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Subject� Flow characteristics of spillway buckets 

PURPOSE 
f) ... D 11..-.-,, ... f ,..,-� ,.. 

p-investigate � bucket flow characteristics considering the 

radial effect of the bucket and to develop theoretical and 

experimental equations for the main�flow 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� jump-flow condition in which the 
- . .. 

1...w-� 

roller action is similar to a hydraulic jump and the4iof 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 � to 9 Blld�factors (ratio of :l'l.ow 

) 
·..__ 

depth above the invert, 7 , to the supercritical depth at the s 
invert, Y:i. ) to ap;proximately 2'. A theoretical equation is developed 

�� for thfl JmcJnarp depth factor at the bucket invm;-t for the �ed _ _ / · , 11 r�--c:L..�-f(!',...._,r �--,. �-4L ... � \.,.(,.__o 
Jump-flow condition./\ This 'bquat"ion is also experimentally verified � � 

within these limits by apply:Lng a correction coetticient for air- � ' 

entra:inment. 

3. Cnrv:Uinear effect on Froude number mid critical depth of bucket 

flow is analyzed and it is shown tbat a correction factor_must be 
. V 

applied to the origjnaJ J y defined Froude number, i.e., F = ,... 
' r../gy' 

and it is al.so shown that the hydraulic Jump can be formed 1n the 

bucket even though the Froude number is less than 1. 

4. Conml:4e:!i'o3 e i:P#emst:tea eonoe�IB)l:., �e length, surge 
a.,&. 

height, and other flow parameters :Jae analyzed, and it is shown that 

all of the flow characteristics may be expressed as functions of 

�flow pa.ramet�s (Frou.de number, ta.;Llwater factor, �ed 

factor) and �/ shape parameters (abrupt factor, battle factor, and 

radius factor) • 

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

in a submerged Jump{'1wr���t is � � in tlie c�spcmd-

ing free Jump on a horizorrtal. :l'l.oor, but� 1ess than that 
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of a corresponding� jump-f'low condition within the bucket. 

--- ,, .<, 
However, due to unstable characteristics of the -si,,ee;pOU't jump-f'low 

condition, a slight submergence is rec01IDI1end.ed. 

6. Campa.risen of energy dissipation ca.pa.city 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 eaergy 

and does so in a shorter length of structure. 

mrRCDrorIOO 

If an� hydraulic 

of a bucket invert for a supercritical. stream discharging over a 
�, 

spillway, the tailwa.ter depth should be equal to the subcritical 

sequent depth, y4, given by the manentum equation. If the tailwa.ter 

depth, y5. , is le
::z
s� y4, the jump is swept out of ��,�USfe�. 0 ) . �� o.-Ru� ..? _.4.,il,.;'� .... .,""rt.-

This is� as ·p..;:,aeket f'low cond.ition/{Figure 1-a*). If' /�. 

y 5 == y 4 , the hydraulic jump is on the verge of sweeping out of the , 1,._ ,.6'� /"#IJ ri f) . basin; �s is defined @e as a �pout jump-f'low con:lition �c�� 
{Figure 1-b). I:f', however, y5 is greater than y4, the jump is ��'t.,

t)� 
�--,,.-� 

submerged or drowned as shown in Figure 1-cj '.)?his· is defined a.s a \� lf...- r.AiJ 
J 

submerged jump-flow condition�� � -� �- C\4. o � � _ 

Ba.sic information concerning the characteristics o:f' the bucket flow 

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

CjJ �:J,:gures �f'er -.t��s in tbis.. appendix, oni'Y .-
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solution of the problem has been approached by means of �ulic 

models. Therefore, it is apparent that an analytical stwcy- of 

bucket-fl.ow phenanenon vould be helpful to at least provide a 
fl 

e- . 

theoretical guide fort?,,\-�twcy-. 

In 1933 and 1945 bucket-fl.ow character:I;stics were studied by the 

Bureau of Reclamation with the aid of �ulic models for the 

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

hydraul.1c model tests were conducted by the Bureau of Reclamation's· 

�aulic Iaborato:ry to establish general design procedures.§/ 

R:Jm1Jar studies were conducted by Lehjgh University to define the 

general performance cbaracteristics.!I 

�-� The radial effect on the f'J.ow through the bucket for both eve� 

jump-fl.ow and submerged jump-fl.ow conditions has not been conclusively 

established. No doubt the canplexity of the behavior of' the rolling 

body., including its turbulence and�,;� has discouraged the 
, .. 

earnest efforts of many �nvestigators; and perhaps the perspective 

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

'}:;./ Jacob E. Warnock, "Spillway and Outlets for Grand Coulee Dam," 
Bydraulic Laboratory Report No. 103, USBR, 1935 
&/ "Hydraulic Model Studies on the· Spillway f'or the Angostura Dam," 
Hydraulic Laboratory Report No. 192, USBR, -1946 
§JG. L. Beichley and A. J. Peterka., "The Hydraulic Design of' Slotted 
Spillway Buckets," Proc. ASCE, Vol. 85., No. By-10,. October 1959 
WM u-"ffl. and M n . • B • .LY�.uerson • H. Karr, A Study of' Bucket-Type Energy 
Dissipator Characteristics," Proc. ASCE Vol.. 83, No. Hy-3, June 195Y 
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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 cauplex theory, whereas, guidance by the simple 

�moemental laws of mechanics and application of �irical. formulae 

based upon analyses of experimental data would have probably yielded 

substantial progress. 

