 
surface up  t o  grade, failure of small epoxy %&tar 
repairs. and loss of aggregate that had been heavi ly 
bushhammered and ground t o  eliminate highspots i n  
the concrete surface. Cavitation dadage was noted 
downstream from surface irregularities extending into 
the flow as litt le as one-eighth inch. 

.~: ,;,,--=-: \ i 
Figure 5. V i e w  iook ing,~8~~tr~s~~; i - rhowing the w a  major - 
damaged areas in t h e  vrrticai bend. Onearea is in the left 
foreground, the other in the invert at the center of the 
photograph. Note man near the upper damage area Plloto 
P459-640.4088 

In the tunnel reach upstream from the P.C. of the bcnd against cavitation erosion, a means was sought whereby 
numerous surface irregularities occurred where poorly . air could be introduced into the flowing water t o  
bonded ep0.x.y- mortar patches had failed or where cushion the damaging action o f  collapsing cavities. 
concrete had sp'alled or eroded due t o  water action or 

, . passage of debris through the tunnel. 
: , 

A previously used and successful device for entraining 
.- .~ air in water flowing in a relatively small tunnel 

Specifications were issued for the necessary fi l l ing and mnsisted o f  a slot i n t h e  tunnel liping t o  admit air t o  
patching .to rehabiljtate . the tunnel t o  the original the periphery o f  the jet as it passed over.the slot.3 Two  

a l i n e m e n t  using concrete and epoxy mortar. These such slots were suggested for  the Yellowtail Spillway, 
. specifications were extremely rigid and required very one at Station 6+64 t o  protect the sloping conical 

smooth surface finishes and complete elimination of portion of the tunnel and one at Station 7+79 t o  
surface discontinuities. As, an additional precaution protect thevertical bend. 

- 
3 ~ e r s t i o n  slots have been installed i n  all of the intermediate and upper tier river outlets at Grand Coulee Dam. 
Prior t o  installation of the slots, ail of the concreteJroughs downstream from the cones i n  the steel-lined portion!; 
of the tunnels had suffered damage by cavitation. Some of the outlets have operated more than 10.000 hours since' 
installation of the slots ,without damage t o  the concrete troughs. 



entrainment devices to dedmine the optimum design During these studies no attempt v s  made t o  measure 
;, m be installed during repairs t o  the Yellowtail Dam , the quantityof air entrained in tne wilter. 
"spillway tunnel. Therefore. a 1 :49.5 scale model of the 
tunnel was c~nstructed in  the Bureau of Re-!;mation's Preliminary Slot . . 
Hydraulics Branch laboratory (~igur?:%kil7\. 

2, The preliminary aeration slot a t  ~ G t i o n  7+79 was 
uniform in croa e a i o n  for the entire circumference of - 

LABORATORY MODEL'~TUDIES the tunnel iFigure 78). Although air was entrained i n  
I the flowing water for low flows, the edges o f the  j e t  
1. Aeration Slot at Station 6+64 

. <; 
1'  i . . 

near the water surface impinged on the downstream.$ - 
-. .-:.. edge of the slot for discharges greater than about 5,000 
" lpitial model: operation indicated that air was drawn cfs. As the discharge increased, more o f  the j e t  .: 

. +to the f ~ o w i n ~ ~ w a t e r  at the upstream slot (Station impinged'on the downstream edge of the slot and . . . 

; . !:@+641 for all discharges smaller than 55,000 cfs. The . greater amounts of water entered the slot. As m6:e 
air entrained at the slot, hovqer,  appeared to leave the water e n t e d  the slot, the' amount of air entrained in: - :& 

. diundary rather rapidly as the water passid down the d..,U,e flowing waterdecreased. Air.,entrainment In the 
- 

inclined tunnel and at the P,C:of thevertical bend the '-"flowing water stopped entirely at a spillway discharge 
water. was: practically free of: air? For, discharge's 'of about 50,000 cfs. .-- 

? ~ ~ .  
1: . : 

greater than 55,000 cfs, the flow impinged on the 
downstream edge of the slo:filling it b<ith water Gus . Figure 8 shows the preliminary slot with 92,000cfs 

~, . peventing air from entering fiic slot. , ,flowing in  the tunnel. Note th'e absence oi eltrained air 
J ",ddw~?stream from the slot. , , 

i- Conwrrently with the model study, examinations were : - 
continuing at Yellowtail Dam. Upon close inspection Narrow Slot-6 Inches Wide 

