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OBJICT r. TIS DIVSITICIATJOI 

The purpoM ot thia inn•tigation wu tint, to detendne the 

tracH ot the under nappe ot -t•r tlorial onr a •harp cre.tecl cil"CU­

lar weir at increuing increment• ot head trc.a u low a head u could 

be measured to the head cogrHponding to a tlooded out conditions 

second, to determine the -rating CllrW tor the wirf and third, to con-

sider the results u they may apply to morning glory •Pill'R1 dHign. 
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HISTORY 

Within the last t119nty years the design ot a DWllber ot dams 

having tunnel spillways with circular bellmouth inlets has required 

that some method be tound to apprOJtimate the under nappe trace ot 

water !lowing owr the bellmouth inlet so that a curve tor the bell­

mouth may be detennined which will keep t 'he water in contact with the 

concrete surface. 

To date this design has consisted essentially in assWlling a 

circular weir, either vertical or sloping up stream, having a diameter 

sufficient to provide crest length for the required discharge. From 

the under nappe measurements on rectilinear weirs as determined by 

Bazin, the coordinates of the high point ot the spillway crest are 

determined. The under nappe trace is then obtained by deriving from 

Bruin's traces an equation of the path of an assumed particle and co11>­

puting the thickness of jet required to pass the flow at the available 

velocity. 

For the assumed particle path Mr . Ford Kurtz in his design of 

the Pleasant Hill Dam for the .lfuskingum Conservancy District, chose 

the center line of Bazin's jet and determined the equation of this 

path by choosing three arbitrary points on this centerline and deriving 

a parabolic equation thru them. 

In the Hydraulic ~odel Studies for the Keystone Dam by 

Professor George E. Barnes, the same procedure was followed except 

that the equation is derived for a particle path one-third the thick­

ness of the jet from the under nappe, since the particle at this point 

.. 
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is stated by Bazin to have a mean velocity. 

As far as actual discharge formulae fo r circular weirs are 

concerned, the only one available to the writer was Gourley 's wor k as 

outlined in "Hydraulics" by F. C. Lea. Gourley's experiments were con­

ducted with vertical cetal pipes of different di8J:Jeters faced off 

squarely on the end, thus making a weir of appreciable crest width . 

Expe riu ints with this apparatus gave the following equation which was 

considered to be correct for head diameter ratios up to two-tenths 1 

Q = KU!n 

here n = 1.42 and K = 2.97 fo r a weir 13 .70 in. in di8.l!letsr. 

Coincident with the experiments by the writer similar experi­

r.ents we re conducted at the University of Iowa as student thesis wo rk 

under the direction of Professor Lane. These test weirs consisted in 

cir cular sectors having radii of one, two and three feet. Unde r nappe 

trace data \las not considered too reliable but the followi ng discharge 

forculae were obtained1 

Q = 3. 28 LH1•5 

for head diaoeter ratios froc zero to two-tenths . 

Q = 3 .18 LHl.5 

fo r head die:neter ratios two-tenths to flood out . 

Although neither of the above experiments were performed under 

conditions quite comparable to those of the writer, their resulting 

equations were used as standards of comparioon in these tests . 
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DESCRIPTION OJ' APPARA'nJS 

Path or Water. Water for th11 invutigation was 4rawn from a 

so,ooo gallon reeervoir beneath the floor or the laboratory by one of 

three centrifugal pump• and d11charged into a con1tantlnel or orifice 

tank on the 1econd floor. The con1tant le.el tank di1charged thnt a 

12 x 7 inch venturi meter in a 12 in. line into an 8 in. line con-

t rolled by a val'"' at the end, and thence to a 3 x 3 rt. flume which 

discharged thru a 10 in. line joined by a 6 in. line from a weir box 

receiving the discharge from the orifice tank to two connected volu­

metric tanks on the first floor. After rieing in both tank• to the 

l evel required for constant flow,di1charge took place over the weir 

directly into the reaerYoir beneath the floor. 

Flow i.:eaauring Equipment. Flow for theee tuts was measured 

by venturi meter and orifice. The 12 x 7 in. venturi mater on the 

second floor i1 connected by copper pipe to a carbon tetrachloride 

U-tube manometer on the first floor. For very low flon a two-inch 

sharp edged circular orifice mounted in the aide of a circular tank 

five feet in diameter and ten feet high wa1 used. 

Circular Weir Setup. The circular weir (plates 1 and 2) ueed 

f or these tests consists in a ten-galloa cylindrical glass gasoline 

oeasuring bell of the short type from a Standard Oil Company gasoline 

pump. This glass cylinder is surmounted by a rolled copper ring one 

i nch high beveled at an angle of 60 degrees on the inside face and 
IS. S''f' 

machined to an outside diameter of 13 26/48 ;n. and an edge width of 
1.12? 

1/64 inch. The foregoing assembly is mounted on a 12 in . steel pipe 

.. 
.... "' 

which is in turn welded to the bottom of a volumetric tank concentric 

with the outlet valve at the bottom. 

Aeration pipes consisting in four 4-inch steel pipes were 

mounted horizontally at the top of the 12-inch steel pipe Just below 

the glass weir and extend radially on two diameters 90 degrees apart 

thru the sides of the volumetric tank . 

:!!:xtremely important in the maintenance of smooth flow was a 

conical 16 mesh screen covering the entire approach area and mounted 

above the aeration pipes at t~e base of the glass weir , 

Immediately above the f ecjer pipe from the first volu:netric 

tank YJas placed an eight-inch sand and gravel bed supported on 1/4 in, 

m6sh galvanized screen attached with ataple1 to a 2 x 4 in, wood r111g 

f astened at six points around the volumetric tank and attached in the 

same manner to a 2 x 2 in. wood ring surroundillJ the 12 in. steel pipe 

and supported on three 2 x 2 in, wood columns extending to the botto:n 

of the tank, 

For first runs, a vacuum manometer consi sting in a water filled 

U-tube was mounted on the outside of the tank and connected by rubber 

and cop;ier tubing to a fitting on the 12-inch pipe just beneath the 

glass weir , (See copper tube on Plate 2 inside left under nappe bege 

support angle ,) 

