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PURPOSE 

G. L. Beichley 
T. J. Rhone 
w. E. Wagner . 
H. M. l1a.rtin 

To investigate the bucket flow characteristics considering the 

radial effect of the bucket and to develop theoretical and experi­

mental equations for the main-flow pa.rmneters. 

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 fo~ce. 

2. A theoretical equation is developed to relate the bucket r adius 

to the flow characteristics of two different flow conditions 

described as a sweepout jump;.flow condition and a submerged .j'mnp­

flow condition. Also, a theoretical equation is derived for ,~e 

energy loss in both. These equations are experimentally verified 

using data obtained by the USBR., Hydraulic Lab oratory, within the 
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limits of Froude numbers up to 9 and. backup factors (ratio of flow 

depth above the invert, y , t o the supercritical depth at the 
3 . 

invert, y 1 ) to ap:proxima.tely 25. A theoretical equation is developed 

,, for the backup depth factor at the bucket invert for the submerged 

jump-flow· condition. This equation is also experimentally verified 
• 

within these limits by applying a correction coefficient for air­

entrainment. 

3. Curvilinear ef':f'ect on Froude number and critical depth of bucket 

flow is analyzed and it is shown that a correction factor must be 
V 

applied to the originally defined Froude number, i.e., F = ,--
. ~gy 

and it is also shown that the hydraulic jUillJ? can be formed 1n the 

bucket even though the Froud.e number is less than 1. 

4. Considerable information concerning jump, surge length, surge 

height, and other flov parameters is analyzed., and it is shcn-m that 

all of the flow characteristics maybe expressed as functions of 

the flow parameters (Froude number, tailwater factor, submerged 

factor) and the shape parameters (abrupt factor, baffle factor, and 

radius factor) • 

5. · Using the equations obtained, it is found that the energy loss 

in a submerged jUillJ? within a bucket is m".)rA t han in the corres-p?nd­

ing free jUillJ? o~ a horizontal floor, but constantly less than that 
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of a corresponding sweepout jump-flow condition within the bucket. 

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

condition, a slight submergence is recOIImlended. 

6. Comparison of ener{!;'J dissipation capacity of various hydraulic 

jump basins and the lengths of these basins witr. that of the bucket 

shows that the bucket is more efficient in dissi:pa.ting the euergy 

and does so in a shorter length of structure. 

JJif.rRC!DDOrION 

If an initial hydraulic jump depth, y1 , is to be formed at the toe 

of a bucket invert for a supercritical stream discharging over a 

spillway, the tail water depth should be equal to the subcri tical 

sequent depth, y4 , given py the mcmentum equation. If the tailwa.ter 

depth, y5 , is less than y4 , the jump is swept out of the bucket. 

This is known as a flip-bucket flow condition (Figure 1-a*). If' 

y 
5 

= y 4 , the hydraulic jump is on the verge of sweeping out of the 

basin. · This is defined here as a sweepout jump-flow condition 

(Figure 1-b). If, however, y5 is greater than y4 , the jump is 

submerged or drowned as shown in Figure 1-c. This· is defined as a 

submerged jump-flow condition. 

Basic information concerning the characteristics of the bucket f'low 

is published in many hydraulic and fluid mecha.ni~s bocl",.s, yet the 

* All figures refer to figures in this appendix, only. 
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solution of' the problem bas been approached by means of hydraulic 

models. Theref'ore, it is apparent that an analytical study of 

bucket-f'low phenomenon would be helpfu1 to at least provide a j~ / 
, theoretical guide for the model study. 

C 

In 1933 and. 1945 bucket-flow characteristics were studied by the 

Bureau of Reclamation with the aid of hydraulic models for the 

Grand Coulee and. Angostura Dam buckets.!/ g/ In 1953-1954 extensive 

hydraulic model tests were conducted by the Bureau of Reclamation's 

Hydraulic Laboratory to establish general design procedures.~ 

Similar studies were conducted by Lehigh University to define the 

general perf'ormance characteristics • .!/ 

The radial effect on the flow through the bucket for both sweepout 

jUlllJ?-flow and. submerged jump-flow conditions has not been conclusively 

established. No doubt the ca:nplexity of the behavior of the rolling 

t body, including its turbulence and surge, has discouraged the 

earnest efforts of many investigators, and perhaps the perspective 

on the main issues of the problem has been obstructed by minor 

'd./ Jacob E. Warnock, "Spillway and Outlets for Grand Coulee Dam," 
Hydraulic Laboratory Report No. 103, USBR, 1935 
?:../ "Hydraulic Model Studies on the Spillway for the Angostura Dam," 
Hydraulic Laboratory Report No. 192, US.BR, 1946 

