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RATING CURVES FOR FLOW OVER
DRUM GATES

By JosepH N. BRADLEY,! A. M. ASCE

.

Wit DiscussioN BY Messes. Guino Wyss; Sam Savuirs; Bos BusHLER;
F. B. CampBELL AND A, A. McCooL; aND JoserH N. BRADLEY

SynNorpsis

With water becoming more valuable in the western states each year, there is

_ an increasing demand for better inethods of messurement and additional

rating structures. This condition applies not only to the requirements for
main canals and Jaterals of irrigation works but also to the regulation and
measurement of flow at dams. In fact, the need has reached the point at
which operators are desirous of metering the flow at nearly all control devices
in irrigation systems, and in other water supply or control systems.

The primary purpose of this paper is to point out that there are numerous
control structures in existence that will serve a dual purpose—that of a metering
station as well as that of a regulating device. Examples of such atructures in-
clude spillways, with or without gates; outlet works for dams using gates or
valves; and canal regulating structures using gates. With the accumulation
of information-from hydraulic model studies made by the Bureau of Reclama-
tion (USBR), United States Department of the Interior, it is now possible to
prepare reasonably accurate rating curves for many such structures without
the construction of models and without access to the prototypes. The method
is especially useful for the rating of existing structures. This paper describes

the method as it applies to the rating of drum gates and the paper is concluded

with an engineering example. The method is also -applicable to the rating of
the Volet gate used in France, the bascule gate manufactured in the United

States, and others in which the sector of a circle is hinged.at or.near the crest

of a apillway. .

Nore.—Published, essentially as printed here, in Februnrg,- 1953, as Procrez_ifnga}Separg{g I\Lp. 169,
iscussion was received for publication.

1 Hydr. Engr., Bureau of Reclamation, U. 8. Dept. of the Interior, Denver; Colo.
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404 DRUM GATES

INTRODUCTION

The drum gate is a type of gate tha:t floats in a chamber and is bung:(}l u;té(;
position by regulating the water level in that chamber. A mgdxuz;l—jxices git; o
of this type is shown in Fig. 1. To use (?rum gates as me’cen{lg. de indiéutor
essential that each gate be equipped w1tl¥ an accurate po‘s?tu:jx i dicu 01:
This indicator may consist of an arm or pomter. 901mec'ted dn‘lcc y’ ]o one o
the gate'pins, and is usually located inside anvad)ace,x,xt pier. The s:‘i:ét-l] ioh
commonly indicates ‘‘position of high point of gate, miay be al qas'l;“ :
mounted on the wall under the pointer, or a_scale p'mnted on tfne “11 .Osmons

This paper presents a method of c%xlnptum:hg :atlhniglcl;;:,esb eogbtai fed pions
of the gate with an accuracy comparable 0 tha wh g:.xr e e fon
an average current-meter traverse of the river. T e infor uired for

i até consists of the over-all dimensions of the'gfxte and o
:::s:f,gtﬁed;:g)lrii;ﬁon contained in this paper, and the coeflicient of discharge

Fie. 1.—Droux Gats, 100 Fr »v 16 Fr, AT 1looVER DAy (AR1zONA-NEVADA)

i ‘ spi i in the completely lowered
ble head on the spillway with the gate in col '
‘ f?s;?gnappgi‘g&d the coefficient data be lacking, the coefficient of d‘lschl::rgz
?dr’ the ;iesigned head can be estimated for nearly any overflow section by
reviously published? ' ' _ . o
n-l.gt;zg lp;leth()d 03; rating deseribed here is not intended to replace the mea

surements taken at river gaging stations. However, it has the following

] e gt in a few minutes to pass a desired dis-
ntages: (1)} The gates can be set in a few ’ :
:g::ge z;id (2) in time of flood, the gaging ?;;‘;tlo; mlz_m);hbi 01;1:8 :efdorod::rbét; :n 3
te calibration is as accurate as usqal. The flood that pa ver :
%?31:: 111351!:1 {Washington) in 1948 is an example. ‘The river gage, 1;1} thev;);::
of & bridge downstream, was in error because of a dmwdo‘yn in u? ,‘;ent‘s
surface; a.djaéent to the pier; at the higher ﬂowsﬂ Ctggent—mz;t«;} ?i:;s:; ments
t the swiftness o »
Iso attempted during the flood, bu : :
(‘:’t?-:r ad?fficuli}ivesprendered these only part_mlly successful.._ As , : resxél;;é 333
discharge at the peak of the flood, which was finally estimated as 638,

i ions,” J. N. Bradley, Enginecring
; n:‘Discb‘e(ﬁcienfs for Irregular Overfall Spillwny Bections,” by ‘

M h ureau of Reclamation, U. 5. Dept. of the Interior, Deunver, Colo., March, 1952.
onograp .

‘of the high point of the gate for each setting

‘lowered). Although other factors enter the pr
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sec-ft, is questionable. Measurement of the flow over the drum
now possible, would have afforded a continuous r
8s accurate for floods as for normal flows,

gates, which is
ecord and one that would be

CHARACTERISTICS OF THE Drus Gare

As a measuring device, the drum gate resembles a sharp-crested weir with
& curved upstream face over the greater part of its travel. With an adequate
positioning indicator, the drum gate can serve ns a very’satisfactoty metering
deviee. ,

When the drum gate simulates a sharp-
drawn tangent to the downstream lip of th
the horizontal, as in Fig. 2(a), four principal
are /, the total head above the high point
line drawn tangent to the downstream lip
the radius of the gate or an equivalent ra

crested weir—that is, when a Jine
e gate makes a positive angle with
factorsareinvolved. Thesef actors
of the gate; 8, the angle made by a
of the gate and the horizontal S
dius, should the curvature of the

High Paint

(2} POSITIVE ANGLE,P (b) NEGATIVE ANGLE, 6 (€) CONTROL POINT

F1a. 2~Drus-Gare Postrions

gate involve a parabola; and Ce,
in which @ is the discharge in secor
The depth of approach was n

the coefficient of discharge in Q = C, L 113,
1d-feet, and L is the length of the gate.
ot included ns 2 variahle because drum-gate
installations.studied were for medium and high dams at which approach effects -
were negligible,  When the approach depth, measured below the high point
of the gate, is equal to or greater than twice the head on the gate, it has been
shown® that a further increase in approach depth produces very little incresse
in the coefficient of discharge. Most drum-gate installations satisly this
condition, especially when the gate is in a raised position. Therefore, with
adequate approach depth the four variables H,06,r and C, completely define
the flow over this type of Bate for positive angles of 6, Fig. 2(a).

TFor negative values of 8, Fig. 2(b), the downstream lip of the gate no longer
controls the flow. Rather, the control point shifts upstream to the vicinity

as illustrated in Fig. 2(c), and
the free crest (as the gate is

_ : oblem, the similitude also holds
for this case down to an angle of approximately —15°. P '

V' Stidies of Crosts for Overfall Dams,” Bulletin No. LAY
of Reclamation, U, 8. Dept. of the Interior,

flow conditions graduelly approach those of

I, Boulder Canyon Final Reports, Barean

Denver, Colo., 1948,
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SOURCES OF INFORMATION

The data for this drum-gate study. were obtained f;om hydraulic models of
various sizes and scales. The experiments were performed over a period of

about eighteen years. The spillway drum gates tested, the principal dimen- _

sions of each, the model scale, the laboratory where the tests were conducted,

and other information are given in Table 1. Gates for the first three dams

TABLE 1.—PrinNcipar DiMENsIoNs oF Drum Gates TrsTED

‘Maxi-
Length j Height { Radius |Appronch| tnum . .
. No. of Model Hydraulic
Dam of gate, [ of gate, | of gate, | depth, |hend on : :
gates | Wit | indt | in £t inft | creste | soole laboratory
in ft
Grand Coulee . 1 Fort Collins
{(Waghington) 11 135 28 66.25 360 - 31.G65 | 1:30 | (Colo.) |
Bhakra Customhouse
Indis) - 2 135 - 28 66.25 410 28 1:80 | (Denver, Colo.)
asta .
(California) 3 110 28 66.25 460 28 1:68 | Custommhouse
Hamilton . .
'exns . 1 . 300 28 74.17 50 32 1:30 | Fort Collins
Hoover, Shape
4-M3
(Ariz.-Nev.) -4 100 - 16 26.8 50 26.6 | 1:20 | Montrose, Colo.
Hoover, Shape
8-M5b .
(Ariz.-Nev.) 4 100 16 36.0 50 | 266 1:20 | Montrose
Hoover, Shape . . .
7-C4® X
%Ap'z.-Nev.) 4 100 16 26.0 50 26.6 1:60 | Fort Collins
rignt .
{qCali.fomia) 3 100 18 . | 47.0 110 19.0 1:25 { Fort Collins
orris R .
(Tennessee) 3 100 14 34.0 200 270 1:72 | Fort Collins
Madden’ .
(Canal Zone) 4 100 18 30.0 120 30.0 1:72 { Fort Collins*
Capilano . E
(British Columbia) 1 70 23 7.0 | 200 23.0 1:60 | Denver Federal Center

-a Gate down. ? Refers to the simpe of the spillway cross section. '

listed in the table—Grand Coulee Dam (Washington), Bhakra Dam (India),
and Shasta Dam (California)—are identical except for the length and number.
The models of each were tested at different times by different personnel. The
results of the tests are nearly identical, which fact indicates the consistency
possible in this type of test. Although identical gates are of value in indi-
cating the consistency of results, test results on dissimilar gates are desirable
because they can give assurance that all factors involved in the establishment
of similitude have been considered. The study includes only eleven gates
(Table 1), but the dimensions of these vary aver a fairly wide range, and the
consistency indicated in compiling the results was quite satisfactory.

