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PURPOSE

These model studies were made to develop an aeration

device to be instatled in a spillway tunnel duﬁng repair -

and modification ot the tunnel. Air entrained in the
flowing water would aid in the prevention of cavitation
damage to. the concrete lining of the tunnel.

RESULTS

1. An aeration slot at Station 6+64 entrained air in the
. mode! flow; however, as the stream ‘progressed down
the_inclined-turnel, the bubbles left the invert rather

_rapidly and nosie remained near the. ﬁow boundaries at -

the PC of the bend Station 7+95.087

2, THe air entrained in the flow by an aeration siot at

Station 7+79 appeared 1o remain in the stream and

near the flow boundaries’ :i:roughout the vertucal bend.

3. These hmm,d studies failed To produce a
satisfactory ‘aerationdevice in the bend at Siztjon

APPLICATION

These studies for the aeration of the flow in the
Yellowtail Dam spillway tunnel, together with the
report of the studies regarding aeration of the spillway
tunnel at Hoover Dam*, should serve as a guide in the
design of aeration devices for modification of existing
structures,
parameters for determining_the configuration and
location of aeration :A,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
Bighorn Res2rvoir behind the dam started to fill. After -

diversion flows stopped, the entrgiice, sloping portion,
and vertical bend- of the, tunnel spillway were
constructed to intersect the old diversion tunnel 1,200

feet upstream from the exit portal of the tunnel -

{Figure 1), The debris-laden 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,

Further studies are needed to define the -

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

During the spring of 1967, heavy rains in the watershed
of the Bighorn River.resulted in large inflows into
Bighorn Reservoir, The Bighorn River below Yellowiail
Dam flows:into the uncontrolled Yellowstone River, -
and for a time floodwaters were impounded: in the
Bighorn . Reservoir because the Yellowstone was in

flood, On June 26, the water "surface of Bighorn
' neservou was 9° feet into the exclusive ‘flood control

pool and an initial spillway release of 3,000 .cfs was

" made (Figure 2). Spillway c_!lscharges,,were increased to
.12,000 cfs on June 27 and varied as flood demands

required ther eafter;"On July<4, the discharge through
the splllway was increased to 15, DOO cfs and the

“hydraulic jump swept out of the basm as intended with

the JB"' belng "ﬂlpped’fmtn the rwer

The’dlscha rge remalned at 15 000 cfsor greatpr (up to,°
18,000 cfs) and the flow remained in. the flipped
att.tude from about noon on July 4 10 6:30 p.m., July -
14, At thus time, - the 15,000:cfs discharge stopped
ﬂippmg and the toe of the hydraulic jump swept back
'thmugh the basin and into.. the tunnel. ‘Several i
attempts, involving increased spillway ‘di.scha’rges' to

_ 15,500 cfs and reduced tailwater, were made to again

sweep the flow from the basin, but none were
successful, Thezspiliway basin would ‘not sweep out.
Obviously, some’change. had occurred in the flow
passage which produced a large increase in energy loss
in the ‘flow through the tunnel. The discharge was
reduced to 8,300 cfs, the msmmum allowable for the

_safetv of the dam,

After the spillway‘ flow svﬁe'pt back into the basin,

pro]ect personnel became aware of distinct Vibrations
in adits in the dam and abutments. Also, when standing
near the radial intake gates, loud “*thumpings” could be
heard emanating from the spillway tunnel. These
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-hour” shutdown permitted a
scuba diver examination of the tunnel lining. Major
damage was found in the near-horizontal tunnel:and in
the elbow. Because additional reservoir evacuation was <

"’Study of Ajr Injection Inta the Flow in the Bc:ulder Dam Splllwav Tunnels,” USBR Report No. Hvd 186,
October 24, 1945, .
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Figure 2. Yailowtall Dam spillway reieases between June

26 and July 28, 1967, :
- X = -" f-

reguired, the: spillway was agaln activated and

dlscharg&d up 1o 3,000 ¢fs until final-shutdown was
achleved on the morning of July 28. i

Except fcr the 10- haur shutdown Juiy 25, the spillway
operated continuousiy Trori June 26 to July 28. In
that period, 650,000 acre-feet of floodwaters had

passed through the splil\ruay at variable d:scharges up to
18,000 cfs, : '

elevation of 3696.43, 3.57 feet below the crest of the”
dam, ) ’ :