~G. L. Beichley and A. J. Peterka, "The Hydraulic Design of Slotted 
Spillway Buckets," Proc. ASCE, Vol. 85, Mo. H::-10, O~tober 1959 

±/M. B. McPherson and. M. H. Karr, "A Study of Bucket-Type E11ergy 
Dissipater Characteristics," Proc. ASCE Vol.. 83, . No. Hy-3, June 1957 
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inconsistencies of flow behavior. It is suspected that difficulties 

in the :pa.st have been experienced largely due to efforts to merge 

the phenomenon into cemI]?lex theory, whereas, guidance by the simple 

~ :f'undamental laws of mechanics and application of empirical formulae 

based upon a.nalyses of' experimental data. would have probably yielded 

substantial progress. 

In order to gain a more rational understanding of this phenoru~non,· 

a combination of theory and exJ.)eriments are used in this study. 

Notation: The letter symbols ad.opted for use in this study are 

defined where they first appear and are arranged alphabetically in 

Append.ix A. ·X· 

SWEEPOur JUMP-FLOW CONDJ:rION 

Review of Theory 

~ The equations of pressure pl.us momentum are expressions of basic 

theories and must be satisfied in the simultaneous algebraic calcu­

lations required for the solution of' jUllll) problems. Recently Jj~1l 
concept of the hydraulic horizontal jump was used for analysis of 

the bucket flow where an apron extended horizontally from the 

bucket invert.§/ Centrifugal force was not taken into considera­

tion . This t-.roe of bucket is called a half i.mcket in this analysis. 

Further developments of solid and slotted bucl,ets have shown that 

§./Serge Lelia.vsky, "Irrigation and Hydraulic Design,n Chapman and 
F..a.11, Ltd ., London, Volume 1, 1955 

5 



" 

the centrifugal effect on the pressures in the bucket (Figure 2) 

may become so pronounced that it must be included in the analysis. 

,• The sweepout jump-flow· condition, Figure 1-b, is not a recannnend.ed 

operating condition since it creates much water surface roughness 

and is unstable but is analyzed here only as pre:i:,aration for 

analysis of the submerged jump-flow condition. 

Definition Sketch 

Based on recent mcx1.el studies!.f:'g/ ~/ !I §.I a definition sketch for 

the bucket flow is presented. 

Referring to Figure 1-b, the factors involved in the ana..lysis of 

the sweepout jump-flow· conditions are defined as follows: 

Sequent depth factor (,i,) is defined. as the ratio of the sequent 

depth y4 to the supercritical initial depth, y1 • 

Tailwa.ter factor (S
1

) is defined as the ratio 

ID Atsu.ya Okada and. Takeshi Ishibashi , "E. -u.ra.ulic Mod.e1 Tests on 
Flocx1. Spillv1ay of Sakuma Dam," Central Research Institute, Electric 
Power Industry, Japan, June 1, 19,56 
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where y
2 

is the subcritical sequent depth of' normal free jump 

on horizontal floor. 

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

initial depth, y
1

, 

Baffle factor (k) is defined as the ratio o'£ the to·cal wiclth of 

baffle, bt, to that of bucket width, b, 

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

y 
1

, to bucket radius, r 
1 

, 

For slotted bucket similar to the Angostura Spill·way bucket, 

O < k < l and Z > o. 

For solid bucket similar to the Grande Coulee bucket without 

ba'£fle, k = 1 and Z > o. 

For half bucket where a horizontal apron e..-...tends horizontal.J.y 

from the bucket invert, either k or Z ~ o. 

7 

(3) 

(4) 

(j) 



Drag Forces on Bucket Baffles 

If the shear stress along the horizontal solid boundaries of a 

solid bucket between Sections 1 and 4, Figure 1-b, can be neglected 

and the momentum coefficients, f3J. and 13 
4 

, are assumed as unity, 

then by use of force and momentum theory,· 

( . yl. ~) 
.., y yl + + ]? 

J. ~rl 

in which Y is the specific weight of water, q is the discharge 

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

YJ. ~ . 
is the static head correction factor of the bucket due to 

grl. 
7/ 8 1 

the radial flow. - :::., 

p is the force acting on the baffle unit of the solid bucket and 

can be written in the form of the basic drag equation 

where Cd is the coefficient of drag, p is the mass density of 

·water. 