., , , >  and reevaluation, it was determined that no damage by  
cavitation had occurred at surface irregularities in the i n  an attempt t o  Prevent water from entc:ing and 
conical sectidn of the tunnel. Careful surfaco,, . filling the slot, the:slot was narrowed to 6 inches,with 
preparation and'rcp$r inthis reaci! of Nnnel would be , a.6-inch away-from-the-flow offset downstream (Figure 
adequate t o  pjevent future"iurface distress. Therefore, 9A). Although some air was entrained in the:iet at low 
model studies concerning t Station 8tE4 were discharges, "water entered tho slot near the water . . :?,, 

terminated. ., . ' ~ ,-.surface for all spillway discharger. For discharges less 
ttian 20,000 ds, water drained down the slot and 

Aeratiof~'.Zot,at station 7+79 ' f l r~wed out into the jet at the tunnel.invert, reducing 

! . thk amount of'entrained air as the spillway discharge , . 
The proper opzration of an aeration slot at Station ..increased. A t  a spillway discharge of 20,000 cfs. the 

.7+79 was insidered to be essential for the protection, water surface in the slot was at the same elevation as 
~ 

of the flow'surfaces in the,vert/cal bend. The aeratioii the spillway water surface, and no air entered theiet. 
slot would be required t o  furnish air to the flowing For spillway discharges greater than 20,000 cfs,' the 
water for all discharges up t o  the marlinurn of 921000 ' water was forced into the slot) at a sufficiently high 
cfs. In  addition, the configuration of the slet and all head t o  cause it t o  boil up the slot above the spillway 

I adjacent areas would necessarily-be such thatthe flow water surface and spill out onto the surface of the jet. 

I . . ,  ~. 

. ~ 

. - 
4 A similar conclusion was reached during the model study of the aeration of the spillway tunnel st  Hoover Dam : 
ILabaratory R e ~ o r t  No. ~yd.586):'I '' 

I 

I 
"Recurd of tests on verficdl bends. The first objective in these tests was to determine the percentage of air '> 
remaining in the water at the vertical bend. as a result of entrainment by the sill arrangement shown on Figure 
5. Measurements were made at Samplers A, €3, and C for discharges of 40,000, 60.000, 80,000, and 100,000 
second-feet? but no* a trace of entrained air could be recovered a t  these points in any case. Visual observations 

I confirmed these results as the only air visible in the vertical bend was on the surface of the flow." 

(Note: Figure 5 SLOWS sills near the tunnel entrance; Samplers A, B, and Care air samplers in  the vertical beno.) 

5 
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7.: S t a  n e s l  
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i, :. I) 
, Fiiure 6. Yellowtail Dam tunne(sp:llway. ., L, . , 

ui- 

Narrow,Slot-12 Inches Wide 7+79 where the tunnel diameter was 33 fee:, The . :> 
nozzle-exit was concentric with the tunnel, 32 feet in 

, . 
The slot width was increased to 12 inches (Figure 96). diameter, and the cone extended 5 feet upstream from . .. 
The flow with this configurationwas similar to that t h e  slot (Figure 10): A i r  was entriined in the jetand ' ~ '  

with the 6-inch slat, The;discharge, at which the water ,.'the s lo t  remained fm. of w k e r  for all discharges. ,:--) 
surface in the sio: was equal t o  that of the spillway , How'ever. a lrrge fin of waier formed on either side of 
water surface, was 30,000 cfs. -. 

e tunnel where the jet from the nozzle impinged in . ' 

bend. The fins btxame progressively larger and 
The predbding testsindicatedt!that some type of lift or ed higher with increasing discha'rge until, i t  a . . 
elevated spring point would be required t o  raise the jet rge of 6.000Jcfs, the side fins extended to. the ': 

over the slot for all 'spillway discharges so the slot of the tunnel. For discharges greater than 
would remain open and furnish air to the jet. cfs, the water folded over the top of the jet and 

choked'the,tunnel. This study'indicated'thatthe nozzle 
Conical Nozzle" : shape or ai ramp-type lift irpstream from an air slot '  , ' 

would permit the jet t o  entrain ai+for all discharges. 
Aconical  nozzle was installed in the tunnel at the but rnodificationi were needed to prevent sidi fins 
upstream face of a 3- by 3-foot aeration slot a t  Station from choking the t"nnel at the higher discharges. 



Discharg- is 92,000 cfs. The dot has filled wifh water thus. , 

. - .  

, . 