" Cross sections of representative examples of the 8pillway overflow sections
and drum gates listed in Table 1 are shown in Fig. 3. For Hoover Dam,
Sha.pé 4-M3 is shown. The data relating the cocflicient, C,, to the head for
the model drum’ gates tested are tabulated in Table 2.

- ResuLts oF BaziN oN Strarent INcLiNep WEIRS

The straight inclined weir is' comparable to a drum-gate, having infinite
radius, thus the results of Bazin serve as an introduction to this study.
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- Buzx,n, in his c.ln'ssical cxp‘erin?en’ts, studied inclined sharp-crested weirg 4
1e angle of the weir was varied in increments from 14° to 90° with the hori
zontal, and en.ch weir was 3.7 ft high (vertical dimension). The head ) (t)l”-
crest of the weirs ranged from 0.32 ft to 1.481t. Theresults presented i %ﬂ ‘lie
sh?w 0 p!'ottcd against the Bazin coellicient, C'y (in the fo’rmula Q —nC' lng:
29 4), in which & does not include the velocity head of appron(;h (h:) AThe

gMaxiinum Water Surface EI 1024.00

= Crest (Gate Raised) El 1020.00

. ¢ Maximum Water Surface £1 1232.00
v {a) HAMILTON DAM'

375 Ft T
\ 300FT BY 28-FT Crest (Gale Raised)
Y " DRUM GATE E1122140 } () HOOVER DAM
75 N 100-FT BY 16-FT
t DRUM GATE

Pin E1 1204.4 19.4-Ft Radius

is-of Crest

Scale,in Feet

{¢) NORRIS DAM 100FT BY 14-FT DRUM GATE Maximum Water Surface ’ :
: Crest (Gate Raised) Et 570.00 (d) CAPILANO DAM

¢ Maximum Water Surface €1 1047.00 . " 70T BY 23-F1
T B 3 > DRUM GATE -
\

Crest (Gate'Raised) £ 1034.0

17.83-Ft Radius

Pin £11019.509 Pin El 546.037 —
£11014.72

: A;(is of Dam

Axis of Crest

3] 482.8¢

l?‘m. 3.—ExasrLes or Drux-Gare Cross Szcrxé.\'s

angle 0 is also plotted witl res
which I is the total head.
the paper.

By'referenc(‘e to Fig. 4 it can be observed
only slightly with the observed head on th

pect o C; (in the expression, Q. =C,LHYin
This latter expression will be used throughout

(1) that the coefficient, C,, varies
& weir, (2) that there is a rather

¢ “Recent Experiments on the Flow o

¥ P W s ow N
Ootober, 1888.  (Translation b Arthuy rl\l‘n?-it:l;;ﬁv:; ;Vem, léy H. Bazin, Annales des Ponts et Chauau!es’

Ciub of Philadelphia, I'a., Yo, X, No. 4, 1809, 318.)Jvah_u Trautwine, Jr., Proceedings, Engineers

»

i
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TABLIS 2.°—~(Continned)
TABLE 2.—DruM-GATE COEFFICIENTS® k
' Braxaa Dax Suasta Day Haugron Das s I e e o (Brtiah oY,
Granp Coures Dax M lndia) {California) © (Pexas " _ _
(Washington) (India - - - g
- D Cocfi l}osc;ymr Cpc!?- I}mc?'oir . Cpel{ - [ Total );ead Coeffi- I‘Keservoir Coeffi-
, L " ‘oelfi- otal hea oefh- elevation, cient, elovation, cient, on gate, cient, clevation, cient,
Reservoir Coeffi- I}g“;’t‘i’;’!’" S&?ﬁi' gﬁfi’c‘,;’,‘, E;i‘:;n,_ on x%:zcé. C'E{:t. in feet Ce in feet Ce in 7eet Ce in feet Cy
covation, .| cient, | ele ' Co in feet -~ Ca in ' :
s C, in feet - Lae !
et . ~ : ELevaTiont 1037.0 | GaTe ELevationt 992.0 GATE ELEYATION® 560.0 | Gare Evrvation® 1020.0 | Gare Evevariont 2320 | Gare ELEVATION® 547.0
GATE EvevaTion® 1260.0 | Gate ELevaTioN® 1552.0 | GaTe EvE 5 5T 580 3830 1095 3913 5 3000 380 3775
50 1580 3.680 oo 1. 38% 30 3645 _ 517 3.025 1050 3.845 30§ 3770 575 3.705
1295 3.9 a9 1575 3645 1070 7%'860 25 3580 374 3.550 1045 3.765 25 3.660 . 570 3.625
1200 3842 1570 3.550 1065 3700 3% 1 500 5l 3400 log 3070 20 3.560 565 | 3.530
1285 3.745 1579 3390 1060 gors |20 35400 _ 508 3340 1035 550 15 | 3460 | 560 | 3415
1280 1360 3975 1055 . I 3200 5 . 030 3.390 10 - 3.365 - 555 3.250
1276 g.gég - 1eeo 3150 1030 gggg 9 350 562 2,965 1025 3125 5 3.280
270 - - ; o 045 : — : :
}265 3.220 ! e B TION 1195.52 Gare Evevation 661.5- Gare Evgvation 1022.0 Gare ErLevarton 236.0 Gare Erevarioy 555.4
; Erevation 1557.0 |GarsFLEvATION 1039.0 | GATR ELEVA . .
Gate EvevaTion 1263.51 | Gate ELeva : 3.637 30 . 3.400 580 3.340 1055 3.785 30 3.810 580 - 3.615
R I A R I g am | | me |8 W om
" s ky . 3.2 .25 .05 . 7 X
1290 342 1oro 33295 1065 - Bt is. " 3150 . 51 3200 1040 3.570 15 3.590 571 3485
1285 380 A 3170 - 1060 Jar 10 3085 568 3125 - 1035 3.460 10 3.500 568 3420
it 555 1560 3.040 - 1008 3350 5 ~_3.010 564 2.050 ;83.(5’ g.ggg 5 3410 505 3.320
1270 3.182 - - - GATE Foevarion  900.0 E - -
Gare ErevaTioN, 1267.02 | GaTE ELevatioN 1562.0 { Gare ELEvaTioN 1041.0 bAz, . Gare ELevation 563.0 'Gns Evevation 1024.0 Gate ELevaTion 240.0 GaTe ELevarion 561.1
b 5 3.550 5 e . - :
NS T3 3330 1580 3550 s 5ia04 20 33u0 580 330 1055 3760 [ 50 3000 ] 3.560
i | da | m | 8a | owmm | &b | 03 5 Y a0 | g0% | gmo 3 sais | e | a0
. i b T4 kO U R ®
12 3300 1568 3.345 1999 339 5 3.080 571 3175 1040 3605 15 3800 | 574 3435
2R T R I I I AR BF IR ARl
L - o . X . : 56 3130
ey 3‘1227(:1 48 | GaTe Erevation ' 1567.0 | GaTe ELevation 10450 | Gate Eusvation 1006.0 ] 1025 3.000
N 1 .. ATE B - — ¥
Gare Emwmo‘lsso 5 1580 3.665 I 1075 gggg ’ {g g%g Gate Erevation 566.0 | Gate Erevarion 1026.0 | Gars Erevation 2150 | Gare Erevarion 508.5
1550 3.530 1o7¢ som | 1w 3490 12 Jo0s 580 3450 1055 3835 25 3500 583 378
1285 3462 a8 3535 1060 | 3415 p 3005 . 577 3.410 1050 3.810 20 3.900 580 3.850
1280 3.410 5 : 1055 3330 | - 574  3.340 1045 3.780 15 380 . 577 3800
1278 3375 - 1050 3.220 _ 671 . 3230 1040 3.740 10 3010 674 3925
: 50.0 | GaTe ELEVATION 10130 568 3,085 1035 3.685 5 3.935 S
E N 1274.01 | GATe ELEvaTiON 1572.0 | GATE ELEVATION 1050.0 1030 3.580
Gate ELEVATION 1274. A 3718 - T
ihaia B —— 3.7§g }8;3 gg% {3 3.600 Gate ELevation §69.0 Gare ELrvaTioN 1028.0 Gate Evevation 250.0
g . 3.7 - y 3.645 - .
1205 - 3.695 it S R 1065 3615 H 3595 . 580 3025 | 1055 3800 70 3750
me | gk | omm g | W | e | § | RE g | g | ate | e | OB |UR
- . 3.150 (9% : 575" . . .80
20 L 0. 10 GareBumvaion 10550 | Gres Bumvamion 10200 S| dme |oem | s | ase0
Gate Ensvation 1277.60 = T8 6 3630 570 3400 1030 3745
1295 37750 : ‘ lg‘;g 3.827 5 3.010 . : y
1290 3738 . }065 3.800 3 5 . g%g Gars Erevation 5720 | Gare Erevation 10300 |
1285 §7aa . - 1060 3.780 e - 530 3355 7055 7800
L L ol opm | ome |
- Garg ELgvaTion 1060.0 - - - B -
1281.02 : 674 3.620 1040 3.880
Gare Erzvation 1078 3645 v o 1035 -] 375
1295 3.730 | - 1072 3.683 - . :
Jj292 g;gg 1069 gg‘lzg : : . : Gate Erevation 573.0 Gate Evevarion 1032.0
12 . 6 -3 . . S :
: 123% : 3.725 K . }823 '3.920 L : . 580 3760 1035 3.870
L — . Y 678 3.760 1050 3.875 .
- . - Garti ELevaTion 1065.0 . . 576 ©.3.765 . 1045 3.880
- Gare ELBvATION 1284.50 ) 5 — : 575 3.780 1040 3.895
: 1078 3.81 . : B 674 “3.900 1035 3.520
. 1300 3.840 . 1074 3.865 )
1296 - 3.830 ) - 1072 3.910 ) ; Gate ELevation 5750 |Gare Erevation . 1034.0 .
- 1202 3.875 . ) 1070 3.950 : : . . :
Gare ErevarioN 1288.0 ) - ] - _ g% - gg;g ;3:3 gggg -
1296 . 310 o : S ' . ) 1038 3043 . _
}%8(2) gggg . * Coordinates of eurves prepared by plotting origina) data, Gate down.
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TABLE 2.2~(Continued) ‘

