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Abstract

This thesis is written in the paper format and includes five contributions.

The following paragraphs are their abstracts.

The first contribution presents the results of an experimental study of
erosion of sand/gravel beds by obliquely impinging submerged plane
turbulent jets. The main characteristic lengths of the eroded bed profile in the
asymptotic state were correlated to the erosion parameter Ep and compared to

the correlations for perpendicular impingement.

The results of a laboratory study of the reduction of erosion of sand/gravel
beds by screens below submerged impinging circular and plane jets are
presented in the second contribution. In this method, a screen is placed on the
sand/gravel bed to reduce the impact of the jet on the bed. In the case of
impinging circular jets, the dynamic scour depth reduction in these
experiments ranged from 47 to 84%. Reduction of the dynamic scour depth

was also noticed in the case of impinging plane jets.

The third contribution presents the results of a laboratory study on the
erosion of sand beds by submerged circular impinging vertical turbulent jets
of water for the erosion parameter E¢ less than 5. The variation of the
maximum scour depth with impinging distance was studied and this revealed

two major flow regimes referred to as the Strongly Deflected and the Weakly



Deflected Jet Regimes. Semmi-empirical equations have been developed for the

asymptotic characteristic lengths of the eroded bed.

The fourth contribution presents the results of an experimental study on
the erosion by deeply submerged plane turbulent wall jets of sand beds made
of three sediment mixtures. The characteristic lengths of the eroded bed in the
asymptotic state were correlated to the densimetric Froude number based on
particle size dgs and reductions in these lengths due to armoring were

quantified.

The experimental data on erosion by circular horizontal jets from thirteen
sources including the present experimental study were compiled and analyzed
in the fifth contribution. The compiled data, comprising of over 350 sets of
data, cover wide ranges of flow and sediment parameters. Equations relating
the asymptotic characteristic lengths of the eroded bed to the Fy have been

proposed.
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Notations T

Symbol Description

A area of flow at pipe outlet [6]

B downstream channel width [6]

b length scale for the profile of eroded bed [3,4]

bo half thickness of nozzle of impinging plane jet or thickness of plane wall
jet [2,3,5]

b,, maximum half-width of scour hole caused by circular wall jet [6]

Citos coefficients [4]

Ce coefficient [5]

Cs friction coefficient [4]

G diffusion coefficient [4]

Gjb adjusted diffusion coefficient [4]

Cr correction factor [2]

D(ordsp) median size of bed material {2,3,4,5,6]

d diameter of jet at nozzle [3,4,6]

dgo (ordi)  bed material diameter, 90% (or i%) of which is finer by weight [2,3,5,6]

db depth of partial flow at pipe outlet [6]

dc characteristic particle size of bed material [2]

de effective diameter of sediment [5,6]

dg geometric mean diameter defined as V(dssdié) [5]

dm mean bed particle size [2]

ds depth of scour measured from tail water level [2]

Ec erosion parameter for circular jets defined as Fp/(h/d) [3,4]

Ep the impinging jet erosion parameter defined as Fo /V(ht /2bo) [2,3]

f function (with suffixes) [2,3,4,5,6]

Fd modified densimetric particle Froude number (see equation (6-18)) [6]

Fo densimetric particle Froude number defined as Ug/V (gDApi/p) [3,5,6]

Fo(os) modified densimetric particle Froude number defined as Uo/V(dosgAp/p)
[51

g acceleration due to gravity [2,34,5,6]

GSD geometric standard deviation (see Og)

¥

The numbers in the square brackets denote the relevant chapter numbers
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Description

difference between the upstream and downstream water levels [2]
impinging vertical distance of submerged jet to the original bed level
[23.4]
tail water depth [2,5,6]
water depth at pipe outlet [6]
the difference in culvert (pipe) invert el~-ation and elevation of tailwater
level [6]
impingement distance of submerged jet measured in the jet direction and
it is equal to h for vertical impingement [2]
constant [2]
exponent [5]
coefficient [4]
any characteristic length of the scoured bed {3,5,6]
diameter of screen opening [3]
momentum flux from nozzle defined as prd2Uo2/4 for a circular jet and
2pboUo? for a unit width for a plane jet. [3]
porosity of screen defined as 1/ (4A2) [3]
discharge at pipe outlet [6]
unit discharge [2]
discharge intensity defined as Q/ ‘l(gd5) or Q/V(gRnhd) [6]
radial distance [3,4]
radial distance of the ridge [3,4]
coefficient of multiple determination [3,5]
Reynolds number defined as pUod /1 {2,3,5,6]
hydraulic radius [6]
radius of scour hole at original bed level below circular jets [3,4]
height to which the sand particles are lifted above the original bed level
2]
relative tail water depth defined as hd/bg or hd/d [5,6])
pipe slope [6]
specific gravity [6]
time [6]
critical shear velocity at any slope [4,6})
Shields critical shear velocity [4]
bed velocity very close to jet centerline [4]
critical velocity [4]
centerline velocity of a circular jet [4]
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Description

velocity of jet at nozzle {2,34,5,6}

exponent [2]

volume of scoured material [6]

exponent [2]

distance along the jet centerline from nozzle or longitudinal distance in
the plane of symmetry, from the location of maximum erosion [2,3,4,5,6]
longitudinal distance, measured from the point of erosion, behind thejet
[2]

length of scour hole [2]

distance of the location of maximum half width [6]

distance of the location of maximum dune height [2,5,6]

total length of the bed profile 5,6}

distance of the section of maximum erosion from the nozzle [2,5,6]
scour hole length [3,5,6]

exponent [2]

exponent [2]

non-dimensional screen size 3]

exponents [4,5]

constant [6]

height of the ridge (dune) [2,4,5,6]

difference between the mass densities of the bed material and the
fluid|2,3,4,5,6]

offset distance [2,3]

depth of scour below the original bed level with jet off [2,3,4,5,6]
depth of scour below the original bed level with jet on [2,3,4,5]
maximum value of €' [2,3,4,5]

the deeper dynamic maximum scour depth [5]

the shallower dynamic maximum scour depth [5]

maximum value of £ [2,3,4,5,6]

angle of stream wise bed slope [4]

percentage reduction in scour depth due to armoring or screen [3,5]
constant [6]

the ratio of the side length of the square grid used for the screen design
to the diameter of the screen opening (see Figure 3-1(a)) [3]
dynamic viscosity of water [5,6]

angle of the jet with the horizontal plane of the (uneroded) bed [2]



Description

submerged angle of repose of the bed material [4]

mass density of the fluid [2,3,4,5,6]

geometric standard deviation of the bed material size defined as
V(dsa/d16) [3.4,5,6]

critical shear stress [4]

kinematic viscosity of the fluid [2,3,4]

relative maximum scour depth difference [5]

suffix to denote asymptotic state [2,3,4,5,6]



CHAPTER 1
Introduction

1.1 Scour by Jets

The nature of flows issuing from hydraulic structures such as vertical
gates, flip buckets, roller buckets and hydraulic jump basins is often in the
form of turbulent jets. A turbulent jet can be defined as a high velocity fluid
discharging into an ambient fluid which may be at rest or in motion.
Turbulent water jets downstream of hydraulic structures do occur in
different sizes, strengths and shapes and are discharged in different forms.
These jets could be classified as; wall (horizontal) or free trajectory (oblique
or vertical) jets in terms of their discharge paths, two or three dimensional in
terms of their shape and free or submerged in terms of their condition in the
ambient fluid. :

The interaction of a jet with a sediment bed of sand, gravel, clay or weak
rock results in a scour hole. A theoretical analysis of this problem is difficult
and complex. It requires an in-depth understanding of jet diffusion in the
vicinity of a rapidly changing scour hole geometry, the growth of scour, the
movement and behavior of scoured materials at different times of the scour
process and the effects of entrained air. Also, the effects of possible
substantial variations in the frequencies, duration, magnitudes and
turbulence of the spilled discharge on scour hole development need to be
thoroughly understood. For these reasons, the general approach to this
subject has been mainly empirical.

The scour hole formed could be sizable encugh: as to endanger the
stability of part of or of the whole structure. If this leads to a struciural
failure, the economical loss could be very substantial, depending on the size
of the structure and the extent of the failure. The challenge, therefore, faced
by the hydraulic engineer is to devise an effective and economical way based



on the available hydraulic, hydrologic and geological data, to dissipate the
energy and ensure a smooth flow transition from the dissipator to the
downstream channel without excessive scour. For any design, the choice of
energy dissipator will determine the location, growth and ultimate size of the
scour that will be formed. In order to evaluate these for control measures,
physical model studies are usually carried out for large structures. It is not
usually economically justifiable to perform model studies for smaller
structures; therefore, some of the standard designs and empirical equations
available in the literature are often used.

1.2 Organization of this Thesis

A review of the present knowledge on erosion by turbulent jets reveals
that there is still much to be known. This is due mainly to the difficult and
complex nature of the problem. A good summary of the present krniowledge
can be found in Breusers and Raudkivi (1991). This thesis, comprising of five
different pieces of work, attempts to contribute to the body of knowledge.
This is mainly in the areas of developing equations for the characteristic
lengths of scour in the asymptotic state due to different types of jets based on
data compiled from many sources, quantifying the effects of screens
(alternative method for scour control) on scour bv impinging jets and
quantifying the effects of sediment gradation on scour size. Each piece of
work is written as a chapter and a brief introduction to each chapter is
presented below.

In Chapter 2, the results of an experimental study of erosion of sand beds
by obliquely impinging submerged plane turbulent jets for angles of
impingement equal to 10°, 30°, 45° and 60" are presented. The objective of this
study is to propose equations for the siz: of plunge pool scour. This chapter
starts with a review of the earlier proposed formulas, followed by the details
of the experiments and the analysis of the experimental results. Finally, the
application of the proposed scour depth equation to estimate the scour depths
for two prototype cases is presented.

In Chapter 3, the use of protective screens on sand beds to reduce the size
of scour caused by impinging circular and plane jets is presented. This idea
was prompted by the success of an earlier study (Rajaratnam and Aderibigbe



(1993)) involving using screens to reduce scour caused by deeply submerged
plane wall jets. For the present study, the screens, which are nine in number,
had circular openings laid out on a square grid (see Figure 3-1(a)). The first
part (section 3.3) of this chapter presents the results from the impinging
circular jet experiments and the results from the impinging plane jet
experiments are presented in the second part (section 3.4}. Each part presents
the details of the experiments, the flow patterns around the screens, the
analysis of the experimental results and finally, the quantification of the
reductions (or increments for the scour hole length in some cases) of the
length scales of the scour hole.

The asymptotic characteristic lengths of an eroded sand bed profile under
submerged circular impinging vertical turbulent jets of water for the erosion
parameter E¢ less than 5 are analyzed and presented in Chapter 4. These
results are based on the data from this study and from other researchers. The
results from this study could be used to estimate the scour size below jets
issuing from square gates of dams and cantilevered pipe outlets. The details
of the experiments are given in section 4.3, followed by the effects of the jet
impinging distance on the scour size. In section 4.5, the similarity of the
eroded bed profiles is addressed and the characteristics of the different flow
regimes are presented in section 4.6. This is followed by sections on the
analysis of the experimental results. The effects of the relative density
difference on the length scales of the scour hole are addressed in section 4.11
and the conclusions for this study are formulated in section 4.12.

In Chapter 5, the experimental observations and analysis of local scour of
non-uniform non-cohesive beds downstream of deeply submerged plane
turbulent wall jets are presented. Three sand mixtures of different degrees of
non-uniformity are used. The details of the experiments are given in section
5.3. The instability of the jet and the associated flow patterns are discussed in
section 5.4. The sections that follow present the analysis, the correlation of the
experimental results and the reductions in the scour lengths due to armoring.
The concluding remarks are made in section 5.8.

Chapter 6 presents the analysis of over three hundred and fifty sets of
scour data at circular pipe outlets, obtained from thirteen sources including



the present experimental study. The present experiments involve water wall
jets on sand and gravel beds and air wall jets on a bed of canola seeds. The
literature review of past researches is presented in section 6.2, followed by the
sections dealing with the experiments conducted. Sections 6.5 to 6.8 deal with
the analysis of the compiled database. The length scales are correlated to the
erosion parameter Fo and the effects of other parameters are addressed. The
conclusions of the study are formulated in section 6.9.

In the last chapter of this thesis, Chapter 7, a general discussion is
presented on the five contributions presented in Chapters 2 to 6. For each of
these contributions, a brief summary and suggestions for further study are

made. The general discussion ends by addressing the practicability of these
results to field situations.
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CHAPTER 2
Erosion of Sand Beds by Oblique Plane Water Jetst

2.1 Introduction

Erosion of sand beds by water jets is a problem of considerable importance
in hydraulic engineering. Starting with the pioneering investigation of Rouse
(1939), a number of studies have been performed on the erosion of sand beds
by circular and piane jets, in the impinging as well as in the wall jet modes.
Rajaratnam (1981), Whitaker and Schleiss (1984) and Mason and Arumugam
(1985) refer to most of the studies on erosion by plane water jets. Erosion of
sand beds by oblique plane water jets occurs downstream of drop structures
and flip-bucket and high level outlet spillways. Many formulas have been
proposed for calculating the maximum scour depth under these jets. A list
and a good review of these formulas can be found in Whitaker and Schleiss
(1984) and Mason and Arumugam (1985). Most of the formulas generally
take the form of equation (2-1).

YHYRY
d, =K3——d—§—d— (2-1)

where ds is the scour depth measured from the downstream water level, H is
the difference between the upstream and downstream water levels, hq is the
tail water depth, dc is the characteristic particle size of the bed material which
is usually taken as the median size of the bed material D (50% finer by weight
than this size). K is a constant and v, y, w and z are exponents. On the
average, v and y have been experimentally determined to be about 0.6 and 0.3
respectively. The value for z varies between 0 and 0.5, w is usually taken as
zero and K generally ranges between 0.2 and 3.0. The reason for the wide
variation in the value of K might be attributed to the differences in the model

t The main content of this chapter has been published in the Proceedings of the

Institution of Civil Engineers (London), Water, Maritime and Energy Journal, Vol. 112,
1995, pp. 31 - 38.



set-up or prototype situation. Mason and Arumugam (1985) assessed the
accuracy of most of these empirical formulas and also proposed one based on
model and prototype data. Table 2-1 has been reproduced mainly from
Mason and Arumugam (1985). It shows some of the oreviously proposed
formulas. The mean bed particle size is represented by dm and dgg (or dj)
represents the bed material diameter, 90% (or i %) of which is finer by weight.

Te 2-1: Cc pro sd‘ for ¢ quation (2-1)

Author Year K v Yy z w dc
1 Schoklitsch 1935 0.521 057 0.2 0.32 0 dgp
2 Veronese 1937 0202 054 0225 042 0o dm
3 Veronese 1937 19 054 0.225 0 0 -
4 Jaeger 1939 06 05 025 0333 0333 -
5 Eggenburger 1944 144 06 0.5 0.4 0 dgo
6 Hartung 1959 14 0.64 0.36 0.32 0 dgs
7 Franke 1960 113 067 0.5 0.5 0 dgo
8 Damle (model data) 1966 0543 0.5 0.5 0 0 -
9 Damle (prototype data) 1966 0.362 0.5 0.5 0 0 -
10 Damle (both) 1966 0.652 0.5 0.5 0 0 -
11 Chee ard Padiyar 1969 2.126 0.67 0.18 0.063 0 dm
12 Wu 1973 1.18 051 0.235 0 0 -
13 Chee and Kung 1974 1663 0.6 0.2 0.1 0 dm
14 Martins 1975 1.5 0.6 0.1 0 0 -
15 Taraimovich 1978 0.633 0.67 0.25 0 0 -
16 Machado 1980 135 05 03145 00645 O dgo

Mean of non-zero values 1.08 057 0.31 0.28 0.333

The general approach to this subject has been empirical because a
theoretical analysis is difficult and complex. It requires a thorough
understanding of jet diffusion in the vicinity of a rapidly changing scour hole
geometry, the scouring process, the movement and behavior of scoured
materials and the effects of entrained air.

