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.. ABSI'RACT

The selection of scales for rnodels with short waves,
long waves and unindirectional current is discussed with
particular emphasis on boundary layer mot ion and movement
of sediment. The paper attempts to outline the present state
of the art and to provide a framework for future research in
the area of coasta1 sediment transport models at Queen's



"If I succeed in demonstrating with the model that tbe
originally existing conditions can be reproduced
typically; and if, moreover, by placing regulating
works in the model, the samechanges can be reproduced
that were brought about by the training works actually
built, then I amsure that I can take the tbird and
most important step: namely, of investigating, witb
every promise of success, the probabIe effect of the
projects that have been proposed .... "

- L.F. Vernon-Harcourt

Model technology has not advanced a great deal since
L.F. Vernon-Harcourt , whocontinued the work of
O. Reynoldsmade the above statement.

This paper bas the purpose to advance the art of
hydraulic modelling, be it ever so little beyond
the above philosophical outlook.

- J.W. Kamphuis
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SYMOOLS

a wave orbitalamplitude

value of 'a' at the bottom

a6 value of 'a' at the top of the boundarylayer

A generalproperty,dimensionaldependentvariable

A area of roughnesselemente
C Chezy frictionfactor

d depth of water

D sedimentparticlediameter

f function

f DarcyWeisbachfrictionfactor

F force

FD drag force

F Froudenumber

g accelerationresultingfrom gravity

H wave height

k bottomroughness

ks sand grain roughness

K eddy coefficient

i generallengthparameter

i as a subscript,refersto longwaves and unidirectionalflow

L wave length

m as a subscript,refersto the model

~ scale effectin k resultingfrom nu; n

mq scale effectin q resultingfrom nu; n

n when not subscripted,generalmodel scale



n

N

q

R

s

s

T

u

iv

when subscripted, scale ( = prototype value / model value )

model distortion ( = nx / n )

distortion of total bottom roughness ( = ~ / n )

distortion of sand grain roughness (= nk / n )
s

pressure

as a subscript, refers to the prototype

sediment volume transported per unit width per unit time

hydraulic radius

Reynolds number

spacing of roughness elements

as a subscript, refers to short waves

slope of the free surface

surface slope caused by friction on the bed form

surface slope caused by friction on the grains

genera1 time parameter

wave period

horizontal component of wave orbital velocity

u max~ value of u

uB value of u at the bottom

U velocity within the boundary layer

U as a subscript, refers to the upper region

UL longshore current velocity

U average value of U over the vertical

Uó U at the top of the boundary layer
'"Uó maximum value of Uó_--
v1c shear velocity ( = J LO / p )



v

V volume

w sediment fall velocity

x general horizontalspace parameter

X generaI horizontalspace parameter within the boundary layer

~ dimensionlessindependentvariabIe (in Eq. 3.2)

.Y general horizontal space parameter

Y dimensionlessdependentvariable (in Bq. 3.2)
) ....

Y general horizontalspace parameter within the boundary layer

z general vertical space parametermeasured upward from
still water level

Z general vertical space parameter within the boundary layer,
measured upward from the bottom

a ripple coefficient

Ys underwaterunit weight of sediment [ = ( Ps - P ) g ]

o boundary layer thickness

o mk~imum value of 0

OL laminar boundary layer thickness expression

o{ actual thicknessof the laminar boundary layer

0vs viscous sublayer thickness

6 ripple height

E lower limit of velocity distribution ( ~ ks / 30 )

A ripple length

~ dynamic viscosity of the fluid

v kinematicviscosity of the fluid ( = ~ / P )

~ drag coefficient

~A dimensionlessdependentvariabIe, dimensionlessversion of A

P density of the fluid



T

e

vi

density of the sediment

shear stress

bottom shear stress

additional shear stress

shear stress resulting from bed form

shear stress resulting from sand grain roughness

effective shear stress

equilibrium beach slope
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1...INTRODUCfION

The selection of model scales for hydraulic models involving

wave motion is often done in a relatively arbitrary fashion. In this

report a formal approach is discussed introducing the rationale

related to the theory of dimensions •

It is this tooI that is further used to determine scales for

mobile bed wave modeIs, an area of great uncertaînty and which

recently * was described as relatively unknown by experts from same

of the world's leading laboratories, in spite of a great deal of

practical experimentation and model analysis.

Practical limitations are kept in mind throughout the report

in order to enhance the practical value of the work.

The report has been written to serve two purposes. A framework

for further study of modelling techniques presently underway at the

Queen's University Coastal Engineering Laboratory was needed and

therefore the report has the appearance of a state of the art paper.

Secondly, the report forms the basic material for lectures on wave

modeIs, hence the didactic style.

* Discussion at l2th Coastal Engineering Conference, Washington,
September 1970.
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2. GENERAL DESCRIPTION OF WAVE MJfION

Water waves as they occur in nature are usually classified in

a number of different categories. One distinction that is often

made is between short waves and long waves. Physically this

distinction may be described as follows. For long waves, the vertical

rnotion (accelerations, veloeities and displacements) of partieles is

very small cornpared to the horizontal partiele motion and can

therefore be neglected. For short waves this vertical motion must

be taken into account. Thus wind generated waves, both sea and

swell, may be considered short waves, whereas tides, seiches and

tsunamis are long waves. The distinction is of course academie since

waves exist throughout the whole spectrum but it does help in

classifying commonly occurring waves.

For wind generated waves or short waves a further distinetion

is usually made with respect to water depth. "Deep" water is

considered to exist when the water partiele rnotionresulting from

wave action does not extend to the bottom. An approximation to this

condition is given by the relation

d >
L 0.5 (2.1)

where d is the water depth and L the wave length. Often a more

practical lower limit for deep water is set at

d >
L 0.3 (2.2)

The water depth is considered "shallow" when
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d <
L 0.05 (2.3)

and of "intennediate depth" when

0.3 ~ t > 0.05 (2.4)

Again the distinction is rather academieand somewhatrelated

to the wavetheories that are traditionally used to describe wind

generated waves.

It must further be realized that the boundary layer, the layer

adjacent to the bottomwithin which shear is transferred from the

bottom into the bodyof water, is a thin layer in the case of the

wind generated wave, whereas it extends the full depth of the body

of water for long waves. Since within the boundarylayer the

partiele motion is predominantly horizontal, the above statement is

consistent with the definition of long wavesgiven earlier.
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3. EÇUi\TIONS FOR SJDRT WAVEM)'fION

3.1 Genera1 Dimensiona1 Analysis

Any property A of wave motion in a fluid may be described

in its most general form by the fo11owing re1ationship:

A = f (H, T, d, ks' p, ~, g, x, y, z, t) (3.1)

where H and T are the wave parameters - wave height and wave

period, d and ks are the f1uid body parameters - depth of f1uid

and bottom roughness, p and ~ are the f1uid parameters -

density and viscosity, g is the acce1eration resu1ting from gravity,

x, y and z are genera1 space parameters (z is measured vertica11y

up from the water surface) and t is the general time parameter

(Fig. 3.1). Zo

H

\ I
\ I
\ ,

cl, r
~a

"
II

Fig. 3.1 Nomenc1ature for Upper Region

Equation 3.1 may be expressed in dimensionless form as

(3.2)
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where Y and Xn are dimensionless variables .

The theory of dimensions and the method of dimensional

analysis used to arrive at this new -equation have been discussed in

detail elsewhere (1,2,3)* and someknowledgeof the methods involved

will be assumed.

Using T, p and g as the repeating variables , Bq. 3.1 may

be written in the dimensionless form of Bq. 3.2 as

TI = '" (H d ks 1-1 x _y_ Z Tt ) (3 3)
A 'tiA gT2' gT2 ' gr2 ' pg2r3 ' gT2 '? 'gT2 ' •

As example, consider wave length, L, to be the dependent

quanti ty A in Bq. 3.1. Since L is independent of x, y, z or t,

Eq. 3.1 maybe rewritten in dimensionless form equivalent to

Eq. 3.3 as

H d ks
= 4>L (--:z- ' -=z ' -=z' ~ 3 )gT gT gT pg T

(3.4)

Wavelengthis such a cammonwaveparameter that often it is

used instead of T in Bq. 3.1. This resul ts in another dimensionless

relationship

(3.5)

It maybe noted that the sameresult can be achieved by

* Superscripts refer to the references listed in the last chapter.
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substituting Eq. 3.4 into Eq. 3.3. Vet another dirnensionless functibn

may be derived using H, T and pasthe repeating variables in

Eq. 3.1. This yields

= A." (d ks i[ gT2 x z ~ t)
nA 't'A H' Ir' 2' H 'H' H ' H ' TpH

(3.6)

Eqs. 3.3, 3.5 and 3.6 all mean the same, but use slightly

different dirnensionless variables.