In order to gain a more rational. understanding of this phenomenon, 

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

Notation: The letter symbols adopted for use in this stuccy- are 

defined where they first appear and are arranged alphabetical.ly in 

Appendix. 1,. K._ 

� - � COl'IDl'.l!ION .SJMifl 001 JUMP-FLOW 

Review of Theory 

The equations of pressure � momentum are ex;pressions of basic 

theories and must be satisfied in the simultaneous algebraic cal.cu-

l S 
lations required for the solution o� jump problems. Recently a 

s.-� 
concept of the�zcm:tal. JUII\P was used for analysis of 

l � bucket fl.OIi' 'llhe::e an apron exte!lded horizontally i'ran the 

)t 
buc

(f 
<'f' · Centri�al f

�:-��--
taken int� considera

: 

:���.=.· ;:��o1::·::��=�= :vethi�� 
l/��� 

, 

�y ... Serg--e-Le1- iavsky, "Irrigation and lcydra.ulic Design," Chapuan and 
llall, Ltd., London, Volume 1, 1955 
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the centrifugal effect on the pressures 1n the bucket (Figure 2) 
a.-vv j) � may becane S� :efOn�ed t:tw,t �et be included in 1me analysiseu-

�- �� o-(, ru, 
, ,.. .. ) ___ A .. ,.,./J a D- • .,.j_ � J . .. . 

�-�- (Y-2-�· The · nua cat Jump-flow condition
,._ 

F:lsure l-:b, is not a recOllllllellded 
11 

� • ..tt;A " 

� . -u... � � . � f,�" r 
ope�:".��,:�tion since�it � �7'1EL w.� � � 

and�tablej � is ana'.cyzed here only as preparation f'or 

analysis of the submerged Jump-flow condition. 

Definition Sketch ./ -- --:,, . / 

���;���-��;:� 
§/ � ������Oil �i6r 

\ the bucket flow is presented. /· : 
�------------

c.-· .• ){)� Referri.Dg to Figure 1-b, the factors invo1ved 1n the analysis of 
�-� the swee:ooa:b jump-fl.ow conditions are defined as follows: 

Sequent depth factor (t) is def'ined as the ratio of the sequent 

depth y4 to the supercritical initial depth, y1 � 

,,, Y4 "I =-
Y';1. 

Tail-water factor ( s1) is defined as the ratio 

(y4 - y-2) 
8i = ' . Y'2 

/vA���-�z:-:::�: �ullc McMiel 
:, Flood SpilllJS,Y of Sakuma Dam," Central Research Institute, Electric 
'. Power Indus'.l;ry, Japan, June l, 1956 

'-- ·-"-·- � /-...... , 
r _________ .,...,.. -----
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where y2 
1s the subcritical sequent depth ofl\normal free jump 

a./ 
on,,horizontal floor. 

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

initial depth, Y':i. , 
I .' 

z = ..!.. 
Yi 

(3) 

Battle factor ({) is defined as the ratio of the total width of �_,.,_ 
'-rhW 

be:ttl.J/ bt, to 1;kech 4Pl bucket Wil.dth, b, 

b 
k- t 

Cl -b 

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

Yi, to bucket radius, ri, 

R = :!_ 
ri 

For s1otted bucket similar to the Angostura Spill-way bucket, 

0 < k < 1 and Z > o. 

For solid bucket s1m1lar to the Gra.na.,, Coul.ee bucket without 

baffl.e, k = 1 and Z > o. 

For half bucket 'Where �he!Pitze�apron extends horizontally 
hr£-. o-J 

from the bucket invert, ei1mer k -er Z = o. 

7 
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�£'." Af . _ rl - _, 
X. Dry Forces on Bucket Ba.ff'les 

If' the shear stress along the horizonta.l solid boundaries of a 

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

and the manentum coefficients, f:11 and f:14, are assumed as unity, ) -� . .,c' (' 
.,J/) r ,1/$ ., .,..J: 
u.sz..�- , 9 -\Vr.? 

then by use of -� 8flE1. momentum theor.r, · 1 P .a/ Q..;, • 

(1) , a ( 1) ( � Yi � \ · 
2 1'74 - . � 1 Y; y l . �i . / + � 

-(2)(.Jl--...9..) - g Y1 Y4 

in which ·.7 is the specific weight of water, q is the discharge 

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

Y1 � 
gr 1 

is the s��c �_:
�_�j�/1�)ar of' the bucket due to 

the radial noit 4/ . . ' i. . • .  A _ /)� _ ,.; 

�-� , .. - ��1).;.Pof'[-." 

. , 

,' o-
p is the f'orce.acting •on 1111e--unit f' the solid bucket and 

can be written in the form of the basic drag equation 
' ,... ' ,. .. ,;.. C ;d-2 , . - .·/ I' .. l ., ' 

p V , J,;.:1,,: ._ .. . , . t'i,,c� ,, .. 