After flood danger had passed, the tunnel was
.dewatered and the concrete tunnel lining was subjected
to a thorough  examination (Figure 3). The largest
damaged area was centered on the tunnel invert

begirning & feet downsweam from the P.T, of the -

tunne| bend and extending downstream for 125 feet
(Figure 4}, A surface discontinuity was responsible for
the cavitation that initiated the damage, and-a
combination of cavitation and jet action continued to
erode the concrete and foundation rock downsiream.
The surface discontinuity resulted from the partial
failure of an epoxy patch which had been placed 1o fill
in an eroded area in the tunnel invert before spillway
releases were made. The spalled area was 1/4 inch deep,
6 inches wide, and 10 inches long. Rermnains of epoxy

mortar could be seen around the perimeter of the

patch, Cavitation damage started immediately
downstream from the depression, and damage in the
first 26 feet was sufficiently deep to expose
reinforcement bars. in the next 100 feet
{approxirnately),.the tunnel inver¢ concrete and large
guantities of the limestone foundation rock had been

; ' S o I
* Laboratory Report No, Hyd-483, “*Hydraulic Mode! Studies of Yellowtail Dam $pillway,” Au‘gust 7, 1964.

; i}
At 4 p.m. on July 6, the reservoir reached a pea!_g‘j

" extended along the tunnel centerline for 20 feet. The

!
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'-'I':igure 3. Yellowtail Dam-—Sectioﬁ fhfdugh zunnel spilfway
.‘bend Locatian_.of: major damaged areas, 1967 _flood

: releases

removed. The crater reached a maximum depth =f 7
feet and a width of 195 fee1 Portions of the concrete.
lining along the sides of the damaged area had been .
undercut as much as & feet.

The 1,070 feet of tunnel Imlng downstream from the
ldrge 'nole was undamaged except for minor ‘gouges -
probably caused by the movement of;:iarge blocks of
concrete and rock from the heavily ‘damaged -area

‘upstream. (Note: The flow velocity in the spiliway

tunnel for a discharge of 15,000 cfs is approximately .
90 fps at Station 6+50, 140 fps through the bend and
g5 fps at the tunnel exit”.) i :

Two areas of major damage occurred in the tunnel

elbow ({(Figure B). In each instance, the cavitation-
which resulted in the damage was induced by failure of
an epoxy mortar patch within a dry pack mortar patch.
One damaged area began at - Station 2400 and 77

damage consisted of three holes each about 3 feet in
diameter, 6 t0.12 inches deep, and interconnected by .
shallow -damaged: areas. Another area of major”
cavitation damage in the bend continued for 30 feet -
downstream from: Station 9+45 and was 3 feet to the

- right of the tunnel ce rterllre The damage consisted of_
“five distinct teardrop-shaped holes, in line, with a

maximum width and depth. of 6 and 2 feet,-
respe'ctwgly. - o




rean -at the jarge eroded
area belaw tho P.T, of thé'ténd. Cavity is about 100 feet
long, 7 feet deep, and, 19 1/2 +feet wide. Photo
P459.D- 7051 5 ’

In addition, to the major damaged zones, many smaller
greas of cavitation damage occurred in the vertical
bend. The cavitation ‘producing these damaged areas
was initiated by comparatively rinor ‘surface
irregularities resulting from caicium carbonate deposits,
failure of cement mortar applied to bring the original
surface up tc grade, failure of small epoxy “mortar
repairs, and loss of eggregate that had been heavily
bushhammered and ground-to ellmmate high’ spots in

the concrete surface. Cavitafion damage was noted
downstream from surface irregularities extendlng into’

the flow as fittle as one-eighth lnch =

] the tunnel reach upstream from the P.C. of thie bend

numerous surface irregularities occurred where poorly -«

bonded epoxy_mortar patches had failed or where
concrete had spalted or eroded due to water action or
passage of debris through the tunnel. :

- Specifications were issued for the necessary filling and
patching “to rehabilitate. the tunnel:to the original

*.alinement using concrete and epoxy mortar. These:
specifications were extrerriely rigid and reguired very

smooth surface finishes and complete elimination of
surface discontinuities. As:_;-an additional precaution

Flgure 5. View Iookmg '\ Brea T showmg the two major
damaged areas in the vert:ral bend. One area is in the left
foreground, the other in the invert at the center of the

: photograph. Note man near the upper damage area. Photo 3

P459-640-4088

against cavitation erosion, a means was sought whereby

_air could be .introduced into the flowing water to
- cushion the damaging action of collapsing cavities.

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

-vonsisted of a slot in the tunnel lining to admit air to
* the periphery of the jet as it passed over the slot.?

Two
such-slots were suggested for the Yellowtail Spillway,
one at Station 6+64 to protect the sloping conical
portion of the tunnel and one at Station 7+79 to
protect the vertlcal bend

I Aeration slots have been installed in all of the intermediate and upper tier river outiets at Grand Coulee Dam.
Prior 1o mstallatmn of the slots, all of the concrete troughs downstream from the cones in the steal-lined portmn*._
of the tunnels had suffered damage by cavitation. Some of the outlets have operated more than 10, 000 hours since’
installation of the s!ots without damage to the concrete trnughs '




A model study was needed to evaluate various air
entrainment devices to determine the optlmum design
a 10 be installed during repairs to the Yellowtail Dam
“spillway tunnel. Therefore, a 1:49.5 scale model of the
tunnel was constructed in the Bureau of Ref-'.:matlon s
Hydraulics Branch laboratory (thu;ﬁ" >arid 7).

