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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 ma.de 
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 Engineer, C. Jo 
Hoffman, Associate Engineer, and A. w. Garnell, Junior Engineer, 
who severally contributed nruch 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 Ene:ineer. 
The activities 0f the Bureau of Reclamation are directed by 
John c. Page, Commissioner. 

All the material, text, data, equations, figures, il­
lustrations, etc., are the property of the Bureau of Recla.rration 
and may not be reproduced in whole or any part without the 
written permission of the Bureau of Reclamation. 
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Reviewed by: 

Subject: The flow of water in curved and superelevated channels at both 
subcritical and supercritical velocities. 

. 1. General Theory and Develonment 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 or 
parallel sides; and the third concerns flow in tapering channels at 
s�percritical 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 constanto 

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. 
q = 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 angie that the tangent to the water surface makes 

w:i th �he horizontal. 
g = the acceleration of gravity. 
C, C1, C2 , and C3 are constants. 

From the first assumption it is obvious that 

..:2,_ + .JL + z ::  a constant. (See Figure l) 
2g w 
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In any horizontal plane z is eonstant, so 

v2 n � + ......,. = a constant. 
�g w 

Ditterentiating with respect tor, 

l 2v dv +..L�m 0 ""lg er;- w o:r 

V dv l �n -�+-_;:i;_•O g ar w dr 

But the change in pressure across a stream tube is 

or 

Integrating., 

or 

but 

V dv + 1 wv2 
T-ar- wgr 

dV V -+-•0 dr r 

dv dr -+-•0 
V r 

• 0 

log v + log r III log C . 
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1'hen, 

hr2 • C1 ••• D •••••••• 0 ••••••• 0 ••••••••••••• · ••••••••• •• (.2) 

Taking the log of both aides. 

log h + 2 log r • log c1 

Diff'erentiatillg. 

But 

Therefore. 

dh + 2 dr • 0 � r 

dh �- 2h 
r 

£! • ta.n 4 

- A., •••••oo•••••••o•••••••••••••••••�••••••(S) 

From the seoond assumption it follon that 

q • av• (1 • d)v • d O v • c2 

But from equation (l), vr • C 

or 

d o  T 02 
,rr • --C- • C3 

d 7• Oz ............ •••••••••••11•••••••••••••••· ......... (4) 

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

2. Suboritioal Flow. The application of the above theory 
and equations to the design of a channel in which the flow is below 
critical velooity may be illustrated in an example. 



. ' 

. " 

.. 

... 
I> 

,,,. ' 

Specifications of cha:nnel: 

Width of cha.rm.el ••••o•oo•••••••••••••••••• 50 feet. 
Radius of center line••••••••••••••••••••• 150 feet. 
Depth ot ater on center line at section 
considered o•••••••••••••••••••••••••••••• 5 feet. 

Velocity at center line of section 
considered •••••a•••······················ 4 rt./seo. 

Energy gradient at section considered ••••. 100 feet • 

Critical depth under these conditions is 2.32 feet. The 
elements of the computations a.re arranged in tabular form and appear 
in table Io In this example, computations are made at five points, 
including the center line, but in wider channels it might be advis­
able to include more points. 

TABLE I 

Superelmtion Computations for Subcritioal Flow 

I a Inside: Inside reenter: Outside :Outside 
No.i Item i Wall :Quarter-Point: Line iQ.uarter-Pointc Wall 

I & : . a 
l aRa.dius 1126.00: 137.50 :150.001 
2 aRo/Bx : 10200: l.091 1.00: 
3 :Velocity : 41180: 4o36 : 4.00: 
4 :Depth ' 4.17g 4.68 . 6.00: . 
5 :Velocity hea.d C 0.36t o.so : o.26: 
6 aEnergy gra.dient2lOOo001 100.00 :100.001 
7 :Wo s. elev. a 99.641 99.70 : 99.75: 
8 ,Bottom. elev. I 95,.74: 95.12 : 94.'15: 
9 :SuEerelevation: +0.72: +o.37 I o.oo, 

Expla.mtion of computations, 

Item No. 3 ie obtained from equation (l) o 

vr 11111 C 

or 

v r • v r e C JC X 
re T. •v -X O rll 

4 

e 

162.60 : 176000 
o.923 : 0.857 
3.69 : S.43 
5o42 ' 6.83 
Oo21 0.1a 

100.00 100.00 
99.79 . 99.82 . 
94.37 . 93.99 . 
-0.38 : -o.16 

• 
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where 

vc • velocity at center line, 
r0 • radius at center line • 
d0 • depth at center line. 

Item Noe 4 is obtained from equation (4). 

d ·-·•C 
r 

or 

and 

do rlx ---
r r 

0 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 ourve, v.hich is the 
reverse of the condition obtained, as wilr be shown, when the flow 
occurs at a velocity above that of critical. The theory in the above 
design has not been verified in the laboratory. In the experimental 
investigation on the approach canal of the Green Mountain Dam spill­
way, some superelevation, as indicated by the above theory, was tried 
in the model. Theory indicated a total of eight feet of supereleve.­
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 superelevationo 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 this 
example, to facilitate comparison the channel specifications are 
identical with those in e:u.mple l except that the velocity on the 
center line is above critical. 

6 
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Specifications of oht.miela 

W'i4th ot oharmel ••••••••••••••••••••••••• 
iadius of center line •••••••••••••••••••• 
Depth of ater at center line•••••••••••• 
Velocity at center line•••••••••••••••••• 
Energy gradient aoroas S4"tion ............ . 

iO.O feet. 
150.0 feet. 

s.o feet • 
ao.o ft./seo. 

100.0 feet. 

Critical-depth under these conditions would occur at 
a.as feet. As in the previous example. the elements of the com­
putation• an arranged in tabular fol'll u.d app•r in table II. 