7../ Ven Te .... ..:ow, 11 0'.!,~n- Channel lzydra.ulics, 11 1959 

~1n. B. Gumensky, "Design o-f Side Walla in Chute and S:pillW,l.y, " 
Trans • ~:..&,"'E Vol • 119, 1954 
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Introducing Equation 7 into Equation 6 

= ~'(t- t) 

Equation 8 could be reduced to form 

Cd :! + { 2 F 2 (1 - .!.) - y:2 + (1 + F
2
1 R)} 

F Z l. t 
1 

where F
3
. is the Froude number for the corresponding initial flow 

vl. 
condition for the horizontal hydraulic jmnp, i.e., F

1 
= Jgy-;_ 

Equation 9 is the drag coe:f'i'icient relationship for solid bucket. 

In the case of slotted bucket (Figure l-c), the drag equation is 

written as 

P v2 
l. 

p = Cd • C • k • ~ 6. Z 

where Cd is the drag coefficient for the corresponding solid 

bucket with abrupt factor Z and C is the spacing parameter for 

drag coefficient of slotted bucket. Then, the mamentmn equation 

:for slotted bucket could be written as 

9 
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and simplifying 

C = k Cdl p2 Z { 2 F: ( 1 - t) • 'Ir 2 + 1 + F 2 R } 

Equation 11 is the general expression of pressure plus mom.en.tum 

equation for spillway bucket, and could be used in evalue:ting flow 

pa.rameters, such as sequent depth factor, radius factor, etc. 

P-..::perimental Studies of nrag Coefficient 

Experimental data, taken by the USBR l:Iydra.ulic Laboratory from 

Grand Coulee,!./ Angostura.,g/ and ·''general performance studies~ 

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

Plot of test data shows that the drag coefficient of.' the bucket 

baffle is mainly controlled by dimensionless :parameters; Z and 

k. The best fitted curves for different types of bucket are 

shOim in Figure 3-a.. From Figure 3-a, it is seen that Cd 

decreases as 2.·1ncreases, and for values of Z larger than 2)51]1! 

the effect of ba.f:fle is not significant. '.l:herefore, for design 

purpose, a : . .z · value of less "chan ·2 is recamnended. 

10 
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To evaluate spacing parameter, C, test data f'rom Angostura moo.elsg/ 

is plotted. against baffle fac:tor, k, in Figure 3-b. It is seen 

that C value in.creases f'ram C = 1 at k = 100 percent to maximum 

of 1.60· at k = 67 percent and then decreases to O at k = O. Thus, 

f'rom the vie1-7:point of drag force, it is fourul that the slotted 

bucket of k = 67 percent wiJ.l give the best effect. 

Evaluation of Sequent Depth Factor 

Substituting Equation l into Equation 11, using the equation of con­

tinuity, a cubic equation for sequent depth fnctor in a 5'{eepout 

jump flO'W condition can be evaJ.uated, 

'1,-
3 + { kC Cd F~ Z - (1 + F

2 
R) - 2 F~} t + 2F~ = 0 (13) 

.-:(4 
A mathematic solution of the sequent depth factor, - , is possible 

Y1 
but complicated, and usually introduces same imaginary root. This 

makes the a.na.lysis of flow characteristics much more com:plicated., 

yet the solution of the equation shows 

1jr = f ( Fi., R, k, and Z) 

or simply the sequent depth factor in the sweepout jump can be 

sho,m as a :function of flow :parameter, F 1 , and shape factors R, 

k, z. This relationship can be used in solving :for ta.ilwater depth 

in the sweepout for kn0t-m values of R, K 1 a.11d Z conui t1.ons. 

11 



Again a factor of 

can be ad.opted. into Equation ll and sim:plifying 

Y4 1 J -'V = - = 2 (1 + 8(} 
2 

- 1 ) 
y1 

This is the general equation for hydraulic jUillJ? and. f'ram. the e.bove 

analysis it is apparent that 

G = f(F1 , R, k and Z) 

However, a Fortran pr0c,o-r8lll is given in Awend.ix B to simply the 

computation of Equation 13. 

Evaluation of Radius Factor 

For lmevm tail water condi tionJJ Equation ll ca.n be used in evaluating 

the radius factor, however, a t ail~"'-."?."cer factor, ~ is ad.opted. 

a s a t ool of com.pa..~son, then 

12 
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, 1 

Y1 1 { 2 r 2 • R = - = ~ · kC Cd F ,_, + 'if -
Y F 1 

1 l 

= ~ { k C Cd F~ Z + (l + S1 )
2 

q,
2 

- 2 F~ (1 - (l + ~,) q,) - 1} (18) 

where 

y2 l !: 2 cp = - = - (1 + 8 F - l ) y1 2 .1. 

and 

Equation 18 is the general radius factor equation for the bucket 

flow in the slotted-type bucke,t. 

