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ABSTRACT

A theory of scour for a three~dimensional jet impinging on an
erodible bed is developed and applied to the analysis of experimental data

obtained in the Hydraulic Laboratory, Colorado State University,

SYNOPSIS

Using the polar coordinate system the equation of continuity of
mass sediment transport has been derived, and the phenomenon of scour is
then described mathematically by the continuity equation, The relation-
ship between the shape of the scour hole and its variation with time is
assumed for different conditions of scour and deposition, EBxpressions for
distribution of sediment transport along the bed are derived for each
condition,

The impingement of a three-=dimensional jet on a normal boundary
is analyzed by making the assumption that the Bernoulli Bquation is valid
in the neighborhood of the stagnation point,. The ideal jet flow, with
uniform velocity distribution and without diffusion, is considered first,
followed by real jet flow with non—-uniform velocity distribution and verti=-
cal diffusion, For conditions of submerged and nonvsubmerged outlets,
expressions for the horizontal velocity and shear distribution along the
boundary are developed using Bernoulli’s theorem and the boundary layer
theory,

The variation of the depth of scour is determined for two con-
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ditions of outlets by assuming a law of open channel flow for sediment
transportation and by using the previously determined shear distributions
and the continuity equation, In particular, the variation of scour depth
with respect to time and the final depth of scour are described theoreti-=
cally in terms of dimensionless parameters, It is then shown that the
development of the scour hole with respect to time follows the power and
logarithmic laws for the submerged and non-submerged outlets respectively
before the final state is reached.

The influence of the angle of the jet is analyzed in the same
manner as in the case of a vertical jet, In this case, expressions for
the variations of the depth of scour with respect to time and the final
depth of scour are also developed,

Results of the theoretical analysis are applied to the experi=
mental data for the cases of vertical and horizcntal non=submerged
outlets obtained by tests conducted and being conducted in the Hydraulics
Laboratory of Colorado State University, Three regimes of scour, maximum
and minimum jet deflections defined by H, Rouse (1), and a final state

are determined for the case of the horizontal non=submerged outlet,




INTRODUCTION

There is no essential difference between two~ and three-dimen-
sional cases of the scour phenomena due to jets, This is proven in the
analysis of scour by a two=dimensional jet (2), The existence of the
regimes of maximum and minimum jet deflections (2) and a final state
of scour (3) will be expected also for the case of the three-dimensional
jet. The problem lies only in the extension of the mathematical treat-
ment to the cylindrical coordinate system, Since experiments of scour
for the three-dimensional jet have been conducted (4) and are now being
continued (5), the developed theory will be verified by application to

experimental data,




EQUATIOM OF CONTINUITY OF MASS SEDIMENT TRANSPORT

Theoretical Development of the Continuity Equation

To determine the equation of continuity of mass sediment trans=
port, the quantity of sediment transported through the infinitesimal
element ABCD, Fig, 1, defined by arcs AB and CD and radial lines AC and
BD may be considered.

The quantity of sediment transported through arcs Aﬁ and €D
per unit of time is given by

AR c;gmdy'
Snie ’g_gzat)u +—Da—z/ggioéw)o[z .
in which qg is the mass rate of sediment transport per unit width from
Z =0 to Z =00,
The quantity of sediment scoured by the jet per unit of time

can be expressed by

-2 (ndy dr z’)(:- A)

in which A is the porosity of the sediment,
The equation of continuity of mass sediment transport in terms

of cylindrical coordinates (see Fig, 1) is, therefore, expressed by

(1-A) ’lg—f— - (/ 7)=0 (L)

%
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Conditions of Application of the Continuity Equation

The relation between the shape of the scour hole and the distri-=

bution of the scoured sediment will now be considered for the following






conditions:

=

Ce

The condition of 9Z/3t = 0 (No scour)

For this condition Eq 1 becomes

_;é%i + %3/&’ =R (2)

Integrating Bq 2 gives
=G
CBS o (3
in which Cl’ is the integral constant,
The condition of 3Z/et = -C(t), in which C(t) >0

(Uniform scour)

From Eq 1, the continuity equation for this condition is

gt -

CJ’Z (4)
Integrating Eq 4 gives
%s = {1-2) L7 + Ca (s)

2 gt
in which C, is the integral constant,
The condition of 3Z/3t = C(t), in which C(t) > O
(Uniform deposition),
The solution for this condition is obtained by changing

the sign of C in Eq 5, or

gs=% -(/‘Q)CJL 6)

in which C3 is the integral constant,

The condition of 9Z=dt = =(A;-B;r), in which A, and Bl

are functions of t and positive, (Linear scour)




From Eq 1
_9‘_(3_‘619 - (1-2)(A,-8.7) ™
1

The solution of Bq 7 is

i LRI et @

in which C4 is the integral constant,

e, Thg condition of 3 Z/3t = sz-Al, in which Al and Bl are
funtions of t and positive, (Linear deposition)
The equation for this condition is the same as for
condition (d) defined by Eq 8,

f. The condition in which conditions defined by sections

b, d, and e are combined as follows:

6Z2/3t = C(t) for 77< " (Uniform scour)
92/t = =(Ay=Byy) for /7,<"1<A,/B; (Linear scour)
aZ/at = Byr-A; for 7>A,;/B; (Linear deposition)

The relations given . in this case are obtained by
combining the equations determined for the conditions

of sections b, d, and e; that is

%5 - _{_’_:_/;_)_(;_J_l_ + %}__ : S_U‘, el 7-0

@ s A)(C_;\.: - @.ﬂ)’? + %1-, for L&KL o) 8
e _/‘L_li-_Z)fz + G oWy > B

%s ( /)( 5 3 7 f L4

The distribution of sediment transport for conditions a
through f are illustrated schematically in Figs, 2, 3, 4, 5 and 6,
The direction of sediment movement is in the direction of the arrow

on each figure,
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The foregoing mathematical analysis has considered both the physically
possible and the physically impossible cases of scoug deposition, and scour and
deposition. Therefore, it is essential that the physically possible cases, which
have:a bearing on the analysis of scour as presented in this report, be identified.