LABORATORY MODELT;?’ST@IES

-~

Aeration Stot at Station 6+64 ; b <

Ipmal model. operation indicated that air was drawn
jiinto the flowing, water at the upstream slot {Station

it
: t6+6¢5H for all drscharges smaller than 55,000 cfs. The ~

" a\r entrained at the slot, however, appeared to leave the
“Biundary rather rapidly as the water passed down the
inclined tunnel and at the P,C of the vertical bend the
water: was practlcaliy free . of- air.*  For dlscharges
greater than 56 ,000 cfs, the flow lmplnged on- the

downstream edge of the slot fllhng it with water thus

,reventmg air from enter:ng the slot.

o Concurrently with the model studv. e‘tammatuons were ¢
continuing at Yellowtail Dam. Upon close inspection’
and reevaluation, it was determined that no damage by

cavitation had occurred at surface wregulantles in the

conical seu:tlon of the: _tunnel. Careful surfac\. '
preparation and repair in thls reach of twnnel would be™
adequate to prevent future’ surface distress. Therefore
model studies concermng the slot at Stat‘on 6464, were
termmated R o

AsrationSlot at Station 7479

The proper op2ration of an aeration slot at Station
-.7+79 was considered to be essential for the protection,;
of the flow’ ‘surfaces in the,vertical bend. The aeration”
stot would be required to furnlsh air.to the flowmg

¢fs. In addition, the' configuration of the sliat and alt
adjm.ent areas would necessarlly be such that-the flow

k]

% S . AL

4A ;similar conclusion was reached during the model study of the aeration of t'ne sp:llway tunnel at Hoover Dam :

i aboratory Report No Hyd-186):"

would be. hydraulically acceptable for all discharges.
During these studies no attempt was made to measure

_ the quantity of air entrained in the water.

Preliminary Slot

The preliminary aeration slot at Station 7479 was
uniform in cross scction for the entire ctrcumference of

the tunnel {Figure 7B}. Although air was entrained i i
the flowing watér for low flows; the. edges of ‘the jet’
near the water surface impinged on the downstream:
edge of the slot for discharges greater than about 5,000
cfs.. As the discharge . increased, more of the jet.

‘of about 50,000 cfs.

Figure 8 shows the prehmnnary slot with 92 000 cfs. .
flowmg in the tunnel, Note the absence of entrained air
downstream from the slot, ¥

Narmw Slot-—ﬁ lnches Wide

in ‘an attempt to prevent water from ente; ing and

“ filling the slot, the, slot was narrowed to 6 inches, with

a B-inch:away- -from:the-flow offset downstream (Figure
9A}. Although some air-was entrained in the_,let at low
discharges, “water entered the slot near the -water -

wsurface for all spillway dlscharges For’ dlscharges less

than 20 000 cfs, water drained down the clot and

' . __flowed out into the jet at the tunnel,invert, reducing
- the amount of entrained air as the spillway discharge
‘,_.Emcreased At a splllwav d:scharge of 20,000 cfs, the -

water surface in the slot was at. the same elevation as '
the spillway water surface, and no air entered the jet.

_ For spillway -discharges. greater than 20,000 cfs the
water for all discharges up to the maxiinum of 92,000 .

water was forced into the slot at a sufﬂc:ently high
head to cause it to boil un the’ slot above the spillway

‘water surface and spill out ohto the surface of the jet.

W

"Record of tests on vertical bends. The first oblectwe in these tests was to determine the percentage of air
remaining in the water at the vertical bend, as a result of entramment by the sill arrangement shown on Figure
5, Measuremems were made at Samplers A, B, and C for dlscharges of 40,000, 60,000, 80,000, and 100,000:.
second-feet: but not.a trace of entrained air could be recovered at these points in any case. Visual observations.
confirmed these re5ults as the only air visible in the vemcal bend was on the surface of the flow."”

{Note. Fi lgure 5 shows sills’r 'war the tunnel entrance; Samplers A, B and.C are air samplers in the vertscal bena.)

impinged_on the downstream- edge ‘of the slot and o
. greater amounts of water entered the slot. As rnO'e
. water entnred the slot, the amount of air entrained in
- the flowing water. decreased. Air_entrainment in the
he ﬂowmg water stopped entlrely ata splllwav dlschargn



A Aergtion slof at Sio. 6 +64. Preliminory s1udy anly. Loter
tonsiderations ‘deemed slot here, to be unnecessary since the
demoge in the cone was not ossocicted with cavitotion.