For the solid bucket in the sweepout Jump- flow condition, Equation 18 

can be reduced to 

(19) 

(20) 

R = : 2 { k Cd F~ Z + t 2 
- 2 F~ ( 1 - t) - 1} (2.1) 

1 

and cc.n be expressed as funct ion of Fl., B
1

, a"ld Z, 

13 



If either Z or K-= o, as for the half bucket Equation 18 again 

can be reduced to 

which means that the rac.::.us :factor can be expressed as a function 

R = f ( Fl., sJ 

Energy Loss 

The initial energy at the t()(~ of the jUlllJ? or invert of the bucket 

can be ·written as 

= 
2 2 2 

y+yF +Fy/2 
1 1 1 1 1 

Introducing R, 

(24) 

(25) 

(~) 

(27) 



The enG.L·es;f at the end of ju..::p :..s 

2 
V1 

E = Y1. + - 4
- = ( 1 J_. S )V + 

4 1..1- 2g 1 J2 

in wh:.c _ v is the mean vclccity at t~,e tailwater. 
": 

The energy loss EL is given by 

E = Ti: - E L -i 4 

!IJ I 

Substituting Equations 2.S and 28 into Bqu;1tion 29 G.nd simrJ. i~•ing, 

E .. 
' .1J 

E= 
.l 

that is 

or either 

and 

, 

(l+S1)~ - } i;2i/ ( 
1-

1 + Fi_ R + 

15 
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(30) 

(31) 

(32) 
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Thus for the relative loss of energy in various tY.PeS of buckets, 

Equation 30 has been shO"wn to be a function of Froude number (F
1

) 

tailwater factor (S
1

) and the bucket shape factors (R, z, and k). 

It is apparent that the energy dissipating capacity of the bucket 

is much more than that of the corresponding horizontal jump. In 

order to figure out the efficiency of energy dissipation, an 

index n is used, 

C::) 
n = ___ b ....... ..._;J 

c::) 
:f' .3 

where b.j represents the bucket flow in sweepout condition and :r.j 

represents the corresponding horizontal jump condition. All the 

above-mentioned flow parameters can be obtained from the Fortran 

program in Appendix c. 

Curv:I.linear Effect on Froude Number and Critical nep.:!ill, 

The general specific energy e~uation at the toe of the jump or 

invert of the bucket can be written as 

_ v2 v2 2 2 
E = Y + Y - + 0 ..,. = Y + . .9.:... +. '5-gr '--6 gzy ~:r 

The cri t:!.cal state of flow has been defir;-:d a.s the state of flc-w at 

which the specific energy is minimum fo:~ ..... given discharge.~/ A 

t' '=-1-n... 1 B'. H.,-,.,..,., ~~ • ' - ·-- -- ~ -.,.."' -;,,....,. 11 O' b . ··T h ] d .i;-o.UJ.. _ oss, . ~-~ .... --..,_ _ --~- . e- .... n-'"...,e aue eJm wee se . es 
Flie:::::;-:~st:'J.nd.1.:..~ , 11 (Computation of ~ ·, '-'-' ~face with Ch9.nge of the 
Flow T"ne 11

), Springer-Verlag, Berlin, l919, pp 20 ani.1. 52 . 



theoretical criterion for critical flow may be developed by differ­

entiating Equation 26 with r espect to y and noting q as a con­

stant thus 

d
d.Ey'!<' = l - --9::.. ( 1 + z ) = 1 

gy3 T .: 
v2 --gy 

At the critica:. state of flow the specifi c. energy is a mininr...1.m, ur 

the depth where mini.'1!Ul!l energy occurs : ::: 0. Let y cb represents 

the critical depth for the bncket flow, then yeb mvst sa.tis:fy 

the following condition, that is 

l - sf 3 ( 1 + ::cb) = 0 
g Yeb X' 

or 

q2 
----=O g 

The solution of ycb f'ram Equation 36 can be obtained, but is not 

a matter of inter~s~. However, the critical depth of the linear 

channel, y ,. = · 1 s / q 
2 

, is intro::luced in Equation 36 to get a better 
C . ,\J g 

comparison, that is 

3 
yr:_ 

3 y 
C:b 

/ l ) = I y 
\ 1-+~ 

T 

17 
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Furthermore, the combined effect of gravity and curvature of bucket 

