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PURPOSE
/éﬂa~investigate e bucket flow characteristics considering the
radial effect of the bucket and to develop theoretical and

experimental equations for the mainzflow parameters.

CONCLUSIONS

1. A theoretical analysis and study of experimental data show a
pronounced centrifugal effect on the action of the radial flow
through a roller bucket and suggest that the flow characteristics
in spillway buckets can be analyzed by use of the equations of

pressure plus momentum with the addition of the centrifugal force.

2. A theoretical equation is developed to relate the bucket radius

to the flow characteristics of two different flow conditions, one of

which is described here as a-suﬁa?au% juﬁﬁ;flow condition in which the
e

roller action is similar to a hydraulic jump and thqﬁof which is

described here as a submerged jump-flow condition in which the roller

action submerges the bucket. Also, a theoretical equation is derived for

the energy loss in both. These equations are experimentally verified

using data obtained by the USBR, Hydraulic Laboratory, within the
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limits of Froude numbers up to 9 and Afactors (ratio of flow
depth above the :l.nverb, ya s to the supercritical depth at the
invert, y,) to appraximately 25. A theoretical equation is developed

for the.mcbgf depth factor at the bucket invert for the ed e

FM : (YN 4 A < T’(O
Jump-flow condition. /\'l'his gqua:bion is also experimenta.uy verified 6“12,,\, Ca
within these limits by applying a correction coefficient for air- y
entraimment.

5. Curvilinear effect on Froude number and critical depth of bucket
flow is analyzed and it is shown that a correction factor must be
applied to the originally defined Froude mumber, i.e., F = \%5‘

and it is also shown that the hydraulic jump can be formed in the
bucket even though the Froude pumber is less than 1.

4. Considerebie—informalion-econcerning-—gaEp, 5n~ge length, surge
height, and other flow pammeterg g;lana],yzed, and it is shown that
all of the flow characteristics may be expressed as functions of

—4he~ flov parameters (Froude mmber, tailwater factor, submerged
factor) and A{EL shape parameters (abrupt factor, baffle factor, and
radius factor).

5. Using the equa.ti?ns obta.ined, it is found tha.t the energy loss
B e &jﬂ :

in a sutmerged Jjump: /within a bu.cket is more than in the correspond-
ing free jump on a horizontal floor, but less than that
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of a corresponding =mmepmzt jump-flow condition within the bucket.

However, due to unstable characteristics of the aweemesst jump-flow

condition, a slight submergence is recaommended.

6. Camparison of energy dissipation capeacity of various hydraulic
Jump basins and the lengths of these basins with that of the bucket
shows that the bucket is more efficient in dissipating the energy

and does so in a shorter length of structure.

INTRCDUCTION
If an ieddsaed hydraulic

of a bucket invert for a supercritical. stream discharging over a
>

spillway, the tailwater depth should be equal to the subcritical

sequent depth, y,, given by the mamentum equation. If the tailwater

depth, y-, is less than y,, the jump is swept out of the Euc et.
f % H o Ltha A Sovdoons asa f¢74 .
This is knowm as p=bocket flow condition/,(Figure e ap gy y/auyp

Vg = ¥y the hydraulic jump is on the verge of sweeping out of the
: ¥ ,_1.6";\40“2‘.4 .
basin, TPhis is defined EmPe as a swkepout jump-flow condition dj‘m: B0

v —~ o
(Figure 1-b). If, however, Y5 1s greater than y,, the jump is %wu\a

submerged or drowned as shown in Figure l-c/; ;rﬁis is defined as a
submerged jump-flow condition K (s Lmfaa¥ e ovisirmasa re Qo W

Basic information concerning the characteristics of the bucket flow

is published in many hydraulic and fluid mechanics books, yet the

Wm{igures refer te _figurés in-this appendix, only.

5



solution of the problem has been approached by means of hydraulic
models. Therefore, it is apparent that an amalytical study of
bucket-flow phenamenon would. be he.‘l.p:ml to at least provide a

thearetical guide M_moﬂﬂ._sinme

In 1933 and 1945 bucket-flow charactéristics were studied by the
Bureau of Reclamation with the aid of hydraulic models for the

Grand Coulee and Angostura Dem buckets.t/ & In 1953-195% extensive
hydraulic model tests were conducted by the Bureau of Reclamation's
Hydraulic ILaboratory to establish geperal design procedu.jres.g/
Similar studies were conducted by Lehigh University to define the

general performance cha.ra.eteristics.y

X
MA'A?JMM?“Q
The radial effect on the flow through the bucket for both eweepend
Jump-flow and submerged jump-flow conditions has not been conclusively
established. No doubt the camplexity o: the behavior of the rolling
kst
body, including its turbulence ard » has discouraged the
earnest efforts of many investigators, and perhaps the perspective
on the main issues of the problem has been obstructed by minor