-B. Aeraticn zlot 0t'Sta 7+ 79, Acceptable- shape, deveioped by model
study, recommended for installation at Yeilowtgi? Dam.

C. Suggesfed oddifional geraticn slot, Sta. 9+ 5767 No1 developed
suffu:‘enrly for use af ‘!ennutml Dom, !

kY : !
Crast | '-5" ’ ST
St. 5+ Q0 . ) ; ’ : =

Tronsi‘non-é‘//,-, TN 2 3 :

£L 3503

Sto 6+ 50
EL. 34854’
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X*=-250%, oriqin at crest %
Sto 678, 52, kL 345553

PT invert entronce curve }

Moumum discharge = 92606 cfs.
Masimum depth in bend = 24 1,

Note: Hydreunc scale medel. cnns?ructed gr-murlly of
tronsparent plastic’ The 3z- £* diometer
“prototype conduit wos represented by a

72 inch diometer model pipe. T S : o : .
= = ¥
" ! S e o EL. 3105.25 E
g s : - §= 0004 " ; T
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BT EL 317540 /
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End of stilling basin .

Sto 24483

»

" Figure 8. Yellowtail Ei'_a'm tuqnel‘ spillway. .
: st

Narrow Slot—-12 Inches Wide FIET : 7+79 where the tunnel dlameter was 33 fee* The
B ' - nozzle exit was concentric with the tunnel, 32 feet in -

.The stot width was increased to 12 mches (Figure 9B}, o.ameter and the cone thended b feet upstream from i
The flow with this configuration-was similar to that - the slot (Figure 10). Air, was entralned in the jet and
with the 6-inch slot; The.discharge, at which the water’ “the slot remained free. of water_for ali dlscharges
surface .in the slot was equa! to that of the spillway However a large fin of water formed on either side of

water surface, was, 30 000 cfs,. - Ly the tunnel where the jet from the nozzle impinged in.
B : Ny the bend. The fins bacame progresswely larger and -

The preéeﬁing tests‘indicated:'*'rhat some type of liftor rched higher with. increasing discharge -until, at a .
elevated spring paint would: be required to raise the jet . ad:scharge of 6,000°cfs, the side fins extended to, the
over the slot for all’ .spillway. discharges so the slot crown of the tunnel. For discharges greater than
would remain open and furn_lsh air to'the jet. { 40,000 cfs, the water folded over the tup of the jet and
: S S i choked'the m'mel This study-indicated that the nozzle .’
Conical Nozzle . _ ' shape or a! ramp- type lift Upstream from an’ air slot "
would permit. the jet to entrain airfor all dlscharges :
Aconical nozzle was |nstalled in the tunnel at the but . modifications were needed to prevent side fins
upstream face of a 3- by 3 foot aeration slot at Station from choking the tdnne! at. the higher discharges.
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Several transitional ‘ramp shapes were evaluated in the”

model before a configuration was perfected “which

would operate satisfactorily for all discharges up to the

design maximum of 92, 000 cfs.

Recommended Aeration Slot

The recommended design consisted of a.3: by 3-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.

The intersection of the ramp and the upstream face of
the aeration slot was the same radius as the funnel,

with a 3-inch -eccentricity in a plane perpendicular to -

the tunnel centerline. Thus the lift varied from 3 inches

_Figure': 8. Preli_minary" .aeration; slot,” Statioﬂ: +79.
Discharg. is 92,000 cfs. The sfot has filled with water thus”
preventing air from entering the'jet, Photo P459-D-668807

A 6-inch ot~

~ B-12-irch slot -

Figure 9. Narrow aeration sh::ts.= =

i - s )

-at-the tunnel® invert to 0 ata point 1 1/2 lnches above

the tunriel ‘springline. The ramp upstréam from.the |Ip
was a constant 27 mches Iong {Flgure 1 1)

The lift; or ram'p, forced the jet away from the tunnel.
flow surface and over.the aeration slot, and the jet
remained free’ for a considerable distance downstream
before it |mpmged on the tunnel invert, The distance -

to the- pount “of jet |mp|nger'rent on the’ tunnel invert - -

reached a maximum of 52 feet downstream from the
aeration slot at'a discharge of 4,000 cfs. This distance
decreased as the flow depth and discharge . increased

- and was 20 feet for a discharge of 92,000 cfs (Flgure‘ .
12). Th[s type.of impingement will not damage smnoth .

concrete surfaces




Sta. 7+9508

anure 10. Conical nozzle, G-inch |tf1‘. 60 |nch rarnp

\
The impingement of the jet on the tnnel invert:

downstream from the aeration slot caused: 'side fins to

form. For discharges less-than 50,000 cfs these side fins.~

swept uninterrupted up the walls of the tunnel past the

cantracted jet. Tne maximum side fins, which: .occurred -

at a discharge of'30,000 cfs, were not objectlonable
and did not reach the top of the tunnel (Flgure 13});
Since the tift diminshed. as’ it neared the u!:nnel
springline, the upper portlon of the Jet was sub]ec*ﬂd

to' less contraction than ' the lower portion.