Hoover Day (Arizona-Nevada)

Hoovzn Dan’ (Anzona—Nevada) Hoover Dam (Arlmna-Ncmda)
Suare 4-M3 SHAPE 8- Snare 7-C4
Total hend Coofli- Total hend Cocfhi- Total hend Cocefli-
on gate, cient, on gate, cient, on gate, cient,
in feet Cq in feet Cq in feet Cy

Gate Evgvarion® 1205.4

Gare FrEvATION® 12054

Garg ELevaTiont 1205.4
26 3670 78 3735 T 3005
22 3.605 25 3.705 22 3.615
18 3.540 20 3.650 18 3.540
14 3.472 15 3.565 14 3.450
10 3.405 10 3.460 10 3.360
6 3.338 5 - 3.335 ] 3.200
7 Gare Euevarion 1200.0

Gare Exevarion 1209.4

Gate ELevatioNn 1209.4
20 3.675 24 3.590 23 3.725
17 3.645 20 3.540 19 ©3.850
14 3.615 16 3.492 15 3.580
11 3.585 12 3.428 11 3.508
8 3.555 3.330 .7 3.415
Gare ELevarion 1213.0

Garte Epevarion 12134

Gare EngvatioNn 1213.4
20 3. 20 3.765 19 3.800
17 3.875 18 3.765 16 3.845
14 3.87 12 3.725 13 3.825
11 3.870 8 3.608 10 3.750
8 3.870 4 3.600 7 3.640
Gare LLevarion 1217.0

© Garte BErevarion 12174

Gare ELevaTioNn 1217.4
14 3.960 15 3.900 15 ) 3.960
12 3.080 12 . 3.8u0 13 3.830
10 4.010 2 3.900 11 3.935
4.075 6 3.830 9 3.970
7 4.020
Gare Evevarion 12214

Gate Erevation 12214

Gate EvevaTion 12214

10 3.890 11 3.830 14 3.815
8 3.930 9 3.810 © 12 3.820
6 - 4.020 7 3.875 10 3.823
5 4.100 5 3.935 3.825

b Gate down,

s Coordinates of curves prepared by plotting original data.

gharp reversal in the curve when the angle 8 approaches 28°, and (3) that

the coefficient of discharge is & maximum at this angle.

As the angle § is in-

creased from 28° to 90", contraction of the jet gradually reduces the coefficient

to approximately 3.33, which occurs when the weir is vertical.

As 8 i3 de-

-ereased from 28° to 0° the coefficient is gradually reduced—either by approach
conditions, friction, or both—to that for a broad-crested weir, which may be

some value between 2.8 and 3.1.

+As the principal difference between the drum

gate and the straight inclined weir lies in the curvature of the gate, the trends

for the two should be similar.
An inconsistency exists in Fig. 4—namely, the coefficient of discharge for a

vertical sharp-crested weir should approximate 3.33, but Fig. 4 shows that

Bazin obtained 3.45. This conclusion ig supported by the fact that the USBR, _

Ernest W. Schoder, M.ASCE, and Kenneth B. Turner,® and otlxers have not
8 *'Precise Weir Measurements,” by Ernest W. Schoder and Kenneth B. Turner, Transactions, ASCE,
Vol. 93, 1029, p. 999. _
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412 DRUM GATES

been able to check the d1scharge measurements of anir']. Hmyev_err, the
actual values are not so important for the case at hand as is the s:gmr\cnnce

of the trend. . . _
Meraop oF CoMBINING TEST RFSULTS

The method for combining results from the eleven drum gate tested

(Table 2) consisted of ﬁrst plotting the coeﬂ'nclent of dlsclnrbe data seflarately

50 — —T ‘ ‘ \
: \
A
48 »
40
35
30
s
20 i
g
2 ~
815 -
£
<
1 Straight Inclined
 Weirs ('7’-0) \/
5 /l '—/-7-——1
-
—
L
’/
0 —1 //,/
” // A
7
v e
- // // . ,I
T - A/ / .
. - j/ / o/ /
. y ,
- — - __J. .
.10 I‘ / / RN 'L ') ,’ ,l
L / 1’ 1’ /, i [ 1
=15 nésA Oll 0.2 03 04 05 06 07 38,0910
* : ! ) Rall g t .
' . . 3 40
~-2°23~ 29 30 31 32 33 34 35 36 37 3.8 ‘ _
T . ischargs Costicent, C

R NTR
Fia. G—sznm. Cunvzs FOR THE Dmsmummou oF Dlscnmor Cosrncu"

tor each gate as lllustrated by the
-With the coefficient of discharge as th

hi
' n 5 represents @ different gate angle 8, w
down m&xp ofpthe gate makes with the honzontal In all cases, I is the

downstr

sheet for the Bhasta Dam gate (Fig. 5) <
¢ abscissa and H/r as the. ordinate, each.
ch the tangent to the
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total head, including the velocity head of approach, measured above the high
point of the gate, and r is the radius of the gate. In Fig. 5, C, is based on the
relationship, @ = €4 L HY. For positive values of 8, the head was measured
above the lip of the gate, whereas for negative angles it was observed above
the high point, or crest, of the gate proper. The method of measuring the
head is illustrated in Fig. 2.

Upon completion of & similar set of curves for each gate tested the eleven
sets of curves were replotted and combined into the chart exhibited as Fig. 6.
The results from the various gates showed good general agreement; and the
curves in Fig. G constitute the general experimental information needed for
determining the discharge coefficients for gates in raised or partly raised
positions. ‘The supporting points are not shown in Fig. 6, but the individual
information for each gate is listed in Table 2.

" Anavysis oF Test ReEsunTs

The curves in Fig. 6 show a tendency toward reversal, similar to that ex-
hibited by the Bazin curve in Fig. 4, but the points of inflection vary from
0 = 20° to ¢ = 30° depending on the value of H/r. Fig. 4 showed the co-
efficients to vary only slightly with the head but in this case the coeflicients
definitely vary with the head.

A matter of significance is the reversal of the (i /r)-order which oceurs at
29° (Fig. 6). The coeflicient of discharge has but one value, 3.88, when 8 ap-
proximates 29°; thus, it is insensitive to both the radius and the head on the
gate for this angle. The curve for H/r = 0 approximates & drum gate of
infinite radius and was obtalned from the data of Bazin (Fig. 4) by apply-
ing a uniform sdjustment.

As stated previously, similitude is wahd for small negative angles of 6, as
well as for positive angles up to 90°; thus, the curves in Fig, 6 are shown
and recommended for use down to § = —15°. As the gate is lowered beyond
this angle, the curves double back and converge, finally termmntmg in the
free flow coefficient.

The discharge coeflicients in the region between § = —15° and the gate’
completely down are determined by graphieal interpolation. Interpolation is
accomplished by plotting head-discharge curves for several gate angles between
—15° and the maximum positive angle. Also the head-discharge curve is
plotted for the free crest. This information is then cross-plotted to obtain
values in the transition zone. The method will be expleined in the example
that follows. It will be discovered that negative angles. greater than —15°

_(with the exception of the frce crest) are not particularly important from an

operator’s standpoint, as & change in gate posxtlon has httle effect on the dls-
charge in this range. :
It must be assumed that’ the coeflicient of dxschnrge is known for st least

» one value of the head on the free crest (gate completely down) for the partic-
" ular spillway- under consideration. With the coefficient known for one or

more heads, the complete coefficient curve for the free ¢rest can be plotted by

" consulting Fig. 7, in which H, and C, are the desig_i;ed head and the coeflicient
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for the designed head, respectively. This chart was reproduced from a pre-
vious publication® and represents & curve well supported by tests of some .ﬁ(ty
overfall spillway crests having wide variation in shape and operating conditions.