Wave motion may be described as being cornposed of two definite

layers, the upper region or the main body of fluid and the boundary

layer, the region where viscous effects must be taken into account.

As stated earlier, in the case of.short waves, both these layers are

present, while for long waves only the boundary layer need be

considered since the boundary layer reaches the free surface.

3.2 upper Region

Eqs. 3.3, 3.5 and 3.6 are valid for both the upper region and

the boundary layer, however, in the case of short waves, for the

upper region (above the boundary layer) certain sirnplifications may

be made, based on the asstunptions that the viscosi ty and the bottom

roughness have negligible effect in this area. These sirnplifications

resu1t in

(3.7)

_ , H d x r. z
U~ - tiPA ( L ~ L ' L ' L ' L ' (3.8)
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(3.9)

where the subscript U refers to the upper region.

As an examp1e,consider the horizontal componentof orbita1

motion u. This may he expressed in a general dimension1ess form,

using Bq. 3.8, as

n =u
u

{gL = <Pu
H d x r. z

( L ' L ' L ' L ' 1' (3.10)

For comparison, from sma1l amplitude wave theory , the expression for

u for two dimensional motion is found to he

u = 'IlH cosh
T sinh

(3.11)

It mayeasi1y be shownthat Bq. 3.11 is a particular expression of

the general re1ationship represented by Bq. 3.10.

The maximum velocity, u, is ohvious1y not a function of

x, y and t, therefore

nA = u ct> A (H d z)
u {:L= u 1'L'L (3.12)

The comparab1eexpression for two dimensional motion using sma11

atJplitude wave theory mayhe derived from Bq. 3.11.

Simi1ar1y the orbi t amplitude, a, maybe expressed as

a H d z
na = L = ct> a ( L ' L ' L ) (3.13)
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At the bottom of this upper region, i.e. at the top of the boundary

1ayer, the partiele orbits have degenerated into a horizontal motion.

Here the horizontal velocity may be expressed as

= <1>u
B

(3.14)

and from sma11 amplitude theory the comparab1e expression is

T inh 2'ITd
51 L

COS ( 2'ITX 2'ITt )
L - T (3.15)

The amplitude (semi-orbit length) of the bottom motion may be expressed

as

( H Ld)
L '

(3.16)

Sma11 amplitude wave theory yie1ds

a = H/2
B sinh 2'ITd

L
(3.17)

which conforms with Bq. 3.16.

3.3 Boundary Layer

3.3.1 Dimensiona1 Ana1ysis - Within the boundary 1ayer of thickness

o the space co-ordinates are denoted by X, Y and Z as indicated in

Fig. 3.2. Note that Z is measured upward from the bottom. Botmdary

layer veloeities will be denoted by U. At the top of the boundary
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a~ ;:6 Ua ...
~

Ob s Ul,

Fig. 3.2 Nomenclaturefor BoundaryLayer

layer, the particle rnotion nrust conformwith the motion outside the

botmdary layer. Therefore it is possib1e to write

Ua =
UB

= <I> H d x t {f (3.18)
fgi ~

Uó (L'L'L' ,t L)

and

aó aB H d
(3.19)L = L = <I> ( L ' L )aa

Eq. 3.18 allows therefore a transfer of motion from the upper region

to within the boundary 1ayer and simply by imposing the correct

horizontal velocity at the top of the boundary 1ayer, it is possible

to model the botmdary layer separate from the upper region. Thus it

is possib1e to write

A = f ( Ua ' ks ' P , II , X, Y, Z, t ) (3.20)
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where the effect of gravity within the boundary layer is negligible.

In dimensionless form Bq. 3.20 becornes

(3.21)

The concept expressed by Bq. 3.20 is very attractive but rather

useless in practice since u is a function of both x and t.

A conmonexperirnental facili ty used to rodel the boundary layer only

is the oscillating water ttnmel or equivalent equipnent, where a

body of water and a model bottomare displaced relative to each

other. In this case the convective variation of u with x is

not modelled and the total mass of water is movedwith respect to

the bottom as a function of time. A further sirnplification is often

introduced by assuming u to vary sinusoidally with time and

neglecting higher order effects such as mass transport (or introducing

thern separately). In this case

(3.22)

and Bqs. 3.20 and 3.21 become

A = f ( a6, T, ks' p, ~, X, Y, Z, t ) (3.23)

(3.24)

As an example, consider the shear stress. In the general case
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(3.25)

and in the case of the sirnplified (practical) model

,
= cf> r (3.26)

As a further exampleconsider the boundary layer thickness 6 t

which is independent of Z

(3.27)

or in the sirnplified case

(3.28)

It maybe seen that 6 is a function of the horizontal space
,..

co-ordmates and time. Themaximunboundary layer thickness 6 may

therefore be expressed as

ó =U ót
cp "-

6 (3.29)

or in the sirnple case
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k T(2. II )
a '---zo pao

(3.30)

This defini tion of maximum boundary 1ayer thickness is rather useful

and allows rewri ting of the awkwardre1ationship, Eq. 3.21

k X Y ~ !)IIA = cf> (2. _ll_
A A A A ' T
6 PU8° 0 cS 0

(3.31)

If it is unders tood that 0 is a certain defined botmdary

1ayer thickness, e.g. maximum thickness 0, then Eqs. 3.30 and 3.31

maybe written in genera1 as

(3.32)

and

ks ~ X Y Z t
IIA = cf> (0" ' pUoo ' '0 ' '0 ' '0 ' T ) (3.33)

FromEq. 3.32 it maybe seen that 0 is a ftmction only of

relative roughness and viscosity and in the fo11owingsubsections

Eq. 3.32 is comparedwith cornmonexpressions derived elsewhere.

3.3.2 Laminar BoundaryLayer Equations. - For the viscous boundary 1ayer case,

the roughness becomesWlimportant, relative to the viscosity effect,

and therefore as a limiting case, Eq. 3.32 maybe restated as

(3.34)
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From small arnplitude wave theory, using the laminar

dissipation function it may be seen theoretically (4, pp 81-87) that

~
6 -.I JlT
L - V 1Tp (3.35)

where 6L is an expression for the thickness of the laminar boundary

layer. In actual fact if the boundary layer thickness is defined as

the layer where

u ~ 0.99 Uo

then calling this thickness ö~

ö'L 5 5r;;fV;;rp (3.36)

Either case may be shown to conform with Eq. 3.33.

3.3.3 Rough Turbulent Boundary Layer Equations·.- For the rough turbulent

boundary layer case, using Eq. 3.32

(3.37)

From boundary layer theory and experiment, the following

relationships may be obtained. Flow may be classified as rough

turbulent if the bottom roughness elements protrude through the

viscous sublayer to such an extent that the flow is only a function

of form drag on the roughness elements and no longer depends upon

the viscosity within the boundary layer. For unidirectional flow,

Schlichting(S, p 580) states empirically that this occurs when the

roughness Reynolds number

--
\)

> 70 (3.38)
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where v" is the shear velocity

and \) is the kinematic viscosi ty , v./ p

Hydraulically smooth flow is defined to exist when the roughness

elements lie wholly within the viscous sublayer layer, and at the

same time do not deform the top of the viscous sublayer to the

extent of disturbing the main flow. This is explained in detail

by Yalin (17, p. 34)

< 5 (3.39)
v

The range

v"k5 < __ s < 70
y (3.40)

is called the transition regime.

The weIl known expression (5, p 582) for the velocity

distribution, in fully developed hydraulically rough turbulent flow

in one direction, is

u zv" = 2.5 In 30 K
s

z= 5.75 log K + 8.5
s

(3.41)

This expression is approximately applicable to oscillatory motion when

~ .. 0 , i.e. near maxinnJn veloei ty, under a wave crest or through.

A comparison between Eqs. 3.25 and 3.41 indicates that the latter is

a very simplified ferm of Eq. 3.25. At the top of the boundary
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layer, i.e. at Z = 6, Bq. 3.41 becomes

2.5 1n 30~
KS

(3.42)

For short waves the velocity distribution within the boundary

layer is relatively unknawn and Bq. 3.41 certainly is not applicable

throughout the entire wave period. On1y at times when .~ -+ 0,

cou1d it approximate the true velocity distribution re1atively closely.

Unti1 more accurate measurements show evidence to the contrary it

bas been usua1 (9,10,11) to assume the velocity distribution to be

logarithmic as in Bq. 3.41.

