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402 HOPKINS ON FLEXIBLE BULKHEADS402 
AMERICAN SOCIETY OF CIVIL ENGINEERS3. Free earth-support analyses which compensate for toe fixity by includ-

ing a bending moment reduction factor are liable to be misleading; fixed earth Founded November 5. 1852
support methods should always be used. TRANSACTIONS4. Design analyses should be suitable for practical design use. In view of

the approximations involved in "idealizing" geologic sections and assessing

soil properties, design computations should no ,lcpei on arithmetical ac,, Paper No. 2677 on4. tracy to several decimal places.

RATING CURVES FOR FLOW OVER
DRUM GATES

BY JOSEP11 N. BRADLEY,, A. M. ASCE

WITu DISCUSSION BY MESSRS. GUIDO Wyss; SAM SHtULITS; Bon BUEHLER;F. B. CAMPBJELL AND A. A. MCCOOL; AND JOSEPH N. BRADLEY

SYNOPSIS

With water becoming more valuable in the western states each year, there isan increasing demand for better methods of measurement and additionalrating structures. This condition applies not only to the requirements formain canals and laterals of irrigation works but also to the regulation andmeasurement of flow at dams. In fact, the need has reached the point atwhich operators are desirous of metering the flow at nearly all control devicesin irrigation systems, and in other water supply or control systems.
The primary purpose of this paper is to point out that there are numerouscontrol structures in existence that will serve a dualpurpose-that of a metering

station as well as that of a regulating device. Examples of such structures in-elude spillways, with or without gates; outlet works for dams using gates orvalves;, 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 toprepare reasonably accurate rating curves for many such structures withoutthe construction of models and without access to the prototypes. The methodis 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 concludedwith an engineering example. The method is also applicable to the rating ofthe Volet gate used in France, the bascule gate manufactured in the UnitedStates, and others in which the sector of a circle is hinged~at or. near the crest
of a spillway.

NoTz.-Published, essentially as printed here in February,- 1953. as Proceedings-Separate No. 169.Positions and titles given are those in effect when the paper or discussion was received for publication.
I Hydr. Engr.. Bureau of Reclamation, U. S. Dept. of the Interior, Denverj Colo.
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404 DRUM GATES

INTRODUCTION

The drum gate is a type of gate that floats in a chamber and is buoyed into
position by regulating the water level in that chamber. A medium-sized gate
of this type is shown in Fig. 1. To use drum gates as metering devices, it isessential that each gate be equipped with an accurate position indicator.
This indicator may consist of an arm or pointer connected directly to olie ofthe gate pins, and is usually located inside an adjacent pier. The scale, which
commonly indicates "position of high polnt of gate," may be a cast-metal arc
mounted on the wall under the pointer, or a scale painted on the wall.

This paper presents a method of computing rating curves for all positions
of the gate with an accuracy comparable to that which can be obtained from
an average current-meter traverse of the river. The information reqnired forrating a drum gate consists of the over-all dimensions of the gate and overflow
crest, the information contained in this paper, and the coeflicient of discharge

DRUM GATES 
405

sec-ft, is questionable. Measurement of the flow over the drum gates, which isnow possible, would have afforded a continuous record and one that would beas accurate for floods as for normal flows.

CHARACTERISTICS OF THE DitRUM GATE
As a measuring device, the drumn gate resemlbles a sharp-crested weir witha curved upstream face over the greater Itart of its travel. With an adequatepositioning indicator, the drum gate can serve as a very satisfactory meteringdevice.
When the drum gate simulates a sharp-crested weir-that is, when a linedrawn tangent to the downstream lip of the gate makes a positive angle withthe horizontal, as in Fig. 2(a), four principal factors are involved. These factorsare I!, the total head above the high point of the gate; 0, the angle made by aline drawn tangent to the downstream lip of tile gate and the horizontal; r,the radius of the gate or an equivalent radius, should the curvature of the

(a) POSITIVE ANGLE, B (M) NEGATIVE ANGLE, e
We CONTROL POMiT

Flo. I.--DRuM GATE. 100 FT By 16 FT. AT IlooVEw DA.% (AMIZo.A-NEvAOA)

for any appreciable head on the spillway with the gate in the completely lowered
position. Should the coefficient data be lacking, the coefficient of discharge
for the designed head can be estimated for nearly any overflow section by a
method previously published.'

The method of rating described here is not intended to replace the mea-
surements taken at river gaging stations. However, it has the, following
advantages: (1) The gates can be set in a few minutes to pass a desired dis-
charge and (2) in time of flood, the gaging station may be out of order but the
gate calibration is as accurate as usual. The flood that passed over Grand
Coulee Dam (Washington) in 1948 is an example. The river gage, in the pier
of a bridge downstream, was in error because of a drawdown in the water
surface, adjacent to the pier, at the higher flows. Current-meter measurements
were also attempted during the flood, but the swiftness of the current and
other difficulties rendered these only partially successful. As a result, the
discharge at the peak of. the flood, which was finally estimated as 638,000

DMischa~efficients for Irregular Overfall Spiliwny Sections," by J. N. Bradley, EngiineeringMonograph Rqureau of Reclamation, U. S. Dept. of the Interior, Denver. Colo., March, 1952.

Fia. 
2

.- DItum-GAUT POSITIONS

gate involve a parabola; and C,, the coefficient of discharge in Q = Ct L 1It,in which Q is the discharge in second-feet, and L is the length of the gate.The depth of approach was not included as a variable because drum-gateinstallations studied were for medium and high dams at which approach effectswere negligible. When the approach depth, measured below the high pointof tihe gate, is equal to or greater than twice the head on time gate, it has beenshown' that a further increase in approach depth produces very little increasein the coefficient of discharge. Most drum-gate installations satisfy thiscondition, especially when the gate is in a raised position. Therefore, withadequate approach depth the four variables 1H, 0, r, and C, completely definethe flow over this type of gate for positive angles of 0, Fig. 2(a).For negative values of 0, Fig: 2(b), the-downstream lip of the gate no longercontrols the flow. Rather, the control point shifts upstream to the vicinityof the high point, of the gate for each setting as illustrated in Fig. 2 (c), andflow conditions gradually approach those of the free crest (as the gate islowered). Although other factors enter the problem, the similitude also holdsfor this case down to an angle- of approximately - 15V.
.. 'I 'Sudlie Of Crests for Overfail Dam ,"' Buletin No. 3, 11. V1, Boulder Canyon mnal ileports, Bureau

of ltClaniajOn U S. U t. of the Interior, Denver, Cob., 1948.I I
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SOURCES OF INFORMATION

The data for this drum-gate study were obtained from 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.-PRINCIPAI DIMENsIONS OF DRUM GATES TESTED

Maxi-

No. of Length Height Radius Approach mu o Mgam* of gate, of gate, of gate, depth, head on Model aydrauliegates inft inft in ft il ft cresL,- Icalen laoratory
in ft

Grand Coulee Fort Collins
(Washington) 11 135 28 66.25 360 31.65 1:30 (Colo.)
Bhakra CuRtonholduse
iIndia) 2 135 28 66.25 410 28 1:80 (Denver, Colo.)hasts,
(California) 3 110 28 66.25 460 28 1:68 Customhouse
Hamilton
(Texae) 1 300 28 74.17 s0 32 1:30 Fort Collins
Hoover Shape4-M3•

(Ariz.-Nev.) 4 100 16 26.8 50 26.6 1:20 Montrose, Colo.
Hoover, Shape

8-M
5
b

(Ariz.-Nev.) 4 100 16 36.0 50 26.6 1:20 Montrose
Hoover, Shape

7-C46
(Ariz.-Nev.) 4 100 16 26.0 50 26,6 1:60 Fort Collins
Friant
(California) 3 100 1S 47.0 110 19.0 1:25 Fort Collins
Norris
(Tennessee) 3 100 14 34.0 200 27.0 1:72 Fort Collins
Madden
(Canal Zone) 4 100 18 30.0 120 30.0 1:72 F~ort Collins*
Capilano
(British Columbia) 1 70 23 71.0 200) 23.0 1:60 Denrver Federal Center

.= Gate down. I Refers to the shape of the spillway cross section.

listed in the table-Grand Coulee Dam (Waslhington), 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 over a fairly wide range, and the
consistency indicated in compiling the results was quite satisfactory.

