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INTRODUCT ION .

In recent years, questions have been frequent regarding the merits
end diradvantages of morning-glory shaft spillways. With the constructim
of the Heart Butte Deam Spillway, which will consist of a morning-glory '
designed for submerged flow with as much as 54 feet of head on the crest,
&nd the deslgn of the Hungry Horse Spillway, which will feature a total
drop of 475 feet from headwater to tailwater, the old questions take on
new significance. For exsmple, vibration in the Heart Butte Spillway,
which 1s embedded im poorly cemented sa.ndstone, would create & serious
situation. The possibility of erosion of the tunnel lining in the Hungry
Horse Splllway hy the high-velocity flow, produced by the unusually high
head, also requires serious consideration. _

In an attempt to partially ciarify some of the questions in the
light of prototype experience, a questionnaire was sent to persons con-
nected with each morning-glory shaft splllway, of any size, known to exist
throughout the world. This report f'onstitutes an abstract of the findings.
acquired in this manner.

CHARACTFRISTICS OF THE MOENING-GLORY SPILIWAY

The morning-glory shaft spillway 1is attractive in that it can often
be constructed at a moderate cost when compared to other types, and it
1s adaptable to dems In narrow canyons. For free flow, the discharge
characteristics fur the morning-glory are similar to those for the straight
overfall dem section; .an increase in discharge being proportional to the
three-halves power of the head. When operated submerged, the flow chaveo-
teristice change coupletely, an increase in discharge then being propor-
tional to the square root OFf the head, but the effective head in this case
may oxcoed the head measured above the crest  The salient difference is
that ‘once submerged flow occurs, a further increase in head results in a
very limited increase in discharge. This feature i1s a distinct disadvan-
tage over thn free overfall type of structure and requires careful con-
sideration, especially in this country where stream-gage records are not
extenaive so far as length of time is concerned.




UNITED STATES
TEPARTMENT OF TEE INTERIOR
" BUREAU OF RECLAMATION

Branch of Design and Construction Iaboratory Report No. HYD-254
Engineering and Geological Control Hydraulic Iaboratory

and Research Divislion Compiled dby: .J. N. Bradley
Denver, Colorado " Reviewed by: J. E. Warnock
Date: November 19, 1948 :

¥
Subject: An investigation concerning the prototype behavior of morning»
glory spillways. ‘

INTRODUCTION -

In recent years, questlons have been frequent regarding the merits
and disadvantages of morning-glory shaft spillways. With the conatructim
of the Heart Butte Dam Spillway, which will consist of a morning-glory
designed for submerged flow with as much as 54 feet of head on the crest,
and the design of the Bungry Horse Spillway, which wlll feature a total
drop of 475 feet from headwater to tailweter, the old questions take on
new significance. For example, vibration in the Heart Butte Splllwsy,
which 1s embedded in poorly cemented sandstone, would create a serlous
situation. The possibility of erosion of the tunnel lining in the Hungry
Horse Spillway by the high-veloclity flow, produced by the unusually bigh
head, also regquires serious consideration. _

In an attempt to partially clarify some of the guestions in the
“ight of prototype experience, a guestionnaire was sent to persons con-
nected with each morning-glory shaft spillway, of any size, known to exist
throughout the worlid. This report consti'tu‘ces an abatract of the findings
acquired in this manner.

CHARACTERISTICS OF TEE MORNING-3LORY SPILIWAY

The morning-glory shaft spillway is attractive in that it can often
be constructed at a moderate cost when compared to other types, and it
is adapteble to dams in narrow canyons. For free flow, the discharge
characteristics for the mornlng-glory are similar to those for the straight
overfall dam section; an Increase in discharge being proporticnal to +he
three-halves power of the head. When operated submerged, the flow charauc-
teristice change completely, an increase in discharge then being propor-
tional to the square root of the head, but the effective head in this case
mey exceed the head measured above the crest The salient difference is
that once submerged flow occurs, & further increase in head results in a
very limited increesse in discharge. This feature is a distinct disadvan-
tage over the free overfall type of structure and requires careful con-
slderaticn, especislly in this country vhere stream-gage records are not
extensive so far as length of time 1g concerned. :




- METHOD USED IN OBTAINING INFORMATION

The investigation consisted of first searcking aveilable literuture
for information on morning-glory splllways; tken corresponding with persms
famillar with these field structures. The pertinent details, such as nams,
location of splllway, meximum deslgned discharge, meximum head on crest,
vertical fall, gate arrangement, diameter of tunnel, etc., are recorded on
Table 1, together with references to engineering literature and source of
information. Sketches and cross-sectione of the splllweys investigated are
shown on Figures 1 and 2.