u}lon the state of flow, or Froude number for the bucket can be 

defined as 

Fb = J;c l+n 
or 

Fb = F (.J , + ;c ) . .I. 
T 

when Fb = 1, the f'low state is corresponding as defined by 

Equation 36, and the relationship between the Froude number for 

linear channel, F = ;...._, and linear channel is 
~gy 

F = F. t+...<:l! = l J y-

b . . y 

y 
·where ~ varies o~ l, thus for the critical state of the bucket 

T r 
V f'low, the corresponding Froude number of the nonbucket, F = ,==- , 

"Jgy 
will vary from l to 4-. This means that hydraulic jump ce.n be 

.J2 - J'li I 
V JI/ I. 

formed even though the corresponding Froude number, F = ,---. , 
"1[!:l 

is less than 1. 

SUBMERGED JlJtJP FL07.' CONDITION 

:r:_ ....... .-erring to Figure 1-c, t::..e adcle:.~ factors i~-rc:.,.red in the 

a.n::.J..ysis of the submeri;,xl jt::np- :::'lc.-r condi+,ion are defined 

18 
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as :follows: 

Backedup depth f actcr (F'b ) i s defined as the ratio of 

the depth of' fl ':>i7 in t~e bucket above the invert, y , 
3 

to the supercritical depth, y~, 

Submerged factor (S
2

) i s def i ned as t he ratio 

s = 
2 

Taihtater factor (s ) is defined as the ratio 
3 

s -
3 

Surge factor (H) is defined as the ratio 
s 

H 
s 

where y
6 

is the average surge peak e.epth. 

T'.ne submerged. hydraulic jump i n a bucket is a syst'1!n of t wo diF-

t:nc~ stre~~s; o~c the pri~cipal str~~~ <"'Ccupying t h~ 1 0\ier portion 

19 
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of the jump body, and the ot'.1er a rotating mixtu'.."e or· water and air 

supported both in motion and :position by forces imparted to "i.t by 

the principal st~eam. 
. w 

By thi~ presentation of J. H. Douma, the 

depth of the principal stream in a -oucket invert, y 
1

, can be shown 

as a functic-n of a dimensionless parameter, k (Appendix n.) 
r

1 
2gH 

Thus the radius f'actor, R, can be easily detPrmined f'or the 

submerged jump-flow condition. 

Then refer to Figure 1.:.c, cut free body throu.gh b•1cket invert, the 

forces plus momentum. equation can be ·written as: 

2 2 
l p V l 1 2 l (· Y1 vl ) 
- 7 ~

5 
+ kC Cd /$. Z - 2 - -2 7 (y - y ) - - ·.2y + - y

1 
y1 2 3 :i.. 2 s gr1 

Substituting the equation of' continuity and simplifying, 

where 'l!r' 
Y4 y 

(L+S ) - = (1 + S ) (1 + S ) _a 
2 Y1 2 J. Yi 

J.Q/Discussed by J. H. Douma, 11Desig:>1. of Side Wall.:; in Chutes and 
Spillwa-::,rs," Trari..s . ASCE, Vc,l. 119, 1954 
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can be shmm to be f'uncti on of F 
l' 

S
2 

and shape factors, 

R, k, z, that is 

for a solid bucket 

and for a half bucket, 

To simplfy the computation, all flow parameters can be c0m:9ared 

with the horizontal jump, and the third tailwater factor S is 
3 

used in evaluation of the backedup depth factor, then Equations 47 

to 49 can be expressed as 

(47) 

(48) 

(49) 

(50) 

Further more, the depth o:f' the principal stream in a bucket invert,!::..! 

y1 , can be approximately determined, and backedup depth selected. 

Insuch a case, determination of radius factor, R, becomes necessary. 

Then, by use of Equation 44, the radius factor, R, can be expressed 

as a :function of Fl-, S
3

, ~ and shape factors k, z. That is 

ill P . M. Ste}?n.r.., .- , 110 pocltopler..na:n :,1--:r _·;:-.J:e vody, 11 f!id.rote;.dinika i 
Melioratsiya, Vol. X, No. 1, 1958, pp 45-53 
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or 

When I\ = l(y:.. = y1 ), Equation 51 can be reduced to Equation 18. 
j 

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

submerged. condition. Equation ~.4 can be used :in evaluating drag 

coefficient for spi.11:way buckets :tor ";;Ub:mereed j1.llilp-flmr cc~dition. 

