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DETERMINATION OF PRESSURE-CONTROLLED PROFILES
FOR MORNING-GLORY SPILLWAYS o

By

W. E. Wagner

INTRODUCTION

With the increasing use of the morning-glory or shaft spillway,
there is a general need for additional data to aid the hydraulic engineer
in designing a morning-glory for the many conditions encountered in the
field. Some of the problems which must be solved are the size and shape
of the overflow section; the size of the shaft; the degree of curvature of
the bend connecting the shaft with the horizontal tunnel; and the method
of stilling the high velocity flow before it enters the river channel below
the dam. Each of these problems is important and requirescarefulcon-
sideration. This paper deals with the first problem: that of determining
the size and shape of the overflow section which will pass the required
quantity of water at the desired head and which will provide pressures on
the morning-glory profile which are above the cavitation range. To find
a solution to this design problem, a circular weir was constructed and
tested in the Hydraulic Laboratory of the Bureau of Reclamation. The
sharp-crested weir used in these studies was circular in plan and 20
inches in diameter. Flow passing over the weir springs clear at the
sharp edge and the lower trace of the nappe indicates the shape of the
morning-glory surface for given conditions of head above the crest, ap-
proach depth, and pressure beneath the nappe.

Discharge coefficients and the shapes of the upper and lower
nappe surfaces, fully aerated, were obtained for three approach depths;
namely 20, 3, and 1-1/2 inches below the crest of the weir. The com-
paratively shallow 3- and 1-1/2-inch depths were chosen to assure a
measurable effect on the discharge and nappe shapes. In addition, the
effect on the nappe shape of reducing the pressure by removing air from
the space under the nappe was studied. The reduced pressure studies
were made for negligible velocity of approach using the 20-inch approach
depth. Data were taken only on an intermediate range of discharges
where a stable jet could be maintained since at both higher and lower dis-
charges pulsations in the nappe made measurements impossible,

The following discussion includes a description of the test equip-
ment and the procedures followed in developing a method for determining
the shape of the overflow section of a morning-glory spillway. Finally the
experimental results are applied to a working model of the spillway for
Hungry Horse Dam.

*Engineer, Bureau of Reclamation, Design and Construction Division,
Denver, Colorado.



Most of the material contained herein was submitted to the
University of Colorado as a thesis in partial fulfillment of the require-
ments for the degree, Master of Science, in 1952,

SYMBOLS

The following is a list of symbols used in this paper. Refer-
ence is made to Figure 1.

Q
hg

discharge in cubic feet per second

observed head on weir measured 22 inches from
weir crest, feet

average velocity of approach computed 22 inches
from the weir crest, feet per second 2

average velocity head of approach in hg = 2a » feet

hg + h, = total head above weir crest, feet

maximum rise of lower nappe surface above sharp
crest of weir, feet

observed head above high point on lower nappe
surface, feet

hg + hg = total head above high point on lower
nappe surface, feet

radius of sharp crest of test weir, feet
27 R = crest length of circular test weir, feet

depth of approach floor below weir crest, feet

= observed pressure, below atmospheric, in air

chamber under the nappe, feet of water

Q. coefficient of discharge for test weir

- LHg3/2

horizontal coordinate, origin at weir crest, negative
upstream and positive toward center of test weir, feet

vertical coordinate, positive above and negative below
crest of weir
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Figure 3. General view of headbox
containing test weir



A, Test weir showing probes for
outlining lower nappe surface

B. Probe adjusting screws and electronic
contact indicator

Figure 4. Probes and electronic contact indicator



TEST EQUIPMENT

The Test Weir

The general arrangement of the test weir is shown in Figures
2 and 3. The test weir was fabricated from a 20-inch length of seamless
steel pipe, 20-inch outside diameter with 1/2-inch wall. The outside
surface of one end of the cylinder was machined to form a true circle,
1.6593 feet in diameter. A 45° bevel was then machined from the inner
face until a knife edge was formed by the intersection of the 45° bevel
and the outer machined surface. A steel flange, for bolting the test weir
to the floor of the head box was welded to the other end of the pipe.

The head box, 12 feet square with 4-foot side walls (outside
dimensions), was elevated to a height 5 feet above the laboratory floor.
The construction of the testing box and weir was sufficiently strong
to maintain the weir in a level position when the head box was full of
water.

Water was supplied to the head box through two 8-inch inlets
which terminated in the floor at diagonal corners of the testing box. Sev-
eral precautions were taken to assure that the water approached the weir
radially and uniformly. A 6-inch-thick baffle, containing 3/4- to 1-inch
gravel was placed approximately 1 foot from the side walls of the head
box, Figure 3. Two steel gratings were placed over each inlet to reduce
the boil and distribute the inflowing water between the side walls of the
head box and the gravel baffle. To quiet the flow further before passing
over the test weir, a perforated cylinder was placed between the gravel
baffle and the weir. The perforated cylinder, 6-1/2 feet in diameter
and 4 feet high, was made from a 12-gage steel plate punched with one
hundred 13/16-inch-diameter holes per square foot.

Discharge Measurements

The discharge over the circular weir was measured by either
a 4-, 6-, 8-, or 12~inch commercial venturi meter, depending upon the
discharge required for the particular test. All the laboratory venturi
meters were accurately calibrated by means of a volumetric tank.

Water-surface Gages

Head gage. The head, hg, on the test weir was measured by a
hook gage mounted in a stilling-well located at the side of the head box.
A 3/16-inch-inside-diameter rubber tube connected the stilling-well to
the head box at a point 22 inches from the sharp crest of the test
weir,



Upper surface gage. Profiles of the upper water surface over
the test weir were taken with a point gage mounted on an aluminum chan-
nel. Sufficient readings were observed to establish a smooth curve de-
scribing the shape of the upper nappe surface. The zero of these gages
was checked before and following each set of runs. ‘

Lower surface gage. To determine the shape of the lower nappe
surface, the profile first was outlined by means of 13 wire probes extend-
ing through the wall of the weir and spaced at different intervals below the
crest of the test weir, Figure 4A. The end of each probe was positioned
along the nappe by screwing the probe toward the sheet of water until
contact was made with the lower nappe surface. Contact of the probe
with the nappe was indicated by a 6-volt bulb which lighted when the
end of the probe barely touched the lower nappe surface.. Figure 4B
shows the probe adjusting screws and the electronic contact indicator.