The following 1s the general text of the questiomnere tranemitted to
each of the varlous engineer correspondents listed on Teble 1:

"In connection with the design of recent large morning-glory
splllways, an attempt is being made to obtaln any pertinent informatim
regarding the behavior of similar but smaller prototype structures in
the fisld. We are mriticularly interested in any difficulties that
have been experlenced in the operation of the spillway under consldera-
tion over the perlod of years since 1te completion. In an endeavor to
convey to you the type of informa.tion desired, the following questions
may be helpful:

"a. Has eny erosion of tihe concrete been experienced in the
tunnel, especially in the vicinity of the vertical elbow?

"b. Bas ob.jectiona‘*le vibration ever 'been noticea.‘ble in the
structure during operation? ,

"o. Has any difficulty been experienced in the passing of
debris or ice?

"d. Iss noise ever been sufficient to be objecticnable? '
"e. Has the shaft spillway ever operated submerged, ard
if eo, were any~ objectlonable condltions wltnessed, such as
cavitation orosion, objectionable vortices, etc.$%

"f. Please mentior any other unusual difficulties which ,
may have been experienced in operation of the splllway proper.

"g. Have any reliable .discharge measurements been made
during operation of the shaft spillway? If so, a record of
the discharges and corresponding reservoir elevations would
be apypreciated."

The response from this inquiry proved very gratifying, and. the
cooperatior recelved from the various individuals was excellent. In
only one case was & reply lacking: namely, that from ti:» morning-glory
sbafts for the Bassano Power Canal in Ttaly. The difficulty here was
in loceting an individual familiar with the project. Correspondence was
not attempted in *the cese of the spliliway for the Sulak Dam in Russia
for the sams reason. It is doubtful whether the later dam has been
congtructed.




INFORMATION RECEIVED

The information received from all questionnaries ia briefly
sumerized in Table 2. Although definite questicns were asked in the
questionnaries, the number varied depending on the spillway investigated.
Where replies were merely statsd in the affirmative or the negative, the -
only listing made is in Table 2. Where additional inforrmtion was volun-
teered, this has been abstracted. The asterisks in Table 2 indicate that
additional informeticn is avellable on the suhjects which they denote.
The following pages ere devoted to an abstract of this material.

Owyhee Dam (Owyhee Project, Idsho)

"The water surface in the Owyhee Reservoir reached the elevation
of the crest of the spillway with the ring gate down on March 26,
1936, and spilling started. By March 31, 1936, the water eurface in
the reservoir was 0.8 of a foot over the crest of the ring gate. The
gate was left in the lowered position until April 1k, 1936, when it
was raised and the flow shu®y off to permit iaspection of the tumnel. -
Up to this time, the maximms discharge reached@ had .been 7,600 second-
foet and the total amount of water spilled was 55,000 acre-feet. On
April 15, 1936, the gate wus operated throughout its range end the
operation was smooth and satisfactory and showed no- disposition to
drift. Flow over the spillway stopped on May 12, 1936. During the
pericd from March 25 to May 12, approximately 300,000 acre-feet of
vater was wasted through the splllwvay, and the maximm discharge
reached was about 15,000 second-feet.