TABIJC II 

Superelevation Cem.pute.tions for Supercritical Flow 

g 1Inaide1 Ineiti• :dater, Out�i.de :Outside 
Jlo.i Item. a Wall eQuarter-Point: Liu :�rter-Point: wa11 

I I I . I : • 
1 :Radius :126.00: 137.60 :160.001 162.50 : 1'16.00 
2 •lo/Bz I 1.20, 1.091 I 1.00: o.92i : 0,86'1 
I ,Velocity : 36.001 12.,73 . 30.00: 2'7.69 : 26.71 • 
4 zDepth & 4,171 4.58 : 6.00: 6.42 ; 5.81 
6 aTelocity head a 10.l&h 18.66 . 11.99: 11.92 : 10.28 • 
6 slnergy gradie.nt:100.00: 100.00 1100.00: 100.00 I 100.00 
1 t-W. S, eleve I 79085: 81.34 . 86.0l: 88.08 : 89.12 • 
8 1Bottom elff. I 750681 78.76 . 81.0Sa 82.66 : BZ.89 • 
9 1S2Eerelevation a •5.33& -2.25 I 0.001 +1.sa : +2.88 

fhe results of t.he oo.mputations shown in table II are 
plotted in figure 3 as solid lines. Superimposed for easy oompari• 
son are the water surface and channel floor curves for the sub-
ori tical flow condition • 

4. �eroritioe.l Flow Considering Friction. To reoapitu.­
late. in an id fluid with no friction present the veloeit;y-8 depth. 
etc. on the center line are computed a.sit' the channel were straight. 
With a given longitudinal bottom. profile � the center line. the 
velocity at an:;y station oa.n be computed by a simultaneous solution ot 

Bernoulli's equation and the relation v • q/d. where q is the dis­
charge per toot ot width and is assumed constant across an;y cross 
section. !hen. having determined the elements of flow for the center 
line at 8.J\V" oross seetion. the elements of flow can be determined tor 
as ma:rzy- other points in the oross section as desired by using the 
formulas vr • a constant and d/r •a.constant,. since the energy gradi­
ent is a horisontal plane tor an ideal fluid with no friction. 

$ 
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However• when friction is  introduced into the computa­
tions11 two hydraulic conditions must be satisfied simultaneously1 

2H the relation tan i • -,- (equation 3) must hold true, and the 

equation ot steady tlow 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. triotion head. and water surta.ce elevation 
at the oater line can be computed as if the channel were not 
curved. by making use of tt• relatiOJ:J-11: 4 • fl!v and, for instance, 
Manning ' s  tormula • • (nv) /2 .2082 r4:f1• fhe latter equation ex­
presses the loss ot head per foot of -reaoh. (a ) ,  in terms of the 
ooeftiqient ot roughn•sa ,  (n) a the velocity, {v) J and the hydra.ulio 
radius , {r) . It is apparent that the loss per foot will be higher 
on the inside of the charm.el, where the velocity is higher and the 
qdraulic radius smaller, than on the outside or the channel. the 
energy gradient across the section is therefore no longer horizon­
tal. To satisfy the two above-mentioned eydraulio conditions in 
one equation involves u:manageable integra.lsJ  so the procedure 
outlined below was followed. 

(a)  First. assuming the energy gradient to  be horizontal 
across the cross section. the water surface and bottom ele­
vations are oamputed at the s ides and the qua.rter points by 
tho method used in table II . 'fhen the transverse slope of 
the •ter surfa.oe is  computed at each of the s e  points by the 
formula tan a •  25/R. where R is the radius to the point 
and H is the velocity head at the point from the above com­
putations. 

(b) Bert. the energy- gradients a t  the s ides and the 
quarter points are computed 1n a manner similar to the o enter­
line computations . HaviDg, f'rom these computations , a new 
velocity head for ea.oh point, a new value of tan a. • ·  211/'R was 
than computed tor 'the sides and the quarter points 0 With 
channel width aa absciseaa and -values of tan Cl found in sub­
paragraph (a) as ordinates. a smooth curve a.s plotted. In 
the same manner• a. smooth curve -.a·  plotted through the 
points ot tan 11 · found in subparagraph (b ) .  The area bounded 
by' the center-line ordinate. the ordinate of uiy element -
either ourve. and the X-exta is equivalent to the ditferenoe 
in the •ter s\11"face elevation be-.en the c.enter line and 
that element. !he difference between the areas llll.der the two 
curves represents the amount by which the •ter surface eleva­
tion J11Ust be adjusted in order that the two hydraulic condi­
tions may be more nearly satisf'iedo The bottom elevations are 
then adjusted according to the indicated corrections and the 

7 
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oomputaticma repeated until as cl-ose agreement as desired 
is obtained. Atter the bottom. elevations at the first sta­
tion are determined. the entire process is repeated for the 
next station. When the bottom elevations tor the entire 
apill•y have been computed. it is necessary to plot the 
longitudhla.l profiles through the points at whioh computa­
tions nN made tor ea.ch oros s seotionJ that is .,. left side. 
left quarter point. right quarter point. right side8 and 
others . if other points were used in the ccmputa.tions. If 
all the resulting longitudinal profiles do not show a con­
tinuous and progressive decree.se in elnation from upstream 
to downstream. or. if � profile indicates a radius of curva­
ture in the vertical plane small enough to result ( due to 
oantrifugal foroe) in an appreciable change in the vertical 
force on a prism of •ter tram qdrostatio to either greater 
or less than hydrostatio. depending on whether the curvature 
is concave or oonvex. respectively, then the profile on the 
oenter line must be revised until these conditions are elimi­
nated or  their etfeot minim.bed. With the revised center 
line,  the entire computations must be repeated. 

The above outl�e indicates the procedure fol lowed in 
the so-called "exact• method of design. In this "exact" method, 
however. the design assumes three conditions to be true : first. 
that the velocity distribution entering the cun-ed channel is 
uniform.a 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 oonditiono Furthermore, a Ctll'Ted channel can be designed tor 
only O?le di1oh&rge1 when opera.ting at &.Df other discharge. there 
will be either more or less  superelnation than theory indicates. 
Because of �ese facts and because the computations in the so­
oalled •exact• method are somewhat laborious , an •approximate" 
method of design •s proposed in which the 'simplifying assumption . 
•s made that the energy gradient was horizontal in a.?1¥ oross sec­
tion. This assumption greatly decreases the labor involved in · 
oomputing the bottom elevations and does not result in eleva.tiona 
varying greatly tram those indicated by the "exact" method ,, fable 
III shows this comparison for one oaae studied in which . the cha:rm.el 
width wa.s 265 reet. the diaeha.rge 160,000 second-feet, and the mu:1-
mum velocity approximately 56 teet per s econd. 