Under Naope Gage . The under nappe gege (Platee 1, 3, 4) con­

sists in a fixed horizontal bar mounted on 2 x 3 in , ~lea by a thumb-
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screw arrangement percittinp; adjustment in all plenes . On the horizon- ..:;;.'T:.uJJ o; .• -.r.K 

tal ba r is mounted a rider geared to a rack on the under side of the bar 

carrying verniers to read the divisions on the horizontal and vertical 

bars . ~ounted vertically on the rider and moving in guides adjusted by 

cap screws is a stream-lined bar of l ens cross section .:hich pierce• 

the flow on one diameter and carries a steel ring nine inches in dia­

me t er in a horizontal plane axial with the cross section of the verti­

cal bar . The motion of this ber is actuated by a fixed gear contacting 
' 

a movc.ble rack clamped to the vertical ber at any desired point. On the 

opposite diameter of the horizontal steel ring from the vertical bar is 

the pointer me chanism (Plates l and 4) consisting in a short braes rod 

slotted at the baee to clamp on the horizontal ring and fitted with a 

hollow wrist pin and toggle spring assembly at the upper end which 

actuates a short rod carried by the wris~ pin. On the end of the rod 

is a 1/4 in. brass s,>eer which touches the under nappe. In order to 

cover the entire range of flon it was neceuery to have three positions 

of the pointer Vlhich ere maintained by positive stops as shot1n in t he 

drawing. 

Gage for Joining of Under t!appes. This gage is an ordinary 

point gage moving in a vertical plane over the center of the weir and 

moving horizontally on a rider sliding on a horizontal wood beem. 

3eroin3 of Geres . Eefore any data r.as recoraed, the zero 

re~din;;s for the hook ar.a am.er nappe gE~e s •.·ere determined . Ir. the 

c r se of the hook gef;e , zeroins consisted in projectir.,; the horizontal 

plane of the weir to the hook ;c;ge by means of a str aight ,,;ood board 

laid c.cross tile r.eir r..nd touched by the hook giige . Contact v-ith the 

;>oint of the 0£tb€ was deten:ti.ned by notir.g that a ;:>iece of thin I.Jr per 

just 1.ould or wo uld not slide bet,,;een the bor.rd and the point . To 

reoove any error aue to misaligru:ient of the boara the i.)rocedare was 

re ~~ated with the board inverted and tile results averagea. 

The zero point for the unaer naype gi;ge was chosen as the 

nappe gage r eadings fo r each pointer position when the center of the 

sphere was in the pl ane of the weir crest at the outer edge of the weir 

and in the operating pl ane of the nappe gafe on a diameter of the weir . 

Sefore these zero readinss wer e determined, the gage assembly -.:as 

placed in a vertical plane thru the center of ti.e ..-;eir crest by ceans 

of plumb bobs . The vertical coordinates v:ers then detercined by touch­

ing a steel bar laid across the v:eir crest in the same menner as used 

for the hook gage . The horizontal coordinates were finally detercir.ed 

by placinc the steel bar on the •:eir crest per ,,iendicular to tl:e o,>e r at­

ing plane of the na,,,ie i;Dge . (Pl ate 5) The bar ••as tl:en t ouched by 

the sphere in the three ;:iositions ana tr.e horizontal reading of the 

nappe g~~e recorded. (Plate 6). The distance fro~ the face of the b!lI" 

to the edi:;e of the weir wns then ceasured with a cake-shift dial gage 

micrometer which was zeroed on etanaard £age blocks , (Plate 7) . 
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As a check, the entire above procedure ir&I repeated at the 

· end of the tests. 

Intervel of Under Napee T£e.ces. The interval of head for 

each under nappe trace as indicated by the hook gage ir&I arbitrarily 

chosen as 0.01 foot beginning at the least head which the mechanics 

of the nappe gege pennitted records to be taken. and ending when the 

weir flooded out as indicated by the rising of the joining of the 

upper nappes to the weir crest. 

Operation of Under Happe Gage. Readings on the under nappe 

gage were made by noting the coordinates when the sphere, for a given 

pointer position, just did or did not touch the under water surface. 

Plate 8 shows thie touch to be very definite. As the joining of the 

upper nappes rose the point of contact of the sphere with the under 

nappe was entirely obscured. Contact was then determined by looking 

thru the side of the weir with the aid of a •mall mirror held in the 

water at a distance sufficiently far removed to cause no interference 

with the flow. 

Check of Data ae Taken, To be sure that all under nappe 

data wa.s substantially correct, readings at one pointer position were 

lapped with those in the next wherever possible and the locus of the 

center line of the spheres was then plotted for each run before the 

flow was changed. 

Final Method of Plotting Data. The actual traces as recorded 

on plates differ from the above mentioned check traces by the radius 

"' 

of the spherical brass pointer. ·At each point detennined by coordinates 

to the center •phere a circular arc having the radius of the sphere was 

dra1111 with a compass. A smooth curTe was then drawn thru the points of 

tangency to the arcs. 

Flow l!anometer Readings, For each increment of head for which 

an under nappe trace was made flow manometer readings were recorded. 

Subsequent attempts to plot a rating curTe from this data resulted, how-

ever, in an illogical curve. After several attempts to correct this curve 

the data was abandoned and a separate rating curTe was determined on the 

basis of a new calibration of the venturi meter. 

Vacuum l.!anometer Readings. For the first run, the water flowing 

over the weir was allond to fall directly into the reservoir. Thie 

created a venturi action as the falling jet passed the valve in the 

bottom of the tank and tended to remove the air from the under side of 

the jet in spite of the liberal aeration pipes. It was therefore con-

sidered advisable to record this negative head by t he deflection of the 

above described water manometer. The resulting flow was, however, so 

unstable that an artificial pool was created in the 12-inch vertical 

pipe by closing the valve at the bottom of the tank until the pipe 

filled to a depth of about four feet. The vacuum manometer then failed 

to record any negative head and the readings were abandoned. 

Maintenance of Steady and Smooth Flow. Theoretically, since 

all points of control on the flow line from the flW!l8 on the second 
' . 

floor are orifices, flow should have been very stable over slight 
....... 

changes in discharge from the constant level tank. Actually, however, 

9 



the pipe from the flume did not discharge steadily but alternately 

discharged as an orifice, t hen filled to discharge aa a aiphon thus 

creati ng a very unsteady discharge at the higher flows• Thi• condi-

tion was practically eliminated by maintaining a high head in the flume 

thus preventing the pipe from drawing air. 