The coordinates of the points of each probe, outlining the lower
nappe profile, were measured with a specially designed point gage, Figure
5. The gage consisted of a horizontal beam, which rested on the crest of
the test weir, and a vertical bar mounted in a carriage which rode along
the horizontal bar. The lower end of the vertical bar was fitted with a
point for positioning the gage at the end of the wire probe. The point of
the gage was positioned over the probe by moving the carriage horizon-
tally along the beam and lowering the vertical bar until the point con-
tacted the probe. '

Means of Altering Velocity of Approach

The test weir was constructed with its crest 20 inches from the
floor of the head box and most of the data were obtained with this approach
depth. However, to determine the effect of velocity of approach on the
coefficient of discharge and the nappe shapes, experiments also were made
with the approach depth 3 and 1-1/2 inches below the weir crest. The ap-
proach depth, P, was changed by placing a horizontal false floor between
the upstream face of the weir and the perforated cylinder, Figure 6.

With the approach depth 20 inches below tlrllqe welir crest the
velocity head, hg, was less than 0,0005 foot for RS ratios under 0.60

and reached a maximum of 0. 0007 foot for an RS ratio of 2.00. There-~

fore, the velocity head was considered negligible for data obtained with
the 20-inch approach depth. For the 3-inch approach depth, the velocity
head varied from 0. 001 to 0.004 foot and 0.001 to 0. 005 foot for the
1-1/2-inch approach depth.



Figure 5, Special point gage
for measuring coordinates
of probes




Figure 6, Test weir with 3-inch
approach depth
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Means of Reducing the Pressure Under the Nappe

To study the effect of subatmospheric pressures under the
nappe, a sheet-metal cylinder, 35 inches in diameter, 3 feet long and
flanged at one end, was bolted to the underside of the head box concen-
tric with the test weir, Figure 7. The lower end of the cylinder was
approximately 9 inches from the floor of the tail box, By means of
a tail gate, the water surface in the tail box could ‘be raised to sub-
merge the end of the cylinder, thus sealing the air chamber between
the falling jet and the cylinder walls. The jet, in falling, pumped some
of the air from the chamber and reduced the pressure in the space be-
neath the nappe. Two vents, each 3 inches in diameter and equipped
with gate valves, were placed in the wall of the cylinder. By control-
ling the amount of air entering the chamber, a fairly stable pressure
could be maintained under the nappe. For the lower pressures and
discharges, it was found necessary to connect a vacuum line to the cham-
ber to secure the desired pressure.

The pressure in the chamber was measured by a differential
U-tube manometer filled with water. The legs of the manometer were
tilted at 45° to permit reading of the differential pressure to 0.001
foot. ’

INTERPRETATION OF RESULTS

Discharge Coefficient

The flow over a circular weir may be classified as either free
or submerged. For free flow, the discharge characteristics are similar
to those for the rectangular weir, where @ = CLHSS/Z, Thus, the theo-
retical discharge is directly proportional to the three-halves power of
the head, Hg, on the weir.

When the discharge increases until the water surface is prac-
tically level above the weir, the weir becomes an orifice and the theo-
retical discharge follows the form Q = CoAg~/ 2gHg. For orifice flow,
an increase in head results in a very limited increase in discharge since

the theoretical discharge is then proportional to the square root of the’
head. For partial submergence, the discharge coefficient, C or Co,

changes more rapidly with head and the discharge characteristics follow
neither the orifice nor weir formulas.

Since the point where weir flow ends and orifice flow begins is
difficult to define, and to simplify the method of expressing the coeffi-

cient of discharge, the weir formula, Q = CLHS3/2, was used to



compute the discharge coefficients throughout the range of testing. The
weir formula was chosen because most morning-glory spillways are de-
signed for free flow.

Nappe Profiles

From the laws of similitude, it can be shown that the profiles
of a sheet of water flowing over any two sharp-crested, circular weirs
with aerated nappe and negligible velocity of approach are similar if
the respective ratios of the head, Hg, to the radius, R, of the weirs
are the same. Thus, by expressing the X and Y coordinates of the:
nappe surfaces and the radius of the weir in terms of Hg, the results
are in dimensionless form and the nappe shape for any head and radius
of weir can be determined. Camp and Howe ”_’/found in their experi-
ments on three weir arcs of different radii that "'nappe profiles plotted’
in terms of these dimensionless coordinates proved to be practically
identical for runs having the same ratio of head to diameter of weir arch
except in those runs in which the head was so low that the nappe adhered
to the crest." :

This was the method used in plotting the upper and lower sur-
face of the nappe. The X and Y coordinates of the nappe surfaces,
obtained from the test weir, were divided by Hg, plotted with as many
as three runs for each value of _RIE.S_ and an average line drawn through

the points. This was done on a scale too large for reproduction in this
paper. However, Figure 8 is representative of the shapes of the curves.

In place of the curves, the %__ and _Ilg__ coordinates are tabulated in -
s s
Tables 1 through 6.

ANALYSIS OF RESULTS

Discharge Coefficients

H The coefficient of discharge, C, versus the dimensionless
ratio _R__S_ for three approach depths is plotted in Figure 9. 1In each

case, the lower surface of the nappe was open to the atmosphere and
fully aerated. The lower curve, designated the Base Curve, shows the

discharge coefficient for _g_% ratios between 0.20 and 2. 00 with the

approach floor 20 inches below the weir crest, or with negligible veloc-
ity of approach.

I/Numbers refer to list of references in Bibliography.
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H Referring to Figures 8 and 9, the flow apparently is free forlv

5 ratios under 0.45. In the range of free flow, the discharge coef-

R

ficient decreases almost linearly from 3. 34 to 3. 20 between _E.,S.. ratios
R

of 0.20 and 0.45, respectively. These coefficients compare favorably
with the results obtained by other experimenters. 1/2/3/

As the __I__I,E ratio increases above 0.45, the weir becomes par-

tially submerged and there is a sharp reduction in the coefficient of
discharge. The largest change in coefficient for a relatively small

rise in -5 occurs for _;_If’_ ratios between 0.45 and 1. 00, the range in

which the weir is partially submerged. For _I_.I.fl above 1.00, the water

surface above the weir is practically level and the flow is submerged.

