74

L

HYD 7&

HYDRAULICS BRANCH
OFFICIAL FILE COPY

i e - A
b S g & E'S 53
%k

UNITED STATES
DEPARTMENT OF THE INTERIOR
BUREAU OF RECL/RATION

HYDRAULIC LABORATORY REFORT 110, 74

FIOW OF UATER T SUPERELEVATED CHANNELS AT
VEIOCITIES BOT:il ABOVE AND BEICT CRITICAL

By

THE PERSONNEL OF TiHE SPILLUAY DESIGN SECTION
AND THE HYDRAULIC STRUCTURES LABORATORY

Compilcd by

Te Ge OWEN

Denver, Colorado
January 24, 1940



PREFACE

The idea of applying the theory of superelevation to
curved spillways was suggested by Raymond A. Hill, Consulting
Engineer, Quinton, Code and Hill - Leeds and Barnard, Los
Angeles, California. This idea was suggested by him while re-
tained by the Salt River Valley Water Users Association of
Arizona in the capacity of Consulting Engineer on designs made
by the Bureau of Reclamation.

To date, six designs of curved and superelevated spill-
way channels have been prepared in the spillway section, division
-of dams, of the Bureau of Reclamation under the direction of
D. C. McConaughy, Senior Engineer, and under the supervision of
K. B. Keener, Senior Engineer. Particular credit is due D. A.
Dedel, Engineer, D. V. C. Birrell, Associate FEngineer, C. J»
Hoffman, Associate Engineer, and A. W. Garnell, Junior Engineer,
who severally contributed much to the development of the design
theory.

The models of the Bartlett and Vallecito spillways de-
scribed in this memorandum were designed and tested, and the
data analyzed in the hydraulic laboratory of the Bureau of Recla-
mation by the writer under the direction of J. E. Warnock,
Engineer in charge of the laboratory. All laboratories are
under the supervision of Arthur Ruettgers, Senior Engineer, and
R. F. Blanks, Engineer. All design work is under the supervision
of J. L. Savage, Chief Designing Engineer, and all work of the
Bureau of Reclamation is directed by R. F. Walter, Chief Engineer.
The activities of the Bureau of Reclamation are directed by
John C. Page, Cormissioner.

All the material, text, data, equations, figures, il-
lustrations, etc., are the property of the Bureau of Reclamation
and may not be reproduced in whole or any part without the
written permission of the Bureau of Reclamation.
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Subject: The flow of water in curved and superelevated channels at both
subcritical and supercritical velocities.,

, 1. General Theory and Development of Formulas., This dis-
cussion of the flow in open channels, curved in plan and superele-
vated in cross section, is divided into three parts. The first deals
with flow at subcritical velocities in channels with parallel sides;
the second concerns flow at supercritical velocities in channels of
parallel sides; and the third concerns flow in tapering channels at
supercritical velocities.

In these developments, consideration of the effect of friction
will be first omitted, then later added,

The assumptions made are:

1. The energy gradient across any section normal to the center
line is horizontal,

2. The discharge per foot of channel width is constant,

The symbols used in this discussion are defined as follows:

v = velocity.

h = velocity head,

r = radius measured from center of curvature to the point
considered,

p = the hydrostatic pressure.

g = the discharge per foot of channel width.

z = elevation of any particle above the datum plane.

w = the weight per unit volume of the fluid.

a = the angle that the tangent to the water surface makes

with the horizontal,
= the acceleration of gravity.
C, C15 Co, and C3 are constants,

From the first assumption it is obvious that

v2 . P + 2 = a constant, (See Figure 1)
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In any horizontal plane 2 18 constent, so
T + -L = @ constant,
Differentiating with respect to r,

dv 1 dp _
'E'-'zv 0

v 4v . 1l dp - 0

g dr w dr

But the change in pressure across a stream tube is

Then,
v & 1 w e 0
g dr woogr
-%;—-+-€;-- 0
or
-55-'+ di s O
Integrating,
log v + logr = log C
VI @ C 4secs0sves0000800000000000s008000000ass00000ecessll)
or
vra o2
but
v =2 gh
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Then,

hrz

= 01 .-.-u-...ou......n....o...o...............(Z)

Taking the log of both sides,

log h +2 log r = log Cl

Differentiating,

dh 2 dr

h * r 0

dh _ __2h

dr r
But

—%%—-- tan o

Therefore,

tap @ *® = —r— ooooooooooooaooocﬁo000.0-000000000..--0(3)

From the second assumption it follows that
gewave (Led)vosdeve Cy

But from equation (1), vr = C

dovw
= £ cuC3

or

d . )

T‘ Gs ooueoounoanoooono.toon-009509009-009000900000(4

Equation (3) may be derived also from a free-body analysis of a
particle; and then equations (1) end (2) may be obtained from
equation (3),

2, Suboritical Flow. The eapplication of the above theory
and equations to the design of a channel in which the flow is below
oritical veloocity may be illustrated in an example.

8



Y

Specifications of channel:

Width of chAnndl ccecosvcecssosesccevacecess
Radiug of eenter line cecosvsoceccssssssccee

Depth of water on center line at sectiom

considered oeeseeccsocesssecessescscossces
Velocity at center line of section

oonsidered cscccececocoscsescscesscrcnssace

50 feet,
150 feet.,

5 feet,

4 ftq/seo.

Energy gradient at section considered ¢sse. 100 feet.

Critical depth under these conditions is 2,32 fest.

The

elements of the computations are arranged in tabular form and appear

in table I,

In this example, computations are made at five points,

ineluding the center line, but in wider chamnels it might be advis-

able to include more points.