&/ 3acob E. Warnock, "Spillway and Outlets for Grand Coulee Dam,"
Hydreulic Laboratory Report No. 103, USER, 1935

2/vgraraulic Model Studies on the Spillway for the Angostura Dam,"
Hydraulic ILaboratory Report No. 192, USBR, 1946 :

/g, 1. Beichley and A. J. Peterka, "The Hydraulic Design of Slotted
Spillway Buckets," Proc. ASCE, Vol. 85, No. Hy-10, October 1959

2/ M. B. McPherson and M. H. Karr, "A Study of Bucket-Type Energy
Dissipator Characteristics,” Proc. ASCE Vol. 83, No. Hy-3, June 1957



inconsistencies of flow behavior. It is suspected that difficulties
in the past have been experienced largely due to efforts to merge
the phenamenon into camplex theory, whereas, guidance by the simple
fundamental laws of mechanics and application of gmﬁirica.l formulae
based upon analyses of experimental date would have probably yielded

substantial progress.

In order to gain a more rational understanding of this phenamenon,

& combination of theory and experiments are used in this study.

Notation: The letter symbols adopted for use in this study are
defined where they first appear and are arranged alpha.'betica.l.ly in
Apperdix 4. ?\

*
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g¥-JUMP-FLOW CONDITION

Review of Theory

The equations of pressure g mamentum are expressions of basic
theories and must be satisfied in the simultaneous algebraic calcu-
lations required for the solution%pro‘bleans. Recently a
concept of themzontal Jump was used for analysis of
Y@ bucket flow where an apron extended horizontally fram the
bucket inve: ?'/ Centrifugal force was not taken into considera-

e =
of buckst 18 Calied a balf bucket 1nm

p— R
-

S e e

Purtheer-de : of s0lid and slotted buckets have shown that

ESerge Leliavsky, "Irrigation and Hydraulic Design," Chapman and
Hall, Ltd., London, Volume 1, 1955

p)



the centrifugal effect on the pressures in the bucket (Fj.gure 2)

may became so ed t be included in ‘bhe analysisg%’
AU PSS A/

e
Thmé;MW condition,\ W-‘f—im:s) not a recc;i;nénended W
opera.t:l:nﬁ‘conditic_m s:l.m:el,\-wul rentee wmtﬂa - o B &&Q{'{ﬁ* W
mﬁmabled' baz is analyzed here only as preparation for

analysis of the submerged Jjump-flow condition.

Deﬁnition Sketch ) PR R | T{J’
( Based o recent odel studiesJ _/ & (7/ ﬁ‘deﬁnition sketch) for hott

: ’_/,'////

N

T [

o~

7‘0(@ Referring to Figure 1-b, the factors involved in the analysis of

- tubrraged

the sweepowt jump-flow conditions are defined as follows:

Sequent depth factor (¥) is defined as the ratio of the sequent
depth Y, to the supercritical initial depth, Y.

¥ == (1)

(v, - v.)
= "y 2 (2)
-
T e e

"Hyaraulic Model Tests on
. Flood Spillway of Sakuma Dam,”" Central Research Institute, Electric )<
' Power Industry, Japan, June 1, 1956 S
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vhere y_, 1s the suberitical sequent depth ofr\normal free jump
a
onphorizontal floor.

Abrupt factor (2) is defined as the ratio of abrupt rise, z, to

initial depth, ¥,

Z = ;z; . (3)

Baffle factor (k) is defined as the ratio of the total width of o
baffle';/'bt, to tmt of bucket width, b,

o ()

lE:x-.b—

Radius factor (R) is defined as the ratio of the initial depth,

) to bucket radius, T

R=g= (5)

For slotted bucket similar to the Angostura Spillway bucket,
0<k<1land Z >0,

For solid bucket similar to the Grand@ Coulee bucket without
baffle, k= 1 and Z > O.

For half bucket where év hewdzontet apron extends horizontally

. owd
from the bucket invert, edbher k -er 2 = 0.



Drag Forces on Bucket Baffles ” X
If the shear stress along the horizontal solid boundaries of a

solid bucket between Sections 1 and ‘*, Figure 1-b, can be neglected o

. “', I3 ?

) ;
\
‘{,ﬁnmm— ; '
then by use of feree-erd momentum theory, 7 F) f:ﬂ/" BN

and the mamentum coefficients, Bl and By » are assumed as unity, !

e

Ly

i e
[

1 '

. va . i
1)...a (1 NV
<§> &L <"=‘> ”*(y1+ gy )* o o

(25

in which -7 1is the specific weight of water, q 1s the discharge

b

per unit width of bucket, g is the acceleration due to gravity,

Y, V2
1 15 the static head correction factor of the bucket due to
&ry (2T 0 fhhee >

the radtal flc_w{f/é/ .