Previous to the placing of the above mentioned conical screen 

in the apparatus setup, discharge over the weir waa marred by deep 

s tanding ridges. The screen removed these ridges fully; however, it was 

necessary to keep the screen clear of air bubbles which rose thru the 

sand at t he bottom of the tank when flow was first started at the l>Ggin-

ning of any set of runs previous to which the tanks had l>Gen drained. 

Elevation of Joining of Upper Nappes. To determine the approxi-

mate joining elevation of the upper nappea, point gage readings were 

taken at several points on the joining surface with the lip of' the weir 

as the zero point. Since this elevation was not looked upon to have 

any definite bearing on the results these readings were taken purely on 

t he basis of t he appearance of t he joining surface. 

Venturi I.later Calibration. As mentioned above, failure of' the 

rating curve dat a taken in conjunction with the under nappe traces to 

pl ot necessitated recalibration of the venturi meter. The procedure 

fo r this calibration consisted in recording canometer deflections and 

actual f l °" as de t ermined by volumetric tank readings •. Nine points 

bet ween a low readable deflection (0.006 ft.) and a deflection corres­

ponding approximately to two second feet were used, four determinations 

being made for each point with the flow both i ncreasing and decreaeing 

10 
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from point to point. 

Rating Curve Runs, Following the venturi meter calibration 

i t was considered advisable to repeat the rating curve data proceed­

i ng in the manner indicated above, since it was f'oUlld that a logicol 

curve could not be plotted from the former data on the basis of the 

n ew venturi meter calibration. 

ll 



Ulil.1ER X,u>a, uAT. 

Gee;e Zeroe a 

Hook gae;e at lip of weir = 1,3835 ft, 

Under nappe gege at lip of ~:eir 
ointe r Coordinetee 
oeition Horizontal Vertical 

l 0 . 7245 1.412 
2 0 ,899 1.4175 /~,,:. 

3 1.0445 1.4945 

.Trace De.ta 

..... , 

Pock gage = l , 4385 Head = 0 , 055 Head/Diam, = 0 ,049 Run ~:o. l 

.• eeding 
number 

l 
2 
3 
4 
5 
6 
7 
8 
9 

1 0 
11 

Point er 
position 

l 

2 

3 

Coordinates 
Horizontal Vertical 

0,6975 . 
0 ,67 35 . 
0,6485 . r 7£'.: 
0.6195 • 
0 ,596 , I :28' 
o,5595 .1 r 
0,6855 ..L/.3 
0 ,6355 ~ , f 
o,593 ,Jo~ 
0 .556 . ~,~ 
0 . 6525 
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·Trace Data - continued 

Hook gege = 1 . 448 Head = 0 , 0645 Head/Di am, = O.C572 Run No. 2 

Reading 
n umber 

l 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3 
14 
15 
16 
17 
18 
19 
20 
21 
22 
22 
24 
25 

Pointer 
position 

l 

2 

3 

Coordine.te11 
Horizontal 

0 .704 
0.694 
0.6775 
0,6665 
0.648 
0,633 
0 ,6 20 
0 , 608 
0.58~ 
0 ,562 
0,543 
0 ,7385 
0.72'1 
0,720 
0.698 
0,682 
0.65 25 
0.6140 
0 . 569 
0 , 548 
0 , 7295 
0.709 
0 , 680 
0 . 6425 
0.6125 

Vertical 
1,4045 
1.400 
1,390 
1,380 
1,360 
1.340 2. 
1 ,370 ..... ' 
1,300 
1.250 
1.200 
1.150 
1.210 
1.160 
1.160 
1.100 
1 , 056 
0 , 950 
0 . 800 
0 , 600 
0 , 500 
0 . 790 
0 , 650 
0 . 500 
0 , 30C 
0 .110 

Hook gage = 1.460 Pead = 0 , 0765 Head/Diam. = 0 . 0679 ?.un i\o , 3 

l 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2 
13 
14 
15 
16 
17 
18 

l 

2 

3 

0 . 703 
0 . 685 
0 ,658 
0 , 6375 
0 . 6230 
0 , 5950 
0 , 5685 
0 . 545 
0 . 225 
0 , 699 
0 , 681 
0 , 6315 
0 , 5885 
0 . 733 
0 , 690 
0 ,649 
0 , 613 
0 . 592 

l , 406 
1,400 
1.380 
1, 360 
l, 340 
1.300 
1 , 250 
1. 200 
1, 220 
1.150 
l , l CO 
0 . 950 
0 . 800 
0 , 875 
0 , 700 
0 , 500 
0 , 300 
0 .110 
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14 
15 

:'race. llr•ta - co1.1.inued 
Trace Data - continued 

··?c o:t t;r1.o1e - ~ . "'1 7;J .. e.,<i = v . )865 .:eaa/..iiom. = 0 . 0767 Run 1.o . 4 Pook gage = 1. 490 Head = 0 .1065 Head/Diem. = 0. 0944 Run l:O . 6 
oV::tC. il "u r'ointer Coorainates Rea<iin;; Pointer Coordinc:te 11 nu.':IL1 r ,:iosition r orizontal Vertical numoer position Horizontal Vertical l 1 0. 702 1. 4075 1 l 0.704 1.408 ., 

0 . 682 1. 400 2 - o.671 1.400 0. 6515 l . 380 3 - 0.640 1 . 380 t, - 0. 623 l . 350 4 - 0.609 1.350 0. 5855 l . 300 5 - 0. 5705 1. 300 6 - 0 . 557 l . 250 6 2 0.737 1.290 7 2 0. 731 l. 250 7 - o. 7125 1.250 £ - 0. 684 l .150 8 - 0.6625 1.150 9 - 0. 631 l.000 9 - 0. 603 1.000 10 - 0. 569 0. 800 10 - 0. 539 0. 000 11 3 0. 722 0.900 11 3 o.692 0.900 1:: - 0, 671 0.100 1 2 - 0. 643 0.100 l: - 0. 629 0.500 13 - 0.623 o.500 14 - 0 , 603 0. 300 14 - 0.617 0.300 15 - 0. 600 0.110 15 - 0. 615 0.140 