= . \' J./�/'.-� . 
··�·/ - ·.,(·,' <,, ·. � . "--:'., - .:··· '.-.·, ('·\ 

.i·· 

l -�r,s I ,_,,c ' ' 

i ' 

·�) :-J?·:�1,-' 

'· � !l,,,·'·r"p-. ..-
; .· ,._,, 

, .. - .. ��:-
!. .... :/f�,,.,,-

(6) . \ 

'(7) j_ J· .. -- r·� 
' - I/ ' 

P -�?! 7 � z i ,. - ., , - , , '. ,£? ( "'· - ., •' 
/ ',, ___ _. ___ / "'� 

' � .'1 ·"' 

�� f \,1.::, ·-i· r f£--f\lJ ·".,-J_, . -�c..,cr I 'i . a ..JV V � I 
:�,.,.. ,, i 

, C (•?-.e � � ty 'i . ..-v' 
j�'Y" � r:"-��6 , wfiere Cd is the coefficient of drag, p is the mass density of _· I r.. h.. , ,, 

Cc� ., (' · ·. -�' r J fl-·.}. d ,:\ ! , water:.-, :- , i ·� • · ' , .. 

, ,J,// t,Af · I VJ'"'

v l -
. / rl {' 

\ L ,_})/ / - , - ,/ v1 

(J., I. 'P ,,..,,\ . f. \� 9 . (' . / '; fl / ;U -v , 
. Ven Te Chaw, "Open-Cllanne1 Hydraulics, "t:-1959 �1 -l·,u1.w- N-.,__ ·- '-/4 . -::·--� ,.7 _ _.· _ 

I \ �-J 

1 '1». B. Gumensky, "Design of Side Walls in Chute and Spillway," '·---
--

--��. vf�(��*, 
Trans. ASCE Vol. 119, 19'4 .. -'· .. '/�\ t \ 

·:. ;: 
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Introducing Equation 7 into Equation 6 /JM) I> 

. . . r"'./ 
2 2 � · ' ' J-1 1 7Y4 .. P Yi1 --- ·<, ! + 

. .. :--r ... �v) 
T + W:-rto!Z- 2 7Y1 ( Y-1 gr1 

= uc.s. -: ..i..) g Ti' 74 

Equation 8 could be reduced to form 

Cd ., F:z· { 2 F�c J. - ½) - t/i! + (J. + F� R)} 

_::.:. 

c� 

where F1_ is the Froude number for the corresponding initial f1ow 
V 

condition f'or the h<n-izontaJ. hydraulic ,jump, i.e.,· F1 = 'J!ii . 
SY'1 

Equation 9 is the drag coefficient relationship for solid bucket.·-· 
,:,,, ' _ ,.  , 

In the case of slotted bucket (Figure 1-c), · the drag equation is" 

written as ;· ,:, • .,&Ji' < 
a P vi,,.---...., 

p = Cd • C • k • --r(A �; 
) ... · -· 

I')"" P-

where Cd is the drag coefficient for the correspollding solid 

bucket w1 th abrupt factor Z '. and C is -the spacing :parameter for 
-

I 

drag coefficient of slotted bucket. Then, the manentum equation 
,· 

for slotted bucket could be written as 

9 

(8) 

(9) 

(10) 
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7: 
2 v2 

2 Pvi, ( Y3. i) ! ., y + C • k • Cd �-r Yi. Yi + gr 2 4 - .. l 

/ q7( q q) =g Yi°-�-

Ct ' 

and s:l:mplifying / -�4' 

/?/{ --" C = l { 2 F2 (1 - !) • t 2 + 1 + F. 2 R } 
' . k Cd E2 Z l. 'Ir l 

1 

, � -
Equation .ll is the general expression of pressure � manentum 

equation for spillway bucket, and. could be used in eval.uating flow 

parameters, such as �equent depth factor, radius factor, etc. 

E;perimental Studies of Drag Coefficient 

Experimental data, taken by the USBR Hydraulic Laboratory frcm 

!.I C,./ 
- �� J � -1 ·._ Li' V ,A.� � 

Grand Coulee, Angostura, and "senerei.-1)el"torma:oce -si;udies 

were used in eval.uating the drag coefficient of the bucket baffles. 
Q.,Z ·'· � C.�� G ,C... 

,-• • f7•- --,- . rQ) A 

f I). • I ...-· ,'J _,, � I l,vlt· ..,. �. ,, 
·, 

' " ( • <. 

-Flat '81:::::tesili Ja � shows that the drag coefficient of the bucket 
' � r 

baffle. is� controlled by dimensionless parameters; Z and , k 
k. � \?est fi ttG!ll curves for different,n types-of?� are 

shown in Figure 3-a. Fran Figure 3-a., it 1s seen that Cd 

decreases asA increases, and for val.ues of Z larger than 2.5, 
J.• I 

the,. effect of� baffl� is not significant. Therefore, for design 

purposJ, a .Z vail.ue of less than 2 is recamnended. 

L 

-I 
1�·· 10 

(ll) 

(12) 

k �1. 
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lp·: 

·), 

,/ 

� $;_ (p-� ,v-H. '-' ,i,._,_,.;, • 
fo ,_ evaJ.�te spacing :parameter, c; test data. from Angostura. model,,V � ,,v,, · ,:,£ 
� r ·---trL rh.-v-� ...,,. .. �_e\, , . .,A.;. c: .. ·t a.�. 
!sJ1plotted against b�e factor, _k, in� 3-b. It is seen 

\,o-o ·:v 
that C value increases from C = l.00at k = �eeat= to maximum 

� � 
of 1.60::at k =0.67 � ..nd ��=-to o�t k .. o: �· ... 

tL�. Q,l,,,,J � � 4, ,i..y.a.�.t-....d..,rr-./.A.<> 
�fArtJn · 

o£ '1»88 �e, it tma:'-�sa�� 
tJf '·,.».fJ.,y(".. 0 ' -

bucket ,et k = • 67 � .. ·w4JJ g:hre the 'sea'b effect. 