TABLE I

Superelevation Computations for Subcritical Flow

: sInside: Inside  :Center: Outside :Outside
Noo3 Iten : Wall :Quarter-Point: Line :Quarter-Point: Wall

: 3 : : s '3
1 sRedius ' £126,00: 137,50 :150,00: 162,50 ¢ 176,00
2 tRy/Ry : 1,200: 1,091 : 1,00: 0.923 : 0,857
S sVelocity : 4.80: 4,56 : 4,00: 3,69 3 3.43
4 :Depth 3 4,17: 4,58 : 5,00: 5042 : 5.88
5 :Velosity head s 04,36¢ 0,30 : 0.26: 0.21 : 0,18
6 :Energy gradient:100.00: 100,00 :100,00: 100,00 : 100,00
7 %, S, elev, 8 99,64 99,70 s 99.,75: 99,79 ¢ 99.82
8 :Bottom eleve @ 95.74: 95.12 : 94.75: 94,37 s 93.99
9 :Superelevation : +0,72: +0,87 : 0,002 =0,38 : =0,76

Explamtion of computetions:

Item Noe. 3 is obtained from equation (1)e

vr =

or
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where

V. = velocity at center line,
r, = radius at center line,
d, = depth at center line,

Item No, 4 is obtained from equation (4).

d

.—_nc
r
or
dg dx
®r
1’0 X
and
d
d = 2 o I = do
x rc X r 1‘x

In item No. 9, the superelevation is the distance that
any point on the channel floor is above (plus) or below (minus)
the floor elevation at the center line,

Figure 2 shows the water surface and channel floor plotted
in correct relation to each other. It is interesting to note that
the superelevation occurs on the inside of the curve, which is the
reverse of the condition obtained, as will be shown, when the flow
occurs at a velocity above that of criticale. The theory in the above
design has not been verified in the laboratory. In the experimental
investigation on the approach canal of the Green Mountein Dam spill-
way, some superelevation, as indicated by the above theory, wms tried
in the model. Theory indicated a total of eight feet of supereleva-
tion; the equivalent of four feet was tried in the model and found to
disturb flow conditions down the chute even more than occurred with
no superelevation, However, as will be seen by inspection of the
plan of the approach channel (figure 4), this could not be considered
a fair test of the theory. Figure 5 gives a comparison of the flow
conditions with and without superelevation.

3. Supercritical Flow Considering No Friction, In thie
example, to facilitate comparison the channel specifications are
identical with those in example 1 except that the velocity on the
center line is above critical,




Specifications of ohannel;

Width of channel cesecvesvssscccscessccess 50,0 foet.
Badius of center 1ine seesvescsocaccsascss 160.0 foet,
Dep’th of water at conter 1line ceseccscsves 5.0 feet.
Velocity at oenter 1ine seseececececccsess 9040 ft./ﬁ“.
Energy gradient across s6etion cescesecess 1000 foot,

Critical depth under these conditions would occur at
8.88 feet., As in the previous example, the elements of the com=-
putations are arrénged in tebular form end appear in table II.
TABLE II

Superelevetion Cemputations for Supercritical Flow

: t1Insides 1Inside  :Cembers Outside :Outeide
Foes Iten 3 Wall :Quarter-Point: Line s;Quarter-Point: Wall

3 t 3 : : s .
1 :Radius $126,00: 137,60 :180,00: 162,50 3 176,00
2 1Ry/Rx : 1.20¢ 1,091 : 1.00: 0,928 : 0,857
3 1Velocity s 36,00: 82,73 : 30,00: 27,69 3 25.T1
4 :Depth t 40173 4,58 : 5,00: bed42 : 5,88
6 3Velocity head 3 20,156: 16,66 : 18,99: 11,92 : 10,28
6 3Energy gradient:100,00: 100,00 :100,00: 100,00 1 100,00
7 W, S, eleve $ 79.80: 83.34 : 86,01: 88,08 : 89.72
8 tBottom eleve 3 75.68: 78,76 : 81,03s 82,66 : 83,89
9 3Superelevation 3 =5,33: 2,25 ¢ 0,00: +1,63 : +2,88

The results of the computations shown in table II are
plotted in figure & as solid lines. Superimposed for easy compari=
son are the water surfece and channel floor ocurves for the sub-
oritical flow condition,

4, Supercritical Flow Considering Friction. To recapitu-
late, in an ideal fiuid with no friection present the veleecity, depth,
etc. on the center line are computed &s if the channel were straight,
¥With a given lenmgitudinal bottom profile on the center line, the
velocity at any station ean be computed by a simultaneous solution of
Bernoullits equation and the relation v = q/a. where q is the dis-
charge per fooct of width and is assumed constant across any cross
section, Then, having determined the elements of flow for the center
line at any oross seetion, the elements of flow can be determined for
as many other poimnts in the oross section as desired by using the
formulas vr = a constant and d/i = 3 constant, since the energy gradi-
ent is & horizontal plane for en ideal fluid with no frietion,.
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However, when friction is introduced into the computa-
tions, two hydraulic conditions must be satisfied simultaneouslys

the relation ten g = _2%_ (equation 3) must hold true; and the

equation of steady flow between successive stations must also be
satisfied, This is probably most easily accomplished in the fol-
lowing manner, With the plan of the channel and the longitudinal
profile of the floor at the center line given, the velocity,
velocity head, depth, frietion head, &and water surfece elevation
at the center line can be eomputed as if the channel were not
curved, by making use of e relati d = q/v and, for instance,
Manning's formula s = (nv)4/2,2082 r%/3, The latter equetion ex-
presses the loss of head per foot of reach, (8), in terms of the
coeffiqient of roughness, (n); the velocity, (v); and the hydraulic
redius, (r). It is apperent that the loss per foot will be higher
on the inside of the chamnel,where the velocity is higher and the
hydreulic redius smeller, than on the outside of the channel, The
energy gradient across the section is therefore no longer horizon-
tal, To satisfy the two above-mentioned hydraulic cenditions in
one equation involves ummanageable integrals; so the procedure
outlined below was followed.

(a) First, assuming the energy gradient to be horizontal
across the oross section, the water surface and bottom ele-
vations are computed at the sides and the gquarter points by
the method used in table II, Then the transverse slope of
the water surfaoce is computed at each of these points by the
formula tan a = 2H/R, where R is the radius to the point
end H 4s the velocity head at the point from the abeve com-
putationso

(b) Hext, the emergy gradients at the sides and the
quarter points are computed in e manner similsr to the center-
line computations, EHaving, from these computations, a new-
velocity head for each point, & new value of tan a = 2H/R wms
then cemputed for the sides and the quarter points, With
channel width as ebscissas and values of tan a found in sub-
paragraph (a) as ordinates, a smooth curve was plotted, In
the same manner, a smooth curve was plotted through the
points of tan @ found in subparagraph (b). The area bounded
by the center-line ordinate, the ordimate of eny element -
either curve, and the X-axis is equivelent to the difference
in the water surface elevation between the center line and
that element, The difference betwsen the areas under the two
curves represents the amount by which the water surface eleva~
tion must be adjusted in order that the two hydraulic condi-
tions may be more nearly satisfied, The bottom elsvations are
then adjusted according to the indicated correotions and the



computations repeated until as close agreement asg desired

is obtained, After the bottom elevetions at the first sta-
tion are determined, the entire process iz repeated for the
next station, When the bottem slevations for the entire
spillway have been camputed, it is necessary to plet the
longitudinal profiles through the points at whieh computa=
tions were made for each oross seoction; that is, left side,
left quarter point, right quarter point, right side, and
others, if other points were used in the computetions, If
all the resulting longltudinal profiles do not show & con-
tinuous and progressive decrease in elevation from upstream
to downstream, or, if any profile indicates a radius of curva~
ture in the vertical plane small enough to result (due to
centrifugal force) in en apprecisble change in the vertical
force on & prism of water from hydrostatic to either greater
or less than hydrostatic, depending on whether the curvature
is coneave or convex, respectively, then the profile on the
ocenter line must be revised until these conditions are elimi-
nated or their effeot minimigzed, With the revised center
line, the entire computations must be repeated,