First, since qg is a function of C,/r , the origin must be excluded
as a zone of consideration; for, if the constant of integration has a finite value
Ch >0, then C,/r has a value of infinity at the origin., However, it is pos-
sible to circumvent this discrepancy by assuming that in the vicinity of the stag-—

nation point (r =0 ) the constant C, changes rapidly from O atr =0 to

Ca- @b r =1 This assumption is valid since the constant of integration denotes

o*
the initial sediment discharge carried into the zone under consideration by the
incoming flow. Due to the finite width of the jet, the discharge cannot be intro-
duced at a single point. Furthermore, since the origin is a point of stagnation,
the sediment discharge at the origin must be zero since the velocity is zero,
Second, since the constant of integration denotes the initial sediment
discharge, it can never become negative as long as the jet is impinging on the
boundary. Therefore, all of the foregoing cases in which the direction of sedi-
ment movement is toward the origin, C,<0 , are not relevant to the analysis of

this report.

Lastly, the sediment discharge cannot change sign, that is, as shown
in Fig. 4 for the case C3>0 , only that quantity of sediment contained by the

flow can be deposited, Also, if the initial discharge is zero, no sediment can

be deposited unless sediment has been scoured from the region near the origin,



IMPINGEMINT OF A THREE-DIMENSICNAL JET

ON A NORMAL BCWNDARY

Ideal Fluid:

The impingement of a three—dimensional jet on a non-erodible bed
covered by a tailwater of depth b is considered for the case of ideal flow,
that is, flow without diffusion or boundary shear (see Fig. 7).

For this case, Bernoulli’s theorem applied between points M and N

in Fig. 7 gives:
Wﬂz -.}_ ol ”‘_ - 02 ; '_.
2% Eé LGZM)' g}+ZN+(5 Zn)

in which Wo is the velocity of jet at a distance ZM frcm the boundary and

Uo the velocity in the deflected jet at a point N 1located a great distance
from the stagnation point O and a distance 2N from the boundary,
Bernoulli’s equation shows that

Wo = Uo (10)

Furthermore, from the continuity equation of water mass flux

I o™ we = a M2 R,

and Eq 10, the following relation for the thickness of the deflected jet h is

derived:

R i
L

R (11)

The relationship expressed by Eq 11 is valid only in the region where the
streamlines are parallel to the boundary,
The flow within the stagnation region can be closely approximated

by three—dimensional, axisymmetrical, potential fliow with stagnation. For this



flow, the vertical and horizontal velocity components W and U can be

expressed, according to Schlichting (6), by

U = ar (12)
W =-2a 2 (13)
in which a is a constant, Equations 12 and 13 satisfy the equation of

continuity

oY 4 L

For ideal flow, Eq 10 expresses the velocity distribution along

the boundary for the case where the streamlines are essentially parallel
to the bed; whereas, Eq 12 expresses the velocity distribution near the
stagnation point. Furthermore, by assuming a smooth transition between the

two cases, the velocity distribution along the boundary would be as shown in

Fig. 8.

Real Flow: Non-submerged Outlet:

For real flow, the analysis of the flow conditions is more complex,
The jet impinging upon a normal, plane bed covered by a tailwater of depth b
results in the development of two types of flow phenomena, Cne is.the develop- _
rent of a boundary layer along the bed through boundary shear, and the other is
the jet diffusion, or more specifically, the development of kinetic energy tur-~

bulence through interaction between the jet and the tailwater

For an analysis of the development of the boundary layer, use will be
made of the fundamental ideas regarding boundary layer development on a rotating
disk put forth by Schlichting and Truckenbrodt (7,8). In their study the assump-

tion was made that the velocity distribution in the deflected jet is uniform

-13=







outside of the boundary layer. On the basis of this assumption, they found
that the thickness of the boundary layer ' and the shear velocity Uk in the

neighborhood of the stagnation point may be expressed as follows:

For laminar boundary layer,

~ i Bk é; = constant (15)
%
P
= 1,312 (16)
VUL U
and for turbulent boundary layer and smooth boundary,
W
S Sl o.o%é(_&_gi) . a7
Lol il v
i
Us* _ c.oaa (& B (18)
BF %

That is, Ux? is proportional to r in the laminar boundary layer and to 8/s

in the turbulent boundary layer.
For an analysis of jet diffusion for the case of a pipe outlet at a
fixed distance above the water surface,use will be made of the expegiment investi-

gation “by Homma (9), who found that the velocity distribution along the center-—

line of jet can be expressed as follows:

-o.10a (b-Z
% =14 e " (T) Pie T coip 6 5ue (19)
~o.\37( b-
e Y C——-—-> o = Ke > 37«/04’ (20)
Wo ¢

in which Wm is the maximum velocity at the center of the diffused jet, d the
diameter of jet as shown in Fig. 9, and Re the Reynolds number of jet flow,
Since an expression for the velocity distribution across the jet in

the case of a non-submerged outlet, has not been developed; the following general



expression, as assumed for the two-dimensional case (2), is introduced herein:

-7
= 8035 'b?T‘> .

in which W is the vertical velocity component whose distribution across the

normal section of any particular zone of flow can be approximated by the Gaussian
nomal probability function (see Fig. 9).

At the deflecting boundary Z =0 and the variables defining the mean

flow pattern are given by the relationship

wa ’2< ) - (22)

in which Wbm is the maximum——centerline—— velocity and Wb is the previously
defined vertical velocity component.

In order to approximate the velocity distribution along the deflecting
boundary, use will be made of the results of the experimental study by Homma (9).
On the basis of the experimental results, the pressure distribution on the
boundary in the proximity of the stagnation point is given by

7@ L 2Nk + pgb (22a)

and for the stagnation point is given by

(22b)

L e N
= 4 bm + 74
If it is assumed that the vertical centerline of the jet and the upper
surface of the boundary layer form a streamline along which Bernoulli’s equation
is valid, then the following relationship is obtained
(23)
L (U W)+ p3Z -, -

Along the r-axis at the upper surface of the boundary layer Z = g:n:o

and W=~O0 ; thus, the horizontal velocity component U, above the boundary

4 )
752- Ub——— 7éo-" 76 (24)

layer is given by



Substituting the expressions for p and P, given by Egqs 22a and
22b in Eq 24 obtain %

s i»(!’.ﬁz)l

W bm

(25a)
PN

Substituting Eq 22 into Eq 25a gives

\
( | — ) i (25b)
\I\)bw\

The relation given by Eq 25b is valid only in the proximity of the
stagnation point, because the pressure rapidly approaches the constant pressure
Pgb as the flow moves away from the point of stagnation. For a constant pres-
sure Pgb, Eq 22a gives Wy = O and Eq 25a gives Uy =Wy, = const., which, of
course, does not agree with actual flow conditions,

An approximation of the boundary layer and the shear velocity along

the boundary can be made, however, but use of EqQ 25b and the momentum equation

given by Truckenbrodt (8), which is-as follows:

' !
e 5 diTsv” _u_(: Ydsb+ Ty dlel (-Us (26)
b d7 © Ub

in which s =2/ and u is the horizontal velocity component in the boundary

layer. of thickness §' as shown in Fig. 10

Assume that for a smooth boundary the velocity profile in the boundary

layer can be expressed by

5 igr-st






and the shear velocity by

Bk
lfb: (.LéLJi;_ )n
v
in which
e W
itz w3 i S (29);

when k = 0,0225 and m’ = 1/7,

Substitution Eqs 27 and 28 into Eq 26 gives

d (A7§Ur) + BTSUndy -1 _Vs
s

d1 Us &
in which '
A L smyy gMiEg,
B = (1~5T Jds
Letting :
-—)—2‘— - (S:‘,
Eq 31 becomes
EAS Tl s L ek
% d a . dl” (Ve 2)"
int
in which
x
Filn A d Us
At d’

(28)

(30)

(31)

(32)

(33

(34)

(35)

(36)

Eq 35 can be solved only for the condition that L is constant,

"
that is, when by - Csrm , in which CS and m” are constants, Therefore,

assuming L constant, the solution of Eq 35 may be written as
n

L= en o

=19-

(37



The value of B’/ is obtained by substituting Eq 37 into Eq 35, or

g = [ K >y

= =60 -A/ (38)
| 2A A(h“)q_{Au% _l_(;:)}
Furthermore, substitution of Eq 37 into Eq 28 gives
- h =N
M Ltk oo L il e
V,> (qu hcfh ) (39)
SNF T E .
For n =1/4, Eqs 37 and 39 can be written )
G
e S = (R
T N (40)
a2 =3 o
U& o Kﬁ’ 4(U5}L 5
Ut 35 Y (41)

Substituting Eq 25b into Eq 41, the following expression for the shear

velocity distribution can be obtained:

M- (s 'S (&)

Real Fluid: Jet Issuing From 2 Submerged Outlet,

Albertson and others (10) determined expressions for the longi-
tudinal distribution of the velocity Wm as well as the transverse distri-
bution of the vertical velocity W along the centerline of a diffusing jet,

These expressions adopted herein are

lﬁéﬂ = 6.2 d

W | b_"“"z (43)
-8 ugP

W oo (fmm (44)

Win

in which b 1is the distance from the outlet to the bottom, and d and
Wo are the diameter and the velocity of jet at the outlet respectively

as shown in Fig, 11, In particular, along the r—axis where 2Z =0,







Eq 44 becomes *

We - e b
W (45)

Using a similar approach to the one used for the case of a
non-submerged outlet, the horizontal velocity distribution near the

bottom corresponding to Eq 25b can be derived, or

_ -;sz(ﬁﬁl)
Wk e Iy Beg b
Wbm

P

N\~

(46)

| =Y

The horizontal velocity distribution given by Eq 46 is shown
by the full line in Fig, 12 and is assumed to be correct in the proximity
of the stagnation point, The dotted line indicates a more probable
velocity distribution when the lateral diffusion is taken into account,

The method for deriving the boundary layer thickness and shear
velocity used in the case of a non=submerged outlet is also valid in

this case, Similar results are found as follows:

6‘ B - U JZ @ X
i “‘f;") 7 (47)

JL)l v
b

..I.’)'l( )/—5
(48)

in which B’ is expressed by Eq 38, However, L in Eq 38 defined by

i~

) 1 it
W o b YS /2 i-e

Eq 36 can be calculated by using Eq 46, or

) g A e Y e
Y R e O B
b

3o



The variation of L with r/b is given in Fig. 13, which
shows that, in the vicinity of the s.tagnation point, L is approximately
constant and equal to 2; whereas for values of % >0.2 , L tends
rapidly to zero, Bgs 47 and 48 were derived under the assumption
L = constant, in the neighborhood of the stagnation point at least this
assumption seems valid,

Fig. 14 represents the shear velocity distribution given by
Bq 48, In the computation of Kﬁ"-é in Bq 48, it has been assumed that
m’ =1/7 (therefore, A =7/72, B =1/8 and n= 1=4 from Eqs 32, 33

and 30) and k = 0,022S,






IMPINGEMENT OF A THREE=DIMENSIONAL VERTICAL JBT

(N AN ERODIBLE BRD

Rate of Sediment Transport é?

In order to solve Eq 1, it is necessary to know the relation-
ship between ‘%s and r, Similarly to the case of a two-dimensional
jet (1), the expression for sediment transport in open channels mainly

as bed=~load is:

5 A m
. . [ 2 BoR L (50)
U, L 7k
and
D T d
¥ (f ) J¥ (51)

In Bgs 50 and 51, U*c is the critical shear velocity, ;f and dg the
density and the mean diameter of sediment particules respectively,
and A, and m are constants which are, in general, the function of
UgAVs: When U, 77 U,_, Bq 50 simplifies to

_g_s_ = Ao {U* ] (52)

Uy ds | Vs

and then applied, as will be shown, in the calculation of the depth
of scour, When Uy is of the same order of magnitude as U‘t' the
value of m increases and the value of Ao decreases with decreas=

ing U* /VS.

Non-Submerged Outlet

Substituting Bq 42 into Eq 52 gives



v

1m+: (1 21
. £ A(kﬁ") ("’*"") (V"" ) (:-¢ )44

Wbm ds (53)
The following quantities are now defined . 2 )
A+l - { m +/
r2¥ Mob 2 ) Y-,
M = Ao ("/9 7‘) 2 (_T'b‘) ¢) (54)
(55)
M
’Z.
-0.132! b T)
= 0.137)[8r19) )d u/ M M 129U (56
] 1. 2% 2y
B /0 / VS ( b) d b
Then Bq 53 and the derivative of %5 with respect to (r/b) are
written: gz T
2. Wi Wem o
M C’s \/5 I ]4’,\‘/0 (57)
2 _am+l
4 9% = Wam Wh 10 41" (s8)
Whm dg (Y Ve 124 W,
Substituting Bgs 57 and 58 into BEq 1 gives
& +9 S ]
9z 4(\’_'/#_:::_ o ds (12% W )| 124 Wo (ﬂ tM ]2 0 (s9)
31 124 Wo s A 1T %

Since Wbm/Wo depends only on the depth of Z, the integra-
tion of Eq 59 gives the depth of scour for the case in which U, 27 Ug.

and is written

-

2 —18m+a 0.137("'%- d
<——-—_me ) 0 dz + rod e z =0 (60)
o

1.2 W, 0.137(18m +9)

26—



In fact, r/b in M and M’ defined by Eqs 54 and 55 should be written
r/ (b - 2) since the bed is erodible, For this case, however, the
integration of Bq 59 is impossible; therefore, the study is limited
to the case in which b >>2, that is, when r/ (b = Z) can be written
as r/b,

Substituting Wm=llo given by Bq 20 into Wy.,Mo in Eq 60

and integrating the first term yields

~0.137 ““":')‘-1‘L
I =8 S (61)

Putting Zs = = 2, Eq 61 becomes

&5 e Zn('LH) (62)

d 0.137(18m +9)

in which \'L is a function of the following dimensionless parameters
as seen from Eqs 56, 54, 55, and 22 (noting that m and Ao are both

functions of U“‘l / (f -l)ﬁJ,).