*During 1936, the automatic controls on the ring gate released:
water faster than anticipated, and a large vhirl, formed by the dis-
charge from the spillway tunmnel, washed out about 300 feet of fill
in the canyon immediately below the dam and a reilroad trestle. Addi-
tional cutting and some dama.ge to the Owyhee Ditch Company diversion
were experienced in later séasons. During the winter of 1938, the
automatic controls were disconnected from the ring gete. The reason
for this is i1llustrated in the following example: '

If 1,800 eecond-feet are being released (approximately 2
feet over the crest of the gate) and the wind blows downstream,
wave action can cause the water surface elevation to ralse as
much as 0.1 of a foot, which in turn will reise the float and
lower the gate &s much es 1 foot, which would increase the '
discharge through the spillway to approximately 3,200 second-~
feet. This feature of the automatic control is not desireable
as 1t must be watched wiih vigilance.”

"In the spring of 1940, the automatic controls, were again con-
nected after adjustment to permit operation only near maximm reservoir
elevation and then only in case of reservoir surface fluctuations of
from 6 to 8 inches. During flows of 1.5 feet in depth over the cres:,




the water falls in a so0lld sheet toward the center of the spillway
shaft, apparently entraining air there faster than 1t can be re-
lensed at the outlet end of the spillwey tunnel, causing the air
pressure to Iincresse untll sufficlent to break through the sheet

of falling water. The alr emerges with enough force to carry spray
50 or 60 feet above the level of the gate crest. This phenomenon
occurs sometimes as often as once every 5 minutes, depending upon
the tallwater elevatiom, which i3 influenced also by weter released
through the needle velve outlet. TFor flows less than the above-
stated, the excess entrained air can apparently move beuck up the
spillway shaft unhampered. For flows greater than 1. 5 feet over
the crest, the alr pressure is not sufficlent to break back; and it
is forced out through the outlet end causing spray a.nd water to be
thrown high into the canyon.

"No evidence of flutter of the Jet has been noticed, thus in-
dicating that the alr supply provided to the underside of the nappe
through the 8-inch air pipes is adequate. Furthermore, no evidence
of vibration has been apparent in the splllway tunnel. Inspectlons
of the epillwey, vertical shaft, the elbow, and the tunnel downstream
have disclosed no indication of cavitation erosion ¢r erosion of any
kind. These inapections have been conducted annuelly since first
operation of the splllway in 1936."

Since no mention 1s mede of the effectiveness of the ice-prevention
equipment installed near the spillway crest, 1t 1s assumed thet it op-
erates satisfactorily, or that it has never been necessary to use it.. A
plan and cross-section of the spillway are shown on Flgure 1A and a photo-
graph of the morning-glory in operation with 1.5 feet of head over the
crest is shown on Figure 3A. A record of the model atudies made in con-
junction with the design of the Owyhee Dem Spillway is contained in Hy-
draulic Laboratory Report HYD-159, Bureau of Reclametion November 15, 194k,

Gibeson Dam--Sun River Project, Montana

"The water surface in Gibson Reservoir reached elevation
4712.0 on May 21, 1938, which is the elevation of the crest of the
concrete spillway. From May 21 to June 28 a total of approximately
435,000 acre-feet of water flowed through the morning-glory spiile
way. A peak flow of 13,100 second-feet occurred on June 4.

"In office letter of December 2, 1946, subject (Seepege con-
ditions in spillway tunnel--Gibson Dem) it was mentioned that
erosion had occurred in the tummel and that the largest spot on
the sides was about 30 inches horizontaeily, 18 inches vertically,
and 2 inches deep in the center. It was concluded that this demage
was caused by scaling due to freezing and thawing during the winter.

"Upon inspection of the tunnel on July 31, 1948, two spots
about 5 feet In greatest dimension, oval in shape, and 2 inches deep,
rrominently displayed erosion. These eroded areas are on the side

near the bgttom of the vertical bend and about 3 to 5 feet above
elevation 4550.0. which 18 the elevation of the invert of the level




section of the spillway tunnel One of the areas exposed portions
of two reinforcement bars, and the other one exposed a short piece
of one bar. It 1s believed that these two eroded areas have existed
for several years, but the water passing through the spillway in

. the 1948 season caused them to show additional erosiocn. ‘

"Ice has always melted in place in the reservoir when the water
surface has been below the crest of the sypillway, consequently, no
ice has passed through the spillway.  large trees, on the other hand,
have passed through the spillway during flood seasons but never have -
caused trouble. The eplillway when discharging a large head, produces Vo
“considerable noise, but it is difficult to see why this should be ob- s
Jectionable."