The above outline indicates the procedure fellowed in
the so-called "exact™ method of design. In this "exact" method,
however, the design assumes three conditions to be true: first,
that the velecity distribution entering the curved channel is
uniforms second, that the average velocity of an element in a ver-
tical plane can be taken to represent the true velocity of that
element; and third, that the discharge per foot of width is con-
stant across the section, These assumptions only approximate the
true oondition, Furthermore, a curved channel can be designed for
only one discharge; when operating at any other discharge,there
will be either more or less superelevation then theory indicates,
Because of these facts and because the computaticns in the so-
called "exact™ method are somewhat laborious, an "approximate™
method of design was proposed in which the simplifying assumption.
wes made that the energy gradient was horizontal in any eross seec-
tion, This assumption greatly decreases the labor inveolved in
computing the bottem elevetions and does not result in elevations
varying greatly from those indicated by the "exact" method, Table
III shows this comparison for one ease studied in which the channel
width wes 266 feet, the diseharge 150,000 second-feet, and the maxi-
mum velocity approximately 56 feet per seconds



TABLE III

Differences in Feet of Floor Elevations Obteined by Two Methods;
"Approximate® Floor Minus "Exact™ Floor Equals Difference

Difference in Floor Elevations

3
¢ Inside Inside s Outside 3 Outside
Station : Well 3 Quarter-Point 3 Quarter~Point 3 Vall

: ] H :
0+560 0 s 0 : 0 s 0
1400 =0,03 3 +0.01 : -0.09 : 0,19
1460 ¢ =0.10 3 -0,01 : ~0.14 : =0.34
2+00 H "0.09 $ +0.02 H -0021 H ‘0050
2+50 0,12 3 40,03 : <0 o4 : =0.59
3+00 H ‘0012 : "'0001 H "0'29 H =0 .64
5+5° H -0010 H -0.02 H ‘0952 H -0068 '
4400 3 '0003 H +0.04= H "0034 H =0.69
4450 @ +0,0¢ +0,04 3 =054 H =072

Models whose prototypes have been designed by both
methods have been built and tested in this laboratory. An example
of the "exaot" method is the Bartlett spillway; an example of the
seoond method is the Valleoito spillway. General plans and sec-
tions of both spillways are given in the appendix, together with
photographs of the models, water surface profiles, and velocities
determined from the models.

In connection with studies of the spillways by use of
models, it should be noted that the assumption was made that if a
model could be designed by application of the theory and if the
model operated satisfactorily, them the prototype could be designed
also by the same theory and it, too, would operate satisfactorily.
To obtain e model which is both geometrically end dynamically
similar to the prototype, the model must be a gecmetrical reduction
of the prototype and also have corresponding wvelooities. To satisfy
the latter condition, the coefficients of roughness in the two struce
tures must bear the following relationship to each others

3, o 1% ey
where |

np = the model coeffiocient of roughness,
Dy = the prototype coefficient of roughness,

Length prototype
Length model

N = the scale ratio =

9
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Table IV gives the model scale which will give the correct model
veloelty corresponding to the prototype velosity for various model
and prototype roughness values.

TABLE IV

Scales of Models Requiring No Friction Correction
for Various Roughness Values

“Prototype ¢ Velues of Model n
n t 0,009 3 0,010 : 0,011
H 3 H

00011 $ 8.334 H 1.772 H 10000
0,012 H] 6.619 H 2.986 : 1,686
0,013 : 9,085 : 4,827 1 2,725
0,014 s 14,168 H 7530 t 4,350
0,015 3 21.433 s 11.391 t 6,430

From this table it 1s evident that even with the lowest model
roughness factor and a comparatively high value of the prototype
factor, the scale ratio is rather low,

In the case of the Bartlett spillway, & roughness factor
of 0,014 was assumed for the prototype and 0,010 for the model.
This would require a scale ratio of 1 to 7,53, Because the de-
signed discharge for the prototype was 175,000 second-feet, the
required model discharge for the indicated scale ratio would be
1,126 second-feet, With this value of the secale ratio, the avail-
able laboratary eapacity was exceeded many times over, both as to
discharge and necessary floor spaces The scale chosen was 1 to
100 and required 1.76 second-feet for the designed discharge and
2,50 sesond~-feet for the maximum flood condition, It was decided
to design a prototype spillway which would have 2 value of rough-
ness corresponding to & model value of 0.010 so thet a medel could
be built which would be both geometrically and dynamiocally similar
to the prototype. If the model of this prototype structure (which /
has a roughness factor corresponding to the model value of 0,010)
operated setisfastorily, it wems assumed that the other prototype
structure, designed by the same theory, would operate equally well,
Since the two protetype structures were to be identical in every
respect exoept for the roughness coeffisient, then the only change

Yo be made in designing the second structure would be & relocation

of the energy gradient and adjustment of the bottom elevations,
This amounts to correcting the model for friction, Sample compu-
tetions for the Bartlett spillway follow,

10



It will be seen in figure 6 of the appendix that the
curved part of the spillway starts at station 2450 with an A.R.E.
A, spiral on the center line. This spiral continues to station
44+00. Beyond this point there are 25 feet of 800=foot radius
curve and from there on to the end, the radius of the center line
is 500 feet. To simplify computations, the walls of the spillway
were assumed vertical throughout; and in the spiral part of the
channel, the radius at any point in a cross section was taken as
the radius of the center line plus or mimus the distance from the
center line. The radius of the spiral at any point of the center
line was computed by the formula

where

Ry = radius of spiral at any point,
Ly = length from start to point x,
R, = terminal radius of spiral,

Lg = total length of spiral.