/ -
p 1s the force. acting'on the/){%é/ﬁ/ﬁunit f the solid bucket and

can be written in the form of the basic drag equation
2 C 7'0":) N o v’ﬁqr‘ﬁ S N

. PV '/ﬁ‘* - (o vnir 5—‘ [ TR N T ‘
B p=0a—TAZY . Siea (M

: A . R R4 2 - /\} ‘ .
r““ e JY‘ {;.([ ~ . . ——— - > R C E ' '

Cd is the coefficient of drag, p 1s the mass density of

A R PN -

VI b . : . T

N 7 * Ven Te Chow, "Open-Channel Eydraulics,"1959  Loaw - K2 »
"/ D. B. Gumensky, "Design of Side Walls in Chute and Spillway,”
Trans. ASCE Vol. 119, 1954
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Introducing Equation 7 imto Equation 6 P e

73"4
—-I'Gd 2\@/2- 7yl<yl+ﬂ—l>

- 31’(-‘1- .S (8)
g\¥i ¥
Equation 8 could be reduced to form
= = 2, _ 1) _y2 2
Cd-‘l;%;.{ai'l(l \F) V24 (1+FI1.R)} (9)
vwhere F, is the Froude mmber for the corresponding initial flow
v
condition for the horizomtal hydraulic jump, i.e., F = pov N
szl

Equation 9 is the drag coefficient relationship for solid bucket.' "
In the case of slotted bucket (Figure 1-c), ‘ﬁl'ie drag equation is*
written as e ®

R

’ -3
2 Y

p vl //-\\

p=Cl C-k- -—357 A% (10)

where Cd is the drag coefficient for the torresponding salid
bucket with abrupt fa.c‘gor; Z.apnd C 18—& Vspacing pwameter for
drag coefficient of slotted bucket. Then, the momentum equation
for stotted bucket could be written as



2
P v v, v
il 2 Lé a 1
‘2-73!4 +C-+-k - Cd ) —73’1(}’1 + grl
and- simplifying
— C= { <1~->-v2+1+3- k 12
: deFZZ 1 (12)

' 7&" e
Equation 11 is the general expression of pressure mHSs mamentum

equation for spillway bucket, and could be used in eveluating flow

parameters, such as sequent depth factor, radius factor, etc.

Fxperimental Studies of Drag Coefficient

Experimental data, taken by the USBR Hydraulic Laboratory fram

A/&WWA/&AA, - n*#;ﬁmesa/

Grand Coulee,y Angostura,g/ and -“general.penformance -studs

were used in evaluating the drag coefficient of the bucket baffles.

L £
0 tead < e

Lty ==
PR TS < o Aot a, [L2en B Aty C}’) e L OF #os /.

* —Ple’s ef-test-data shows that the drag coefficient of the bucket
baffle: ispgm controlled by dimensionless parameters; ,O Z and
k. The Best Tit8eh curves for differenty types-of bueket are
shown in Figure 3-a. Fram Figure 3-a, it is seen that Cd
decreases as K-'increases, eand for values of Z larger than 2.5,
the_,:elffect offbafﬂé is not significant. Therefore, for design

purposes, a Z value of less than 2 1is recammended.

10
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o evaluate spacing parameter, C5 test data from Angostura modele—/ wes Al
w/ J'QJ Aorap2d ——rt\\w-ﬁ—- & GO—M
&rplotted against baffle factor, k, in Figure 3-b. It 1s seen
\.00 4
that C value increases fram C = 1%t k = iﬁ&p&aeentrto maximm

Thus, .
c..edé'r"/ )

Bvaluation of Sequent Depth Factor

Substituting Equation 1 into Equation 11, using the equation of con-

~d . X
tinuity, a cubic equation for sequent depth factor in a s@a&—
Jump flow condition can be evaluated,

q;3+{kcmez-(1+F2R)-2Ff}¢+2F""=o (13)

/9 (V %» |

A mathematic solution of the sequent depth fa.ctor_{ 42- ,;' is possible )
but complicated, and usually introduces same imagina.ry root. This
makes the analysis of flow characteristics much more camplicated,

yet the solution of the equation shows

v=£(F, R, k, and 2) . 3 (1)
or simply‘ the sequent depth factor in the sweepsai=jump des-be
€

gbamaa?a function of flow parameter, Fx » and shape factors R,

k, Z. This relationship can be used in solving for tailwater depth
?}MLt ' f&n«) (S e S /f?fz,
theme?ow:for own values of R, }{, and 2,cenditions.

ya



can-be~edopted into Equation 11 and simplifying

=—-=—(Jl+8G N (16) %ﬁ

(.u,/‘l
-, ’[ ?’T /‘/)A—-( W
c\,/f,m. /6 2 a *dl //m
This is &e/\general equation for hydraulic Jum%a.nd frem—ibhe _ahave.
.anplysis 1t is apparent that - {\
'}gm /\/\ .
 6=2(F, R, k and 2) o Aot o (x7)
E«r«aum C16) couleloton o 2t 2