This chapter presents another formula for calculating the characteristics of
scour under oblique jets. In an earlier study by Rajaratnam (1981), it was
found that for a perpendicularly impinging submerged jet with a thickness of
2bo, a velocity of Ug at the nozzle and a vertical impingement distance of h,
the maximum depth of erosion in the asymptotic state €m,, occurring under



the jet, in terms of h, was found to be mainly a function of the erosior:
parameter Ep. This erosion parameter can be interpreted as a measure of the
ratio of the force of the plane jet acting on a bed particle directly under the jet
and at the original bed level to its resistive force. It is defined as
UoV(2bo/h)/¥(gDAp/p) where g is the acceleration due to gravity and Ap
being the difference between the mass density of the sand and the density of
the fluid p. It was also found that the maximum dynamic scour depth €'meo
(with the jet on and measured from the original bed level) in terms of
maximum static scour €m., (with the jet off) is a function of Ep and it is as
large as 2 for Ep equal to about 6.

Other non-dimensional characteristic lengths of the eroded bed like A /h,
Xcoo/h, wherein A is the height of the ridge that is formed at the outer edge
of the scour hole and xc¢o is the distance of this ridge from the axis of the
impinging jet, are functions of mainly the parameter Ep. Further, the profile
of the eroded bed, when expressed in a non-dimensional form, was found to
be similar with the non-dimensional length scales of the profile being
functions of Ep. The present study extends the results of this previous study
to obliquely impinging submerged water jets.

2.2 Experiments and Experimental Results

The experimental arrangement used is the same as that described in
Rajaratnam (1981). The experiments were performed in a rectangular flume
0.15 m wide, 0.305 m deep and 1.83 m long with plexiglas sides, placed
symmetrically in a larger flume, 0.305 m wide, 0.66 m deep and 5.5 m long.
The water depth in the larger flume was maintained at about 0.5m. The depth
of sand in the test flume was about 0.15m. Two sands of median size D of 1.2
and 2.38 mm were used. The jet was produced from a well designed nozzle
of thickness 2bo equal to 2.54 mm, located at the end of a plenum. Water was
supplied to the nozzle from a submersible pump placed in the laboratory
sump. The velocity Up of the jet was measured by means of a total head tube
of 1.07 mm diameter placed in the potential core of the jet. This nozzle could
be positioned at any desired height above the original level of the sand bed
and at any desired angle with the horizontal plane (see Figure 2-1).



Some preliminary experiments were performed and it was found that to
study asymptotic erosion profiles within the range of experimental conditions
expected, each experiment should be run for a period of at least 24 hours.
Hence, in the present study every experiment was run for at least 24 hours
and some were run for even much longer periods. Scour measurements were
taken only in the asymptotic state.

Experiments were performed with the angle of the jet 8, equal to 10, 30, 45
and 60 degrees. In total, 33 experiments were performed and for every
experiment, the asymptotic profile of the eroded bed was measured from
which the significant characteristic lengths like €m,,, the height of the ridge
Ao, its distance from the nozzle xcoo, the length of scour hole (x; + x2)e and
Axe the distance between the point of impingement and the location of
maximum erosion were measured. In addition, £'me the maximum depth of

dynamic scour was also measured approximately and these results are given
in Table 2-2.

2.3 Analysis of Experimental Results
2.3.1 Maximum Scour Depth

Considering first, the maximum depth of (static) erosion €meo. It can be
shown based on dimensional arguments and the analysis presented in
Rajaratnam (1981), that equation (2-2) is applicable for large values of jet
Reynolds number Re, equal to 2boUp/v (v is the kinematic viscosity of the
fluid) and large values of h/D.

Eme _¢ E, = Uo  |2bo ,e] (2-2)
A \lgéﬁD e
P )

where ht, equal to h/sin@, is the impingement distance measured in the jet
direction. The experimental results for maximum scour depth are presented
in Figure 2-2. It appears possible to draw a mean line through all the
experimental results for the oblique jets which deviates somewhat from the
corresponding curve for 8 = 90° for Ep in the range of 2 to 6. The equation for
the mean line is
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This equation is different in form from equation (2-1). It expresses the
actual scour depth whereas equation (2-1) expresses the depth of scour as a
summation of tail water depth and actual scour depth. The use of Em
instead of ds surely gives a better appreciation of the magnitude of scour.
Equation (2-3) can however be re-written in a form similar to that of equation
(2-1) by defining Ug = CrV(2gH), €m.. = ds - h, q = 2bgUp, Ap/p = 1.65. Crisa
correction factor accounting for head loss due to friction and aeration. The
resulting equation after the substitutions is,

C, q°°H°%h%* h
ds=°'4\’§r‘léig_°_—_ o5 — 02— +h (2-4a)

or

C 05H0.25h0.5 h
=0.4,|—I— -0. . 2.
Eme =0 Jsmeiw 02500 (2-40)

The value of Cr is less than 1.0 and can be roughly estimated using Figure 15
in Peterka (1964). An estimate for 6 can be obtained using equation (5) in
Whitaker and Schleiss (1984). Approximate values can be obtained from
equations (2-4a) and (2-4b) if constant values for Cy and 6 are assumed. If

these are assumed to be 1.0 and 45° respectively, equation (2-4a) can be
approximated as,

o0 LI o -

Figure 2-3 shows the results for €'m,, the maximum depth of dynamic
scour. It is interesting to note that for Ep less than about 3.5, the results for
the oblique impingement lie on the line for normal impingement (except for
the case with 6 equal to 10°) whereas for Ep greater than 3.5, the obliquely
impinging jets produce smaller values of €'meoo/ht. The ratio of €'mec/€meo



was found to depend on Ep and could be as high as 1.25 for Ep equal to about
6.

2.3.2 Other Length Scales

The characteristic lengths for the ridge that forms at the downstream end
of the scour hole are shown in Figures 24 and 2-5. In Figure 2-4, values of
A~/ht are plotted against Ep along with the curve for the normal
impingement case. A mean line could be drawn as an approximation through
the results for the obliquely impinging jets and this line is located above the
corresponding line for the normally impinging jet. The mean line for the
obliquely impinging jets can be described by equation (2-6).

E—:o.azs(laP ~0.5) (2-6)

The results for the horizontal d:stance of the ridge from the jet (xc) are shown
in Figure 2-5. They indicate somewhat larger values than those for the case of
normal impingement. For practical purposes, a mean line could be drawn
through these data points and this line is described by equation (2-7).

l‘h£= 19(E, -0.5) (2-7)

t

Regarding the length of the scour hole, (see Figure 2-1), it was found that
for © equal to 30° to 60°, x; = x2 whereas for 8 = 10°, x; was somewhat larger
than x2. The variation of (x1 + x2)ec/ht with the parameter Ep is shown in
Figure 2-6 wherein it is seen that the lengths for oblique impingement are
somewhat larger than those for normal impingement. The present results are
described approximately by equation (2-8).

(x1+x;)
12 - 2 =15(E;, -0.5) (2-8)

If xmee is the distance of the section of maximum scour from the nozzle,
the variation of xme/ht with Ep is shown in Figure 2-7 wherein it can be
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noticed that the results for 8 = 10° and 45° are located together, but the results
for 8 = 30° and 60° are located separately. If Axo. is the distance between the
point of impingement and the location of maximum erGsion, the variation of
Axe/ht with Ep is shown in Figure 2-8 wherein it is seen that Axw/ht
increases with Ep and the results for each value of 0 are different.

During this study, it was observed that the eroded bed profiles for the
different experiments appeared to be similar and the profiles were tested for
similarity by plotting the resuits for a few typical experiments in a non-
dimensional form in Figure 2-9 in which (x3 + X2)ec and €me have been used
as the respective length scales. The scour holes were found to be fairly
similar.

Another interesting aspect that was observed during the experimental
work was that for some angles of impingement, a single dominant vortex
existed on the forward side of the nozzle which kept some bed material in
suspension (see Figure 2-10). If So is the height of this sediment cloud above
the original bed level of the sand, as indicated in Figure 2-11, S./ht appears
to be mainly a function of Ep for 8 = 45" and 60° and is described by equation
(2-9).

%;""‘1-1(59 -0.5) (2-9)

2.4 Practical application

The proposed formula for calculating the maximum depth of scour
(equation (2-4a)), was used to estimate the maximum depths of scour
downstream of Cabora Bassa Dam in Mozambique and Kariba Dam in
Zimbabwe. These dams are arch dams with outlet spillways.

The relevant parameters for these dams (obtained from a reviewer and
Whitaker and Schleiss (1984)) are given in Table 2-3a and a comparison of
predicted depths of scour by various formulas to measured depths. A d¢
value of 0.3 m was assumed for the prototype bed material. It can be seen
from these values that the proposed formula performs reasonably well
compared to other formulas. The equation of Mason and Arumugam (1978),
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which is probably the most refereed to, also estimates the scour depths quite
well. Table 2-3(b) shows that all the formulae predict greater depths of scour
at Cabora Bassa Dam because of its higher values of q, H and hg, whereas, the
measured scour depth is lesser. This poor prediction might be due to the use
of the same value of d¢ for the two dams. It might also be due to the
difference in the erodibility of the downstream bed which should be reflected
in the value of K. It will be suggested that a method of choosing values for dc
and K to reflect different site conditions should be cor.sidered in further work.

Table 2-3: Scour depth computations for Cabora Bassa and Kariba Dams
Table 2-3(a): Relevant parameters

Cabora Bassa Dam Kariba Dam
“

Built 1974 1962
q (m2/s) 120 96
H(m) 102.64 91.5
hq (m) 21 16
D (m) 0.3 0.3
(") 42 59
Cr 0.84 0.86

e . - =T

Table 2-3(b): Scour depths
Cabora Bassa Dam KariBa Dam

Depth of scour ds (m) 67 (in 1982) 89 (in 1978)
Equation (2-4a) 1359 62
Equation (2-5) 139.2 70
Mason and Arumugam (1985)* 72.6 54.6
Mason and Arumugam (1985)** 1104 79.8
Chee and Padiyar (1969) 130.5 110.1
Chee and Kung (1974) 83.7 71.6
Veronese (1937) 715 61.7
Martins (1973) 42.1 36.4
Taraimovich (1978) 49.8 41.7
Damle (1966) 724 61.1

e A SR

Equation obtained from model data.

w* Equation obtained from model and prototype daia.



2.5 Conclusions

On the basis of on an experimental study of erosion of sand beds by
obliquely impinging submerged plane turbulent jets for angles of
impingement equal i~ 10°, 30°, 45° and 60°, the following conclusions can be
made. In the asymptotic state, scour hole profiles are approximately similar.
The main characteristics of the eroded bed profile like the maximum depth of
erosion €mes, the height of the downstream ridge A, the length of the scour
hole (x1 + x2)= in terms of ht the impingement distance are functions of
mainly the parameter Ep. But these functional relationships are somewhat
different from those for the case of perpendicular impingement. The equation
for the maximum depth of scour was rewritten in a form generally used for
plunge pools for easier comparison and the predictions for two prototype
cases are encouraging.
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Figure 2-10: Single Dominant Vortex with Suspended Sediments

24



8209V - 1209V
LTVV - 12V
LISPV - TISVY

¢

a

4 \pIM PO B WIIP 35 JO JYS1aY AU JO Uoneep [[-7 amSY

o



CHAPTER 3

Reduction of Scour below Submerged Impinging
Jets by Screens T

3.1 Introduction

Erosion of sand and gravel beds by water jets is an area of hydraulic
engineering that has received considerable attention in recent years. This is
because it is important to predict and control erosion near hydraulic
structures. To prevent erosion caused by jets, it is common to build a concrete
apron or line the bed with rip rap. These arrangements, when properly
designed and constructed, are known to be generally reliable. This study
presents an alternative method using screens. In an earlier study involving
deeply submerged plane wall jets (Rajaratham and Aderibigbe (1993)), a
reduction in maximum scour depth of about 85% was obtained at a high Fg
value of about 14 for a screen having a porosity (screen opening per unit area)
of 55% and a 114 mm?2 screen opening area. Fg is the densimetric particle
Froude number which can be interpreted as a measure of the ratic of the
tractive force of a wall jet on a grain to its resistive force. It is defined as
Uo/ \I(gDApIp). This success prompted the idea to investigate such effects in
the case of impinging submerged circular and plane jets as might be present
in plunge pools below free overfalls and pipe or culvert outlets. In order to
simplify the experimental study, the jets were assumed to be vertically
impinging and non-aerated. The screen which helps to divert the jet and
reduce its impact on the bed was made of a strong plastic plate having
circular operings arranged on a grid as shown in Figure 3-1(a). The openings
help to prevent any structural damage due to uplift pressures as might be in
the case of a concrete apron. Another advantage is the dissipation of some of
the energy from the jet by the interaction of the jets issuing from these

1 The main content of this chapter has been published in the Proceedings of the
Institution of Civil Engineers (London), Water, Maritime and Energy Joumal, Vol.
112, 1995, pp. 215 - 226,
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openings in the eroded space below the screen. In the field, the screen could
be made of precast concrete slabs designed to withstand the impact force of
the jet and the associated pressure fluctuations. The slabs could be supported
on piles in between.

3.2 Impinging Circular Jets
3.2.1 Experiments

The experimental setup for this study is the same as that used by
Rajaratnam (1982). An octagonal plastic box having a side length of 0.235 m
and a height of 0.6 m was filled with sand/gravel to a depth of about 0.18 m
and gently filled with water after placing the screen, in a supported position,
on the erodible bed. The impinging jet nozzle was attached to the bottom of a
cylinder of 150 mm diameter and variable length, with a suitable constant-
head arrangement. It was centrally located in the octagonal plastic box and
the vertical distance of the nozzle above the original bed h was varied
between 70 and 410 mm. The jet nozzle diameters d were 8, 13 and 19 mm
and the exit velocities Ug ranged from 2.65 to 4.67 m/s.

Table 3 -1: Details of Screens

Name of 1s (mm) A P
Screen ' (Porosity, %)
Cs1 5 2 19.6
Cs2 10 2 19.6
CS3 15 2 19.6
CS4 10 25 12.6
CS5 14.4 146 36.9
CSe 7.2 3.06 84
PS1 10 2 19.6
PS2 144 1.39 40.7
PS3 7 3.06 84

A L A

Six plastic screens, referred to as CS1, CS2, CS3, CS4, CS5 and CS6 , were
used and the details of the screens are given in Table 3-1. At a later stage of
the experimental work, thin circular plates with a radius of 50 mm (which is
approximately equal to the radial distance where the maximum boundary
shear stress occurs for an impinging distance of about 350 mm) were
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mounted centrally on the screens CS1 and CS5 and these series of
experiments are refereed to as CS1P and CS5P respectively. This was done to
further reduce the jet's impact on the sand/gravel beds. Two sizes of
sand/gravel having median sizes of 0.88 and 2.42 mm were used. Their
particle size geometric standard deviations Gg were 1.22 and 1.24 respectively
(Gg is equal to N(dgs/d16)). Their size distribution curves are shown in Figure
3-2. Figure 3-1 shows the definition sketch for erosion as well as the pattern
of holes for the screens. The jet velocity was measured by means of a pitot
tube placed in the potential core of the jet. Each experiment was run until an
asymptotic state (when the rate of scour growth is very small) was reached. It
was also noticed that within the range of experimental conditions expected
for the test runs, the scoured bed would approach this state after about 18 and
10 hours for sand/gravel size 0.88 mm and 2.42 mm respectively. The

scoured bed profile was measured using a point gauge after the tank had
been carefully drained.