r ook £~e = l . i;so Eeca = 0 . 0965 HeaajDilllll . = 0 . 0856 Run .~o . 5 ~Hook g~.se = 1. 500 Head = 0 .1165 Head/Diam. = 0.103 Run r o. 7 
l 1 0. 702 l . 408 1 l o. 7035 , ':2 I 1. 409 ,00;' ,I 2 - 0 , 6755 1. 400 2 - 0.6685 1 . 400 3 - 0. 6455 l. 380 3 - 0.6355 1.380 4 - 0 . 614 l. 350 4 - 0. 6035 1.350 5 - 0. 577 l.300 5 - o . 5630 1.300 6 2 0, 736 l . 280 6 2 0.7210 1,280 7 - 0,719 l. 250 7 - 0. 703 1.250 8 - 0. 670 1.150 8 - 0. 6505 1.150 9 - 0. 613 1.000 9 - 0.5905 1.000 10 - o. 5515 0. 800 10 - 0, 542 0,850 11 3 0 . 705 0. 900 11 3 0, 6935 0, 950 

l~ - 0. 656 0. 100 1 2 - 0.6405 0. 700 i: - 0 . 619 c . 5oo 13 - 0. 6305 o. 500 14 - 0. 610 0. 300 14 - 0.6265 0.300 15 - 0 , 606 0 .110 15 - 0 . 6255 0.140 
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Trace Data - continui;d 

Iract Data - continued Hook gcge = 1 . 510 Head = 0 .1265 Head/Diem. = 0.112 Run No. 8 
Hook gage = 1.530 Head " 0 .1465 Head/Di8JI. "' 0.130 Run No. 10 Reeaing Pointer Coordinates 

Reading Pointer CoordinatH 
numbe r position Horizontal Vertical 

number position Horilontal Vertical 
l l 0.700 l.Uo 

1 l 0.697 1.412 
2 - 0.6625 1.400 

2 - 0.656 1.400 
3 - 0. 631 1,380 

3 - 0.623 1.380 
4 - Q.5975 1,350 

4 - o.588 1.350 
5 - 0.556 1,300 

5 - o.595 1.300 
6 2 o. 7285 1 , 300 

0 -· 2 0.717 1.300 
7 - 0 . 696 1,250 

7 - 0.6835 1.250 
8 - 0.6435 1.150 

8 - o.6275 1.150 
9 - 0.581 1.000 

9 - o.5670 1.000 
10 3 o. 7345 1.100 

10 3 0.120 1.100 
11 - 0 ,671 0.900 

11 - 0.674 0.900 
1 2 - 0. 645 0.700 

12 - 0 . 661 0.100 
13 - 0,6395 0.500 

13 - 0.6555 0 .500 
14 - 0.635 0 . 300 

14 - 0.6515 0.300 
1 5 - 0. 6325 0.140 

15 - 0.648 0.140 
;:ook gr g e = l. 520 Head " 0 . 1 36 5 Head/Diam. = O. H l Run t;o. 9 

Hook gage = 1,540 Head = 0.1565 Head/Diem. = 0 ,139 Run .. o, 11 l l o . 698 l . 411 
l l 0.695 1.4125 

2 - 0 ,6585 l,400 
2 - 0.651 l.400 

3 - 0. 0255 l.380 
3 - 0.618 l.380 

4 - o.593 l.350 
4 - 0.584 1.350 

5 - 0.550 l . 300 
5 - 0 . 5405 l.300 

6 2 0.123 l . 300 
6 2 0 .712 l.300 

7 - 0 . 689 l.250 
7 - 0.677 1.250 

8 - 0 .6355 l.150 
8 - 0.622 l.150 

9 - 0 . 5735 1.000 
9 - 0 .564 1.000 

10 3 0 .7 26 1 .100 
10 3 0 .7165 1.100 

11 - 0 . 671 0 .900 
11 - 0.6805 0.900 

1 2 - 0 . 6525 0.700 
12 - 0.6685 0.100 

1 3 - o. 648 0 . 500 
13 - 0.6625 0. 500 

14 - 0 , 6435 0 . 300 
14 - 0.658 0 . 300 

15 - 0.640 0 .140 
15 - 0.6545 0.140 
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·o;;r ece '.)ata - continued Trace Data - continued 

r:cok cc gt : 1 . .... 50 r:ead = 0 . 1665 head/Di am . = J . 148 Run !1o. 1 2 Hook grge = l . 570 r:ead = 0 .1865 Head/Diam. = 0.165 Run No. 14 

i{eadin,: ?oint6r CooraiLat ee Reading Pointer Coordinates 
m.iDbe r ,iosition Horizontal Vertical number position Horizontal Vertical 

l l 0 . 684 1.413 l 1 0.6885 l.415 
2 - O. c47 1.400 2 - o.703 l.413 
3 - 0 . 614 · 1.380 3 - o .675 l.413 
4 - 0. 5795 1. 350 4 - o.639 1.400 
5 2 o. 708 1.300 5 - 0. 6065 1.380 
6 ~ 0. 673 1.250 6 - o .572 l,350 
7 - 0. 6185 1.150 7 2 0.6985 l.300 
8 - 0 . 5655 1.000 8 - 0.6635 l,250 
9 3 0.716 l .100 9 - 0.641 1.150 

10 - 0. 687 0 . 900 10 - 0. 5745 1.000 
11 - 0 . 675 0 . 700 11 3 o. 7245 1.100 
1 2 - 0 . 6675 o . 5oo 12 - 9.702 0.900 
1 3 - o. 6625 o . 3oo 13 - 0,691 o.7oo 
14 - 0 . 6605 0 .140 14 - 0.683 0 ,500 

15 - 0.6785 0.300 
"ook '-' ge = 1 . 560 : 'e nd = 0 . 1765 Eead/Diwi. = 0. 1565 Run : o . 13 16 - 0.676 0.140 

l l o. 6945 l . 414 !look gP.ge = l.580 HEad = 0 .1965 Head/Diem, - 0. 174 Run :.o . 15 
2 - 0. 705 l . 41 25 
3 - 0. 677 1.41 25 l l 0.687 l..416 
4 - 0. 643 l . 400 2 - o.7045 l.413 
5 - O.fll 1.380 3 - 0.671 1.413 
6 - o. 576 l,350 4 - 0 .6 360 1,400 
7 2 o. 7045 l . 300 5 - 0.604 1.380 
8 - 0. 670 1. 250 6 - o.569 1.350 
9 - 0 . 6165 l.150 7 2 0. 6965 l.300 