: ' 
Figure 7. Preliminary aerat i i l  slots.. :; 

Figure 9. Narrow aeration slots. .: 

Several transitional ramp shapes were evaluated in the' 
model before a configuration was perfected which 
would operate satisfactorily for all discharges up t o  the 
design maximum of 92,000 cfs. 

Recommended Aeration Slot 

The recommended design consisted of a 3- by %foot 
aeration slot at Station 7+79. A ramp, 27 inches long 
in the direction of flow, raised the upstream face of the 
slot 3 inches at the tunnel invert. 

' 

aeration slot at a discharge of 4,000 cfs. This distance 
The intersection of the ramp and the upstream facc of 
the aeration slot was the same radius as the bunnel. 
with a 3-inch eccentricity in  a plane perpendicular t o  
the tunnel centerline. Thus the l i f t  varied from 3 inches 

5 



o t  the inver i  m zero 

ELEVATION .' 

and did not reach the top of the tunnel (Figlire 13): .. ... 
'-1 

Since the l i f t  diminshed as i t  neared the + p e l  Figure 11. Recommended aeration dot. 
springline, the upper portion of the Tet was sbbjectsd 
t o '  less contraction than ' the lower portion. bend (Figure 15). However, it was not known whether 
Consequently, the, upper r!ements of the jet impinged the amount of air remaining adjacent to the tunnel 
on the walls of the tunnel farther upstream and at a fl0w"surfaces in the d2wnstream portion of the bend 
much smaller angle, as the discharge and flow depth would be Suffifient t o  prevent cavitation damage. The 
increased. For discharges greater than 30,000 cfs, the relationship between model and prototype with respect 
upper portion of the jet interfered with and reduced to entrained air i s  unknown. As a further precaution 
h e  side fins, and for'dixhargesgreater than 50,000 against cavitation damage, it appeared that air should 
d s ,  the side fins were entirely contained by the upper be reintroduced into the jet at some station upstream 
portion of the jet (Figure 14). from the P.T. of the bend. 

The aeration slot remained free of water, and air was Aeration Slot at Station 9+57.67 
drawn into the jet for all discharges. The aeration slot 
as shown in Figure 11 was installed at Yellowtail Dam Model studies were continued to evaluate an aeration 
duriny repair and rehabilitation of the tunnel. slot in  the downstream portion of the vertical bend at 

Station 9t57.67 (Figure 16). The centrifugal force of 
Air was vasible in the model jet startang at the air slot the water in the bend made this location quite 
and continuing well downstream from the P.T. of the different hydraulically from the location an the conical 



Figure 12 Trace of rdde fins and jet lmpmgement pomt 
Remrnmended aeratm slot. 

Figure 13. Recommended aeration slot. Station 7+79. 
Discharge is 30,000 cfr. These maximum ride fins. one each 

ride of the jet, do not reach the crown of the tunnel. Photo 
P459-D-68809 

portion of the tirnnel. The initial study was made with 
no l i f t  upstream from the slot, and a 12-inch 
away-from-the.flow offset downstream. The slot 
partially or completely filled with water for all 
discharges. A small amount of air entered the jet for 
discharges less than 15.000 cfs, but  for discharges 

- .....<,, * . *--% -,., ., 
Figure 14. Remrnmended aeraGo0il:?:?t. Station 7+79. 
Discharge is 50.000 dz. The upper3&tion of the jet has 
spread to the tunnel wallr and subpressed the ride fins. 

Photo P459-D.68810 

greater than 15,000 cfs water filled the slot and no air 
was entrained i n  the jet. 

Various ramps and i i f ts  were:installed in the tunnel 
upstream from the slot. Each design tested produced' 
satisfactory air ehrainment and hydraulic operation 
for a limited range of discharges: however, nonewould 
operate satisfactoriiy over-the full range of discharges. 
Figure 17 shows the f in produced by one configuration 
with a discharge of 60,000 cfs. This fin choked the .. \ 
tunnel downstream. - 
These limited tests indicated that the necessary 
modifications for a satisfactory aeration device t o  be 
installed in the vertical bend o f  an existing structure 
would be too extensive to  be practical. However, an 
aeration device could undoubtedly be developed for 
installation in a bend during initial construction of a 
spillway tunnel. .. , . , 

Prototype Tests and Instrumentation 

The adequacy of the aeration slot in providing 
pritection to the flow-surfaces in the tunnel could be 
determined only by prototype spillway operation after 
completion of tunnel repairs and modification. - 