• 
8 
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TABLE III 

Differences in Fnt of Floor Elevations Obtained by Two Methods J 
8Approximate• Floor �nus �ot• Floor Equals Difference 

: Difference in Floor Elevatrons . Inside I Inside C Outside . Outside • • 
Station : We.ll s Qua.rt er-Point • Quarter-Point s Wa.11 

I C : : 
0+60 . 0 : 0 ; 0 I 0 • 
l+oo : -Oo03 • +0.01 . -0.,09 : -o.19 . 
1+60 I -0.10 I -0.01 . -0.14 • -0.34 • . 
2+oo : -o.09 : +0.02 -0.21 a -0.50 
2+50 • -0.12 g +Oe03 -o.24 . -Oo69 • • 
3+00 I -0.12 • +0.01 -o.29 . -o.64 . . 
3+50 s -0.10 : -0.02 ; -o.32 i -o.68 ' 
4+00 I -o.oa s +0.04 : -0.34 : -0.69 
4+60 g +0.04 I +0.04 t -o.54 : -0.12 

Models whose prototypes have been designed by both 
methods have been built and tested in thi s laboratory. An example 
of the •exact" method is the Bartlett spillway, an· example of the 
seoond method is the Valleoito spillwa.y. General plans and sec­
tions of both spillways are given in the appendix. together with 
photographs of the models . water surface profiles. and velooities 
determined from the models. 

In conneotion with studies of the spillways by use of 
models .  it should be noted that the assumption 119.S made that if a 
model could be designed by application of the theory and if the 
model operated satisfactorily, then the prototype oould be designed 
also by the same theory and it, too, would operate sati sf'e.ctorily. 
To obtain a model whioh is both geometrically and dyna.mioally 
similar to the prototype, the model must be a geam.etrioal reduction 
or the prototype and also have corresponding velooitiee . To satisfy 
the latter condition, the coefficients of roughness in the two struc• 
tures must bear the following relationship to each other: 

where 

Dia •  the model ooeffioient of roughness ,  

Dp • the prototype coefficient of roughness .  

N • the sea.le ratio • 

9 
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Table IV gives the model sea.le whioh will give the correct model 
velocity corresponding to the prototype velooity for various model 
and prototype rouglm.ess values . 

TABLE 'IV 

Scales of Models Requiring No Friction Correction 
for Various Roughness Values 

Prototype C 
II. I o.0<59 

: 
0.011 I Z.334 
0.012 I 6. 619 
00013 : 9 .083 
0.014 : 14 .168 
0.015 : 21.433 

Values of Model n 
: 0.010 0.011 
: : 
: 1 . 772 I 1 .000 ' 2 .986 . 1.686 . 
: 4. 827 : 2 ,. 725 ' 7.630 r 4.250 . ll. 391 I 6 .430 • 

From this table it is evident that eren 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. a roughness factor 
of 0.014 119.s as sumed for the prototype and 0.010 fgr the model.  
'l'his would require a. sea.le ratio of l to 7�53 .  Because the de­
signed discharge for the prototype •s 176.000 second-feet, the 
required model discharge for the indicated scale ratio would be 
1,125 seoond-feet. With this value of the scale ratio, the avail• 
able laboratory oapa.oity was exceeded nm.ny times over., both as to 
disoharge and necessary floor spaoe. The scale chos en was l to 
100 and required lo76 seoond-feet tor the designed disaharge and 
2 .50 s eeond-feet for the maximum flood condition. It 'Ml.s decided 
to design a prototype spillay which would have a value of rough• 
ness oorresponding to a model value of 0.010 so that a model could 
be built which would be both geometrically and dynamioally similar • 
to the prototype. I£ the model of this prototype structure (which t 
has a roughness factor corresponding to the model value of 0.010) 
operated satisfaotorily., it "Wll S  assumed that the other prototype 
structure., designed by the same theory., would operate equally well. 
Since the two prototype structures were to be identical in every • 
respect except for the roughness eoeffioi ent. then the only change 
to be made in designing the seoond structure would be a. relocation . 
of the energy gradient and adjustment of the bottom elevations . 
This amounts to correcting the model for friction. Sample compu­
tations for the Bartlett spillway follow. 

10 
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It will be seen in figure 6 of the appendix that the 
curved part of the spillway starts at station 2+50 with an A .R .E .  
A .  spiral on the center line . This spiral continues to s tation 
4+oo . Beyond this point there are 25 feet of 600-foot radius 
curve and from there on to the end. the radius of the center line 
is 590 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 cros s section was taken as 
the radius of the center line plus or minus the dis tance from the 
center line . The radius of the spiral at any point of the center 
line was computed by the formula 

R = 
X 

where 

� = radius of spiral at any point , 

I,x a length from start to point x, 
R0 • terminal radius of spiral,  
L0 • total length of spiral . 

In the Bartlett spillway, R6 • 600 feetJ Le =  150 feet.  The radius 
of the center line at station 3+oo is then 

R • 600 • 150 
3+00 60 

• 1 ,800 feet . 

The s ides and the quarter-points were chosen as the points at which 
to make computations . Sections a.t 50-foot intervals on the center 
line were inves tigated . Within the reach of the s piral .  the lengths 
of elements along the sides and quarter-points were determined by 
the eque. tions : 

and 

where 

, 

AL .. L_x: .. L_x: 
2 1 

a. 
Lx a Lo ( 1  _. 2 R ) 

C 

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

11 



Lz • the- total length trom the start of the spiral 
1 to the previous stations . 

Lo • the total length of the spiral oenter line to 
the station investigated, 

a • the distance from the center line to the element 
under consideration, 

le, • the raclius ot the center line at the station 
considered, 

AL = the length of the element between stations. 

The computations of the lengths ot elements between stations 2+60 and 
S+OO are e.rruged in table Vo 

TABLE V 

CCIDlputa.tions for Longitudinal Length of Elements 

Item 

Rx 
a 
a/2 Re 
l :Ir. a/2 R0 1x • L (1 it. 

2 0 

� 
AL • ½ · � 

a. 
2 10 ) 

I I Inside I I Outside I 
1 Inside a Quarter- : 1 Quarter- I Outside 
I Wall • Point : Center Linea Point I We.11 . 
g 0 I I : . 
1 1116.00 t l757 .50 g 1800.00 : 1842.60 : 1886.00 
I • . . I 85.00 0 42 . 60 . 0 . 42 .60 86000 . 
II 0002861 : : g o.011eo. 0 o.011ao; 0.,02361 I • • : 
I o.97639 : 0.988201 1.00000: 1 .01180 : 1 .02361 
I 48.82 . 

49 .41 
• 

50.00 
• 

50. 59 
. 