Evaluation of SeCJU!nt Depth Factor 

Substituting Equation J. into Equation 11., usiDg the equation of con­

tinuity, a cubic equation for sequent depth factor in a � ,X 

jump f'low condition can be evaluated., 

t3 + { kC Cd F! Z - (1 + F2 R) - 2 F�} ,jr + 2F! "' 0 (13) 
. 

l;} 

qJ- � re,..-.---·- .-- t;t. 
. , 1. \ ·o I \ 

A mathematic so1ution of the sequent depth factor� � ,' is possib1e) . \ 1 
but complicated., and usually introduces some imagiDary roo1?. This 

makes the �si_;:; of f'low ·characteristics much more complicated, 

yet the solution of the equation shows 

,; :s f ( F 1, R, k, and Z ) 
,/ 

� �� 
or simply, the sequent depth factor in the -eweep6Ut�ump � be--

,;re:m as a function of f1ow parameter, F1, and shape factors R, 

k, z. This relationship can be used in solving for tail.water depth 
f{j X � -�· � ���- J,� 

� the -.sweel)Ott-t,. .. for kriown values of R, X, and Z, c@4:ff 'PM. 

I 
11 / 

(J.4) 
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�\ 
.:,.:;:.,,_.� � 

c;,,; . 

�� a 
.Age;l_fl a fst!tor BP � 

��;t;: ,.L- �'t -r-� 
fl, !'.£v.l'° � 

Fi / G = ., - a,. . .  ,.. -i,M' t>, 

� v:  
grl. 

�l + ---------

J 

2 2 
y 4 - Yr. 

can be eaeRed into Equation 11 and simpJ.ify:l.ng 

(15)  

� 

1 
� 

: �  

1 
t 

� 

1'4 l J 2 t,.t 
,ti = °i: c 2 ( 1  + 8q - J. )  

, r C �16) .-"�� 
l. . 

- I -,/_ ./%- . _/..,..,..._<,.A,.,tL!"· .. F 
r:i,/r,w\- ;61/_,, 

Q,.... 
---w',Jcf»' 

This is tlm/1.general equation for/thydra.ulic j�� frem ±be eboxe 

SJiBl pie it is apparent that � 
P. 

-/- () "·_:iv,,. ' .. ,. c� df/1., �- -

i 
G = _; ( F1 J R, k and Z) 

' e i 'f;;;,Jef,cv-,,,./4 ,· � -JP/ (17) 
<E------ �r-t ·o �� ( / &> ) �H eeL a-('40 t ,'.t,'- . r 2 
However, a Fortran program is given in Ap_pendix J to simpl.y the 

c�tion of Equation 13;� � t,:t;,,,.. ; ,  ,,rC.,, -<V>f"" , '' ol,f":d; � / tr<£, 

..,/,r�. -::. lr. t.;,;;J , 

Evaluation of Radius Factor CR) 
For known tailwater condition, Equation 11 can be used 1n evaluating 

the = factor,. however, a tailwater factor, Si.
It 

is adopted 

as a � of cam.pa.r:1son� then I =: . ( d" L< - �1... J 
'1 6''2-

12 
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, R = ti = F1 · { k C  Cd Ff Z + t 2 "' 2 1'� ( 1 - t )  - i }  
l 

= � { k C Od F: Z + (1 + f\ }2 q,2 - 2 Ji' �  (1 ._ (i+�) cp ) - 1} (18) 

where <P� �� �,� � . I t , J • a,� A Ab if/f_, 1. ,, 

1))11 ,,l.P ,:\1,i7 . .. -, .,..... ,, 

� 

' .• r [ � . ' -Ji. - .(--:-_ 

C 
_..,:· .,; , ·- · • ., • • • • U. � 

and 

Ya 1 ,._ 2 q> = - = 1a: ( 'V l + 8 F - 1 ) Y1 
c:::: 

. 
1 

u 

. R = f ( F1, S1 , Z, � 

.::_ \ __ . 

. .  , . . Iv-
,,, 

. . l t -t ' 
. . __ vAi ( �. 1 .c· C••·· -� 

�.-. ' A '  . . 
. • 19) 

. ,• 

� _ ..__, .,.. \_ - , 

� -
. ' .• --t. 

./¥ �--•} �-

�$ � � tf¼..· f:._ c...,,_ ..e; ).,� ,,J CY"
...£

�
.-, 

/J-1;.,-0:.__,o • 
(20) 

Equation 18 is the general radius factor equation for. the backe� 

0 - . • .! - --r:.J.\ . r'II a_....,A.- .I 
� ---, ; "· ,'."� �'. 7A�) ........ , 

. fl',. 

�,..�. iJir,(; .C,.. ./-1>--c.1:rri, ,� ' � ,,l.,.Jz_ ..v���� � 
For the sol.id bucket in the sweepout jump-flow condition, 

�
Equation 18 

(1 

ea be »eieced to JJ.(: � t·;� 
/ /), / 

·· . ' __ . _ .. ,. ,. _ . , . _ . . . ,... . .,_ .. . ..... l 
B-...� §i ,-&,i(,i-C:·:.,.@:;;;��---;c _::-_:-� 

"=:: F _ 7  � . -=-- , . .. ,�- ��. 1 / 

,. � {i � z + (1 + s1 )
2 q,2 - 2 F� (1 - (1 + �) cp ) - 1} 

1 -

and can be . expressed as �� 
R = f ( F

1 , �, �) 

13 
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r �o r r 
<vi}- f • • . j 

V __ /,, 

j � ) 

/, 

', . .  _.r 

,P 
� 

It � Z � K = o, as for the half' bucke�Equation 18 again 

can be reduced to 

1 [c 2 2 a{_ R = � . 1 + S
i

) � - . l:, - 2 F i( 
l. 