Cross sections of representative examples of the spillway overflow sections
and drum.gates listed in. Table I are shown in Fig. 3. For Hoover Dam,
Shape 4-M3 is shown. The data relating the coefficient, Cq, to the head for
the model drum gates tested are tabulated in Table 2.

RESULTS O01 BAZIN ON STRAIGHT INCLINED 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.

BazinI, int his classical experiments, studied ilnclilled sharp-crested weirs.'
The 21ngle of tile weir was varied in increlllenlts front 14- to 900 with tthe hori-
Zontal, antd each Weir was 3.7 ft high (vertical dimension). The head on the
crest of the weirs ranged from 0.32 ft'to 1.48 ft. The results, presented in Fig. 4,
show 0 plotted ngainst the BaZin coeflicient, Cb (in tile formula, Q = c6 L h
•/i), ill which h does not inclhde the velocity ]lead of approach (h.). The

(e) NORRIS DAM 100.FT BY 14-FT DRUM GAI

(Maximum Waler Surface El 1047.00

0 10 20 Axis of Ctest -*L_j__L.j
Scale,in Feet

TI Maximum Waler Surface
Crest (Gate Raised)U E4l 57003.7 5 Ft -•-.,4k.ý-

/--Crest (Gale'Raised) El 1034.0

Axis of Dam:

El 482 a.8 li74  
.5'0 F,-- ~ 11.50Ft.

Fil. 
3

.- ExAMPLES oP DauM-GATE Cnoss SECTIONs

angle 0 is also plotted with respect to C " (in the expression, Q =C, L HI) in
which IH is the total head. This latter expression will be used throughoutthe papler.

By reference to Fig. 4 it can be observed (1) that the coefficient, C5, varies
only slightly with tile observed head on the Weir, (2) that there is a rather

4 "Rlecent Experiments on the Flow of Water over Weirs," b 1. Bazin. Annales des Poels ChausaHesOetober, 1888. (Translation br Arthur Mariehal and Jo C. TIr-autwine, Jr., Proceedings, EngineeresClub of Philadelphia, Pa., Vol. !X, No. 4, 1892, p. 31•.)
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TABLE 2.-DRuM-GATEi COEFFICIENTS*

GRAND COuLEE DAm BHAKRA DAM SHASTA DAM 1IA.mTroN DAm
(Washington) (India) (California) (Texas)

I.Ie.nervolir Ceffi. Reservoir CoelS- Reservoir Coeffi- Total head COCfli-elevation, ce elevation, eent, elevation, cient, on gate, cectin feet c ifeet C in feet C, in fect U

GATE ELEVATIONb 1260.0 GATE ELEVATION, 1552.0 1 ,ATEELEVATIoN 1037.o GTs• E,,,LFVAloN 9.. 2.0
1295 3.920 18 - 3.680 - 107 3895 - 35 - 3.7101290 3.842 1575 3.645 1M70 3.835 30 3.6-51285 3.745 1570 3.550 1005 :3.760 25 3.5801280 3.635 1565 3.420 1060 3.675 20 3.5001275 3.510 1560 3.275 1055 3.575 15 3.4001270 3.352 1555 3.120 1050 3.465 10 3.2901265 3.220 1045 3.335 5 3.160

ELEVATION 1263.51- GATE ELEVATION 1557.0 GATEELEVATI• o 1039.01 GAoTr e•Aox 00552
1295 3.530 1580 1 3.430 - 1075, 6.037 - 3 .01290 3.442 1575 3.380 1070 3.505 25 3.3101285 3.360 1570 3.295 1065 3.490 2 0 3.22:.1280 3.280 1565 3.170 100O 3.417 15 3.1501275 3.220 1560 3.040 1055 3.340 10 3.()851270 3.182 " .- 1050 3.250 5 3.0w0

GATE ELEVATION 1267.02 1 GATES ELEVATION 1562.0 GATEELEVATION 1041.0 GATE .L.VATI.N 999.0

1295 1 3.'530 1580 :3.550 1075 3.550 - 25 3.45031290 3.457 1576 3.355 1070 3.4914 20 3.3901285 3.380 1572 3.290 1065 3.432 15 3.3001280 3.300 1568 3.345 1060 3.365 10 3.1951275 3.213 1564 3.465 105a 3.290 5 3.080.1270 . 320 
1-

GATE ELEVATION 1270.48 GATE ELEVATION 1567.0 CGATE ELEVATION 1045.0 GATKE EEVATION 10(06.0
1295 3.600 1580 -3.065 - 10,75 3.037 1 8 3.01301290 3.530 1577 3.650 '1070 3.565 15 3.635.1285 3.462 1573 3.600 1005 3.490 12 3.60051280 3.410 1570 3.535 1060 3.415 9 3.5601276 3.375 1055 3.330 6 3.505

1050 3.220 1
GATE ELEVATION 1274.01 GATE ELEVATION 1572.0 ,GATE ELEVATro 1050.01 GATE ELEVATION 1033.0

1300 3.725 1580 T 3.780 - 1075 3.717 --[ 12 3.731295 3.695 1579 3.755 1070 3.070 10 3.6901290 3.662 1578 3.690 1065 3.615 8 3.6451285 3.630 1577 3.500 1060 3.560 6 3.5951280 3.600 1576 3.150 1055 ._3.495 4 3.530
GATE ELEVATION 1277.50 _ _ _ GATE ELEVATION 1055.0 j GATE ELEVATION 1020.0

1295 1 3.750 .1075 3.854 6 3.0.01290 3.738 1070 3.827 5 3.6101285 3.740 . 1065 3.800 4 3.5401280 3.765 1060 3.780 3.5 3.400•_ _1 " 1055 3.763 - "
GATE ELEVATION 1281.02 1GCATE ELSVATION 1060.01 _

1295 3:71300 1075 3.6451292 3.708 1072 3.6831288 3.705 1069 3.7401285 3.725 1066 . 3.8151063 3.920 .
GAT, EzxvAm .o 1284.50 __ GATEELEVATION 1065.01

1300 3840 I 1076 3.810 I1296 3.830 1074 3.8651292 3.875 • 1072 3.9101288 3.950 1070 3.950

GATm ELEVATION 1288.0

1296 3.750
1294 " 3.720
1292 . 3.670
1290 3.580

" oordinates of curves prepared by plotting original data. b Gate down.
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TABLE 2 .'-(Continned)
NFanIA T DAIS DASI MADDEN DAM CAPILANO DAM

(California) (Tennessee) (Cnnal Zone) (British Columbia)