The resulting equation is 

(52) 

C Cd. l { r? R ,•,,2 + ..,-2 + 2F2 ( l - .!.-)} (53) = k·J!fz -'1 - v ub l ~r' 

Numerical values can be obtained from experimental a.ata. Hc.Wlel~/er, 

due to air entraining facility of the bucket roller and unstable 

characteristics of ira.ter surface, it is reasonable to assune that 

the drag coefficient for submerged j un.p-flow condition will remain 

the same as for corresponding sweepout jump-flow condition. 

In order to verify the assumption, experimental backup depth factors 

taken by the USBR hydraulic laboratoryW are plotted aeainst co::nputed 

values using Equation 45 and clrag coefficient values obtain fra:n 

sweepout jump-flow condition. Because of air entraining facility 

of the bucket roller, the experimental backup factor seems to be 

higher than the computed value, Figure 4. 

'L.1e best fit relationship, Figure 4, may be expressed as 

= 1L + l.5 
0

( th,) 
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This correlation is seen -co ·oe good. A correction fact.or of 1.5 

takes care of the simplific~tions made in theoretical analysis. 

Hence, the theoretical. Ec1u8.tions 1}5 a:::l 51 could be used to compute 

the relationship bE:t1,een R, H
0

, Fl., a:.1.d 8
3

, and a Fortrain program 

is given in Appendix E to sin:plify the canputation using the :-.;,rogra.m, 

the required bucket radius f'or any particular f.1 .ow can l.>e obtained 

and the backedup depth of o.ny special fl01,r condi-';ion can ·~e easily 

predicted. This in:f orrr..ation is not i.inportant :.n hydraulic de&ig.n 

of buckets but also important phase in structu!"e design of the wall s 

in chutes and spillways.~ 

EveJ.u':?.tion of Surge Factor 

Approximate surge-height characteristics obtained by the USBR hydra~­

lic labora to~ are shown in Figure 5. The best fit curve shows 

that the equation of 

can be :fitted. This information is helpful in setting top eleva­

tions for training vre.lls. 

~gth of the Submerged •• Jum_p in Bucket 

As tested by the USBR hydra1.:i.lic laboratoryfl the hydraulic behavior 

of the submerged bucket dissipo.tor is r..::mife::;ted ::.:,:+ "..rily by the 

for:r:ation of two rollers; o~e is on the surfac~ m~vins counter-

closew:I se and is contained within t!1e :ce::;icn e.cove "'.;i~e c11:..-ved b:icket, 
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and the other is a grou.rid roller making a surge moving in a clock­

wise direction and is situa·~ca. dmmstream :from the bucket. To find 

the length of the submerged ju::-.p, the bucket invert was taken as 

the origin, and the end of ·;;he jump ~ms taken to be the end of the 

said roller and surge, wheri~ the depth became equal to the tailwater 

depth, y
5

• 

Ii' L is the length of the sut.nerged. jump, the variation.of 
b .. n.j. 

L 
b.s.j. 

with backed.up depth factor, Hb, taken by the USBR hyJ.raulic 

laborato~ is shrnm in Figure 6a. It was found that the theoretical 

backedup factors could. be satisfied by the linear equat:l.on 

= 2.47 - 0.035 F0 (the .) 

1'1ith a correlation coefficient of o.87~ 

For e."q)erimental backed.up factors, the same relationship as given 

by Equation 54 can be ad.opted.. 

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

can be shown as a function of FJ., S
2

, or S
3

, and shape 

factors R, z, k. That is 

+ k C CJ. Z ~ - F 2 R - 2F2 (1 -l:.. \ 
..:.- l. i V') 
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/ j 

or 

L 
For ~ = 1, that is, when :f'lo1, begins to sweepout, b • 

5 ·,L:. will 
L YG 

be as s:ma.11 as 2.411. and after ~ > l, ~± wi.11 be d1::cr'::asecl, 
Y5 

gradually. A comparison of the jump lengths on the ~iff0rent types 

of energy dissipatorsW shows that the bucket ene;rgy di&sipators 

are the shortest. 

Length of the 8'..rrp.;e in Submerr~e:3. Jp.mp 

'.r'he leri.gth from btmket invert to the average surge peak is to.ken 
L 

as the length of the surge, Ls, and the rela.tionship of J, to 
Ys 

~ is sbmm in Figure 6-b. It was found that all the best f'i t 

curve through the points could be satisfied. by the equation 

L 
~ = 
Ys 

1.47 - 0.019 Eb 

1-rltl::: c, correlation coefficient of O. 8~-. 