A few preliminary experiments were performed to determine the
effectiveness of the screen in reducing the scour depth. In one set of
experiments, scour depth reductions in terms of the dynamic scour depth
€'meo (the scour depth with the jet on) of about 65% and 78% were obtained
using CS5 and CS5P respectively, as shown in Figure 3-3. In total, 82
experiments were performed and the details are given in Table 3-2.

3.2.2 Flow Patterns

Some flow observations were made on the behavior of the jet. On
reaching the screen, the diffusing jet divides into an impinging jet, heading
into the sand/gravel bed and a radial wall jet, traveling away from the center
of the screen. The impinging jet erodes the sand/gravel bed and some part of
the eroded bed material is carried away by the radial wall jet. Further, the
radial wall jet moves the ridge which is generally formed at the periphery of
the scour hole, towards the walls of the box. In most cases, the ridge was
moved very close to the side walls and as a result, characteristic lengths of the
ridges were not taken. The impinging jet forms several small circular jets on
passing through the circular openings of the screen. The strength of the small
jet decreases with increasing radial distance. It appears that each individual
jet digs a small scour hole resulting in a honeycomb pattern in the main scour
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hole as shown in Figure 3-4. The flow underneath the screen was cloudy with
sind/gravel in suspension and very turbulent and as a result, it was difficult
to make detailed observations especially at high velocities. At low velocities,
it appears that the stronger small jets which are located closer to the center
dig relatively bigger scour holes and transport the eroded sand/gravel from
their scour holes into the scour holes of the neighboring weaker jets. A
continuation of this process is believed to be responsible for the transport of
eroded sand/gravel out of the scour hole, over the screen into the fast flowing
radial wall jet on the screen. In the case of impinging plane jets, the flow
patterns at high velocities were easier to observe and this is explained in
section 3.4.2.

3.2.3 Dimensional Analysis

The characteristic lengths of the scour hole in the asymptotic (or end)
state, chosen for analysis, are the static scour depth €m.. and the radius of the

scour hole roc.. Using lce to represent any of the characteristic lengths, it can
be shown that:

l..=£I| M, = pE-dzU?,,gAp,p,ls,k,h,u,D (3-1)
4 _

where Mp is the momentum flux from the nozzle, lg is the diameter of the
screen opening and A is a spacing parameter as shown in Figure 3-1(a). Using
the method of dimensional analysis, equation (3-1) can be rewritten in terms
of six non-dimensional parameters as

_hE =f2 Ec = Uo %rlllﬁr%:Re = U:;d (3-2)
;]g—pﬂD

This equation is valid for the large impingement case (h/d > 8.3), as
shiown by Rajaratnam and Beltaos (1977), and this was the situation for most
of the experiments. The erosion parameter E¢ can be interpreted as a measure

of the ratic of the force of the circular jet acting on a bed particle directly
under the jet and at the original bed level to its resistive force. For the value
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of the jet Reynolds number Re, greater than a few thousand, the effect of
viscosity on the growth of jets is generally known to be small and thus the
Reynolds number zan be neglected in equation (3-2). Intuitively, it appears
that 1s/D will not be important if it is much greater than 1 which happens to
be the case here. This idea was later found to be valid from the multiple

regression analysis performed, which consistently showed that the exponent
for 1s/D was very small. Equation (3-2) can then be simplified as

lew _ L)
= -f;,(Ec,l., < (3-3)

For this study, the ranges of E¢, A and |5 /h are 0.4 to 5.7, 1.46 to 3.06 and
0.01 to 0.13 respectively. The variation of the relative scour depth €me/h
wiila the ::rosion parameter Ec has been plotted in Figure 3-5 for all the
screens and compared to the no-screen case. The effect of each screen on the
relative scour depth reduction in terms of the dynamic scour depth is
obvious. Some of the data are surprisingly above the curve for the static
scour. This was more noticeable in the experiments involving impinging
plane jets and an explanation is given in section 3.4.2. '

3.2.4 Regression Analysis

Using multiple regression analysis, equations were developed for the
characteristic lengths of the scour hole. Equation (3-4) is the relationship
developed for the maximum depth of erosion data with a correlation
coefficient R2 of 0.97 and may be simplified as equation (3-5). Figure 3-6
shows the plot obtained using equation (3-5) for all the screens.

-el‘: o 66E0‘93 ( l )0.88 (_lj. )0.33 (3.4)
h A h
E.(1 3
—_.em"’ = = -—s-r.)3 3-5
h =0.69 a (h (3-5)

The result of the analysis for the scour hole radius ro.. , is given by

equation (3-6) with a correlation coefficient of 0.96. Figure 3-7 shows the
results obtained from this equation.
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3.2.5 Effect of Screen

To quantify the effects of the protective screens on the characteristic
lengths of the scour hole, the reductions or increments were expressed as
ratios and are defined by equation (3-7).

(eme-/h)
= |1-+ (screen) _ h00% (37)
(em=/b)
(no screen)
(ro" / h)(screen) o
2 —[1— (ro.. 7 h)(no ) 100% (3‘8)

Approximate equations for E¢ less than 5 were obtained for the denominators
in equations (3-7) and (3-8) using data from an on-going study, Rajaratnam
(1982) and Westrich and Kobus (1973). To evaluate the numerator for ni, the
static scour depths were used since they were generally found to be
approximately equal to the dynamic scour depths. Equations (3-7) and (3-8)
can then be respectively expressed by the following equations.

1 0.88 1 0.33
0. 66152-93(— (—S)
A/ _\h)  hoow

=l1- 3-9
™ =1 0.02 + 0.38E, (3-9)
0.11 0.27
1.152'78(%) (%)
N, =|1- 100% (3-10)

0.15+0.21E,



From Table 2-2, it can be seen that the ratios from the above equations
vary over a wide range. For n,, the range is from 47 to 84% and T2 varies
from -75 to 16%. For the first ratio, a scour depth reduction of about 98% was

obtained from one of the experiments (ICJ 79) using screen CS1P. The range
for the second ratio indicates that the scour hole radius 0o, Was both reduced

and enlarged depending on the experimental conditions. The variations of m
and n, with Ec for all the screens for h equal to (an arbitrary value of) 300 mm
in equations (3-9) and (3-10) are shown in Figures 3-8 and 3-9 respectively.

In Figure 3-8, it can be seen that the values of n; for the screens are
approximately independent of Ec. The average values range from about 56%
for CS5 to about 82% for CS6. Equation (3-9) can be simplified to express
approximate values of n; by using E¢ equal to 2.5. The resulting equation is

1 .
1.64 (1;\3
1]1 =|1- T (-ﬂs-) 100% (3-11)

The relationships for CS4 and CS1 are about the same. This behavior can
be explained by equation (3-5) which requires different screens to have the
same value of 15933/ in order to have the same value of €meo/h. This value
is same for C54 and CS1 and it is 0.86. In Figure 3-9, 1, is weakly dependent
on Ec when Ec is greater than about 1.5 and in this range, an approximate
equation can be obtained for n; by substituting E¢ equal to 2.5. The resulting
expression is equation (3-12). The increment in scour hole radius can be seen

to be as high as about 40%. This can be attributed to the erosive action of the
radial wall jet on the screen.

1’]2 =11-3.34 (-ﬁlsvi')a 100% (3-12)

3.3 Impinging Plane Jets
3.3.1 Experiments

These experiments were performed in a rectangular flume 0.15 m wide,
0.52 m deep and 1.83 m long, placed inside a larger flume 0.32 m wide, 0.6 m
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deep and 4.8 m long. The depth of sand/gravel in the test flume was about
0.2 m. Two almost uniform sands/gravels of median sizes 2.42 and 1.52 mm
were used and their particle size geometric standard deviations were 1.24 and
1.27. The size distribution curves are shown in Figure 3-2. The jet was
produced from two well designed nozzles of thickness 2bg equal to 5 and 13.7
mm. Three screens referred to as PS1, PS2 and PS3 were used and their
details are given in Table 3-1. Water was supplied to the nozzle from a
submersible pump placed in the reservoir supplying water to the larger
flume. The jet velocity Up was measured by means of a pitot tube placed in
the potential core of the jet. The nozzle could be placed at any desirable
height not greater than 0.35 m above the original bed level. Eroded bed
profiles were photographed only at the asymptotic state. The ridges formed
by the eroded sand/gravel were generally poorly formed and as a result were
not measured.

In one set of preliminary experiments using screen PS3, a scour depth
reduction (in terms of dynamic scour depth) of about 30% was obtained. The
maximum static scour depth with screen installed was found to be more
compared to the case without screen but less than the dynamic scour depth
without screen as shown in Figure 3-9 and also in Figure 3-11. This was
earlier experienced as was seen in Figure 3-4. It appears that the flow pattern
is responsible for this and an explanation is given in the next paragraph. Each
experiment was run for at least 11 and 18 hours for sand/gravel sizes S2 and
S3 respectively. In total, 38 test experiments were performed and the details
are given in Table 3-3.

3.3.2 Flow Patterns

At low velocities, the flow pattern is similar to that observed in the case of
impinging circular jets. At high velocities, it is as shown in Figure 3-11. Part
of the impinging jet splits into two wall jets in opposite directions on reaching
the screen, assisting in eroding the bed material immediately below the screen
and thus widening the scour hole. The remaining part flows through the
screen openings. It was found that the flow from the central screen openings
is mainly downwards and is diverted outwards on reaching the bed, carrying
sand/gravel particles along with it. Part of this diverted flow on reaching a
higher elevation below the screen rejoins the central downward flow to form



two vortices. The remainder of the diverted flow forms oblique jets carrying
sand/gravel particles out of the scour hole. The eroded sand/gravel particles
are then moved downstream by the wall jets on the screen forming the ridges.
It appears that in some cases, because of the wider scour width, these oblique
jets are able to transport more bed material out of the scour hole resulting in
scour depths deeper than static scour depths (without screens). Also, for the
case without screen, the ratio of dynamic scour depth to static scour depth
could be as high as 2 at Ep equal to 6 (Figure 3-10 and Rajaratnam (1981)).
This implies that a lot of bed material is not transported out of the scour hole
but deposited in it when the jet is shut off. The strength of the vortices appear
to increase with the erosion parameter Ep. Sometimes, one vortex dominated
over the other and could be on either side of the impinging jet and could also
alternate its position.

3.3.3 Dimensional Analysis and Effect of Screen
Following the earlier approach, equation (3-3) has been modified as

l... U, [2b, . 1,

le = ,’ -1 -13

h f4 Ep J;-_D h A h (3-13)
P

In this case, the ranges for Ep, A and ls/h are respectively 1.4 to 5.9, 1.39 to
3.06 and 0.02 to 0.15. A comparison of the variation of the relative scour
depth €me./h with the erosion parameter Ep for all the screens to that
without screen is shown in Figure 3-12. The scour depth reduction in terms of
dynamic scour depth is not as large as in the earlier case. The average
reduction is about 45%. This experimental study is not as extensive as in the
earlier case and as a result, robust regression equations could not be obtained
for the scour depth €meo and the scour hole length xpe. It is however clear
that the screen does help to reduce the dynamic scour depth.

3.4 Conclusions

It has been found that the presence of protective screens on sand and
gravel beds being subjected to impinging circular and plane jets reduces the
depths of scour depending on the screen design. In some cases, the scour



hole radii were found to be enlarged. In the case of impinging circular jets,
expressions involving the erosion parameter E;, the diameter of screen
opening ls, and the ratio of the side length of the square grid used for the
screen design to the diameter of the screen opening A have been developed
for the non-dimensional characteristic lengths of the scour hole in the
asymptotic state and also for the reduction or increment ratios for these
lengths. The dynamic scour depth reduction in these experiments ranged
from 47 to 84% and the reduction or increment in scour hole radius ranged
between a reduction of 16% and an increment of 75%. Simple approximate
equations were also developed for quantifying the reductions in the dynamic
scour depth and reductions or increments in scour hole radius. In the case of
impinging plane jets, the study was not as extensive. It was however noticed
that the screens were also effective in reducing the dynamic scour depth. The
average scour depth reduction was about 45%.
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screen opening

Figure 3-1(a) Screen Design

Water Supply

Water Level ==

original bed level

Half - Sectional View

Figure 3-1(b) Definition Sketch
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CHAPTER 4

Erosion of Loose Beds by Submerged Circular Impinging
Vertical Turbulent Jets T

4.1 Introduction

Ir: ine field of hydraulic engineering, erosion of beds of sand, gravel, clay
and weak rock is of considerable importance because it is necessary to predict
and control erosion near hydraulic structures. The cause of erosion could be
local flow acceleration as in a constricted reach, secondary flows as in a
curved channel, flow concentration as in a high velocity jet and vortices as in
flow around a bridge pier. Research on erosion by jets has been mainly
empirical because of the complex nature of the flow and its interaction with
the sediment bed. Rouse, in 1939, pioneered research work in this area and
since then, a number of investigations have been carried out. Some of the
important contributions on submerged circular impinging turbulent jets are
by Doddiah et al. (1953), Poreh and Hefez (1967), Johnson (1967), Westrich
and Kobus (1973), Rajaratnam and Beltaos (1977), Kobus et al. (1979),
Rajaratnam (1982) and Blaisdell and Anderson (1988).

This study could be regarded as a simplified study of erosion below
cantilevered pipe/culvert outlets. This could also apply to erosion below jets
issuing from square gates of dams. Another practical application of this
study could be in the use of jets to clean gravel beds for salmon spawners as
shown by Mih and Kabir (1983). Although, the practical application of this
study is not as common compared to that of erosion due to impinging plane
jets, this study could assist in understanding and appreciating erosion due to
impinging plane jets.

¥ The main content of this chapter has been published in the Journal of Hydraulic
Research (IAHR), Vol. 34, No. 1, pp- 19 - 33, 1996.
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This study examines the effect of the impinging distance of submerged
circular vertical turbulent jets of water on the characteristic lengths of an
eroded sand/gravel bed profile in the asymptotic or end state. The similarity
of the eroded bed profiles in the asymptotic state has been examined and the
characteristics of the different flow regimes have also been determined. The
experimental results were analyzed using a semi-empirical approach. Using
data from the literature, regression equations that are usable for different
values of the relative density difference Ap/p have been developed for the
asymptotic values of the maximum scour depth Eme and the scour hole
radius roco. Ap is the difference between the mass densities of the bed material
and the fluid and p is the mass density of the fluid.

4.2 Laboratory Experiments

An octagonal plastic box having a side length of 0.235m and a height of
0.6m was used. The impinging jet nozzle was attached to the bottom of a
cylinder of 150mm diameter and variable lergth, with a suitable constant-
head arrangement. In order to simplify the experimental study, the jets were
arranged to be vertically impinging and non-aerated. The nozzle was
centrally located in the octagonal plastic box and always submerged just
below the tail water. Six series of experiments were performed. In each
series, the jet velocity at the nozzle Up, the jet diameter at nozzle d and the
median size D of the sand/gravel bed particles were kept constant. The
impinging distance h was the only parameter varied. This was done by
keeping the nozzle position fixed and altering the thickness of the
sand/gravel bed. The value of h ranged from 4 to 523 mm. The jet nozzle
diameters were 4, 8, 12 and 19 mm and the exit velocities ranged from 2.65 to
4.45 m/s. The median bed particle sizes D of the nearly uniform sand and
gravel beds used were 0.88 and 2.42 mm and their respective particle size
geometric standard deviations Og (equal to VY(dga/d16)) were 1.22 and 1.24.
Their size distribution curves are shown in Figure 4-1.