The simp1ified form of the boundary layer equations

= _.! ~ + v aZu
p ax azz

may, when neg1ecting the sma11 convective tem, be written as

au = _.! ~ + 1 aTat p ax p az (3.43)

Further it may be stated from sma11 amplitude wave theory that
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and combiningthese equations, the pressure gradient ii = .~ ,

maybe el:i:.mi.natedto give

~t (Uö - U) =

Integration of Bq. 3.44 yields

l' .aT
p az (3.44)

To =p
aät CUó - U) dZ (3.45)

where E is the lower limi t of applicabili ty of the veloci ty
k

distribution. Jonsson 9 performs this integration for E = ~
and arrives at the sameanswer as if E = O. An expression for

CUó - U) , the velocity deficit maybe derived from Eqs. 3.41 and

3.42

ó= 2.5 In Z (3.46)

which is valid in the neighbourhoodof

Substitution of Bq. 3.46 into Bq. 3.45 gives

ö

J a óat (2.5 Vfc In Z ) dZ

o

where E is assuned to be zero. This maybe rewri tten as
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s

2.5 ~t J
o

2.5 .f.r [VA ( - Z ln{ + Z) Ö ]
o

"[

o =
p (3.47)

and this equation is strict1y speaking on1y va1id in the neighbourhood
auof at - O. Substitution of Eq. 3.42 into Eq. 3.47

yie1ds

a 0.4 Uö
= 2. 5 ät (ö ln 30 ö )

1(s

(3.48)

Simp1ifying Eq. 3.22(to be written at a definite va1ue of ö , i.e.
at a definite time) to

a
Uö = est ( -4 )

and substituting into Eq. 3.48 gives an expression which can at best

on1y be eonsidered a gross approximation

a 2
est öTZ = est

T ln 30 ~
s
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or

cst s( In 30 1( )
s

(3.49)

This expression corresponds to the one derived by Jonsson (9, Bq. 4.16)

and conformswith Eq. 3. 3'7, but the numberof simplifying assueptdons

made in this comparisonmust be noted carefu1ly!

The criterion for existence of hydraulically rough turbulent

flow under short waves is stated as follows . The data are very

scant and the thinking behind the representa tion is by no means

complete. Several experimental investigations have been perfonned

and Li (6) states that the flow maybe considered hydraulically rough

when

(3.50)

while i t is smoothfor

ks
< 0.156L (3.51)

To ensure turbulent flow within the boundary layer an

additional critica! condition is usually given and Brebner, Askew

and L,aw(7) indicate that

(3.52)

~
where UcS signifies the maximum value of UcS.
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Kalkanis (11) using Li's equipment expresses approximate agreement

with this equation.

Collins (12) found that on a smooth bottorn laminar flow

conditions exist until

= 160 (3.53)

Kajiura (8) states that for smooth boundaries the flow is laminar

if

< 35 (3.54)

while it is turbulent for

> 920 (3.55)

Using the above equations Fig. 3 has been drawn up outlining

the approxirnate locations of boundary layer flow regimes. These

must be further determined by additional research.
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4 •.. SCALE SELECTION FOR SHORTWAVEMJDELS

4.1 ..Gértétal

Dimensionlessrelationships, such as those written in Chapter 3

are valid for both model and prototype, in fact if the model is

dynamically similar to the prototype all the dimensionless ratios are

identical. The first such ratio in Eq. 3.3 is H/gT2. If model

and prototype values are denoted by subscripts m and p

respectively, then for dynamically dimilar models

.. H( --:z )
gT m

= ( H )
gTZ P

(4.1)

or

Hm
T 2&mm

=
H

IlpT:Z (4.2)

If the scale, n , is defined as the ratio of the prototype

value over the modelvalue in order to obtain convenient integer values,

rather than fractions, for the major scales, then

H
111 = IÇ'

T

~ = /-'m
n = ~
g &m (4.3)

Fran Eq. 4.2 it maybe seen that

(4.4)

Because ng mayusually be approximatedby one, Eq. 4.4 maybe
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simplified as

(4.5)

Eq. 4.5 is therefore one scale law that governs design of a proper

dynamically sirnilarmodel. Using Eqs. 3.3, 3.5 and 3.6 in a similar

fashion, the following scale laws may be derived for short wave

modeIs.

n.. n - n - n = nx = n.. = nz = n--tl = L - d - ks Y (4.6)

where n is the general model scale, which may be freely chosen.

Using the notation of Bq. 3.2, it may be seen that the

d~ension1ess ratios X3 and X4 of Bq. 3.6 both give scale laws

with respect to the wave period T

and (4.7)

Since for practical models n = n = n = I, theseg II P
expressions present two different relations between ~ and ~.

This is a familiar situation. X3 is a Reynolds rumoer while X4

is a Froude number, leading to the weIl known classification of

Reynolds number modeIs, neglecting the effect of g and therefore

of X4 ' and Froude number rnodelsneglecting the effect of viscosity.

The two ratios X3 and X4 are mutually exclusive if "s = np

= n = I and a choice must be made. The choice obviously
II

depends on the relative importanee of viscosity or gravity. As

discussed in Chapter 3, outside the boundary layer in the upper region



viscosity, and therefore X3, becornes'_urifmport_apt._--1;ci.~-!.-6-n!giëèt~--. _
X3 then yields

(4.8)

This is in agreement with Bq. 3.9 which was especially written for the

upper region and where viscosi ty does not appear. Within the boundary

layer, however, X3 is important. But X4 is also important here

because conditions within the boundary layer resul t from the motion

outside the boundary layer. Therefore it does not appear possible to

model both the upper flow and the boundary layer flow simultaneously.

Fortunately there is one exception: the conmoncase of fully

established rough turbulent boundary layer flow. In this case the

viscosity term becomesnegligible throughout the boundary layer and

the upper region causing Bq. 4.8 to be valid for this type of model,

not only outside, but also within the boundary layer.

If viscosi ty is important within the boundary layer, the

problem is more difficult. Onesolution is to model the boundary

layer separately. This means that the orbi tal motion outside the

botmdary layer is modelled correctly as suggested in Eqs. 3.20 to

3.24, thus obviating concern about gravity and consequently about X4 •

4.2 yPper RegionModels

For the upper region the following scale laws maybe derived

from Bqs. 3.7 to 3.9.

n = nz (4.9)



(4.10)

Further from Eqs. 3.10 and 3.13

nu (4.11)

The type of model dealt with in this section is the usua1 two

or three dimensiona1wavemodel, where 1itt1e concern is expressed

about the effects of bottom boundary 1ayers. In this type of model,

often large plan sizes must be modelled in a 1imited laboratory

space. At the sametIme the vertical sca1e must be sma11enough so

that waveheights and bottom contours can be modelled and measured

with sufficient accuracy. This introduces the concept of distortion,

i.e. the plan sca1es are greater than the vertica1 sca1es.

The condition expressed in Eq. 3.1, is very general and under

certain circumstances this condition maybe relaxed in order to a110w

distortion. For instance, a refraction pattern is not affected by

x and y. Thus, for mode1swhere refraction is the major

consideration, nx and ny need not be the sameas nz' the sca1e

that detennines the refraction pattern. In general, for a model

where distortion is acceptab1e Eqs. 4.9 to 4.11 maybe rewritten as

(4.12)

where N is the model distortion
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N =
.nx = (4.13)·nz

Both N and. n maybe freely chosen, which could be coined as two

"degrees of choice". n is nonnally detennined by the laboratory

si ze and the area to be modelled . N is usually a flmction of the

accuracy of field measurementsof depth and waveheight, model

accuracies of the samequantities, minimumdepths required in certain

model areas and maximumslopes that can be used without causing

additiona1 effects such as separation and vortices. It might appear

that this is an easier model to design since there.are two

"degrees of choice". But the model is nowbased on a mmber of

additional trade-offs, necessary in order to achieve this extra

choice. These must be carefully evaluated for each model. As an

examp1econsider a refraction-diffraction model. If two "degrees of

choice", i.e. a distorted model, are insisted upon, the total wave field

consisting of the model diffraction pattem and the model refraction

pattem does not correspond to the prototype wave field. Thus the

effect of this discrepancy nrust be evaluated and, in the light of

this, the "degrees of choice" are detennined - ei ther one

(undistorted), or two (distorted).

4.3 BoundaryLayer Models

In rnanycases the velocities within the boundary layer are

important and must be modelled correctly. Sediment transport models

fall into this category.



4.3.1· RoughTurbulent BoundaryLayer.- If the boundary layer flow

is fully developed rough turbulent in both model and prototype,

viscosity is negligible and Eqs. 4.12 and 4.13 are valid.