(59) 

Co:nparison of equations 56 and 59 shovrs that the length betiNeen average 
sur ge peak and end of junp has a variation of 

+ l (60) 

m;:Iy--J.ro.ulic Design of S·tillin3 Easi:ns and Other "Snergy Diss.:..pa.tors, 11 

Engineerir..g Monographs No. 25, USBR, 1963 
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Due to the bucket action, the le:!:3th of the roller was not so 

pronunced as in the horizonto.1 hydraulic jump. The relationship 

between the ratio of' the roller length, Lr, to tailwater depth, 

y
5

, and backed.up depth factor, ~, is shown in Figure 6-c. The 

correlation is not good and a varietion of o. to c.4 is obtait~ed. 

Ener(0{ Loss 

Referring to Figure 1-c, the energy at the invert section of the 

bucket can be "Wri tte:n as 

or 

E 
J. -= y 
l. 

The energy at end of jump is 

or 

E Ys F2~ p2 
r. l. ,.) 1 J. -=-+ = 'V' +·-

Yi Yi 2y2 ,,.1/l' '2.. 
~~/ 

5 
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Then the energy J.oss 

B = E - F. 
L l 5 

E is ,:;i ven by 
L 

Substituting Equatjons 61 and 63 into E~uat~on 65, simplifyine 

Again it is shmm that 

and. when I\ = 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 conc1i tion in bucket flow. 

Verification of Equation 66 is obtained by using experimental 

losses computed from data taken by the USBR hydraulic laoorator-~ 

compared with theoretical lossed colll]?uted using Equations 45 and 66 

·with Cd value obtained from Figure 3. The results of the compari­

son are shO"\m in Figure 7. The correla.tion is seen to be good. 

(65). 

(66) 

(6:r) 

ThE.. backed.up de- ';;:-i fac to:~ is a ele:me:·(~ : .. 1 -'c:.:.c energy ::..us::- Equation 66, 

yet, the experiment results sbow that t:·e Vcriation due- to error in 
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measurement of backedup dep<:;h r.:.c little effect on the ::--elo..ti ve 

energy loss and the relative lozs curve, Figure 7 shows a bet;tcr 

correlation than that of the bccl-:.edup depth factc:1'.' curve, Ficure 4. 

Through use of Equation 66, t~e energy dissipating capacity of ·che 

submerged bucket is seen to be r1ore o:"." less than that of the cor­

respondine- free jump on horizontc.l floor, depana:!.:-g upon the par-

ticular value of F 
1 

, S a:.~i s!"lc.:pe factor 
3 

R: z, k. 1-..gain the 

inde.~ of relative dissipation, Equation 34 is used for evaluat~on 

of dissipation efficiency. For any given F
1

, k, Z, and S, n could 

be more or less than unity, depending on Rand S. 
3 

By differentiating Equ.a.tion 3~- with respect to ei the1· S 
3

, F 1 , or 

R, and treating the resulting equation equal too, then a :::::aximum 

value of n, for any particular f1ow condition can be theoretically 

obtained. However, the resulting equation is a complicated. i'unc­

tion of FJ.' s, R and shape factors k, z. A Saml)le ccmputor cc::n­

putation shows that the equation is an increasir,g function and 

becomes infinity as I\ increases. 

In the :preceeding consideration of the energ-.r loss, it should be 

always be remembered that the computed energy loss in the submerged 

L:r.cl~et jump in sweepout conditio;,1 or free jump on a. hor1.zonta.l :'loor . 

Cc:rrpar:i.son of the energy diss"' :r:-1.t::.Qn cc:c~~.c::.ty is conct::r.nt) y lmrer 
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"'er.an tho.t of the sweepout ccn::.::. tion . :r:ro:n these co:1sj c t!ratior..s, 

it i s concluded that the sub"Inc:!":Gcd ji.z::9 could not be preferred to 

·'che sweBpout condition for ene:."cY dissi:;.::-.tion purposes unless the 

backed.up factor is less than ayproxirr.1tely 20 percent of the t::i.il-

' 
by USBR a:n.d the t~st results g:::.ven by 1:cP~18rson a.nd others.~ 

Hence, the equations mentioned. ebove cc.n be '"i.d.o:pted in buckets 

des i gn, graphical or tabular representation of equa:;;ions is possi,:)le 

but due to too many variables included in the B.r.alysis, and in view 

of t he extens.ive and. rapidly grouing 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 7090 and is slDlm 

in AJ?i,endi.."{ E • 

11 
s-,-.~ (:iosiur.~ on Energy Dissi:.:· to:·s, 11 C.:1:-'-:..~ ..... 1 Board o:( !J·::~j "'"·tio11 

a::.d. :?ouer, Puolication No. 7J: · · -r D,..1..,.: - , . ··a """"'St ~ ,...,:·1 
. • .;;· '- ••-'-, - --- ' i . ....--;; ... .:.:::,· 
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b 

b 
t 

C 

Cd 

E 

E 
L 

F 
l. 