. . . .1 . 
)] 1:.��).;q>f 

which means that the radius factor can be expressed as . � 

R = f' ( F1, � ) 

Enerq Loss 

The initial energy at the toe of the jump or. invert of the bucket 

can be written as 

� . 2 
� "'  Yl + :y1 "i� i- v1 � 

I-n1med 

if t, :,_J-

2 2 2 
a Yl + Y F - + F y ... 

1 l 1 1 .  

tmLlt, 

- -
�1 '2., 

� : -�..... .CJ - � ' ..J.4',_1: - ..;. '..uM-, r, - � 

3:. = 2 2 l .+ F1 R + �l -1'1;. 
2-

14 
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The .·energy at the end of jump is 

2 . v4 q2 
E4 = Y4 -f� = ( 1 -1- S1 ) Yz +  · 2 2 2g ( 1+1) Y2 

in which v
4 

is � mean vel.ocity .at _the tail-water. 

The energy loss EL is given by 

E = R - E r, , :f, 

1.--S- -z,,,-; �cf 
Substituting Eq_uations sf;' and 88' into· Equation 2ff and sin:IP11fying, 
:>,;, • < ·f . . . . . • 

, 
:E ,'ii; = 1- ( 1+s1-x? - ½ I/ ( i+s1> 2 q 2 

a 
2 

-
1 + F1 R + Fi/2 

that 1s 

EL E = f ( F1 , s1 , z, k). 
1 

EL 
� = f (F1 , R, z, k), 

� en.-
EL 
� = f ( S1 � R, z, k) 
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Thus for the relative . loss of energy in various types of buckets, 

Equation ,;a. has been shown to be a function of Froude number (F1) 

tailwater _factor (S
i.

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

It is apparent that the _ energy �_s1�t.1ng capacity- of the bucket 

is much more than that of the corresponding horizontal JllDlP • In 
� 

order to 1!'.tg:a.:c � the efficiency- of energy dissipation, an 

index n is used, 

(�) l\ b .J n a E ) 
( r. � r.3 

where b.j represents the buck.et flow in sweepout condition and f.j 

"3) 
(:#) 

j� �� � I � ff}- "( • 
repres�nts the c�rr�sponding horizontal Jump conditi�n ,� M � . , 

<{+- � �� � (1-r��-:tt;.-\ ' ,, � ...e...-�. f.�-,,� I � �';J �j *��� 
awre-ment1 oned fl OH ;perewt me; , can be obtained trom the Fortran . :_q 

3 --
\w program in Appendix f. 

Curv:l.linear Effect on Froude Number and Critical Depth 

The general specific energy equation at the toe of the jump or 

invert of the buck.et can be written as 

..__ v2 v2 r/l. n2 
E = y + y - + - = y + --- ¼ ...:a.-

� 2g e:,y-.. -- � 

B1e Qr1tical state� flow ba,a be� defined as tlie state of. fl.ow at 

which the specific energy is minimum for a given discharge.f A 

2-� 

c�� 

l • 
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theoretical criterion f'or critical flow may be developed by- diff'er-
25' 

entiating Equation llfJ with respect to y and noting q as a con-

stant thus 

�- S:! = 1 - L ( 1 + z \ = 1 - c I 1 + z) cl¥ gss l' )  gy- "(  1" 

1 �  
� )  

c/" 

At the critical state of flow the specific.: energy- is a minimum., � 

the depth where m:ln1mnm energy occurs e Ji: o. Let yob represent,( 

the critical. depth for the bucket f'low, then y-0b must satisfy 

the following condition, tba.t is 

or 

1 � f ( 1 + yob ) - 0 
g �b J9,  -

s q2 q2 
7cb - gr Y'cb -. g = 

O 

The solution of Y' ob from Equation 36 can be obtained, but is not 

} (  . (�) 

16 
(-

a matter of �- However, the critical depth of tlle J:Jneer i:;i � 

channel, y.� = ··,_ �/ .'!. ., is introduced in Equation 36 to get a better 
o ,. N  s 

campa.rison., that is 

/ :.: ( l · ) 3 a .. , � i::.+ Y'cb (37) 

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

upon the state of flow, or Froude number for the bucke; can be 

defined as . , -I> aD� 

or 

. . . t-¼ \i _,\_Qfl��.=-.; 
� � , J_ ... J.. t:. q_ . '  

2 <:f"l"h 
� Jl.i>  � r 

F = J:L ( 1 + l 1 f_,.�.I)\ :�J,, " pJJ,, . 
b av r , v-· ,),,.,

. 
� 

'?" --= �-
� .., 

Fb .. F u  l + n  

s � b 

(38) 

(39) 

'When Fb = l, the flow state 'JS correspo� as- defined by 
3 .;-

Equation -· and the relationship between the ;Froude number :for &! .,.�--r_.,., 
-· . . .JC... . �')- f4w .(..-Q 

la� chamlel, F === � , alJd iJ:i '®A ehtina.!i ls . 
IJl(g_ 

Y' . // VL 
C b  L.. I ; F c F / f l-;+ ., 0b ::: l //0 '= --(;-� - ')/  

b '\I l' � ,..J{J / 

.,....--/·
,.... 