Consequent ly,  prototype tests of preassigned 
discharges and duration, with pre- and post-operation 
inspection.were made to  determine the adequacy o f  
the protection. Visual and audio surveillance was ,.. 
mai~tained during spillway operation of the flow into, 
through, and out of the stilling basin and audio 
surveillance maintained at the entrance t o  the spillway 



Figure 15. Overall view of the spillway model. Recommendsd aeration slot atstation 7+79.The slot a t  Station 6464. 
uPQer left, has been closed. Air entrained at the aeration slot continuer throughout the bend. Mining tends t o  tedwe 

the air near the flow surfaces in the downnream portion of the bend. Photo P459-0.68808 

tunnel. Electronic surveillance was supplied by two 
hydrophones and one pressure transducer installed in 
the aeration slot prior t o  the start o f  the first spillway 
test (Figure 18). The hydrophones were embedded in... 
the concrete in the downstream face of the slot t o  
indicate any change in vibration and the 'pressure 
transducer was installed i n  the slot t o  monitor t h r  slot 
pressure during the extended tunnel op?ration. , r  

i :  
i i  

The prototype study included three tests. 5 days' 
spillway operation at 5.000 cfq. 1 day at 15.000 cfs, 
and 4 days at 14.500 cfs. Examinatiort after each test 

,- 

revealed small areas of surface &air failure, but no  
indication of cavitation darnage. The higher discharges 
were made wi th known surface irregularities in the 
downstream portion of the bend. These irregularities 
were slmilar in sire, shape, and location t o  irregularities 
which caused exl:nsive cavitation damage during the 
spillway releases :in 1967. The prototype testing 
confirmed the resulfs of the model study relative t o  the 
IocStion and configuration of t h e  aeration slot. The ,<,) 
final examination indicated that a sufficient volume of 
air was being supplied t o  the flow t o  protect the f low ;I 

surfaces from cavitation damage. '!,, 

; I  



AERATION SLUT DETAILS AT INVERT 

F w r e  16. Aeratlon slot in the bend, Statmn 9+57.67 

h o t  recammendedl. - 

.. . . .. .. . , 

Figure 17. Aeration slot in the bend at Station W57.67. 
Diwharge is 60.000 cfr. The side fins &oke W - -  s-4unnel 

downstream. Photo P459-D.68811 
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The metric un iu  and mnverrian factors adopted by the ASTM are bared on the"lnIemationa1 Synem of Unirr" 
[designated El for Syseme International d.Unitei1. fixed by the international Comminee for Weight. and 
Measures; this system is r l ra known ar the Giargi or MKSA imeter.kilogram (mas-recond.amperei system. This 
system has been adopted by the International Organization for Standardization in IS0 Recommendation R-31. 

The metric technical unit of farce ir the kilogram.force: this ir the force w&h. when applied to a body having a '  
mas of 1 kg, giver it an acceleration of 9.80665 rnlreshec. the %nr!=l~3;ikieratioo of free fall toward the earth's 
center for rea level at 45 deg latitude. The metric unit of force in SI units is the nmron [NI, which ir defined as 
that force which, when applied to a bady having a mars of 1 kg, giver i t  m acceleration of 1 mlsmlres. Thereunits 
must be distinguished from the iinconrtantl local weight of a body having a marc of 1 kg, rhatir, theweight of 2' 
M y  is th'tc force with which a bady is attracted fa the earth and is equal to the mas of a body multiplied by the 
acceleration'due to gravity Howwer. because i t  ir general practice to use "pound" rather than the technically 
correct ter i j  "pound-force." the term "kilogram" lor derived mas unit1 has been used i n  thir  guide inrread of 
"kilogram.ft!rce" in rxpresing the mnverrion factors for forcer. The newton unit of force will find increasing uw. 
and is ene$ial in SI units. 



Table II Table Il-Cuntlnucd 

OUANTITIES AND UNITS OF MECHANICS Muillply BY TO ohrnln 

Multiply BY VJORK AND ENERGY' 

Grains 1117,OW ibl . . . . . . . . .  M.79881 ~ e x a c w  . . . . . . . . . . . . . . . . . . . . . . . .  Miiiigrnmr 
Trayounoer 148Ograind . . . . . .  31.1035 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   rams 
Ounrer laudpi . . . . . . . . . . . .  28.3d95 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Grams 
Pounds lavdpl . . . . . . . . . _  0.45359237 Iexacllyl . . . . . . . . . . . . . . . . . . . . . .  Kiloqrams 
~ k r 1 t o n r l 2 , ~ f x  lbi . . . . . . . .  907.185 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ilagramr 

. . .  Shontanrl2,OOOlbl . . . . .... 0.907185 . . . . . . . . . . . . . . . . . . . . .  .,;; g. Molricfonr 
Longlonr 12.2401bl . . . . . . . .  1.016.05 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Kilograms -- 

Poundlperrquxe inch . . . . . . .  3.010307 . . . . . . . . . . . . . . . .  Kilogram per vluarerentimeler 
~oundr  or. rouare inch . . . . . . .  . . . . . . . . . . . . . . . . .  