f 

g 

G 

Ii 

L 

L 

n 

p 

r 

s 

r• 

bucket width 

width of baffle irl ";Jucket 

spacing pars.meter 

drag coefficient 

specific er..ersy 

E 
3 

specific e::1:3r3y 2.t Yo.rious sec~ic;J.L 

specific energ-J less 

F-.coude number for line3.r channe:i.. 

Froude number for bucket 

fu.riction 

acceleration due to gravity 

jtm1p constant 

difference between reservoir elevation and 
tailvra.ter elevation 

backed.up depth factor 

SU?ge factor 

length of' submerged jv.mp in bucket flow 

length of roller in bucket 

length of surge i:n bucket 

relative efficiency of energy dissipation 

component of roller weight acting dmmstream on 
the principal stream of bucket 

floor reaction 

floor r eaction 
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·1 

q 

R 

r 

s 

V 

X 

y 

r 

cp 

!3f,4 
p . 

discharge intensity 

radius factor 

radius 

radius at various sections 

submerged factor or tailwater factor 

submerged factor or tailwater factor for 
varioui.. flows 

mean velocity 

mean velocity at different sections 

longitudinal distance 

depth of flow 

critical depth of linear channel 

critical depth of bucket 

depth of flow at different sections 

specific weight of water 

sequent depth ratio for free jUlllJ? 

sequent depth ~actor for bucket jump 

momentum coefficient 

density of water 
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APPENDIX D 

Dete;onination of Depth on the Principal stream in a Bucket Invert 

According to previous mod.el studies of flow in the spil11rey buckets 

of Grand Coulee, Pine Flat, and Popolopen Dam, J. H. Douma assumed 

that the velocity distributiot 0n the hu~ket would be that of an 

irrotational. vortex; V = ! , in which A is a constant and r is r 

the radius of any streamline. For this flow pattern, all the 

streamlines are circular and concentric with the buckets. This 

assumption has also been ad.opted for determining the depth of the 

principal stream in a bucket invert. 

Frcmi·)Douma' s streamline analysis, the following relationship was 
, _/ / 

obtained:;.;/-: 

r log ( ~ \. 1
= 9 

2 ,a/ . .. 2gtt 

wher.e r 1 is the radius of the bucket; 

r is the radius of the streamline in the princi]?a.l stream 
2 of bucket; 

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

Dividing both sides of Equation 1 by r1 , a dimensionless equation 

can be obtained, that is 

.!,/Discussed by J. H. Douma, ~Design of Siue Walls in Chutes and 
Spillways," Trans. ASCE, Vol. 119, 19i,4 
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---=---=-- -----~~---~~--------

r 
or 2 can be expressed as function of a dimensionless parameter 

r1 

9, 

where r J., q, H are all. known values. 

The depth of the princi:pal stream in a bucket invert, y
1

, can be 

expressed in terms of r 1 and r
2

, that is 

Yi 
Again using a. dimensionless parameter of and in terms of 

r1 

f ( q ) , a simple solution of y1 can be obtained by 

ri..J 2st1 

using the relationship of 

(Yi) ( ) - = f q 
' ;i;-1 r .J2gli 

l. 

The result o:f' 'Rqua.tion 5 is shown in Figure 1-A. 

33 
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16 04 FORTRAN CODI G FORM 

~ STATEMENT 
: NUMBER fOP.TRAN STATEMENT 

1 2 

C 

~ 
(. 

(_ 

c... 

C 

,., •NAME 

PAGE 
DATE 

SERIAL 
NUMBER 

72 73 80 

Ir' ·-

t---if----L----'----'--+-'--t-"--=--'---....___--"---'-~----------------------4--J__ .J,----L.___.__,___.___.__ 
\ 
" ' 
' 



ROUTINE 

i STATEMENT 
C 
0 
N : NUMBER T. 

1 2 5 6 7 

CODING FORM .... 

. FORTRAN STATEMENT 

· \ 

• NAME c.... , tvt.. WIJ.-) 

PAGE 2 / 2. 

DATE 1bA 'b~ 
SERIAL 

NUMBER 

72 73 so 
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