The two upper curves, A and B, Figure 9, are similar plots
indicating the coefficient of discharge when the approach velocity is
appreciable. Curve A was plotted from data obtained with the approach
floor 3 inches below the weir crest, and Curve B with the approach depth
1.5 inches. The 3-inch approach depth increased the discharge coeffi-
cient approximately b percent over the base curve in the free-flow range
of discharges and 4 percent in the range of submerged flow, while the
1.5-inch approach depth increased the coefficients approximately 7 per-
cent and 8 percent, respectively.

In the insert of Figure 9, the average increase in discharge,
in percent, is plotted versus the approach depth, P, in terms of radius
of weir., This curve, which is applicable to either free or submerged
flow, indicates the increase in discharge which can be expected when the
approach velocity is increased (or the approach depth decreased) using
the discharge for negligible velocity of approach as the base. It is _
evident that additional experimental data are needed in the range of =

ratios between 0.3 and 1.0 to fully establish the curve. However, the
curve indicates the approximate increase in discharge as the approach
depth decreases.

Figure 10 is a similar plot showing the relation of various
pressures beneath the nappe and the discharge with negligible velocity

of approach, Figure 10A shows the discharge coefficient versus .5

R
ratios for atmospheric pressure and partial vacuums of 10, 20, 30, 40,
and 50 percent under the nappe. The partial vacuums are expressed as
a ratio of the average vacuum, measured in feet of water in the air
chamber beneath the nappe, to the head, Hg, on the weir. The solid



lines indicate the portion of the curve verified by experimental data and
the dotted lines indicate the estimated extension of the curves beyond the
limits of testing in these experiments.

Figure 10B was plotted from the data contained in Figure 10A.
The percent increase in discharge above that indicated by the base curve

was computed for ES ratios of 0.3, 0.4, and 0.5 and 10- to 50-percent

vacuums. The computed percentages for each of the five vacuums were
averaged and plotted as shown in Figure 10B. This figure indicates the
average increase in discharge for different pressures beneath the nappe.
The relationship is applicable only in the range of free flow, since no

tests with partial vacuums were made when the weir was flowing submerged.
The curves presented in Figure 10 should be treated with reservation since
they are based on meager experimental data.

The minimum value of _;_I_.S_ ratio, for Which‘ discharge coefficients

are shown in Figures 9 and 10, is 0.20. It was found that, for runs
with heads less than 0. 15 foot, the discharge coefficient was inconsis-
tent and tended to increase as the head decreased. At low heads, sur-
face tension of the water affects the flow characteristics by preventing
the jet from springing clear at the sharp-edged crest of the weir. It
~is difficult to define the limits of this effect as the sharpness of the weir
- or a small amount of 0il can change its intensity. J. W, Howe i/ in

¢ summarizing the results of several experimenters, showed graphically
that the discharge coefficient for the rectangular weir increases sharply
. for heads less than 0. 20 foot, thus indicating the heads at which surface
. tension affects the discharge. Therefore, the coefficients for the test

" weir are shown only for heads above the region of low flow where sur-

. face tension has a marked effect.

Nappe Profiles

Figure 8 shows the general shapes of the upper and lower sur-
face of the nappe, expressed in terms of head, with aerated nappe and
S

negligible velocity of approach for representative ..}_I_._ ratios. Also in-
R

cluded in the figure is the lower nappe shape developed by the Bureau of

Reclamation 5/ for the rectangular weir, which may be considered a

circular weir having an infinite radius, or _Rf_ = 0.

H
Several attempts were made to obtain a profile for —5 = 0.10
R

( or a head of 0.083 foot on test weir), but all the measured profiies for
this head were comparatively flat near the weir crest and inconsistent
with the other results, indicating that the nappe adhered to the weir

crest: In Table 1, the coordinates for E_ = 0.10 are shown, but the



H :
profile was determined by interpolation between -—2 = 0,20 and 0; rather

R
than by actual nappe measurements on the test weir.

The lower nappe traces, expressed in dimensionless coordinates,
in Figure 8, give a false impression as to the actual shape of the lower
surface for different heads, since the coordinates in terms of the head,’
Hg, become progressively less as Hg increases. To illustrate the shape

the profile takes as the head increases, typical lower nappe profiles, ex-

pressed in true X and Y coordinates for several _R_E ratios are shown

for the test weir in Figure 11.

In the case of the rectangular weir, the lower nappe traces
spring farther from the weir crest as the head increases.. This is not
true, however, with the cirgular weir. In Figure 11, it can be seen that,

for an increase in head or -_2 ratio, the profile springs farther from

: R
the weir crest only in the region of the high point of the trace. Below
the weir crest the traces cross and the profile for the higher head falls
inside those for the lower head. Therefore, if a morning-glory spill-
way is designed for the maximum head, it appears that subatmospheric
pressures along the lower portion of the trace will occur for heads less
than maximum. To determine the extent of the subatmospheric pres-

H
sures for different —1-:{—5— ratios was beyond the scope of these experiments.

However, model tests on the morning-glory spillway for Hungry Horse
Dam disclosed that any reduction in pressure for heads less than the de-
sign head could not be discerned on the model.

Huhgry Horse Dam Spillway was designed for a maximum dis-
charge of 53, 000 second feet at a head of 16,9 feet with an —lié ratio of

approximately 0. 50 and a 30-percent vacuum crest, Pressures observed
on the model crest averaged approximately 5, 3, and 1.5 feet of water
(prototype) below atmospheric for discharges of 50, 000, 35,000, and
15,000 second feet, respectively, The observed absolute pressure, at
all piezometers along the spillway crest, increased with each lower
head or discharge. This example is inconclusive for the entire range
of =2 ratios, but it indicates that spillway crests designed for .gﬁ
ratios less than 0.50 will operate at approximately atmospheric pres-
sure for discharges lower than the maximum, '

-

, H
The i and T coordinates of the lower nappe surface for —5

~

S
ratios from 0 to 2.0, with fully aerated nappe and negligible velocity of
approach are tabulated in Table 1.



The effects of velocity of approach on the lower nappe surface

are shown in Figure 12, where the profiles for ]_:% ratios of 2.0 (neg-
ligible approach velocity), 0.30, and 0.15 are plotted for an .E-S- ratio

R
of 0.40, which is typical of the profiles obtained for other _gi ratios.