" 11:_ A APrLICATION OF RESULYS
R S S From the plan and gection of the Black
(l,'g___a — 1| Canyon Diversion Dam (1daho), shown 'in
- ,‘o:;; | / Figs. 8 and 9, assume that it becomes nects-
::I;}, 0.7 {— 1 sary to compute and construct a rating curve
é 06— T for one drum gate for each 0.5 it of gnte' elej-
05— ] vetion. The scale on the gate position indi-
g"; 1 cator is calibrated to ghow the elevation of
0:2 | ] L1 the high point of the gate, and the gate has o
01 1 constant radius of 21.0 ft. “The gate is 64 ft
° - long. The coeflicient of discharge for the free
0',7. o8 . R::;: fc_g_ oo cregt is C, = 3.48 for the designed» head (H.)

¢

¥ig. 7.—~COEFFICIENTS OF DiscHARGE
ror Oraer THAN THE DEBIGNED

of 14.5 ft.
With the coefficient of discharge known for
free flow ot the designed head, the entire free-

ﬁo;v céeﬁicient curve can be established by consulting Tig. 7 The {ree-flow
coeiﬁcient.,curve_for Black Canyon Dam spillway (for which H, =145 it

PAYETTE RIVER
———
pd

[
64-Ft by 14.5-Ft Drum Gates o

e— 64 Ft-—»]

Covsor

8 /
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—4/ -
S
S
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m\z
N
) o
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"4.%
2470,
L)
15 {
>
o
7

Fra. 8.—PLax oF Buacx CANYON DIVERSION DAM 1N 1paRO
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t.

aund C, = 3.48) i constructed by arbitrarily assuming several values 6!’ H/1
and reading the corresponding values of C/C, from Flg; 7. The method i;

itlustrated in Table 3, and the head i
4 1 , t -coclficient curve [ ;
obtained in this manuer, is shown in Fig. 10. ve for free flow (gate down),

Crest (Gate Up) E1 2497.0 y
e |
= Ve
v /
e

/
/
/

/ :

1, -
W 12Ft951n.
_(Crest (Gate Down) £12482.5
T
S

. Point of
Center Line of Pin E1 2481.63 AR Y

Curvature £/ 2478.2
- Ei2478.17

Fia. 9.~8 v 1 ;
v 9.~SriLLwAY Cresr Drrazy, Brack Canvoyn 1AM 1N lpatio

T —~ ' v
ABLE 3.—HgAp AND DiscHarGE CoMPUTATIONS For A FREE CREST
(Brack Canvon.DaM 1N Ipano)

Total head,- Reservolr . i :
 head, y : Ratia,e io,® : i i v
H inft el eiv:%t:n, I_l/H. | Iél:%,' v Coeﬁiilent. oi’;? ::c'u .
(;) : @ G @ ® @
1 2409.5
1 1172 1020 -
ie 24085 1104 1.012 35 15420
14 2407.0 10 10 348 12300
12" 2494 0827 0.980 3.41 2073
d 2402.5 0.690 0.960 3.34 oT%
8 24005 . 0.852 0.940 3.27 975
g 21885 a.414 0.005 3135 04y
I B I B AR
24845 0.138- 0.760 Sois b

o My o= 14 5 : .
e = 14.5 {t, #C, = 3.48. *Tlie discharge for one gate: Q = Co.L HJ, in which L = 64.0 ft.
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Before considering the rating of the spillway with gates in raised positions,

it 'is necessary to construct a diagram such as that shown in Fig. 11 to relate

- gate elevation to the angle 8 for the Black Canyon Dam gate. The tabulation

- in Fig. 11 shows the angle ¢ for corresponding elevations of the downstream lip
of the gate at intervals of 2 ft.

2 Beginning with the maximum positive
angle of the gate, which is 34.883° the

l computations may be begun by choosing

16 a representative number of reservoir ele-

vations as indicated in Col. 2, Table 4.
The difference between the reservoir ele-
vation and- the high point of the gate
(which is the downstream lip in this case)

. constitutes the total head on the gate, and

: , values of head are recorded in Col. 3.
o « Col. 4 shows these same heads divided by

the radius of the gate, which is 21.0 ft.
4 /

Entering the curves in Fig. 6 with
0

12 - ~—-

. Total Head, H, in Feet Above Crest

the values in Col. 4, Table 4, for § =
4-34.883°, the discharge coeflicients, listed
in Col. 5 of the set of computations desig-
nated A, are obtained. The remainder

) Cosfficient, Cq

‘Fra. 10.—Heap-Corrricient CURVE,
Brack CanvoN Dau, v IpaBO

7, Table 4, consists of computing the dis-
charge for one gate fiom the expression,

o , Q = C, L H'. A similar procedure of

" computation is repeated for other positive angles of § as in sets B, C, and D of
Table 4. - S _ o

. As the angle 8 is given negative values, the procedure for determining the
discharge remains the same for angles between 0 and —15°, except that the
head on the gate is measured above the high point rather than above the lip.
Discharge computations for negative angles of the gate down to -15.017°
are tabulated in E, F, and G of Table 4. v

Plotting values of discharge, reservoir elevation, and gate elevation from

Table 4 results in the seven curves in Fig. 12 for which the points are denoted
by circles. The extreme lower curve, on which the points are identified by
x-marks, represents the discharge of the free crest with the gate completely
down. . The Iatter values were obtained from Table 3.

' The discharge values shown in Fig. 12 are for one gate only. When more
than one gate is in operation, the discharges from the separate gates may be
totaled ‘providing the -gates aré each raised the same amount. The experi-

"mental models containeéd from one to four gates (with the exception of that of

- Grand’ Coulee Dam, which contained eleven) so a reasonable allowance for -

 pier effect on the discharge is already present in the results.

" The intervals between the eight curves identified by points (Fig. 12) are
too great for rating purposes, especially the gap between gate elevations;
1248575 §t 82482.5 ft. 'This is remedied by cross-plotting the eight curves

26 30 34 38 of the procedure outlined in Cols. 6 and -

interpolation is permissible.

the Black Canyon Dam spillway, can also serve a

accuracy of rating curves obtained by the method i imy
X . T = g 8
that of an average current- oroviiieg oty o

gate position indicators are
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for vnrioue? constant values of the discharge as shown in Fig. 13. Fortunately,
the result is o straight-line variation for any constant value of discharge.. The:’

lines in‘ Fig. 13 are not quite parallel and there is no nssurnnce that they will
be straight for every drum gate. Nevertheless, this will not detract appreci-

-\
9"3‘.‘lll .
/ \ .
3} £] 2497,0

~
€1 2493.0
N N ;
' / ‘\ £12493.0
£12491.0
X -
: \ €1 2489,0
€1 2407.2 ! E12487.0

€1 248878~ 3\ ’i
“€1 4 frz4aes.c
e £1 2003, 4 \‘\\ <
€1 Crest 2as2.8 NG 1 24825~ \H S t12403.0
T~ N HE
€i Pin 240163 .4 w_ s €1 248063
.- T—————_ —fiReAL0

EL2478,20

ELEvATION -
MIBHPOINT | sin @ LN ICRLY
.| oF cave DEGREES) DEGREES

2482.4 et LO% 134

N rmemee 16,70« em c e

2483.75 }.19166 [11. 050 [~1S.017
[ 7387.2 _|.30541 |iT.763 |= 8283
[ - ~419:8 J7a 793 t— 1,284

489

29, .5329 32,200 |« &)V %Y
{ 2493.0 " 1.64663 [90.292 | via. 274

495,

497,

. 16039 49.500 | vE5.455
- 87416 1060.930 | ¢34 98)

€l 2464.3

Fra. 11.—Revationsmip or Gare ELEvATION TO ANGLE 6

ably frqm the accuracy obtained, Interpolated information from Fig. 13 is
then' utilized to construct the additional curves in Fig. 12. If all curg\;es

copsndered, Iig. 12 shows the completed rating for the Black Canyon DZ:
spillway for 0.5-ft gate intervals. For intermediate values, straight-line

o ' Coxcrusions
‘This paper.has demonstrated how an existing control structure, such as
8 & rating station. The