FromEqs. 3.21, 3.24 and 3.33 it maybe seen that

= n = nZ (4.14)

while for a distorted model

n = Nny (4.15)

In practice it is often impossible to satisfy ~ = n ,
s

because the modelparticles need to be too smal1 or the modelbottam

too smooth. Usually 11< ~ n. Choosinga different ~ has some
s s

consequenceswhich should be investigated. A different value of

nk will have little influence on the motion in the upper region.
s

In the boundary layer, however, the influence will be feIt. Fram

physical concepts it maytherefore be argued that if ~ r} n
s

(4.16)

while

= n (4.17)

Not modelling ks to scale represents another "degree of

choice" and again constitutes certain further limitations imposedon

the model. The ratio of nk In maybe defined as the bottan
s

. Whena larger roughness is usedroughness distortion Nk
s

(usual case), Nk < 1. To gain someinsight into the consequences
s
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of distorting the bottam roughness the fo11owingapproximation is

made

1n 30 A ~ est (A)1/6 for 2 5 A ~ 100 (4.18)

where A is simp1ythe argunent of the logari thmiè··ftmetion.

Thus Eq. 3.49 maybe expressed as

. aö ( ö ) 1/6
0" ~ est x \ l(

s
(4.19)

whiçh yie1ds

ö ~ est x aö 6/7 ks 1/7 (4.20)

and therefore

- n 6/7 lh 1/7 =nö - . .K
S

n Nk 1/7 < n
s

(4.21)

The boundary 1ayer thiekness is therefore increased as a result of

the Iarger bottom roughness,

It maybe noted that the boundary 1ayer thickness is distorted

by the seventh root of the roughness distortion, Le. the botmdary

1ayer thiekness is not serious1y affected.

For bottom shear Eqs. 3.25 and 3.26 indieate that

(4.22)

This maybe eornparedwith the expression derived by Kajiura (8), who

assumes that the shear stress rnaybe expressed as
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"[ = K au. az

where K is a type of eddy coefficient. He states that in the

outer 1ayer

K = f (Uó ' óL )

yie1ding

= n

which is the same as Bq. 4.22.

For the case of roughness distortion one can on1y re1y on

physica1 equations app1icab1e within the boundary 1ayer. Eq. 3.47

yie1ds

n 1/2 ~ 1/7
s

(4.23)

and therefore

(4.24)

The velocity sca1es may be derived as fo11ows. Using

Eqs. 3.41, 3.42 and 3.46 it may be seen that for ~ = 1
s

nu = nu = nu = n 1/2
s

(4.25)

but in the case of roughness distortion, Eq. 3.42 yie1ds

n 1/6s
-1/6
~s

= n 1/2 (4.26)
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This is as might be expected since UtS =. "a : Eq. 3.41 yie1ds

.. 1/6n . =
~s

n 1/2 ~ -1/42
s

(4.27)

This equation obvious1y does not app1y either very close to the

bottom or at Z = ö. :&lt in any case the correction factor is

smal!. Therefore it maybe stated that

ru ~ n 1/2 (4.28)

In SUJJDary,the model sca1es for fu11y deve.lopedrough turbulent

osci11arory boundary 1ayer flow are

l1i = nL = nd = nz = nz = na = n

nu = ruö
= nt = ILr = n 1/2

ru = n 1/2 ~ -1/42 ~ n 1/2
s

n = n = nx = Ily. = Nnx y

nö ~ 6/7 1/7 = n ~ 1/7n nk
s s

n ~ n ~ 2/7
T S

n ~ n 1/2 ~ 1/7
v. s

(4.29)
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4 .3.2 ..Lálili.1i.át .BoUIidart Later. - In the unusua1 case where the

prototype boundary 1ayer and the model boundary 1ayer are both

1aminar, the viseosi ty eannot be ignored but the bottom roughness

beeomes inmateria1, Eq. 3.34. The boundary 1ayer region must be

modelled separate1y as disCU5sed earlier. Eqs. 3.21, 3.24, 3.25,

3.26 and 3.33 app1y and from these equations, the fo11owing general

sea1e 1aws may be derived.

n~ = na = nx = I1y = nz = n

2 (4.30)nt = "r = n

nu~ = 1-n

n 1= ;1T

The last expression agrees with Ya1in (13, Eq. 4.13)

llU~ 2 t 2 t
TO = est ---0 [sin (~ + E) + eos (+ + E) ]

and with the work of Iwagaki (14)

" ~ 3/2
TC = P H 2v (~)

g~. J.

Note that for this ease, within reasonab1e 1imits, bottom roughness

distortion does not affeet the sealing 1aws.

The separation of the boundary 1ayer region fram the upper

region ean on1y be achieved in an osei11ating water tunnel, or

equivalent equipnent , with the restrietion that eonveetive aeeelerations
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are not modelled. It may be seen from Eq. 4.30 that for laminar

boundary layers the period scale is equal to the model scale squared.

Even for very small model scales, the period scale rnounts rapidly.

This type of model must therefore necessarily have a scale close to

uni.ty , modelling the boundary layer almost at full scal.e , since

physica11y it is impossible to work with too large a period sca1e.

Also a large period scale wou1d resu1t in a turbulent boundary 1ayer

within the model and this is obviously undesirable.

When sealing down a prototype turbulent boundary 1ayer, the

possibi1ity exists that the model boundary 1ayer flow becomes laminar.

Whi1e the prototype Reyno1ds number is in the turbulent range, the

model Reyno1ds number is in the laminar range and therefore viscous

effects cannot be ignored. The boundary 1ayer may be modelled

separate1y as described above. If this is not done, then the period

sca1e is forced to be equa1 to n1/2 by the upper layer flow. This

causes a Reyno1ds nurnbersca1e which may be derived from Bq. 3.24

nR = ~ = n-3/2--z-
n ao

« 1 (4.31)

Thus the Reyno1ds number becomes great1y exaggerated, e.g. if

1n = 25, n R = lli. This is an impossible situation and in fact the

model boundary 1ayer wi11 rernainturbulent. The model results,

however, are open to question. This phenornenon is even enhanced

when ks is not model led to sca1e.

To gain some insight into the effect of rnode11ing a laminar

boundary layer in cornbinationwi th the upper 1ayer flow, suppose that

the model boundary layer, in spite of Eq. 4.31, is 1aminar. Eq. 3.35
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then yields
1/2 1/4n = n... "= n

Ö "T
(4.32)

This indicates that for these conditions the model boundary layer

thickness is greatly exaggerated and approaches the prototype boundary

layer thickness.

The reduction of a turbulent boundary layer to a laminar

range is rather conmon. Bq. 4.31 indicates that the model boundary

layer will likely remain turbulent and this condition is very

difficult to identify and should be avoided or the boundary layer

should be modelled separately.

4.3.3 Boundart "Layer Models of Scale 1. - Several times in the

preceding the oscillating water tunnel or equivalent equipment has

been mentioned. It has been shown that this equipment is a valid

method of reproducing laminar boundary layers. It has also been

shown that these models are operated at n ~ 1. The usefulness of

this equipment goes far beyond laminar boundary layers, however.

The turbulent boundary layer can also be modelled to almost prototype

scale. This circumvents the problem of roughness distortion and

facilitates measurement within the boundary layer. For mobile bed

models to be discussed later prototype material may be used. The

disadvantage of this type of equipment is that convective

accelerations are not modelled.
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5. IqJATIONS FOR LONG WAVES AND UNIDIRECI'IONAL 'FLOW

5.1 "DimértSiónál Anàlysis

For long waves it is only necessary to consider the boundary

layer region since the boundary layer occupies the whole depth of the

flow. Therefore

A = f ( 11, T, a, ,ks ,p, 1.I, g, X, Y, Z, t ) (5.1)

which maybe written in dirnensionless form as

k ~)_ s 1.I U X Y ZTrA - CPA {T !,a ' pua' (gd , a ' cr ' ëT ' t ! (5.2)

Because the flow in both model and prototype is almost always rough

turbulent (ensured in the design of such a model), 'ftt~Reynolds

numbereffect is negligible and

(5.3)

5. 2 Eguatións

Egs. 3.38 and 3.41 maybe considered valid, i.e.

v.ks > 70 (3.38)'\)

and

U Z= 2.5 In 30 K
v." S

(3.41)
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For lang waves and unidirectional flow it is usually eaSier to deal

with average velocities over the vertical (not time average)

d
'U

~ Jo
( 2.5 In 30 Z dZ= K)vfr s

2.5 ks Z Z Z d
= 30 d [ 30 K In 30 lÇ - 30 lÇ ]

s 0

2.5 ( In 30 d= K - 1 )
s

U 2.5 In 11 d
(5.4)= Kvfr s

This equation may be wri tten in tenns of the Chezy friction

coefficient (C) and the Darcy Weisbach friction factor (f) as

2.5 In 11 d
~

(5.5)

Shear stress may be computed using the equation of motion

au +l~ = _.!. ~ + \) alosr -ax p ax äZZ (5.6)

In the case of long waves and tmidirectional flow

1 ~ ::= _ gS
p ax (5.7)

Where S is the slope of the free surface. Neglecting convective

inertia , Eq. 5.6 may therefore be rewri tten as
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au = ...gS + l aT
at· p ä! (5.8)

Integration maybe performed on Bq, 5.8 to yield

d
Ce: (. ·~tJ en + gS) dZ (5.9)

= a fdat
e:

UdZ + gS Jd dZ
e:

Assuning e::::: 0 this yields

aäf (Ud) + gSd (5.10)

+ gSd (5.11)

It may be seen tbat the shear stress bas two components; one resulting

from the velocity and one resulting from the slope of the water

surface.
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6. SCALF. SELECfION FOR LONG WAVES

For long waves, the vertical accelerations are negligible.