Eowever, & Fortran program is given in Appendix ¥ to simply the

camputation of Equation 13y % pblocs 4L A ! olopTh o S T
w/& »225‘ W,

Evaluation of Redius Factor (R)

Fora'known tailwater condition, Equation 11 can be used in evaluating
the radius factor, however, a tailwater factor, S 16 adopted
as a tept of camparison) then /T

12
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LAY 1 2 2 2 l :
RepeE {kCOdFlz-i-v -2r1<1-$>-1}
b §

- % {kcpd F2z + (1+5)2¢? - 2F2 <l -mlgl'ﬁ;) '~1} (28)

vhere @M Aﬁffoj«f ,(F@ﬁ( AA_E:,,——) o ‘@&&GP@‘%%

War AAET A )
Y. . : ﬁr_".(;'*:_-"'p t& lﬁ‘“"’—"-“v)‘&
Q= 3r—a =3 (J1+8F%-1) <\ /‘6uz T Lo (O
o ’ . B o /f‘ o %J“ﬁ’ﬁ
o " Foo & o & B
; o .
and , oh{a\’ ol Q—ﬂ“c”'
g5 40
’ P Vo

Equation 18 is the general radius factor equation for, the-bucket:
~Flew=in the slotted-type bucket.

oo oG foectn, T, aveel
,@gfﬂ(ﬂ z-o—cZﬂ ) ) Con Lo
.-2/'} 4"17‘*-(1,»«1@/ G«»A/
For the solid bucket in the sweepout Jump-flow condition, /)Eqmtion 18
cen-be peduced—bo 7 ¢ rmlo
Ay

ey

1 //
1 21
=;f-.{ﬁ{arfz+(1+sl)aqﬁ-ar~f (1-5;1{)-5)-1} (22)

and can be expressed as %WM,\S‘W,

R=12(F, §, 2) (23)

135
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If aidEr Z or K= 0, as for the half 'bucket)Equa.tion 18 again

can be reduced to

2 2 i1 17
R= -F—f[(l-l-sl) q32 -1l- 2Fﬁ< }‘s;?»);q,g)] (2k%)

which means that the radius factor can be expressed as #)f\rchyan

1 Sy
et
R=£(F, §) (25)
Energy Loss
The initial energy at the toe of the jump or invert of the bucket
can bé written as .
2
E'= Y1 +7; Vgﬁ% + VI%
e 77
2 92 2 '1,(
- +y F- +F y =2 ‘
y?_ yl 1 1 1. - (26)
Yo b
Intoalucltl B . [ttty R = &
E 2 2 - 2L
== 1+F R+ B : (e7)
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The ‘energy at the end of jump 1s

2
. ), q®

E4 = y}-l 2g = ( 14 Sl)y2+

.2 2
2
g‘( 1#3)° ¥

in vhich v, is the mean velocity at the tailwater.

The energy loss EL is given by

EI':EJ_-E‘&

15 27 : 'LC/

Substituting Equations #5and 28 into Equation 2F erd simplifying,

that is

-’

E

=£(F, S, Z k)

or eiper®

By

g - £(f,, R, 2, k).

15

2

(29)

90
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Thus for the relative loss of energy in various types of buckets,
‘}; Equation Efg has been shown to be a function of Froude mmber (F,)

Q\‘V / tailvater factor (S,) and the bucket shape factors (R, 2, and k).

_, “/ It is apparent that the energy dissipating capacity of the bucket

) ‘3'2} / 1s much more than that of the corresponding horizontal jump. In

| order to Tizmre-out the efficiency of venergy dissipation, an

.‘\' index n is used,

() 3
nu- ()

®),

where b.J represents the bucket flow in sweepout condition and f.J
o~ thedons 4y ad Yoy
represents the corresponding horizontal Jjump condition% Am—

@ 284 Andio 2 22NN NRPVS VBN -@M—) erlsts lma
baneamanﬂfned_ﬂ.};gg_mm be obil;a.:lned £réf the Fortra.n , ‘?'

\\‘ /

L program in Appendix a

Curvilinear Effect on Froude Number and Critical Depth

The general specific energy equation at the toe of the Jump or
invert of the bucket can be written as

s
—~ 2 2 9?2 g2 o
E=v e Tm T Tyt P (2

_ % .
The Critic&'l. state<ef flow has heen defined as the state of flow at
vhich the specific energy is minimm for a given d.':lscharge.@ A

% ‘ , s ) / S N
= ss AR CY/WasSs Spierel lLs eim wec el é«:,/t” -
1ess a8 ‘”'“ ipTEapien-6T Watgr Surrape With CBANZS, Q..

ow "u' Spripgersyve l.-:‘.;-',- "'1919‘“@ % Bang 3 a;x
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theoretical criterion for critical flow may be developed by differ-
entiating Equation ﬁ with respect to y and noting q as a con-

stant thus
S %;1-3%(1-»%);1-% 1+¥> (—S)