As the approach velocity increases (or as g decreases), the contraction

of the jet decreases and the nappe springs less distant from the weir
crest. As the water falls below the weir crest, a solid jet forms and the
lower nappe profiles become similar in shape, with the profile for the
higher approach velocity falling slightly inside the profile for the lower
velocity of approach. Below the point where a solid jet forms, the lo-
cation of the lower nappe surface is governed by the diameter of jet neces-
sary to accommodate the discharge.

Lower nappe shapes for appreciable velocity of approach with
fully aerated nappe are tabulated in Table 2.

Figure 13 shows the profiles for —I__I_S_ = 0. 40 when a partial
vacuum is placed under the nappe. In general, the profiles are similar
in shape, but not as flat near the crest, as those obtained with velocity
of approach. As the pressure under the nappe is decreased, the pro-
files for a constant head fall progressively closer to the weir wall. In
other words, the diameter (or area) of the jet at any point along the pro-
file becomes progressively greater as the pressure under the nappe is
decreased.

The = and ﬁy—_ coordinates of the lower nappe profile for
s S
negligible velocity of approach and partial vacuums under the nappe are
tabulated in Table 3.

Upper nappe profiles in dimensionless coordinates for negligible
approach velocity and aerated nappe are tabulated in Table 4. The water

surface is level for —R—S- ratios above 1.0.

The effect on the upper nappe profiles for lowered pressures
beneath the nappe and increased velocity of approach was similar to that
observed on the lower nappe shapes. After passing the weir crest, the
upper water surface fell progressively lower for each increasing vacuum
‘beneath the jet, and when the approach velocity was increased, a higher
upper nappe surface and boil were observed.

The X _ and Y _ coordinates of the upper water surface are
Hg Hg
tabulated in Table 5 for aerated nappe and approach depths of P-o.30
R

10
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J071-.60112,60|-1069
764 |-.80 |13.60|-14.25
.809 |-1.00 |14.40|-17.81
.845 |-1.20|15.03|-21.39
873 |~1.40 |15 .54|-2495 ﬂ-
.898 |-1.60]16.00|-28.50 Sl
o 2 4 6 8 10 12 14 16
X

COMPARISON OF SPILLWAY PROFILES



[
Table 1
COORDINATES OF LOWER NAPFE SURFACE FUR DIFFERENT VALUES OF .5
(Hegligible approach velocity 4 aerated nappe)
: e
P L
" X .00 | *0.10 0.z0 0.25 .30 0.3 0,40 0.hs .50 0.60 G, 80 1.00 1.20 1.50 2,00
5
0.000 0.CC00 | 0.0000 | 0.0000 | 0.0000 } 90,0000 05,0000 G,0000] 9.0000 | 0.0000 | 0.0000 | 0.0000
.010 .01501 01451 01331 .0130| .0123 Jciokl o095 | L0086 | L0077 0o
.020 L0280 | 0265 .02350 02k3 1 .0236 g L1801 L0159 L01kO | L0115
.030 L0395 1 L0365 1 L0350  .0337 ¢ .0327 L0289 270 L0231 L0198 L0188 L012d
.0h0 L0b90 | LOM6O | .OB35 . LOMLT I L0403 LoaEL L oL032k1 L0268 L0220 .0MT6 | L0117
.050 L0575 1 L0835 | L0506 ) LOBBY [ LobTL) cobsh CLohpo | oLokoz ] 03681 Lo2g2) L0226 1 L0168
.060 L0650 1 L0805 [ L0570 L0350 .05311 .0%10 LOWTO | L0ka8 | Lohohk | L0305 L0280 | L0147
.070 o7 | L0865 | o6zl L0805 | L05B% 1 L0560 L Loh87 | .oh32 31 Lozol | .oilk
.080 L0765 .OTLO | .GETTH 06351 L0630 .0603 L0520 | NOBSS5 L L0301 LOLT2 | L0070
.0%0 L0820 LOTES | L0722 L0896 L0BTO | LO6MO c0589 1 cOBTL L L02B7 L0135 ) 0018
.100 080 o8l Loté2i .o7ak | L0705 L0672 oh L0089
.10 Loos0 [ L0880 .cB26) L0790 L0758 0720 19
.1ko L1000 T 0935 1 LoBT2 ) L0820 L0792 L0750 0%
L160 L10k5 1 L0960 oge5 1 -.08551 .0Bi2i .0765
.180 L1080 1 L1010 L0927 08721 L0820 .OTES
L200 L1105+ .1025 ] L0938 L0877 L0813 .07%6 L0811
250 L1126 L1035 Logebi L0830 L0773 L0683 L0bos
L300 211051 L1000 LoBsol Lo76h| 06681 L0859 L0327 -
L350 L0606 | L0930 ] L0780 L0650 1 L0540 L0185 N
.hoo L0970} L0830 | L0620 L0500 L0365 L0060 N
AN
R ., 08L5 ST0C 04501 L0310 0170 .000 \\
.500 L0700 52 L0E501 L0100 \
1550 .0580) L0320 0020
L600 .0320 0080
650 L0090 :
i
Note: The sbove tabulation is for that portion:of the profile above the weir crest.
%
H",
INLUE ' .
g, ’% 0.00 0.10 0.20 0.25 0.30 0.35 0.40 0.5C 1.50 1.20 1.5¢ 2,00
0.000 0.666 | 0.615 | 0,55k | 0.520 | 0.487 0.850 | 0.413 0,116 | 0.093 [ 0,070 | 0.0k8
-0.020 0.705 | 0.652 {0.592 | 0.560 {0.526 | 0.488 | c.u52 02369 L1458 120 L096 LOTh
-0.0k0 0.742 | 0.688 [0.627 | 0.596 |0.563 |o0.52h oMb ¢.hoo J165 .1ko L1158 .088
-0,060 0.777 | 0.720 | 0.660 | 0.630 10.596 | 0.557 | 0.519 0. 458 182 155 129 L100
~0,080 0.808 | 0.752 | 0.692 | 0.662 |0.628 |0.589 | 0540 0. hsh L197 169 L1450 L3110
-0.100 0.838 | 0.8k | 0.722 | 0.692  0.657 | 0.618 0.532 .210 .180 L150 L1168
~0.150 0.913 | 0.857 | 0.793 | 0762 | 0.725 | 0.686 0.589 .238 204 LLT0 .132
~0.200 6.978 | 0.925 | 0.860 | 0.826 | 0.790 | 0.745 0,640 260 o2k 184 ik
-0,250 1.0k | 0.985 | 0.919 | 0.883 | 0.8h7 10,801 0.683 L0280 .239 L2086 L1553
-0,300 1.100 | 1.0483 ] 0,976 | o.981 |o.900 |0.852 0,722 = 251 206 L1560
-0.400 1.207 | 1.150 | 1.079 § 1.0bL | 1.000 | O.9k4 0.791 .3e2 271 L220 .168
-0.500 1.308 | 1.2%6 | 1172 | 11312 | 1.087 11.027 G.8ho . 342 287 232 L1173
-0,600 1.397 | 1.335 | 1.260 | 1.215 1.167 | 1.102 G.398 359 300 .2ko 179
-0.800 1.563 | 1,500 | 1.B22 | 1.369 1 1l.3l2 |1.231 0.97% Sk 8z .38k 320 .25 184
~1.000 1,713 | 1.646 | 1.58% | 1.508 | 1.Bho | 1,337 1.030 | 0.89% 710 .508 Jhoz 2332 260 188
-1.200 1.845 | 1.780 | 1.691 | 1.635 | 1.553 | L.he2 . 0.933 739 .528 17 340 L2686
-1.koo 1.970 | 1.903 | 1.808 | 1.788 | 1.553 | 1.h92 0.963 TEC ,6h2 Le3 L3kl
~1.600 2.085 | 2.020 | 1.918 | 1.855 | 1.7%2 | 1,548 C.988 . . -553 130
-1.800 2,196 | 2.130 | 2.02bk | 1.957 | 1.881 | 1.591 1.008 Nricid .563 433
~2,000 2.302 | 2.23% | 2,126 | 2.053 | 1.891 | 1.630 8 1.08% 810 LBT2
2:500 | 2.557 | 2475 | 2.35% | 2.266 |2.027 | 1.701 | 1430 1.059 | .838 | 588
-3.000 2,778 | 2.700 | 2.580 | 2.h28 le.i19 | 148 1468 1.085 1. .853
-3.500 2.916 | 2.7k | 2,551 | 2.173 | 1777 | L.h89 1.102
-k, 000 3,11k | 2,914 1 2.620 | 2,201 | 1.796 | 1.500
-k.500 3,306 | 3.053 | 2.882 | 2.220 | 1.806 | 1.509
~5,000 3.588 | 3.178 2,73k | 2. 1.811
-5.500 3.653 | 3.204 | 2.779 | 2
-6.000 3.820 | 3.kos | 2.812 |2
Note: The above tabulation iz for that portion of the pro below the welr crast.