The procedure for each run consisted of establishing a leveled compacted
saturated sand or gravel bed at the bottom of the octagonal box which was
slowly filled with water. The set-up for the jet was then centrally mounted
keeping the jet nozzle blocked and slightly submerged in the pool. The set-up
was then fed with water and the nozzle was opened after a constant head was
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established. The scour depth grew with time and when the asymptotic state
(when the rate of increase of scour depth with time is very small) was
reached, the maximum dynamic scour depth € meo , which is the maximum
scour depth ‘when the jet is on, was measured approximately by gradually
inserting a thin rod into the scour hole until it touched the bottom. This
procedure was repeated until four close values were obtained and the
average was used as its value. For this study, the time to reach the
asymptotic state varied from 6 to 50 hours. The next step was to stop the
experiment and carefully drain the octagonal box to allow an easy
measurement of the static scour=d bed profile £(r), which is the state of scour
when the ict is off. In total, 67 experiments were performed and their details
are gi~ @ -+ 7able 4-1. The experimental data obtained from other researchers
used i:: :* % study are given in Table 4-2. Figure 4-2 and 4-3 respectively
show the set-up and a definition sketch.

4.3 Effects of Impinging Distance

Previous research into the effects of impinging distance on maximum
scour depth has produced some interesting results. Doddiah et al. (1953)
found using hollow and solid circular jets that there exists a critical impinging
distance at which an increase or decrease in impinging distance causes a
decrease in maximum static scour depth, when the other variables are kept
constant. Johnson (1967) also obtained similar results in his studies using
semi-circular jets. Westrich and Kobus (1973) showed that the variation of the
asymptotic scour volume with impinging distance has two peaks. The
present study attempts to study this phenomenon in detail and develop
expressions to define the different regimes.

Figures 4-4(a-b) show the variations of the dynamic and static scour
depths with impinging distance for two sets of experiments. It can be seen
from these two figures that there exists a critical impinging distance at which
static scour depth is maximum. The reason for this is expiained below under
the ‘Strongly Deflected Jet Regime' section. For values of h smaller than the
critical value, the dynamic scour depth is greater than the corresponding
static value. In Figure 4-4(a), the critical impinging distance is about 250 mm
and the erosion parameter E is equal to 0.37. The erosion parameter E¢ can
be interpreted as a measure of the ratio of the force of the circular jet acting on



a = particle directly under the jet and at the original bed level to its resistive
isroe. It is defined as Upd/h/V(gDAp/p). In Figure 4-4(b), the critical
iinpinging distance is about 260 mm and E is equal to 0.42. For values of h
larger than the critical value, the static and dynamic scour depths are
approximately equal and by extrapolating the scour curves, the points of no
scour (incipient motion) could be roughly estimated to occur at h equal to 505
mm (Ec=0.18) and 790 mm (E¢=0.14) in Figures 4-4(a) and 4-4(b) respectively.

4.4 Similarity of Eroded Bed Profiles

The asymptotic erosion profiles were tested for similarity by plotting
(E/€m)-o dgainst (r/€m)e. and the results for a few experiments are shown in
Figure 4-5(a). The value of E¢ ranged from 0.14 to 3.52. It is seen that all the
data points except those for four cases appear to fall on a single curve. Itis
also interesting that these four cases have the lowest values of E¢c. Another
plot of interest is the variation of (ro/€m). with E¢c shown in Figure 4-6. It
can be seen that the ratio (ro/€m) is approximately 1.7 for E¢ greater than
abcut 0.35 and for E¢ smaller than this value, it rapidly increases with
decreasing E¢. The four odd cases in Figure 4-5(a) fall in this range of Ec. It

may be concluded from these two figures that the side slope of the scour hole
is very sensitive to E¢c when the latter is less than about 0.35.

In order to find a single non-dimensional curve that will describe
asymptotic scour hole profiles for a wide range of Ec, another length scale beo
was introduced which is equal to the radial distance at which the scour depth
is half the maximum scour depth. A plot of (€/€m) against (r/b)ec wWas
drawn following the method used by Rajaratnam (1982). Figure 4-5(b) shows

that the exponential equation written as equation (4-1) describes this non-
dimensional profile reasonably well for (r/b)e up to about 1.6.

2
€= - exp} L -
— -exp[—0.693( b“) ) (4-1)

In order to use this equation, the equations for the variation of Eme. and beo
with the erosion parameter E¢ have to be determined. These are given later as
equations (4-15) and (4-18) respectively.



4.5 Characteristics of Flow Regimes

There have been previous attempts to classify the flow regimes by
impinging jets on non-cohesive beds. Rouse (1939) studied the flow patterns
by a submerged plane vertical jet on loose sand beds during the scouring
process. It was noticed that the flow pattern could start as what was termed
‘maximum jet deflection’, that is, when the jet is deflected through nearly 180°
and later changes after the scour depth has exceeded a certain value to
‘minimum jet deflection’, that is, when the jet follows the boundary of the
scour hole as far as the crest of the dune. Westrich and Kobus (1973) and
Kobus et al. (1979) classified asymptotic scour holes as either 'scour form I' or
'scour form II' depending on the interaction of the flow with the bed. The
former was attributed to scour holes formed when a defined non-dimensional
momentum flux parameter similar to E¢ slightly exceeds that for incipient
motion and the latter to scour holes formed at high values of Ec. In the
present study, the flow patterns over the asymptotic scour holes are classified
as either the Strongly Deflected Jet Regime (SDJR) or the Weakly Deflected Jet
Regime (WDJR). It appears that the two regimes are linked by a narrow
transition regime. WDJR and SDJR were found to be respectively somewhat
similar to the earlier defined scour form I and scour form II. Figure 4-7(a-d)
show sketches of flow patterns and bed profiles for these regimes.

4.5.1 Strongly Deflected Jet Regime

This regime has been divided into SDJR I and SDJR II according to the
value of Ec.. An observer can see the bottom of the scour hole in the latter
unlike in the former (see Figure 4-7(a-b)). In this regime, the jet always
penetrates the bed and thus gets deflected strongly, transporting eroded
material out of the scour hole by suspension. Due to reduced transport
capacity of the deflected jet at larger radial distances, there is deposition on
the inner sides of the scour hole causing the deposited material to slide
towards the center of erosion and thereby causing renewed erosion. This is
why in the SDJR, the time required for the scouring process to reach an
asymptotic state is much less than that in the WDJR. The distinctive flow
pattern in this regime is the re-circulatory flow and its interaction with the
suspended material. When the jet is shut off, all the suspended particles are
deposited to fill the cavity formed by the penetrating jet thereby resulting in a
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smaller scour depth (static) compared to the dynamic scour depth. In this
case, the scour hole side slope is equal to the submerged angle of repose of
the material. The plots showing the variation of scour depth with impinging
distance for the six series of experiments (two of which are shown in Figure 4-
4(a-b)) showed that the SDJR regime occurs at values of E¢ greater than about
0.35 which is fairly close to 0.27 suggested by Westrich and Kobus (1973) for

the beginning of 'scour form II'. It was observed that the jet was deflected
through an angle that varied approximately between 90° plus 6r and 180°

depending on Ec, where 6r is the submerged angle of repose of the bed
material. As shown in Figure 4-6, in this regime, (ro/€m)e is approximately a
constant.

4.5.2 Weakly Deflected Jet Regime

In this regime, the jet has a weak penetration into the bed and as a result,
there is reduced interaction with the bed. This regime has also been divided
into WDJR I and WDJR II according to the value of Ec (see Figures 4-7(c-d)).
The former occurs close to the transition region and the latter close to the state
of incipient motion. This regime occurs at values of E¢ less than about 0.35.
The static and dynamic profiles are the same. The jet is wéakly deflected,
traveling along the boundary of the scour hole as far as the crest of the dune.
This flow transports the eroded material out of the scour hole, mainly along
the bed. From Figure 4-6, it is observed that (ro/€m)w is very sensitive to E¢
which suggests that the scour hole side slope varies significantly. The jet
deflection angle varies approximately between 90° and 90° plus 6.

4.6 Threshold Condition

The flow over an erodible bed can be assumed to have reached a critical or
threshold condition when the hydrodynamic force is balanced by the resisting
force of the bed particle. Scouring starts beyond this stage and will continue
until this condition is restored. In the case of local scour, the scour hole is
continuously enlarged and the eroded bed profile will eventually approach
an asymptotic state. At this state, the force of the jet is either insufficient to
move the bed particle, or the secondary currents generated in the scour hole
are incapable of transporting the suspended particles out of the scour hole. It
then appears reasonable to assume that the threshold condition has been
attained.



The threshold condition for flow over non-cohesive sediments in nearly
horizontal flumes, based on data obtained from several researchers can be
described by the Shields curve. A recent study by Chiew and Parker (1994)
discussed the effect of stream wise bed slope on the threshold condition. This
result in conjunction with the Shields curve, which will be henceforth referred
to as the modified Shields criterion, might not be applicable to the asymptotic
state in the SDJR. The reason is that scour will continue aind another
asymptotic state would be attained if the suspended sediments are removed
from the scour hole as found by Johnson (1967), Blaisdell and Anderson
(1988a and 1988b) and others. However, it may be assumed that the modified
Shields criterion is applicable at least at the asymptotic state im the WDJR II,
where the side slope of the scour hole is small.

4.7 Governing Equations

In order to develop an equation for the maximum scour depth, the
following equations can be combined:

i) the equation for the modified Shields criterion

ii) the equation for the critical shear stress and

iii) the equation for the decay of centerline velocity of the jet.

The Shields curve can be described by equations (4-2) and (4-3). Equation

(4-4) as given by Chiew and Parker (1994) accounts for the effect of stream
wise bed slope on the Shields critical shear velocity us«cs. It was found from

their experiments that K¢ varies between 0.5 and 1.5 using an average value
of Or = 36° and ¢, the angle of stream wise bed slope, varying between -4.5°
and 30.6°.

u-csD

< 600 (4-2)

Ml _0.06 for ‘-";—SD- >600  (4-3)
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e = Jcosq{l- ttan(b ) =K, (4-4)

Uegg an®O,

The term u«c is the critical shear velocity at any slope and v is the kinematic
viscosity of water. The critical shear stress Tc is given by equation (4-5)
wherein Cf is the friction coefficient and Ug is the critical velocity for incipient
motion.

U2

Te = pugc = Cpr (4-5)

Equation (4-2) can be simplified to equation (4-6) and by assuming that v =
10-6 m2/s and Ap/p = 1.65, an approximate solution could be expressed as
either equation (4-8) or equation (4-9). The former is a better solution.
Equation (4-3) can be re-written as equation (4-10). A simplified general
solution to equations (4-2) and (4-3) describing Shields curve might then be
expressed as equation (4-11) following the format of equation (4-10), where C3
is an adjustable coefficient.

u=357 +CDud® -, DB = 0 (4-6)
where C;= 1 and C, = %37-7 (4-7)
v ( AP) 0.92
g— v
P
Uegs =0.01+14.56D — 579.33D? (4-8)
Use =0.91 D% 4-9)

Ueeg = 0.245 Jgép‘lo (4-10)
Ueg =Cs ‘,g%gD (4-11)



Equation (4-12a) expresses the decay of the centerline velocity Um of a
submerged circular free jet with x, which is the distance along the jet
centerline, greater than the length of the potential core. C;j is the diffusion
coefficient. In the case of jet impingement, this equation is valid for up to 86%
of the impinging distance (Beltaos and Rajaratnam (1974)). It appears that
this equation can still be used to compute the bed velocity Up, very close to
the jet centerline, by replacing Cj with an experimentally determined
coefficient Cjb (equation (4-12b)). This approach has been used successfully
by Chee and Yuen (1985).

|9)

m._) 4-12
U, x/d ( 2)
Ub C)b
—_= 4-12b) .
U, x/d ( )

An expression for the maximum scour depth can now be obtained when
Ub is equal to Ug, x is equal to (Eme + h) and equations (4-4), (4-5), (4-11) and
(4-12b) are combined. The final expression is given as equation (4-13). The
coefficients might be combined to form another adjustable coefficient C4 as
shown in equation (4-14).

Cp |C U, d
fme -0 [f oS 1 4-13
h GCK.V2 Ap . h (4-13)
g—D
P
Eg-'\::c,; E. -1 (4-14)

4.8 Equilibrium Scour Depth

The maximum static scour depth data used to find the Cy4-coefficient were
obtained from Clarke (1962), Westrich and Kobus (1973), Rajaratnam (1982)
and this study and they are plotted in Figure 4-8. Clarke's data appear to
deviate from the rest of the data beyond E¢ equal to 0.8 and these were not
used for curve fitting. An examination of his scour depth against time data
showed that his experiments were not run long enough (1.5 to 4.67 hours) to
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reach an asymptotic state and this might explain why his values are generally
lower.

It could be proposed that the adjustable coefficient C4 is dependent on Ec
and by doing so, equation (4-14) could be re-written after some regression
analysis as equation (4-15). It is only valid for h/d greater than Cj or

preferably for h/d greater than 8.3 as suggested by Rajaratnam and Beltaos
(1977).

5%2=(1.255E;°'893)Ec -1=126E11 -1 (4-15)

The erosion parameter corresponding to the critical impinging distance can be
found from this equation by partially differentiating €meoo with respect to h
and equating the differential to zero. This yields a value of 0.35 for Ec, which
is close to the values obtained from Figure 2(a-b). Also from this equation,
the value of E¢ at incipient motion is 0.12. Westrich and Kobus (1973)
suggested 0.17. Rajaratnam and Beltaos (1977) obtained 0.18 from their air jet
experiments on loose beds of sand and spherical-polystyrene and Shafai-
Bajestan and Albertson (1993) obtained 0.367 from their experiments

involving inclined submerged circular impinging jets on a uniform gravel
bed.

4.9 Other Length Scales at Asymptotic State

Some of the other characteristic lengths of the eroded bed profile that will
be analyzed are €'moo, Doo, Tgoe and the height of the ridge Aw. In order to
obtain an expression for the dynamic scour depth similar to that for the
maximum static scour depth (equation (4-15)), a correction term had to be
added to Ec. This is to account for the faster decay rate of the velocity of the
descending jet due to the ascending flow. This makes the velocity decay
equation (equation (4-12b)) inapplicable especially at high values of Ec.
Rajaratnam et al. (1993) noticed a similar flow pattern in their study of jet
diffusion in storm water drop shafts. The decay of the maximum velocity in
the descending jet was found to be greater in relatively smaller drop shafts.
Equation (4-16) predicts the dynamic scour depth fairly well despite the crude
measuring technique used, as can be seen in Figure 4-9. Figure 4-10 shows
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that I'ooo/h appears to increase rapidly with increasing Ec in the WDJR and
then increases linearly with E¢ in the SDJR. These relationships are described
by equation (4-17).

: B

5%::- =7.32E, (%) -1 where PB=153E2%2-1 (4-16)
f‘f‘: =146E0° -1  for E 0.5 (4-17a)
f;-* =0.22+0.2E,  for 0.5<E.<5 (4-17b)

The variation of the length scale beo/h with E¢ is shown in Figure 4-11. It can
be described approximately by equation (4-18). Figure 4-12 shows the
variation of the relative height of the ridge (dune) Ae/h with E¢c. The data
are separated mainly into two groups. In this study, the tail water depth and
the impinging distance were approximately equal. This indicates that for
lower values of h, that is, higher values of E¢, there were stronger radial
currents in the pool which flattened the ridge resulting in lower values of
Ac/h. The other data were obtained from experiments where the tail water
depths were much greater that the impinging distances resulting in weaker
radial currents and therefore, higher values of Aw/h. Equation (4-19)
describes the limits for Acs/h in terms of E¢ based on the available data. Cs is
equal to 0.077 and -0.02 for the upper and the lower limit respectively and
these could be used to obtain rough estimates for practical application.