Another statement which means the same is that the boundary layer

occupies the entire depth of the water, or

6 == d (6.1)

Assuming rough turbulent flow in both the model and the

prototype (always assured in the design of such a model) and assuning

that the model is distorted by a distortion N (almost always a

necessi ty in order to model miles of plan and feet of depth

simultaneously)

= n (6.2)

while

~ = Ily = Nn (6.3)

Since it is absolutely essential to model the length of the

long wave correctly in plan, evg , water level elevations in a tide

or flood'rnodel must be geographically correct,

(6.4)

This represents the crucial difference between long wave and short

wave modeIs. Jbwever, accepting this "degree of choice" means that

Eq. 5.3 is no longer satisfied cornpletely, since this equation assumes

no distortion.



The Froude criterion must still be satisfied and therefore

but the time sca1e and therefore the period sca1e must be derived

from
dXdU = at

and therefore

Using Bq. 5.4 and assuming that

In 11 A ~ est A1/8 for 10 < A < 100,000

it is possib1e to write

n 1/8

ntJ = ~" (n: )
s

and ~s and nv" are therefore re1ated by

n1/2 ~ 1/8
s

or

From the expression for shear, Bq. 5.11, it may be seen that

for S = 0

37

(6. S)

(6.6)

(6.7)

(6.8)

(6.9)

(6.10)
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2 IV* nd n 1/8
d

IY*
...

-1/8nt nk
s

or

IYfc = n1/2 N-1 Nk -1/8 (6.11)
s

Thus for. proper modelling of the shear Eq. 6.11 and Eq. 6.9 lead to

n1/2 Nk 1/8 = n1/2 N-1 Nk -1/8
s s

or

1=
~

(6.12)

For the case of zero velocity Eq. 5.11 yie1ds

nVfc (6.13)

and the required bottom roughness distortion may be derived as

n1/2 Nk 1/8 = n1/2 N-1/2
s

or
1=
~

which is the same as eq. 6.12.

Substitution of Eq. 6.12 into Eq. 6.10 yie1ds

(6.14)

.'.
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a necessary condition for the velocities and current patterris to be

modelled correctly.

Fram Bq. 6.12 it is also possible to define the bottem roughness

scales required. Using Eqs. 5.5 and 6.7

= Nk -1/8 = Nl/2 and =ne nf
s

-1N (6.15)

The first expression is identical to the ones derived by Bijker (15,V~-1)

and Yalin (1, p 119).

In a distorted model, all slopes are magnified by the

distortion N , i.e.

(6.16)

where S is the surface slope. This causes all velocities to be

exaggerated and in order to maintain Bq. 6.5 a very large value of

shear DDlSt be introduced. This may be seen when cornparing Bq. 6.14

wi th Bq. 4.24, i •e. the shear for a long wave model is approximately

N times the shear for a short wave model.

This requirement for additional shear may be satisfied either

by using additional bottem roughness , or by introducing roughness in

the form of vertical strips or rods. In any case, with a view to the

subsequent discussion on sediment transport it is important to

.distinguish between actual bottom shear and the "shear" introduced

by additional vertical roughness elements.

If roughness strips or rods are used in order to satisfy

Bqs. 6.14 and 6.15, the drag on each roughness element may be
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expressed as

Fn = ~pA Û 2em

where the subscript m refers to the model, where ~ is a drag

coefficient which is a function of the shape of the roughness

elements and where A is the cross sectional area of a roughness

element facing the flow. If the spacing of the elernents is s ,

then each causes a "shear"

pA,Ü 2
= ~ e'm7

To satisfy Bq. 6.14, ignoring for the moment all bottam shear,

Therefore

Aè Vil 2
= ~ (U- )s2 c..

P
(6.17)

where the subscript prefers to the prototype.

Using Bq. 5.5 this may be related to the roughness coefficients

as

N .f
= ~ I- (6.18)
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Bq. 6.18 may be used as a first estimate of necessary

additional roughness required in the model. It is evident that

Bq. 6.18 assumes that the bottam shear is negligible with respect

to the additional roughness introduced and therefore Bq. 6.18 wi1l

give an overestimate of the number of roughness elements required.

In any case to cornpute the additional roughness, whether bottorn

roughness (Bq. 6.12) or vertical roughness elements, Bq. 6.18 may

be used. This value of additional roughness , needs considerable

ad)ustment during the calibration stage of the model study.

If roughness strips er rods are used, what value nrust be

assigned to v* and T where it is understood that these va lues

apply to bottom shear only? If it is assimed that the extra

roughness elements do not interfere with what is basically a

logarithmic velocity profile in the model, caused by actua1 bottam

roughness, then Bqs. 6.9 and 6.10 may be used inferring that

= nl/2 Nk 1/8 and
s

= N 1/4nT n k
s

(6.19)

where v* ,T and Nks refer to actual bottom shear and roughness

distortion.

In sunmary then it may be said that for long wave and

unidirectional flow models under fully deve10ped rough turbulent

flow conditions

nd = nZ = n

nx = Dy = nL = Nn (6.20)

nti = nu = 1/2n
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nt = IT = Nn1/Z

N -4= N
ks

-1 (6.20)nT = nN

~ = N1/2 (cont'd)

-1nf = N

-1
nS = N

These equations app1y when all roughness is supplied at the bottom.

If vertical roughness elements are used Nk is a "degree of choice"
s

and not equal to N-4. In this case

nc = N1/2

-1 (6.21)nf = N

n = n ~ 1/4
T s
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7. . C<MBINING'SOORT WAVES, LONG WAVES ANI) UNIDIRECTIONAL .FLOW
;

At times a single model is required to solve problerns related

to short waves, long waves and wlidirectional flow. For this type of

model, the flow must necessarily be rough turbulent.

It is assumed that the vertica1 scale is synonymous with the

general sca1e n. For short waves Bq. 4.29 gives the required

mode11ing 1aws while for long waves and wlidirectiona1 flow Bqs. 6.20

and 6.21 may be used.

If the two types of waves and the wlidirectiona1 flow are

combined, the fo1lowing scales are self evident from Bqs. 4.29 and

6.20.

~ = nd = nz = nZ = na = n

nx = n = nx = Ily = Nn (7.1)y

~ =
ruö

= Jl.nti = Jl.llu :::
sru = n1/2

The extra subscript JI. refers to long waves and unidirectional flow

while the s refers to short waves.

!Wo sca1es of wave length are found

n = ns L (7.2)

as weIl as two time sca1es

= s~ = Nn1/2 (7.3)
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To model the long wave correctly using bottem rouglmess only

-4= N (7.4)

Since there is no sirnilarroughness requirement for the short wave
. (18)

model (a conclusion reached by Le Mehauté also) this value of

bottem roughness could be used in a combined model. This means that

1/7 -4/7= n N = nN
R, ks (7.5)

i.e sn~ is greater than the geometrically similar sno by a

factor N4/7• Thus it would appear that in those parts of the model

where wave action is of prime importance the larger bottom roughness

required by the long wave condition would distort the wave model boundary

layer thickness excessively.

Therefore vertical roughness elements nrustbe used. The wave

botmdary layer thickness win then be nruch closer to nonnal, but it

must be kept in mind that diffraction takes place around each of these

bars. This solution is to be preferred, however, since the rouglmess

element dimensions are usually very small compared to the wave

dimensions • For this case it is possible to use Eq. 6.21, where

~s is the same for long waves and short waves. This leads to

= N 2/7n k
s

and = n ~1/4
s

(7.6)

To achieve the correct wave-current interaction these two shear

stress scales must obviously be the same and it may be seen that for
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smal1 values of Nk the difference between the two shear stress
s

scales is small and within the range of apprax:iJnations taken in

Eqs. 4.18 and 6.7.