Reservoir Ceel- Reservoir Coeti- Coelii. Reservoir I Coefi-einvetio Clet, e elevation, cient, [ on ýate, I Ceaet, lIion et CI,in feet C, j in feet eet C elation. e ient,

GAE LEVATION' 500.0 G~eigELEVATIO.$ 1020.01GATE ELEVATION& 232.0 GATE ELEVATIONb 547.0580 3 050 1
577 3.625 1050 1 3.895 1 30 3.770 575 3.705

5 3.550 1045 1 3.705 / 25 " 3.660 570 3.6253.400 1040 33.070 20 3.560 I 565 3.530508 3.340 1035 3.550 3 5 3.460 5ao0 . 3.415565 3.175 1030 3.390 f 10 3.365 555 3.250502 2.905 1025 3.125 5 3.280
GATE. ELE.VATION 561.8 GATE rLEVATION 1022.01 GATE ELEVATION 236.0 GATE ELEVA-1ION 555.4580 1 3.340 10355 3 37 I 3 3.10 3 80 61577 3.300 1050 1 3.765 132 3.750 I so I 3-80

5.I1 3.250 I 1045 3 3"0) I 20 .3.675 8 7 I 35457. 3.125 10 3 570 i 3.590 . .. 3 ..385.904 1030 j 33'400 1.058 3:2.050 1035 33400 1 3.500 5 68 3. 420.. 1025 3.000 3.4o 0 3.320
CATE ELEVATION 563.0 'GATET L EL I, N . 1024.0 I 2 .... 

501.1
1 EV TIO 3.32 GATE ELV N200 GTELATO 51.6480 3320 1 1055 1 3.720 I 30 3.90o 683 15,60, 0 10-15 3.670 3 .890 580 3.530

56 1 3 .1040 1 3.605 I 3 3.800 3 .345 31 3.5220571 3.4355 25 219) 1 303 3.320 3.35S 1025 3.000 3.740 568 3.130
GATE ELEVATION 506.0 j CATE ELEVATION.- 1020.0 " GATEELEVATIOn 2G5.0 GATE ELEVATION 568.5

08--"80-"I 3 345 I "10 55 I .3 .. . ,uI 5 390 5-83rEI 37VT 8•¢56
S 3.410 10S0 3.83 20 3.900 58 3 30S 3 34 0 10 3.80 0 3.0 3.7855 4 3.040 1045 3,780 1 3.9035 3.25571 3 240 1040 3 740 is 3.910 587a 3,8 3.40703.1 3.890! ... 5. 10l35 3.685 | 6I•.; 7,,4 3"925

! 1030 3.580 1 I . .35
GATE ELEVATI .ON 569.0 jGATE ELEVATION 1028.0 GATE ELEVATION1 250.05 8 0 3 .02 5 1035 389 0 - - 20 3. • -057 8 3 0 0 5 I 1 0 5 0 3 3 . 8 9 2 3 .7 805 7 0 3 5 7 5 I 1 0 4 5 3 .8 5 I 1 0 3 .7 8 0057 2 3.3500 I 1 035 3.80038

3.500 1040 I 3.84 ! 3.980a70 3.400 I 1030 I 3.75 I4
CATE ELEVATION 572.0 GATE ELEVATION 1030.0

560 .75 3 1055 I380578 3.720 1050 3.890
576 3.680 1045 3.885
574 3.620 .1040 3.880

I . 1035 • 3.875 •
GATE ELEVATION 573.0 GATE ELEVATION 1032.0

580 I 3.760
678 3 3.760 1050 a 3.875 I576 3 .3.765 1045 3 3.880 I

575 4 3.780 " 1040 3 3.8954 I 3.900 1035 | 3.920 I
GATE ELEVATION 575.0 CATE ELEVATION 1034.0

580 I 3.780 3 1055 3 3.815
57 8 3 3.790 1050 3 3.835 37 3.840 3 1045 I 3.855570 3 .950 1040 3.885

1I0360 3.945

Coordinates of curves prepared by plotting original data. hGatedown.

I
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TABLE 2. -- (Continued)

HOOVEn DAM (Arizona-Nevada) HoovEs DAMI (Arizona-Nevada) 1Ioovrn DAM (Arizona-Nevada)
SHAPE 4-M3 SHAPE 8-M5 SUAPE 7-C4

Total head Coo0S. Total head CoqdSl- Total Iead CoeI-
on gate eient, on gate, cicnt, on gate, I eat.
in feet Ce in feet C, in feet. C,

GATE ELEVATIONb 1205.4 GATH ELEVATION
b 

1205.4 GATE ELEVATION
5 

1205.4

26 3.670 - 25 3.735 26 306
22 3.605 25 3.705 22 3.615
is 3.540 20 3.650 15 3.540
14 3.472 15 3.565 14 3.450
10 3.405 10 3.460 10 3.360
a 3.338 5 3.335 6 3.200

GATE ELEVATION 1209.4 f GATE ELEVATION1 1209.4 GATE ELEVATION 1209.0

17 3.67•241 3.7 21 3.725
12 3.674 20 13 3.72514 3.6157 6 3.482 1 3.50
8 3.555 f 8 3.330 7 3.415

GATE ELzVATION 1213.4 GATE ELEVATION 1213.4 GATE ELEVATION 1213.0

20 3.880 20 3.765 19 | 3.800
17 3.875 16 3.765 16 I 3.845
14 3.870 12 3.725 13 3.825
11 3.870 8 3.668 110 3.750
8 3.870 4 3.600 - 7 3.670

GATE ELEVATION 121,4 GATE ELEVAT1O2 121.4. GATE ,ELEVATION 1217.0

14 3.960 - 115 3.900 1- 3.160
12 3.980 12 3.810 13 3.180
10 4.010 9 3.900 11 3.935
8 4.0745 I 6 3.030 S)1 3.1170

_____________. 7_______ 1 ______________ 4.020

GATE ELEVATION 1221.4 GATE ELEVATION 1221.4 GATE ELEVATION 1221.4

10 3.890 I 11 I 3.830 - 14 3.815
8 3.930 I 9 I 3.810 1 12 3.820
6 4.020 I 7 I 3.875 I 10 3 .823
5 4.100 5 1 3.935 8 3.825

Coordinates of curves prepared by plotting original data. b Gate down.

sharp reversal in the curve when the angle 0 approaches 280, and (3) that
the coefficient of. discharge is a maximum at this angle. As the angle 0 is in-
creased from 280 to 900, contraction of the jet gradually reduces the coefficient
to approximately 3.33, which occurs when the weir is vertical. As 0 is de-
creased from 280 to 00 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 is supported by the fact that the USBR,
Ernest W. Schoder, M.ASCE, and Kenneth B. Turner,1 and others have not

A "Precise Weir Measurements," by Ernest W. Schoder and Kenneth 1. Turner. Transactions, ASCE,
Vol. 93, 1929, p. 999.
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been able to check the discharge measurements of Bazin. Hlowever, the
actual values are not so important for the case at hand as is the significance
of the trend.

METHOD OF COMBININo TEST RESULI'S

The method for combining results from the eleven drum ga
(Table 2) consisted of first plotting the coefficient of discharge data

total head, including the velocity head of approach, measured above the highpoint of the gate, and r is the radius of the gate. In Fig. 5, C, is based on therelationship, Q - C, L HA. For positive values of 6, the head was measuredabove the lip of the gate, whereas for negative angles it was observed abovethe high point, or crest, of the gate proper. The method of measuring thehead is illustrated in Fig. 2.
Upon completion of a similar set of curves for each gate tested, the elevensets of curves were replotted and combined into the chart exhibited as Fig. 6.The results from the various gates showed good general agreement; and thecurves in Fig. 6 constitute the general experimental information needed fordetermining the discharge coefficients for gates in raised or partly raisedpositions. The supporting points are not shown in Fig. 6, but the individualinformation for each gate is listed in Table 2.