Pt—:: =1.2E2% -1  for E.<0.5 (4-18a)
b,

S =011+0.08Ec  for 0.5<E.<5 (4-18b)
A,

== =Cs+0.04E, (4-19)
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4.10 Effect of Density Difference on Length Scales

Scour data on other fluid-sediment systems were collected from
Rajaratnam and Beltaos (1977). It contains data on air jets impinging on loose
beds of sand and polystyrene. For the air jet-polystyrene system, Ap/p = 852,
Ec < 1.2 and there were eight sets of data. For the air jet-sand system, Ap/p =
2171, Ec < 1.4 and there were twelve sets of data. Figures 4-13 and 4-14
respectively show the effects of density difference on the maximum static
scour depth and the scour hole radius. The trends are different from that of
water jets on sand/gravel beds. At higher values of E¢, the scour length
scales appear to have the highest values for the air jet-sand system. An
attempt was made to develop equations for thc maximum scour depth and
the scour hole radius that can be used for different values of Ap/p. In order
to achieve this, these data and those from the water jet-sand system were
correlated with erosion parameter E¢ and Ap/p. Although, Ap/p is contained
in Ec to give it a physical meaning, its separate inclusion in the correlation is
to account for the effect of the mode of transport in the different fluid-
sediment systems on the characteristic lengths of scour. Equations (4-20) and
(4-21) were obtained respectively for the maximum scour depth and the scour
hole radius. A plot of the measured scour depths against their predicted

values is shown in Figure 4-15. A similar plot for the scour hole radius is
shown in Figure 4-16.

3.1
Ap
20 41
Eme _ 0.0 0.6( p )
Eme _ 0,05 (E.-0.14)"¢ 3P/ (4-20)
h (5
p
( Ap 6.2
o= o1 SO B (4-21)

66
( 1)
P
4.11 Conclusions

The asymptotic characteristic lengths of an eroded sand/gravel bed
profile under submerged circular impinging vertical turbulent jets of water
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have been analyzed for the erosion parameter E¢ less than 5. Using data from
this study and from other researchers, these lengths were found to be mainly
functions of the erosion parameter. Using the maximum scour depth as the
length scale, the non-dimensional asymptotic eroded bed profiles were found
to be very similar except at very low values of the erosion parameter.
Another length scale was introduced to achieve similarity for all values of the
erosion parameter.

The variation of both the dynamic and the static scour depth with
impinging distance was studied. Two different flow regimes were observed
and the conditions in which they exist were determined. These regimes are
the Strongly Deflected Jet Regime (SDJR) and the Weakly Deflected Jet
Regime (WDjR) and they were found to exist in the region E¢ > 0.35 and E¢ <
0.35 reéspectively. It was also found that the maximum static scour depth
occurs approximately when the regime changes (E¢=0.35). At incipient
motion Ec was estimated to be 0.12. Equations were developed for the
maximum scour depth and the scour hole radius that can be used for different
values of the relative density difference Ap/p using data from the literature
on water and air jets impinging on loose beds of sand and polystyrene and
this study.
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Figure 4-2: Experimental Set-up
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Figure 4-7(a): Strongly Deflected Jet Regime I (SDJRI)

0.35<Ec<2

Sa

F.gure 4-7(b): Strongly Deflected Jet Regime II (SDJR II)
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Figure 4-7(d): Weakly Deflected Jet Pegime I (WDJR II)
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CHAPTER 5

Effect of Sediment Gradation on Erosion by
Plane Turbulent Wall Jetst

5.1 Introduction

Erosion due to plane turbulent submerged wall jets can be found
downstream of vertical gates and hydraulic jump stilling basins. The safety
of these structures depends on the prediction and control of the localized
scour around them. The general approach to estimating the size of the scour
hole has been mainly emgirical because of the complex nature of the flow and
its interaction with the sediment bed. Some of the approaches t¢ this problem
can be found in the studies of Valentin (1967), Rajaratnam (1981), Ali and Lim
(1986), Uyumaz (1988) and Chatterjee et al. (1994) among others. In most of
these studies, nearly uniform sand or gravel was used to model the prototype
sediment bed which is generally well-graded (non-uniform).

It is known that when a well-graded sediment bed is subjected to low
velocities, the smaller grains are more easily moved while the coarser grains
remain in place. If this hydraulic segregation is allowed to continue for some
time, the rate of sediment transport will decrease and eventually approach
zero. The top layer of the bed will eventually be transformed into a layer of
mainly coarser grains with few sheltered smaller grains. This layer, which is
referred to as the armor coat, gives the bed a greater resistance to scour.

It is therefore expected that the results based on the study of nearly
uniform sand or gravel, having the same median size as the non-uniform
sand, would give conservative estimates of the scour hole size because of the

process of armoring. This study attempts to quantify the reduction in scour
hole size in terms of the densimetric particle Froude number Fo due to the

T Submitted to the Joumal of Hydraulic Engineering, American Society of Civil
Engineers (ASCE)
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sediment gradation in the bed and determine an effective grain size for the
bed. Fg is defined as Ug/ ‘J(gDAplp) and can be interpreted as a measure of
the ratio of the tractive force of a wall jet on a grain to its resistive force. Uy is
the jet velocity at the nozzle outlet, D is the median size of the sediment
mixture, g is the acceleration due to gravity and Ap is the difference between
the mass density of the sand or gravel and the density of the fluid p.

5.2 Experiments B

The experimental arrangement and definition sketch are shown in Figﬁre
5-1(a-b). It was set up in a flume, 0.32 m wide, 0.65 m deep and 5 m long.
This flume was partitioned along its length so that only a width of 0.155 m
was used. The water jets, which were deeply submerged, were produced
from well designed nozzles with nozzle opening bg of 5, 14 and 25 mm. The
jet velocities were measured using a Prandtl tube of external diameter of 3
mm. Water was supplied from a pump to the nozzle from a reservoir
attached to the flurne and was re-circulated. Three sediment mixtures
referred to as S1, £4 and S3 were used. Their median sizes D and geometric
standard devia¥ins Og (equal to ¥(dgs/ d16)) were 7.2 mm and 1.33, 1.15 mm
and 2.09 and 1.62 mm and 3.13 seapeciiidiy. The sieve analysis curves are
shown in Figure 5-2.

The sediment mixtures were prepared in small portions and carefully
poured into the 0.2m deep sediment compartment to prevent mechanical
segregation. The sediment bed was then saturated and leveled to the
elevation of the invert of the nozzle outlet. The next step was to fill the flume
with water and run the experiment at a constant discharge. It was observed
in most of the experiments, especially at higher Fg values, that the diffusing
jet was unstable. It was oscillating between the horizontal direction and
along the eroded bed. A shallower maximum scour depth €'ms, and a deeper
dynamic maximum scour depth €'md, were produced in these states
respectively. Section 5.4 explains this phenomenon in more detail. The
experiments were run for a duration of about 22 hours on the average. They
were stopped when the sediment transport over the dune was insignificant.
This state is referred to as the asymptotic state. It was noticed that the profile
of the scour hole section, unlike the profile of the dune section, was
dependent on the direction of the jet at the time the experiment was stopped.
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After the flume had been carefully drained, the (static) profile of the eroded
bed €(x) was measured (see Figure 5-1(b)). The depth of erosion below the
original bed level is denoted as € and x is the longitudinal distance from the
nozzle. On the whole, 31 experiments were performed, with Fg varying from
2.7 to 29.5. The jet submergence s, defined as the ratio of the tail water depth
hd to nozzle size, varied from 12 to 60. The experimental results are shown in
Table 5-1.

5.3 Flow Patterns

It was noticed that during the scouring process, the jet from the nozzle
became unstable. It was continuously oscillating between a position along
the bed to a horizontal direction. Figures 5-3(a-d) show these positions and
the jet interaction of the jet with the bed. The period of oscillation was
generally between 5 and 10 seconds and it appears that it might be weakly
dependent on Fg. When the jet is attached to the bed, it transports a lot of
material, some of which (mostly finer particles) are transported over the
dune. The coarser particles are continuously deposited and piled at the far
end of the scour hole (at the beginning of the dune) resulting in the
steepening of the bed slope which is supported by the jet (see Figure 5-3(a)).
When the steepness exceeds a certain value as shown in Figure 5-3(b), the jet
can no longer support the bed and attacks the mid section of the scour hole
like an inclined jet, strongly ercdes the bed and generates a big sediment
cloud immediately downstream of it. Most of the hydraulic segregation
occurs here. A sediment-laden vortex is formed upstream of the
impingement area between the bed and the jet. The maximum depth occurs
at this point and it is referred to as the deeper dynamic maximum scour depth
€'md- The jet then starts to rise (see Figure 5-3(c)), towards the horizontal
direction, causing the impingement area to move downstream into the piled
deposits which at the same time are falling back into mid section of the scour
hole. By the time the impingement area has reached the end of the scour hole
(i.e. the jet path is horizontal), all the piled deposits are back in the scour hole
and the maximum depth at this point is referred to as the shallower dynamic
maximum scour depth €'ms (see Figure 5-3(d)). This process is continuously
repeated resulting in a scour hole with mainly coarser particles and a dune

covered with mainly finer particles. The armor layer in this study was never
stable.
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The particle size distributions of sections of the top layer of the hydraulic
segregated bed were studied. Figures 5-4(a) and 5-4(b) show these
distributions for experiments NU 20 and NU 31 respectively. It can be seen
from these figures that the section of coarsest particles is located
approximately between 0.37xo and 0.75xo. The median size dso of the
particles in these coarsest sections correspond approximately to the dgs of the
original sediment mixtures. The finest particles on the eroded bed were
found on the downstream slope of the dune and from these plots, correspond
approximately to the dso of the original sediment mixtures. The finest

particles of the original sediment mixtures were deposited further
downstream of the dune.

5.4 Effective Diameter

A sediment mixture is considered to be non-uniform if dgs/ds is greater
than 4 or 5 or if the geometric standard deviation Gg, defined as V(dga/d1¢), is
greater than 1.35 according to Breusers and Raudkivi (1991). Little and Mayer
(1976) suggested a slightly lower value of 1.3 and Gessler (1971) suggested a
dgs/dsp (also equal to Gg) ratio exceeding 2.

In the calculation of a scour hole size in a non-uniform sediment bed, it is
necessary to determine the sediment size within the range of sizes contained
in the sediment mixture, that will adequately represent it in the scouring
process. It appears reasonable therefore to define this sediment size, that is,
the effective diameter de, as the size of a uniform sediment mixture that is
scoured to the same final state as the non-uniform sediment mixture under
the same conditions. One of the approaches to choosing an effective size is to
use a size of such as dgs, d7s, dgg or dgs. Another approach is to use some
kind of an average of all the sizes in the sediment mixture, as given by
equation (5-1), wherein f is an exponent:

1
1 L[ dio(i-1) +dioi dE
=d = 1
BEOES o

i=1
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The effective diameter is equal to:
i) the arithmetic mean of all the particle sizes when B is equal to 1. The
geometric mean size dg is defined as V(dg4d16)-
ii) the particle size for which the surface area is equal to the average
surface area of all the particles when B is equal to 2
iii) the particle size with a volume is equal to the average volume of all
the particles when B is equal to 3
iv) the particle size with a surface area/volume ratio equal to the
average surface area/volume ratio of all particles when B is equal to -1.

Stevens {1969) used the third condition for his definition. Smith (1955)
found the fourth condition to be the most satisfactory compared to conditions
(ii) and (iii) for his analysis of slurry flow in pipes. Using an analytical
approach, Christensen (1969) obtained an equation similar to equation (5-1)
with B equal to -1. Another approach worth mentioning is the combination of
two statistical parameters of the sediment distribution, an example of which
is given by equation (5-2), wherein, Ce and k are respectively a constant and
an exponent.

d, =C.d of where d’ =ds,dg,-.... (5-2)

This approach has been used by Abt et al. (1984) and Kothyari et al. (1992)
among others. In this study, an attempt will be made to determine which of
these approaches gives the best correlation.

5.5 Dimensicnal Considerations

The asymptotic characteristic lengths of the eroded bed such as the
shallower dynamic scour depth €'msc, the deeper dynamic scour depth
€'mdee, the scour hole length xpeo, the distance of the location of maximum
dune height xcee and dune height Ao, as shown in Figure 5-1(b), can be made
non-dimensional and related to other non-dimensional parameters using
dimensional arguments. Following the approach of Rajaratnam (1981),
equation (5-3) can be formulated with lceo representing any characteristic
length of the asymptotic scour profile. Equation (5-3) is applicable for
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e oy Foj.%u,nf—-&—e"" Pa, o (5-3)
0 YIS m
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The jet Reynolds number Re can be neglected if it is greater than a few
thousand, as in the present study (Rajaratnam 1976). The effect of bo/D has
been assumed to be quite secondary to that of Fo. Equation (5-3) therefore
reduces to equation (5-4).

Y= | D0 (5-4)
° g rde

8.6 Characteristic Lengths of the Eroded Bed
5.6.1 Maximum Scour Depth

Figure 5-5 shows a plot of the relative deeper dynamic asymptotic
maximum scour depth €'mde/bo against Fo. The observations of
Rajaratnam (1981) on erosion of two nearly uniform sands (D=1.2 and 2.38
mm) are also shown in Figure 5-5. Table 5-2 shows the details of his
experimental resulis. It can be seen in Figure 5-5 that the data are divided
into two groups, one with Gg (GSD) less than about 1.35 and the other with
Og between 2 and 3.2. For any given value of Fo, the latter group gives a
iower value of €'mde/bo. This further confirms the effect of armoring on
scour depth. This figure also suggests that £€'mde is proportional to bo for a
given value of Fo. The data were re-plotted according to bo as shown in
Figure 5-6, which shows clearly that bo is the scale for the maximum depth of
scour.

The effect of armoring in terms of Fg can be quantified by determining the

ratio between the curves in Figure 5-5. If the percentage scour size reduction
1 is defined by equation (5-5), the variation of 1 for the €'mde with Fo is
shown in Figure 5-7.



5
b
n=l1- “:_ 2<95<32 h00% (5-5)
L bo )0‘8 <1.35 ]

The percentage reduction for €'inde has an average value of 60% for Fo
between 2 and 14. This is quite close to 50% obtained by Lim and Chin (1992)

from their experiments on scour of non-uniform sediments by circular wall
jets.

The effective size de of the sediment mixture was determined by finding
the particle size that gives the best correlation between €'mdes/bo and a
modified Fo (using another particle size instead of D=dsp). Many particle
sizes such as sizes between dsg and dgs, dg and sizes from equation (5-1) with
B equal to -1, 1, 2 and 3 were tried. The best correlation was obtained using
dgs and the poorest using dsg. This is in agreement with the results of the
sieve analysis of the coarsest section of the scour hole. The use of dgg was
almost as good as using dos.

Figure 5-8 shows the variation of €'mde/bo with Fo(9s5) and the best fit
line is expressed as equation (5-6). This relationship describes reasonably
well the observations of Rajaratnam (1981). The dgs sizes of his two nearly
uniform sands (each sorted from two sieve sizes) were estimated to be 1.94
and 3.49 mm from the log-normal plots of the size distributions. The
subscripts for the coefficients in equation (5-6) are the standard deviation
values. Fo(95) is defined as Up/V(dgsgAp/p). An attempt was made to express
the effective diameter in the form of equation (5-2). This was deduced from
equation (5-7a) with has a coefficient of multiple determination R? of 0.81
which is less than that of equation (5-6). The effective diameter is thus given
as equation (5-7b).