61 .18 • • • 
I : I . g . 
8 0 . 0 g 0 g 0 I 0 • 
I I : : ; 
I 48. 82 l 49 .41 0 50.00 I 50.69 a 61 .18 • 
I : I . . 0 

Computations were next ma.de &long the center line as if the 
ohamiel were straight. Elevations of the bottom were taken from the pro­
posed longitudina.l profile along the c enter line. as shown in figure 6 of 
the appendix. Computations having alrea.d¥ been carried down to station 
2+50. the following quantities at that station were known.& 

12 
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Bottom elevation at 2+60, Bi> •  1737 .33 
Velocity. V • 49.129 
Velocity head, a,. •  37.526 
Depth, d • 20.945 
Hydraulic radius ,. r • 16.804 
Energy gradient, E.G. 111 1796.80 
Width of channel9 W • 170 feet 
Discharge for design, Q • 176,000 aeoond-feet 
Discharge per toot,  q • 1 ,029 second-feet 
Prototype roughness factor,. n • o.014 

The computations for station 3+00 are giTen in table VI, which 
represents the s olution by trial of Manning ' s  formula.. An alter­
natiTe solution is given by a combination of Bernoulli ' s  and 
Manning ' s  formulas . 

-'- 2 4/8 · 2 
+ + Tg- + -a-.-8-.32�8- ( qV + +> (V + Vo) 

+ � + lft- • 1795.80 a O o  
0 

In addition to the above defined symbols , V is the 
velocity at the station under eonsidera.tionJ VO is the velocity at 
the adjacent upstream station, and Hr is the summa.tion of head 

0 
losses from station 2+50 down through the adjacent upstream station. 
The above equation oan, of course,. be solved by Newton' s method, 
but the trial solution, as represented by table VI, is more simple 
a.nd 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 oamputed energy gradient at station 2.+60 
(which equals the energy gradient at station x plus ZHr from. 
station 2+50 dmm through station x) approximates the actual energy 
gradient a.t station 2+60. Computations are referred to the energy 
gradient at 2+50 so that there will be no cumulative error. 

13 
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TABLE VI 

Hydraulic Computations Along Center Line of Cha.mlel 
Station 3+00 

I ' 
No. a Item : Trial No. 

I I 
1 c.Assume4 depth, d : 
2 sCorresponding Telooi"t.7. V:  
3 :Velocity head, a,. : 
4 �Velocity at preTious I 

1 station. V0 
: . . 

• Average velooi 'ty through- · 
I . & 
1 out reach. Va 1 

6 1 Hydrau11c radius. r I 
7 1 Hydraulio radius at pre- 1 

1 vious station, r0 = 
8 1Avera.ge hydraulic radius : 

1 throughout reach• ra I 

19.39 
63 .069 
� . 786 

49.129 

61 .099 
16. 788 

16.804 

16.296 

I & 
l &Trial No. 2fTrial No . 

I : 
: 19.40 • 1.9 .41 

s-3.041 I 63 .014 ' 43 . 740 I 43.696 . : • . I 49 .129 • 49.129 . . . . I • 61 .086 til .072 : 
: 15. 79 5  I 16. 802 . C 

16. 804 : 16 . 804 
: I . 16 . 300 • 16.303 . 

9 ' 1/2.2082 1\.4/1 • k . 
0.010964 1 o.0109so = 0.010957 • 

: 2 . . . : 
10 1k(n Va ) • 11 : o.006611 : o.oos60s: o.oosso2 

11 1 s o length of reach • Air' 
: . I 

l2 ,Affr + Alft + • • • •  • Z1ft I 

o.2ao6 

o.asos 

13 1Bottom elevation. � 
: 

1 11s2 .40 
I 

14 1 Z (Ei, + d + :S:,. + ZIIt) • I 
: computed I.G. at eta.. • • 
1 2+50 ! 1795.851 

15 ZActual energy gradient I 

: at sta. liit-60 1 1796. 80 
I : 16 +0.57 Dit'ference in E.G. 1 s 
I I 

: o.2aos : o.2ao1 . I • 
o.2a03 0.2001 I . c  

1 1732.40 1 1732 .40 
I I 
C : 
I : 
= 1795 . 820 1 1795.786 
: ; 

= 1195.80 1 1795 . 80 
I • 

+0.20 • -o.016 . I • 

The next step in the computations is to assume the energy 
gradient acros s a section to be horizontal and compute the water 
surface and bottom elna.tions at the sides and quarter points , and 
then the transverse •ter slope at those points . Table VII illus ­
trates the computations at station 3+00. 

J.4 



. J  

... 

a 

TABLE VII 

Floor Elevation Computations,. Assuming a Horiz ontal Energy Gradient 

I 
a 

No . :  Item 
I 

l &� : 
2 a (R/R )2 

& X 

3 I �  
I 

4 :il,x + Elir 
s e 

6 :W. s .  elev. 
I 

6 I � 

. 128.30395 1 =� = 
I . • 

8 1 Bottom elev. 
I 

Station 3+oO 

I I Inside ' Insid.e ' ·Quarter--
I Wall ' Point 
I • • 
1 1716.00 1 1757 .60 
I . . 
I 1.1016 : 1 .0489 
0 : • 
I 48.134 a 45. 832 
: . 
1 48.414 I 46. 112 
I I 
: 1747.386 . : 1749 . 688 
I : 
I 6 .9379 : 6 . 7699 . . • 0 

I 18.493 : 18.962 • : • 
I • . 
& 1728. 893 : 1730.736 
; i 

I I Outside : ' Center : Quarter- : Outside 
I Line . Point ' Wall • 
: : : 
: 1aoo.oo : 1842 -:, 60 Z l885 0QO 
: • : . 
: 1 .000 i o.95439 : o.911as . ' . . 43 . 696 41 . 7.02 39 . 843 . I 
: : 
I 43.975 I 41.982 : 40.123 
: : • 
: 1761 . 826 : 1753 . 818 : 1766.677 
: I 
• 6 .6102 : 6.4577 . 6 .3121 • . . : • . . 19 .410 . 19 . 868 . 20.327  • . 
I . . • • 
: : 
t l732 .40 •1733 .950 : 1730·. 360 
a 

9 •Tan a •  2 V1½c= o.ossl3 : o.os21s1  0.048651 0.04521 : 0.04227 
I I I : : : 

In table VII , item 3 is computed from equation (2 ) ·and becomes 
Re 2 

-� • H,.c, (�) where R,.e is 43 . 696 (value from table VI ) •  e.nd the 

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

1/2 
is d,c a d0 (Hc/'B'x) • Item 9 ,  table -VII,  is equation (3 ) .  