meter traverse of the river providing that (1) the
made as )arge as possible and are accurately cali-
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brated, (2) the reservoir gage can be read to within 0.05 ft, (3) nearly atmos- -
- pheric pressure exists under the sheet of water after it springs from the gate, - -
and (4) all gates are set at approximately the same elevation. .
p : \ [
TABLE 4—Heap aND DiscHareE CoMPUTATIONS FOR DrUM GaTES | ' - \ -
IN Raisep PosiTions \ .
v : AN o
Reser- . . Reser- . .
vorr | 1, | Rovio, | coem| mt, | Qin ) 1G] p, | Ratio ) coomi | ), | 900
Set | eleva- | in H |cients, | in c;er Set| eleva- | in Il |cients, | in cp” \ \ -
ti'g)?c' fts . Cq ft | seet }meli fta | Co it soch \\ \ -~
mp @ )| @ 5) (6) 7y (O] @ 3) (4) (5) (6) 7) ’ \
. - m
- _ B\ o
Gars ELEVATION 2497.0; 6 = 4 34.88° Gare: ELevaTion 2480.0: 0 = — 1.28” Co Y g
E:
— : : 3
24080 1 | 0048 1 247 \ \L o ”
Aj24000] 2 | 0005 | 386 | 2828 699 240000 110048 | 32 1 ) os 205 \ =
25000) 3 | 0.143 5.196 | 1.283 z4020{ 3 {0143 | 334 | 5186 1111 ' \ \ 5
T 20080 5 10238 | 345|118 ) 2409 \\\ . , 5
AL : . 52 2 - ~ 3
Garr EvevaTion 2495.0; ¢ = + 2{3.43” %%&88 ; 8429 3.2‘;‘3" 2? 60 (4;.273 . ) . . 5
. 25000 | 11 { 0.52% | 3.695 |36.48 8.627 \ \\ “
8
209601 110048 | 385 | 1 | 240 \ \ \ \ o«? §
B 24980 | 3 |o1s3 | 387 | 5700 | 1981 |  Gae Punvation 24872, 0 = - 828" \ \\ i
24990 | & | 0100 | 387 | 800 | 179 \\ \ &
25000 | 5 | 0.238 | 3.88 [11.i18 | 2770 \ 3 A
: 21880) 08 | 0038 | 3.02 | 0716 \ \ a5 =
2480.0 [ 1.8 | 0.086 [ 310 | 2415 \ |\ s 3
Gare ELEvaTION 2403.0; 8 = 4 14.22° 2490.0 | 2.8 | 0.133 | 3.17 4.685 e R
p 219201 48 [ 0220 [ 331 |10 \ \\ \X \ 5 o
i g \ah (2 \ i
24040 | 1 0048 | 369 | 1 236 21960 [ 8.8 | 0.419 | 351 26, \\ \ &1 wg 3
Sa0s0| 2| 0095 | 373 | 2808 | 675 21980 108 1 0515 | 348 | 3540 AN AL € G
clza960) 3 | 0143 | 375 | 5106 1,247 2500.0 }i2.8 | 0.G10 | 3:635 145.79 \ < 1 pa
24980) 5 | 0238 | 3.80 [(1L.18 | 2719 . \ \ \ s . B
25600 | 7 | 0333 | 384 |1852 | 4,55 3 | 53
3ATE ELEVATION 2485.76; 0 = — 15.02° \ \ | S ~g A
£ [~
Gas ELevarion 2491.0; § = + 6.13° A\ ) \\\\ % 5 g
2187.0] 1.25] 0.060 | 3.00 | 1.308 208 . 23 £
) . 2483.0 | 2.25| 0.107 | 3.07 3.375 663 \ \\K by & © E
25920( 1 {0048 | 847 [ 1 222 21890 [ 3.25[ 0155 | 315 | 5850 [ 1181 \ A\ 5 2
24930 2 | 0095 | 351 | 2828 ) &35 |, 124910 525) 0250 | 3275 [12.03 | 2,522 \ LAR 3 sl 5
pl2etol 3 Jo143 | 387 | 5196 [ Lis7 | | 2403001 725| 0315 | 3375 1192 | 4216 \ \\\ %, H Q
24080 | 5 [0235 | 363 [11.18 | 2597 2195.0 | 9.25| 0440 | 3.465 [28.13 | 6238 \ Sl % °
2408.0) 7 | 0333 | 370 ]18.52 | 4,386 2197.0 [11:25] 0.53¢ | 354 13773 | 8548 \\ \\ \ \ \X 4 | &[] n z
5000 | o {0420 | 377 [27.00 | 6515 24990 [13:25 | 0631 | 3595 |48723 | 11,097 \ \\ \\.T s ,;‘:‘
WA =R j
_¢ H is the total head on the gate. ® The discharge for one gate: @ = Cq L 1, \ \ \\ \\W k 3 ‘&a‘ - o
. L\ p
— . = = A 5 £
~“'In connection with provision (3), the blunt piers on the Black Canyon Dam -
spillway, Figs. 8 and 9, provide effective aeration under the overfalling sheet 3 ;é._
of water for all but very small heads with gate completely raised. In the : 3
‘case of provision (4), uniform operation of the gates is also most desirable from ‘ ?ﬁ‘ ~
the standpoint of stilling basin operation for minimum erosion downstream. - S
- Discharge measurements on the prototype are desirable whenever possible \\ ‘g Jd.
as a check on the accuracy of the foregoing method. Sufficient observations (l {
should be taken, however, to establish the fact that the prototype information: : R N
. ' f : B : : ) . S 2 35 g w 28 2 ¢ o NN -3
is consistent and reliable. . 8BS 292 292 298338385 8 n - o
' . NN NN NN NN o 8 3 g = = < § 2
' : . 1994 U} ‘onersy3 ooy R Y
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DISCUSSION

Guipo Wrysst.—The information presented by Mr. Bradley is of utmost -
value for determining the quantities of discharge over drum gates under various
heads for any gate position. This information will permit operators in the.
field to adjust the gate position from corresponding chart values in such o
manner as to obtain the desired flow. The-use of drum gates as an actual
metering device for spillway quantity discharges is unique and the results
obtained sre more practicable and reliable than those obtained by stream
gaging, especially when this gaging is conducted during periods of high floods.

It would have been interesting if the author had presented an investigation
of the flow, profiles of the upper and lower nappe surfaces, as well as the actual
water pressures on the upstream plate of the drum gate by use of charts. This
would afford an opportunity to obtain the true loading conditions on the gate
during the cycle of operation from fully-raised gate to fully-lowered gate. This

" information would be important in the détermination of the buoyaney and

Inading criteria of the gate structure.

Saxm Suurrrs,” M. ASCE.—An outstanding contribution to the design and
operation of drum gates has been presented in this report of the author’s work
at the USBR. The paper and its complement? fill a great need.

Sinee 1928, when the Freeman Scholarships were established, theve has
been o tremendous development of hydraulic model research in the laboratories
of the United States. Although these laboratories are unexcelled in size and
quality, many hydraulic enginecers have pondered the procession of models
(spillways, stilling pools, and river reaches) in the period from 1928 to 1953
with few, if any, summaries or proposals for design to reduce the dependence

“onmodels. InMr. Bradley’s work there is strong evidence that the laboratories

will produce correlations and syntheses—not more models.

When it is realized that many of the most famous and productive labora-
tories in the United States did not exist prior to 1928, the lack of correlation
and synthesis for gencral use is understandable. The hope is that other works.
of similar quality will be added to engineering literature.

- Bop BugrLER,® A. M. ASCE.—An interesting and clever use of data has
resulted in a metliod by which records of gate settings at dams can be made a
substitute for missing stream-flow records and can be used to augment existing
records. The construction of a dam dnd resefvoir often floods an established
stream gage. - Unless the gage ig replaced below. the dam or upstream from the
reservoir, subsequent stream flow usually is not accurately known. Sometimes
a series of dams {each causing the water to back up to the dam above) prevents

' continuing established gnges at the_strat_egic points where: they had been

¢ Mech. Engr.i.' Bureau of Reclmﬁntiqn, U. 8. Dept. of the Interiof, Denver, Célo.
7 Associate Prof., Director, Hydr. Lab., Civ. Eng. Dept., Pennsylvania State College, State College, Pa-
¢ Hydr. Epgr., TVA, Knoxville, Tenn. o ’ -
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located. The less accurate—and more costly—slope stations are not com-
pletely satisfactory alternatives to the single-line rating stations.

If the spillway of a dam can be rated with an accuracy comparable to the

accuracy obtainable with a gage (as demonstrated by Mr. Bradley for certain
spiliway types), and if allowance is made for flow through other water outlets
such as turbines, locks, and sluices, the structure is then superior in some
respects to the gage. For example, the rating of the dam should be permanent;
whereas the rating of a gage usually requires frequent checking. '
I - Mr. Bradley’s method for rating drum gates not only allows records for
ordinary stream flow to. be supplemented, but also probably gives a more
accurate determination of extreme flood rates than do most gages. Iie has
made an important contribution to the planning and design of drum-gutgd
structures. ; ’ '

The author has presented a method for rating 2 spillway at all heads pro
vided the coefficient for one appreciable head is known. IHe also states that
a coefficient for the designed head can be estimated for inost spillways by a
method previously published.? The writer, on the other hand, offers a method
by which an ogee spillway can be rated, provided its profile shape is known.
The method is based on an équation derived by R. N. Brudenell, A. M. ASCL,
incidental to studies made on radial gates.® Mr. Brudenell’s equation is

J1.62 .
o= (1)

in which @ is the spillway discharge, in cubic feet pe.r second ; L denotes the
length of the spillway, in feet; H is the total head on the spillway crest, in feet;

TABLE 5—Fgree DiscHARGES FOr Brack Canyon Dam 1x Ipamo

Usmvag Eq. 1 " Ustxe Fra. 14
Total head, . Discharge,
in feet in cubic ies:‘.' - Disch sl
per secon . iscliarge, Difference, [ Hiseuarge, Difference,
A "]I):l'u:el: D‘:g" in petcent‘ u;)ecr"sl:g o‘x‘x':]’t ' in poreent
o @ - () ) {s) ©®
17 15,950 ’ 15,847 —0.65 15,910 —~0.25
14,420 1,4363 —0.39 14,421 -0.01
14.50 12,296 12,247¢ -0.40 12,206 ]
12 9,072 9,01 —-0.65 9,040 -0.25
10 6,759 6,708 —0.75 6,735 ~0.36
8 . 4,736 4,673 -1.33 4,602 -~0.93
6 2,949 2,932 —0.58 2,944 ~0.20
4 1,514 1,521 40.46 1,527
.3 943 954 +1.17 958 —+1.59
2 478 494 -+3.35 496 +3.76