Mo”2, de Wt | Wb aJ b
(/o")ds b d b Y d

The final depth of scour 2g.,, will be attained when

U

. = U"c' From Eq 42, this equality is written

) = ki, T ) e

1. 2Y Wo 1.2¢

Furthermore, replacing Wbm/1,24Wo by Wm/1,24Wo and using Eq 20,

Eq 63 becomes

Z ) 2 Iio
0.17) gs(s +Z5e) kﬁ,_i(/u ng (/ 24 w.,) % 5'(a-¢°)

4 Use



or

»g"'zxo& 5 /</
oA % o/37 n il

I

-f
7 // yl%l //Z/w/uf /2 )// %/ 1@EN
¥

6 / l
From Eqs 6L and 22, it can be sccn that (¢ * Zsw )/d is 2 function

of Wo/Uy, Wob/ , r/b, and b/ds

Submerged Outlet

The following quantities arc defined in 2 manncr similar to

that for thec casc of the nonesubmerged outlcte

% A 2 7/;»1‘/}
: Mty G f We € — &2 el A O ) Bl Gl
1 A e R

~ - e Z(’L/,

s n’/u/ G g 2
2 MG L S5 2 W N oyt €2 (e

Thcn EqQ. 1 can be written in the same manncr as in the casc of the

non=-submerged outlet.

St G

Wen \ 47 g srar WEC.E e A7) (53)
Dt +72W¢> /VAN(KXWWW'“ /; +~/ &

Thc integration of Eq. 68 gives, with % dcfined by Eq.67,-

-?. S - ¥
W gi‘.)——.}). /¢ u/ & ’
/ (j b O =" (1) (Ug)
f Ve 7w, £ 7 Pae ey D
Substituting thc value of Wm/Wo given by Eq.L3. into:

Tom/Wo in Eq .69 and integrating, thc first term gives

—28_



18 m+14 IBha4+19

e (b2 )77e 4 g =0

(70)

Fina2lly, letting #Zs = - %, the depth of scour in this case is given

by the following relation:
|0

Bm + 19 ;
_b_i_z_z__ fé + ‘—“"'> {10 St 1 (71)

in which E\ is a function of the szme dimensionless parameters cs
those for YL. « However, it should bc noted that the form of iIq 71
is different from that of Fq 62 which gives the depth of scour for
the casc of a non-submerged outlet.

An expressicn for the final depth of scour %5, can be
obtained by putting U, = U*c in Eq L8 and replacing Wbm by Wm in
Fe i3 op :

N T

in which (b + 3 )/d is 2 function of WO/U*C, W;!:/%p, and r/be
however, a better approximction for ZS oo 18 obtained if the
exponent r/b in the last bracket is replaced by r/ (b + 25 oo -

especially when Z; , and b are of thc same order of magnitude.



IMPINGEMENT OF A THREE-DIMENSICNAL INCLINED JET

ON AN CRODIBLE BED

Jet Issuing from a Non-Submerged Outlet

The Z'-axis and r'-axis are taken along the centerline of
the jet and perpendicularly to the Z'-axis respectively as shown in
Fig. 15, On the vertical plane containing the centerline of the jet,
the relations between the system of coordinates (r', ') and (r, 2)

are

r sin© + Z cos @ (73)

r!

n

Z!' = =r cos© + 2 sin © (7L)

Since AH = b! - 2! and AM = r! in Fige 15, an expression similar to
Eq 19 or 20 for the maximum velocity of the jet Wm! along the
centerline can be written as follows:
b'-z’)

/ oy ————

ghon . o
=X €

W

3

(75a)

~

Accerding to Homma's experiments (19), the values of & and B are
1,2L and 0,02k respectively for the case in which @& = 60° and
Re = 25,000,

The velocity distribution in the direction parallel to or!', i.e.
along the cross-section i, is assumed, similarly to Eq 21, as

W' . e
W, = B b’ d ) =







Bxpressions for BEqs 75a and 76b using the relations 73 and
74 as functions of r, Z, and O are as follows:

For any point on the vertical plans

Wl g exr [-p( £+ L CosO- i’-s,,m)} o

@{f __, SING +T 'CoSQ) (-Iv"-———co%@—z Sm%@ab)

For a point along the axis or ( Z =0 )

£x 2l A < (75¢)
\:/\‘;/:A_OQ_CY\P( /5)(?[’__ P cosg)} c
\/\/5’_. {___/. “ ' . ....ﬁl-f-;}:(’_..c SQ}

o 3} s = Sm@_.(! e g > (76¢)

For the point 0 (Z=0and r =0 )

5 / (764)
._\’\:\I__/__f.lﬁée_ :oc 61\P (»%{_>

As in the case of a vertical jet, the horizontal velocity

U along the r—axis can be expressed by

b
' s
s :(}-—él)z (77
W{M" 5iN & 33
in which >
3,- &

By combining Eqs 75c, 76¢c, and 76d, §o becomes

’ /
W = WEL MEhH e

. - ¥

—_— / ?
°'== ngl\l\o \I\/S’N\ W e V\’KM.a (79)
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For the shear distribution along the bed, the approach
given for the case of a vertical jet is still valid if L in Eq 36
is assumed constant; therefore, it can be shown that
._Q*_'_I_:K/g’ (Ué’ ) | + 7L (39)
D¢ Y

Introducing Eq 77 into Eq 39 and taking n as 1/4 gives

\
Uaé T / -5 3 ',qT,
ey = KB ([ WemeSiner) (i~ 4
(W5M051N9> ) (80)
Since Eq 52 is an expression for the rate of sediment

transport for the case in which U*‘})U*c, Eq 80 may be substituted

into Eq 52 to give

k ’ 1 (am+1)

