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An investligation of local scour at the base of

T

buckets was conducted veling gravel as the bed materisl with

2 spillvay model haviuvg an ogee.type welr, an 8" bucket radius

and a flip-buckebt angle of 457, Data obitained from previous

studies made with a flip-bucket angle of 30~ has also baen

incorporated.

Ernpirical eguations sre pregented for maximum depth

scour, intermadiate depth of scour along a radius vector

originating at the point of meximum gcour, ratlius vector

e E PO N . a1l
at bad level every 307 and jJjet trajectory length,
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NOMERC AT

wr
el

O

Discharge in cuble feet per seoond,

q Discharge in cublc feet per second per footl

width of spillway.
b Mazimum depth of scour in Tt.
D Intermediate depth of scour in £t

d Nominel particle size of bed mater

in Tt,

H Difference in elevation between upstrsam and

£

tailwater level in {'t.
- h Depthr of tailwater in ft.
am Difference in elevetlion between spillway 1ip

and tallwater level in £t,

o

& Flip bucket angle in radians,

Vg Velocity in feeat per second at g secltion
through the point of maximum scour sciion,
: e g . . 2
f28 Acceleration due to gravity in ft/sece™,
1% Density in 1b sec” /Tt .

yzi Dynanic vig

L; Total Jjet trajectory length in ft,
IT Horizontal jét trajectory length in alr in ft
Lig Jorizontal jelt trajectory length in watex
B Spillway width in £t.

;

R Radiueg of the flip bieket in L,
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Length of the radi

s

along any radiug

r Distance of any

veector ocubtwards in f

Angle of jet entry into tailwoter with respect

£
gl

the horizontal in degrees,
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Trajectory or flip-.bucket devices are vs

disgipators at the foolt of open spillwayvs whe

e
[
b
fod
1te
-
ot

levels in the st1]

jump formation. The bucket deflects the high

as a Jet which disslipates energy in flight an

distance downstreanm where viverbsd damags wil

Cthe spillway structure. Tt is often used in

i
iog

as 1t is more ecconomical than a deep and expe

Lode

[
]

Junmp-type stilling bes

of the downsiream channel are not stable enough

h]

fde

pred]

12 Puelet Aneole

basin are insufficient

ad

n

for hydrazul

veloclty

a.

o

4]

ctlong of tallwater depths in the stilling

3

tallw

i’)ui

The an 1 of the bucket with resvect to the

affects the ameunt of energy

the jet will land dounstream Trom the spillway
mavinum depth of scouvr in the »iverbed, As the

length increasses the Jet lands furtner dowm

42

spillluay thereby increasing energy dissipatior

e

of

interaction of the jet with the gir, With a

1

T
J

for

aceur

4% energy

ater

hydraul

and where hydreullic characteristi

basin.

traje

B
svroam

from the
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dldwater at o stceper angle thereby

1

Inereasing the vertlcal velociity componen

and directing the

[y
o

. ) .. e L S T o T o e e T %y W O LY ey e ¢
scouring actlion desper inte the channel. The net effect of

a stespor sngle entry into the tallwater on the scour hole

18 to inilxas

o

s the maximum depth of scour and

c_
Q
DJ
@
[
et
R
o
o
]
&
o
g
9]

horizontal dimensio ns of the scour pit.

1.3 Jet Action

3o

After deflection from the trajectory bucket the jet falls
Treely through the alr on a path determined by the angle of

the bucket, the velocity of 1 vt the point of exi® and the
I

bte
P

o)
effect of air resistance. fnternal turbulence, sheoring act
of the alyr surrounding the Jel and surfece tension are the

actors determining the degree of energy digssipation in flight,

When the Jjet enters the tallwater it 155 already been
partially d1wjﬂbﬁﬁ%4ued throvghh interaction with the

surrounding alr. The impact of the plunging jet however is

still zreat 'enovgh to seour the chamnmel hottom. At the point

of lupact with the bed materizl the turbulent eddies of the

plunging jet are de”Wtc ced horizontally downstrean creating

drag Torcee on the ercdible materisl greater
forces,. The scouvred waterial is trgusvorted

1 b : . € -, I S S S Vo -, o
PO int wheare Che resistin ool orces are graocer thon the d g

D
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forces and a scour hole 1s graduslly formed, As the scour

-

of turbnlence of the pluunging Jet

cquilibrium 1s reached between
the resisting force of the bed mateiilsl and the drag force

resulting In a dish shaped scour hole being formed,

1e5 Obhiect of Investigation

<

The purpose of thils study is to establish emplrical
formulee for the scour hour cohfigurationAwhich could enable
one to predict the meximum depth of séour, the location of
the scour hole and its cohtour pattern from the flow condition,
dimensions énd relative positions of spilllvay and basin, and

bed materiasl,
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APPARATUS AND PROCEDU