In the Bartlett spillway, Re = 600 feet; Le = 150 feet. The radius
of the center line at station 3+00 is then ’

600 -« 150

R3+°0 L] ) = 1,800 feet.

The sides and the quarter-points were chosen as the points at which
to make computations. Seetions at 50-foot intervels on the center
line were investigated. Within the reach of the spiral, the lengths
of elements along the sides and quarter=-points were determined by
the equations: :

S

) a
L. =L, (1 & ?‘—Rc)

where

sz = the total length from the start of the spiral
to the station under consideration,

11
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Ly, = the total length from the start of the spiral
to the previous stations,

. Ly = the total length of the spiral center line to
w the station investigated,

: & = the distance from the center line to the element
® under oconsideration,

Ry = the radius of the center line at the station
° considered,

4L = the longﬁh of the element between stationms.
The computations of the lengths of elements between stations 2450 and
3+00 are arranged in table V,
TABLE V

Computations for Longitudinal Length of Elements

3 s 1nside ¢ Outside :
t Inside : Quarter- : s Quarter- ; Outside
Item $ Wall : Point :Center Lines Point : Wall
' s H ' H H :
R, $1716,00 :1767,50 1 1800,00 :1842,60 :1885,00
a : 86,00 ‘ 42,60 g 0 x 42,50 ° 85.00
8/2 Ry . 0002361,  0,01180, 0 , 0,01180, 0,02361
1 a/z R, s 0,97689; 0,98820;  1.00000; 1.01180; 1.02361
- L (1 ﬁ—) P o48.82 ! 49.41 ! 50,00 ! 50.59 ' 51.18
Lx], H 0 H (¢) t 0 H 0 H 0
, H g : : 2
M AL = L 4 48082 H 49.41 3 50.00 H 50.59 H 51.18
ko : ; :

Computetions were next made along the center line as if the
chammel were straight. Elevations of the bottom were taken from the pro-
posed longitudinal profile aleng the center line, as shown in figure 6 of
the appendix, Computations having already been carried down to station
2450, the following quantities at that station were kmowm:



Bottom elevation at 2450, Ep, = 1737,33
Velocity, V = 49,129

Velocity head, H, = 37.526

Depth, 4 = 20,946

Hydraulic radius, r = 16,804

Energy gradient, E.Ge = 1795,80

Width of channel, W = 170 feet

Discharge for design, Q = 175,000 second-feet
Discharge per foot, q = 1,029 second-feet
Prototype roughness factor, n = 0,014

The computations for station 3+00 are given in table VI, which
represents the solution by trial of Manning!s formula., An alter-
native solution is given by & combination of Bernoullits and
Manningfs formmnlase

/3

2 . 4 2
R AR

(V+7,)
+ By + Bfo = 179580 = 0.

In addition to the above defined symbols, V 4is the
velocity at the station under consideration; V., is the velocity at
the adjacent upstream station; and Hp is the summation of head

o

losses from station 2+50 down through the adjacent upstream station.
The above equation can, of course, be solved by Newton's method,

but the trial solution, as represented by table VI, is more simple
and faster, The procedure followed is to assume a depth at station
x, compute the corresponding energy gradient, and then readjust the
assumed depth until the ocomputed energy gradient at station 2+50
(which equals the emergy gradient at station x plus IHe from
station 2450 down through station x) approximates the actual energy
gradient at station 2+50, Computations are referred to the energy
gradient at 2450 so that there will be no cumulative error,

13



TABLE VI

Hydraulic Computations Along Center Line of Chammel
Station 3400

Noos Item :Trial No, liPrial No, 23Trial No, 3
: : t s :
1 zAssumed depth, d ¢ 19,39 : 19,40 . 19.41
2 iCorresponding veloocity, V: 53,069 : 53,041 1 53,014
3 iVelocity head, Hy ¢ 43,786 3 43,740 3 43,696
4 iVelocity at previous J : S
s station, VQ : 49.129 8 49,129 § 49.129
6 'Average veloeity through-’ : :
; out reach, Va : §1.099 , 51,085 | 51,072
6 ;Hydraulic radius, r s 15,788 ; 15,796 3 15,802
7 ;Hydraulie radius at pre- ; : ¢
) vious Btation, ro [} 16,804 ¢ 16.804 H 16.804
8 tAverage hydraulic radius : H :
¢ throughout reach, rg $ 16,296 : 16.300 : 16,303

9 -1/% 2082 rh = k
10 sk(n Vo ) t  0,006611: 0,0056068 0,005602
11 's o length of reach = AH,' 0,2806 ' 0.,2808 ° 0,2801

: H H
12 (BHp + 8Hp + eeco = ZRp ,  0,2806 0,2803 ,  0,2801

13 !Bottom elevation, E $1732,40 1732040 11752.40

$ t
14 ,Z(Ey + 4+ B, + 2H) = :

¢ computed E,G, at sta, ¢ :

0. 010964‘ 0.010960: 0,010967

o8 &e o0 wWe oo OO

3 2+50 $1796,857  :1796.820 31795,786
15 }Actusl energy gradient ! 4 ; ;
‘ at sta, 2460 $1796.80 11795.80 $1795.80

H

16 Difference in E.G.'s +0,57 f +0,20 : =0,01b

The next step in the computations is to assume the energy
gradient across & section to be horizontal and compute the water
surface and bottom elevations at the sides and gquarter points, and
then the transverse water slope at those points. Table VII illus-
trates the computations at station 3+00,

14



TABLE VII

Floor Elevation Computations, Assuming a Horizontal Energy Gradient
Station 3+00

g Outside :
Center : Querter- : Outside

Tt Inside
Inside : Quarter-

L H
No.: Item : Wall t Point : Line ¢+ Point Wall
1 tRx 51715.00 51757.50 ;1800.00 ;1842,50 Eless,oo
2 a(Rc/h )2 ' 1.1016 ¢ 1.0489 : 1,000 I 0.95439; 0,91185
3 :avx i 48,154 E 45.832 i 43,695 i 41,702 ; 89.843
4 B+ Zﬂfc ; 48,414 , 46,112 : 43,975 , 41.982 , 40,123
5 :w; S. elev. :1747.386 :1749.688 :1751.826 :1753.818 :1755.677
61 VE - L 6.9379 1  6.7699 :  6.6102 &  6.4577 ; 6.3121
7 ;qx - 128,30895 g 16,495 t 18.962 ¢ 19.410 ; 19,868 E 20,327
VRS : : : :
8 :Bottom eleve  $1728,893 :1730.736 31732.40 $1733,950 :1736.360
H $ : H

0

8 3
tTan a = 2 H§X/§18 0,06613: 0,052168¢  0,04855¢ 0,04527: 0,04227
H 3 ] H $ H

In table VII, item 3 is computed from equation (2) end becomes
Ry 2 ‘
st = H o ('ﬁ;‘? where H_, is 43,695 (value from teble VI), and the

last term is item 2 in table VII, Item 4 in table VII is teken from table
VI (item 12), Item 5 in table VII is found by subtracting values of item
4 from the energy gradient at stetion 2+50 (1795.,80)., Item 7, table VII,
is derived by combining equations (2) and (4), the general form of which

2
is 4, = 4, (H,/H,) " . Ttem 9, table VII, isequation (3).