[

°CW¢ZS{NSC‘S & W'
in wiich
2 qlamay
] 2 M+’oCW ,S e)QM({W’S .— _,/_vtl::—l. ) 20
TE o 1N © N &
P=A. kg 4)72 7 U'i%> (’-%/ (82)
>
Let
p’ =dp/d (—é‘—) (83)

The derivative of qs with respect to r/b is

g Camt1) /
WK'M‘;'
(‘»{ w‘,') L (84)

Substituting Eqs 81 and 84 into Eq 1 gives

- ! 2 s e
A Wd sive ds 3("'/6")
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For the case of an erodible bed, ‘ﬂb'mo/Wo' depends upon Z and is
equal to WmAMo given by Eq 75a.
Since BEqs 73 and 74 canbe written

r’! sin @ - 2’ cos © (86)

2}
[}

r’! cos® + 2% sin © (87a)

N
[

along the Z’-axis, that is r’ = 0, Eq 87a becomes
Z =2" sin O (87b)

Therefore, Eq 75a is written for any point along the Z’-axis as
follows:

| SR
i

(75d)

Substitution of Eq 75d into Eq 85 yields

T W am+! A _ 7
%E—TZhﬂ_-)/g (;Zf AsSive ) " ' =
< CLZ.;"LC!S P./-__E__ Wo S inet = O
et O e g

o

Moreover, integrating Eqg 88 gives

_g(ami! /gg
I _ e I¥e) ASivG ¢ 711/ ) 89
in which - 7(2/”.}-/) / i
, ,_q,ﬁ.i(:’_mg)ﬁ'“"““‘;o —ff( PP [ ds Wo't
T =G ° e 0)
Yl ~ | 67/{) 5 £ (9

Denoting the actual depth of scour by Zs = =Z, Eq 89 becomes

Z¢ /10 o
d5e ‘mﬁ&(ﬁﬂ) (91)
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From Eqs 79, 82, 83, and 90, it can be seen that VL' depends upon

the following parameters:

d Wt |, Msine)” s e,
d b %-")3ds @ (B dsin® /6)

M}émeb : 2 b 3 and /6
A% b d sin®

The final value of the scour depth Z;=cis attained when

U, = U,.« From this equality, Tq 80 yields

-

e -t 2 !¢ 5 "\ =
U*s T K/p 4 Wbmc)5<04Wo Smelz.) (|- é‘ ) 0 (52)

(q%'slhe~ K Wo' Y

Replacingw;.,,o /aLW; t by Vim/u Wo! and using Lq 75d, &g 92 becomes,

for the critical value of the scour depth (Zs ? = Zag )s

Z ) a
ﬁas::g = kﬂ'-ql (o{ W’,,’sn«@)"(o( V/Q'Sin B’L) lS( = f: )t%
U 5

c
or

St 55 o [ ooy fedge - 7

From Egs 93 and 79, it can be scen that (254 + b) / (d sin8) is a

function of

¢ O
Wosin® , §, (3 2.0, p) WesinCh , 2 snd g
Use V b

Jet Issving from 2 Submerzed Cutlet

In this case, the same expressions for the longitudinal
distribution of the velocity Wm'! along the centerline of the jet

and the transverse distribution of the velocity W' as given by



Egs L3 and LL for the vertical jet are also employed

7

W - g2 _d (9ha)
Wo’ ’

b'- 2

¢ 2
/ "76 2
—:}/‘7 SN (952)
L]

Using the relations between

73 and 7L, expressions for the velocity distributions are given

for the following cases:

For o point along the axis or (2 = 0)

Whe  _ 2 d

Wo b’ £ pense (9lib)
Wh' = exp |-76 S Riml N\

W b’+ vz o3 O (95b)

For the point O (2 = 0 and r = 0)

/
lA/\A7AT" = s2.9 (9kc)
" b’

Althoush Eq 77 is still valid, in this cnse, the value of

iL becomes, by combining Eqs 95b, 9Lb, and 9lLc, as follows:

SE £ \A//': \A/E; Vb"" M/o' :(Hls}nl@)}le % (%}S;h:"@
° Womo Wom Wo' Womo b :+(%b $ind€

—~36—

both coordinates (r', 2!) and (r, Z) Egs



For the shear velocity distribution, EqQ 80 can be applied
as given. Furthermore, Eqs 81, 82, 83, 84, and 85 can also be used
by changing P and P’ to Q and Q°’ respectively and letting L= 6.2

that is, : gCam+r)

W& mo o
,?5 = [ —2— ,) @ (97

G.Q\Mo Sinve ds b, 2 Wo

in which
~2AM 4 7[;m+/}

‘Q:Ao(ﬁ(/ﬁ/ -ﬁ/\o?ml-m(éq\,\)o SH\/) {G 2 \)\)aS/Ne i /~(>(l (98)

Q' =dQ/A (/)
2 A4+4
/ dfs "W Emo e Q' (w00
G.2 Wo SiNeds a(’L/g) o AR
i(am#)
2% 3 wg’Mo,> L. 6.2 Wo's/nv & ds {Q' -+ q —- o (on)
PR b Wo Ct-n) € Crse)

It can be shown that W'b /Mo’ for an erodible bed is equal
Mo
to Wm”AMo’ given by Eq 94a. Therefore, substituting Bq 94a into

Eq 101 and using Bq 87a yields
7 (am+t)

¢ ek ) |15 W' s
. dZE+ CR t=®
{ 3 (”‘/c”) € ; 4 (102)
Integration of Eq 102, with the initial condition Z =0 at t =0,
gives
ISIW '+ s LM 2 \?A« + 1§,
/ i
(_Ig_) fb (Z/swoh + g 200 (103)
d T, g



in which

/0 /- A

gt'__ Bm 19 6.2 {

Ictting 3s = <2

: Jow
Q+<"Z€D§ZZ M% Sl

%q 103 beccomes

18m+/9 Em +19
bl 37. 70
dsme dSlne

in which é\ ! depends, sincc m ond Ao 2re functions of U 2/ (/o - 1)gds,

(105)

upon the followins paramcters:
!
ds W

] 2 ’
ds T ; (%Sme\) f(_jz_/__ 9)' wOSI'Hﬁb j_z-/

d b (f—l)jds 3 EROR\ "5 ) Y J b

f
and b
d sin®
An cxpression for thce finnl depth of scour Zs oo con be ob=-
tained by letting Uy = U, in Eq 80 and usine Eq 9La as the velue of
/