ANALYSIS OF TEST RESULTS
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 vdry from0 - 200 to 6= 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 coefficientsdefinitely vary with the head.

A matter of significance is the reversal of the (H1/r)-order which occurs at29' (Fig. 6). The coefficient 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 thegate for this angle. The curve for H/r = 0 approximates a drum gate ofinfinite radius and was obtained from the data of Bazin (Fig. 4) by apply-ing a uniform adjustment.
As stated previously, similitude is valid for small negative angles of 0, aswell as for positive angles up to 900; thus, the curves in Fig. 6 are shownand recommended for use down to 0 = -15'. As the gate is lowered beyondthis angle, the curves double, back and converge, finally terminating in thefree flow coefficient.

The discharge coefficients in the region between 0 = -15* and the gatecompletely down are determined by graphical interpolation. Interpolation isaccomplished by plotting head-discharge curves for several gate angles between-150 and the maximum positive angle. Also the head-discharge curve isplotted for the free crest. This information is then cross-plotted to obtainvalues in the transition zone. The method will be explained in the examplethat follows. It will be discovered that negative angles. greater than -150(with the exception Of the free crest) are not particularly important from anoperator's standpoint, as a change in gate position has little effect on the dis-charge in this range.
It. must be assumed that the coefficient of discharge is known for at leastone value of the head on the free crest (gate completely down) for the partic-ular spillway. under consideration. With the coefficient known for one ormore heads, the complete coefficient curve for the free Crest can be plotted byconsulting Fig. 7, in which H. and C. are the designed head and the coefficient

2.8 2.9 3.0 3.1 1 3.2 3.3 3.4 35 3
bjscharge Coefficlent. Cq

FIGo 6.-GENEnAl. CUeVES FOR T]tE DETERMINATOMN OF DIsCBAR0. COEFFICIF NTa

for each gate as illustrated by the sheet for the Shasta Dam gate (Fig. 5)..With the coefficient of discharge as the abscissa and H/r as the. ordinate, each
curve in •jL, 5 represents a different gate angle 0, which the' tangent to the
downnstrO ip of the gate makes with the horizontal. In all cases, Ii is the

.
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for the designed head, respectively. This chart was reproduced from a pre-

vious publication
2 and represents a curve well supported by tests of some fifty

overf all spillway crests having wide variation in shape and operating conditions.

1.3. i . APPLICATION oF RFSULTS

and C. = 3.48) is constructed by arbitrarily assuming several values of H/Il.and reading the corresponding values of C/Co from Fig. 7. The method is

illustrated in Table 3, and the head-cocificient curve for free flow (gate down),

obtained in this manner, is shown in Fig. 10.

C re st ( G ae U P)E f 2 4 97 .0
// .

•/
/

/
/

From the plan and section of tle Black

1.0 Canyon Diversion Dam (hdaho), shown in

.0.9 Figs. 9 and 9, assume that it becomes nec5s-
0.8 • sary to compute and construct a rating curve

• 0.6 for one drum gate for each 0.5 it of gate ele-

,. ,vation. The scale on the gate position indi-

0.3 cator is calibrated to show the elevation of

0.4
0.2 

the high point of the gate, and the gate has a

0.1 constant radius of 21.0 ft. The gate is 64 ft

o . . . long. The coeflicient of discharge for the free

. ocrest is C. = 3.48 for the designed head (H.)
.. • ,: : • Ra tio, C

of 14.5 ft.

Fla. 7.--CogeFFCtNrs or DiscHARGS With the coefficient of discharge known for

10K OTUCH oT TII K.• DKBIOMD t• free flow at the designed head, the entire free-

flow coefficient curve can be established by consulting Fig. 7. The free-flow

coefficient. curve for Black Canyon Dam spillway (for which Ie -= 14-5 ft

/

FiG. 9.-SIVLLWA.& CREOT DFTAIL, BLACK CANWON DA31 IN IDATIO

TABLE 3.-HEAD AND DISCHARGE COMPUTATIONS Fon A FREE CREST

(BLACK CANYON DAM IN IDAHO)

Total head IlatiR,. Ratio,' Coefficient, Q, in cu ft

in, it, elevation, iIl. Ce/C. C r e

,int" in ft Ii. cc tprse

(1) (2) (3) (4) (5) (6)

17 2499.5 1.172 1.020 3.55 15,950

16 2498.5 1.104 1.012 3.62 14.420-
14.5 .2497.0 1.0 1.0 3.48 12.296
12 24194.5 0.827 0.980 3.41 9,072
10 2492.5 0.690 0.960 3.34 6,759
8 2490.5 0.552 0.940 3.27 4,736

6 2488.5 0.414 0.005 3.135 2.949

4 2486.5 0.270 0.850 2.957 1,514
3 2485.5 0.207 0.815 2.835 943

2 2484.5 0.138 01760 2.042 478

11. -14.6 ft. 'C. 3.48. The discharge for one gate; Q Cob H1, in which L 6-04.0 ft.

2,1. 5.-PL ow Be.&cI CAN-XoM DIV•USION 1)Am
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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 0 for the Black Canyon Dam gate. The tabulation

in Fig. 11 shows the angle 6 for corresponding elevations of the downstream lip

of the gate at intervals of 2 ft.
20 Beginning with the maximum positive

angle of the gate, which is 34.883*, the

computations may be begun by choosing

16 a representative number of reservoir ele-

Z ] vations as indicated in Col. 2, Table 4.

o The difference between the reservoir ele-

12 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.

Col. 4 shows these same heads divided by

EE " the radius of the gate, which is 21.0 ft.

Entering the curves in Fig. 6 with

4 the values in Col. 4, Table 4, for 0 =

+34.883°, the discharge coefficients, listed

in Col. 5 of the set of computations desig-

o nated "A," are obtained. The remainder

2.6 3.0 3.4 3.8 of the procedure outlined in Cols. 6 and
coefficient C. 7, Table 4, consists of computing the dis-

'A. I.--HEAD-CoErrYCIM" CURVO, charge for one gate from the expression,
BLACK CAN~YON DAM, W IDAHO Q = C, L H. A similar procedure of

computation is repeated for other positive angles of 6 as in sets B, C, and D of

Table 4.
As the angle 0 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 tile lip.

Discharge computations for negative angles of the gate down to -15.017'

are tabulated in E, F, and G of Table 4.

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 latter 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 are each raised the same amount. The experi-

mental models contained 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,

2485.75 ft •2482.5 ft. This is remedied by cross-plotting the eight curves

DRUM GATES 417

for various constant values of the dischargeas shown in Fig. 13. Fortunately,

the result is a straight-line variation for any constant value of discharge. The

lines in Fig. 13 are not quite parallel and there is no assurance that they will

be straight for every drum gate. Nevertheless, this will not detract appreci-

FIO. 1.--RFL&TION.IIP OF GATE ELZVATION TO ANoLE e

ably from tile accuracy obtained. Interpolated information from Fig. 13 is

then utilized to construct the additional curves in Fig. 12. If all curves are

considered, Fig. 12 shows the completed rating for the Black Canyon Dam

spillway for 0.5-ft gate intervals. For intermediate values, straight-line

interpolation is permissible.