At the critical state of flow the specific. energy is a minimum, o
the depth where minimm energy occurs % = 0. Let Yep represent(
the critical depth for the bucket flow, then Vop mst satisfy

the following condition, that is

55

;—fa; ) <o . (56)

or )
y:b-%;ycb "-géf=° (?ﬁ)

The solution of ¥, from Equation 36 can be obtained, but is not

a matter of interggt. However, the critical depth of the=iimear- @ /Jﬁ-ﬁd&/\
channel, y; = ';‘ ,‘\/ ggf , is introduced in Equation 36 to get a better |
camparison, that is

®

S 4 ,( ,. }_im (1)

xb‘b 1 r

17



iG> channel, F = j;_;, and lifcar—ehmmet=ts—

will vary from 1 to j'g—. This means that hydraulic jump can be

Furthermore, the cambined effect of gravity and curvature of bucket
upon the state of flow, or Froude number for the bucket/ can be

defined as Ao e

S g//{{ &?“"
Fb=\/§(1+ﬂ (M’*‘o ""pf (38)

1

Fb=F<,’1+¥> (39)
- B

when F =1 , the flow state ¥w correspom%ﬁg— ag-defined by

or

Equation %, and the relationship between the Frcude onumber for ¢ -~ £élz.- 3«»«&/1
o+ 4»&«,«) Lo

’

' y e <.
F,=F, l'i'l-:';—b' =1 / <= _%;cji- -
S ? Z
el —
-~ S _——

Yep i \ 7 L~
vhere -~ vaneéo#rgs 1, thus for €8> critical &= the bucket
po

357, the corres Froude number of the';mt, F= fgvy‘ s

formed even though the correspording Froude mumber, F = VYE ’

_1s less than 1.

SUBMERGED JUMP FLOW CONDITION

Definition Sketch:

Referring to.Figu.re 1-6, the added factors involved in the
analysis of the submerged jump-flow condition are defined

18



as follows:

Back depth factor (Hb) is defined as the ratio of
the depth of flow in the bucket above the invert, Vg

to the supercritical depth, ¥

Ya
= yl (ll-O)

Submerged factor (sa) is defined as the ratio

(vo = v,)
2" 5y4 . (+2)

Tailwater factor (ss) is defined as the ratio

(ve- vg) /(w‘ g S - o
By = 15% R A%’g’ (+2)
2 - R i
Surge facfgr (Bs) is defined as the ratio
Ye
H = y—s (&3)

where Yg 1s the average surge peak depth.

The su'bmgrged hydraulic Jump in a bucket is a system of two dis-

J
tinct streams; one, the principal stream occupying the lower portion

19



of the jump body, and the other a rotating mixture of water and air
supported both in motion and position by forces imparted to it by
the principal -Btreezg.é“;By the p.rt/-:sentation of J. H. Douma,y-)/ the
depth of the principal streamm bucket invert, ¥,» can be shown
as a function of a dimensionless parameter, ;‘“&E:- . (Appendix%-)
Thus the radius factor, R, can be easily deteimined for the
sulmerged Jjump-flow condition.

Then refer to Figure l-c, cutafree body through bucket invert, the

forces plus mamentum equation can be written as:

e
2

L J/‘p'vf 1 2 _1¢f 1%
57V +kCCAAZ—Z=-57 (v -¥,) --§<2y3+ e, -,y1>y1

=

K =

K3

\ =( 3 (1)

Substituting the equation of contimuity and simplifying,

WA ia -
vl =8_ /¢ _op2f1 . L
‘t)f H = 5, Jr\;’: kCCd Z Ff_ R - 2F2 (1 g (4+5)

Vs Y, y
' 2= (1+8) — = (1+ +s ) 2
vhere V =7, (1:+8)) T ( 8,) (1+s)) 7,

=(1+ss);§=é(1+sl) (Ji+8F2-1) (1+s) (46)

-*Q/Discussed by J. H. Douma, "Design of Side Walls in Chutes and
Spillways," Trans. ASCE, Vol. 119, 1954

20



Hb can be shown to be function of F,, 82 and shape factors,

R, k, 2, that is

for a solid bucket

£(F,, S, R, 2) (18)

B

and for a half bucket,

B = 2(F,, S, B) (49)

To simplffy the camputation, all flow parameters can be caompared
with the horizontal Jjump, and the third tailwater factor S - is
used in evaluvation of the backedup depth factor, then Equations 47

to 49 can be expressed as

H =f(F, S, R, k, 2) (50)

Further more, the depth of the principal stream in a bucket invert ,ﬁ/
¥;» can be approximately determined, and backedup depth selected.
Insuch a case, determination of radius factor, R, becomes necessary.
Then, by use of Equation 4l, the radius factor, R, can be expressed

as a function of Fl s S , H and shape factors k, Z. That is
3

b

R =

. f[v-a +kCC ZF - K - 2Ff<1 - ¢—1->] (51)

)

lEP. M. Stepanov, "O podtoplennam pryzhke vody,'" Gidrotekhnika i
Melioratsiya, Vol. X, No. 1, 1958, pp 43-53

21



or
R=z1(F, s, &, k, 2) (52)

When Hb = 5(3'3 = yl), Equation 51 can be reduced to Equation 18.