E%dz = —6.354 2 + 3.4340 04 Fo(95) R?2=09_  (5-6)

o
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E, -
—md= - 0.44F57 o!1¢ R?=0.81 (5-7a)

o
d. =dsog™ (5-7b)

Going back to the two values of the maximum deptt:2 of erosion €'mdes
and €'mse produced by the oscillating jet, Figure 5-9 shows the variation of
the relative maximum difference in scour depth vy, defined by equation (5-8),
with Fg. From Figure 5-9, it can be seen that y is zero at very low values of Fo
and has an average value of 0.281 + 0.064 (0.064 is the standard deviation) for
Fo greater than 5 for Og less than 1.35 and for Fo greater than 8 for Og
between 2 and 3.2.

(5-8)

As can be seen from Table 5-1, the values of €me are always between the
corresponding values of €'mde. and €' mseo.

5.6.2 Other Length Scales

Figure 5-10 shows the variation of the relative scour hole length xoee/bo
(defined by equation (5-5)) with Fo and it can be seen that the scour hole is

significantly shorter for the graded material. Figure 5-11 shows the variation
of xpee/bo With Fg(95) and the best fit line is described by equation (5-9).

Xoen

2= =—7.87 +9.06F o(05) (5-9)
o]

A plot of the percentage reduction in scour hole length due to armoring can
be seen in Figure 5-7 with an average reduction of about 53 %.

Variation of the normalized distance to the crest of the dune from the jet
outlet xcoo/bo With Fg is shown in Figure 5-12 where the reduction in xceo/bo

can be seen for the graded material. Equation (5-10) expresses the relation in
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Figure 5-13. The percentage reduction in the distance of the dune due to
armoring was found to have an average value of about 52%. Figure 5-13
shows that the variation of xcoo/vg with Fg(95) can be described by the
equation (5-10).

Z‘I-;: =—17.13 + 15.56F (g5, (5-10)
(o]

A similar analysis was done for the maximum dune height as shown in
Figures 5-14 and 5-15. In Figure 5-15, the best line fit is described by equation
(5-11).

b

T =-4.32+2.7Fqg (5-11)
o]

In this case, the average percentage reduction in maximum dune height due
to armoring was found to be 62% (see Figure 5-7).

5.7 Conclusions

The experimental observations and analysis presented in this study on
local scour of non-uniform non-cohesive beds downstream of deeply
submerged plane turbulent wall jets has established that the sediment non-
uniformity has a significant effect on the size of the scour hole produced by
the jet. The particle size distributions of sections of the top layer of the
hydraulic segregated eroded bed show that the coarsest section lies
approximately between 0.37 and 0.75 of the scour hole length. The median
size of the particles in this section was found to correspond approximately to
the dgs of the original sediment mixture. The effective size of the sediment
mixture for obtaining a good correlation for the depth of scour was
determined to be dgs rather than dsg for defining the densimetric particle
Froude number Fo. The average reduction due to armoring in the maximum
scour depth and dune height was found to be about 60% and 50% for the
scour hole length and the distance of the dune.
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Figure 5-3(a)

Figure 5-3(b)
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Figure 5-3(d)
Figure 5-3(a-d): Flow Patterns due to Wall jet
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CHAPTER 6

Generalized Study of Erosion by Circular
Horizontal Turbulent Jets T

6.1 Introduction

In the field of hydraulic engineering, erosion by circular wall jets is
perhaps one the most common types of erocsion by jets. It can be found at the
outlets of circular culverts or storm drainage pipes which may be free or
submerged depending on the tail water conditions. Upstream of the culvert
or pipe, there is a backwater effect due to the constriction of the approach
flow. As the flow enters the culvert, some of the potential energy is converted
to kinetic energy. The nature of the flow in the culvert is influenced by its
length, gradient, roughness and upstream and downstream water levels. At
the outlet, if unprotected, the excess kinetic energy can cause a substantial
scour resulting in channel instability and eventually the failure of the
structure. This can be through localized erosion which encourages
undermining of the culvert and/or instability of the embankment (gully
scour) as reported by Stevens (1969), Bohan (1970) and Smith (1985), among
others. Gully scour could be found where there is sufficient differential in
elevation between the outlet and the section of stable channel downstream.
The scour usually starts at a point where the channel is stable and progresses
upstream and could completely undermine the outlet structure. To prevent
this problem, the design usually entails building a riprapped (rock or blocks)
culvert outlet stilling basin for low flows or an energy dissipator in the form
of a rigid (i.e. concrete, steel) boundary basin for large flows.

There has been quite a number of investigations on this subject in the past
few decades. Some of these are by Stevens (1969), Laushey et al. (1967),
Rajaratnam and Berry (1977), Abt et al. (1984) and Lim (1995). In this chapter,

t Submitted to the Journal of Hydraulic Research, International Association of
Hydraulic Research (IAHR).
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the results of experimental studies on water jets on sand and gravel beds and
air jets on a bed of canola seeds will be presented. An attempt will also be
made to review and summarize the results from previous investigations.
Over three hundred and fifty data sets on scour size have been compiled from

many sources and the vesults of the re-analysis are presented in the sections
below.

6.2 Literature Review

It appears that the first major published research studies on scour due to
circular wall jets were the theses of Clarke (1961), Ofwona (1965), Opie (1967)
and Stevens (1969). A good attention was given to it at the twelfth congress
of the Internationnal Association for Hydraulic Research held at Colorado State
University, Fort Collins,. US.A. in 1967. At this congress, Seaburn and
Laushey presented their research investigation into velocity of culvert jets for
incipient motion and Laushey et al. presented results on magnitude and rate
of erosion at culvert outlets. A few years later, reports on scour estimation
and design of outlets were published by Bohan (1970) and Fletcher and Grace
(1972 and 1974) at the United States Army Engineer Waterways Experiment
Station in Vicksburg, Mississippi. Another important earlier study was by
Simons and Stevens (1971). They presented a detailed analysis and control
methods for scour control in rock basins. Since then, the literature on the
subject has grown substantially and there has been improved knowledge on
the analysis and control methods of scour downstream of circular wall jets.
The following paragraphs present the rest of the review almost in
chronological order and according to author or research institute.

Stevens (1969) performed an extensive laboratory work on culvert erosion
using typical prototype values for the rock size, culvert diameter and flow
discharges. Design curves for estimating the scour depth were given. A
constant value for relative sediment size, de/d, which depends on the tail
water depth hq and the discharge Q, was suggested for the prevention of
scour. The terin de, which is the effective diameter, is the cube root of the
average volume of the rock sizes and d is the diameter of the culvert. Simons
and Stevens (1971) presented a detailed examination and analysis of scour in

rock basins at pipe outlets based mainly on the experimental results of
Stevens (1969).



Rajaratnam and Berry (1977) studied the erosion of loose bed:s of sand and
polystyrene by jets of air and water. The characteristic lengths of the eroded
bed in terms of the jet diameter d were found to be mainly functions of the
densimetric particle Froude number, Fo. The erosion profiles were found to
be similar both in the unsteady and asymptotic states. Rajaratnam and Diebel
(1981) found that the relative tail water depth and relative width of the
downstream channel do not affect the maximum depth of scour significantly
whereas they reduce significantly the distance at which it occurs. In these
studies, any characteristic length of scour during the erosion process was
found to vary linearly with the logarithm of time up to some time after which
the variation became non-linear and eventually reached an end state.

Abt et al. (1984) compiled data from many experiments performed at the
Colorado State University Hydraulics Laboratory, Fort Collins and proposed
equations for the dimensions of scour based on a non-dimensional discharge
intensity Qj, geometric standard deviation of bed material size Og and the
ratio of median bed material size D to culvert diameter d. Qj is defined as
Q/V(gdd) where g is the acceleration due to gravity. Mendoza (1980), who
also worked in the same laboratory, examined the headwall influence on
scour. It was noticed that the headwall helps to prevent undermining of the
culvert barrel and protect the embankment from excavating on both sides of
the culvert outlet. Its effects on the scour hole dimensions were found to be
insignificant. A foundation depth for the headwall equal to the maximum
scour depth was recommended. Abt et al. (1985) examined the effect of
culvert slope on scour and found that a sloped culvert can increase the
characteristic lengths of scour from 10 to 40% over the characteristic lengths
for a horizontal jet. Abt et al. (1987) investigated the influence of culvert
shape on scour. The results showed that a significant influence exists. The
experimental data from four different shapes were correlated to Qj which was
re-defined as Q/V(gRh’) where Rp, is the hydraulic radius of the culvert.
These studies generally showed that the scour lengths increased as a power
function of time before reaching an end state.

Lim and Chin (1992) investigated the effect of sediment non-uniformity on
scour. For the non-uniform sediment, a shorter time was required for scour to
reach equilibrium and also, the maximum scour depth was found to decrease
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as the sediment gradation increased. Recently, Lim (1995) compiled a large
database on maximum scour depth below unsubmerged full-flowing culvert
outlets. The scour data were correlated with Fg and an equation for an
enveloping curve was proposed. Scouring of non-cohesive beds by
cantilevered circular horizontal jets of different drop heights has been
investigated by Robinson (1971), Blaisdell and Anderson (1988a,b) and
Doehring and Abt (1994), among others. These studies have proposed
methods for predicting the anticipated scour hole sizé and may be used to
design a stable pool energy dissipator.

6.3 Experiments and Compiled Data

Two different sets of experiments were performed. The first set was on
water jets on sand and gravel beds and the second set was on air jets on a bed
of canola seeds. The experimental set-ups are shown in Figure 6-1(a-b). The
experiments were run until the asymptotic state was reached. The transient
profiles of the eroded bed were measured in one of the experiments in the
first set (Table 6-1(a)). The details of the asymptotic values of the
characteristic lengths of the scoured bed for the two sets of experiments are
given in Table 6-1(b). The definition sketch for the scour hole lengths is
shown in Figure 6-2(a).

The first set consisted of twelve experiments which was performed in a
tank, 3.53 m long, 1.09 m wide and 1.22 m deep. Three nozzles of diameters
5,19 and 25.4 mm were used and were mounted on the side of the tank. The
sand and gravel beds were 0.25 m deep and were supported by an elevated
false bed of height of 0.31 m (see Figure 6-1(a)). The median size of the sand
was 0.242 mm with a geometric standard deviation of 1.46 while the
respective values for the gravel were 7.2 mm and 1.33. The jets were
produced through the nozzles by pumping water from the far end corner of
the tank in such a way as not to affect the flow around the scour hole. The
velocity of the jet at the nozzle was measured using a Prand!l tube of external
diameter of 3 mm. During the experiments, water was continuously supplied
into the tank to account for losses and a constant tail water depth was
ensured by having an over flow arrangement.



The air for the second set of experiments was supplied by the compressed
air supply of the University (see Figure 6-1(b)). A 12.5 mm diameter nozzle
was used for all the experiments. The velocity of the jet at the nozzle was
measured by means of a pressure tap installed on the jet apparatus. A
calibration had earlier been obtained between the pressure readings and the
velocity measurements in the potential core of the jet using a 3 mm external
diameter total head tube. The median size of the canola seeds was 1.47 mm
with a geometric standard deviation of 1.12. The sediment size distribution
curves are shown in Figure 6-3. The experiments were seven in number and
were performed in a wooden container that has a length of 1.8m, a depth of

0.01m and a diverging width (in the downstream direction) varying from 0.3
to 1.18m.

Over three hundred and fifty sets of data have been compiled from
thirteen sources including the present study. The database comprises of
scour data on jets of water on gravel and sand beds and air jets on beds of
sand, polystyrene and canola seeds. The ranges of the scour data are
summarized in Table 6-2 and the experimental data from other investigations
are given in Table 6-3 (a-1). It is interesting to note that in this database, D
varies from 0.24 to 178 mm, d from 2.4 to 914 mm, jet submergences (equal to
hd/d) from -0.35 to large values, relative density difference, Ap/p, from 1.65 to
2189 and Fq from 0.65 to 99.6. Ap is the difference between the mass densities
of the bed material and the fluid and p is the mass density of the fluid. Fp is
the densimetric particle Froude number which can be interpreted as a
measure of the ratio of the tractive force of a wall jet on a grain to its resistive
force. It is defined as Up /\/(gDAp/p), wherein, Up is the jet velocity at the
culvert outlet.

6.4 Scour hole Characteristics
6.4.1 Description of the Scour Process

A description of the scour process for experiment number 12 (see Tables 6-
1(a-b)) will be given. The deeply submerged jet is 5 mm at the nozzle and has
a velocity of 5.52 m/s. The bed is of sand with a median size of 0.242 mm
and Fgy is equal to 88.2. Immediately the jet was turned on, the sand particles
close to the nozzle were blown out as big sediment clouds upwards and
mainly downstream. The flow was very turbulent and the scouring at this
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stage was very vigorous. Most of the eroded particles were transported as
suspended load. This made observations quite difficult. The concentration of
the suspended particles was seen to decrease in a vertical plane from the bed
upwards. After a few seconds, a definite shape of the eroded bed could be
seen and further erosion occurred mainly by the transport of the eroded
material away as bed load. The sand particles were transported along the bed
and at the crest of the ridge, the finer particles were propelled into suspension
and settled some distance from the ridge whereas the coarser particles
toppled over the crest of the ridge and rolled or slid down its downstream
slope. After a few hours, the rate of erosion had decreased considerably. The
bed load ceased to move continuously. It was noticed that the sand particles
around the impingement area of the jet, which was mainly just downstream
of xo, periodically moved upwards and slid back. Some eventually made
their way over the crest.

Migrating small dunes were formed on the upstream slope of the ridge a
few hours later (see Figure 6-4(a)). They were usually 5 or 6 in number. They
had an average height of about 4 to 6 mm and were spaced about 60 to 100
mm apart. They migrated very slowly up the slope and fall off at the crest of
the ridge. A new dune was constantly being formed to maintain the total
number as the furthermost dune was about to topple over the crest. The
dunes remained noticeable throughout the rest of the test run. The periodic
sliding of the sand particles around the impingement area still continued
especially just downstream of the peaks of the small dunes. It was noticed
that the bed armored a {ittle. This was not unexpected because the particle
size geometric standard deviation Og {equal to V(dgs/d16)) which is 1.46 is
just outside the range (Og < 1.35) generally recommended for non-armoring
sediment mixtures (Little and Mayer (1976) and Breusers and Raudkivi
(1991)). Another interesting observation noticed at the latter stages of the run
was at the downstream end of the scour hole. The movement of the particles
occurred mainly in the form of a few scattered weak puffs which appeared to
have been caused by turbulent bursts. These particles were entrained by the
jet and transported to the impingement area where they took part in the
periodic sliding and dune migration. Figure 6-4(b) shows the shape of the
scour hole at the asymptotic state. These observations were similar to those
made when the water jets eroded the gravel bed except for the periodic



sliding, migrating dunes and the scattered turbulent bursts. Figure 6-4(c)
shows the scour hole area of the eroded gravel bed. It can be seen that the
bed is segregated with the coarsest particles lying at the bottom of the hole.

The observations on the air jets on canola seeds were different. At the
beginning of scour, the scour rate was high and the grains were blown and
thrown upwards, settling at far distances away from the nozzle. A scour hole
without a ridge was formed at this stage. After a few minutes, the scouring
was less vigorous and a ridge was gradually being formed. There were now
fewer grains being projected into the air and most of the grains in
transportation were confined to a region within close proximity to the bed. It
was noticed that the grains on the sides of the scour hole were sliding
individually or in groups and were propelled by the jet at high velocities
before or when they reached the bottom of the scour hole, along with those
particles already moving with the jet. These grains formed the ridge which
stretched from one side of the scour hole to the other. After a few hours the
asymptotic state was reached and the number of grains being propelled out of
the scour hole could be counted. £ =mpared to the first set of experiments, the
scour hole was found to have & :mall ridge and a very elongated shape.
Figure 6-4(d) shows an eroded bed of canola seeds.