2.1 Apparatus

The model used consl

welr,

width of 16" with a scour basin made up

a specific gravity of 2.65. Manometers

and downstream ends of the bhasin and at

used to record water levels, Flows

uge of an electronic flow meter,

and

"\'5

shown in section plan in PFigures 1

2.2 Procedure

Two sets of observations

range of 0,76 ¢.fes to 2,30 ¢.f.s. In the

was varied from the

amount of scour in the basin to

linitaticons, to produce the maximum swmount

sCo JT hole formed, the scoured matsriasl whi

dirvectly downabtream from the scour

the maximum

sted of a spillway

an 8% bucket radius, a flip-bucket angle
& C(\‘(.l

the

were recorded

were conducted
first set t

lowest value which would

» Ny
01 SCOUr,

hole was

having an ogee~type
of 45° gnd a
gravel having
al the upstrean

head tank were

through

The physical arrangement ie

avid 2 respect 'v“"lys

within a flow

flow

,ﬁ
@

3

cause a measurable

the highest value, within model

As the

ch was depc ited

At the

removed,

end of two hours depth of scour was nmeasured by
means of a sounding rod. As the water dralned from the bazin,
the elevation of the receding water level was mounitored with
the éaundimg réﬁ; strings were placed around the scour hole
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at 1% or 2% intervals to mark the scour hnle contours,

In the seccond sct of observations the oblect was to create

a no scour condition or to create condition of complete
energy dlssipstion in the tallwzlter with no scour hole

formation. This was accounplished by fixing the tallwater gate

33

T

at a different elevation for. each observation and then verying
the Tlow for a pvarticular observation and recording the flow
at which the scouring actlon czused sn Initial displacement

of the bed material.

2.3 Exverimental Errors

AN

The dial graph of the electronic flow meter wasg graduated
in divisions of 50 USGPHM ryesulting in grayh readings of an

accuracy of about 10 USGPM. Fluctuating water levels in the

]

head tank and zcour basin resulted in manometer resdings being

taken to the nearest 1/8%"., The bed level readings, because

of the size of the gravel and the inherent uneveness of a

composed bed could be considered accurate to the nearest 1/4v,

:

N
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CHAPTER 3

MAXINMUM DEPTH OF SCOUR

3,1 Factors Affecting the Mavimum Depth of Scour

The

level to

maximum depth of scour was measured from the tallwater

the bottom of the scour pit in the set of observations

where scour was allowed and from the tailwater level to the

top of the gravel bed in the no scour condition set of

experiments,

The

of scour

significant variables affecting the maximum depth (Dm)

eve g, H, Vs, g, 4,0 y M and A where

discharge in cubic feet per second per foobt width

q =
of spillway
H = difference in elevation between upstream and
tallwater levels
Vg= veloclity in feet per‘second at a section through
the point of maximum scour actlion
‘g = force due to:éravity
d = mean diameter of the bad material
€ = mass density of the fluid
M = dynamic viscosity of the fluid
A = lip hucket angle in radians
The following relationship can be written:
f(Dps v B, Vg, g, 4,0, 0,%) =0 ‘. (3.1)
/
6
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Application of Buckingham's Theorem yields six dimensionless

parameters.

2. V. T '
f<Dm , Do, Ve o, ey X V") . g (3.2)
C\H  da gDy Vdhy yad |

Combining dimensiocnless terms

<2r)1( ) - (§> L (3.3)

4 A b ), ‘CL'?%'“ | (3.4)
VD 8Dy H ' gH” v

The functional relationship can be written. as

o .

. “ (2 Vel

f Dy 8 qj s i g X ]**D-"WL oYy .0 (3.5)
H g a /'/

Rearranging

Yy 2 ¥ VD

Lo op A NS S jzmﬁgm\ (3.6)
i el o4 M -

3.2 Drop Number .

- ol
Froude number with two other parameters is analagous to the

. . . 2
The dimensionless term _4 formed by nultiplyling the

tdrop nunben! developed for free overfall (straizht drop)