Consequently, the upper &'ements of the jet impinged
on the walls of the tunnel farther upstream and at a

much smaller angle, as the discharge and flow depth
- increased. For discharges greater than 30 00 cfs, the
upper portion of the jet interfered with and reduced .-

the side fins, and for“discharges greater than. 50,000

cfs, the side fins were entirely contained by the upper.

portion of the jet {Figure 14),

The aeration slot remained free of water, and air was

drawn into the jet for all discharges. The aeration slot

as shown in Figure 11 was installed at Yellowtail Dam
during repair and rehabilitation of the tunnel.

Atr was visible in the model jet startlng at the air slot
and’ continuing well downstream from the P, T, of the

Air entronce portol

SECTION B-8
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Figure 11, Hecommended aeratlon slat

" bend (Flgure 15), However it was not known whether

the ‘amount of air remaining adjacent to the tunnel

flow’surfaces in the duwnstream portion of the bend

-would be suﬂmlent t0 prevent cavitation damage. The

relationship between model and prototype with respect
to entrained air‘is unknown. As.a further precaution .

against. cavitation damage, it appeared that air should
be relntrcduced into the jet at some statlon upstream
from the P. T. of the bend.

Aeratlon Slot at Statlon 9+57.67 P

~Model studies were continued to evaluate an aeration
stot in the downstream-portion of the vertical bend at
Station 9+57.87 {Figuré 16}). The centrifugal force: of
the. water in the bend. made this location quite
different hydraulically from the location in the conical

e .
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Figure 12. Trace of side fins and jet impingement point.
Recommended aeration slot,

Figure 13. Recommended aeration slot, Station 7+79.
Discharge is 30,000 cfs. These maximum side fins, one each
side of the jet, do nat reach the crown of the tunnel, Photo
P453.0-68300

portion of the tunnel. The initial study was made with
no lift upstream from the slot, and a 12Z-inch
-away-from-the-flow offset downstream. The slot

partially or compietely filled with water for all
discharges, A small amount of air entered the jet for

discharges fess tham 15,000 cfs, but for discharges

Discharge is 50,000 cofs. The upper partion of the jet has
spread to the tunnel walls and subpressed the side fins,
Photo F459-D-63810

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

Various ramps and iifts were:installed in the tunnel

upstream from the slot. Each design tested produced
satisfactory air . e Atrainment and hvdraulic operatlon g
for a fimited range of discharges; however, none'wouid

operate satisfactorily over-the full range of discharges.
Figure 17 shows the fin produced by one configuration
with a discharge of 60,000 cfs. This fin choked the
tunnef downstream,

These limited tests indicated that the necessary
madifications for a satisfactory aeration device to be
installed in the .vertical bend of 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 ccmstructlon of a
spillway tunnel,  ?

L
e

Prototype Tes_ts and Instrumentation

The auequacv of the aeration slot in providing
protection to the flow-surfaces in the tunne! could be
determined only by prototype spillway operation after
completion of tunnel repalrs and modrhcatlon

Consequently, prototype tests: of preassrgned
discharges and- duration, with pre- and post-operation
inspection.were made to determine the adequacy of
the protection. Visual and audio ‘surveillance was
mair:tained . during spillway operation of the flow into,
through, and out of the stilling basin and audio
surveillance maintained at the entrance to the spillway




Figure 15. Overall view of the spillway model, Recommended aeration slot at Station 7+79, The slot at Station 6+64,
upper left, has been closed. Air entrained at the aeration slot continues throughout the bend. Mixing tends to reduce
the air near the flow surfaces in the downstream: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 to the start of the first spillway

test (Figure 18). The hydrophones were embedded in=

the concrete in the downstream face of the slot to
indicate any change in vibration and the ‘pressure
transducer was instalied in the siot to monitor the slot

pressure during the extended tunnel opzratian. ,'ﬂ

L
The prototype study- included three tests: 5 days'
spillway operation at 5,000 cfs, 1. day at 15,000 cfs,
and 4 days at 14,600 cfs. Examination after each test

revealed small areas of surface f'fspair failure, but no
indication of cavitation damage. The highér discharges
were made with known surface irregularities in the
downstream portion of the bend. These irregularities
were smilar in size, shape, and location 10 irregularities
which caused exiznsive cavitation damage during the

spillway releases hin 1967. The prototype testing

.confirmed the results of the model study relative 1o the
“location and configuration’ of the agration siot, The

final examination indicated that a sufficient volume of
air was being supplied to the tlow to protect the flow
surfaces from cavitation damage. :

}‘;- :
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Figure 18. Prototype instrumentation.