6.4.2 Evolution of Scour hole with Time

It has been observed by many researchers such as Laursen (1952), Stevens
(1969) and Rajaratnam and Berry (1977) to mention a few, that scour grows
continuously with time and eventually an equilibrium state (sometimes
refereed to as the asymptotic state) is attained. Many equations have been
proposed for the relationship between scour dimensions and time t. A semi-
logarithmic form of equation was used by Rouse (1940), Laursen (1952) and
Rajaratnam and Berry (1977). A power law form was used by Bohan (1970)
and Shaihk (1980) and a hyperbolic form was proposed by Blaisdell and
Anderson (1981) to predict the ultimate scour dimensions.

The growth of scour with time was studied in experiment number 12 of
the first set of experiments. Figure 6-5 shows the evolution of the
longitudinal profile of an eroded bed with time. It can be seen that an
equilibrium state was not attained even after 186 hours. It is also interesting
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to note that the difference between two consecutive profiles at any location x
along the bed appears to increase with increasing distance from the nozzle.
This suggests that the eroded bed profile attains an equ*'’brium state at earlier
times for locations closer to the nozzle. This has been further substantiated in
Figure 6-6, which shows the variation of rate of scour de / dt, with distance x.
€ is the depth of scour below the original bed level. It can be seen that at any
particular time, the rate of scour increases with increasing distance from the
nozzle and at any particular distance, it decreases with increasing time.
Figure 6-7 shows the growth of some of the characteristic lengths of the scour
hole with time. It appears that the equations for these relationships could be
expressed in the power form.

6.4.3 Geometric Similarity of Scour hole

The scour hole produced by a circular wall jet is somewhat elliptical in
shape at any section taken parallel to the original bed level and the maximum
depth is usually located just downstream of the mid point of the maximum
scour hole length xq, that is, approximately 0.5740.28xg, (95% confidence
limit) based on all the compiled data. It has been observed by Laursen (1952),
Rajaratnarn and Berry (1977) amor g others, that the scour hole is similar both
in the unsteady and end states. Figure 6-7 shows the variation of xm/€m and
Xo/€m with time. €m is the maximum scour depth and xm is the distance
from the outlet where €m occurs. It appears that these ratios could be
assumed to be constant with time. Using all the compiled data (not just those
at the asymptotic state), the ratios of the length scales of the scour hole have
been plotted against Fg. Equation (6-1) expresses the relationship between
these lengths, where B is the mean ratio and X is its standard deviation.
Table 6-4 shows the values for these coefficients, wherein, Bm is the
maximum half-width of the scour hole and Vg is the volume of the scoured
material.

(.1L=Ei]( or YSQ-:E:I:K (6-1)
em em

Equation (6-2), as plotted in Figure 6-8, shows that the ratio xm/€m might
be considered fairly constant if the data of Stevens (1969) are excluded. The
same arguments could be made for the ratio xo/€m which is given by



equation (6-3) and plotted in Figure 6-9. Scour holes from Stevens (1969) had
big rocks and were quite shallow and this might have created a lot of errors in
measuring the scour lengths. The ratios b, /€m and Vs/€m3 are expressed
by equations (6-4) and (6-5) and plotted in Figures 6-10 and 6-11 respectively.
The latter has a mean value of 16.77 and a large standard deviation of 20.96.
The standard deviations for these mean ratios are relatively high and it is
therefore advised that caution should be exercised when using them.

Table 6-4: Ratios of lengﬂ scales

Ratios B K Remarks Figure no. | Equation no.
xm/€Em 436 | 3.08 | without Stevens' data 6-8 (6-2)
x0/€Em | 881 | 652 " 69 (6-3)
bm/€m | 240 | 1.8 all data 6-10 (64)
Vs/€m3 |16.77}20.96 all data 6-11 (6-5)

The same arguments could be made for the ratio Xo/€m which is given by
equation (6-3) and plotted in Figure 6-9. Scour holes from Stevens (1969) had
big rocks and were quite shallow and this might have created a lot of errors in
measuring the scour lengths. The ratios b, /€m and Vs/€Em3 are expressed
by equations (6-4) and (6-5) and plotted in Figures 6-10 and 6-11 respectively.
The latter has a mean value of 16.77 and a large standard deviation of 20.96.
The standard deviations for these mean ratios are relatively high and it is

therefore advised that caution should be exercised when using these
equations.

6.5 Dime> *~ ~aal Considerations

Dimen: . nal arguments could be used to develop expressions for
estimating the characteristic lengths of scour. This method does not produce
a unique set of non-dimensional parameters for a fixed number of variables.
One has to decide which of these parameters has a physical meaning
pertaining to the problem. For circular wall jet erosion, it can be argued that
at equilibrium, any characteristic length of the scoured bed lceo, is a function
of the following parameters.
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l.=f (Uo,d,p,p,D,g,Ap,(or 8Ap),0g.Sp,B,hy) (6-6)

where Sp is the pipe slope and B is the downstream channel width.
Equation (6-6) is based on the assumptions that:

i) the bed is non-cohesive

ii) the invert of the pipe outlet is at the same as the b-»d level

iii) the slope of the bed is the same as the slope of the pipe

iv) the pipe is flowing full

v) there is no transitional bed between the pipe and the non-cohesive bed
vi) the turbulence in the flow is not directly accounted for

A review of the existing formulae shows that in most cases, any
characteristic length of scour is usually expressed in terms of the pipe size
and correlated mainly to a discharge intensity Qj or the densimetric particle
Froude number Fg as shown by equations (6-7) and (6-8) respectively.

,
oo U Q pUod D Ap B hy
=f —0 s ='—_,R = 2 - ’ ’ ’ S = -7
2 b/gd or Q; gd® € p d Sg-Sp dorD°" d ©7)

1. U pU,d D B hy

<= =f,|F, = 2 ,R = 2 Yy Is ’ S = -8

I gApD € pn ‘'d 8 PdorD *=3 (6-8)
\ P

Physically, Qj is some form of Froude number that could be interpreted as
a measure of the ratio of the kinetic energy to the potential energy of the flow
whereas Fo, as defined earlier, can be interpreted as a measure of the ratio of
the tractive force of a wall jet on a grain to its resistive force. The former has
been used by Stevens (1969), Mendoza et al. (1983), Abt et al. (1985) and the
latter by Rajaratnam and Diebel (1981) and Lim (1995). In this chapter, Fo
will be used for correlation because of its physical meaning which
incorporates both the flow and sediment properties. The use of Qj for
correlation applies only to a particular sediment size and could be modified
for the use of a variety of sediment sizes by adding a non-dimensional
sediment size D/d, as shown by Abt et al. (1984). For very turbulent flows,
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the viscous effect is known to be negligible and the Reynolds number Re can
be removed from the analysis. The effects of other important non-
dimensional parameters are discussed in later sections.

6.6 Characteristic Lengths of the Eroded Bed
6.6.1 Equilibrium Maximum Scour Depth

Some of the recently proposed equations for the equilibrium maximum
scour depth downstream of circular wall jets are:

Rajaratnam and Diebel (1981)

Eﬂ: =0.41F, —0.67 (6-9)

Abt et al. (1984)

0.57
em- _3:65|(_Q gs_o)”
d ;“[[ng-" d 0

4
Breusers and Raudkivi (1991)
1/3
sl‘au Uo U
=0.65 for 30<—2 <500
d (u-c) o U (6-11)
(i.e. about 6.36 <F, <106.1)
Lim (1995)
Eﬁ-: =0.45F, for 1<F,<10 (6-12a)
Eﬁr- =4.5 for F,2>10 (6-12b)

Equation (6-9) is based on seventeen data sets in the Fo range of 3.1 to 18.3
and the relative submergence s in the range of 0.2 to 3.4. Equation (6-10) is
based mainly on the data of Mendoza (1980), Shaihk (1980) and Kloberdanz
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(1982). Their experiments were performed with unsubmerged jets eroding
sand beds. Lim (1995) re-expressed equation {6-10) as equation (6-13). His
analysis showed that the predictions of this equation on the effect of dsg/d on
€meo/d are contrary to the findings of Breusers and Raudkivi (1991) and poor
predictions were obtained when the equation was applied to data having
values of dsg/d outside the range the equation was developed for.

s,;.,. =11F0% (6-14)

The poor prediction was attributed to the narrow range of dso/d (0.02 to 0.03,
if on- data set is excluded). This appears to be true and might explain the
reason why dsohas a positive exponent (the scour depth becomes
proportional to (dsg )0'114). Lim (1995) re-expressed equation (6-11), which is
Breusers and Raudkivi's (1991) equation as equation (6-14). The equation is
based on the data of Bohan (1970) and Abt et al. (1984). Equation (6-12) was
proposed by Lim (1995) and it is an envelop for the experimental data of his
study, Opie (1967), Laushey et al. (1967), Bohan (1970), Rajaratnam and Diebel
(1981) and Abt et al. (1995). Equation (6-12b) is based mainly on data points
obtained from Bohan (1970) especially in the region of Fo greater than 20.
Without these data, it will not be possible to develop this equation.

Bohan's (1970) data used for equation (6-12b) correspond to a test duration
time of 5 hours and appear to be extrapolated data obtained from his scour
length-time equations. This time does not correspond to the asymptotic (or
equilibrium) state because Bohan (1970) reported that a limiting state was not
reached in similar tests (Fo equal to 22.6 and 47.9) that were run for
approximately 24 hours. Intuitively and based on the results of Rajaratnam
and Berry (1977), the time it takes for the growth of scour to reach an
asymptotic (or equilibrium) state should increase with Fo. Therefore, at very
high values of Fo, it appears reasonable to at least expect that this time will be
in terms of days, probably weeks and not a few hours. The results of
experiment number 12 further confirm this. Bohan's (1970) data have been
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further extrapolated to an arbitrary time of 72 hours to obtain better estimates
of the asymptotic maximum scour depths and these will be treated as the
asymptotic values in this study.

Figure 6-12 shows the plot of the asymptotic relative maximum scour
depth against Fo using data from thirteen sources. The abscissa of this figure
(and for some of the other figures) is in logarithm scale to prevent crowding
of data points with low Fg values, which apply to most of the data. Some of
the plotted data are from scour tests with the pipe/culvert flowing partially.
In such cases, d has been re-defined as V(4A/n), where A is the area of flow at
the pipe outlet. In this figure, all the data appear tc follow the same trend up
to about Fg equal to 10 and beyond that, the data are split into two groups.
The upper set of data belongs mainly to Clarke (1961) and have high values of
s. An examination of his data shows that they are quite close to equilibrium
data. Also in this group are three data points from the present study which
are about 50% lower in value compared to Clarke's (1961) data. This might be
attributed to armoring as a result of the value of Gg, which is 1.46, compared
to 1.13 and 1.15 for the sands used by Clarke (1961). The lower set of data
belongs mainly to Bohan (1972) (corresponding to 72 hours) and have low
values of s. It does appear that the effect of s on equilibrium maximum scour
depth is not very pronounced until beyond Fo equal to 10. Equation (6-15) is
proposed as a best fit equation for all the data before Fo equal to 10 and all the
data beyond this point with s much greater than 1. These data, which will be
referred henceforth to as 'Set 1', can be enveloped by a line expressed as
equation (6-16). 'Set 2' refers to all the data beyond Fp equal to 10 with s less
than 1.

5!32 =0.45F, - 0.31 (6-15)
E§==o.s(1=°+1) (6-16)

6.6.1.1 Effect of Jet Submergence

scour depth was found from Figure 6-12 to be very proriounced beyond Fo
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equal to 10. For deep submergence, the scour depth was more and its
difference from the corresponding scour depth for low submergence
increased with increasing Fo. For low values of Fg, the data have been re-
categorized according to the value of s as shown in Figure 6-13. For partial
flow, s has been re-defined as hd/dp, where dp is the depth of flow at pipe
outlet. It appears that for Fo less than about 3, data in the range 0 <s < 0.5
have slightly higher values of scour depth and the data in the range s 2 1 have
the least values. This trend is however, reversed at Fg greater than about 7.5.

Figure 6-14 shows the experimental results for unsubmerged flows (s < 1)
only. Equation (6-17) is proposed as a set of equations, that envelopes almost
all the data. They are modified forms of Lim's (1995) equations (equation (6-
12)). The equations of Lim (1995) and Breusers and Raudkivi (1991) are also
plotted on this figure for comparison. It can be seen that equation (6-12b)
might not be quite reliable especially at very high Fo values. Data on

equilibrium scour depth are needed in this range to obtain a more reliable
equation.

€

_%-: =0.5F, for 0.6<F,<10 (6-17a)
Em= _ 4754+ 0.025F for 10<F, <100 (6-17b)
d ° °

6.6.1.2 Effect of Drop Height

The effect of drop height on scour by circular horizontal jets issuing from
cantilevered outlets has been investigated by investigators such as Robinson
(1969), Blaisdell and Anderson (1989) and Doehring and Abt (1994). Figure 6-
2(b) shows a definition sketch for scour from cantilevered outlets. The data
from these studies have been re-analyzed to conform with the present
approach. Fg has been re-defined as F( to reflect the height of the drop as
given by equation (6-18). The difference in culvert (pipe) invert elevation and
elevation of tail water level is refereed to as hp. Also from these studies, the

tail water depths were very shallow and a depth of 0.5d will be assumed in
this analysis.



2(h,, +0.5d =
Fq =\[1=§ + ( SAP ” ) (6-18)
£m= = 10.5{1-exp[-0.35(Fq -2)]}-0.5 (6-19)

Figure 6-15 shows the plot of the equation proposed by Blaisdell and
Anderson (1989) (equation (6-19)) and the data of Robinson (1969), Smith and
Johnson (1983) and Doehring and Abt (1994). The data of Rajaratnam (1981),
which were obtained from circular impinging vertical jets with minimum tail
water, are also plotted for comparison. In this case, the jet angle with the bed
is at its maximum and greater than the jet angles used by the other
investigators. Figure 6-15 shows some considerable scatter and this might be
due to the difference in the experimental set-up and procedure. Blaisdell and
Anderson's (1989) equation predicts very conservative values that envelope
the rest of the data for Fq less than 14. It was developed using scour data
from suspended-sediment-removed-tests and asymptotic data computed
using an extrapolating method (Blaisdell et al. (1981)) on time-dependent
scour depth data. The data of Robinson (1969) and Doehring and Abt (1994)
appear to be static scour depths. Smith and Johnson (1983) obtained their
data from scour holes at equilibrium with downstream dunes removed. Due
to the degree of scatter in Figure 6-15, it appears reasonable to use the
conservative equation proposed by Blaisdell and Anderson (1989) to estimate
scour depths at overhanging pipe outlets.

6.6.2 Other Length Scales

The other length scales that will be discussed are the distance of the
location of the maximum scour depth xmeo, the length of the scour hole Xgeo,
the maximum half-width of the scour hole bme, the distance of the location
of the dune Xcoo, the height of the dune Ao and the cube root of the scoured
material V1/3.

Figure 6-16 shows the plot of xme/d against Fo. A mean and an
enveloping curve, given by equations (6-20) and (6-21) respectively, could be
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used for Set 1 data. There were not enough Set 2 data in the literature to
suggest a relationship.

Xm

_d_ =169 F, - 0.65 (6-20)
_"r:lw =18 (F, +2) (6-21)

The relationship between the relative scour hole length xgee/d and Fg is
shown in Figure 6-17. Following the previous approach, a mean and an
enveloping curve have been proposed for Set 1 data. The equations for these
curves are respectively equations (6-22) and (6-23); Equation (6-24) could be
used as a predictor that envelops Set 2 data.