Computations are next made between stations along longitudinal
elements located at the sides and quarter-points, The wvelocity heads,
energy gradients, etc., are computed, and then new values of tan a at
each point, based on the new values of the velocity head, are found, The
value of tan a at the center line does not change, Using that value and
the new values of tan a at the quarter-points and sides, the water surface
elevations are computed by the method outlined below, Eeferring to fig=
ure 7, it is evident that AH is the difference in the water surface
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elevations between points 1 and 2 end also equal to the difference
in the values of the velocity hesds at the two points, Further-

more,

8) +83 =Ry = R)
Assuming that the values of tan ay and tan a, are known, we then

have two equations involving three unknowns. To solve faor the™~ .
velue of AH we must assume one condition, There are two choices
aveilable: first, to assume the water surface to be composed of
parabolic curves between the points under investigation, in which
case a, = azs second, to essume the energy grsadient horizontal, in

which case equations (2) and (8) will hold, and an expression for
the ratio of 8y to a, can be found in terms of Rl and RZ' The

latter assumption is used in the derivation that follows.

From equation (3):

28
tana-—h-

2H) A 2H2
AH = Hl ® Hz =@ 9‘1

Ry 2 Ry

From equation (2)s
2!

Hlpj..aﬂ-cl or Hl--R—lT

and
2 !
HR C H =
22 1 %2 Z
- R
Therefore,
AH w cl . Cl . 2&1 . Cl . 3&2 . Cl




2&1 st + 2&‘2 R13 Rzz - ng
o

R18 st Rlz R22

3 3= 3.npd
2&1 Rz + 2a2 Rl Bl R2 Rl Rzo...onv.-o.ntco(A)

From the figure:

al-raszz-»Rl

&1 = Rz L Rl - az oa-oocon-ooooo..oooooootoocoooo.(B)

ﬂz = Rz - R1 - &1 0000.0Q00000000006.00.00.0.000..(0)

(a)

R84+2R8 (R =R = =R RS -ROR
20, B y (R =B -w)=R B 1 2

n 4 3. 3_p 8
28, R,5 + 2R3 R, - 2R % - 20) R P =R RIE-R IR

Solving for ey

3 3 o _p8p _op3 4
2a) (R,® = B®) = By R, - R %Ry - 2R3 Ry + 2R

R) Rp® - 3R1% Rp + 2Ry?

5 o3
R" =Ry

=ﬁ1
al ) s

Substituting (B) in (A):
(2)
3 . - 30 3- 3.
2R,° (R, = B - 8y) + 2a, Ry" = R) R)° ~R)° K,
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4 _ 5 3 3 3. 3 3
2Ry% = 2R) RS - 28, B3 + 28, RI3 =R RO -R IR,

Solving for as:

oy (yF - B) = By BP - RI T ¢ 2y ;3 - 2mye

sl BB’ - R - 2R
o2 " g LI E—
Hho-R
a1 _ R R - snl Ry + znl . 2 (R;% - Ry3)
2 2 (5 - &) Ry By - By By - 2Ryt

3 3 4
& Ry Rp® - 3Ry3 Ry + 2R, Rl (325 - 331 Rz + 2313)

82 R{Efnz - 3Ry R2§:+ 2324 Ry (R1 ~ 3Ry R2 + 2R0)

Let

Rz = KRl or K = -;%?~

Then,
a; Ry (K%R,% - 38,2 KR, + 2R,%)
1 - 1 1 1 1 1
"2 xRy (R - R KPR 242 R D)
R14 (Ks - 8K +2) . ES = 3K + 2

Knl4 (1 - 382 + 26°)  2K* - 3K° + K

Table VIII gives values of
of XK, .Values of al and a, are then found from the velue of the

corresponding to values

ratio

and a, + &, = Ry = Rye The value of AH is then found

from the equation:

AH = al « tan a1 + az e tan 92
18



The water surface elevations at the sides and quarter-points are

then found by subtracting the sum of AH + H + X AHp from the
e o
hydraulic gradient at station 2+50., The bottom elevations at

these points are found by subtracting the depths at the quarter-

TABLE VIII
e
Values of Corresponding to K
Valves of Values of

K : a)

: a2

8
1,01 : 0.98689
1002 H 0.97419
1003 H 0096123
1004 H 0094889
1,06 H 0.,93708
1.06 H 0,92525
1,07 : 0.91375
1,08 H 0,90248
1,09 : 0.,89144
1.10 H 0088063

points and sides from the water surface elevations at thoss pointa
If these elevations do not agree with the bottom elevations used

in the longitudinal element computations, the latter may te revised
in three ways: first, by trial; that is, assume a new bottom ele-
vation; second, plot smooth ecurves through the two velues of ten a
(at sides, quarter points, and center line) using ten a as ordinastes
and chammel width &s abscissa, taking the difference in areas under
the curves as the correction factors; third, teke as the correction
factor the difference between the computed values of . AH for sides
and quarter points, using the values of tan a found from table VII
and the values of AH found from values of tan a from the longitudi-
nal element computations, With the revised bottom elevetion, the
calculations are repeated until es close agreement as desired is
obtained,

The above procedure is illustrated by sample camputations
for the Bartlett spillway, In addition to sample computations for
the prototype structure, the correction for "excess frietion" in
the model is also shown. To correct for "excess model friction a
prototype structure was designed, using a wvelue of roughness factor