H,
*The tebulation for ﬁi

ey
SRR

",
= 0.10 was obtained by interpolation between R——‘? = O and 0.20.
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Table 3.
COORDINATES OF LOWER NAPPE SURFACE FOR DIFFERENT VALUES OF §§.AND VACUUMS

" (Negligible approach velocity) -

10-percent vacuum* 20-percent vaciumd 30-percent vacuum¥
B, . o . R o N o L
- =| ©-30 0.,k0 0.50 0.60 0.80 0,40 {1 0.50 .60 0,80 0.k00 1 0.50 0,50 .80
i . . .

0.000 0.0000 | 0.0000 | ©.0000 | 0.0000 | 0.0000 || G.0000 | 0.0000 | 0,0000 | 0.G000 §f ©.000C |0.0000 10.0000 §C.0000
.010 L0135 L0135 L0130 | L0112 2 ,0130 thES L01R L0128 i

.020 L0235 | .0230 L0215 | L0180 L0220 Cosis | L@ A
.030 .0325 | .0310 L0285 | L0230 0290 L0280 | L0275 | L0220
LOkO L0395 | .0375 L0330 | ,0265 L0340 L0335 | L0320 | L0250
.050 LOB60 | LOL35 L0370 | L0285 L .0395 L0390

L0055 | 0295 Jobys | LOkke
LOh30 | L0300 05101 LOhY0
obs0 | L0295 L0555 [ .0505
LOL60o | .0280 .058¢

LL060 L0515 | .0LBO
.070 L0560 1 .0520
.080 L0600 5
.000 L0635

.100 L0AG5 Lok L0260 L02hO
L1280 LG705 Lob7s L L0190 L0175
J1ho L0730 L0bB0 | L0105 L0094 L0090
2160 LOThC LOL10 | -.0010 L0660 i, 0020 -, 0030
.180 L0740 L0360 LCAkO

.200 L0730 L0290 L0620

L250 LUET0 .00k L0500 :

.300 L0560 L0330 L0100 |

L350 Nl itelol L0120 | ~.0180

400 0200 -.01ko |- ‘

50 1 -, 0005 :

5]

Note: The above tabulation is for that portion of the profile above the welir crest.

%
-H—:
H_ .

- E’- 0.30 G40 0.50 0.60! o.&o 0.ho 0.50 \o,éjo 0.80 0,40 0.50 .50 0.80
RN 1 .

c.000 | o.kh2 | 0,393 {0,328 {.0.257 }].0.158 0.374 | 0.319 3 0.253 0.313
0,020 ¢ 0478 1 0.b31 0,362 .288 .187 o411 10,333 284 0,346

0,050 § 0.512. 1 0465 T} 0,392 .31k 7 210 Ok | 0.38% 0,375

-0.050 | 0.b452 | 0,406 | 0.318 .338 229 0.475 | 0,110 0.402

-0.080 | ©.572 | 0.525 | 0.hhh 358 .27 0.50h | 0,43k 0. 426

-0,100 § 0.600 | 0,552 | 0,467 377 262 0,531 | 0.h58 0.hlo L367 .255
-0.150 § 0.663 | 0,613 |0C.519 418 .295 £.592 | 0,508 0.4ho8 oo 287
-0.200 § 0.720 | 0.669 | 0.563 R .321 0.545 | 0,552 0.618 jo.580 RIS .312
-0.250 § 0.773 | 0.718 | 0.601 TS NS 0.602 | 0,589 L3392 0,664 1 0.577 Ritveel .333
-0.300 | 0.823 10,764 |o0.63h | .511 363§ €734 |o.522 .358 0.705 ]0.60G9 .hos 351
~0.400 | 0.913 | 0.843 | 0,690 556 .395 0.813 | 0.678 .5h2