"'*.« From Col. 6, Table 3. ® Head at which €y = 3.48. ©C, would be 3.466 for this diacharge,

andﬂv:H D represents_the design head in feet. The design head is that head
which produces a standard lower nappe that agrees closely with the spillway
profile. oo SR

¢ “Flow over Rounded Crests,” by R. N. Brudenell, Engineering News-Record, July 18, 1935, p. 95.
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I'J«!. I was intended to be used with heads greater than Iy /4, nlthough the
equation has been found to agree closely with model data for somewhat lower
“heads.  Without knowing any coefficients, Eq. 1 gives discharges that agree
closely with those obtained by: Mr. Bradley for Black Canyon Dam. In the
case of Bl{lck Canyon Dam, Mr. Bradley used one known coeflicient and the
curve of Fig. 7. Free-flow discharges computed by the two methods are shown
in Cols. 2 and 3, Table 5. The procedure by which Iq. 1 was applied will be
tlescribed subsequently.
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Fra. 14.—CoupaRISON OF VALUES OBTAINED FROM F1a. 7 anb Eq. 1

- It is assumed that in choosing Black Cah ; r his example,
‘ _ 8t 1n ch yon Dam for his example, the
?r\;thor knew that his method would yield discharges close to knownpva’lues.

he good agreement for all except the low heads shows that, in this example

Eq. 1 (using only the shape of the spillway) also produces suitable results.
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ests, too, that there must be a close relationship
lar curve that can be derived from Eq. 1.
ents were computed

This good agreement sugg 0,
- between the curve in Fig. 7 and a simi be

To examine the relationship, theoretical discharge coeflici

by usin o .
v Qe=C LI e T (2)

and Eq. 1, from which
3.97 H'® . 3

Cq=m ..........................

was found (by a method to be deseribed subsequently)

The design head, II .
o 45 1 ton Ble - alue was used in making the test.

to be 45 ft for Black Canyon Dam, g.nd this v
Thus, for Hp = 45 it,
' : 21 S (R e €Y}

a9 Hie

head, H, varying from 2 It to 58.5 it, cor-
d. ‘The resulting C, of 3.97 for a head.of -

C,. Then the (H/I,)
il other heads in the

For several assumed values of total

, respohding C-values were compute .
45 1t (H,) was taken arbitrarily as the known cgeéﬁ?lenkg
_ratios and the (C,./C,)-ratios were computed ior ail ¢ .
a;:;x(:ued ra’nge.. '(I‘hqe/ resulting curve is the solid line in Fig. 14. "lhe‘ -dz\_sl}c{:d
curve is from Fig. 7. The agreement is close—as expected.. Stitl 11513_;;. ;:
equal to 45 ft, the remainder of the process was rgpcated using the cmzl mer’n

" for the 25-ft head as C,, and then using the coefficient for t}\e 12-ft hC{; ntsl o
There was no- discernible difference-in the curves resulting from t']eF 1re1e
separate selections. A similar procedure, using Hp equal to 20 f;; 1‘n t::.eré
also showed no differences from Fig. 14. It can probably be provec that the

should be no difference.

Thecurve derived fromEq. 1 then wasapp
way, assuming (as did the author) that t)xc coefficicr ;
The resultant free discharges are shown in Col. 5, 'able 5. o o 1

The free-flow coefficients in Table 2 invite furtber comparisons wat-h 1Ll1.ld
for the four projects for which spillway profiles are given in 0 ig. 3. Its mnl_
be remembered that this comparison tests the use of only the spillway s}m{)e J'S
a guide to free discharge. for the entire range of ht?a(ls. Cokf 4, Tab}e:, 6,8 10\?is
that for appreciable heads the maximum error in the four cases 18 approxi-
mately 29% (Hamilton Dam). Observed coefficients in model tests often scatter
as much. - o . ‘

_ The samé coefficients permit testing. thg curv
ways. - This test is not as severe, however, :
.ohg known coefficient at which head agreement becomes perfect. At near-by
higher and lower heads, large diverge
Table 6, shows that for appreciable hgad
"than 29, (Hoover Dam, shape 8-M5): The ba ent; se _

: C’,V A fvron‘\J the (Co/C.)-ratios is designated by a footnote for each project.

These arbitrary selections were made for medmm high beads.

lied to the Black Canyon Damspill-
ﬂ"ic_icnt is 3.48 ab n 14.5-{t head.

;a in Fig. 7 for all eleven spill-

s the maximum error is slightly greater

because it is necessary to assume.

nees would not be expected. Col. 6,

The base coefficient selected to obtain -

e A S
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The solid-line curve in Fig. 14 also was tested in this manner. The same -
cocflicient at each project was assumed to be known as when the curve in
Fig. 7 was tested. Col. 8, Table 6, shows that for appreciable heads the maxi-
mum crror is slightly more than 29, (Madden Dam). :

Theso compurisons show that the dircct applieation of IXq. 1, Fig. 7 (or
Fig. 14) (derived from Eq. 1), all give highly accurate free-flow spillway dis-

TABLE 6.—CompanrisoN oF Free-Frow SriLnway COEFFICIENTS

Coctlici Usixag Eq. 1 Ustxg Fra. 7 Usixg F1o. 14
Cocllicient .
'l'u_(nlllu-xu(, obtained -
tn fect Iron;(:;odel ¢ _Difference, e Difference, c Difference,
) ! in percent ¢ in percent ¢ in porcent
) @) &) 4) (&) (6) ()] (8
Granp CouLes Daxt (WABHINGTON)
35 3.920 3914 ~ 015 3.902 ~0.40
30 3.842 3.831 - 0.29 3.827 ~-0.39
25 3.745 .+ 3,745 0 3.745¢ 0
20 3.635 3.655 + 0.55 3.651 +0.44
15 3.510 3.550 + 114 3.524 - 4040
10 3.352 3.370 + 0.54 3.356 40.12
5 3.220 3.138 — 2.54 3.168 -1.62
Buarra Day (INpia)
28 3.680 3.730 4 1.52 3.732 +1.41
23 3.645 3.645= (1} 3.045e 0
18 3.550 3.547 —~ 0.08 3.543 -~0.20
13 3.420 3.434 + 0.41 3.404 ~0.47
8 3.275 3.215 .— 1.83 3.208 —2.04
3 3.120 2.748 . -11.92 2.854 -8.53
SiasTA Daat (CALIFORNIA)
38 3.895 3.910 4 0.39 3.809 +40.10
33 3.835 3.839 + .0.10 3.831 -=0.
28 3.700 3.760 (4] 3.760s 0
23 3.675 3.677 + 0.05 3.674 —~0.03
18 3.675 3.1 +. 0.45 3.508 —=0.20
n 3.405 | 3.455 - 0.29 3.429 —1.04
3.335 3.215 — 3.60 3.230 —-3.15
ITamiuTon Daxt (Texas) Hp = 52 Fr
35 3710 3.785 202 3.741 +08: | 3730 $0.54
30 3.645 3.718° +4-1.95 3.662 + 047 3.859 +0.
25 3.580 - 3.635 +1.54 3.580e [1] 3.580¢ 0
20 . 3.500 3.539 +1.11 3.494 - 017 3.490 —0.29
15 3.400 3.420 +0.59 3.394 - 0.18 . 3.369 —-0.91
10 3.200 3.258 —0.97 3.222 - 2.07 3.208 -=2.50
3.160 2.997 ~5.16 3.000 — 6.06 3. —4.14
Friant Danm (_C.ALIFORNM)
20 3.650 3.717 + 1.84 3.706 4153
17 3.025 3.639 - + 0.39 .3.632 +0.19
14 550 3.5509 V] 3.5509 0
11 3.460 3.458 — 0.08 +-3.452 -0.23
3.340 - 3.348 + 0.24 3.319 -0.63
&5 3:175 3.142 - 1.04 3.131 ~1.38
2 2.065 2,723 -~ 8.15 2.812 —5.16
a Coeﬂiciéqt assumed to be known. . '
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TABLE 6.—(Continued)

Yertical Distance Betow the Crest, in Feet
&
5,9
g
I3
V4
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The eomparisons in Table 6 show a tendency toward errors of some impor-
tance at low heads when Eq. 1 ot its companion curve in Fig. 14 is used, a8
well a8 when Fig. 7 is used. In most cases the errors are negative. These
errors are of little concern in plunning the safety of a structure against extreme
floods, or in considering most other operations such as emptying the reservoir.
‘The errors nonetheless affect the analytical rating of drum gates in the lowered
or slightly raised positions. The frec-flow coefficients help to determine the
direction of the general curves at the large negative angles shown in Fig. 6.
¥ree discliarges form the base curve of the rating curves in Fig. 12 and help
define the curvature of the low ends of the cross-plot curves in Fig. 13. Low
to ordinary heads, corresponding to normal stream flow, can exist for a large
part of the time at dams whose reservoir capacities are small. Further study
of data for low heads might lead to valuable refinements.