Other scales obtained from Eqs. 4.29, 6.20 and 6.21 are

n = n N.l/7s Ö -"ks (7.7)

and

(7.8)

The last scales are a result of the analysis for long waves or

tmidirectional current. Bijker (15), however, correctly points out

that Bq. 7.8 is a necessary condition in three dimensianal models

of purely short waves, because of the presence of wave generated

currents.
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8 •.. BpATIONS FORA ·M)BI~ :BED

Sediment transport a10ng the bottam rnaybe described by the

f 11 " Y I" (1,eb..6)o ow1ng parameters, a 1n . ,

(8.1)

where ~ and pare the fluid density and viscosity, D and Ps

are the partiele diameter and density, g is the acceleration due to

gravity , R. is a typica1 length and vft is the shear veloei ty

= "To/p" TC being the shear stress at the bed.

Because gravity affects the systernen1y through subrnergedtmit

weight it is comrnon to use Ps - p instead of ps. Alse

(8.2)

rnaybe substituted for g. This results in the fol1owing

dimension1ess relationship

p -p-s
p

!.)
D (8.3)

The first two dimensionless variables are the X and Y axes of the

Shields diamgram, shown in Fig. 4, grain size Reyno1ds Number and the

Shields parameter.
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FlGURE 4 SHIELDS DIAGRAM

For unidirectional flow, Yalin' (1,Ch.6) has discussed the

values of v* and how the bottom shear is a combination of several

cornponents. If the bed form is flat, v* is readily determined and

easily varied in a definable fashion since

(8.4)

where R is the hydraulic radius of the flow and S the slope of

the water surface. If bed forms are present

(8.5)

where
~s

is the slope caused by the friction on the actual grains
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and Sf is the slope caused by the bed.fonn. ExperiJnentally the

following two expressions have been derived

~s =
. F

(8.6)d 2(2.5 In 11 K )
s

(8.7)

where F is the Froude ntunber of the flow

Bq. 8.6 may be derived directly from Bq. 5.5. Bq. 8.7 may be found

in Yalin (1,p167).

Under waves y* is not an easy variabIe to use and it would

be convenient if Bq. 8.3 could be rewritten as

(8.8)

Even for long waves and unidirectional current a more convenient

form of Bq. 8.3 would be

~ ) (8.9)
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Both .ao and U0 are funct or c: of other variables as

indicated· in Eqs. 3.13 and 3.14 and therefore Bq. 8.8 is a short form

for more extensive equations involving the wave parameters

H, T, L, x, y, zandt.
-

The use of Uö and U instead of vA is justified when

Eqs. 8.8 and 8.9 are to be used for deriving model scales, as long

as

and (8.10)

Using Eqs. 4.23 and 4.26 it may be seen that

= n N -1/7
s VA ks

(8.11)

which indicates that substitution of Uo for VA in Eq. 8.3 is

not unreasonab1e. For long waves and unidirectional current, Eqs.

6.5 and 6.19 yield

(8.12)

indicating again that the approximation is reasonabIe, as long as

vertical roughness elements are used to keep nu = nl/2 If all

roughness is bottom roughness

ru = ~A N1/2 (8.13)

in which case U cannot be substituted for VA •
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9. SCALE SELECT ION FOR SIDRT WAVEK>DELS wrm A K>BlLE BED

9.1 General

In order to modelthe botmdary layer and the wavemotion both

simultaneously and correctly, it was seen that the botmdary layer

motionDUlStbe fully developedrough turbulent in case of the

prototype as weIl as the model.

Yalin (1,p224) bas demonstratedthat for proper sediment

transport sealing vA should be used rather than U~ and U as

suggested in Chapter 8. The following modelscales maybe derived

fromEq. 8.3, using a~ as the typical length for modelsof short

wavesand assuming nv = np = 1

nu = (9.1)

(9.2)

np -ps
= n = 1p (9.3)

(9.4)
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Eqs. 9.1 and 9.2 ensure that both model and prototype fall

on the samepoint on the Shields diagram. Va1embois(21) canbines

these into

Eq. 9.3 states that the density scales for the fluid and the

submergedsed:iJnentmust be the same. Since np is usually equal

to unity, this leaves the impression that the only proper mdel

material is the material found in the prototype, a very restricting

concept. But Yalin (l,p162) states that this is only of importance

whenconsidering the motion of individual grains. Whenmass

movementof bed form an.d dis charge of material is of interest, this

very stringent scale law can be relaxed.

If the mobile bed is flat, Le. without bed fonns such as

ripp1es, then from Eq. 4. 23 i t maybe seen that Eqs. 9.1 and 9. 2

become

nu = n-1/2 Nk -1/7
s

(9. S)

n = n3/2 Nk 3/7
Ys s

(9.6)
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In most sediment transport models the bed is not flat. For

this case, assumptionsDUJStbe madeas to the relative influence of

grain size roughness and bed ferm roughness. The grain size rouglmess

appears in all expressions of veloci ty distribution used 50 far.

Is i t possible to replace this simply by the total roughness or DDJSt

i t be assumedthat the boundary layer follows the bed form 50 that

the velocity distribution remains a function of grain size roughness

only? If the latter assumption is made, Eqs. 9.5 and 9.6 apply as

they are written. If the assumptdon is madethat the bed fom

roughness is responsibie for the boundary layer velocity distribution,

then

nu = n-I/2Nk-I/7 (9.7)

(9.8)

where ~ refers to the total roughness, bed form and grain size

combined. Both assumptions are incorrect and the preference for

either one or the other depends to a great extent on the nature of

the bed form. For long ripples or dunes Eqs. 9.5 and 9.6 'WOuldbe

more applicable, whereas for short ripples of small height perhaps

Eqs. 9.7 and 9.8 should be used. In the following Eqs. 9.5 and 9.6

using Nk will be called Assunption I and Eqs. 9.7 and 9.8 using
5

Nk will be called Assumption11.

It is weIl known from observations for unidirectional flow
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with rippled beds tbat the sediment movementis not related to the

total bed shear but only to a portion of it. Bijleer (15) and others

introduce here a ripple factor, a , 50 tbat

T' = aT (9.9)

where T' is the effective shear stress, i.e. the shear stress

tbat moves the sediment. In howfar this a:pplies to the ripples

under waves remains to be seen and in any case, it is unlileely that

the other properties such as growth of bed form, bed form

dimensions, etc. are dependent on the same a. Furthenoore, i t

is found that in most cases na:: 1. Therefore the ripple factor

bas only a small effect on the scaling problem and this approach

becomessynonymousto Assunption I I.

WhenBqs. 9.4, 9.5 or 9.7 are examined, there appears to be

a conflict in the value of "n : Since n > 1 Eq. 9.4 results in

"n < 1 while Bq. 9.5 and 9.7 yields ~ > 1. This is a conflict

which nrust be resolved for all mobile bed modeIs.

9.2 Large Grain Sizes

Oneobvious solution occurs whenthe grain size Reynolds

rumber both in model and prototype is in the turbulent range. From

the Shields diagram it maybe inferred that this occurs approximately

when

·vaD > 100
v

For this case the grain size Reynoldsnunber effect can be neglected



and Eqs. 4.29.,',9.2 and ,9.•4 yield

= n
(9.10)

2
= IV.

-Jln
.. n.~ 2/7

= =n
~2/7

where i t is understood that ~ refers to total roughness or grain

size roughness, depending on the assumptäonmade. If ~s is used

(A$sumptionI) the problembecomesrelatively simpIe. Since ks

varies with n, ~ is likely very close to unity . Thus
s

(9.11)

and the resulting model bed consists of prototype sand material, but

of mich smaller grain size. If ~ is used, however, (Assunption!I)

the problem is more complex. ~ is a ftmction of the grain size

diameter, detennined by Bq. 9.9 and the modelwave conditions which

cause the bed form. At present little is known about the variation

of bed form belowwaves and research is underwayat Queen's

University to detennine this. It is very likely that ~ is a

funct ion of n ,which meansthat an iterative procedure mayneedYs
to be followed in order to select the correct n even af ter

Ys
expressions for Nk have been determined experimentally.

s
Preliminary test results indicate that both ripple height ~

and ripple length A are functions of

of Y . Thus if Bq. 9.9 is satisfied,s

prdmarä.Iy, with S0Jlle -effect

could still have
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a value close to one, as long as ar/D does not change a great

deal within the model and prototype (see discussion in next section).