Computations are next made between stations along longitudinal 
elements located at the sides and quarter-points. The veloeity heads , 
energy gradients. etc . ,  are computed., and then new values of tan ci at 
ea.ch point, based on the new values o:f' the -reloeity head, are found. The 
value o:f' tan a at the center line does not change. Using that value and 
the new values o:f' tan ci at the quarter-points and s ides,  the water surface 
elevations are computed by the me_thod outlined below. Referring to fig� 
ure 7 ., it is evident that AH is the difference in the water surface 

16 
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elevations between points l a.nd 2 and also equal to the difference 
in the values of the velocity heads at the two points . Further­
more, 

AH = a1 tan °'1 + a2 tan ¾ 1111 fli • H2 

a.,_ + a2 • ¾ - R1 

Assuming tha.t the values of tan «1 and tan a.2 are known, we then 

have two equations involving three unknowns . To solve for the - ­
value of AH w must assume one condition. There are two choices 
available : first, to as sume the water surface to be composed of 
parabolic curves between the points under investigation, in whioh 
case a1 • a2, second, to assume the energy gradient horizontal , in 

which case equations (2 )  and (3)  will hold, and an expres sion for 
the ratio of a

1 
to a2 can be found in terms of R1 and R2 • The 

latter as sumption i s  used in the derivation that follows. 

From equation (3) i 

2H tan a. • -,r 

AH • R1 � H2 • al 

2H1 
+ &2 

2H2 
Rl � 

From equation (2 ) s 
� �2 .. cl or Hi -

Cl 

Bi
§ 

and 

H R  2 • C H 
cl or - 2 2 2 l 2 ¾. 

Therefor�. 

AH • 
c
1 01 

2a1 Cl + • 0 

�2 ¾ 2 R
l 

�2 

C1 2a1 Cl 2a2 01 
• --- ca ---- + -----¾ 2 Rl

3 
�

3 

16 
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1 
R 2 
1 

1 

�
?. 

2a1 R23 + 2a2 R13 

R./ ¾
3 

:Ill 

From the figure s 

� a R2 - Rl - a.2 .. . . . . . . . . . . .. . . . .  o . .. .. . . . . . . . . . . .. .  ( B )  

(A) 

2a. R S + 2R 3 (R - R - a ) • R R 5 - R 3 R 
1 2 l 2 · 1 1 1 2 l 2 

Solving for e.1 1 

R1 R23 - 3R13 R2 + 2R14 

�3 - R/ 

Substituting (B)  in (A) i  

(A) 

17 
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Solving for a.2 : 

a1 -· 
a2 

··1 --
a2 

Let 

Then, 

R1 �3 - 3R1
3 � + 2R1

4 

2 (¾,3 - R13 )  
; 

Rl ¾3 - 3R1
3 Rz + 2R1

4 

3 3 4 R1 ¾ - 3R1 R2 + 2¾ 

• 

Ill 

2 (R13 - !½S) 

3 3 3 4 R1 ¾ - R1 ¾ - 2¾ 

R1 (¾3 - 3Ri2 Rz + 2R1
3 ) 

¾ (R1
5 

• SR1 ¾2 + 2¾3 ) 

K3 - 3K + 2 
2K4 • 3K3 + K • 

a1 Table VIII gives values ef � corresponding to values 

of K • .  Values of a.
1 

and a
2 

are then found from the value of the 
a1 ratio -;;- and a.

1 
+ e.

2 
• R2 .. R1• The value of AH is  then f' ound 

from the equation: 

AH • a
1 

• tan <ti + a.
2 

• tan .«z 
18 



The water surface elevations at the sides and quarter- points are 
then found by subtra.oting the sum of AH + H,. + .I Alft from the 

0 0 
hydraulic gradient at station 2+50. The bottom elevations at 
these points are found by subtracting the depths at the quarter-

TABLE VIII 

Values al to K of - Corresponding 
a2 

of Values of . Values • 
K • a1 • 

: a.2 
8 

1 .01 • o.98689 • 
1.02 I o.97419 
1 .03 I o.96123 
1.04 . o.94889 . 
1 .05 . o.93708 • 
1.06 a 0.92525 
1 .07 . o.91375 . 
1.08 s 0.902-48 
1.09 : o.89144 
1.10 : o. aaoGa 

points and sides from the water surface elevations at those poin� 
If these elevations do not agree 'With the bottom elevations used 
in the longitudinal element computations , the latter may be re�ised 
in three vm.ys 1 first,  by trial ; that i s ,  as sume a. new bottom ele­
vation, second, plot smooth curves through the two ve.lues of' tan a 
(at sides_ quarter points . and center line) using tan a as ordiJJAtes 
and channel width as abscis sa,  taking the difference in areas under 
the curves as the eorreotion factors ; third, take as the oorrection 
factor the difference between the computed values of , AH for s ides 
and quarter points , using the values of tan a found from table VII 
and the values of AH found from values of' tan « 'from the longi tudi­
:nal element computations . With the revised bottom elevat�on, the 
calculations are repeated until as clos e agreement as des ired is 
obtainedo 

The above procedure is 11lustra.ted by sample computations 
for the Bartlett spillway. In addition to sample computations for 
the prototype structure. the correction for "excess frietionst in 
the model is also  shown. To cori;-eot for 0exces s model friction.st a 
prototype structure was designed, using a value of roughness factor 
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that would scale dmm to the model value.  Then prototype dimen­
sions wre reduoed in the usual way to obtain corresponding model 
dim.ensions o Actually. in the oase of the Ba.rtlett spillway. the 
prototype was designed using a roughness factor of 0.014. and in 
the model design a value of "excess friction loss"  was included • 
This value of •excess friction lo s s "  was computed in the follow­
ing mann,r, 

and 

or 

where 

n,; .  � .  »1/s . 0.010 • 2.15443 • 0.02154 

lit, l"Bt • <n;/1i,>
2 

= ( 0.02164/0.014 )
2 

• 2.368 
p p 

n;, • the prototype roughness  £actor that will scale 
down to the model value of roughnes s ,  

:D:m, • the model roughness factor. · 
12p • the actual prototype roughness  factor, 

Ii • the model scale ratio . ;pr0t0me 1enRh • 100, mo e leng Hr • the head los s clue to friction in the hypo­
p thetical prototype structure , 

fft • the head loss due to friction in the actual 
P pro"botype structure . . . 

t 
Expressed in words. the equation 1ft • 2 .368 Hr means that in two 

p . p 
prototype structures which are identical in every respect except 
for the roughness factors . the ratio of the friction los ses varies 
direotly as the square of the ratio ot the roughness factors . The 
•excess friction los s• in the hypothetical prototype structure is  
computed and sho'Wll in table IIo 
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I 
: 2: lrtp Station : . 