~0.500 1 0.996 | ¢.913 |.0.737 L5093 L22 ] 0.879 .1 0.723 578

-0.600 § 1.068 {0,973 |0.779 623 L2 0,938 | 0.763 .609

-0.800 § 1.193 | 1.070 | 0.843 670 RN 1.032 | 0.8e6 656

-1.000 | 1,303 | 1.1k ]0.889 L705 .501 1,108 | 0,873 620

-1.200 § 1.401 {1,203 | 0.927 732 .518 1.170 | 0.912 .723 510 716 501
-1.400 | 1.492 | 1.253 |0.955 L755 .533 1.223 | 0.943 This 525 .T39 516
1,600 | 1.57h | 1,297 |0.980 773 .5h5 1.268 | 0.970 .T65 .535 ST5T .528
-1.800 | 1,649 | 1,331 | 1.000 790 .555 1.307 | 0.991 L7806 L 5h6 LT73 L5386
-2,000 § 1,717 | 1.361 | 1.018 L8303 .56k 1.34%0 | 1,010 795 555 L7185 . 548
-2,500 § 1.85 | 1.b20 ! 1.053 L8228 579 1,408 | 1,046 571 1.0 L810 .56k
-3.000 | 1.988 | i.k57 | 1.078 .48 1,450 | 1.070 1. 830

-3.500 | 2,088 ) 1.k8 |1.003 1h73 | 1.083 1.

-h,000 | 2,158 | 1.k98 1,490 1.

-4, 500 | 2,205 | 1.508 1.500 1,

-5.000 § 2,088

-5.500 | 2.230

-6,000 | 2.231

Note: The sbove tabulation is for that portion of the profils below the welr crest.

*¥The percentages are based on the ratio of the vacuum, measured in feel of water, to the total head on the weir.



Table

H
COORDINATES OF UPPER NAPPE SURFACE FOR DIFFERENT VALUES OF _°
(Negligible Velocity of Approach and Aerated Nappe)

I
HS
HS
% — 0.20 0.25 0.30 0.35| o.40| o.b5} 0.50| 0.60]| 0,80 1.00
A
-0.40 0.955 t 0.956 | 0.959 | 0.960 | 0.961 | 0.963 | 0.968 0.976 | 0.986 | 1.000
-0.20 0.925 [ 0.927 | 0.929 930 .935¢{ .936| .o9k2| .958| .973| 0.996 E
0.00 0.88 | 0.886 | 0.892 .85 .900} .905| .920| .932| .955 3
0.20 0.820 | 0.829 | 0.838 | .845| .851| ,861| .870| .900 g
0.40 0.740 | 0.753 | 0.763 T2l 787 801 L8151 .855 o
0.60 0.640 | n.658 | 0.669 684 | 702 | L726 | .TU8 H
0.80 0.518 | 0.540 | 0.556 .578 1 .600 | .633 g
1.00 | 0.372 | o.ko2 | oo | Luug| Lu75 v
1.20 0,205 | 0.240 | 0.265 .300| .328 o
1,40 0.013 | 0.051 | 0.081 .128 g
1.60 -0,205 |-0.160 |~0.122 | -.063 i
1.80 -0,457 1-0,400 | -0.357 =)
2.00 | -0.748 |-0.678 |-0.613 v
2.20 -1,072 |-0.981 |-0.895 i
2,40 -1,440 [-1.315 |-1.198 8
2.60 -1.845 | -1.670
2.80 -2,268
3.00 -2.685
Point at which upper nappe surface joins boil
X/Hs 2,b10 | 1.711 | 1.208 [ 0.810 [0.725 o.'slo 0.120 | -0.068
Y/H -1,210 |-0.185 | 0.320 | 0.626 | 0.696 | 0.825 j 0.940 | 0.990
High point of boil
X/Hg 2.911 {2,545 [ 2,267 |2.043 | 1.710 | 1.275 | 1.030
Y/H, 0.006 {0.438 | 0.666 {0.783 { 0.942 | 0.970 | 1.000

W
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Table 5
Hy P
COORDINATES OF UPPER NAPPE SURFACE FOR DIFFERENT VALUES OF S AND

{Aerated nappe)

Y
P P
5=0.30 g=0.15
1 ; 5 ] . ,
- = 0.20 0.25 0.30 0.35 0.450 | o.ks | 0.50 | 0.60 | 0.8 0.20 0.25 0,30 0.351 o0.k0t 0.45| 0.50 | 0.60%} 0.80
LS o | X . .
B u i
-0.ko 0.96k | 0,965 | 0,968 | 0.975 | 0.976 10.977 10.978 {0.985 [0.991 0,957 | 0.962 | 0,968 ] 0.971]0.9781]0.980 | 0.987 {1 0.990 | 0.995
-0.20 0,920 | 0.93k | 0,936 LokT LMo | L9050 F 95k | 1,966 | .98L 0.917 | 0.92k .93k Oz | Lokg L9551 L960 | .9TO | .985
0.06 0.879 0.865 0.890 o .901 2907 | L9131 | L919 | L9338 | .966 0.870 | 6.875 .887 L8994 -.909 | .915 ) .922{ .93T7 | .970
0.20 0.813 | 0.818.1 ©.829 <~ .83 853 1 .862 U871} L892 | gk || ¢.8C0 | 0.810 L8234 836 .850 | .B60} L8711 .89k | .oh8
0.%0 0.730 | 0,737 £ °0.753 |, .792 L7881 L7984 .810 | .836 o 0.715 | 0.727 LTH5 SE59 LTI W792 ) L807 | L8k
0.60 0.626 | 0.6k1-} 0.658 .683 LTO0 | LTS | L7300 L 0.610 | 0.629 L8 666 | 686 L7081 .T735 :
0.80 0.506 | 0.52L | 0,54k .5Th 502 | 611 o 0.bg0 | ©.511 2533 5561 582 612 ,
1.00 |- 0.383 | 0.388 | 0.413 | .uho | 465 0.352 | 0.377 | .398 | ka7 | .65
1.20 0.195 { 0.228.1.6.253 | 202 0.187 | 0.216 .2h0 L2774 33T
1.50 0.005 | 0.,0k27} 0.071L 123 -0,007 | 0.028 L0551 106 :
1.60 -0,223 |-0.175 1-0.135 | -.070 0,235 {40,190 | -.3155.] -.081
1,80 {0 <0482 -u.hez | -0.368 ~0.498 | -0h37 | -.388
2.00 | -0.772 |-0.702 |-0.625 -C,795 | -0.710 | ~.648
2,20 =1,083 |=1.018 1-0.910 ~1.3118 |-1.003 | -,003
240§ -1.815 |-1.3k7 (-1.235 : ~1,418 1-1,350
2.60 ~1.767 |-1.683 ) _ : 1,800 1-1.683
2.80 =2 130 1-2.018 - . - v : e b-2,148 | -2,035
32.00 | -2.500|~2,351 . o -2.522 |-2,388
Point at which upper wvappe surface joins hoil
%/Hg 2,110 1 1,733 | 1.096 10.938 {0.71k 10,420 [0.315 2,500 1 1,723 |1.260 | 0.948 | 0.732.10.520 | 0.3k
Yst -1.253 |-0.210 | 0.3%4 |0.531 {0.680 |0,830 {0.926 -0.932 1-0.200 | 0,295 { 0.530 { 0.681 | 0.835 | 0.925
High point of boil
%/, 3,370 | 2.922 | 2.435 (2.288 1.775 (1.252 2.935 {2.531 | 2:278 | 2,009 1.680 | 1.263
T/Hg Iwo,755 0.043 | 0,495 [0.713 0.950 10.985 : 0.002 10,458 {0,647 10.815 | 9.935 | 0.998