The original morning-giory spillway, comsisting of a free crest, RN
(Figure 1-B) was completed in 1926. After several years of operation addi- .
tional storage was needed. The morning-glory portion was revised in 1936 .
to embocy radial getes and plers, as shown in Figures 1-C and 3-B. An E
account of the model studies mmsde in comnection with the revision can be
found in Hydraulic Laboratory Report HYD-159, Bureau of Reclamation,
November 15, 194k.

Figure % is a Photograph of the vertical bend in the Gibson Spillway
taken in September 1948. The ervsion reported is inconsequential compared
to the offsets and breaks in contlinuity of the surface produced by rough
form work. This type of surface 1s no longer tolsrated on new work where
conduits carry high-velocity water. Rough surfaces and misalinements are
conduclive to rapid eroslion of the surface at high velocities, as was evi-
dent in the Arizona spillway tunnel of Boulder dam;;/while smooth surfaces
show resistance to erosion at comparable velocities, as was shown by the
spillway tunnel at Fontana Dam.2/ 3/ In both cases the tunnsls consisted
of both inclined and horizontal sections, and the discharges and velocities
were comparable. ‘ '

1/ Warnock, J. E., "Cavitation in Hydrasulic Structures," Trans Am. _
Soc. C. E., Vol. 112, 2947, p 43. S

g/ Reed, Oran, "Comstruction Procedures at Fontana," Civll Engineering, '
Vol. 16, No. 5, May 1946, p.210. ,

&

Peterka, A. J., "Model and Prototyps Studies on Unique Spillway,"
. Civil Engineering, Vol. 16, No. 6, June 1946, p 249.




Guernsey Spilllwey--North Platte Project, Nebraska

"As the Guernsey Spillway has not been used over 200 hours
during the past 19 years, very little information is available.
Some, erosion has occurred at the construction joints and the ver-
tical bend of the tumnel, especially the upper portion. This

. probebly could be avoided in new structures by using modern methods
of placing concrete.

"No objectionable vibration has been notigeable in the structure .
during operaiion. No difficulty has been experienced in the pasaing
of debris or ice. In fact, this spillway has chisfly been used for

paasing debrlis and has been quite satisfactory in this respect. Prac- -

tically all flow regulation is accomplished with a 50- by 50-foot
stoney gate on t\he left side of the dam. The maximum discharge recorded
through the spillway is approximately 5,000 secmd-feet."

A section of the G;&q_msey Splllway 1s shown on Figure 1-E.
Davis Bridge Spillway, Vefmon’c

"There nas been no appreciadble erosion of the concrete in the
horizontal part of the tumnel. At the vertical bend there waes a rough
spot about 3 feet wide by 6 by 8 feet long with a maximm depth of,
perhaps, 6 inches which was cut out and filled about 4 or 5 years e .
It is not certain whether this was caused by erosion due to discharge

or erosion due to freerzing end thawing of the concrete. In any event,
1t was a minor repai':q.

"All the ice end debris which has pagsed over the crest between .
the plers has readily gone through the spillway. Logs and treea 50
to 60 feet long tave passed through the spillvay at times. There is
some nolse when the spillway is in operation, but this can be heard
only a short distance from the dam. The operator's house is the only
dwelling within a mile or more of the spillway.

"No coefficients bave been obtained from the prototype which
could be compared with those used in the model tests. The spillway
has discharged several times for short periods.. The meximum discharge
occurred in the September hurricane flood of 1938, when the water
reached an elevation of 6.1 feet over the crest. The computed dis-
charge et that time was gbout 19,400 second-feet. The spill during

this September Flood excseded 10,000 second-~feet for about 15 hours
dwration.” .

A plan and section of the Davis Bridge Spillway is shown in Figure
1-F.