CONCLUSIONS

This paper has demonstrated how an existing control structure, such as

the Black Canyon Dam spillway, can also serve as a rating station. The

accuracy of rating curves obtained by the method is estimated. to approach

that of an average current-meter traverse of the river providing that (1) the

gate position indicators are made as large as possible and are accurately cali-

4
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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.

TABLE 4.-HEAD AND DISCHARGE COMPUTATIONS Pon DRUM GATES

IN RAISED POSITIONS

ReerH Q in 
I,

Toir H, Coeffi- HI, Q voir 1t, Ratio. CoS. Il,. i

Set eleva- in 11 cent'5, in pr Set eleva. in HI cients, in per f

tion - r c' ft tion, t - it e

in ft 
in ft C7

(1) (2) (3) (4) (5) (6) (7) (1) (2) (3) (4) (5) (8) (7)

GATE ELEVATION 2497.0; 0 - + 34.55 CAT)'. ELEVATION 2489.0: 0 = - 1.281

2498.0 8 2 7 0.018 3.21 205

A 2499.0 2 0,095 a.86 21 2 699 1 3.21

2500.0 3 0.143 3.86 5.196 1.283 2491.0 2 0.095 3.28 2.828 5114

2492.0 3 0.143 3.34 5.106 1,111

-- 2494.0 5 0.238 3.45 11.18 2,469

24196.1 7 0.333 3.545 18.52 4,202

GATE ELEVATION 2495.0; 0 = + 23.43* 2498.0 9 0.429 3.63 27.00 0.273

4 . . 8 , 2500.0 11 0.521 3.695 30.48 8,627

2496.0 1 0.048 3.85 1 246 -- ___ -- -_______

2497.0 2 0.005 3.86 2 .828 0s

B 2498.0 3 0.143 3.87 5.190 1,284 GATE ELEV.ATTON 2487.2; 0 -- 8.28'

2499.0 4 0.190 3.87 8.00 1,979

2500.0 5 0.238 3.88 11.18 2,770

- ___ - . 2488.0 0.8 0)038 3.02 0.716 138

2489.0 1.8 0.086 3.10 2.415 470

GATE ELEVATION 2493.0; 0 - + 14.22' 2490.0 2.8 0.133 3.17 4.685 950

F 24192.0 4.8 0.229 3.31 10.52 2,229

2494.0 6.8 0.324 3.13 17.73 3.892

2494.0 1 0.048 3.69 1 236 2196.0 8.8 0.419 3.51 26.10 5.863

2495.0 2 0095 3.73 2.828 075 2498.0 10.8 0.515 3.58 35.49 8,131

C 2496.0 3 0.143 3.75 5.196 1.247 2500.0 12.8 0.610 3635 45.79 10.053

2498.0 5 0238 3.80 11t18 2.719

2500.0 7 0.333 3.84 18.52 4,552
GATE ELEVATION 2485.75; 0 - - 15.02'

GATE ELEVATION 2491.0; 8 - + 6.130 
-

2187.0 1.25 0.060 3.00 1.398 268

2188.0 2.25 0.107 3.07 3.375 6113

2492.0 1 0.048 3.47 1 222 2489.0 3.25 U0.155 3.15 5.859 1.181

2493.0 2 0.095 3.51 2.828 635 2491.0 5.25 0.250 3.275 12.0.3 2.522

2494.0 3 0.143 3.57 5.196 1,187 2493.0 7.25 0.345 3.375 19.52 4,216

240.0 5 0.235 3.63 11.18 2,597 2495.0 9.25 0.440 3.465 28.13 6.238

2498.0 7 0.333 3.70 18.52 4,386 2497.0 11.25 0.530 3.54 37.73 8.518

2500.0 9 0.429 3.77 27.00 0,515 2499.0 13.25 0.631 3.595 48.23 11,007

*H is the total head on the gate. b The disclmrge for one gate: Q Cq L HI.

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

of water for all but very small heads with gate completely raised. In the

case of provision (4), uniform operation of the gates is also most desirable from

the standpoint of stilling basin operation for minimum erosion downstream.

Discharge measurements on the prototype are desirable whenever possible

as a check on the accuracy of the foregoing method. Sufficient observations

should be taken, however, to estabish t-ff act that the prototype .nformatio.

is consistent and reliable.
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D.I SCUSS ION

GUIDO WYss'.-The information presented by Mr. Bradley is of utmost
value for determining the quantities of (liseharge over drum gates under various

heads for any gate position. This information will permit operators in tile.

field to adjust the gate position from corresponding chart values in such a
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 are more practicable and reliable than those obtained by stream

gaging, especially when this gaging is conducted during periods of high floods.
It wouhl 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

wouhl afford an opportunity to obtain the true loading conditions on the gate
during the cycle of operation front fully-raised gate to fully-lowered gate. This

information would be important in the (letermination of the buoyancy and
landing criteria of the gate structure.

SAMi SlULITrs,7 M. ASCE.--An outstanding contribution to tile design and

operation of drum gates has been presented in this report of the author's work
at the USIR. The paIper and its coinllemcnt 2 fill a. great need.

Since 192S, when the Freemntai Seh olarsships were establishemd, there has

been it tremendous development of hydraulic model resea.rch in the laboratories
of tile United States. Although these laboratories are unexcelled in size and
quality, many hydraulic engineers 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

on models. In MIr. Bradley's work there is strong evidence that the laboratories
will produce correlations and symitheses-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 general use is understandable. The hope is that other works
of similar quality will be added to engineering literature.

Bon BUEHLER, 8 A. M. ASCE.-An interesting and clever use of data has
resulted in a method 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 and reservoir often floods an established

stream gage. Unless the gage is replaced below, the dam or upstream from the

reservoir, subsequent stream flow usually is not accurately known. Sometimes

a Series of damns (each causing the water to back up to the dam above) prevents

* continuing established gages at the strategic points where: they had been

2499

Fla. 13.---Cuoee-PL0rTED INrrI.L RATINO CunvEs, BLACK CANYON DAM IN IDAHO
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located. The less accurate-and more costly--slope stations are not comn-

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 certnin

spillway types), and if allowance is made for flow through other whter outlets

such as turbines, locks, and sluices, the structure is then superior in some

respects to the gage. For example, the rating of the daim should be peruiauneit;

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. lIe has

made an important contribution to the planning and design of druin-gated

structures.
The author has presented a method for rating a spillway at all heads pro-

vided the coefficient for one appreciable head is known. He also states. that

a coefficient for the designed head can be estimated for most spillways by a

method previously published.
2  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 equation derived by R. N. Brudenell, A. M. ASCE,

incidental to studies made on radial gates.9 Mr. Brudenell's equation is

Q 3.9
7 L

1 1-1......... ................. (1)

in which Q is the spillway discharge, in cubic feet per second; L denotes the

length of the spillway, in feet; H is the total head on the spillway crest, in feet;

TABLE 5.-FREE DISCHARGES FOR BLACK CANYON DAM IN IDAIIO

UsINo EQ. 1 UStNG Fia. 14

Total head, Discharge,
in feet in cubic feet

per second4 Discharge, )ifference, Discharge, 1 )iffere,
in cubic feet in percent i n cubic fee i

per second per second in percenet

(1) (2) (5) (4) (5) (6)

17 15,950 15,847 -0.65 15,910 -0.25

16 14,420 1,4363 -0.39 14,421 -0.01

14.5b 12,296 12,247- -0.40 .12,296 0

12 9,072 9.013 -0.65 9,049 -0.25

10 6,759 6,708 -0.75 0,735 -0.36

8 4,736 4,673 -1.33 4.692 -0.93

6 2,949 2,932 -0.58 2,944 -0.20

4 1,514 .1,521 +0.46 1,527 +0.80

3 943 954 +1.17 958 +1.50

2 478 494 +3.35 496 +3.76

'From Col. 6, Table 3. b Head at which C - 3.48. CC would be 3.466 for this discharge.

and HD 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.