oy i

o
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(Negligible velocity of approach)

Table 6

H
COORDINATES OF UFPPER NAFPPE SURFACE FOR DIFFERENT ﬁi RATIOS AND VACUUMS

Y
HS
~ 10-percent vacuum¥ 20-percent vacuum¥* 30-percent vacuum¥
T

X §§ 0.30| 0.50| 0.50| 0.60| 0.80}f o.s0| 0.50| 0.60| 0.80 || o0.40 | 0.50 | 0.60| 0.80
HS

-0.40 0.94010.951 1 0.956 { 0.963 | 0.981 || 0.941 {1 0.950 }0.958 | 0.978 || 0.939 | 0.945 | 0.957 o.%gs-
~0.20 911 | .927 | .938 | .940 | .971 911 ] .925 | .931 | .966 .908 | .912 | .929 | .96k
0.00 865 | .883 | .897 | .909 | .960 .865 |- .886 | .898 | .957 || .865 | .870 | .890 | .952

0.20 .803 | .825 | .848 | .873 | .950 808 | .835 | .860 | .o9k1 .803 | .815 | .843

0.40 725 | .753 | .783 | .825 735 | .770 | .808 723 | .TH2 | .T89

0.60 628 | 662 | .T11 .6h1 | 697 622 | .650 | 724

0.80 .508 | .551 .522 491

1.00 .358 | .413 .368 .325

1.20 170 | .2k2 .173 .105

1.40 -.062 |-.053 -.070 -.163

1.60 -.327 -.345 -.%60

1.80 -.629 -.638 -.783

2.00 | -.975

2.20 |-1.37hk

2,40 [-1.819

2.60 |-2.300

Point af which upper nappe surface joins boil

X/Hg 2.600 |1.504% | .721 | .403 | .300 |[1.808 | .722 | .418 | .299 || 1.803 | .735 | .608 { .152

Y/Hg -2.300 {-.043 | .665 | .821 | .oMk || -.6hk | .647 | .803 | .931 || -.790 | .620 | .722 | .940

*The percentages are based on the ratio of the vacuum, measured in feet of water, to the total

head on the weir.
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and 0. 15, while in Table 6 is recorded similar upper nappe shapes with
negligible approach velocity for 10, 20, and 30 percent vacuums beneath
the nappe.

Relation of E and Q to Radius of Weir

In these experiments, the discharge over the sharp-crested
weir was computed in terms of Hg, the total head on the test weir. In

designing the overflow section of a morning-glory spillway, it is usually
more convenient to begin the computations with Hg, the total head above
the spillway crest. To facilitate the interchange between Hg and Hg, the

relation of -gﬁ to -£_ for the three approach depths and the three vacuum
s
crests is plotted inFigures 14 and 15, respectively. The values of %....,
s
which are equal to —%— at the high point of the lower nappe profile, were
s
obtained from Tables 1, 2, and 3. Since Hg = Hp + E (see Figure 1), the
curves offer a means of determining Hg when Hg is known or vice versa.

Since the discharge equation for the circular weir, Q = CLHS3/2,
involves three variables (C, L or radius, and Hg), the procedure for
determining the size of the overflow section for a morning-glory spillway
is by successive approximations, a long and tedious process. By ex-

pressing the discharge in terms of the dimensionless ratio -—R—S- the num-

ber of variables is reduced to two and the amount of work is minimized.

Let

CLH3/2

o
i

c(2 77 R)HS/ 2

C27 HS5/2

Then

m, 5/2 H
Values of C =2 for different .S ratios are plotted in Figures

R
14 and 15. When used in conjunction with the ratio —E—, the number of suc-

S
cessive approximations required to determine C, R, or Hg is materially
reduced.
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APPLICATION OF RESULTS

To illustrate the practical use of these experimental results in
determining the profile of a morning-glory spillway, a comparison with
the model studies made on Hungry Horse Dam Spillway will be shown
(see page 9). Although the crest profile for Hungry Horse Dam Spillway
was determined from specific tests on the circular test weir, none of the
Hungry Horse data was used in these experiments.

The first step in the computations is to determine the radius
of the spring point, R, required to pass 53, 000 second feet when the
head, Hg, above the high point of the crest is 16. 9 feet. Since the ex-
perimental data are in terms of head above the weir, Hg, it is necessary
to assume a value of Hg as well as a coefficient, C.

Assume Hg = 18 feet and C = 3. 30
Then

cHg3/2 _3.30 (18)5/2
Q 53, 000

= 0.086

- H
Entering Figure 15 with this value; %: 0.54 and ﬁE__ =0.051 for a 30-

S

percent vacuum crest, Thea E = 0,051 (18) = 0.92 foot, and Hg = Hg +
E =16.9+0.92 = 17,82 feet. From Figure 10, find C = 3.37, which
does not check the assumed value.

Using these new values of C and Hg, the process is repeated.