AERATION SLUT DETAILS AT INVERT

Figure 16, Aeration stot in the hend, Station $+57.67
{not recommended).

Figure 17. Aeration slot in the bend at Station $+57,67,
Discharge is 60,000 cfs, The side fins chioke 1He wnnel
downstream. Photo P4539-D- 68811
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Bureou of Reclomation

CONVERSION FACTORS--BRITISH TO METRIC UNITS OF MEASUREMENT

The following conversion factors adopted by the Bureau of Reclamiation are those’ published by the American
Society for:Testing and Materials (ASTM Metric Practice Guide, E 380-68) except that additionat factors (*)
commonly used in the Bureay have been added. Further av:iussion of definitions of Guantities and units is given in
the ASTM Metric Practice Guide, .o

The metric units and conversion factors adopted by the ASTM are based on the “Intermational System of Units*
(designated €| for Systeme International d'Unites), fixed by the International Commines for .Weights and
Measures; this system is also known as the Giargi or MKSA {meter-kilogram (mass)-second-ampere} system. This
system has been adopted by the International Organization for Standardizati¢n in 1SQ Recommendation R-31,
. b .
The metric technigal unit of force is the kilogram-force: this is the force whf‘:lch, when applied 1o a body having a~
mass of 1 kg, gives It an acceleration of 9.80665 m/sex/sec, the standzzo-oseleration of free fall toward the earth's
centef for sea level at 45 deg latitude. The metric unit of force in 51 units is the newton {M], which is defined as
that force which, when applied to 2 body having a mass of 1 kg, gives it an acceleration of T m/sec/sec, These units,
must be distinguished from the (inconstant! foca! weight of a body having a mass of 1 kg, that is; the weight of -
body is th\k‘:; force with which 2 body is attracted to the earth and is equal to the mase of a body multiplied by the
acceferation| due to gravity. However, because it is general practice 10 use ““pound” rather than the technically
correct tern) “pound-force,” the term “kilogram” {or derived mass unit} has been used in this guide instead of -
. “kilogram-Farce” in expressing the conversion factors for forces, The newton unit of force will find increasing use,
and is essential in S units, R ’
it H . B
Where apfiraximate or nominal English units are used 1o express a value or range of values, the onverted metri
units in p‘farentheses are also approximate or nominal. Where precise English units are used, the convertad rmetric
units are q‘!cnressed as equatly significant values. . ’

f
= I : . Table |

- QUANTITIES AND UNITS OF SPACE

Multiply - ) i 8y

LENGTH

254 %exactly) ... ... L L.l . Micron

25,4 {exactly} ‘ : Millimeters

2.54 (exactly)® , . ., & Centimeters

730,48 {exactly} . Centimeters

" 0.3048 (exactiy}” _ Meters

0.0003048 {exaciy} ™ Kilometers

. ‘. e ia v o v Meters

Miles |statute} . ... PN 1,609,344 (exactly)® . _ . .5 - L e e a ... Meters
1.609344 (exaculyl . .. .., ... . . Kilometers.

AREA

Snyuare inches . B.4516 (exactly) . Square centimeters
Squarefest . ....... . . "e29.03 | .. SR . Soguare centimeters
Squzre feet . . 0082003 ...,... "+ . . .Bguare meters
Square yards . ... .., . 0.836127 , ) s . ‘Sguare meters
: *0.40459 . . ., Hectares

"4,0489 .., el . . Squere meters

' Square kilometers’

Saquare kilometers .

VOLUME -

Cubic inches . X 16.3871 . L. ....... Cubiccentimeters
Cuhicfeet . ... .. . .. 00283168 .. ....... s+ v .. Cubic meters
Cubic yards -, . , - 0764855 . ., Ve . . w s - . Cubic meters

CAPACITY

Fluid ounces {U.5.} e 29,6737 .. .. .+ .. Cubic cantimeters
. Fluid ounces {U.5.) .. _ 29,5729 . CB oo Millitierss
-~ Liguid pints {U.5) 0473179 .. . PR ++ .. Cubicdecimeters
Liquid pints (U.5.) ' 0473166 .. .. . W e- v ..., Liters
Quarts (US.) .. ... .- *946,358 Care. Cubic centimaters
Quarts {U.S,) s ‘0945331 ey ... Liters
Gallons{US) .. ......... T %3785.43 ... v+ e.... Cubiccentimeters
Gallons (US) . . .. : e 378543 . . .. Cubie decineters
Gallons (US.) . . ’ 378533 , ..., . Liters
Gellons (U3) . . .. ce "0.00378543 . . . . Cubic meters .
Gallons {U.K.} e 454509 . ; .. .. Cubic decimeters
Gallons (UK} .. e 454596 ., Liters,
Cubic feet , ., , cee L 28.3160 , . o . Liters
Cubic yards _ | .. 2 764,65 . . ... Liters
fAcrefeer | R 4%1,2335 ., .. Cubic meters
Acrefesy | | 1233800 ... ...l Liters