19



that would scale down to the model value, Then prototype dimen-

" . sions were reduced in the usual way to obtain corresponding model

dimensions., Actually, in the case of the Bartlett spillway, the
prototype was designed using a roughness factor of 0,014, and in
the model desiﬁn e velue of "excess friotion loss" was included.
This value of "excess friction loss" was computed in the follow=-
ing manners

ne = n . N1/6 = 0,010 ¢ 2.15443 = 0,02154

and
] ) 2 2
Hf]p/afP = (ng/n5)" = (0.02164/0,014)° = 2,368
or
H = 2,388 H
fp fp
where

down to the model value of roughness,
the model roughness factor,

the actual prototype roughness factor,
the model scale ratio = _proto gilen tg_.w
model leng
the head loss due to friction in the hypo-
P thetical prototype structure,
Hf ® the head loss due to friction in the actual

P prototype structure,

Bl g F P

Expressed in words, the equation H} @ 2,568 Hp means that in two
' P

prototype structures which are identical in every respect except

for the roughness factors, the ratio of the frietion losses varies

the prototype roughnéss factor that will scale

100,

directly as the square of the ratio of the roughness factors, The

"excess friction loss™ in the hypothetical prototype structure is
computed and shown in table IX,
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TABLE IX

YExcess Friction" Computations

b Aﬂf =
zn}p-.zarpa

L]

e o060 Sa 0
o0 a0 o0
68 ¢ o o

IH = 2,368 2
pr o pr

Station s 2 Hfb s "Excess Friction
2+50 : 0,00 : 0,00 : 0,00
3+00 : 0.28 : 0,66 : 0,38
3480 : 0,64 : 1,52 : 0.88

Ete,

In computing teble IX the values of 2 Hp are taken from table
VI, item 12, p |

The next step in the computations is to compute the

water surface and bottom elevations at the various cross sections,
as outlined above, These are arranged in table X,
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TABLE X

Floor Elevation Computations .
Energy Gradient Not Assumed Horizontal

Station 3400
Trial FNo. 1

Pertinent Datas ng = 04021643 ro/ds = 0.814; s, = 0.01192

H;o = 434695; H;.pc = 0466
g 3 3 Inside & Outside g
8 t Inside : Quarter- 3 Quarter~ : Outside
H s Wall s Point ‘¢ Point : Wall
No.: s R = 1716 y R @ 1757.6s R = 1842.5: R = 1886
. H H H
1 3Actual proto, bot. e1.:1728,89 :1730074 11733.95 31735 36.
2 :Excess friction, 2 t 0.88 s 0.38 : 0.38 ¢ 0.38
. 3 :Bypothetical bot. el. 31728,561 :1730.36 31733457 1173497
4 :Velocity head, Hyy ¢ 48,07 ¢ 45.79 1 41,72 : 39.88
: o , H 8 ’ H H
6. VIEgE _ =V ; 65,606 . 64.270 _ Bl.802 50.647_
6 :q/V @ d : 18,506 : 18,961 ¢ 19,864 : 20,317
3 : H . H
7% 1;‘ ® 0,814 dy=r, : 15,064 ¢ 15.43¢ * 16,169 ¢ 16,538
H dx x H H H . H
8} L =k ' 0.01217' 0.,01179 } 0.,01108 } 0.01076
f 5.2082 +7° : : :
s 7 : : ] :
9 zk(n;vx)a -3 ¢  0,01746: 0.01611 ¢  0,013795:  0,01279
H 3 H H $
10 :-E%-’:.L » Ave By 3  0,01469¢ 0,014015¢ 0,01286 :  0,012365
H H H H $
11 ;Element length = AL ; 48,82 : 49.41 : 50,59 : 51,18
; H : B :
12 8, « AL = ABp_ . 0.717T ,  0.692 , 0,651 , 0.632
3 H 3 B .
13 ,z 8Hp_ = Hp_ . 0JT17T , 0,692 ., 0.861 , 0,632
14 id + H + B " 67,298 | 65,448 , 62,285 , 60,829
x . ® L]
: 16 |Eyd. grads ot 2450  |1796.803 1795.805 |1795.806 . 1795,799
2Hey
H H $ 3 H
16 = tan @ 0.06606, 0.05211 0,04529 0,04231
e 3 g H : } H
3 $ H4 : s
17 ,AH . 4.4356 , 2,138 , 1,993 , <3.854
18 wE + K, + I Hy ! 48,790 t 46,498 3 42,362 40,507
s pe s : 3 H
19 W, S. el. 21747010 :1749,307 3:1763,438 :1755.29%
20 1d : 184606 : 18,961 ¢ 19,864 : 20,317
21 :Bottom elevation :1728.504 :1730.346 :1733.574 :1734.976




TABLE X (Continued)

Floor Elevation Computations

Energy Gradient Not Assumed Horizontal

Station 3+00
Trial Ho. 2

Pertinent Datas n = 0,02164; 7 /dg = 048145 8, = 0,01192
L] .
%c o= 450695‘ pro = 0066

3 3 ;. Inside : Dutside :
H s Inside : Quarter=- : Quarters— Outside
s : Wall Point : Point :  Wall
Noed Item :t R= 1716 ¢+ R = 1757,6: R = 1842,6: R = 1885
: ) : : :
3 tHypothetical bot, el, :1730,35 : H
4 :Velocity head, H : : 45,80 : :
$ 3 : : :
5 . \V£T] m = Vy : . 54,276 : .
6 19/, = d : : 18,959 ¢ :
: g : 3 :
7 'S a4 = 0,614 X | 16,433 | ;
t dy dx ° dx"rx : 3 Se : :
H 1 e H H H
8 gy~ = ke $  0,01179 : :
: 242082 r $ : H s
: 2 s : : :
9 tk(ngVy)” = 8 : : 001611 ; :
t gy + 8 : : : s :
10 —y—— = Ave 8y H H 0,014015% :
) g :
11 ;Element length = AL o401 :
12 s, ¢ AL = A 3 T 0,692 ¢ 3
H . fo H H - s :
13 :Z A = H 2 0,692 3 :
: Efx fo H : : 8 :
14 :dx + Bvx + fo H : 65,451 H s
H H H H H
15 ;Hyd, grad. at 2+60 :1795.801 :
H 2373 H H H :
16 T = tan $ ¢ 0,0B212 3 s
: 3 : : 3
17 :0H : 2 2,188 ¢ :
$ . : : t :
18 gAH + Evc + 2 pro . . 46,493 : .
$ : : :
19 W. S, el. X :1749,307 :
20 :d.‘,t $ t 18,9869 : :
: : $ :
21 ;Botton elevation , 11730,348, | :
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~