CHgB/2  3.37 (17.8)5/2
Q 53, 000

= 0,085

E
From Figure 15, %S; = (.53 and ﬁ“‘“ = (0.051. Therefore, E = 0,91 and
Hg = 17.81 feet. From Figure IOA, C = 3.38, which checks sufficiently
close to the trial values.
Then

J17.81 _
R 53 ° 33.6 feet

The radius, R, and the head, Hg, above the weir have now been estab-
lished.

12



Hg |
With the ratio, —l;i = 0,53, it is possible to determine the

shape of the overflow section. The X_ and X coordinates for a

S
30-percent vacuum crest are given for _R_S.; values of 0.50 and 0,60 in

Table 3. By interpolation, sufficient coordinates to describe the

curve for % = 0. 53 are obtained. These _I?T(“ and X coordinates and the

) s S
corresponding X and Y values are tabulated in Figure 16. The overflow
section of the spillway can now be plotied as shown in the same figure.

The following table shows a comparison of the above results
with the model studies of Hungry Horse Dam Spillway.

Hungry Horse Hungry Horse
Experimental Dam Spillway model study
data as designed results
Hg 17.81' 17.9' 17.9¢
"Ho 16. 90' 16.9' 16.90'
E 0.91! 1.00° ' 1.00'
R 33.6' 34.0' 34.0'
Q 53,000 cfs 53, 000 cfs 49, 000 cfs
C _ 3.38 3.28 3.06
Vacuum crest =5.3' -5.0' 0.8 to -8.0'
.Crest shape see Figure 16

Column 1 shows the significant data from these experiments
used in computing the example and Column 2 lists similar terms used in
the design of Hungry Horse Dam Spillway. It is noted that the experi-
mental data show slightly lower Hg, E, and R values than those used in
the Hungry Horse design, which accounts for the higher coefficient of
discharge, C, obtained with the experimental data,

Since the model was constructed using the spillway dimensions
listed in Column 2, the values of Hg, Hgy, E, and R are identical in
Columns 2 and 3. The discharge obtained in the model is approximately
7 percent less than the design flow. This discrepancy can be explained
as follows: (1) The spillway is designed with a 9-foot-wide pier, placed
over the rounded crest. In computing the discharge in Columns 1 and 2,
the reduced effective length of the crest, due to the pier, was not con-
sidered which accounts for approximately one-half the 7-percent dis-~
crepancy. (2) The experimental data are based on the ideal situation
where all the flow enters the spillway on radial lines. For Hungry Horse
Dam Spiliway approximately one-half of the crest is located in an approach
channel cut in the hillside, and only 50 to 60 percent of the flow approaches
the crest on radial lines.

13



-~ Whether the reduction in discharge, due to the nonradial
approach conditions, is greater or less than that indicated by the
difference in the computed and model discharge cannot be determined
from the available data. :

A comparison of the two rounded crests is shown in Figure 16
where the profile, as determined from these experiments, is plotted as
a solid line and the Hungry Horse crest is denoted by a broken line.

Also shown are the piezometric pressures in feet of water (prototype)
observed on the model for a discharge corresponding to a prototype f{low
of 50, 000 second feet. Pressures above atmospheric are indicated above
and to the right of the profile and subaimospheric pressures are shown
below and to the left of the profile.

The greatest deviation in the two profiles occurs in the region
between Piezometers 4 and 7 and at the lower end of the rounded crest
between Piezometers 11 and 12. The observed pressures on the model
crest suggest the true shape of the overflow section for the design con-
ditions by indicating where the curvature of the model crest profile
should be adjusted to obtain a uniform pressure of approximately minus
5 feet of water along the spillway face. Lower pressures usually occur
where the degree of curvature is too great.

To verify the magnitude and uniformity of the pressures on
the computed profile would require tests on a model embodying that
particular crest shape. However, the observed pressures oun the
Hungry Horse model tend to confirm the fact that the observed and
computed pressures should agree,

14



LIMITATIONS APPLICATION OF RESULIS

Certain limitations should be recognized when epplying the
experimental results to determine the coefficient of discharge and pro-
file of & morning-glory spillway. The test data were obtained from a
eircular vweir in vhich the water fell freely through the atmesphere or
" & partial vacuum. Thus, the upper nappe surface was subject to atmos-
pheric pressure in all tests, vhile the lower nappe surfsce was subject
to either atmospheric pressure or a partial vaguun depending on the
test set-up. Therefore, the head producing the discherge wes the head
above the weir plus the pressurs under the nappe messured in feet of
water bslow atmospheric pressure.

In a merning-glory spillway, the same conditions exist except
that the space under the nappe is replaced with concrete. However, when
a morning-glory is designed for the submerged condition or with the top
of the boll near the erest of the spillway, an additionsl head is acting
on the splillwsy due to the siphonie aetion of the column of water in the
shaft, This additional head, which does not exist in the eircular weir
einge the jet is surrounded by air, causes a pressure reduction in the
shaft and en increase in discherge over the spillway. Therefore, when a
morning-glery is designed for nesr-submerged conditions, similitude be-
tween the morning-glory and the e¢ircular weir no longer exists. If the
sbaft is designed to flow pertially full, however, flows in the morning-
glory and eircular welr are similar,

In applying the experimental results frem the circulsr weir to
& morning-glory spillvay, some meene of maintaining the design pressure
along the lower nappe surface should he provided to restore similitude
between the two flows. The design pressure may be mint&imd by several
mntlmds among which are the folleowing:

(a) Design the morning-glory with s emall H8 ratio such that
the shaft never flows full. K

(6) Plece a constriction in the shaft at any point below the
boil to maintsin the misn pressure under the nappe at the boil.

(¢) Previde sir vents under the nappe at the boil to relieve
the suction head due to the shaft flowing full.

In Bungry Herse Dam, air was supplied to the lower nappe sur-
fece by means of several air vents placed under the lip of the ring
gate. In addition, & 6. by 6-foot air vent was placed in the erewn of
the vertical bend connecting the shaft with the inclined tunnel. Model
tests on Hungry Horse Dam Spillway showed that pressures lower than
those indicated in Figure 16 were cbserved whm the above air vents were
closed.

Additional research work is required to economically design &
submerged morning-glery splllway with a pressure-controlled profile.
However, 1f the sbove limitations are recognized and means are provided
to deal with them, the experimental results should prove helpful in
designing & morning-glory spillway.
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