�--- 1 --------/ 

y b / . � 

/- � ·----- --- � 
where � varie� � � thus :for Ge- critical _ the bucket 

� the COITe� Frowle number of the�, F = ..J;y, , 
v:l.ll vary :from l to T2 . This means that hydraulic Jump can be 

V formed even though the corresponding Froude numb�, F = ,Jg. , 
is less than J. .  

SUBMERGED J UMP  FLOW CONDITION 

De:finiti-an Sketch: 
. . 

Referring to Figure 1-c, the added factors involved 1D the 

a.nalysis of the submerged. jump-fl.ow condition are def':l.ned 

J.8 
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\ 

as �ows: 

� depth factor (J\i) is def'ined as the ratio of 

the depth of flow in the bucket above the invert, y , 3 
to the supercritical depth, y1 , 

"( 
ir,, = !A 

Yi 

Submerged factor (S2) is defined a.s the ratio 

(ys � Y4) s = ----
2 _ Y4 . 

Tailft.ter factor §s ) is defined a.s the ratio 
3 

c· (y .5 - y-a!_ s = 
3 Y'2 -

1 , ' 1,. ,. __ / . --� 5 �- )� ' .  -
. · .. _ . -"L -

"-c '-�- --- • 
C � 

Surge factor (H ) is defined as the ratio s 

Y
e HS

=
� 

where Ye is the average surge peak depth . 

Evaluation of'. :UJahked�up >PejtJit.ffiictar 
The submerged hydraulic jump in a. bucket 1s a system of two dis-- �  v 
tinct streanuo; one, the principal stream' occupying the 1ower portion 
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of the jump body, aDd the other a rotating mixture of water and air 

supported both in motion and position by forces 1mpa.rted to it by 

the principal ·str�. By the presentation of J. H. Douma,W the 

depth of the principal stream in a bucket invert, y1, can be shown 

as a function of e- d1merurl tmless parameter, � • (Appendix 't 
r1 2g1[ 

'?bus the radius factor, R, can be easily determined for the 

submerged jump-flow condition. 

(' a, Then refer to Figure l.-c, cut free body through bucket invert, the 

forces p1us manentum equation can be written as : 

0/ fr J - p 2 2 c. _v1 1 a 1 Y'1 vi ½ 7 �s + kC Cd :zi � - 2 1  (y - y, ) - 2 (2y + gr -- Yi) Yi \ , . 3 \.I 
3 1, 

g:,· c q \ = g t - ;:;; ,1 

Substituting the equation of continuity and simplify:I.Dg, 

JI,, = !:! ;.J � + k C Cd Z � R - 2 F� (1 - �-) 
Yi. t yi  � ., _ __ 

Y's . Y4 Y 
where t' = - = (1.:+S ) - = (l + S ) (l + S ) .:.J! 

Y1 2 y1 2 1 y1 

= (l + S ) � = � (l + S ) ( Ji + 8 F1
2 - 1) (1 + S ) 

S- Y1 c: 1 2 

Wn1scussed by J. H. Douma, '.'Design of Side Walls in Chutes and 
Spillways, " Trans . ASCE, Vo1. ll9, 1954, 
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Hb can be shown to be function of Fi , S2 and shape factors, 

R, k, z, that is 

H
b 

= f' ( Fi, S2 , R, k, Z) 

for a solid bucket 

� = f (  F
1

, S
2

, R, Z) 

and for a half bucket, 

� = f (  Fi, S2, R) 

To simpJJf'y the canputation, all flow parameters can be compared 

with the horizontal jump, and the third tailwater factor S3 is 

used in evaluation of the backed.up depth factor, then Equations 47 

to 49 can be expressed as 

� = f ( FJ., S 
3

, R, k, Z) 

(47) 

(48) 

(49) 

(50) 

1),:.-' 

Further more, the depth of the principal stream in a bucket invert,ill 

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

In such 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 F
J.

, s
3

, II,, and shape factors k, z. That is 

R = .!.. .( 1' '2 + kC Cd Z � - � - 2 F�cl - f.-)J · Ff 
WP. M. stepanov, "O podtoplennan pryzhke voo.y, " Gidrotekhn;ika i 
Melioratsiya, Vol . X, No . 1, 1958, pp 43-53 
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).. 

or 

R =  f ( F1 , s3, � '  k, z) 

When � = J.Y'j = y1 ) ,  Equation 51 can be reduced to Equation 18. 

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

submerged condition . rEqllation 44 can be used in evaluating drag 

coefficient for spillway buckets for submerged jump-flow condition. 

The resulting equation is 

(52) 

C Cd = --.�'7 { � R - t '2 + � + 2F�( 1 - 'fi)} (53) 

NumericaJ. values can be obtained frcm 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 jl.lillP-flOW cond.i tion. 

)r:r� 
In order to verify the assumption, experimental eae-kup depth factors 
(J '"· 1, 

�-·, 

�-- the USBR hydraulic laboratoTYi,.� are plotted against computed 

values using Equation 45 and drag coefficient values obtain from 

sweepout jl.lillP-flow condition. Because of air entraining faci:Li ty 
• ,t --.-..i "'"' 

of the bucket ro:Ller, the experimental. /C'becJmr, factor seems to be 

higher than the computed value, Figure 4. 