Therefore ripple sizes scale down approximately by the model scale

and Eq. 9.11 is valid. In this case Eq. 9.3 is also satisfied and

both mass movement and movement of individual grains are modelled

correctly.

There are obvious lower limits to this type of model. Problems

arise when the model boundary layer becomes smooth and laminar. Also,

when sand size particles are modelled by clay size particles the

condition in Bq. 9.9 must be dropped. This leaves the physical

restriction that

~ < n

and therefore

resulting in a situation similar to the one described more extensively

in the next section.

9.3 Smaller Grain Sizes

In most cases the flow around the individual grains is not

turbulent and an assumption must be made as to the relative

importance of Eqs. 9.1 and 9.4. If Eq. 9.4 is considered to be

more important, then one quickly arrives at the situation that Dm
becomes too small, as described above. This leads directly to the

obvious choice. Since it is almost impossible to satisfy Eq. 9.4,

especially for the smaller grain sizes, Eq. 9.1 must be considered,

leaving the misrepresentation of Bq. 9.4 to scale effect, where
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sca1e effect is defined as inaccuracies resulting direct1y fram

not adhering to certain sca1e 1aws.

As an exarnp1e the tota1 bed roughness k , may be considered

since it inf1uences the va1ue of ~ which, under Assumption 11,

rnaybe used eventua11y for sca1e se1ection. This is a prob1em

present1y under investigation at Queen's University.

(9.12)

Satisfying the sca1e 1aws of Bqs. 9.1 and 9.2 and recognizing that

for mass motion Bq. 9.3 need not be considered, it may be stated in

very simp1ified terms that

(9.13)

for Assumption I, whi1e for Assimpt ion I I

(9.14)

Here ~ is the sca1e effect wi th respect to k, resu1ting from

Bq. 9.4 not being satisfied.

Ya1in (1,p226) and present research at Queen's University

indicate that in mode1s ripp1e height and 1ength are indeed functions

of ~ê and that therefore ~ must a1so be a function of this

parameter (1,p227) But aö is a1so a function of water depth and
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therefore in a single model there are many values of ~, each

corresponding to a different depth. Yalin states that one can only

design for one value of rn but the use of a single value of ~ is

rather dangerous since this rneansthat the model is designed for one

distortion of roughness with respect to n. The factor ~ must

therefore be thoroughly investigated and that is the reason for the

present workcarried out at Queen's University to cometo a more

fundarnentalunderstanding of this matter.

If AssurnptionII is madethe scale effect ~ is fotmd back

in other scale relationships whi.chinclude
~( .

For instanee Bq. 4.29 yields

nL = N 2/7 = n5/8 Il'kl/4n k

(9.15)

nö = n ~1/7 = n13/l6 Il'k1/8

and using Eqs. 9.7 and 9.8 it maybe seen that

1nn = n5716~ 1/8

(9.16)

n = 15/16 3/8
Ys n ~

The smaller powers of ~ indicate that the influence of the scale

effect is not very serious for nö and lln' but the actual value of

~ can conceivably be quite large since for small waves 6 and A
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are direct functions of ao/D, whi1e for prototype waves this

re1ationship maybe decoup1edand 6 and A maybe independent of

aö/D .

For AsstnnptionI the cornparab1eequations are the ones used

earl ier

nT = n ~ 2/7
s

nö = n ~ 1/7
s

11n = n-1/2 N -117
ks

n = n3/2 ~ 317
Ys s

(4.24)

(4.21)

(9.5)

(9.6)

The sediment transport sca1e mayalso be deri ved and i t may be

seen that

(9.19)

where q is the volune of material transported per tmit width, per

unit time. This, by analogy to Bqs. 9.12 to 9.14, maybe expressed

as

(9.20)

Thus if Bq. 9.4 is not satisfied the sediment transport sca1e is not

equa1 to one. A1so m is again a function of depth and thereforeq
nq is not constant throughout the model. Bijker and Svasek(16,p4)

c1ear1y state that it is of the utmost importance that tbe sediment
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transport sca1e be constant throughout the model and that model

design shou1d take this into account (I6,p8). Again it is only

possib1e to design for a single va1ue of ~ and the proper choice

is of extreme importance and worthy of additiona1 study.

It must furthermore be noted that the model distortion which

constituted a degree of choice for fixed bed mode1sDUJStnowbe

chosen more carefully. Since many models invo1ve beaches, the JOOde1

equilibrium slope must correspond to the prototype equilibrium slope

so that they are both subjected to the same condätdons, If the

equilibrium beach slope is denoted by a then the above candition

maybe stated as

N = -1
l\) (9.21)

The actual physica1 meaningof a, for instance, what portion

of the equilibrium beach is to be used, as weU as the feasibi1ity

of using an equation simi1ar to Bq. 9.21 at all, are at present a1so

under investigation at Queen's UDiversity.

9. 4 Sulllnary

The sca1e relationships for short wavemode1swith a mobile bed

are as follows :

~ = nL = nd = nz = I1z = na = na = n
Ö

~ = IUö = nt = Dor = n1/2
(9.22)

nx = Dy = nx = ny = Nn

N -1= na



For models with large grain size Reynolds number

~ = n

n = l\ 2/7
Ys s

or ll.y Ol l\2/7
s

(9.23)

If 1\s or ~ are near unity

(9.24)

However, these rnodels quickly becomephysically impossible forcing

"n < n . For the JOOreusual models with grain size R.eynoldsnunbers

below the fully turbulent range,

-1/2 -1/7 = -5/16 -1/8
~ = n ~ or ~ n ~

s

n = n3/2 N 3/7 or ll.y Ol n1S/16 ~3/8
Ys ks 5

t;c = ~ n-l/2 Nkl/7. or t;c = 7/8 -5/16
~ n

5 (9.25)

n = n ~ 2/7 or n"[ .. n5/8 ~1/4
r s

nIS = n ~ 1/7 or nIS = n13/l6 ~1/8
s
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In each case the first expression is va1id if Assumption I is made

while the second expression rcfers to Assumption 11.

9.5 Substitutións for Va

As noted in the previous chapter , VA is a difficu1 t quant ity

to work with and although VA has been convenient1y e1iminated

from the sca1ing prob1em, the actual experimentation with the model

still depends on the measurement of VA as expressed in Eq. 8.3.

Eq. 8.11 indicates that for short waves, substitution of U~ for VA

is not an unreasonab1e approximation and therefore Eq. 8.8 may be

used as an approximation of Eq. 8.3. Further if the wave motion is

sinusoidal , Bq. 8.8 IMy be sirnplified to

= ep's (9.26)

and since for sinusoidal motion

Uè = est

= ep"s (9.27)

It must be recognized that the above dimensionless quantities are

not entirely constant, for instance:

~l =
n= -1/2
n

1 = N. -1/7
-"ks (9.28)
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or
n 3/16 -1/8= n '\: (9.29)= 1/2 5716 1/8n n 1'1<

9.6 Distortion of N

At times it is suggested in the literature, e.g. Goddet and

Jaffry (20) that the wave height can be distorted to force proper

sediment transport conditions by waves, i.e.

~ = ~n (9.30)

since an increase in wave height has 1itt1e influence on the wave

refraction patterns. Tt nrusthe borne in mind, however, that the

position of the breaker is inf1uenced by this distortion and

therefore the effects on the model resu1ts of this "degree of

choice" must be stUdied carefu11y. Goddet and Jaffry (20) suggest

that

NH = N 1/4 (9.31)

is permissib1e.
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10. SCALE SELECTION FOR LONGWAVEAND UNIDIRECfIONAL FLOW
mDELS WITH MJBILE·BED

For long waves and unidirectional flow simi1ar reasoning may

be used as in Chapter 9. Using Bq, 8.3 and using the water depth d

as a typical length, Eqs. 9.1, 9.2 and 9.3 are valid while

Eq . 9.4 becomes

(10.1)

Again, if the mobile bed is flat, i.e. without any bed form v.

in Eqs. 9.1 and 9.2 is as expressed in Eq. 6.14 and these equations

may be rewritten as

(10.2)

(10.3)

Eqs. 10.2 and 10.3 are identical to those derived by Le Mehauté (18,pl09l)

for both short wave and long wave and tmidirectional modeis! When

Eqs. 10.2 and 10.3 are multiplied together, Goddet and Jaffry's (20)

expression may be derived as weIl as Bijker's expression (15,V3-3)

assuming na ' the ripp1e factor scale, to approxirnate one. It must

be recognized that model distortion introduces a requirement for

additional roughness. Eqs. 10.2 and 10.3 presuppose that all this

additional roughness is added in the form of bottom roughness. Also,

once again, there is a conflict between Eqs. 10.1 and 10.2 with

respect to ~. Bq. 10.2 is the basis for a common expression for

model distortion developed by Yalin (1,p235) Fram experiment it has

been found that
1/5

C _ (.d)
D

(10.4)
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Using Eqs. 6.15 and 10.2 it is possible to derive

N = nl/2 (10.5)

or
"~ 3/2

nX - """~"" (10.6)

Yalin (1,p236) has plotted values for model studies performed at

Wallingford which substantiate Eq. 10.6. It may be noted in passing

that Eq. 10.6 may be derived from Lacey t s regime equations. These

equations are based on erodible channels in"an identical soil medium

where the smaller channels form ''modeIs''of the larger channels.