[
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Application of Eg. 1.—Since the factor Hp in Eq. 1 represents the head at

Usino Ea. 1 Usina Fia. 7 Ustxa Fia. 14
) v Coefﬁciclrilt
Totsl head, |  obtaine ' :
1 i it e, X_)nﬂerenee.
Vintl | ommolst | o piteren | ¢, D)oo ) RIS
w @ €) @ (s (6 ™ (8
Nornts Dant (Tennessee) Ho = 35 Fr
3 +0.20
1.38 3.934 4 049 3.92
* S84 3897 E} B 3852 918 3818 +008
% 360 i 4112 3,675 4+ 014 3.671 +0.03
S 3550 348 Yor 3.569 + 0.53 3,543 ~0.20
W 3350 Tae T 3388 - 008 3373 —050
1 g'gg giﬁg 18:58 3.155 + 0.96 3183 +192
MappEN}DAMHCANAL ZoNE)
192 3814 ~2.20
» 3% %I?ﬁ — 0.69 3.740 —(0) 80
b1 om0 3.660e ] 3060 Q0
b 5580 3.572 + 0.34 3.508 022
i e 3.470 + 0.29 3414 -048
R 3508 3204 - 211 3.279 248
3 gggg 3.067 — 6.40 3,000 -
5
CarrLano Day (BRITISH,S ~CorLusteia) Hp =48 Fr
0
0.58 3.783 + 021 3775
o g ;Z)g g'.;% 10.40 37050 g g‘ggbw R
n 3.625 3634 | 4025 3623 — 0.03 3020 o)
BOLIm )i | DB | bl IR | R
3 géég g'.%%% -1.51 3.168 — 252 3183 ~2.06
Hoover Dan (Anllt‘)NA‘-NEVADA);SHAPE 4-M3, Hp =50 Fr
3.670 3.670 0 3.681 + 8.30 : g.g@“ +g.19
b3 3.605 3,507 —0.22 3.605% o oo | 0
EF 3.540 3512 -079 3.526 ~ 0.40 352 -031
o)W )i | R m ) CiR ) O
" 339 S0 782 3 Z g2 Rz | —767
Hoover DAy Soape 8-MS
814 212 3.800 174
b4 g g.gsz 1 1.27 3.749 +119
A ' : 3.6500 0 3.650° 0 s
® 355 i 3.537 - 0.78 3.530 088
1 vt 3387 - za1 3358 =298
12 g'?agg o 3.059 - 828 3.088 ;
Hoover DA Snare 7-C4
: 3.691 + 071 3.087 +0.60
2 355 3.615¢ 0 3.6150 —8 2
b o 3.535 S — 014 3.532 0.23
1’ 3080 3.449 -~ 0.03 3423 -8
1 3400 3315 - 1.34 3.290 ~2.08
8 5500 3073 397 | 3001 z
6

harges for ogee dams at all but low heads.

sp1llway shape, has the adva
mated in advance.

Eq. 1, applied dlrecﬂy to the

ntage that no coeﬂicxenﬁs need be known or esti-

which a standard lower nappe shape is a rensonable approximation of the

spillway shape (as designed or built), it is only necessary to find this head to
- apply the formula. Spillway coordinates for a standard crest having » vertical

upstrenm face have been used to find this iead.” These coordinates are shown

in Table7. The lost column in Table 7 refers the horizontal (x) coordinates to

the spillway crest because this form is the sxmplest to apply. In Table 7, y
is the distance below the crest elevation.

Using" these dimensionless coordinates, standard spillway shapes were

‘plotted (Fig. 15) for values of Hp from 10 ft to 60 ft. In Fig. 15 negat)ve

1 "Hydmelecerlc Handbook,” by Willlam P. Creager and Joel D, Justiu, John Wdey & Son.q. Ino o
New York, N. Y p. 362.

2d Ed., 1960, p.
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horizontal distances indicate the distance upstream from the crest. The spill-
way shape as designed or built is then drawn on transparent paper. This
paper is laid over Fig. 15, and the value of Hp which gives the best fit is selected.
In deciding the best fit it may be found that the profile upstreamn from the crest
indicates one value and the downstream profile indicates a different value.
The higher of the two indicated values of Hp should be used. Far example,
L _ . the shape of Black Canyon Dam
TABLE 7.—Co0ORDINATES OF A STANDARD- spillvay upstream from the
-SerLLway Crest crest indicated a value of ap-

R - proximately 45 it for Hp. The
Valup of . {  Valuoof Valde of 1 downstream shape indicated a
Hp Hp referred to crest vatue of approximately 25 ft.
0 0.128 -03 The larger- value was used.
03 000 :n.ff ‘The ‘determination of the
o3 oo 2 Hp-value which gives a reason-
- 08 0.063 03 ; n
o3 092 o3 q.bl_e fit requires nvcertmn amount
10 9287 o of judgment. When the profile
pore 0.530 81 upstream from the crest is the
17 0.920 14 . - .
20 131 17, criterion, the lip of the dam wili
: : gsometimes bLe the determinant,

: o : . Sometimes, however, the lip
droops sharply downward and indicates a lower value than other parts of
the upstream profile, When thé downstream shape is the criterion, good
results have been obtained by assigning a.value of Hp based on the average
fit in the zone between points on the spillway where tangents range from 20°
to 35° from the horizontal. The exact value of Hp is not too important.
.Since it enters Eq. 1 in the 0.12 power, a difference of 109, in its value affects
- the discharge by only 1.15%,. :
*The writer’s application of Eq. 1 has been limited to fairly high dams.
Although the total head used in Eq. 1 should include the approach velocity,
the accuracy of Eq. 1 when used for low dams, where approach velocity is
large, has not been tested. : .

8o far as is known, the application of standard nappe shapes (for which
discharge coefficients are known) to actusl spillways on & basis of reasonable
best fit was first suggested by W. M. Borlund. Mr. Borlund used a curve of
.observed Cg-value plotted against H/H,. In 1942, C. E. Kindsvater, M.

. ASCE, suggested a similar procedure in which the curve of C4 versus H/H,
was derived from Eq. 1. Mr. Kindsvater's work (not published) should give
results comparable to those obtained herein. . '

-~ 'The material preserifed is regarded as an excellent check on that part of
Mr, Bradley’s work which relates to free discharge over an ogee spillway.

BB CA&PBELL," M. ASCE, anp A. A, McCoor,® J. M. ASCE.—The
expgrin'iental data on discharge coefficients for flow over drum gates are a wel-

-1 “Flow over Rounided Crest Weirs,” by W, M. Bdriund,_theéis presented to the Univemit? of Cole-:

rado, at Boulder, Colo., in 1938, in partial fulfilment of the requirement for the degree of Master of Science.
s Chf. Hydr, Engr., Analysis Brauch, Corpe of Engrs., U. 3. Waterways Experiinent Station, Vicks-

burg, Mj . .
1 Hydr. ‘ U. 8. Waterways Experiment Station, Vicksburg, Misy, .
. . - R

SmteB N U e 3o L

:;ager No. 200, Coast and Geodetic S_urvey, U. 8. Dept, of Commerce, Waahingtgn,
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come addition to the published information on flow over spillways, or the ob-
servation and recording of the flow of streams. - A paper byRobertE.’Horton}ms
l)fzcn a guide for the estimation of flows over spillways since its publication.
The basic information for the discharge over curved crests which fit the unde‘:r
side of a nappe from a sharp-crested weir can be deduced from investigations
made by Bazin,*¢ although the published record of these experiments has not
been generally available to engineers in the United States. The investigations
conducted by the USBR (proposed by E. W. Lane, M. ASCE) erﬁbmced and
ex?ended the scope of Bazin’s work which is often used as the basis for overflow
spillway shapes.® Although good estimates for discharge over free-overflow
crests can be accomplished rather simply, the problem becomes complicated
wher: flow through partly opened crest gates is involved.

"lhe commonly used types of erest gates are vertical lift gates, tainter or
radial gates, and drum gates. The coefficient for a partly opened ‘verticnl lift
gate depends on the location of the plane of the skin plate or lip with respect
to the axis of the curved crest. The discharge coefficient for tainter gates is
affected by the radius of tlhe skin plate, the elevation of the trunnion with ‘
respect to the crest, and the loention of the gate seat with respect. to the axig
as well as the crest curvature. To co‘mplicat’e any investigations further
observers define the gate opening variously as (1) the length of the are Iro'm,
the gate seat to the gate lip, (2) the vertical distance from the lip to the face,
and (3) the distance from the lip to the face mensured normal to the [;we!
Tl}e lnst method is believed to give the proper dimension, whereas. the fo‘re-.
going cor}siclerations are geometrical, The effective head for a partly opened
vertical lift or tainter gate depends on the pressures on the face of the concrete
and the pressures within the issuing jet. The author has given a good outline -
of the geometrical variables and the head-measurement method for analyzin
partly raised drum gates. h ¢

.T.he drun} gate has the very attractive feature of requiring no mechanteal
hoisting equipment for operation. Many of the dams constructed by the
USBR have spillways controlled by drum gates. For example the Arrowrock
Dam in Idaho (constructed in 1915) and the Tieton Dam in Washington (con-
structed in 1925) are both equipped with drum gates. B. F. Thomas and
D. A. Watt eredit H. M. Crittenden with the design of what is apparently the
{irsb_ drum gate.'” The gates were installed in Dam No, 1 on the Osage River
in Missouri in 1811, However, the refinements of the modern drum gate have
been developed principally by the USBR. :

'1"he -discharge cocfficients presented by the author are based on model
studies. There should be opportunity to check the coefficients for relatively

low heads with partly raised gates in the prototype by current-meter measure-

4 "Weir Experiments, Cocffieients and Formulas,” by Robert E. Horton, Wafer Supély and Irrigation
e o 150) De| D. G, 1907 (revision

1 “Recent Experiments on the Flow of Water over Wéirs." léy H. Bazin, Annales.des Ponts et Chaussées

October, 1888. (Translation b i g : ! 7 ;
Club of ‘Philadelphin, Pa, Vel. x"ui‘,’%}‘;{ ’5?‘1';;33{‘;‘_ ;ggd.)‘bhn - Trautwine, Jr., Proccedings, Engineers’

1 Ibid,, Vol. IX, No, 3, 1992, p. 231, . .
17 *The Improvement of Rivers,” by B. F. Thomas and D. A Watt, John Wiley & Sons, Inc., New

" York, N. Y., 2d Ed., 1813.
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ments; Only on rare occasions with large floods is it possible to verify the
coefficients for high prototype heads over the drum gates in the lowered position.
The author’s mention of the failure to obtain discharge measurements during
the 1948 flood over the Grand Coulee Dam spillway emphasizes the importance
of this condition. - The writers have studied the bamc data for high heads over
the drum gate in the lowered position.