This means that the sweepout condition is a special case of the

submerged condition. rhquation 4k can be used in evaluating drag

coefficient for spillway buckets for submerged Jjump-flow conditiom.

The resulting equation is
1 FZ 2 2 1
CCd=ysimy i FpR-¥® + B+ 2P 135 (53)
T ol

Rumerical values can be obtained from experimental data. However,
due to air entraining facility of the bucket roller and unstable

characteristics of water surface, it is reasonable to assume that
the drag coefficient for submerged Jump-flow condition will remain

the same as for corresponding sweepout Jump-flow condition.

In order to verify the assumption, e}%?,imental Mckup- depth factors
gé.;ﬁtuthe USBR hydraulic la.bora.tor;\i/ 4are plotted against computed
values using Equation 45 and drag coefficient values obtain from
sweepout jump-flow condition. Because_ of air‘erfgmining facility

of the bucket roller, the experimental [:;baclﬁug factor seems to be

higher than the camputed value, Figure k.

The best fit relationship, Figure 4, may be expressed as

= . L
I%(ex:») 1%(t:he) = (2



/Jg;{vax B M [’"
This correlationf‘i;& to be good. ¢correction factor of 1.5, adl.l 5~

4ekeg-earg—of the simplifications made in theoretical amalysis.: -

Hence, the theoretical Bquations 45 ard 51 could be tsed to campute

the relationship between R, Hb s Fy, and Sy amd Fortra%n program Q\_,
is given in Appendix ﬂ\to simplify the canputa.tion rusing the progranzp/

the required bucket radius for any particular flow can be obtained

and the backedup depth of any special flow condition can be easily
[« PV N5
predicted. (Mmmm@ﬂmﬁﬁ_w
tha

Evaluvation of Surge Fagtor

. Ao eV
Appraximate surge-height characteristics obtained by—thke USBR hydraw-
/ﬂaﬁi;ainmzarﬁ/ are shown in Fi{gure 5. The best fit curve shows

that the equation of ]
- H ,
H = 1.45 xﬁ 2 {55)

1o Tho do T prr

can be ﬁttedﬂ This information is helpful in setting top eleva-
tions for training walls.

Length of the Mezged Jump $re=RrchEl

, ﬁe hydraulic behavior
of the submerged bucket dissipator is manifeated primily by the

formation of two rollers; one is on the surface rmoving counter-

closewise and is contained within the region above the curved bucket,

25



and the other is a ground roller making a surge moving in a clock-
wise direction and is situated downstream from the bucket. To find
the length of the sutmerged jump, the bucket invert was taken as
the origin, and the end of the jump was taken to be the end of the
25 roller and surge, where the depth became equal to the tailwater

depth, s

iis Lb 8.9 is the length of the submerged jump, the variation of

L .5, With backedup depth factor, E,, Aokor- oy tho UCHH hydrautte

z= :f-’“y is shown in Figure 6a. It was found that the theoretical

s=elav-L:

backed@Afactors could be satisfiéd by the linear equation

N
\ . Q i I‘b J
Voo ELLLLT LA 2.47 - 0.035 (56)

with a correlation coefficient of 0.87.)

For experimental 'backedup/, factors, the same relationship as given
by Equation 54 can be adopted.

If Equation 45 is substituted into Equation 56, jump length factor,

f!y“ = can be shown as a function of F,, S,, or S;, and shape
5

factors R, Z, k. That is

L . 3./5'5 = 2.47 - o.035J ¥2 +kC 0B 2 2 - F2R - 2F2 (1-;1,: (57)

N

2k



s

i:;,‘-'i:-a £(F,, 8, R, 2Z, k) (58)

For % = 1, that is, when flow begins to sweepout, 5-'-5-‘1— will
_ L, v
beasMiasa.hhanda’@p Hb>l,——§,s—‘i'- will &
S
_——RzBTnidys A camparison of the jump lengths on the different types
of energy dissipators’ﬁ/ shows that the bucket energy dissipators

hoduali

——C N T

are the shortest.

Length of the Surge in Submerged Jump
The length fram bucket invert to the average surge peak is taken

L

as the lepgth of the surge, L;, and the relationship of ;q_ to
S

B 1is shown in Figure 6-b. It was found that L the best £it

curve through the/\points could be satisfied by the equation

I's
) ;s- = 1.47 - 0.019 : GM (59)

with a correlstion coefficient of 0.8k.