10 - o. s7o l.000 8 - 0.6635 1.250 
11 3 0.719 1.100 9 - o.615 1.150 
1 2 - 0 . 694 0 .900 10 - 0.580 1.000 
13 - 0 . 6825 0 . 700 11 3 0,720 1.100 
14 - 0 . 676 0 . 500 1 2 - 0,708 0.900 
1 5 - 0 , 671 0 . 300 13 - 0.697 0,700 

g - 0.689 0,500 
15 - 0.682 0.300 
16 - 0 . 6775 0.140 



\ Trace Data - continued 
Tr ace Data - continued 

Hook gage = 1.590 Head • 0.2065 Head/Diua. • 0.1835 Run lio. 16 
Hook gage = 1 , 650 Head = 0 . 2665 Hee.d/Diem, = 0 , 236 Run 1:0 . 18 

Reading 
number 

l 
2 
3 
4 
5-
6 
7 
8 
9 

10 
11 
1 2 
13 
14 
15 
16 

Pointer 
position 

l 

2 

3 

Hook gage = 1.600 Head = 0.2165 

l 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2 
13 
14 
1 5 
16 

l 

2 

3 

CoordinatH 
Hori&ontal 
0.685 
0.705 
o.668 
o.633 
0.601 
0.565 
0.6945 
0.667 
0.6175 
0.5865 
0.7355 
0.715 
0.705 
0.696 
0.6915 
0.688 

Head/Diam, • 0.192 
o,;,, = M:u; .e 

0.683 .o 9;_< 
0.703 .0.;>1 

o.667. ,a; 7.r 
0.630 .099f 

o.5985 ,,_,~ 
_ 0.563 /6 1:5 

0.693 . ::uc 
0.663 ,.23, 

. 0.6215 ,;;>;>JS 
0 .593 .~ 
o.734 ..s1of 
0,7215, .i;u 
o. 709 .J.3) ( 
o. 701 ..?i'J.S 
0 , 695,~ji.9$ 
0. 692,.3S.JS 

Vertical 
1.416 
1.413 
1.413 
1.400 
1.380 
1.350 
1.300 
1.250 
1.150 
1.000 
l.100 
0.900 
0.700 
o.soo 
o.300 
0.140 

R 
r..... 1.1.5z.. 0 ., ... ...... 

un No. 17 "'" -!: 0 ;: - :: 2 -r.<:> )(12 = 
~..... "'" . ...,,+ • 
1 ,4165,00¥ - o/j,!c'f _ o .~/D 
1,414 oo:i• · _ 
1.414 .' ,._ . .;,~7 - o .~s 
1.400 .o111s1J -. -- /, .,1-09 - c .O.S 
1.380 .~2':) ~- ,:?.3/(.. - • .;i9 
1,350 ,Of,. :2.. _ _. 3. OCj' • .- , 7/5 
1.300 // 75' - ~'9c;. - ,., .S- :;:.. 
1. 250 ,',,7) -..:._ .<'.£ - =< ·f?'i 
l.150 ,:J{,7J ·- £,7£? - v.1f 
1 . 000 .,_,,5' --...._ (..So - 1..s-t. 
1 .050 .+'/'ff"' __ 1.So - Jo, :.>3 
0.900.S9~J ' 7. 4./ - lo[? 
0 , 700 ,79','J - ' "" ;1... ' 
0 .500 ."/9'1-J :::: E'. :J..:L- : II/-, 
0 , 300/.1'9~.r~ s. "'~ 1'1. 11-7 
0 .140 /..J.f.f/-J ...._ s . .!"7 - 2tf,.3S1 

e. t.~ - .:J9,~s 
.3:] . ':J.<!:) 

Reading 
number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

-:21/-rS'I 

Point fir 
position 

l 

2 

Coordinates 
Horizonte.l 

0 . 675 
0 .705 
0 , 659 
0 , 625 
0 , 595 
o . 56 5 
0 , 702 
0 . 678 
0 . 649 
0 . 624 
o . 6035 
0 , 591 
0 . 582 
0 . 5745 

Vertice.l 
1 . 418 
1 . 415 
1 . 415 
1 . 400 
1 . 380 
1 . 350 
1 . 300 
1 . 250 
1 . 150 
1 . 000 
o.aoo 
0 . 600 
0 . 400 
0 . 140 
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Run 
No. 

1 

2 
3 
4 
5 
6 
7 

8 

/ 
ELB:VATION 01 JOINING UPPER !W'nS 

Point gage at lip ot ... irs 1.967 

P o i n t gag. readings 
Intersection 

Center reading• ot upper nappe 
Low point High point with llLlshroom 
0.032 

Average 
elevation 

below cre•t 
1.935 

Joining concave upward with tine 1pray or air bubbles in jet 

0.328 1.639 
0.621 1.346 
0.847 1.120 
0.979 0.988 
1.143 0.824 
1.264 - 0.703 

Joining concave upward with fewer and larger bubbles 

1.363 0.604 
Joining almost !lat with rew bubbles 

9 1.465 1.565 ,• ;:;.. 0.452 

10 
11 

12 
13 
14 

15 
16 
17 
18 

Further reduction in bubbles with more or leas a6lid jet 
rising to convex surface at center 

1.558 1.681 ,;; ~ 1.614 0.349 
1. 762 . 1.701 0.235 

Concave surface gone with !ew bub~•• entering jet 
~::i , :J.'lt. 

1.780 • ,. -· 26 0.214 
1.865 • ,., 1.796 0.136 .... 
1.921 1.858 0.077 

Standing convex mushroom with occasional bubble entering jet 

1.947 1.903 0.042 
1.997 1.941 0.002 
2.030 1.971 0.034 
2.165 2.136 0.184 

22 

COW'\JT.lTION OJ' <aGJ: ZSROKS 

Computation at beginning ot Teet• 

Hook gage" 1.3835 tt, read dir9ctly 

Under Napp• Gage zeroe• 

Radius or contact sphere = 1/4 in. • 0.0104 rt 
Ider~ 

Pointer 
position 

l 

2 

3 

Coordinate• 
Horizontal Vertical 

0.5575 1.4015 
0.1566 0.0104 
0.0104 I:4iI9 

o:724s 

0.732 
0.1566 
0.0104 
a.mo 
o. 6955 
0.3385 
0.0104 
I:0444 

1.4070 
0.0104 
l.m4 

1.484 
0.0104 
l.'ffii 

Computation at End ot Tiet1 

eter 
reading 

0.108 in. 