R SV H e U o e




Kingnnley Dem, Nebraska

S

"The curved section at the vertical bend in the morning-glory
splllway is almost entirsly submsrged at all times. There has not
been an occasion to dewnter this tube and accordingly it is not
known whether erosion las occurred. The meximum discharge through
the structure hae not exceeded epproximately 3,000 second-feet,
whereas 1ts discharge capacity is rated et approximately 54,000
cubic feet per second.

"There has been no occasion to operate the spillway with ice
or debris on the reservolr. No difficulties have been experienced

in comnection with operation of the tractor gates, however improve-
ments could be made in the design of the gantry hoists."

Figure 1-H shows & plan and section of the‘ Ki‘ngsley'Spillway.

The ladybower Spillway, Fngland

"No erosion of the concrete has so far been experienced either
in the tunnel or et the vertical bend. The object of the model
study wae to ascertain the difference between the bebavior of the
internally stepped form of design in contradistinction to one with
awocth surface, as had usually been adopted in the past, since the
fermer -1s much easler to construct and likewise cheaper. In the ead,
tle step type proved to be less efficient than the other. The out-
come was, 1n fact, slightly superior under maximum working coriditiona."

A plan and secticn of the stepped Iadybower Spillway is shown on
Figure 2-J. )

Silent Valley Spillway, Ireland

"Apprehension that erosion might occur caused the deéigners to
3ine the verticel bend with cast iron."

Figure 2-M shows a section of thls svillway.

Pontain Ketchil Spillway, Jahore, Malayia States

"This spillway is situated in the Melayan forest where cyclonic
storms occur of such intensity as to uproot large trees and carry
them for considerable distances. An emergency overflow was provided
!n case the bellmouth became partially blocked."

A sketch of this spillway is shown on Figure 2-N.




Burnhope Spillway, England

"The vertical bend in the tunnel is lined with cest iron. One
record of a moderate flood 1s recorded at Burnhope involving a dis-
charge of 1,440 second-feet. No undegirable operating conditions
are on record."

A section of the Burnhope Spillway is shown on Figure 2-0.

Manuherikia Falls Spillwey, New Zealand

"Erosion of the concrete has been experienced at or near the
vertical bend of the tunnel and also more particularly at the crest
curve in the vicinity of construction Joints. It is suggested that

. construction Joints be avolded a.t the crest. : ,

"This epillway has not, untll recently, passed a large flood,
and for this remeon we cannot at present give detalls of its operation
vnder flood condltions. During the week of November 1, 191+8 however,
& severe flood was sxperienced in the region of the dam, and a reguest _
bhas been made for more®informstion. This report may be sametime in
arriving, but we will dispatch 1t, together with a reporb on the lab-
oratory tests, as soon as they are available."

A cross-section of the Manuherikia Falls Spillway 1s shown on Figuife 2-P.

Krauserbouten and K8nigreichwalde Spillwﬁys, Czechoslovakle

"These spillways have a rather ancient design and have rather
small dimensions. Thelr internal dismeter:is 13 feet, and they begin
to operate under a head of 85 feet from spillway crest to tailwater.
The vertlcal shaft is lined with masonry in one case, and there is &
right angle fin, while in the other, a transition. No erosion has
been experienced at the vertical bend, and no very objectionable vitra-
tions bave been set up in the spillways during operation. No diffi-
culties have been experienced with ice or debris, as these are not
Tassed through the cilrcular spillway but over a smell normel overflow
splllvay. The spillways contain small piers which support a circular
trashrack. There naturally is some noise during operation, tut this
can hardly be termed unbearable or very objectiomable. In flood times -
the spillway operates submerged."

CONCLUSIORS

All correspondence received from this invaetigation ie on rile in toe .
Hydraulic lLaboratory of the Fureau o:f.‘ Reclamation. .

The inference to be drawn from the foregoing is far from conclusive.
0f the 17 morning-glory spillways investigated, information on one was
lacking; two others have never gone into operation; and the majority of
the remalnder have operated for only short periods of time at discharges
considerably less than that for which the spillways were designed, -leaving
approximately four which can be considered to have undergone a fair test




Burnhope Splllway, England

"The vertical bend in the tunnel is lined with cast iron. One
record of a moderate flood 18 recorded at Burnhope involving a dis-
charge of 1,440 second-feet. No umndegirable operating conditions
are on record." '

A section of the Burnhope Spillway is shown on Figure 2-0.