I




Table 1] Teble 11-Continued

QUANTITIES AND UNITS OF MECHANICS Mustiply By To obtain
Multiply By ____Taobtain WORK AND ENERGY”
MASS Byitish thermal units (Btw) .., .. B 7 Kilogram caloriss
" ! British thermal units {Btu) .. ... 105506 & oot it e e e e Joules
Gi 1/7,01 il i
T::;";Lngs Eﬁzg’;m‘nh """" 6?33521 fexactlyl .o OO M'i'g:mz Btuperpound ............ 2326 {exactly] ... ... .. .. R, . . Joules per gram
Ounces {avdp) T Saaqas L lTTTTio L Crams Footpounds ., ., ... ..o 138582 L. L e R Joules
Pourdsfavdp) . ........... 045359237 {exactiy) . Kitograms POWER
Shorttons {20001B) . . ... ... 907.t85 Kilograms - -
Shert tons (200048} ... ... .. 0.9071B5 .. Matric tons
Lang tons (2,240 1) . . .. .. .. 1.016.05 Kilagrams Horsepawer . ... ..o TASTOO oot
Bwperhour .. ... ....... 0.263071
FORCE/AREA Foot-pounds per second ., ., ., 136682 ., ,., . 5.
T TRANSFER
Pounds persquareinch .. ... .. DO70307 .. ... Kilagrams per square centimeter HEAT TRANS
Pounds per square inch ..., , ., Q689476 ., ... e e . . Newlons per square centimeter Btu in./hr ft2 degree F (k, .
Pounds per square foat . .., . . 488243 , .. ... et a e en .. Kilograms per square mater - therimal conductivity) . . . . ... . ... Mitliwattsfom degren C
Paunds per square foot . . ... . A7BA03 L L. e Newtons per square meter Btu in/hr ft2 degree F (k, o
: - . thermal conductivity) ., ... .. P . Kgeal/te i degree C
MASS/VOLUME [DENSITY) Btu fihr 71l degree F . .. ... .. "Kg aal, mn'hr me degree C
Bu/hr it2 degree F [C,
Gunces per cubicinch ., .. .. .. 172008 . ... i v i s a e a o . Grams ger cubic centimeter thermal condustance) . . . .. .. .wattsp'cmz degree
Pounds percubic faet , .., .. .. BOIBE . i s Kilograms per cuhic meter Btu/hr 12 degrea F (C, - i .
Pounds percubicfoor _ . . ... .. D.0160185 < ; per cubic centimeter thermal condustance) . . . . . . o ABEY e e rkgcatlhr m2 degree C
Tons {long} per cubic yard . .. 13284, .. .. e e ae a0, . Gramsper crbic centimeter . Degree F hr #2/Btu (R, )
i« thermal resistancel , .. ..... 1761 ., ..., e Degree & cmZ/milliwatt
i w/lb degree F (g, heat capacity} . 449868 , ..... .. ... ... e et Jfg degree C
(i ) Btyflbdegree F- ., ., .., ... R X« ... Lalfgram degree C
gunws perga:’lvn {3?(:' DR 89787 gra'“s per :!:Er thlhr (thermal diffusivityl . . - . D2BB1 L. e Cmifsme
UNCES per 9a) D"‘ b et B S Grams per fiter - Fi2 Jhr (thermal diffusivity} .. .. "D0BZE0 L. L L i e e Mehr
Pounds per gaifon {USH .....: R .t N e Grams per fiter
.Founds pergallon (UK) .. .... 80,779 e e Grams per liter WATER VAPOR TRANSMISSION )
E o
BENDING MOMENT OR TOROY : Grains/hr ft2 (watcr vapor) ) . ) N 2
L . . 167 ...... Beav e e e oo . Grams/2dbrm
Inch-pounds 0011621 o vt s v R Meter-kilograms transmission} L. ...l : .
Inch-pounds 1.12965 x 106 . . . Centimeter-dynes Perms_lpnrmeam:el RS - DE59 .......... e M e Mi:lrltri pE:ms.
Foot-pounds. . 0138255 . .- - Lo 27 Meterkitograms Perm-inches {permeahility) 167 e e e etric perm-centimeters
Footpounds .., ,......... 1.36582 x 107 e e PN Centimeter-dynes - . . £
Feot-pounds perinch . . ... ... 54431 : Centimeter-kilograms per centimeter ’
Quneg-inches , , . ... ...... 2008 .. Gram-gentimeters
"~ wvELOGITY : : . L = . -
Feetpersecond .. .., ..., .. 3048 (exactlyl ... e e s en 0. Contimaters per setond
Fectpersecond . . . ., ., Ve 03048 {exactly)™ . . .. .. R - Meters par swsane . E
Feetpervear . ... .. ....... *0065873x10°6 L. ., Centimeters per second
" Milesperhour ... ......... 1.608394 lexactly) . .. ..... e e Kilometers per hour )
Miles per hour . . . .. .. . 044704 [exactlyl .. ... ... "y « «. . Meters per second k
¢+ Table 1
ACCELERATION®
. OTHER QUANTITIES AND UNITS
Festpersecond? .. . ... .... MOB04B L. e e Meters per secand?
= - Multipty - By : To obtain
. FLOW " . o
- Cubic feet per square foot per day {seepage) .... "304B ........... “Liters per square meter per day
Pound-secends per square fapt {viscosity) ., ., .. *4B824 ....,.. Kilogram second per square meter