2+50 I o.oo 
a 

3+00 I 0.2a  
I 

3+50 I o.64 

Etc .  

TABLE IX 

11Exoess Friction" Com.puts. tions 

I 
3 
: 

J 11t • 2 .368 Z flt : p p ' 
I OoOO 
I . o.ss 0 

: 
z 1.s2 

a 
• 
• 

! a; • 
Z Hr  - Z ffr • 

p p 
1 "ixoeas  Friction" 
. 
: o.oo 
g 
: o.aa 
& 
• o.aa • 

In oomputing table IX the values of Z fft are ta.ken .from table 
VI, item 12 . p · 

The next step in the computations is  to cGmpute the 
a.ter surface and bottom elevations at the various cros s s ections , 
as  outlined above. These are arr�nged in table x. 
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TABLE X 

Floor Elevation Computations 
Energy Gradient Not Assumed Horizontal 

Station 3+00 
trial No . l 

Pertinent Datac � • o.021641 ro/dc • o. Bl4J 

live = 43.6951 'Rt, • 0. 66 
s0 • 0.01192 

I 
: 
& 

No. ,  Itm. 

8 g 
1 lni1de I 

: Inside I Quarter• 1 
, Wall , Point ' 1 
a R • 1716 & R • 1761eil 

Outside a 
Quarter- 1 
Point s 

R • 1842 .6.s  

Outside 
Wa.11 

R • 1885 
I I 

l 1Aotual proto. bot .  el. 1 1728 . 89 
2 :Excess friction. X �1 0.18 
3 1B.ypothetical bot. el. 1 1728.51 
4 sVelocity head, B.,x 1 48.07 

I 
&1730.74 
1 o.sa 

: 1730.36 
I 46.79 

' 
1 1753.96 
' o.ss 
: 1733.57 
I 41.72 

I 
: 1135.li. 
: o.5a 
:17M.97 
: 19 .88 

6 : Vig fl;; • vx . : 55 .605 : 64.2'10 : il.802 : 
6 & q/vX • � I 18e506 : 18.981 1 .  19 .864 : 

60.647 
20 .317 

l
l" 

I : : I .  
7 ,...;.... dx • o.814 4x-rx : lti.064 : 16.434 : 16.169 a l6.5SB 

: � I : I I 

8 I l 1J • � I 0.01217 1 0.01179 : 0e01108 I 

: 2.2082 r� I : : : : 
9 ak(n!v )2 • a - : 0.017461 o.01s11 1. 0.0137951 

: p X I I : S 
10 , 8A + 1 • Av. •a s o.01,s91 0.014016' 0.01286 : 

: 2 I I I 

0.01015 

0.01279 

0.012156 

11 sBlement l&Dgth • AL 1 48 . 82 : 49-.41 50.69 : 61 .18 
' : : s : 

12 , •a • AL •  ARtx , o.717 : o.692 1 o.651 : 0.632 

13 ! z  Alfrx • B'fx ! 0.111 : o.692 : o.661 : .  
I 

14 1 <lx  + lfvx. + Bt, . X 
15 1 .lqd. grad. at 2+60 

I 2u.x 16 I I; • tan Cl 

I 
17 1AB 
. 18 &AB + llvo + Z J4 

• pG 
19 aw. s .  el. 
20 •"x 
21 1 Bottom. elevation 

I I 
67.293 65.443 = : 

1 1795.803 1 1195.803 
I I 

: 
1 62 .235 

: 
: 60. 829 

: 1795.805. 

: I I 
I 0.06606 : 0.06211 I 

I o.04629 : 0.04231 
I I 
: 4.436 1 2.138 

. I 48 .790 I 
I 
1 1747.010 
I 18.606 
1 1'128.604 

I 
1 1749 .807 
: 18.961 
1 1730.146 
I 

: 
I -l.0993 . 

I 
1 1761.418 
c 19 .864 
1 11s1.s1, ' 

-3.854 
s 40.507 
: 
: 1'165.293 
t 20.317 
1 1714.916 
: 



TABLE X (Continued) 

Floor Elevation Computations 
Energy Gradient Not Assumed Horizontal 

Station 5+00 
Trial Bo. 2 

Pertinent Data., 

: 
: 

a 
: 
• . 

i'nside 1 

Inside : Quarter- : 
Wall Point : I 

No, a  Item : R • 1715 : R 111 1757.6 : 
I I 

3 :Hypothetical bot. el. 1 
4 :Velocity head., Rvx : 
5 :  V2g Hvx • Vx : 
6 : q/vX • d,c I 

: : : 
re 

: 

7 :-a:=- d:x • 0.814 dx-rx : 
0 

8 : l • lex 
: 2 .2082 r4/S 
: 2 

9 gk(n;vx> • 8 

: Bo + B 
10 : 2 • Av. •a 
11 1Element length • AL 

12 t aa • AL •  Al!t 
: X 

13 : 2: Alfr • lit 
: X X 

14 =dx + .Hvx + 1I.t 
I X 

15 ;Hyd. grad. at 2+60 
I 2Rvx 16 1--- . tan Cl : Rx 

17 lAH 
18 :AH + �c + Z Rrpc 

: 19 .W. S ea  el ., 
20 : d:x: 

I 21 1 Bottom elevation 

: 
: 

. • 
I 
; 
g 
I 
I 
: 
: 
: 
: 
: ' 
: 

: 

! . 
0 

: 
t 

: 

: : 
: 1730.36 r 

: . • 
46.80 

54.276 

18.969 

C 
: 
: 
I . . 

: : 
I 0e011'79 : 
: : 
: 

. • 0e016ll I 
: 

: 0.014015, 

49 041 ' 
: o.s92 : 

: o.s92 

: 66.461 

: ; 
: 1796.801 : 
: : 
: 0.05212 s 

. • 2.138 

46 .493 

; 1149 .307 
18.969 

I 
. 1730.348 , 

: 
: 
: 

' 
I 
: 

buts ide : 
Quarter• : Outside 
Point : Wall 

R = 1842.6: R a  1886 

. . 
: . . 
: 
: 
: 
; 
: 

: . . 
. • 
I . . 