"3“ =298 F, —0.81 (6-22)

Xoe 3.3 (F, +2 (6-23)
d o]

Xo= — g8 logF, —41 (6-24)
3 g

The relation between the relative maximum half-width of the scour hole
Pmeo/d and Fo for Set 1 data is given by equation (6-25) and shown in Figure
6-18. Equations (6-26) and (6-27) have been proposed for the enveloping
curves for Set 1 and Set 2 data respectively.

-bT 0.86F, —0.17 (6-25)
b
2= = 0.9(F, +2) (6-26)
b
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The relative distance of the location of maximum dune height x¢ce./d for Set 1
data can be related to Fg as given by equation (6-28) and shown in Figure 6-
19. Set 2 data do not exist for this length scale. The plot of the relative dune
height against Fg is shown in Figure 6-20. It has been categorized according
to the value of s. There are not enough data to properly establish the effect of
s on Ao/d. It appears that between Fo equal to 8 and 20, Aw/d has the
highest value when s is greater than 4. The relationship between the relative
scoured volume Vg/d3 and Fg for Fg less than about 20 is given by equation
(6-29) and shown in Figure 6-21.

idm =3.72F, +5.89 (6-28)
V -]
Tsa- =0.3F3 (6-29)

6.7 Effect of relative density difference Ap/p

It was observed as mentioned in the last paragraph of section 6.4.1, that
the scour holes produced by the air jets had smaller ridges and more
elongated shapes. The reason for this is believed to be the mode of transport
which is governed by both Fg and the relative density difference Ap/p. The
effects of the latter on the characteristic lengths of scour will be addressed in
this section. These effects had been earlier examined by Rajaratnam (1977).
The results indicate that the same relationship could be used to correlate Emeo
with Fg for both the air and water jet experiments. This was also found to be
true for the analysis of xme. and b meo, but not for Aco.

Figure 6-22 shows that the relative maximum scour depth can be
described by the same relationship for both the air and water jet experiments.
The distance of its location xme is however a bit further for the air jet

experiments and this can be described by equation (6-30).

1‘-:!;-': =—0.43+2.21F, (6-30)

Figure 6-23 shows that the scour hole widths for the air jet experiments are
slightly smaller and the scour hole lengths are approximately 88% longer at
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Fo equal to 3 and this difference decreases to 34% at Fg equal to 100. These
relationships could be described by equations (6-31) and (6-32) respectively.

-bT"i‘==—L62+O.85F° (6-31)
53: =2.28+3.75F, (6-32)

It appears that the distance of the ridge can be described by the same
relationship for all the fluid-sediment systems as shown in Figure 6-24. This
figure also shows that the ridge height for the water jet experiments (s > 4)
have the higher values. It is higher by about at least 250 % at Fo equal to 10
and this difference decreases to about 25% at Fp equal to 50.

6.8 Effects of other non dimensional parameters

The effect of relative channel width B/d on maximum scour depth has
been studied by Rajaratnam and Diebel (1981) and recently by Lim (1995).
B/d had values of 1, 3, 3.5 and 86 in the former study and 5, 10 and 66.7 in the
latter study. Their results both indicate that the effect is minimal. Abt et al.
(1985) investigated the effect of slope on scour. Their results show, as earlier
discussed in section 6.2, that there could be an increment of 10 to 40% in
maximum scour dimensions over those for a horizontal culvert.

It is generally known that armoring of the bed by the larger bed particles
occurs in very non-uniform beds resulting in smaller scour holes than in
uniform beds. This is believed to occur when og is greater than 1.3 according
to Little and Mayer (1976). An examination of the compiled data shows that
there are not enough data in this range to effectively quantify the effect of og
on scour depth. Abt et al. (1984) attempted to incorporate og into a scour
depth equation and obtained equation (6-10). It shows that the scour depth
€meo is proportional to 0'8'0'4. Breusers and Raudkivi (1991) pointed out that
three out of five sets of data used for the correlation were essentially uniform
material and the effect of og on scour depth may not be well defined by this
equation. Lim and Chin (1992) also examined the effect of og using three
sand mixtures all having a median diameter of 1.65 and Og equal to 1.25,1.78
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and 2.5. Their results showed that under similar conditions, the scour depth
is about ialf the value of that with uniform sediment.

6.9 Conclusions

An analysis of over three hundred and fifty sets of scour data at pipe
outlets, obtained from thirteen sources including the present experimental
study has been presented. The present experimental study comprised of air
jets on canola seeds and water jets on sand and gravel beds. The whole
database covers wide ranges of flow submergence, jet sizes and strengths, bed
material size, relative channel width and relative density difference.

In one of the experiments, the study of scour growth at high densimetric
particle Froude number Fo (Fo=88.2) revealed that it could take over a week
for the asymptotic state to be reached. It was also noticed that the
equilibrium state was being reached earlier at sections closer to the nozzle.
Similarity of the scour hole was checked both in the unsteady and asymptotic
states by determining the ratios between the characteristic lengths of the
scour hole. It appears that these ratios could be considered fairly constant
and ranges for these ratios have been suggested.

It was re-established that the characteristic lengths of scour are mainly
functions of the densimetric particle Froude number Fo. Equations were
proposed for the relationships between these lengths and Fo and were
compared to some of the existing scour equations. The effect of the tail water
depth in terms of jet size on the asymptotic characteristic lengths of the scour
hole was found to be pronounced when Fp is greater than 10. In this range
and for a given Fop, the maximum scour depth was found to be lager for deep
submergence flow compared to low submergence. The difference between
these depths appear to increase with increasing Fo. Similar results were
obtained in the analysis of the other characteristic lengths. Compiled scour
data at overhanging outlets showed considerable scatter and were enveloped
by the equation of Blaisdell and Anderson (1989).

The effects of the relative density difference on the characteristic lengths of
scour were determined. For a given Fo, the maximum scour depth and the

distance of the location of the ridge were the same for all the fluid jet-
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sediment systems. The distance of the location of maximum scour and the
scour hole length had higher values for the air jet-sediment systems. The

opposite was the case for the maximum width of the scour hole and the
height of the ridge.
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water
supply
intake pipe ~\ line____
overfiow - 10.04
> Al _
origi ’
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(a) Set-up for the water jet experiments

To pressure gauge

compressed
air supply
"""""""""""" T
0.1m
4

(b) Set-up for the air jet experiments

Figure 6 - 1(a-b): Set-up for the experiments
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Figure 6 - 2(a) Definition Sketch for Wall Jet Erosion

‘ Overhanging pipe
Q L
Td Jet K

Tail water level ¢

0.5d

Plunge Pool

Figure 6 - 2(b): Definition Sketch for
Overhanging Pipe Outlet Erosion
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Figure 6-4(a): Migrating Dunes

Figure 6-4(b): Eroded Sand Bed
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Eroded Gravel Bed

Figure 6-4(c)

Eroded Bed of Canola Seeds

igure 6-4(d):

F
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CHAPTER 7
General Discussion

7.1 General Discussion

In the preceding five chapters, five problems on erosion by jets were
studied. In this last chapter, a brief general discussion on each of these
contributions is presented.

The first conuibution, is the development of empirical equations for the
characteristic lengths of scour below obliquely impinging submerged
turbulent water jet; for angles of impingement equal to 10, 30, 45 and 60
degrees. The scour lengths were found to be mainly functions of the erosion
parameter Ep. The derived equations could be used to estimate the size of
pPlunge pool scour below free trajectory jets issuing from flip bucket spillways
or outlets of arch dams. The proposed scour depth equation was tested on
two prototype cases and the results were found to be encouraging.

This study has been quite simplified by neglecting some factors such as
the outlet conditions, the dispersion of the jet in air before entering into the
plunge pool and the complex nature of the prototype bed material. These
factors could substantially affect the scour size. Locher and Hsu (1984) and
Mason and Arumugan (1985) addressed some of these issues and most of
them are still unresolved. Further research is therefore needed in these areas
to enable the development of better equations.

The study in Chapter 3 is an extension of an earlier study by Rajaratnam
and Aderibigbe (1993). The success in this study, which involved using
screens to reduce scour caused by deeply submerged plane wall jets,
prompted the idea to irnvestigate such effects in the case of impinging jets. The
major advantage the screen has over a solid apron is that it can not be
damaged by uplift pressures. The screen also helps in the dissipation of some
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of the energy from the jet by the interaction of the smaller jets issuing from
the screen openings in the eroded space below the screen.

In the impinging circular jet experiments, which were more extensive, the
dynamic scour depth reduction ranged from 47 to 84% and the reduction or
increment in scour hole radius ranged from a reduction of 16% to an
increment of 75%. One of the interesting recults was the development of
simple approximate equations which are independent of flow and sedimenit
properties that could be used to quantify the reductions or increments in the
scour lengths. It will be interesting if this method is taken a step further by
putting this idea into practice at least for some small to medium scale
hydraulic structures.

As a third contribution, Chapter 4 examined the erosion of non-cohesive
beds by circular impinging vertical turbulent jets for erosion parameter E¢
less than 5. This study can be regarded as a simplified study of erosion below
jets issuing from cantilevered circular pipe outlets and square gates of dams.
This study also gives an appreciation of erosion by impinging plane jets. It
was interesting to discover two distinct flow regimes as a result of the
interaction of the jet with the bed and classify them according to Ec. The
Strongly Deflected Flow Regime (SDJR) was well formed at E¢c much greater
than 0.35 and the Weakly Deflected Flow Regime (WDJR) at E¢ much less
than 0.35. Thie complied sets of scour data were obtained from five sources
and it was pleasing to obtain good correlations from them. As mentioned
earlier, further research will the needed in the areas of jet dispersion in air,
effects of outlet conditions and non-uniformity and cohesiveness of bed
material to enable the development of better equations.

The fourth contribution, which is Chapter 5, examined the effects of
sediment gradation on erosion by deeply submerged plane turbulent wall
jets. In most of the past studies, nearly uniform sand or gravel was used to
model the prototype sediment bed which is generally non-uniform (cg >
1.35). These produced conservative estimates of the scour hole size because
the armoring process was not sirnulated. In this study, three sand mixtures
having median sizes and particle size geometric standard deviations Og of 7.2
mm and 1.33, 1.15 mm and 2.09 and 1.62 mm and 3.13 respectively were used.
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One of the interesting observations was the interaction of the unstable jet
with the bed. The jet continuously moved between a position along the bed to
a horizontal direction and produced a deeper and shallower maximum scour
depth respectively. This eventually resulted in an unstable armor layer. The
shallower maximum scour depth was or. the average less than the deeper
maximum scour depth by about 30%, which is fairly substantial. The eroded
bed was quite segregated with the coarsest section lying approximately
between 0.37 and 0.75 of thc scour hole length. It was not very surprising to
discover that the median size of the particles in this section was
approximately equal to the dgs of the original sand mixture. This size proved
to be the effective size of the sediment mixture for obtaining a good
correlation for the depth of scour rather than dsg for defining the densimetric
particle Froude number Fo. The average reduction due to armoring in the
maximum scour depth and dune height was found to be about 60% and 50%
for the scour hole length and the distance of the dune. The major practical
value of this study is showing that the characteristic lengths of the scoured
bed can be reduced by at least 50% if the particle size geometric standard
deviation is greater than 2. Further research is recommended to determine if
these reductions are same for sediment mixtures with Gg greater than 3.5.

Chapter 6 presents the fifth contribution. In this chapter, the analysis of
over three hundred and fifty sets of scour data at pipe outlets, obtained from
thirteen sources including the present experimental study was presented. The
present experimental study comprised of air jets on canola seeds and water
jets on sand and gravel beds. The whole database covers wide ranges of flow
submergence, jet sizes and strengths, bed material size, relative channel width
and relative density difference. For this reason, the results from this study °
could be viewed with much reliability.

One of the interesting results was the study of scour growth at a high
densimetric particle Froude number Fg (Fo=88.2) which revealed that the
scoured bed was still growing after a week. The equilibrium state was found
to be gradually reached earlier at sections closer to the nozzle. The
measurement of scour rates at different locations along the bed confirmed
this. This clarifies the notion, as some might believe, that the entire scoured
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bed profile reaches an equilibrium state at the same time. It was re-
established that the characteristic lengths of scour are mainly functions of Fgp.
The analysis further showed that the effect of jet susbmergence (hg/d) on the
asymptotic characteristic lengths of the scour hole is only very pronounced
when Fg is greater than 10. Beyond this, it appears that the scour size for the
deep submergence case is bigger and the difference seems to increase with
increasing Fo. The effects of the relative density difference on the
characteristic lengths of scour were studied and interesting results were
obtained. For a given Fp, the maximum scour depth and the distance of the
location of the ridge were the same for all the fluid jet-sediment systems. The
distance of the location of maximum scour and the scour hole length had
higher values for the air jet-sediment systems and the opposite was the case
for the maximum width of the scour hole and the height of the ridge. This
study can be further extended to examine the effects of the difference in the
elevation between the bed and the jet, the cohesiveness of the bed and the
turbulence and fluctuations in the flow.

7.2 Application of Results to Prototype Cases

In the previous chapters, scour by different types of jets were examined
and equations for the characteristic lengths of scour were proposed. These
equations essentially show that any characteristic relative length of scour is
mainly a function of the erosion parameter as given by equation (7-1). One
important question that needs to be answered is the applicability of these
proposed equations to prototype cases.

| . 18] . .
docr b =fior2| Fo = - é‘é - (for wall jet erosion) (7-1a)
P

l—c"i =f3| E. = —_ (for circular impinging jet erosion) (7-1b)
d Ap . h,
;}S?D
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1.

h,

=f4|E, = Yo |25 (for plane impinging jet erosion) (7-1c)
ot
p

It was earlier shown that the scour equations developed are independent
of the scale of the model experiment. The scour data used covered wide
ranges of the bed material size, the impinging distance and the jet size and
velocity. In some cases (Opie (1967) and Stevens (1969)), the flow and the
scour data could be deemed to be close to field data. Therefore, #. appears
that these equations could be used at a much larger scale, that is, at the
prototype scale, provided the same conditions prevail. Unfortunately, the
conditions are not the same. In the laboratory setting, it is quite difficult to
model some factors in the prototype setting that could substantially affect the
scour hole size. Some of these factors are the outiet conditions, aeration, the
wind effect, the irregularities of the spilled discharge and the non-uniformity
and cohesiveness of the bed material. These factors also vary from site to site.
This suggests that for a particular type of jet erosion, no single expression can
be assumed applicable to all cases. However, it appears that the functional
relationship as given by equation (7-1) is still valid. The coefficients and the
exponents in the final form of equation (7-1) should therefore reflect the
prevalent conditions at each site. For small scale structures, it is not usually
economically justifiable to perform model studies, therefore, some of the
proposed scour equations could be used to obtain reasonable estimates of the
scour size. For large scale structures, model studies have to be done. The
results can then be used to determine the final form of equation (7-1).

Another important feature of equation (7-1) is that it satisfies the relevant
criteria for similarity between model and prototype. This implies that based
on equation (7-1a), equation (7-2) must be satisfied for the same Fq in the
model and the prototype. The general criteria for scour modeling are
geometrical similarity, Froude number similarity and similarity of sediment
transport. The expressions for these criteria are given by equations (7-3) to (7-
5) respectively for circular wall jet erosion.



(.l_c:/i) = (M) (7-2)
F° model Fo prototype

e (model) _ dimodeny _ _Length (moden 7-3)
lew (prototype)  (prototype)  Length (prototype)

U (model)  _ \/ A(modeny  _ \/ Length (g1 (74)
U (prototype) Y d(protorype) Y Length (prororype)

Uomoded _ UYec(modet) _ | (8DAP/P)(moden) (7-5)
Uo (prototype)  Uc (prototype) | (8DAP / p) (prototype)

It can be seen that by combining equations (7-3) and (7-5), equation (7-2) can
be obtained. Equations (7-3) and (7-4) will be applicable for scaling velocity
of flow.
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