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

� = � + 1.5 
(exp) ( the ) 

22 
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,1 , (l /� 

�· 
IJ� , �  � 

This correlation =-........,_.- to be good. �orrection factor of 1.5A � t;--
iBkes eua of! the simplifications made 1n theoretical. analysis. : . 

Bence, the theoretical Equations 45 a.ml 51 could be used to compute 

the relationship between R, :ir,., F1, and S3• ast,i4 FortraX'n program C)__ 
� 

#' / is given in Appendix "to simplify the canputa.tiol;J using the pr� 

the required bucket radius for an;y particular fl.ow can be obtained 

and the backed.up depth of 8.I\V' special flow condition can be easily 

predicted. <TM.a information is fide i o,f;c@5rifi is  -lijdiiail.Ie i:eo&giil -·-- ·  
� � � - Aid 

of- buclwtis '3� important phase in"struc� des�---��4:ta.Ji,.� 

Evaluation of' Surge Factor 
. � � 

Approximate surge-height characteristics obtained 'h¥ 1ihe USSR bJ :b. a• 

_.-9 :f e l 1 o if a ta.,.W are shown in Figure 5 .- The best f1 t curve shows 

that the equation of I 

H -;-� it;1/ �- ' 

B = 1.45 - 12 
s . : �  

. ;lo � � �,- , can be fitted
r, 

This information is helpful in setting top e1eva-

tions tor tra1n1ng walls. 

Length of the Submerged Jump :fa; p I ft 

-�-OPE 17f'F Wm1111e J alHA.J I Jii" 1{e h;ydra.ulic behavior 

of the submerged bucket dissipa.tor is ma.nifeated primarily by the 

formation of two rollers; one is on the surface moving counter­

c1osewise and is contained within the region above the curved bucket, 

23 
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, ,·, ' ,. 
and the other is a ground roller making a surge moving in a c1ock­

wise direction and is situated downstream from the bucket. To fim. 

the 1ength of the submerged jump, the bucket invert was taken as 

the origin., and the end of the jump was taken to be the end of the 

.,,_# ,.- ro1l.er am. surge, where the depth became equal to the tailwater 

depth., y5• 

If L,, . s . 3 • is the 1ength of the submerged jump, the variation of 

L 
4 with backed.up depth factor, ll , ml · a .bj the ilMR lijci�U:Ltc---,, . s  • ., . -,, 

· f lMl.� is shcmr 1n Figure 6a. It was found that the theoretical. 

"""' 
\� 

\ 
backedupA factors cou1d be satisf:ted by the linear equation 

\1 
) t ,' i:\ 1\. a.s . "' 2.47 - 0.035 :a;, ('6) 

\ Y's (the. ) 

: / 
\___., 

with a correlation coeffici�t of 0.87. ) 
/ 

For experimental ba.ckedUI}, factors, the same rel.ationship as given 

by Equation 54 can be ad�. 

If Equation 45 is substituted into F.quation 56, jump 1ength factor, 

½,
Y,

a .;1 • can be shown as a i'uDction of F1 , S2, or S3, a.1!11. shape 

factors R, z, k. That is 

1\. a . s  /Ts = 2.47 - o. 035J ,i,,i + kC Cil z Ff - F: R - 2F: (1 - �) (57) 

24 



.,,.,., r · ,  

or 

1\ • s • J • = f ( F , S , R, z, k) 
Y, 1 3 5 

(,S) 

For Ki, = 1, that is, when f'.Low begins to sweepoat, X.,,. ,.3 . will 

be as � as 2.44 and � Hi, >  11 ¾i. a ,j ,  will �Y'� � -4,,...,,_:'/-. 
Y's 

_---:::s:wnn 11-r, A cam:pa.rison of the c1ump leDgths on the different types 

\ 
) 

. , 'I  

\� 

1, t· 
,J '. 0,y 

'\J 

,\; \r I 
t\ . / \ � r " \ .) i 

') 
i / 

\ __..,. 

of energy dissipator� shows that the bucket energy dissipa.tors 

are the shortest. 

IeBgth of the Surge in Submerged Jump 

The length f.rom bucket invert to the average surge peak is taken 
L 

as the length of the surge, L8, and the relationship of -t to 
.... 5 

� is shown in F:lgure 6-b. It was found tbat tQ1I the best fit 
� 

curve through the
/\ 

points could be satisfied by the equation 

� = 1.47 - 0.01.9 J\ �� 
Ys 

with a ·c·arre1at1on coett:Lc:tent of o.84. 

(t9) 

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

(60) 

'fiJ"Bydraulic Design of st1JJ :Jng Basins and other Energy- Dissipators, "  
Engineer11Jg Monographs No. 25, USBR, 1963 
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Length or the Roller 

Due to the bucket actiow/the length of the roller '-.B not ff!J' ::,.,� 

pronunced as in 1iffe horizontal bydra.ulic jump. The relationship 

between the ratio of the roller length, ½-' to tailwater depth, 

y5, and backed.up depth factor, 1\, is shown in Figure 6-c� � 

�on3';§::xwt good:,.,m;.d a variation of o. to 0.4 is obtained. 