"Flow over Rounded Crests," by R. N. Brudenell. Engineerino News-Record, July 18, 1935, p. 96.

IuEl. I was initezcled to be nsed with heads greater than JIH/4, although 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 Black Canyon Dam, Mr. Bradley used one known coefficient aind the

curve of Fig. 7. Free-flow discharges computed by the two nlethods are shown

in Cols. 2 and 3, Table 5. The procedure by which Eq. 1 was applied will be

described subsequently.

1.8

1.6

1.4

1 .2 ,

_ 1.0

0.6 Eq. 1 •-Fig 7

0.4

0
0.75 0.80 0.55 0.90 0.95 10 10 1

Value of the atioC

Fir. 1
4

-COmPAtCSor" OF VALUES OBTiMNED FROM FIo. 7 ANa Eq. 1

It is assumed that in choosing Black Canyon Dam for his example, the

author knew that his method would yield discharges close to known values.

The 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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This good agreement suggests, too, that there must be a close relationship

between the curve in Fig. 7 and a similar curve that can be derived froni Eq. 1.

To examine the relationship, theoretical discharge coefficients were computed

by using
Q = C, L 11,11 ................. ........ (2)
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and Eq. 1, from which
3,97 Ill -̀cr = W ......... . ... . .(3)

* The design head, HID, was found (by a method to be described subsequently)

to be 45 ft for Black Canyon Dam, and this value was used in making the test.

Thus, for HD9 45 It,
2.5143 111-02.5=_ _4 .. .. ...... (4)

H,1)2 Cq .. ..

For several assumed values of total head, II, varying from 2 ft to 58.5 ft, cor-

responding Cq-values were computed. The resulting C, of 3.07 for a head of

45 ft (ff.) was taken arbitrarily as the known coefficient, Co. Then tle (11/Io.)

-ratios and the (C/Co)-ratios were computed for all other heads in the

assumed range. The resulting curve is the solid line in Fig. 14. The dashed

curve is from Fig. 7. The agreement is close-as expected. Still using HD

equal to 45 ft, the remainder of the process was repeated using the coefficient

for the 25-ft head as C., and then using the coefficient for the 12-ft head as C..

There was no discernible difference in the curves resulting from the three

separate selections. A similar procedure, using Ill equal to 20 It in Eq. 1,

also showed no differences from Fig. 14. It can probably be proved that there

should be no difference.
Thecurve derived fromEq. 1 then wasapplied to the Black Canyon Dam spill-

way, assuming (as did the author) that the coefficient is 3.48 at a 14.5-ft head.

The resultant free discharges are shown in Col. 5, Table 5.

The free-flow coefficients in Table 2 invite further comparisons with Eq; I

for the four projects for which spillway profiles are given in Fig. 3. It should

be remembered that this comparison tests the use of only the spillway shape as

a guide to free discharge. for the entire range of heads. Col. 4, Table 6, shows

that for appreciable heads the maximum error in the four cases ii approxi-

mately 2% (Hamilton Dam). Observed coefficients in model tests often scatter

as much..
The same coefficients permit testing the curve in Fig. 7 for all eleven spill-

Ways. This test is not as severe, however, because it is necessary to assume

one known coefficient at which head agreement becomes perfect. At near-by

higher and lower headslarge divergences would not be expected. Col. 6,

Table 6, showsthat for appreciable heads the maximnum error is slightly greater

than 2% (Hoover Dam, shape 8-M5)- The base coefficient selected to obtain

Ce from the (C,/Co)-ratios is designated by a footnote for each project.

These arbitrary selections were made for medium high heads.

K . "".

The solid-line curve in Fig. 14 also was tested in this manner. The same
coefficient 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-

intni error is slightly more than 2% (Madden Darn).

These comparisons show that the direct application of Eq. 1, Fig. 7 (or

Fig. 14) (derived from Eq. 1), all give highly accurate free-flow spillway dis-

TABLE 6.-CoMPARISON OP FIP E-FLOW SIILLWAY COEFFICIENTS

Coefficient Uss.o EQ. 1 UsIna Ixu..7 UIo.o Flo. 14
T o' t a l h ea ld , o b tai nied

in loci Irfom, model
.test C Difference. C Difference, Difference.

tes C, in p~ercent C< in percent in per'cent

(1) (2) (3) (4) (5) (6) (7) (8)

GR.AND COULEP. DAM (WASIIINGTON)

35 3.920 IV3A514 -. 0.15 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 +O.41

15 3.510 3.550 + 1.14 3.524 +0.40

10 3.352 3.370 + 0.54 3.356 +0-12

5 3.220 3.13S - 2.54 3.168 -- .62

BIIAKnA DAM. (INDIA)

28 3.680 3.730 + 1.52 3.732 +1.41

23 3.045 3.615 0 3.045- 0

18 3.550 3.547 - 0.08 3.543 -0.20

13 3.420 3.434 + 0.41 3.404 -0.47

S 3.275 3.215 .-- 1.83 3.208 -2.04

3 3.120 2.748. -11.92 2.834 -8.53

SAaTA DAM (CALIFORNIA)

38 3.895 3.910 + 0.39 3.899 +0.10

33 3.835 3.839 +.0.10 3.831 -0.10

28 3.760 . 3.760) 0 3.7(10W 0

ý23 3.675 3.677 -+' (.m5 3.674 -- 0,03
18 3.575 3.591 +. 0.45 3.568 -0.201

13 3.405 3.455 - 0.29 3.429 -1.041

8 3.335 3.215 - 3.00 3.230 -3.15

I[AMILTON DAM (TEXAs) lID - 52 FT

35 3.710 3.785 +2.02 3.741 + 0.84 3.730 +0.54

30 3.645 3.718 +1.95 3.662 + 0.47 3.659 +0.38

25 3.580 3.635 +1.54 3.580- 0 3.5804 0

20 3.500 3.,39 +1.11 3.494 - 0.17 3.490 -0.29

1,5 3.400 3.420 +0.59 3.394 . 0.18 3.309 -0.91
10 3.290 3.258 -0.97 3.222 . 2.07 3.208 -2.50
5 3.160 2.997 -5.16 3.000 5.06 3.029 -4.14

FRIANT DAm (CALIFORNI[A)

20 8.050 3.717 + 1.8A 3.700 +1.53
17 3.025 3.039 + 0.39 3.32 +0.19

14 3.550 3.550 - 0 3.550 - 0
11 3.460 3.458 - 0.06 '3.452 -0.23

8 3.340 .3.348 + 0.24 3.319 -0.63
5 3175 " 3.142 - 1.04 3.131 -1.38
2 2.065 2.723 . - 8.15 " 2.812 -5.10

Coefficient assumed to be known.