MASSIVOLUME IDENSlTYl 

BENDING MOMENT OR TOROUE 

. . . . . . . . . . . . . . .  . . . . . . . . .  Inch-pound9 . . . . . . . . . . . . .  0.011521 : Meter-kilogramr 
. . . .  Inch-pound9 . . . . . . . . . . . . .  1.1296? 1.x 105 ... :. . . . . . . . . . . . .  : Centimeterdynes 

Fm~pavndr  . . . . . . . . . . . . .  0.138255 .:.... : : . . . . . . . . . . . . . . . . .  Melrkilograms . ~ m t p w n d r  . . . . . . . . . . . . .  1.35582 x 107 . . . . . . . . . . . . . . . . . . . . . .  Centimeterdynes 
Fmbpavndr per in& . . . . . . . .  5.4431 . . . . . . . . . . . . . . .  Centimeter-kilogrsmr per cenlimewr 
Dunceineher . . . . . . . . . . . . .  7 Z w 8  . . . . . . . . . . . . . . . . . . . . . . . . . .  Gramcentimsterr 

Feel i r r  r a n d  . . . . . . . . .  3048 l c m t l b l  . . . . . . . . . . .  Ccniarnotcrrncr rrono 
6-- p r v r n n n  . . . . . . . . .  OJW t c ~ a ~ ~ i '  . . . . . . . . . . . . . . .  M ~ ~ W ~ U L .  V I O ~ ~ I  

. . . . . . . . . .  '09G5873 r 1 0 4  . . . . . . .  

ACCELERATION. 

. . . .  . . . . . . . . . . . . . . . . . .  ~ ~ e t p e r  w n d 2  ..: ......... '0.3348 ;,:. MPWS p ~ r  rcmnd2 

Cubic ca r  per mod \\ 
lmnd. le?U . . . . . . .  .\\ '0.028317 . . . . . . . . . . . . . . . . . . . . .  Cubic meters perrmmd 

Cubicfnetwrmlinuls . . . .  .\?: 0.4719 . . . . . . . .  .'1 . . . . . . . . . . . . . . . .  Liter3 p r  wand 
Gallm~lU.S.lpnminure.. . .?. 0.08309 ........ //. . . . . . . . . . . . . . . .  L i t m p e r r ~ m n d  

British thermal u n i ~  IBlvl . . . . .  '0.252 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Kilogramcalori4r 
Brilish thermal unlrr l8rul . . .  1.055.05 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Jouler 
Btu per pound . . . . . . . . . . . .  2.326 Iexactlyl . . . . . . . . . . . . . . . . . . . . . . .  Joular ~ c r  gram 
Foot-pounds . . . . . . . . . . . . .  -1.35582 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Jmles 

norwpower . . . . . . . . . . . . . .  745.700 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Watw 
8fu per hour . . . . . . . . . . . . .  0.293071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Wars . 
Foof-poundrpwremnd . . . . . .  1.35582 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Waits -. 

HEAT TRANSFER 

8," i"./h. fI2 degree F lk, 
thermal mnductiuityl . . . . . . .  1.442 Milliwrttrlcm dsgmoC 

Bfu in ih r  f12degrne F (k. 
thermal mnluclivityl . . . . . . .  0.1240 

8 w  ft lhrft2dqree F . . . . . . . .  '1.4880 
Blvlhr f12degree F IC. 

thermal mnductanrel . . . . . . .  0.568 
BIvlhr ft2degree F IC. 

. . . . . . .  thermal mndu~?onral 4.882 
Degree F hr f 1 2 1 8 ~  (R. 

. . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  thermal reristmcel 1.761 ~ w p e ~ c m ~ l m i l l i w a ~ t  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8Nl lb degree F (r, hsal capacilyl 4.1868 JlndagraaC 

. . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  Elvllb degirc F '1.WO Callgram degree C 
. . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  FfZlhr (thermal diffu3ivityl 0.2581 ~ ~ 2 f ~ ~  
. . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ ? / h r  (thermal difluliultyl '0.09280 M lhr  

WATER VAPOR TRANSMISSION . 