* It becomes evident from a study of Table 2 that the ratio of gate radius

" to maximum head has a wide range. The writers use the ratio r/Hp, in which"

Hp is the-design head for the spillway. ~This is the inverse of the ratio used

by Mr. Bradley, used so that circular arcs can be traced on dimensionless

profiles of z/Hp and y/Hp.

A comparison has been made of the coeflicients for various (r/Hp)- vnlues
with the gate down. Only the high-overflow sections with negligible velocity
of approach were selected from Table 2 for a study of discharge coefficients.
Table 8 shows the value of the discharge coeflicients for the condition when the
drum gate is down. The percentage difference of the coefficient from that of
the Madden Dam coefficient is also shown. It is expected that the accuracy
of the dlscharge measurements and thus the coeﬁiment of discharge is Iess than
1%

: TABLE 8——COMPARISON oF DiscHARGE COEFFICIENT
wiTE THE GATE Down

. Radius Maxlmum . v Ratio, L Differonco, in
- Dam of gate, head on crest, T coe%""’“t"- l(n'rcent from
. © in feets in feete oo M fadden Dam
Madden . 30.0 30.0 1.00 L 3.77 0.0
(Canal Zone) . .
Norris . . 340 27.0 - 1.26 3.80 08
{Tenncssee) . -
Grand Coulee ) 66.2 . 31.6 2.09 3.87 2.6°
Washington :
( as mg 66.2 28.0 237 3.76 . ~0.3
(Caleorma) - )
Fria; : 47.0 . 19.0 2.47 3.64 . ~3.5
C H’ nia, X
Ca(p Bal:r ) 710 23.0 3.08 3.62 —4.0
(Bnush Columbxa) : .

""" a From Table 1. ®From Table 2.

' Tha: dams for which the data are listed in Table 8 are in the approximate

chronolovlcal order of the time of their design conception.
. Because.of the increase in the ratio of r/Hp (Table 8), it is of interest to
' plot the profile.for the lower surface of the nappe {rom a sharp-crested weir
w1th an approach slope of 2 on 3 in terms of z/Hp and y/Hp and to super-
impose on it the arcs of circles with radii of 7/Hp equal to 1, 2, and 3, as is

_done in Fig. 16. The center of the radius is located on the axis of the crest. -

It can be seen that the arc represented by r/Hp equal to 1is a fair approxi-
mation of the tiue nappe shape The arcs of r/Hp equal to 2 and 3 indicate
a very flat curvature in comparison to the shape of the nappe. -

- One is tempted to assume, for a crest with a ratio r/Hp = 3, that the coefﬁ-
clent would be that for one third the design head of a crest with 4/Hp =
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- Model studies for Madden Dam reported by Richard R. Randolph, Jr. !¢ indi-

cate that the coefficient for such a condition is approximately 3.40. Such a
coefficient is not in agreement with that for Capilano Dam with r/Hp equal
to 3.62 at_full head. The lack of agreement does not necessarily vitiate the
injtial -assumption. The difference in the coefficient may be eaused by the

O
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Fia. 16.~~Lower SURFACE oF NAPPE FROM SLoPING WEIR CoMPARED WiTH CIRCULAR ARCS.

difference in shape of the two crests upstream from the circular arc. Further-
more, the scale ratio of the Madden Dam model was only 1: :78, and a 10-ft
prototype head would be 0.128 ft on the model, which is near the lower limit
of relmbxhty for conformity of the discharge coefficient.

Josepn' N. BRADLEY,Y AM. ASCE —MTr. Shulits’ statements regarding
the lack of correlation in laboratory studies are well founded, and the writer 1s :
in complete ngreement with his views,

Mr. Buehler's analysis for the determination of the desxgned head,
Hp, for overflow sections formed by a single radius, or for a shape that conforms
closely to a single radius, gives satisfactory results. The comparison of discharge.
coefficients for free flow over various dams, using Eq. 3 with the method
offered in the papet, is gratifying. Mr. Buehler’s method certainly has merit be-
cause following the determination of Hp, coefficients of discharge can be com-
puted directly for all heads. :

Messrs. Campbell and McCool undertook to show that s definite relatxon- '
ship exists between the coefficient of discharge at the designed head and the
ratio r/Hp for overflow shapes. This relationship is valid if the overflow shape
can be approximated by an arc of a single radius and if the approach conditions
are favorable—that is, if the approach depth below the crest is at least twice
Hp. This method results in a coeflicient of discharge for the designed head only.
When overflow sections are encountered where & single radius does not Approx-
imate the overflow shape, or when the approach conditions are’ unusual an
engineering monograph’ naay prove helpful.

ASCE "lr{(%dni%xah(; ;};3?\.:) ml‘ Ot!;\e Spillway of the Madden Dam,” by Richard R. Randolph, Jr., Transactions,

# Hydr. Engr., Bureau of Reclamation, U. 8. Dept. of the Interior, Denver, Colo.
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‘Mr. Wyss suggested that pressures and water surfaces for drum gnies.ut
various positions and reservoir levels would be useful to designers in computing
gate loadings. A limited amount of information is available, and this will
“be presented. B ' : o
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F1a. 17.~PaessvsE AND WATER-SURFACE PROFILES

BecaUse.there was good correlation among the discharge coefficients, it was
" reasoned that the pressures and related flow patterns would also be well corre-
lated through the same variables. C : -
. - Pressures and water-surface profiles are plotted in dimensionless coordi-
- nates (in terms of the riadius'of the gate) in F ig. 17. TFive positions of the
" gate are shown for various reservoir levels producing flow over the gate. Pres-
- gures and water surfaces are shown for some levels whereas only pressures are

re T .
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available for others, * The broken lines represent pressure, measured vertically,
for the reservoir levels indicated at the left of the charts. Upper water-surface.

* profiles are shown by solid lines, and lower water-surface profiles are identified

by dash lines. The charts represent a composite, in graphical form, of informa-
tion from niodel tests performed on the Grand Coulee, Hamilton; Norris,
Friant, and Hoover dams. . . : - T
_ To determine graphically the most adverse water load on a particular gate,
it is nccessary to investigate the pressures for several gate positions. Assuming
that the first position is 6 =41°, the gate is drawn in this position on a piece of
transparent paper to the same scale as that used in Fig, 17. The maximitm
expected reservoir is indicated for this gate position on the left side of the
transparent sheet. . » ' o
The transparent sheet is then placed over Fig. 17 (a), disregarding the origin
of coordinates, and matching only the downstream tips of the two.gates.
The downstream part of all drum gates, regardless of size or radius, will coincide
for any given'value of 8, The height of the gate, or length of are, can be expected

‘to vary; this will have s negligible effect on pressures or water-surface profiles

in the majority of cases. Should the gate under investigation differ from the
height shown in Fig. 17(a), a small increase or decrease in the approach-depth
results. A ' -

Beginning with the chosen reservoir level, the pressure curve is traced from
Fig. 17(a) onto the transparcnt paper. It may be nécessary to . interpolate
between two of the pressure curves. The result will be similar to that shown
in Fig. 17(f). ' ' _ o

A similar procedure is then followed for gnte positions of 23°, 9°, —3°, and
—35°, utilizing Figs. 17(b), 17(c), 17(d), and 17 (e), respectively. 'The result is
a composite plot similar to that shown in Fig. 17(f). It should be noted that
the pressures shown for negative angles of the gate are not as reliable as those .
for positive angles. Fortunately, the greater water loads occur for positive

_angles. .

Water loads can be determined by scaling the pressures vertically over the

~ gate as indicated by point A in Fig. 17(f). If a gate angle other than those

shown is desired, interpolation can be made directly on the sheet corresponding
to Fig. 17(f). Following the establishment of the maximum-pressure curve,
values of z/r and y/r are scaled from the sheet corresponding to Fig. 17(f)

. and are transferred to diinensional values by multiplying by r. "Should water-

surface profiles be desired, the same method of tracing and scaling can be used.