Manuherikie Felles Splllway, New Zealand

"Erosion of the concrete has been experienced at or near the
vertical bend of the tunnsl and also more particularly at the crest
curve 1in the vicinlty of construction joints. It is suggested that
construction Joints be avoided at the crest. o

"This eplllway has not, untll recently, pessed a larye floud,
and for this reason we cannot at present give details of 1ts operation
under flood conditions. During the week of November 1, 19%8, however,
& severe flood was experienced in the region of the dam, and a reguest _
bas bsen made for more®information. This report may be scmetine in
arrlving, but we will dispatch 1t, together wi‘c.h & report on t.he lab-
oratory tests, as soon cs they are a.vailable

A crose-section of the Manuherikia Falls Spllliway ie shown on Figure 2-F.

Krsuserbouten and K¥nigreichwalde Spillways, Czechoslovakla

"These splllways have a rather anclent design and have rather
emall dimensions. Thelr internal diameter.is 13 feet, and they begin
to operate under a head of 85 feet from spillway crest to tallwater.
The vertical shaft is lined with masonry in one case, and there 18 a
right engle fin, while in the cther, e transition. No ercsion has ‘
been experienced at the vertical bend, and no very objectlionable vihra-
tione have been set up in the spillways during operation. No diffi-
culties have been experienced with lce or debrls, as these are not
passed through the circular spillway but over & smell normal overflar
spillway. The spillways contain small piers whick support a circular
trashrack. There naturaily is some nolse during operation, but this
can hnrdly be termed unbearadble or very obJectiomble In flood timea
the spil.l.way operates submerged." L

CONCLUSIONS

All correspondence received from this investiga.tion is on file in the
Hydraulic Laboratory of tho Bureau of Reclamastion. . _

The inference to be dravm from the foregoing‘ 1s far from conclusive.
0f the 17 m>rning-glory spillways investigated, information on one was *
lacking; two others have never gone into uperation; and the majority of
the remainder have operated for only short periods of time at discharges
considerably less than that for which the splllways were designed, -leaving
epproximately four which can be considered toc have undergone a fair test.
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The most significant facts revealed from the investigation were:

a. That no erosion of the concrete was reported at the ver-

tlcal Pend at Owyhee Dam. This splllway has operated at aprroximately
half capacity and has by far the greatest fall of any of the spillwaye
in existence. In no case has erosion of a Serious nature occurred on .

any of the spillways investigated.

b. That vibration and noise were not sufficient to be censidered

objectionatbls, and

¢. That in no case has debris or ice presented any unususl
problems in operationm.

From a hydraulic standpoint, morning-glory shaft spillways appear
to be of scund design when operated under entirely free flow conditioms.
The questionable factors are structural, such as, will the concrete or
material composing the curved surfaces withstand the velocity and impact
of the fast-moving water?

A point to be conslderved 1s-that no spillwa.y in this gmup has ever
operated submerged With submerged. flow the spillwa.y acts much llke a
siphon, and very low pressures cen be experienced in the tunnel. These
low pressures, 1f sufficlent to reach the vapor pressure of water, can
" cauee inltial erosion of the tunnsl lining by cuvitation which is elways
accompenied by vibration and nolse. Once roughemed, impact by the Jet
of water can cause rapid erosion f the surface. As no record exists of
hydraulic behavior for submerged flow through a morning-glory spillway,

it will be well to continue to treat this conditiom of design with r=apect.

With the compilation of this data on morning-glory epiliwaye as to

size, location, etc., together with an established list of correspondents,

it skould not be a gree.t task to repeat an inquiry .of this nature some %
or 10 years hence. "Time shcuid make possihie more pertinent information
and should reveal weaknesses in the mming-glory sheft design, should
geaeral woaknesses exist. -
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A. Owyhee Dam Spillway-illustrating updraft of.spray when
operating at approximately 1,200 c.f.s.

B. Gibson Dam Spiliway-showing arrangement of
radial gates and pierse
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