I
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TA13LE 6.-(Continued)
The comparisons in Table 6 show a tendency toward errors of some impor-tance at low heads when Eq. 1 or its companion curve in Fig. 14 is used, as

well as when Fig. 7 is used. In most cases the errors are negative. These

errors are of little concern in planning 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 free-flow coefficients help to determine the

direction of the general curves at the large negative angles shown in Fig. 6.

Free discharges 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 vahlable refinements.

NoRRIS DAM (TvmN1cnEF,) 1D - 35 FT

35 3.915 3.969 +1.38 3.934 -+ 0.49 3923 +0.20
30 3845 35 3 3.852 + 0.1 3,-18 +0.,08

25 765 3.812 +1.25 33,765 3.7651 0
20 35670 3.711 +1.12 3.675 + 0.14 3.071 +0.03
15 3.550 3:586 +1.01 3.569 + 0.53 3.543 -0.20
15 3.390 3.416 +0.77 32388 - 0.06 3,373 -0.50

S 3.125 3.143 0.58 3.155 + 0.96 3.185 +1.02

NADDND1_)AM(CANAtb ZONE)

3.900 3.825 - 1.92 . 3A814 -2.80
3 3.70 3,744 - 0.69 3.740 0.8030 3.770 3,660. 3.66i0.

25 3.660 3.572 + 0.34 3.508 +0.22
.20 3.560 3.470 + 0.29 3.444 -0.4A

15 3.460 3:294 2.11 3.279 -2,5510 3.365 3,067 -6.49 3.090 -- 5,6
5 3.290

CAPrLAxO DAM (BRITIBISCOIAJMDIA) HD 48 FT

33 . 3,775 3.797 +0.58 3.783 + 0.21 3a775 0
28 3.705 3.720 +0.40 375 0 3.7050 - 0
23 3.725 3.634 +0.25 3.623 0.05 3.620 -0.14

is8 3.530 3.529 -0.03 3.538 + 0.23 3.516 -10.40
1.415 3.394 -0.62 3.405 - 0.29 3.379 --1.05
8 .'1 3.250 3.201 -1.51 3 . - 2.52 3.183 .2.06

lioovEs DS&m (AmztXNA-NEVADA)'SIIAPE 4-M3, l1D - 50 FT

D + .3 3.677 +0.19

26 3.670 .670 3.68 0 3.6775 + 0
22 .3.605 3.997 .20.40 3.522 0

18 3.540 3.512 -0.79 0.40 3.4 4 -0.57
14 I 3.472 3.408 -1.84 3.430 -T 0.95

14 405 . 3.273 -3.88 3.306 - 2.91 3.280 -3.07

6 3.338 3.077 -7.82 3.0 - 8.21 3.052 -7.67

HOOVER DAL SOAPS 8-M.5

10

,U 20

30

40

40

50 L_-20 -10 0 10 20 30 40 50 60- Horizontal Distance From the Crest, in Feet

3691 + 0.71 3.687 +0-00
S.615 0 3.615.22 3.615 3 - 0.14 3.532 -0.23

58 3.540 3.449 - 0.03 3.423 -0.78
:[,14 ,3.450 3.315 I - 1.34 3290 -2.08

1o 3.360 3.073 - 3.97 8,091 -3.41
6 3.200

charges for ogee dams at all but low heads. Eq. 1, applied directly to the
Sspiliway shape, has the advantage that no coefficients need be known or esti-

mated in advance.

Moe. 15,--S'rAm)ano SpiL[.wt.y StPE8

Application of Eq. I.-Since the factor HD in Eq. 1 represents the head at

which a standard lower nappe shape is a reasonable 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 a vertical

upstreamn face have been used to find this head.' 0  These coordinates are shown

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

the spillway crest because this form is the simplest to apply. In Table 7i, y

is the distance below the crest elevation.

Using these dimensionless coordinates, standard spillway shapes were

plotted (Fig. 15) for values of HD from 10 ft to 60 ft. In Fig. 15 negative

10 ,Hydroelectric Handbook." by William P. Crenger and Joel D, Justin, John Wiley & Sone. Ina..

New York, N. Y.. 2d Ed.. 1950, p. 362.
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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 HD which gives the best fit is selected.
In deciding the best fit it may be found that the profile upstream from the crest
indicates one value and the downstream profile indicates a different value.
The higher of the two indicated values of HD should be used. For example,

TABLE 7.-CoORDINATES OF A STANDARD
SPILLWAY CREST

Value of Value of

Value of
nD • HD referred to crest

0 0.126 -0.3
0.1 0.036 -0.2
0&2 0.007 -0.1
0.3 0 0
0.4 .0.007 0.1
0A6 0.063 0.3
0.8 0.153 0.5
1.0 0.267 0.7
1.2 0.410 0.9
1.4 0.590 l.1
1.7 0.920 1.42.0 1.31 1.7

droops sharply downward and indicates a

the shape of Black Canyon DLhm
spillway upstreami from the
crest indicated a value of ap-
proximately 45 ft for 1H1. The
downstream shape indicated a
value of approximately 25 ft.
The larger- value was used.

The determination of the
I1D1 -vhlie which gives a reason-
able fit requires a certain amount
of judgment. When the profile
uipstream from the crest is the
criterion, the lip of the dam will
sometimes be the determinant.
Sometimes, however, the lip

lower value than other parts of
the upstream profile. When the downstream shape is the criterion, good
results have been obtained by assigning a value of H1 , based on the average
fit in the zone between points on the spillway where tangents range from 20'
to 350 from the horizontal. The exact value of H.D, is not too important.
Since it enters Eq. 1 in the 0.12 power, a difference of 10% 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 approacli velocity,
the accuracy of Eq. 1 when used for low dams, where approach velocity is
large, has not been tested.
:o far as is known, the application of standard nappe shapes (for which

discharge coefficients are known) to actual spillways on a basis of reasonable
best fit was first suggested by W. M. Borlund.'1 Mr. Borlund used a curve of
observed Ct-value plotted against H/H,. In 1942, C. E. Kindsvater, M.
ASCE, Suggested a similar procedure in which the curve of C4 versus Il/lie
was derived from Eq. 1. Mr. Kindsvater's work (not published) should give
results comparable to those obtained herein.

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

'F. 13. CAMPBELL,12 M. ASCE, AND A. A. McCooL,1 J. M. ASCE.-The
experimental data on discharge coefficients for flow over drum gates are a wel-
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cOllie addition to the published information on flow over spillways, or the ob-
servation and recording of the flow of streams. • A paperbyllobertE. Horten hasbeen a guide for tie estimation of flows over Spillways since its publication,14The basic information for the discharge over curved crests which lit the underside of a nappe from a sharp-crested weir can be deduced from investigationsmade by lDazin,,.AS althoughl the published record of these experiments has notbeen generally available to engineers in the United States. The investigationsconducted by the USBR (proposed by E. 1V. Lane, M. ASCE) embraced 1adextended the scope of Bazin's work which is often used as tie basis for overflowspillway shapes.1 Although good estimates for discharge over free-overflon,crests can be accomplished rather simply, the problem becomes complicatedwhen flow through partly opened crest gates is involved.