0.108 in. 

0.090 in. 

Hook gage= 1.3835 ft, read directly 

Under Nappe Gage Zeroes 

Coordinates 

Gag• 
block 

J.licrca­
eter 

length zero 
2 in. 2.000 

-0.229 
l.ffi 

+ o.1oe 
T.879 in •0.1566 ft 

2 in. Same u above 

4 in. 4.000 
-0.031 
3.969 

+0,090 
4.059 in .. 0,33'85 ft 

Gag• Uicrom-
block eter Pointer 

poeition 
1 

Horizontal Vertical 

W.crom­
eter 

reading 
0.122 in. 

length zero 

2 

3 

0.5395 1.402 
0.1738 0.0104 
0.0104 l:4l24 
0,7ffi 

0.5565 1.4065 
0.3323 0.0104 
0.0104 l.m9 o.am 

0.6995 1.484 
0,3350 0.0104 
0.0104 1.4944 r:om 

2 in. 2.000 
-0.037 
1.963 
+ 0.122 
T.08s in =0.1738 ft 

0.023 in. 4 in. 4.000 
-0.034 
3.966 

+ 0,023 
3.989 ·in= 0.3323 ft 

0.051 in. 4 in. 4.000 
-0,031 

3.969 
+0,051 
4.520 in= 0,3350 ft 



' \ 
I 
\ 

24 . 
25 

qALIBRATION Oi' VE?."TURI laTEl\ CALIBRATION f»' VENTIJRI 1ICT£R 0011Unued 
(See Plate 9 for plot of variable coefficient) 

Volumetric tank Actual Q = cK22((1 - l)D)l/2 
!10 . Reading s ft cl: in. Difference f'loy Manom. 

Initial Finai ft cl: in. ft cfs dfl. c 
Where Q = Floy in cf1 d1 • Di•. of pipe 

l 2 4. 96 2 6.42 0 l.44 0.120 0.057 0.006 o.429 c • Variable coefficient d2 • Diaa. at throat 
2 2 11 . 77 3 4 .43 0 4.66 0.388 0.183 0.017 0.824 

K "' 1'/4 vi -~2./d1)'' I • Sg of MDCIII. fluid 
3 5 2. 37 5 11.47 0 9.10 0.758 o.357 0.099 0.921 D • Defl. of mu1111. in ft 
4 2 5.56 3 8.70 1 3.14 l.262 o.595 0.126 0.986 
5 5 8. 39 7 5. 30 l 0.91 1.743 0.822 0.241 0.984 For the meter used in theH te1tl1 
6 4 2. 61 6 5.46 2 2.65 2. 205 l.040 o.390 0.9?8 
7 2 0. 07 7 5.71 5 5.64 5.470 l.228 0.595 0.960 K • 6.68 d1 • 12 in. d2 • 6.915 in. I • 1 0 588 
8 5 5. 41 8 10.71 3 5.30 3.442 l.623 0.946 0.981 
9 2 o . 72 6 l.73 4 l.01 4.084 l.928 l.330 0.982 Then 

Q • c 6.68 x o.5762 x o.s0a1/2 D1/2 10 2 a . co 5 5. 21 3 5.21 3.434 l.620 0.956 0.974 
11 7 6.54 10 3.08 2 8.54 2.711 l.280 0.595 0.975 

= c l. 706 Dl/2 
1 2 2 0. 61 4 3.13 2 2.5 2 2. 210 l.042 0.397 0.973 
1 3 3 9. 59 5 6.73 1 9.14 l.762 0.830 0.251 0.973 c = Q/l.706 Dl/2 H 9 l.75 10 3. 88 1 2.13 1.177 0.555 0.116 o.958 
15 6 8. 56 7 5. 87 0 9.31 0.776 0.366 0.051 0.952 
16 3 2. 51 3 7.35 0 4.84 o.404 0.190 0.017 o.856 
17 2 4 . 49 2 6.65 0 2.16 0.180 o.oa5 0.006 0.643 
18 2 6.10 2 11.09 0 4.99 0.416 0.196 0.018 o.es9 
19 4 2. 92 4 11.88 0 8.96 0.746 o.352 0.049 o.935 
20 2 0. 86 3 3.07 1 2. 21 1.184 0.559 .• 0.117 0.960 
21 2 o. ;,.3 3 9.61 1 9.38 1.782 0.840 0.258 0.971 
22 4 3. 52 6 6.07 2 2.55 2.212 1.043 0.390 0.983 
23 7 6 . 03 10 2.as 2 a .es 2.738 1.291 0.603 0.976 
24 5 6 . 73 8 11.81 3 5.oa 3.424 1.618 0.957 0.972 
25 2 1. 52 6 1.95 4 0.43 4.036 l.908 1.313 o. 979 
26 6 4 . 04 10 4 . 87 4 o. e3 4. 069 l.922 1.328 o.979 
27 5 6 . 48 8 11. 30 3 4 . 82 3.401 1.606 0.928 o.~79 

28 2 0 . 82 4 8. 83 2 a.01 2.667 1.257 o.573 0.974 
29 4 2. 32 6 4 . 23 2 l.91 2.159 l.018 0.376 0 .975 
30 5 c . 35 7 3. 22 l 8.87 l.740 o . e20 o.249 o.966 
31 8 2. 35 9 4.87 l 2.5 2 1.210 0 .570 0.123 0.956 
32 4 5.lu 5 2.53 0 9.43 o.786 0 .370 0. 051 0. 961 
33 2 11.40 3 4. 67 0 5.27 o.440 0.200 0 .020 0. 863 
34 2 0. 36 2 2. 81 0 2.45 0.204 o.096 0. 006 0. 721 

The value of c in the above co~putation is the vari able 

coefficient of di3charge for any given :neter de;iending on t!ie. r ate of 

flov: ·., hen di scharge is ex;iressed by the followine; formula s 



V='l:rtJRI :.3T:::..1\ PORT::EON OF RATING CURVE 

Hook 6age zero = 1.3835 ft 

Run l'.anom. Q 
:·o . Hook gai;e Head dfl . c cf s 

l 1.440 0 .0565 0.012 1.370 0 .150 
2 1.449 C.0655 o.01a 1.460 0.196 
3 1,458 0.0745 0.025 1.522 0.241 
4 1.475 0.0915 0.642 1.605 0.329 
5 1.489 0.1055 0.063 1.622 0,407 
6 1.501 0,1175 0.085 1.629 0.475 
7 l.5l 4 0,1305 0.115 1.638 0,555 
8 1.527 0 ,1435 0.149 1.640 o. 633 
9 1.530 0,1465 0.158 1. 644 0.654 