: 
: 
: 

. • 
: 

: 
: 
; 
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In table x. item l 1s  taken from. table VII .  Item 2 
oames fr01B table IX. The bnothetical bottom. elevation (item 
3 )  is the eorresponding elevation in the sea-ond prototype struc• 
ture which has the 88Jlle -plan and corresponding velocities e.s the 
first prototype strueture. but it haa a value of roughness  tac.tor 
that will reduoe to the model value aceording to the similitude 
relation. The '98.lue of 'f;hb bn>othetical bott• elevation is 
found by subtracting item. 2 tram item 1.  The next step is  to 

. assume a velooity head (item 4) and run through the ensuing com­
putations in m.uoh t-he 1apie manner a:s 118.s done in table VI for the 
ey-draulio oampuisations clown the o enter line of the channel. It 
the oorreet velocity head were assumed. the ccmputed qdre.ulic 
gradient at station 2+60 (item 15) will oheok the actual (1795.80) , 
11' it does not oheek. a. new velocity head. is assumed a:ad the com­
putations are repea.ted until as . close an agreement as desired is 
obtained before proceeding with the rest of the computations . In 
ita 1 it ie assumed that the ra.tio of the ey-dra.ulio radius at .u:, 
point to the hydraulic radius at the oentE1r line va.ries ti.reotly 
-.s th� ratic of the depth! at the corresponding points.  Item 8 is 
interpolated tram A ta.blel of values ef k corresponding to valueas 

1such a table is given in •llaildr,ook ot :a_-,dn.ulics" by H. W. King, 
table 1071 Pt 5101 third -4-ition, MeGraw-Hill, 1939� 

of r. Ite 10 is the average friction loss per foot throughout 
the reach. a being taken from item 9 ,  and s O f'rom the adjacent 
upstream staticm at the oorresponding point in the cross section. 
In this particular example the adjacent upstream station is 2+50, 
at whioh the rloor . is level in cross section and the friotion loss 
per toot ia constant across the section. Item. 11 is taken from 
table v. Item 13 ia the summation of the friction los ses tram sta­
tion 2+60 dcmn to and inoludi:Dg the etation under investigation0 
After the desired atJ-eement between the computed and the actual 
eydn.uUo gradient at station 2+60 (1 t11111. 16 ) has been obtained• 
items 16 to· 21. inclusive. are then calculated. In item. 16 the 
velocity head found in item ·4 is used. The computations tor item 
17 • AH, are shown in table XI. Values o£ All,,. on the right side 
of the centeJ' line a.ppea� as negative quantities because . AH ia 
defined as the difference between the value of the velocity head 
at the point investigated and that at the center line. The •ter 
sur.fa.ce elevation (item 19 ) is fotm.d by subtracting item 18 from 
the emrgy gradient at 2+50 {1'195.80) .  Item 20 ia the same «1x 
found in item e. The bottan elevation (item. 21) is . ot course, 
the •t•r surtaoe elevation minus ·  the depth. If this bottom ele.­
vation does :not agree olosely enough with the bottom elevation 
g1Ten in item 31 a revision ot the bottom elevation is necessary • 
Suoh a revision 1V8.s indicated· after the first trial computations 
for the inai4- qu&rter-point only� In these oomputations . the . 
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revision of the bottam elevation -.s ma.de by trial instead of by 
ma.king oorreetions as indicated by plotting curves of tan «  found 
in tables VII and X; or oomputing new values of AH from the 
values of tan « from table VII. It is evident that the order of 
ocsnputa.tions must be from the oenter line progressively outward 
since the AH for the �utside points inoludes the AH for the 
quarter-points . (See t&ble XI) 

The foregoing illustrates the manner in which the bottom 
elevations at each section were computed for the Bartlett s pillway 
and also how the oompubations were ma.de f' or the ,hypothetical pro­
totype structure, the values of which reduc� directly to a. 1 1 100 
sos.le model. As previo-µsly pointed out, the above computations 
must be repeated for ea.ch section, working progress ively downstream. 
Also. when all computations have been completed, it is necessary to 
investigate the longitudinal profiles through eaeh of the eross­
seotiona.l points determined. If a�r profile does not show a pro­
gres sive decrease  in elevation from. upstream to downstream, or ii' 
any profile ind.ice.tea a radius of curvature in the vertical plane 
small enough to result in an appreciable cba.nge in force en a prism 
of water tram hydrostatic to greater or less than hydrostatic ,. due 
to centrifugal foree, it will be necessary to revise  the center­
line profile and repeat the entire set of computations until a 
S'a.tisfe.ctory design is  obta.inedo 

Figure 8 in the appendix gives a comparison between the 
actual •ter surfaces as detennined by a 1 : 100 sea.le model and the 
theor&tioe.l water surfaces ; also.  the velocities as determined from 
the model. and as indicated by theory. The sections shown in fig-
ure 8 are for the original model before it was decided to incor- �· 
porate a bucket at the end of the lined section, as  shown in figure 
6 of the appendix. 

Figures 9 to 11 , inclusive, show the model in operation 
under various conditions of dischs rge . Figure 12 showe; the flow 
pattern on the bottom a.nd sides for the designed disoharge. The 
flow pattern indioates oross flow on the bottom toward the inside 
of the eurveo This condition i s  to 'be expected because the channel 
was designed tor the mean velocity in a. vertical plane e.nd because 
the normal velocity distribution in the vertioal plane indicates 
that the velocity on the .floor is  considerably below the mean value. 
Could a similar pattern have been ta.ken along a s.urfaoe passing 
through points of maximtm1. velocity in the vertical plane, cross 
flow to the outside of the curve would no d$1bt have been indicated. 
These points a.re brought out to illustrate the inherent and insur­
mountable objeetioDAble property of curved spillways, namely, that 
the spillway will operate o�pletely satisfactorily only when the 
aotual velocity at aey point agreea with the velocity used in de­
signing the spilllll8.y a.t that point. 
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TABLE XI 

Computations for AH 
Station 3+00 

I 
: 