Womo/Wo', or

]
-1 )
o 2 b e 5 3
iz )i sl oo ez smer] - )3
d Sim® b‘,c V
Therefore, it c~n hc shown that (b + Zs ¢f )/(d sin@)
depends upon the followins parcmetcrs

MWe'Sin® - We'sinOb . 2
e . °

J and ﬁ; ( J—Z- ) 8)
Y b b
These poarameters 2re similar to thosc for the case of

non-submereed outlet excent for the fct thet (b + Zs oo )/(d sin &)
is

function of a powcr law while for the non-submersed outlet,

as given by Eq 93, it is o function of the logarithmic low.
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EXPERIMENTAL VERIFICATIONS

Vertical Jet with a Non-Submerged Outlet

In the experimental study by Doddiah (11), the characteristic
depth of scour was adopted as the distance from the original bed to
the point of intersection of the side slopes of the crosssection instead
of the measured maximum depth of scour at the stagnation point as shown
in Fig, 16, This expression for the depth of scour is similar to the
one used by Rouse (1) for the case of a two=dimensional jet, The
equation for the depth of scour for the case of the vertical jet with

a non=submerged outlet is expressed by Eq 62, or

e L /0
; R E Ty Zn(‘zf-/)

Furthermore, if the characteristic depth of scour Zs is assumed to be
equivalent to that for a certain value of r/b which contains the
dimensionless parameter YL and if the square root of the crosssectional
area of the jet at the water surface VFK; is used instead of d,

then Eq 62, for values of 1> 1, can be written as

Zs L. 0 CL Mé & 2
—\/—T _7/ 3(1/75; b)*’jZ} (107)

O.137(/8m +9) \/ il (I8Y

with

and

&z ’.14_ \/ﬂ )‘P( 2. Lase) 4Mo’(109)
Fealy V% \/ZYW %j

o







in which Mo and Mo’ are the values of M and M’ corresponding to a
certain value of r/b denoted by (r/bg.

Since m and Ao are contained in the parameters Mo and Fo’, and are
functions of qkz/Vsz, it is evident that both Y and Z are functions

of the following parameters,

W : G Web (note Vs = ()g")ﬂds)
b 4

—— )

(F-as Vg
Furthermore, it is to be noted that the exponent of Wob/wp is con=
siderably smaller than that of Wo®?s?; therefore, b/dg should be
introduced instead of Wob/\) when the bed is regarded as a rough
- boundary, Thus, for a rough boundary, the effect of Wob/\? on the
development of the scour hole will be insignificant,
From Eq 107, it is evident that the slope of the straight

line obtained by the plotting of 2Zs //AJ against log ( dA‘ W{;t )
; ' b
J
(see Fig, 17) represents the values of Y and of Zs/ /’K; at the

point where(d‘-r——i_ -"‘/g’—?:}which are equal to that of Y log 4. In the

v
plots of Fig, 17, the computed values of/A; and Wo, were used,

o %
Fig, 18, giving the relationship between Y and _i!é____
(Z-1)g9s

shows that the effect of the parameter b is very small although
VA;

there is considerable scattering of data, especially for the case

when b= 16 in, The solid line in Fig, 18 represents the following
equation:
4 0. 157
¥ Gionapeyt W (110 )
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Fig, 19, which gives the relationships between Z and f%? 3
J
shows that 2 increases with increasing J%%' except for the case of

]

Series 8, This trend is valid, however, only for the region where

£} is less than a certain value; that is, after b reaches
Va; ¥
a certain value, 7 will decrease with increase of b o Blge 29
ik VA;
shows the effect of zz:—ﬁw—jj- on the magnitude of %, in which
S 1)
~ .
—lloj b is added to log Z to eliminate the effect of B .
Va; _ VA
The solid line in Fig, 20 represents the following equation:
b Wh
/Oj Z -2 /Oj = =€ 536 /of] s (111)
A; (5’3"’)345

The data plotted on Fig, 20 are for the sediment size 6,25 mm for
Series 7 and 8 and for the sediment size 4,11 mm for Series 9, 10,
11, 12, and 13, The effect of sediment size cannot be checked
satisfactorily by Figs, 18 and 19, since these figures represent
only the effect of the velocity of the jet Wo, The result of the
analysis of Rouse’s data for the two-dimensional case in the pre-
vious gfper (1) suggests that %%%1;should be taken rather than
m

o
o o The influence of sediment size can be established
gf'“')ﬂds

only by further experiments using a wider range of sediment size,

Inclined Jet and Non-Submerged Outlet

In the analysis of the experimental study by Smith (12),
the characteristic depth of scour was again taken as the distance
from the original bed to the point of intersection of the side

slopes of the scoured basin., (See Fig, 21).
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The equation for the depth of scour for the case of the in-
clined jet issuing from a non-submerged outlet is expressed by Eq 91,

or

e - o il ()
dsin® 7(1m+/)/5

Substituting | A; for d, Eq 91 may be written when Q’;?/ , as

Zs . / o = ’
T U e ) W} e

with
Y' = 4 4
1ame BV 77 (113)

and

e

o -mt b 'k
Z G-0Y "V % VP(/;V'VAJ sfhe> Fo +(‘r§b)o (12)

in which Po and Po! are the values of P and P' corresponding to a

certain value of r/b denoted by (r/b)o. Furthermore, it is ob=

vious that both Y' and Z! are functions of

\"/01 = ‘ G and M
v

(F-13ds VA5 smO

Fig. 22 shows, in dimensionless terms, the variation of
depth of scour with time, and based on Eq 112, This figure
shows that there are apparently three regimes of the scour devel=-
opment: (a) maximum jet deflection, (b) minimum jet deflection,
which are identified by Rouse (2), and (c) a final condition of

Scour.