: In table X, item 1 is teken from table VII, Item 2
comes from teble IX, The hypothetical bottom elevation (item

8) is the corresponding elevation in the second prototype strucs
ture which has the same plan and corresponding velocities as the
first prototype structure, but it has a value of roughness facter
that will reduce to the model value according to the similitude
relation, The value of this hypothetical bottem elevation is
found by subtracting item 2 from item l« The nexzt step is to
assume & velooity head (item 4) aud run through the ensuing com-
putations in much the seme mammer as was done in table VI fer the -
hydraulic cemputations down the center line of the channel, If
the cdorreet veloeity head were assumed, the camputed hydraulie
gradient at station 2+50 (item 15) will check the actual (1795.80);
if it does not ohsek, a new velocity head is assumed and the com=~
putations are repeated until as close an agreement es desired is
obtained before proceeding with the rest of the somputations, In
item 7 it is assumed that the ratio of the hydraulic radius at any
point to the hydraulic redius at the center line varies direstly
as the ratio of the depths at the corresponding points. Item 8 is
interpoclated from a tablel of values of k corresponding to values

TSuch a teble is given in *Bandbook of Hydraulics" by H, W. King,

of r. Item 10 is the average friction loss per foot throughout
the reach, & being taken from item 9, and 8; from the adjecent
upstream station at the corresponding point in the cross section,
In this particular exfimple the adjacent upstream station is 2+50,
et which the floor.is level in cross seetion and the friotion loss
per foot is comstant aoross the seotion, Item 1l is taken from
table V., Item 13 is the summation of the friotion losses from sta-
tion 2450 down to and including the station under investigation.
After the desired afreement between the computed and the actual
hydraulic gradient at station 2+50 (item 16) has been obtained,
items 1€ to 21, inclusive, are then calculateds In item 16 the
velocity head found irn item 4 is usede The camputations for item
17, AH, are shown in table XI, Values of on the right side
of the center line appear as negative quantities because AH is
defined as the difference between the value of the veloocity head
at the point investigated and thet at the center line, The water
surface elevation (item 19) is foumd by subtracting item 18 from
the ensrgy gradiemt at 2+50 (1796.80). Item 20 is the same

found in item 6, The bottom elevation (item 21) is, of course,
the wmater surface elevation minus the depth, If this bottom ele-
vation does not agree closely enough with the bottom elevation
given in item 3, a revision of the bottam elevation is necessary.
Suech & revision was indicated after the first triel computations
for the inside gquarter-point only. In these cemputaetions, the -
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revision of the bottam elevation wes mede by triel instead of by
making oorrections as indicated by plotting ourves of tan a found
in tebles VII and X, or computing new values of AH from the
values of tan @ from table VII, It is evident that the order of
camputations must be from the center line progressively outward
since the AH for the outside points includes the AH for the
quarter-points. (See table XI)

The foregoing illustrates the mAnner in which the bottom
elevations at each section were computed for the Bartlett spiliway
and also how the camputetions were mede for the hypothetical pro-
totype structure, the values of which reduce directly to & 13100
sosle modele As previously pointed out, the above camputations
must be repeated for each sectien, working progressively downstream.
Also, when all computations have been completed, it is necessary to
investigate the longitudimal profiles through each of the cross-
sectional points determined. If any profile does not shew a pro-
grossive deorease in elevation from upstream to downstream, or if
eny profile indicates a radius of curvature in the vertical plene
small enough to result in en appreciable change in forece on a prism
of water from hydrostatic to greater or less than hydrostatic, due
to centrifugel force, it will be necessary to revise the center-
line profile and repeat the entire set of computations until a
satisfactory design is obtained,

Fipure 8 in the appendix gives a camparison between the
actual water surfaces as determined by a 1:100 scale model and the
theorstical water surfacesy also, the velocities as determined from
the model, and as indicated by theory. The sections shown in fig-
ure 8 are for the originel model before it was deeided to incor-
porate & bucket at the end of the lined section, &s shown in figure
6 of the appéendizx,

Figures 9 to 11, inclusive, show the model in operation
under various conditions of discherge. Figure 12 shows the flow
pattern on the bottom and sides for the designed disoharge. The
flow pattern indicates cross flow on the bottom toward the inside
of the curvee This condition is to be expected because the channel
was designed for the mean velocity in & verticel plane and because
the normal velocity distribution in the vertical plane indicates
that the velocity on the floor is considerably belew the mean value,
Could & similar pattern have been teken along & surfece passing
through points of maximum veloecity in the vertical plane, cross
flow to the outside of the curve would no doubt have been indicated.
These points are brought out to illustrate the inherent and insur-
mountable objectionable property of curved spillwayss namely, that
the spillway will operate completely satisfactorily only when the
actual velocity at eny point agrees with the velocity used in de-
gigning the spillway at that point, :
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TABLE XI

Camputations for AH

Station 3400

- T : Inside : OuEside :
' ¢ Inside 3 Quarter- s Quarter- : Outside
Item s Wall ¢ Poimt & Point : Wall
3 BOe 1 _
sza Riq 1= ﬁ = Tioq t= R,
= 1767 .8 @ 1800,0 3= 1842,5 3= 1886.0
Rl"" By 3= Ryq t= Ry i= Roq
3= 171640 = ATSTa8 5= 180050 —a-doddrs—
_gﬁ_.w £ L 02478, 102418, 1.02861  1.02307
a : '
a; © 0.96800) 0,96877 |  0.96961  0.97021
42,5/(1 + ay/8;) = 8y, 21,5956 ;21,687  , 21.579 21,671
o : :
42,5 - 8y = 83 20,9045 g20.91\'5 : 20,921 3 20,929
tan o, '° B0 G1q = tan §; = tan qgq i= Tan a,
%2 0,05212300,04855 w 0.04529%= 0,04251
‘ tan a.’® tan a3 = tan ajq 1= tan ap = tan agg
sll 0005606:'0 06211 = 0,04855:m» (').045221I
ey tan aq + 83 ten @y = AHx‘ 2 43549,,2 15732 1@ «1,993023= -3,85366
t : s :
: TRIAL NQ. .2
3 {= Ry . .
) "2, 1= 1800,0 & ;
th = R‘i : :
— : 3= 175‘7 & 2
Ry : : 3
‘géj; . 0,96877 )
eyt : : :
05/(1 + &1/9.2) « : 3210587 . . )
$ : 3 :
42,6 = a, = 8, 320.915 : ;
tan az: s= tan G, H
g :20,04855 3 H
o tan 0'1' s= tan Giq * H
1=0,05212 s
o ) [T Aﬂiq : H
altanal-'-aztanaz Aﬂx’ c02,15803 3 .
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5¢ Flow at Supercritical Velocities in Channels Tapered
in Plan, It will be recalled that the Bartlett spillway was an
example of the curved spillway with parallel walls designed by the
so-oalled "exmet” method, The discussion that follows deals with
curved spillways which are tapered in plan and designed by the so-
called "approximate™ method in which the simplifying assumption is
made that the energy gradient across a section is horizontal. The
Valleoito spillway will be used as en example of this type. In
this case it was necessary to use two spirals on the eenter line,
one from the start of the curvature and extending down to the mid-
point and the second from the midpoint down to the tengent. After
the desired location of the gate structure and the downstream
tangent part of the spillway channel had been located, the twin
spirals that would best fit the topography were located on the
center line., Then, by a cut-and-try process, twin spirals which
would approximate the side walls and quarter-points, taking inte
aecount the desired taper in width, were evolved, Making the assump-
tion that the discharge per foot of width is constant across any
section, the energy gradients on the center line are computed for
all stations as if the chemnel were straight, These computations
are similar to those of table VI. Them,at each station,the radii
of curvature for each desired point in the cross section are computed