1 Cubic feel per secand pe ? .

) (secondfe2t) . ... ... .0 ; v va e . Cubic meters per second Square feet per second stcnsﬂ‘v) B 0092903 ........ K Squa[e meters per secunt'!
Cubic feet per minute , , , . \ . . O S " . Liters per secony Fahrenheit degrees |change) . : 5/ exactly . .., Celsiusor Ke]vm degrees {change)
Gallons {U.S.} per minute . . . . . 06300 . .. ... e uaenesuu.. Litersper second Voltspermil .. ..... .. 003837 ... ..iaaaan Kilovatts por millimetor

- . - - Lumens per square foot Ifoot-:andIEs) 07684 ..., ..., . Lumens per square meter

FORCE* b " : Chm-circular mils per foot . ... .« f.coee2 . ., ... Dhm-square millimeters per meter

) - . Wiiticirlus £ar cubicfoot ., .. ... 353147 ... ... Millicuries per cubic meter

Poynds .......... AT 53502 L. ..t eeaae e Kilograms Milliamps par square feot . . ... .. .. ..., .. *MO7B39 . ... ... ... Milliamps pet sguara meter
Pounds . . ..........._ ... B . .. Newtons Gallons per'square yard . . . .. Liters per sguare meter
Pounds ... s A2 t0® L. Dynes Paundsperinch . ., ... .. .. Kilograms paicentimater
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ABSTRACT

Protatype operation of the Yellowtail Dam tunnel spillway in 1967 resulted in severe damage
to the tunnel. The damage was caused by cavitation initiated by surface irrequiarities in the
tunnel lining, The major damage was 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 tunmel repairs, A laboratory model of the tunnel was used to
study various locations and configurations of aeration slots, As a result of the model study, one
aaration slot was designed that was suitable for all spillway discharges. The optimum location

far the slot was determaned to be just upstream frum the vertical bend.
il
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ABSTRACT

Prototype operation of the Yéllowtail Dam tunnel spillway in 1967 resulted in severe damage
to the tunnel, The damage was caused by cavitation initiated by surface irregularities in the
tunnel lining, The major damage was concentrated in the vertical bend and in the tunnel just
downstream from the bend.- An aeration slot to introduce air inta the flowing water was to be
constructed concurrently with tunnel repairs; A laboratory model of the tunnel was used 1o
study various lecations and configurations of aeration slots, As a result of the modei study, ane
acration slot was designed that was suitable for all spillway discharges. The optimum |acation
for the slot was determined to be just upstream fram the vertical bend.
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Y ABSVRACT
Prototype operstion of the Yellowtail Dam tunnel spillway in 1967 resufted in severe damage
to the tunnel. The damage was caused by cavitation initiated by surface irregularities in the
tunnel lining. The major damage was concentrated in the vertical bend and in the tunnel just
downstream from the bend. An aeration slot te intraduce air into the flowing water was to ba
. constructed concurrently with tunnél repairs. A laboratory model i the tunnel was used to

study various locations and configurations of aeration slots. As a result of the model study, one

" eeration slot was desighed that was suitable for ait spillway discharges. The optimum location

for the stot was determined to be just upstream from the vertical bend.

'
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ABST Ib\C’l‘

Protowpe operation of the Yelowtail Dam tunnel spillway in 1967 resulted in severe damage
210 the tunnel. The damage was caused by cavitation initiated by surface irregularities in the
*tunnel lining. The major damage was concentrated in the vertical bend and in the tunnel just

. downstream from the bend, An aeration siot 10 introduce air into the flowing water was to be
constructed concurrently with tunnel repairs. A laboratory model of the tunnal was used to
“study vartous locations and configurations of aeration siots, As a result of the moded study, one
aration slot was designed that was suitable for all spillway dlscharges The optlmum location

for the slot was determmed to be jLISt upstream from the vertical bend.
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