Significantly, the regimes shift from maximum jet deflec-—
tion (curves with flatter slopes) to minimum jet 'deflection at
approximately the same time as determined by Rouse (1) for the two=
dimensional case,

By the foregoing procedure, values of Y’ and Z’ in Eq 112
are obtained from Fig, 22 for each regime, However, the range of
@%& in the experimental data is so limited that its effect
on Y’ and Z’ cannot be determined, Among the parameters influencing
Y’ and Z’/, the most effective is the angle of impingement of the
jet © as can be seen in Figs, 23 and 24, There is, however, a
considerable scatter of the data on these figures which is due to
other undefined factors as well as experimental errors,

It is evident that there exists opposite trends in Y’
and Z’ for © between maximum and minimum jet deflections, More=
over, it seems apparent that the regime of maximum jet deflection
disappears at @ = 61°  When © £ 61° there exists only the regimes
of minimum jet deflection, On these figures have been plotted the

values of Y’/ and 2’ for © = 90° estimated from Doddiah’s data,

It can been seen that Doddiah’s data belongs to the regime of
maximum jet deflection,

The spread of three points at Sin © = 1,0 in Fig, 23 is

2
caused by different values of—q-g;% as a third variable, The
(f")‘f) S 2
three dotted lines in Fig, 23 show the variation of—“L)——J with
-1 )q9s

b

—— , of which the various ranges of variation are indicated by
r——A 9
J

heavy lines between the same symbols of the line of sin @ = 1,0
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The value of B, which is contained in the parameter Y'!
of Ea 113, seems to be a function of © on the basis of experi=-
mental results by Homma (9). Evidence of this is shown by the
values of B in Eq 75a where B = 0.02L for © = 60° and Re # 25,000
and B = 0.137 for S = 90° and Re 7 30,000 (See Fige20), This
fact is an explanation for the increase in the value of Y! with a
decrease in the value of & for maximum jet deflection. However,
the variation of Y'! for minimum jet deflection, which shows the
opposite trend to that in the cagse of maximum jet deflection, cannot
be explained by the variation of‘ﬁ with © o The reason for this
will depend upon the eventual explanation of the difference between
the fluid mechanics of maximum and minimum jet deflection phenomena,
Also, there is need for detailed studies of the effect of (9 on the
value of B and the characteristics of the exponent m in scour phen-
omena.

The relationship of the final depth of scour for the case
of the inclined jet issuing from a non-submerged outlet is expressed

by EqQ 93, Since it is expected that B is a function of © and the

influence of @ is small, %s oﬂ‘+b depends on Wo s B 2 inad

sh@ Uxe “dsin®
© for a given r/b. Replacing d by /A, and considering
ke
= as approximately constant, s ko at the point

(_/Eo_-’)j ds V—A_JS/'AQ,J_ ;
of the maximum depth of scour is a function of 9
o z —/)3d5’ l/z:: S/n 9

b ; :
and & o Furthermore, the parameter o s might be omitted,

because 55; for the case of a submerged outlet does not include

this parameter as may be seen in Eq. 96, Thus, Zsop +b isa

l/?{; ane



&
function only of the parameters ‘—‘C:Y-/ﬁ—a and © ,
(_;z ~1)q %
Fig, 25 shows a plot of the data for the final depth of
scour obtained from Fig, 22, It is evident from this figure that

there are two points of discrepancy:

1, For a certain value of © , the smaller of the velocity °
of ‘the jet, the greater the depth of scour, i

2, For a given velocity of jet, the smaller the angle
of jet, the smaller the depth of scour,

Furthermore, the value of B decreases as the depth of scour increases
with a decrease in the angle of jet,

The influence of © on the final depth of scour, as well
as the inconsistencies in Y” and Z’ in the case of minimum jet

deflection, needs further investigation,
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SUMMARY AND COMNCLUSIOHN

Atheoretical analysis has been attempted herein for the
mechanics of scour for three-=dimensional jets issuing from submerged
and non=submerged outlets., In developing the theory, some assumptions
have been introduced and some effects have been neglected, such as:

1, It has been assumed that the Bernoulli'’s theorem is
valid in the neighborhood of the stagnation point,

2, The value of L in Eq 36 has been assumed constant
in solving the boundary layer equation,

3. It has been assumed that the depth of scour is small
compared with the tail water depth in integrating
the continuity equation of mass sediment transport,

4, The lateral diffusion along the bed, after impinge=
ment of the jet on the bed, has been neglected,

S, The bed has been treated as a hydraulically smooth
boundary in obtaining the shear distribution from
the boundary layer equation,

6., The equation of sediment transport for open channel
flow has been applied, that is, it has been assumed
that the rate of sediment transport depends only
upon the shear velocity and the size and specific
weight of sediment,

This theoretical investigation with the experimental veri=
fications for the two cases of vertical and inclined jets from non=
submerged outlets indicates the following:

1, The rate of scour by a jet issuing in or into still
water from a submerged or non-submerged outlet is
governed by the characteristics of jet diffusion,
In the case of a submerged outlet, the depth of
scour varies with the power law with respect to
time, and in the case of a non-submerged outlet,
the variation of the scour depth follows the loga-
rithmic law with respect to time,




-

3.

The dimensionless parameters defining the depth of
scour with redpect to time, are

Z; . Js Wo ¢
d Sin S o d N b &

The effect of sediment characteristics can be expressed
by the parameter

Wit
()Z '/) g ds

e

however, its wvalidity has not been established by experi-
mental data because of the narrow range of sediment sizes
used in the experiments.

The tail water depth is introduced by the dimensionless
parameter

A
dsin®

The angle of impingement of the jet © indicates a sig=
nificant influence on the depth of scour in the case of
the non-submerged outlet.

The dimensionless form for the final depth of scour
should be of the form

2$§+b
d Sm&

which is expressed by power and logarithmic equations
with other parameters for the cases of submerged and
non-submerged outlets respectively.

Applications of the theoretical results to the analyses of experi-

mental data lead to the following conclusions:

1,

In the case of the non-submerged outlet, the variation of
the depth of scour with time follows the logarithmic law
as found empirically before.




2.

3.

4,

The influence of b/d on the value of Y in the case of
a vertical jet and of

W R
d S$in @

on Y/ in the case of an inclined jet seems to be
negligible,

There exists three regimes of scour in the case of
the three—dimensional jet:

a) maximum jet deflection

b) minimum jet deflection

c) the final condition
The first two were identified by Rouse for the case
of a two—dimensional jet,
The regime of maximum jet deflection disappears when
the angle © of jet impingement on the tail water

reaches approximately 61°, When (2 is less than 619,
the regime is minimum jet deflection only,
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Symbols

LIST OF SYMBOLS

Definition

C

C1:C2C3,Cq

d

d

1

S

Coefficient of proportionality between {/ and r or W and 2

Ratio of momentum thickness of boundary layer to thickness
of boundary layer ¢

Constant in sediment transport equation
Function of time having positive value
Cross=sectional area of jet at water surface
Tail water depth or height of outlet from bed
b/sin®

Ratio of displacement thickness of boundary layer to thick-
ness of boundary layer

Function of time having positive value
Function of time having positive value
Integral constants

Diameter of jet at outlet or water surface
Mean diameter of sediment particle
Acceleration of gravity

Thickness of deflected jet in case of ideal fluid

Constant, 0,0225 for smooth boundary and m’ 1/7
Coefficient in boundary layer equation