Comparison of equations 56 and 59 shows that the length between average
surge peak and end of jump has a variation of

60)

w"ﬂyﬂx-aulie Design of Stilling Basins and Other Energy Dissipators,"
Engineering Monographs No. 25, USBR, 1963

2>



Length of the Roller
Due to the bucket actioxi;/the length of the roller u's not g¢
promunced as in @e horizontal hydraulic jump. The relationship
between the ratio of the roller length, L,, to tailwater depth,

Yo and backedup depth factor, Hb’ is shown in Figure 6-c, THN

rhton-—ts-not-good=mel a variation of 0. to 0.4 is obtained.

Energy Loss
Referring to Figure l-c, the energy at the invert section of the

bucket can be written as

2 2

v

E=y‘ +V+L e
1 3 28 8n

or

E

I _ - 4 e
~ yl-Hb+2'[F1R

The energy at end of Jjump is

3 ., BN
B o R~
5 5 2g 5 =
2m5
or

2 2
Es-—iss.;.Flyf_qu.;.F_l.
Y, ¥, 2y2 2912

(61)

(62)

(63)

(6%)



Then the energy loss EL is given by

EL 5 El . Es (65)'
art
Substituting Equations 61 and 63 into Equation 654 simplifying

2
(rremics)

By
ﬁ =1 - - o (66)
(g, %%+ 22)
Again it is shown that
r
= = £(F, S, R, K, 2, k) (67)
i

and when H, =1, Equation 66 can be reduced to Equation 30, as
stated above, similar conclusion can be made for the relationship

between sweepout and submerged jump coniitioﬁ/S in bucket flow.

Verification of Equation 66 is obtained by using experimental

losses camputed from data taken by the USBR hydraulic la.bora.torya/
campared with theoretical losse& camputed using Equations 45 and 66
with Cd value obtained fraom Figure 3. The results of the ccmpari-

son are shown in Figure 7. The correlation is seen to be good.

The backedup depth factor is a?element in the energy loss Equation 66,

yet, e experiment, results show that the variation due to error in

a7



measurement of backedup depth has little effect on the relative
energy loss and the relative loss curve, Figure 7 shows a better

correlation than that of the backedup depth factor curve, Figure k4.

Througﬁ?‘use of Equation 66, the energy dissipating capacity of the
submerged bucket is seen to be more or less than that of the cor-
responding free jump on horizontal floor, depending upon the par-
ticular value of Fl 5 Sa and shape factors R, Z, k. Again the
index of relative dissipation, Equation g is used for evaluation
of dissipation efficiency. For any given Fl y k, Z, and S, n could
be more or less than unity, depending on R and Sa.

37
By differﬁitiating Equation /4 with respect to either Sa’ F,, or
R, and rtrea%&ag/ sting the resulting equation equal to O, then a maximum
value of n, for any particular flow condition can be theoretically
obtained. However, the resulting equation is a camplicated func-~
tion of F,, S, R and shape factors k, 2. A sample camputor com-
putation shows that the equation is an increasing function and

becomes infinity as Iib increases.

In the preceeding consideration of the energy loss, it should e
always be remembered that the computed energy loss in the submerged
Jump occurs in a length much less than that of the corresponding
bucket jump in sweepout condition or free jump on a horizontal floor.

CQ-‘ A\:tfq I

el
Camparison of the energy dissipation capacity is aeassensly; lower

28



SN
| than that of the sweepout condition. From these considerations,
it is concluded that the sutmerged Jjump Mot be preferred to
the sweepout condition for energy dissipation pnrposes unless the
bac.kedup,\factor is less than approximately 20 percent of the tail-
water depth.’- This agrees with the minimm tailwater recammended
by USBR and the test results given by McPherson apd others :-‘2/
N Aol
‘ ﬁg@ Fhe equations memtiemed above can be adopted in buckety
\}‘ ‘ / design) graphical or tabular representation of,.%;uations is possible
" but due to g many veriables included in the amalysis, and in view
of the extensive and rapidly growing use of digital computers,
such tables or graphs would not be of widespread interest. Instead,
a Fortran program was written for use on an IBM T0O90 and is shown

\ 5
in Appendix f.