1 Inside s Outside : 
Inside a Quarter- , Quarter- : Outside 

1 Wall : Point · i · Point : W&ll . _, _______ ,_nu: __ ..... ei. ........ 1 ___ · ----
22 1· itq r• Re :• Rott :•  Ro 

t• 1757 .i ,. 180000 1• 1842.5 :• 1885.0 
i.it• � :• l¼,q a• Ro :•  Roq 

,. 1115,0 1• 1757.5 ,. �aoo.o :• 1842 .5  

1.02ss1
1 
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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-called 8exaet0 method. The discussion that follows deals with 
ourved spill-.ys whieh are tapered in plan and designed by the so. 
called "approxinate" method in which the simplifying assumption is  
made that the energy gradient across a section is horizontal. The 
Vallecito spillway will be used as an example of this type. In 
this case  it was necessary to  use two spirals on the center line. 
one from the start of the curvature and extending down to the mid­
point and the second from the midpoint down to the tangent. 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 proc ess ,  twin spirals which 
would approximate the side walls and quarter-points . taking inte 
aooount the desired taper in width. were evolved. Making the assump­
tion that the discharge per foot of width is c onstant aoross aey 
seotion, the energy gradients on the center line are computed for 
all stations as if the ohannel were straight. These computations 
are similar to those of table VI. Then, at ea.ch station, the radii 
of curvature for ea.ch desired point in the cross section are computed 

:f'rom the fomula. R • · Re � Le -where R is the radius of curvature 

at the point., R8 is the terminal radius of the spiral., L8 is the 
total length of the spiral, and L is the length from the start of 
the spiral te the point cons idered. Having these data., the -.ter 
surface and bottom elevations for the quarter points and the side 
walls are computed by the formula whose development follows. 

The development of the formula for computing the water 
surface depends upon two assumptions : first. that the energy 
gradient across a section i s  horizontals and second• that the water 
surf'a.oe between verticals may be considered parabolic • From the 
latter assumption it follows that the tangents to the water surface 
at verticals 1 and 2 (figure 13 ) will intersect at the midpoint of 
the interval between the vertioRls , or at b/2 from either one . 

From the figUl"e 

and 
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but 

and 

b .Z a 2 tan a.z 

tan a2 =-
2¾ 

� 

b 
21½_ 

K "' H1 + 2 • Rl 

b 
z = - ·  

2 

.,. 2(K + Z) 
Rz 

2 (K + Z )  
Rz 

b bK 
Z (l - Rz

) =- 7ri"° 

Therefore, 

bK Rz z .. � .  ----- -
itz R2 - b 

• H1 
+ 

bHi 
R1 

· ---
b 

2 

K 
Rz 

(1:) - 1 )  

This formula was us ed in computing the values of  the velocity head 
at the various points in each cros s s ection of the Vallecito spill­
way. The procedure is to work from the center line progres sively 
to either s ide. When working to the left of the center line, the 
value of Hz is  the unknown.a when working to the right,  H1 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 a �, and the depth is found from 
d • g/v where q equals the di scharge per foot of width. The bottom 
elevation e quals the water surface  elevation minus the depth. 
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This method of computi1� the water s urface and the bcttom 
elevations at the c ros s s ections we.s adopted by the des igners in 

R1 2 
preference  to using the formula Hz • Hi_ (¾) for the following 

rea.son0 In laying out the plan for a tapered twin spiral spillway, 
it i s  practically :µnpossible. if not theoretically s o. to have the 
start of the spirals representing the walls .  quarter-points , and 
oenter line occur at the same station a.s referred to the center line. 
Thus the start of the spiral for the outside wall for Vallecito 
occurs a. t station 5+97.  78, while  the center-line spiral  starts at 
station 6+16.23.  a.nd the inside wall spiral starts  at station 
6+81 .41 .  At station 7+00, the radius of the inside wall spiral is  
about 3. 760 feetJ 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 les s than that at the outside. Here �he 
reverse is true. It is  evident that under this condition the 
velocity heads at various points  in a cro s s  section. figured by the 
equation HR2 • constant, would be in error . It was for this  reason 
that the method used in computing the various elevations for Vallecito 
was de�eloped. 

Figure 14 shows the general plan and sections of the 
Valleeito spillway. A model of the spillway was built and revis ed 
twioe to diminish the effect of centrifugal foroe due to curvature 
in the vertical plane. Figure 16 shows cros s-sectional water surface 
profiles as determined from the model compared with the theoretical 
water surfaces at the various s ections . The final bottom elevations 
at each section are shown in solid lines ; the original and first 
alterations are shown dotted. Deviation from the theoretical water 
surface is  due in part. at least. to the disturbance caused by the 
piers at the o restJ and this  effect is magnified by the converging 
walls o  Where practical, piers should be elimnated and the rate of 
convergence made as  small as possible. In the appendix in figures 
16 to 20 are shown pictures of transition No o 3 with no flow. one­
quarter, one-half. three-quarters , and full designed dis charge. 

The hydraulic features of the design of curved channels,  
with parallel walls for both subcritical and supercritical velocities .  
have been herein treated in c ons iderable detail;  and the design of 
curved spillways . tapered in plan and having supercritical velocities. 
has b een outlined. 

T. G .  Owen. 
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View from Downstream 

View from Down stream View frol"'. Upstream 

Figure 9 .  Var io·v s Vi ews of the Model . No Fl ow .  

BARTLETT SPILLWAY, MODEL SC.ALE 1 : 100 



View of Left Wall View of Right Wall 

Figure 10. Various Views of the Model Discharging 1 75 ,000 Second-Feet. 

BA.�TLETT 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 Fl oor and Left Wal l  

Figure 1 2 . Flow Patterns on Channel Floor after Flow of 1 75 , 000 Second-Feet. 

PARTLETT SPILLWAY, MODEL SCALE 1 : 1 00 
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View from Upstream View from Downstream 

View from S ide 

F i g,ure 1 6 .  Vi ews of the Model of Trans it i on No . 3 .  No Fl ow. 

VALLEC ITO SPILLWAY, MODEL SCALE 1 :  60 



View from Upstream Vi ew from Downstream 

View from S ide 

Figure 1 7. Views of the Model of Transition No . 3 .  Desi gned Discharge 
of 30 . 000 Second-Feet . No Gate s  Used. 
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View from Upstream View from Downstream 

View from Side 

-.. Figure 1 8 .  Views of the Model of Transit ion No. 3 .  Three-Quarters 
Maxi1TD.1m Discharge , 22 , 500 Second-Feet . All Gates Equally Open. 
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View from Upstream View from Downstream 

View from Side 

Figure 1 9 .  Views of the Model of Transiti on No. 3.  Half Maximim 
Disoharge , 15 , 000 Seoond-Feet . All Gates Equally Open. 
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View from Upstream View from Downstream 

View from Side 

Figure 20. Views of the Model of Transition No. 3 .  One-Quarter Maximm 
D ischarge , 7 ,500 Seoond-Feet. All Gates Equally Open. 
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