10 1. 5365 0.155 0.187 1.648 0.112 
11 1.541 0.1575 0.190 1.651 0.718 
12 1.5475 0.164 0.218 1.655 0.774 
13 1.5615 0.178 0.274 1. 658 0.867 
l.; 1.571 0.1875 0.320 1.622 0.940 
15 1 . 5825 0.199 0 . 376 1.665 1.020 
16 1.594 0.2105 0 . 443 1.667 1.108 
17 1.605 0.2215 0 . 508 1.669 1.187 
18 1.615 0.2315 0 .576 1.670 1.263 
19 1.625 0.2415 0,650 1.670 1.341 
20 1.635 0. 2515 0.719 1 .670 1.411 
21 1.645 0 .2615 0 , 804 1.670 1.491 
22 1. 6545 0.271 0 . 888 1.670 1 .570 
23 1.665 0.2815 0 .982 1 .670 1.650 
24 1.687 0.3035 1.184 1.670 1.810 
25 1.707 0.3235 1 . 356 1.670 1.937 
26 1.731 0 . 3475 1 . 575 1.670 2.087 

/J 

(! 
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Run 
No. 

1 
2 
3 
4 
5 
6 
7 
8 

OIUHCE PORTIO!i OF RJ.TI!G CURVE 

Hook gage on weir = 1,3835 Zero reading on orifice tank 3 ' 
Head on orifice 

0.10" 

Head 
0.0665 
0. 061 
0.057 
0.050 
0.046 

Hook gage 
1.450 
1.4445 
1.4405 
1.434 
1 . 4295 
1.425 
1.423 
1.419 

cm- 0.415 ) 
•• ; 0.395 . 

-' J>f 0. 355· . 

Head gage ft ! in actual head ft 
9 a.so 6.7o 
8 2.26 5.18 
6 11,98 3,99 
5 6.94 2.57 
5 0 .46 2.03 
4 7.24 1,60 
4 4.36 1.35 
4 0.25 1.01 

Q cfl 
0.198 
0.174 
0.153 
0.123 
0,109 
0.097 
0,089 
0.077 

Notes- On Run ?lo , 8 under nappe failed to break clear all the way 
around the weir. 

Run 
~. o, 

1 
2 
3 

To avoid confusion of points, only Runs Nos, 2 and 8 were 
enclosed with circles on rating curve plot. 

Determination of K for orifice, 

Heaci. Q by ven- Head on 
ttol/2 K ., Q/Hol/2 on weir turi meter orifice Ho 

0.0665 0.198 6.70 2.59 0.765 
0.061 0.174 5.18 2,275 0,765 
0.057 0 .153 3.99 1.999 0.765 

Further suodivision of K obtains the follo'lli~t 

Where Q = Discharge in cf a Q = CA 8.02 Hl/2 

C = Q/A 8,02 Hl/2 
C = Orifice coefficient 
A = Area Qf orifice in sq ft 
H • Head on center of orifice 

For the 2 in, orifice used A • 0.0218 sq ft 

Then substituting in any of the above runu 

c = 0.190/0 . 0210 x 0.02 x 2.59 = o.427 

.. 
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JµTH!i31A1'ICAL I' \JUI (6 RATING cam: 

To tl•t•nlirie the •thematical fol'll of the rating curn log­

rithilu of the bead and corrH,PODdi11g now take from the ratillg CUl"Te 

were plotted on grmph paper (Plate 10). If a CW"H of the form 

Q • KLHn h u1umed, the elope of the annge line thru the point. is 

the 'Hlue of n, while the interee~tion of thil line with the Q ui.1 ii 

the Yalue ot log JC + log L. 

Now from the upper portion of the graphical 1olution1 

n • 1.412 

log K + log L • 0.996 Circumference of weir • 3.545 ft 

logL"~ 

log K • 0.446 

K • 20 79 

Then 

Q • 2.79 LHl.412 

from the lower portion of the graphical solution it is 

evident that the values of n and K are different from the upper portion. 

The value of n = 1.57, as shown on Plate 10, is, however , illogical, 

since in the caae of a straight weir n = 1.5 is t he highest obtainable 

value. The equation for the lower portion of the rating curve was 

determined by aael.llling the lll&ltimum Talue of n (1. 5) and computing the 

value of K to give the rated discharge under a head of 0.14 ft 

(H/D = 0.1241) which Talue is shown by the graphical Eolution to close­

ly approximate the point of mathematical change in form of the ratiq; 

curve. 
Q = KI.Bl.5 

K=~ 
LHl .5 

28 
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.IJA~TICAL FORM CU iUTit;G CURVE continued 

Substitirting Q • 0.615 H1 •5 = 0.0524 end L • 3.545 

K • 3.31 

Then 

Q = 3.31 LH1•5 

Point 
number H Q Log H Log Q 

1 0.04 0.091 -1.398 -1.041 

2 0.06 0.167 -1.222 -0.777 

3 0.08 0.267 -1.097 -0.573 

4 0.10 o.375 -1.000 -0.426 

5 0.12 0.491 -0.921 -0.309 

6 0.14 0.615 -0.854 -0.211 

7 0.16 0.744 -0.796 -0.128 

8 0.18 0.889 - 0.745 -0.054 

9 0.20 1.026 -0.699 - o.ou 

10 0.22 1.178 -0.658 a.on 
11 0.24 1.328 -0,620 ' 0.1 23 

12 0.26 l.482 -0.585 0.171 

13 0.28 1.639 - 0.553 0.215 
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DI SCUSSION 

Accur acy of Ueasurements . Since this inveetigation was 

essentially n&w and original and there was no definits ~rocedure es-

tablished fo r acquiring tne contem;lated results it is necessary to 

show that the measurements taken have a sufficiently accurate bll!lie to 

be used in further investigations • 

In view of the accurate calibration of the venturi J:E;ter 

and the use of the so deter:nined coefficient to deterciine the discharge 

at all rates of flow, the venturi meter deter:nined portion of the r ati!'l,3 

curve should be accurate within the least reading of the mano:?1eter , which 

is two percent for the lowest deflection used and less than three-tenths 

percent for the highest deflEction. 