J'a/"&'nxposzl.um on Energy Dissipators,” Central Board of Irrigation
and Power, Publication No. 70, New Delhi, India, August 1961

29
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q discharge intensity
R radius factor
v # L tmtrgs.
Ty T radius —geetions. —_
2 P — A
r‘ —
s submerged factor or tailwater factor
Sl 2.3 submerged factor or tailwater factor for
™ various flows
v mean velocity
,2,s  mean veloclty at &tfferest sections V2 3
// x longitudinal distance
/
‘ Yy depth of flow
Yo critical depth of linear channel
N Yop critical depth of bucket
7 ¥y o g depth of flow at &ffssent sections |, 2 A3
- - ’ ’ e e L e
/‘l"-»\.iﬁ\}“ speciﬁ.c weight of wa.ter\
/ T G
o} %_depth ratio for free Jjump
/’/ v sequent depth factor for bucket jump
Byrg momemtum coefficient
o density of water
§
_ F e /&M WZZ’ [ﬁﬂ-oueoiwaw{:ﬁ C"’""“Q‘th
% - ?/&\M—— /l‘;?"d&,, m,?.‘(« /r.’) e, B
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e

b
bt
c
ca
E

AFPPENDIX 1--NOTATIONS

bucket width

width of baffle in bucket
spacing parameter

drag coefficient

specific energy

E, Ea’ Ea specific energy at amr¥sws sections

By

Fl
B
£

®

specific energy less

Froude mmber for linear channel
Froude mmber for bucket
function

acceleration due to gravity
Jump constant

/

2 =03

difference between reservoir elevation and

tallwater elevation
backedup depth factor

surge factor ,

length of submerged Jjump in bucket flow

length of roller in bucket

length of surge in bucket

relative efficlency of energy dissipation

camponent of roller weight acting dowmstream on

the principal stream of bucket
floor reaction

floor reaction
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APPENDIX 47

Dg&gmination of Depth on the Principal Stream in a Bucket Inle_r_tg

According to previous model studies of flow in the spillway buckets
of Grand Coulee, Pine Flat, and Popolopen Dam, J. H. Douma assumed
that the velocity distribution Ibn the bucket would be that of an
irrotational vortex; V = % 5 in which A 1is a constant and r 1is
the radius of any streamline. For this flow pattern, all the
streamlines are circular and concentric with the buckets. This
assumption has also been adopted for determining the depth of the

principal stream in a bucket invert.

Fram Douma's streamline analysis, the following relationship was

obta.ined—l-'/ '
- T
T3 g
r log ( o= = "=
= r2 / »\]%H
here r, 1is the radius of the bucket;

r, is the radius of the streamline in the principal stream
- of bucket;

H is the difference between reservoir elevation and tail-
water elevation.

Dividing both sides of Equa.tion(i) by r,, a dimensionless equation

can be obtained, that is

r r
=2 Ml et
(rl>log<r2> rl'd?gﬁ

]—'/Discussed by J. H. Douma, "Design of Side Walls in Chutes and
Spillways," Trans. ASCE, Vol. 119, 1G5%
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r
or r—2 can be expressed as function of a dimensionless parameter
il

). e
r, «/2gH
T
(.a) = f( . - ) (3)
o -r, o] 2ocH
where r., q, H are all known values.

1

The depth of the principal stream in a bucket invert, y,» can be

expressed in terms of r; and Ty that is

-1 (%)

AT
Again using a dimensionless parameter of =] and in terms of

1
2

a simple solution of Yy, can be obtained by
using the relationship of

E)

(%>=f<;712§.> (5)

The result of Rquation 5 is shown in Figure 1.
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AFPENDIX 1--NOTATIONS

b bucket width

b %" width of baffle’in bucket
c spacing parameter

ca” drag coefficient

E specific energy

E,, Ea’ E3 specific energy at aaridus sections l, 2 c,—ﬂ(\ =

EL specific energy less

F Froude number for linear channel
F.b Froude mumber for bucket

t function

acceleration due to gravity

G ~hump censtant AL Ly (i o 2 POARE oL
H difference between reservoir elevation and
tailwater elevation
Hb backedup depth factor %/
H-. surge factor /0}
,y 5.‘1‘ e %(‘_, ,~.,,,
Lb 8.3 length of’ submerged Jump in bucket flow
Lr length of roller in bucket
L, length of surge in bucket
n relative efficiency of energy dissipation
P camponent of roller weight acting downstream on
r . the principal stream of bucket
- //
P, floor reaction '
Pu floor reaction



discharge intensity

D1

radius factor — ,(/

./ radius
0 2L 2 ')“ ‘
radius auvarip,ua -sections —
'(/’._,/'J (%L/‘?‘l\
submerged factor or tallwater factor S,
submerged factor or tailwater factor for "J/ 2
various flows
mean velocity
mean velocity at &ifferent sections | 2 c—& 3
longitudinal distance
depth of flow oo b R 9 ; 7
critical,depth of linear channel
criticaf depth of bucket
depth of flow at different sections !, 2 A3
'speciﬁc weight of ﬁﬁféf\ “7? i o “"‘s'[“‘“c‘,- I T A
a : —~—alle Lo T 4 < ¥
%&pﬂh ratio for free jump — ' Wt E e &
f} ¢ PREG i 'h,/v‘l_'f,t.')’» Y
sequent depth factor for bucket Jjump f ¥

mamentum coefficient

density of water y’é 7 ' )
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