from the formula R @ ..R.';...I'T.I.'.‘E_.

at the point, Rg is the terminel radius of the spiral, Lg is the

total 1ength of the spiral, and L is the length from the start of
the spiral te the point considered, Having these data, the water
surface and bottom elevations for the quarter points and the side
wnlls are computed by the formula whose development followse

where R 1s the radius of curvature

The development of the formula for computing the water
surface depends upon two assumptions: first, that the energy
gradient across a seection is horizontal; and second, that the water
surface between verticals may be considered parabolic, From the
latter assumption it follows that the tengents to the water surface
at verticals 1 and 2 (figure 13) will intersect at the midpoint of
the interval between the verticsls, or at b/2 from either one,

From the figure

Hé s K+2

Kk = Hi + -;—-tan ay
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Z= —%— tan e,

but
and
2Hy
tana2=—
Ry
K= B 4+— £ T
1+ 2 1 R
1 1l
R ) O ) Mg
=
b 2(K + 2)
Z =
2 Ry
b bK
Ry Ry
g7 = DK -, K
Ty ° Rp -8 R
2 2 (__g_ -1
b
Therefore,

This formule was used in computing the values of the velocity head
at the various points in each cross section of the Vallecito spill-
waye. The procedure is to work from the center line progressively

to either side, When working to the left of the center line, the
value of Hp 1is the unknown; when working to the right, H; is the
unknown, When the various values of the velocity heads have been
computed, the water surface elevations can be computed by subtract-
ing the velocity head from the energy gradient, The velocity is
found by the formula V = \/2 gH ; and the depth is found fram

d = q/V where q equals the discharge per foot of width, The bottom
elevation equals the weter surface elevation minus the depth,
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This method of computing the water surface and the bottom
elevations at the cross sections was adopted by the designers in

Ry 2
preference to using the formula H, = K, (—ii-) for the following
2

reason, In laying out the plan for a tapered twin spiral spillway,
it is practically impossible, if not theoreticelly so, to have the
start of the spirels representing the wells, quarter-points, and
center line occur at the same station as referred to the center line.
Thus the start of the spiral for the outside wall for Vallecito
occurs at station 5497,78; while the center<line spiral starts at
station 6+16.23, and the inside wall spiral starts at station
6+81l.,41. At station 7400, the radius of the inside wall spiral is
about 3,760 feet; for the center line it is 1,020 feet; and for the
outside wall it is 819 feet. In an ordinary curve, the radius of
curvature at the inside is less than that at the outside. Here the
reverse is true, It is evident that under this cecondition the
velocity heads at various points in a cross section, figured by the
equation HRZ = constant, would be in error, It was for this reason
that the method used in computing the various elevations for Vallecito
was developede

Figure 14 shows the general plan and sections of the
Vallecito spillway. A model of the spillway was built and revised
twice to diminish the effect of centrifugal force due to curvature
in the vertical plene, Figure 15 shows cross-sectional water surface
profiles as determined from the model compared with the theoretical
water surfaces at the various sections, The final bottom elevations
at each section are shown in solid lines; the original and first
alterations are shown dotteds Deviation from the theoretical water
surface is due in part, at least, to the disturbance caused by the
piers at the crest; and this effect is magnified by the converging
wells, Where practical, piers should be eliminated and the rate of
convergence nade as small as possibles In the appendix in figures
16 to 20 are shown pictures of transition No. 3 with no flow, one-
quarter, one-<half, three~quarters, and full designed discharge,

The hydraulic features of the design of curved channels,
with parallel walls for both subcritical and supercritical velocities,
have been herein treated in considerable detail; and the design of
curved spillways, tepered in plan and having supercriticel velocities,
has been outlined,

T. Go Owen.
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View from Downstream

View from Downstream View frorm Upstream

Figure ¢, Various Views of the Model, No Flow.

BARTLETT SPILIWAY, MODEL SCALE 1:100



View of Left Wall View of Right Vell

Figure 10, Various Views of the Model Discharging 175,000 Second-Feete

BARTLETT SPILLWAY, MODEL SCALE 1:100



Views of Various Combinations Using Two Gates Open

Views of Operation with One Gate Open

Figure 11, Operation with Various Gate Combinations.

BARTLETT SPILLWAY, MODEL SCALE 1:100



View Looking Upstream

View of Floor and Left Wall

Fipure 12. Flow Patterns on Channel Floor after Flow of 175,000 Second-Feet,

PARTLETT SPILLWAY, MODEL SCALE 1:100
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Figure 16, Views of the Model of Transition No. 3. No Flow.
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Figure 17, Views of the Model of Transition No. 3. Designed Discharge
of 30.000 Second-Feet. No Gates Used.
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Figure 18, Views of the Model of Transition No. 3. Three-Quarters
Maximum Discharge, 22,500 Second-Feet. All Gates Equally Open.
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Figure 19, Views of the Model of Transition No. 3. Half Maximm
Discharge, 15,000 Second-Feet, All Gates Equally Opens
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Figure 20, Views of the Model of Transition No. 3. One-Quarter Maximum
Discharge, 7,500 Seoond-Feet., All Gates Equally Open,
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