For th9 computation of the orifice coefficient c, an cxtre~e-
lo~ value of c (c 

0. 437) was obtained , No ex:>lanation of this value 

is offered except tnat it gave results consistent ~1.th tne venturi deter-

mined portion of the rating curve . 

Head deter.U.nations with the apparatus described above r.ere 

probably accurate ~1.thin the lsast division of the hook gage (C . 001 ft . ) 

although by careful lllanipuletion the gage could be read accurately to 

0 . 000~5 feet . Slight periodic vi:.riat ions in head , ho~ever , lll5.de necessary\_ 

averaging of hook gage readin~s for a mean v!l.lue . In.no case ..-as data 

recorded with hook gage readincs veryin5 more than 0. 001 f Eet . 

The meche.nism of the uncie r nappe g~e cade _possible =ensure-

ments -.vit:iin 0. 0005 feet , This vc.lue ;-;as consiaer a.bly less tfLJJ tf.e 
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stability of the water surface warranted, since the alight TBriation 

in head gave alternate contact and free periods between the sphere 

and t he water surface. 

The interference of the under nappe gage vertical motion 

(Plate 8) was negligible since the ridges created did not extend more 

then 180 degrees around the nappe at any flow. 

Contact or the spherical pointer with the under nappe 

(Pl ate 8) was very definite for the positions which could be observed 

directly from above . 'mien the mirror was used the ridges were viewed 

froo the side and appeared as streaks of light which were as readily 

dis cernible as in the case . of the directly viewed contact. 

Discre2ancies in Data. Referring to the under nappe traces 

(Plates 12 and 13) dis crepancies in the data were noted as indicated 

by the discontinuous increments of increase or decrease in departure 

of the traces from t he zero coordinates. Ae ment1oned above, these 

discre.;iancies were seen to exist at the time the data was taken, but 

re~tition of the data fe.iled to produce traces differing from those 

.;>lotted by more than 0.001 f eet. In the opinion of the writer these 

discre pancies may be attributed t o slight changes in crest conditions 

f or different flows and faili.ire to attain equal increments of head by 

less than observable hook gage readings. 

Discontinuity of Kappe Plot at Crest of ~eir. Plate 13 

shows a discontinuity in t he under nappe traces between the weir 

crest and the beginning of the traces. The point closest to the 

32 

' . 

crest represents the lut point which could be re.ll with tbe epbere 

without interference with the lip of the nir. Trecee N\abere 1 uad 

18 were arbitrarily extenc.ed to the weir crest for the aake or appear­

ance, and do not represent actual tracee beyond adjacent point• on the 

trace. immediately following. 

Velocity of Approach. In all computation• the velocity o! 

approach created by vertical flow thru the teat tank 1111• diaregarded, 

since the corres;><>nding velocity head 111110unted to bl.It 0.0006 !eet at 

the highest rate of diecherge ueed. 

It 1111• also logical to assume that the eize of the te.t 

tank was sufficient to cause no appreciable interference with the 

drawdown curve to the weir, since it wae noted that particle• on the 

surfaci of the water close to the teet tank required fifteen minute• 

to reach a zone of rapid acceleration toward the weir. 

Comparison of Under Nappe Tracee. To show the degree of 

JJ 

consistency bet~een the under nappe traces ae determined by tbeee ex­

periments and the compu '; ed traces ueed in the design of morning glory 

spillways at the present time, the traces on Plate 14 were drawn by 

scaling coordinates from Plates 12 and 13, and from the drawing of the 

computed under nappe trace corresponding to a vertical weir in the 

Hydraulic ~odel Studies for the Keystone Dem. The head di8111eter ratio 

for the Keystone Dam was found to agree closely with that for run 16 

of these tests, so that no interpolation between traces was attempted. 

'\ 
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CllllCL US IONS 

.Jlnder Nappe Tracee, The under napjle traces a• determined 

in these experiments are sufficiently accurate to aerve a• a baaia 

for further investigation, 

In the case of circular weir• the de?arture of the under 

nappe from the face of the weir is not a progressive function of the 

head as in the Calle of rectilinear weirs. 

The portion of the under nnppe trace close to the weir 

crest should be investigated further to ~heck against Bazin'• curves 

for rectilinear weirs , 

~ating Curve, The equation of the rating. curve as deter­

mined by tqese t ests diseerees sufficiently with the equations result­

ing from the investigations of Gourley and the University of Iowa to 

merit further tests on weirs of varying di11111eter and sharpneee of 

crest, 

The re.ting curve for circular weirs consists in three 

parts if expressed by an equation of the fonn Q = BLHn, The first 

part varies in both K and n and extends to a head diB111eter ratio of 

about 0,125 for this investigation. The second part ia constant in 

K and n, the value of n being less than three halves, The third part 

consists in a portion of reversal in which n becomes less than unity, 

This point occurs above the point of apparent nood out as indicated 

by the rising of the joining of the ujlper nappe_s, This third portion 
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of the curve is of no value in - 11;1i ll11ey design er.d er.) be r.e(;lected, 

since ?i pe friction v;" ula tr.en be in control, 

A,i Jlication of this Inv&sti;:,dion to J,;orr.ir.t: C1cry St1i lln.1 

Desirn . In ti.e design of corr.in& gl ory 11,iilh:aye for the iJro.x r 

curvature to ke ep the water against the ccncrete face the t race fo r 

discharEe at Cl8.Ximum head should not be used and ex,,e cted t o satisfy 

conditions at lower !-.ends v.-iti.out yroducing negative ,:.reseur e , 

Retir.g curve formul ae for r ectilinear v:eirs should no t be 

used to det en:ti.ne crest lel"-&th r ec;uire~nts for circular spillt. -·· 

design , 

Under r.appe traces for circular \<eirs col:l;)Uted on Ue be.sis 
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oi" sicil e r traces for r ect ilinear ·.-eirs are radic:nlly cissil:lilE.r to 

a ctual traces for head die.:neter r at ios o- the order of h :o "tenths , ena are 

t herefore wholly inaccurate when used to design epi ll'7B:s of the 

corr.ing glory type , 
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