3.3 Reynolds Number

The molin disturbing forcs on each stone in the bed is

o

the form drag. The Reynolds number can be used as s messure

s}
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number

d

reproduetl on

everage

1 urh

Y o

o

H

drag cociTiciant

woof the
1000,

of s the gravel,

cosTMclent ins For the

caryrec L/

of in

Cicient

the model and

Lhan does niot have to

Tully turbuolent with

)e  The model Reynolds

number at the
of ecach obs to 25,700 with

Vit of 211 within the 7

Jue

Y oy
RBeyno

| e

nt the 1ds

s s L o CRN . o VLY A g -
is greater in the protoiype , 1ts effect 1ls even less
glegnificent . and can be climinated Tron

relationcsnlp of equatbtl

vhere Xq,

from

mneters can

icent

(3.6)Y. "The

* Rl
e coy d
SLENAN

ut a8

et b
nov bhe wwrl

18
-t
[

Soour

) can be

K1, Kp and K3 are empirlica. constants determined
evoerimental ob?ﬂrrﬁtzozu.
The results of Schoklitselr (3) indicate that & doubl

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of unit

and that an increase of about

50%

to be aflfscted to create the same incr

scour., Expa:rimental observations

pres

show that with a 45 degree angle T1i

flow results in an aLorw”wnun 1y

th 'T* f flo

dep of scour while a pling o

t

g

approxiwate lncrease in the

Based orn the foregoing,

assumptions as a premise , the f0:7@~4

~ .
e I 510
DmLo369s (L9 A
3 R WS i a |

For o=

versus onsaer

are presented in Figures (J6) and

Dy /H

O

P

5

oy L
ease

seour

e in

sented

50% incres

ey

g

I (.‘

(1

p-bucket

w resulted

non-341

im €

se

o~
L

depth of

o0y
TA

T

o

pproximately

imes would have

the depth of

in Table no,l

Iy
Ta

doubling in

in magimom

Y

11 an

scour of 807,

E 5y g L S .
iously stated

mensional

(3.10)

3.1

(3.12)

Vi »a"JUQf: Tor Dy and
reaspectively.
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SCCOUR

HOLY

L1l Jet Trajectory ITenoth

The length

Nal
O %

between the edge of

depth of scour, Neg

assumed that w

“is

as fallin

[y
o

a freely

having a constant ho
verticel veloeity.

assumption that thes
negligible 1s no lon

ssumed to

that tnr path of the

the parabolic
:mto Lhc te

of the jet

intersec

The total lengtl

Vo he sum of the

fute

(54
the jet travels up

lower nappe of the

horizontal &

of entry into
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b
¢

sconry lae

The Initial velocity of the
applying Pernoullits egualtion to the upstream toank rveservolr

and at the base of the flip-bucket, neglecting the veloclty

head in the tank and assuming that the head lose due to

frictlion between the two scctlons was negligible,

Taking as the centre of coordinate axes the point of

exit of the jet from the spillway 1lip, with the crdinats

+ N
positlve in direction the eguation for the trajectory

of the lovwer surface of the free falling napps isg

& ' 2
Yo = 5 24 x bene o (4,1

where x and ¥ are coordinctes o any point on the lower nappe.

At the point of entry of the jet with the water surface
X L& and ¥ = dT where dT 1g the wvertical distance from the
1ip of the {lip-bucket to the tallwater

in equation (4.1) and solving for I,,

] , T , 5
T = 7o oo s ot Lomex ‘s & : 2000 (Lh,2)

After the Jel enters the

distance frc

the point cf entry to the polnt of naximun

depth of scour is,

vﬂwh\,€%«3ﬁ the angle of the cntry of the Jeb wiblh respect
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B P
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obhaerved valueg of trajectory

,,x

18

ing
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in
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2
Yo
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(L

Figure (28), Tt can be

('3(“

rved values are gvaller

than

due to neslecting the effect

factor in the jet trajectory

the spillway bucket, The
lgnored Slince It reprecents

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the smallesgt Tlow that will exlt Trom the bucket as a jet

ae o result the frictionsl forces of the spillway have

sortionate effect on the Theoretlieal exit veloclitly

used in the trajectory length caleulatlion on the acssumption

that the frictional Torces could bhe lgnored. The remalining
R

points Indicate an cbserved trajectory length of about 95%

I3
4]

. ; ' o q s
the value of the calculated value., For a 45° angle flip

bucket the model length of Jjet trajectory can then be

Lj = @9§(Iﬂ 4 lw) . (4.9)

where Lp and Ly are calculated vsing equations (4.7) and

(4.8).

4,2 Badius Vecte; Lengiths at Bed Level

Using the point of maximum depth of scour as origin
and assuming the scour hole to be syometrical about a reference
Tine passing through the point of maximem denth of scour and
pay67]el to the diﬁA 1"\‘mn of flow empirical eguabtions are

derived for radius vector lengths &t bed level at 30 degree

The gigniTicant variables that vere assvred to alfect

the radivs vector lengths are reprecented in the Tollc

functional relationship.