Energy Loss 

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

bucket can be written as 

or 

./ 

v? y v2 

E = y + .:J.. + :.1..-.:. 
J. 3 2g g r1 

E F2 
J. J. 2 - = H + - + R� R 

Y1 7:> 2 -1. 

The energy at end of jump is 

or 

2 2 3 vs 11 Yi E = Y + -::;,:; = y + .,. 5 5 � 5 2y,'2 
5 

Es Ys F 2 r, F2 
- - - +  J. l. l. - - 'V' + 
Yi Yi 2 y2 - � ,2. 5 
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Then the energy loss EL is given by 

EL = E
l. 

- F.5 ( 65), 

� 
Substituting Equations 61 and 63 into Equation 65� simplifying 

F2 
("lj.l' l. ) � = 1 -

+ 
(2,jr ' 2 ) 

E1 (
; F2 

) 
, � 'I- 21. + � R 

.Again it is shmm that 

ET, 
� = f ( F1, S

3, R, �' Z, k), 

and when 1\, = 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 condi tiozr" in bucket flow. 
I 

Verification of Equation 66 is obtained by using experimental 

losses computed f:rom data taken by the USBR hydraulic laboratory.:a/ 

compared with theoretical lossei' computed using Equations 4, and 66 

with Cd value obtained f:ram Figure 3 .  The results of the compari­

son are shmm in Figure 7, The correlation is seen to be good, 

(66) 

(6j) 

The backed.up depth factor is ti) element in the energy loss Equation 66, 

yet, .. experimen\ results show that the variation due to error in 

27 



measurement of backed.up depth has little effect on the relative 

energy loss and the relative loss curve, Figure 7 shows a better 

correlation than that of the backed.up depth factor curve, Figure 4 .  

1J 
Through�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 :f:ree jump on horizontal floor, depending upon the par­

ticular value of F
1 , S

3 
and shape facto:i::s R, z, k. .Again the 

index of relative dissipation, Equation � is used for evaluation 

of dissipation efficiency. For any given F
1

, k, Z, and S, n could 

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

J� 
By differentiating Equation� with respect to either S , F1 , or 

� - 3 

R, and ,.J6,l!'ea;s:img the resulting equation equal to o, then a maximum 

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

obtained. However, the resulting equation is a CCllllplicated func­

tion of FJ. '  s, R and shape factors k, z. A sample computor com-

putation showo that the equation is an increasing function and 

becomes infinity as I\ increases .  

In the preceeding consideration of the energy loss, it should 

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 noor. 
,.. . .....,_1 � .... ,,,. ,( 

Comparison of' the energy dissipation capacity is e0nsi;e&i;:l_w lower 

28 
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\.._j 

tban that of' the sweepout condition . Fran these considerations, 

it is concluded that the submerged jump 00:l:l:bi· not be preferred to 

the sweepoqt condition f'or energy dissipation purposes unless the 
� -

backedup�factor is less than approximately 20 percent of' the tail-
•, I ! 

,mter depth • .::-· '!his agrees with the minimum ta:i.lvater recommended 

by USBR and the test results given by McPherson and others.�-!/ 
· .t..i JI . .._ - /J \ill" ' � � �-¥ _ . .  J JJi1,s,v, the equations me&l;;teiaed:' above can be adpa- in bucket/ 

\..J3 f design; graphical. or tabular representation 0¥ equations is possible 
1 t 

'\ 

) 

but due to *- many variables included in the 8.tlSl.ysis, 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 f'or use on an IBM 7090 and is shown 
5 

in Appendix 1t. 

ia7.,Symposium on Energy Dissipa.tors," Central Board of Irrigation 
a.nd Power, Publication No. 70, New De1hi, India, August 1961 
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E specific energy 
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APPEWIX � 

Detepnination of Depth on the Principal Stream in a Bucket Invert 

According to previous model studies of flow in the spillwey buckets 

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

that the velocity distribution � the bucket would be that of an 

irrotationaJ.. 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 adopted for determining the depth of the 

principal stream in a bucket invert . 

Fran· ·Douma' s streamline analysis, the following relationship was 

, J ! 
obtained=.:t 

( ti :\ g 
r log :..... � = r.=--:: 2 r2 / II.J .2g}i 

iffiene r 1 is the radius of the bucket; 

r is the radius of the streamline in the principal stream 
2 of bucket; 

H is the difference between reservoir elevation and tail­
vra.ter elevation . 

Dividing both sides of Equation (l) by r
1

, a dimensionless equation 

can be obtained, that is 

( � ) iog ( � ) = r k r1 
\. 2 1 

1,/Discussed by J. H. Douma, "Design of Side Walls in Chutes 
Spillways, "  Trans . ASCE, Vol .  119, 1�4 

32 

and 

(1) 

(2) 



or ...e. can be expressed as function of a dimensionless parameter ri 

ri ,J '2/!,li 

(;� ) � ( 
q ) 

\ r 1 = 
f 

r,. J 2nli 

where r 1 , q, H are all known values. 

The depth of the princi:pa.l stream in a bucket invert, y1, can be 

expressed in terms of r3 and r2 , that is 

(:;) 

Yi = r2 - r1 (4) 

Yi 
Again using a dimensionless parameter of - and in terms of ri 

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

r� .J2.g11 
using the relationship of 

( Yi
)

-
f ( q ) "i'" - r ./ '2/!,li J. 

l. 

The result of �qua.tion 5 is shown in Figure �. 
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APPENDJX 1---N�IONS 
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