OTHER QUANTITIES AND UNITS 

M~ltcply BY To obmn 

Cubicfnef pcr square foot per day Irespagel . . . .  
Pound-=cmdr p r q u l r L b ~ t ( " i ~ o l i t y )  . . . . . .  
Square feet w r ~ o n d  lviworilyl . . . . . . . . . .  
Fahrenheit dagrer lchanpl' . . . . . . . . . . . . .  
V ~ l l l  w1 mi1 . . . . . . . . . . . . . . . . . . . . . .  
Lumens per vlvare lmr  mot-candler) . . . . . . . .  
Chm-clrcular mils wr foot . . . . . . . . . . . . . . .  
M I I I I C ~ ~ S ~  cubic faot . . . . . . . . . . . . . . .  
Millismm rpr souare f w f  . . . . . . . . . . . . . . .  

.3W.B . . . . . . . . . .  . L i l e r r p e i q u a r e m c l e r p ~ r d d ~  
. . . . . . .  '4,8824 Kilogram r m n d  per qusre meter 

'0.092903 . . . . . . . . . . .  SWBRmeWrf perlccond 
519 exactly . . . .  Celriur or Kelvin degrees (change). 
0.03937 . . . . . . . . . . . .  Kilovolts per rnillimctcr 

10.784 . . . . . . . . . . . . .  Lvrncnrmrquars meter 
. . . .  

. . 
Gallonrporiquare yard . . . . . . . . . . . . . . . .  
m u n d r p ~ r  inch . . . . . . . . . . . . . . . . . . . . .  



Prototype opration of the Yellowtail Dam tunnel rpillway in 1967 resulted in revere damage 
to the tunnel. The damage war caused by cavitation initiated by surface irregularities in  the 
tunnel lining. The major damage war concentrated in the vertical bend and in the tunnel jurt 
dawnitream from the bend. An aeration rlot to introduce air into the flowing water was to be 
constructed concurrently with tunnel repain. A laboratory model of the tunnel war used to 
study various l~catlons and configurationr of aeration slots. Ar a result of the model rtudy. one 
aeration rlot war deigned that war suitable for all spillway dircharger. The optimum location 
for the slot wasdetormined to be just upstream fram the vertical bend. 

/- 

4 ,  

Prototype operation of {he Yellowtail Dam tunnel rpillway in 1967 resulted in revere damage 
to the tunnel. The d,mage war caused by cavitation initiated by rurface irregularities in thc 
tunnel lining. The mdjar damage war concentrated in the vertical bend and in the tunnel just 
downstream fram the bend. An aeration slot to introduce air into the flowing water was to be 
mnstruned concurrently with tunnel repairr. A laboratory model o i  the tunnei war used to 
study various locationr and configurations of aeration slots. As a result of the model rtudy, onc 
aeration slat was designed that war ruitable for all spillway dircharger. The optimum location 
for the slot war determined to be juct upstream from the vertical bend. 

Prototype operation of the Yellowtail Dam tunnel rpillway In 1967 rerulted in revere damage 
to the tunnel. The damage war y r e d  by cavitation initiated by surface irregularitier in the 
tunnel lining. The major damage war concentrated in the vertical bend and in the tunnel just 
downstream from the bend. An aeration slot to introduce air into the flowing water was to be 
constructed concurrently with tunnel repairr. A laboratory model of the tunnel war used to 
study various locationr and configurations of aeration rlotr. Ar a result of the model rtudy, one 
aeration slot was designed that war suitable for all spillway discharger. The opurnum location 
for the slot war determined to be just uprtream from the vertical bend. 

,<2 ,. .., 
Pmtotype operation of !he Yellowtail Dam tunnel spillway in 1967 resultcd in revere damage 

i ;;o the tunnel. The damage was mused by cavitation initiated by rurface irrcgulaiitier in the 
tunnel lining. Themajor damage war concentrated in the vertical bend and in the tunnel just 
dowmtream from the bend. An aeration slot to introduce air into the flowing water war to be 
constructed concurrently with tunnel repairs. A laboratory model of the tunnel was used to 
study various loeation5 and configurationr of aeration rlotr. As a result of the model rtudy, one 
aeration slot was derigned that war suitable for a l l  rpillway discharges. The optimum location 
for the slot war determined to be jurt upstream from the vertical Dend. 
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