Exponent in sediment transport equation

Exponent in power-law velocity distribution

Function defined by Eq 54

M corresponding to a certain value of (r/b)
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Symbols Definition

M’ Derivative of M with respect to (r/b)

Mg M’ corresponding to a certain value of (r/b)

n 2m’/(1+m’)

N Function defined by Eq 65

N‘ Derivative of N with respect to (r/b)

P Pressure intensity at a point

Py Pressure intensity at stagnation point

P Function defined by Eq 82

Po P corresponding to a certain value of (r/b)

P’ Derivative of P with respect to (r/b)

P; P’ corresponding to a certain value of (r/b)
qs Mass rate of sediment transport per unit width
Q Function defined by Eq 98

Q” Derivative of Q with respect to (r/b)

T Radial coordinate parallel to bottom

o Radial coordinate perpendicular to inclined jet
r, Radius of uniform scour

Re Reynolds number

s 243

t Time

U Horizontal component of velocity at a point

U, Horizontal velocity of deflected jet at a point N in Fig, 7
Ub Horizontal component of velocity along r=axis
L Shear velocity

Up e Critical shear velocity

s



Symbol Defini tion .
S [ 54"

W Vertical component of velocity at a point

Wo Vertical component of jet velocity at outlet or water
surface

Wm Maximum velocity at center of jet

Wp Value of W at Z = b

Wbm Value of Wm at 2 = b

w’ Velocity of inclined jet at a point

Wo’ Velocity of inclined jet at outlet or water surface

Wm’ Maximum velocity of jet at center of inclined jet

Wb’ Value of W/ at 2 = b

Wbh Value of Wm’ corresponding at point along r—axis

Wbmo Value of Wb'm at Z =band r =0

Y Function defined by Eq 108

Y’ Function defined by Eq 113

Z Vertical coordinate perpendicular to bottom

Zy 92N Vertical distances from r—axis to points i and N in
Fiilgy:

Zg Depth of scour

Zs Final depth of scour

214 Parallel to inciined jet

2 Function defined by Eq 109

Zy Function defined by Eq 114

oL Constant in equation of maximum velocity of inclined jet

}5 Coefficient in exponent in equation of maximum velocity

of inclined jet




Symbol Definition

~

Coefficient in equation of boundary layer thickness
Thickness of boundary layer

(g/r

Function defined by Eq 56

Function defined by Eq 90
Angle of jet at water surface
Porosity of sediment
Kinematic viscosity of water
Function defined by Eq 67
Function defined by Eq 104
Density of water

Density of sediment

Function expressed by Eq 21

B8N YOS

@ at Z =b

Function representing velocity distribution of inclined
jet

5? at 2 =b

Angular Coordinate

f;e..f-w




DISCUSSION

E.M, Laursen® Eq 1 is correct. The sections on conditions of

application of the continuity equation and ideal fluid seem to be principally
for academic interest., The essence of the study begins with the section on

real flow: non-submerged outlet.

The purpose of the paper is commendable——to obtain a transport
relation as a function of r and Z5 and the initial conditions of Wo,
d and Z ., The attempt is valiant and the general idea of the required

steps reasonable., Individual steps, however, are more or less questionable,

In order of appearance, they are as follows:

1. As demonstrated by Corrsin in his discussion of “Diffusion of
Submerged Jets” by Albertson (10), a simple similarity criteria
WAN_ =f (r/b) where b is any typical width of the jet, and
the assumption of constant pressure throughout the field is
sufficient to demonstrate linear spread of the jet and that
Wy, 1/X vhere X is the distance from the free surface,

On this basis, Eqs 21 and 22 seem to be at variance with Eq 23,

2. Application of Bernoulli’s theorem to obtain the horizontal or
radial velocity distribution in Eq 27 is a questionable procedure,
It is sufficient for obtaining an approximation of the velocity

distribution near the stagnation point, but as the jet continues
to spread by diffusion and is affected by boundary layer develop-

ment becomes less and less applicable,

3. The determination of shear velocity is only approximate but is
better than the previous assumptions that enter into the relation-

ship.

4, Lq 41 is a sediment transport equation that upon examination seems
questionable as to its validity, For example, dropping the cri-
tical term by making m a variable exponent is only proper if m
becomes infinite when the shear becomes critical. By disregarding
critical shear and/r the fact that m becomes infinite the scour
seems to proceed to infinity at infinite time. More important,

* Associate Professor, Department of Civil Engineering, Michigan State University,
East Lansing, Michigan,
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the influence of some critical term is completely overlooked.
At low rates of scour the shear will be almost the critical
shear and the latter should not be ignored.

L. K. Duckstein , Y. Iwagaki, and G. L. Smith ,--The comments by
Mr; Laursen were greatly appreciated;

Mr. Laursen, in reference to the discussion by Corrsin, points out
that Eqs 21 and 22 seem to be at variance with Eq 23.

In his discussion, Corrsin actually proves that a similarity hypothesis
of the type of Eq 23 necessarily leads to a vertical velocity distribution where
the velocity relationship Wﬁ/ﬁ6 is proportional to (b -3 / d).

It should be noted, however, that Eqs 21 and 22 are experimental
expressions, which have been verified by experimental data, that define a jet
issuing from an non—submerged outlet; uwhereas, Eq 23 is an experimental expres-—
sion for a jet issuing from a submerged outlet.

Since, in this analytical study of scour, we are considering jet flow

f rom non-submerged outlets; a more rigorous approach, as implied by Mr. Laursen,

would be to replace Eq. 23 by a general relationship of the type

——

QQL = <§ (’i y b-2 ,é3‘>

W d

Although the function @ will have to be determined by experiment, Eq 23 may be
considered as an order of magnitude of the function é .

A basic assumption in this study was that the Bernoulli equation could
be applied in the neighborhood of the stagnation point to determine the velocity
distribution. As a first approximation, it seems to give a representative velocity
distribution. It is recognized, however, that the application of the Bernoulli
equation, as the jet continues to spread by diffusion in the radial direction and

is affected by boundary layer development, can be substantiated only by experiment.
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An important point of this study is that it is valid only at the
initial stage of the scouring phenomenon. Therefore, to better understand
the scour phenomena, Eq 41 must be applied instead of Eq 42, and (b - Z) must
replace b , The solution of Eq 43 then requires numerical integration,
However, the limiting value of the scour hole depth can be obtained by making
Qs equal to zero. Furthermore, by substituting Eq 41 into Eq 43 an approxi=
mate value of the time t when the depth is 99 per cent of its final value

can be determined,
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