The commonly used types of crest gates are vertical lift gates, tainter orradial gates, and druma gates. The coefficient for a partly opened rertical liftgate depends on the location of the plane of the skin plate or lip with respectto the axis of the curved crest. The discharge coethcient for tainter gates isaffected by the radius of the skin plate, the elevation of the trunnion withrespect to the crest, and the location of the gate seat with respect to the axisas well as the crest curvature. To complicate any investigations further,observers define the gate opening variously as (1) the length of the arc fromthe 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 measured normal to the face.The last method is believed to give the proper dimension, whereas, the fore-going considerations are geometrical. The effective head for a partly openedvertical lift or tainter gate depends on the pressures on the face of the concreteand the pressures within the issuing jet. The author has given a good outlineof the geometrical variables and the head-measurement method for analyzingpartly raised drum gates.
The drum gate has the very attractive feature of requiring no mechanicalhoisting equipment for operation. Many of the dams constructed by theUSBR have spillways controlled by drum gates. For example the ArrowrockDam in hdaho (constructed in 1915) and the Tieton Dam in Washington (con-structed in 1925) are both equipped with drum gates. B. F. Thomas andD. A. Watt credit I. M. Crittenden with the design of what is apparently thefirst drum gate."? The gates Were installed in Dam No. I on the Osage Riverin Missouri in 1911. However, the refinements of the modern drum gate havebeen developed principally by tile USBR.

The discharge coefficients presented by the author are based on modelstudies. There should be opportunity to check the Coefficients for relativelylow ]leads with partly raised gates in the prototype by current-meter measure-
.u "Welr Eperiments, Coeffiierents and Formulas," by Robert E. Horton, Water Sup•l/ and Irr•gatiesPaper A888 r00. asla tic b y U. . e, o Commerce, Washington. D. C.. 1D07 (revisionof P~aper No. 150).
"b"Recent Experime~nts on the Flow of Water over Weirs" by H. Bazin. ýcnatesde, Ponis etChauseles1

Clober 15 ,ranlp tin b Arthur Marichal and John C. Trautwine, Jr., Proceedings. EngineersClub ofPhi-ldlphia, Pa., Vol. 1l1. No. 5, 1890, P. 259.)"Ibid., Vol. IX, No. 3, 1202, p. 231.
17 "The Improvement of Rivers," by B. F. Thomas and D. A. Watt, John Wiley & Sons, loc.. NewYork, N. Y., 2d Ed.. 1913.

U "Flow over Rounded Crest Weirs,".by W. M. Borlund, thesis presented to the University of Colo.rado, at Boulder; Colo., in 1938, in partial fulfilment of the requirement for the degree of Master of Science..21 Chf. Hydr. Engr., Analysis Branch. Corps of Engra., U. S. Waterways Experiment Station, Vicks-burg. Miss.
IsHydr. U. S. Waterways Experiment Station, Vicksburg, Miss,.

I
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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 flo6d over the Grand Coulee Dam spillway emphasizes the importance
of this condition. The writers have studied the basic 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/HD, in which
11D 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 x/HD and y/HD.

A comparison has been made of the coefficients for various (r/HD)-values
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 coefficients 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 discharge measurements and thus the coefficient of discharge is less than1%.

Model studies for Madden Dam reported by Richard R. Randolph, Jr.,t8 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/HD equal
to 3.62 at full head. The lack of agreement does not necessarily vitiate the
initial assumption. The difference in the coefficient may be caused by the

TABLE 8.&-COMPARISON OF DISCHARGE
WITH THE GATE DOWN

COEFFICIENT

Dam Radius Maaximum Ratio. Coefficnt.' Difference. in
of gate, head on crest, fro
in feet. in feet4' HD C ddon Da

Madden 30.0 30.0 1.00 3.77 0.0(Canal Zone)
Norris 34.0 27.0 1.26 3.80 0.8(Tennessee)
Grand Coulee 66.2 31.6 2.09 3.87 2.4(Washington)
S•.sta. 66.2 28.0 2.37 3.76 .- 0.3

(California)
Friant 47.0 19.0 2.47 3.04 -3.5(California)
Capilano 71.0 23.0 3.08 3.62 -4.0

.(British Columbia)

d From Table 1. & From Table 2.

The dams for which the data are listed in Table 8 are in the approximate
chronological order of the time of their design conception.
: Because of the increase in the ratio of r/HD (Table 8), it is of interest to
plot the profilejfor the lower surface of the nappe from a sharp-crested weir
with an approach slope of 2 on 3 in terms of x/HD and y/IID and to super-
impose on it the arcs of circles with radii of rIIID 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/HD equal to 1 is a fair approxi-
mation of the true nappe shape. The arcs of r/HD 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-
cient would be that for one third the design head of a crest with 4/HD = 1.

0 0.2 0.4 0.6 0.8 1.0
Value of

Fia. 10.-Lown' S'nraAca Or NAF'PPE FROM SLOPING WEIR COMPaRED wlTU CIRCULAR Ancs

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 reliability for conformity of the discharge coefficient.

J0sEP1 N. BRADLEY,"9 A.M. ASCE.-Mr. Shulits' statements regarding
the lack of correlation in laboratory studies are well founded, and the writer is
in complete agreement with his views.

Mr. Buehler's analysis for the determination of the designed head,
HD, 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 paper, is gratifying. Mr. Buehler's method certainly has merit ge-
cause following the determination of HD, coefficients of discharge can be com-
puted directly for all heads.

Messrs. Campbell and McCool undertook to show that a definite relation-
ship exists between the coefficient of discharge at the designed head and the
ratio r/HD 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
H'D. This method results in a coefficient of discharge for the designed head only.
When overflow sections are encountered where a single radius does not approx-
imate the overflow'shape, or when the approach conditions are unusual, an
engineering monograph7 may prove helpful.

I' "Hydraulic Tests on the spillway of the Madden Dam." by Richard R. Randolph. Jr., Transactions,ASCE, Vol. 103, 1938, p. 1091.
10 Hydr. Engr,. Bureau of Reclamation. U. S. Dept. of the Interior. Denver, Colo.
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Mr. *Wyss. suggested that pressures and water surfaces for drum gates at

various positions and reservoir levels would be useful to designers in computing
gate loadings. A limited amount of information is available, and this willbe presented.

1.0
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• .Becaupe 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.
* Pressures and water-surface profi~les are p)lotted in dimensionless coordi-

nates (in terms of the radius of the gate) in Fig. 17. Five positions of the
gate are shown for various reservoir levels producing flow over the gate. Pres-

*sures and water surfaces are shown for some levels whereas only pressures are

available for others, The broken lines represent pressure, miensured 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 inforina-
tion from model tests performed on the Grand Coulee, Hamilton, Norris,
Friant, and Hoover dams.

To determine graphically the most adverse water load on a particular gate,
it is necessary to investigate the pressures for several gate positions. Assuming
that tic first position is 0=41°, tie gate is drawn in this position on a piece of
transparent paper to the same scale as that used in Fig. 17. The maximum
expected reservoir is indicated for this gate position on the left side of thetransparent sheet.

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 0. The height of the gate, or length of are, can be exp.ected
to vary; this will have a 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.

Beginning with the chosen reservoir level, the pressure curve is traced from
Fig. 17(a) onto the transparent paper. It may be necessary to interpolate
between two of the pressure curves. The result will be similar to that shownin Fig. 17(f).

A similar procedure is then followed for gate positions of 230, 9" -30, 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, Fortunmtely, 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. 170.). If a gate angle other than those
shown is desired, interpolation can be made directly on the sheet corresponding
to Fig. 17("). Following the establishment of the maximum-pressure curve,
values of x/r and y/r are scaled from the sheet corresponding to Fig. 17(J)
and are transferred to dimhensional values by multiplying by r. *Should water-
surface profiles be desired, the same method of tracing and scaling can be used.
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