Rg = T(3, D, h, B, d) ' (1,1.0)

17

i
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where Rg = radive vector oviginoting from the maximun Oﬁnih

o * a
of scour ©dervens Trom the reference axie with

the zeroe degree radiuvs vector polnting in the

upstrean diredtion and measzured Lo the rim

*d

of tThe pit.

B = width of the spillway

maxinum depth of scour measured from the

>
=
zz

taillvater elevation
h = depth of tallwater

d = mean dianelter of the bed materisl

Introducing empirical parameters, a relationship of the

following Torm may be writlen:

_..I_.ﬁ....n -
B

(.2

Cnnd
[
N

P4

{

(@]
/_\\
:';j
50
~
/‘.\
[T Sa
N
o

where C, ¥ and vy are empirical constants.

-

Based on the experimental results and the work of others

F

(L4, 5), the following equaticns Tor the spillway model having

L5® angle flip~bucket were ﬁhbb ned

7, = 071 B

5/
K

Bgp= 0.60 B <._W_«
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(L,16)
(Le17)
(4.,18)

A plot of caleculasted versus obeerved Tor the above arve

S
o
LAV ]
oy

presented in Figures (19

L.3 Intermediste Devnths of Seonr
The intermediate depth of scour D, is the vertical

distarice mc~“1?ed from é point a distavnce r along the radius
vector B to the bottom of the scour pit below. The origin
of the coordinate axes 1s the intersectlon of a plane

parallel to the scour bed Jevel with a vertical line passing
through the point of maximus depth of scovr; the ordinate with

positive direction ic taken downward, the absclissae are the

directions of the radius vectors.

'?-_b
2

vl ficant varisbles can

ramy
o2

The FTunctional relationship o
be vritten as

D = (D, (4.19)

Asour

form of eny scounry hols profile

PO " A0 S
nine bthat
o

emanating from the peint of maximen depth of coour ig o
verabois wlth vertex at (0, -Dy + h) the significant variables
may be cxpressed as

(L,16)
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velues of intermedigte depth of

A plot of obzer:
secour versus caleulated velues by equation (4,16) for B
observations of the 45° anglie flip.bueket vging v/R = 1/3
and 2/3 and for observations of toe 30° angle flip-bucketb
(5) wusing =/ = 1/ and v/B = 3/4 are shown in Figures (26)

to (27 res r)ﬁﬁr“tivfly.,

L,b Typical Scour Holes

e

A theor >L:ou3 typlcal scour hole configuration for the

b5 degree flip-bucket angle is presented in Figure {(22)

where g, H, h eand d are given; Dy 1s calculated fronm

=)

equation (3e12)‘ R from equa tons (L4,12) through (4,18)

D from 63(‘111“‘1"10}'1 (L,16),

Similarly a theoretical typical scour hole configuration

by
for the 30 degree flip-bucket angle is presented in

Figurve (23) where g, H, h and d are given, Dy is calculated

from previously developed equations

~ o)

o3]

from equation (3.11),

(13) and D from equation (4.16).

16
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DISCUSSTON OF RESULTS

of Maximun Scovr Condition

.1 Time Tor Develo:

An inmporitant conglideratlon for the development of maximun

depth of scour is whether or wnot the model has operated for
g lengih of Uime suflicient for its Formation, Bassd on
previous use of a simllar model (5) 2 model run-time of two

houro was chosen, ‘ |

r:‘]
for i o

g

The maxwimunm depth of scour in & non.cohesive bed mater
ocenrs. when the drag forces caused by the horizontal deflection
of the jet by the bed iz in equilibrium with the resisting

3

forces of the bed material. By inspection 1t was found that :

o~
L

after a model running time of approximately one hall hour the
mazimum depth of scour was formed, Beyond this time the drag
foices were not great enough to transport the materizl out of
the scour hole but were great eriough to cause suspension and
erretic movement of béd ﬁaterial within the scour hole,

At the point of equilibrium. then, tnc drag Torees arve gufficlent
to keep gome of the bed material iy suspemsion but dnsufficlent
to ﬁrauaporh them avay from the scouvr pit, Any further

increzse in the mayimun depth of scour abt thls polnit would

be o result of erosion of the individusal particles or g

reduction in perticle size diamelter causged
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the suspended material with the bed which would in effecd
decrease the resiating foree of the particle to the point whoere
the drag forces would be capable of yemoving it from the

&

seour plt.

Ee2 Maximum Depth of Seour .

5.2.1 Flip Buckel Angle

By examining equations (3.11) and (3.12) it can

A f‘

be scen {LMJ the increase in the WL“ mum deptn of scour

2

by incressing the £1lip buckel angle

rom 307 to 45° and

]

by keeplng g, H and d constant is approxin 1y 16 percent,

o))

The incressed

&

s
e

th is a result of the stesper angle of
entry of the Jjet into the tallwater thereby incressing
the vertical component of the scouring action and

causing the Jel to dig deepsr into the scour bad,

" 5,2.2 No Beour Condition

The resullts of the no scouvy condition observaetions

with the L5 de@r&e angle f1ip bucket described in section

2.2 gre given in T ble 2. In this case the naxlimum

depth of scouvx at egqullibriuvum is

depth, From Figu?@(lB) where the

for both cases 18

indiecates that for a gilven q, Y and d
of scour would be the same whether the elevatb)

gravel bed was such that a scour hole Formed, o whather

18
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of scour is

. - 2 e “hes, oy g L Ly o o o P
since in both the scour

s . gy A . D ey gy
tum bhetween the drany

E SRR T N SR e ¥ A . €. o) e PURER
the resisting forces of the bed materiasl

the plungin

02

Ling turbulent

energy dlssips

turbulent eddlies with the bed material ecreating drag forces
which sct on the gravel bed with the reslisti
dependent on the partlicle slze

Cituted for the

the material, If & sand bed was

4 which resulted in a

a
¢

gravel bed and ithe same q, H and
scour condition in the gravel bed were applied to the
sand bhed, scour would form since the recisting forces
of the sand particles are not as great as gravel,

The scouring action would continuve until an equllibrium

Pl

‘between the two copposing forces wacs

attelined. Thus the

i

ze of o non-cohegive bed material is an

de

particle s
inportant factor in the determivztion of the maximumn

depth of scour.
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ions for the Maximum Depth of Scour

N = - 1™ 7 i oy S P N Y
Veronese LR (LY, Khoals (6.) s and Schokllstceh

(7) have cugrested the Tollowing equations Tor maximum

by :

depth of scour &t equlilibrium, e unlts are the sone

A

as those of this paper unless otherwise noted.

6]

Oqt‘lj’ 052?5
Veronege-USHR Dm = 1,32 q o H (5,1)

e A
Khosla : D, = K £0.9 ¢*/2) (5.2)

/2, .

where T = 84 38 the Jacey ailt Tactor and d is
expressed in inches and ¥ 1s an empirical ccoefficlent

ey

with a knewn range of value freom 1.5 to 2.1,

(5.3)

Schoklitseh ¢ Dy = 2212

The above equatlons were ured to calculate the maxinunm

b
jal

depth of scour using the data of the observations of

the Lg degreé flip bucket angle spillvay. The resulté
are plotted in Figure (18)5 The calenlsted values are
in all cases lower than the ohserved values. A possible
explanatlion 1is the omission of the flip-buckzt angle as

g variasble in L2 previously

s

A oy NPT e e s o
digcussed the with an increase

in filip-bucket awmla@ Asoumin 1ie to bhe valld each

[

of the above P“U”t ong are true for o specific angle

of flip bucket which is less than 455 Another
=1 L

interesting feature apparent in Figure (18) is the

Lo
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hecsuse

NN " N

the higher veloclty vrototyve Jets expesrience, It hao

nat protoltype trajectory lengths are approxine

£

ajectory lengths, (3).

o

model Jet

5.0 Sennr Tole Conficuration

Yy o Y - 11 Yy Y ea o I Ia) 1 P
Typlead scour holes for the 30 b5 ang

, e A ]
preaented

2Rpe
domnatrenn

seovr hole

the 45 d

angle Flin bucket scour hole closer t

3 that the scour hole becc

2

e increased

5

¢

n
al

nt to determine whether -the bhasii

b T R AR A - - R P Ay N I PO e
hed aden effect on tThe mayinur scour hole

made, The scour hole Bewnolds Mo, ls de

as VgRAs , where veloclty (Vg) and the

gnelds

in
otlive

from

poree

fined

(R) refer to the cross.cection where maximum seour coouraed,

Those croscegactions with the

nrofiles are in Plies (1

“
NG

1
24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

longitudinal

T1ip




S PPN >~ .
the range

no goour condltion could

gcour condition is

scony

of the

Lion (3.9) inecludes all the sic

=Yy 1Y
ot

further study howsver could ication of the

since only Lwo were used in

exnonent for

for intermedista do;

e K. SO -
Chis gtudy.

of scouvr ard

Tlows voad v the model study wi

applied Lo nrototyns
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