Le Mehauté (18) calls this the natural distortion and states it is

only valid when prototype material is used in the model, Le. when

~ and ny in Eqs. 10.2 and 10.3 are equal to unity. The above

developrnent, however, indicates that this distortion can be generally

accepted for all long wave modeIs.

Most sediment transport problems do not present a flat bed. In

this case, if the model is distorted, additional roughness may be

added in the fonn of vertical roughness elements. TItusthe total

model roughness is the sum of grain size roughness, bed fonn roughness

and artificial roughness, i.e.

(10.7)

The use of vertical roughness elements in sediment transport

models may be open to question. Roughness strips will cause

substantial scour in their inmediate vicini ty and also, roughness

strips must be present in the original bottom before eros ion has taken
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place. It is feIt, however, that the addition of bottom rouglmess

causes unacceptable conditions since the additional roughness will

alter the bed forming process and causes exaggerated wave bottom

boundary layers. The additional vertical roughness must

undoubtedly consist of a close grid of small elements in order to

bring the local scour problems to a min~.

The shear acting on the bottom particles and causing sediment

movement surely excludes the artificial roughness. Therefore it is

a function of the actual bottom roughness distortion Nk or Nk
s

dependiJilgon whether AsstlllptionI or II is used. Bqs ; 9~1'(9~2'and 6.21

give
-1/2 -1/8

nn = n ~
s

ny = n3/2 ~3/8
s s

(10.8)

or = n3/2 ~3/8
l)-s (10.9)

in addition to Bqs. 9.3 and 10.1. As before, if Bq. 10.1 is ignored

(10.11)

where ~ is the scale effect. Once again it is only possible to

design a model for a single value of ~ , while in fact ~ is a

function of the variation in the water depth d. Again the left

hand equations refer to Assumption I while the right hand ones refer

to Assumption 11. For the latter assumption, the determination of

~ is rather difficult.

Some indication as to the value of ~ may be obtained from
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using Eqs. 8.6 and 8.7. It bas been assuned that Bq. 8.6 app1ies to

both model and prototype, therefore it is not unreasonab1e to

assune that Bq. 8.7 app1ies to both a1so. This means that

It: - 1 (10.12)n~ = 2 -
(~ ) 1/4s n In 11 }-

s
s

But T = pgRS

l1c 1/4
1/4

Therefore n (6 ~ nd = s nd = n~ (10.13)Tk 1/4
s s nd s

which is the same as Eq. 6.10.

In a simi1ar fashion

2 2

nS =
nl1

'F =
nl1

f nAnd nAnd

1eading to 2
n

nl1
e:

Tf nA

(10.14)

(10.15)

Yalin (17,p232) indicates that A is a function of d and independent

of D , i.e. ks' while ~ depends s1ight1y on excess shear but may

be approximated as a constant for model and prototype with considerab1e

sediment transport. Thus

= n (10.17)
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i.e. the bed form shear sca]es down with the mode] seale. Purther,

if A is independent of grain size, its value wi1l not be affected

by neg1ecting Eq. 10.1. Therefore mA wi11 be unity. If ~

is approximate1y constant and a function of excess shear, it wi11

not be great1y affected by Bq. 10.1 and tberefore ,.~/A)is unity.

This wou1d tend to indicate that lI'k wou1d be close to one, where
f

~ is the sca1e effect on the bed form. Since the bed form is
f

usua11y considerab1y 1arger than tbe grain size and under Assumption 11

it is the combined effect that causes tbe velocity profile it may he

said that lI'k is close to unity causing

(10.18)

\: ~ n-4/3 (10.19)

A more careful study of this phenamenon is certainly warranted.

The sca1e effect of Bq, 10.11 may be substituted into Eqs. 6.19,

10.8 and 10.9 to give

nor = n \:1/4
s

-1/2 -1/8
nn = n \:

s

n = n3/2 \:3/8
Ys s

or (10.20)

or ~ = n-1/3 1I'k-1/9 (10.21)

or n = n ~ 1/3
Ys

(10.22)

and comparab1e expressions for lI'k = 1 may be deduced from

Eq. 10.20 to 10.22.
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In parallel to Eqs. 9.19and 9.20 the scale for sediment

transport is

In Sl,Dl'lnary, the scale relationships governing long waveand

unidirectional flow mobile bed models maybe written as

nd .. llz .. n

nx .. ny ..
~

.. Nn

IlJ .. t;, .. nl/2
(10.23)

nt = n,. = Nnl/2

"c = Nl/2

-1nf = % = N

while whenvertical roughness elements are used

n .. n N.l/4T ·-.ks (10.24)

Dependingon whether Asstlllption I or 11 is used (right or left hand

equations below respectively)

~ = n-l/2 Nk-1/8
s

or Do .. n-l/3 ~-1/9

or n .. nm.1/3
Ys K

(10.25)
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nx = ~n-1/2 Nk1/8
s

or

= n N_1/4nT --Ic
s

or (10.25)
(cont'd)

n • mq q

Again, inherent in the above derivation tmder AsslIIIption 11 is the

assimptdon that na = 1 , i.e. the ripp1e factor in the J'lWJde1

approaches that in the prototype.
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11. MOBILE BED K>DELS FOR mmINED SfDRT WAVE,
LOM; WAVE ANI) UNIDIRECI'IONAL FLOW

Fromthe foregoing discussion it appears that to combineshort

waveswith the other two, vertical additional roughness elements are

necessary in distorted modeis. In previous studies Bijker (IS),

Goddet and Jaffry (20 and Le Mêhauté (18) inherently assume tbat all

the shear necessary for the long wavemodelportion is supplied on

the bottem, hence their scale relationships are variations of

(6.14)

(10.2)

(10.3)

This results, however, in an undue distortion of the short wave

boundary layer

(7.6)

Bijker (15) has perfonned his experiments without additional

roughness, This is the methodused for JOOstwave-current modeIs.

For this case he correctly suggests that in order to achieve th~

correct wave-current interaction , the long wave0:: tmidirectio:':".ii:'ll

current velocities must be exaggerated. Thebottom shear stress -s ,

resul ting fromwaves and currents , rust be the same, i. e.
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n = n
5 V. 1v. (11.1)

This means fram Eqs. 4.23,4.26, S.S and 6.1S

_ 1/7 _ Il[j
sIY. - ~15 \:5 - nc =

Il[j
.jl/2 =

or

n- = N1/2 ~ 1/7
U ·"ks nu<5 (11.2)

Bijker's relation (15-V3-2) is slight1y more simp1ified

I1J = N1/2 nu (11.3)s
This is also the re1ationship derived by Goddet and Jaffry (20).

The following sca1e relatianships may be deduced fram Eqs. 9.22

and 9.25, and 10.23 to 10.25

nH = nd = nz = nZ = na = na = n
s

Il:x = l)r = r..x = Ny = Nn

N
nx

~ nx Ily -1= = = = = nenz nz nZ nZ

n = n. -
5 U 5 UtS - (11.4)

= n = Nn
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snt = s"T = 1/2
lnt = 1~' • Nn1/2n

I1; = N 1/2 (11.4)

(cont'd)
-1nf = ~ = N

These scales are based on the assumption that additional

roughness is supp1ied to cause

n = N1/2
C

If no additiona1 roughness is supp1ied, U JIIlSt be exaggerated with

respect to Ua as out1ined in Eq. 11.3.

For Assllllption I, i. e. velocity distribution is a functäon of

gram size

= -1/2 -1/7
s~ n ~

s

snys = n3/2 ~3/7
s

snk = ~ n-1/2 l\-1/7
s s

SnT = n l\2/7
s

snö = n ~1/7
s

n = ms q s q

11- • n-1/2 NL -1/8
t lJ -".I<s

• n3/2 ~3/8
s

(11.5)

1~ • 1~ n-1/2 Nk-1/8
s
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For Assumption TJ, i.e. velocity distrihution is a function of

thc bed form and grain sizc

s~ = n-5/16 -1/8
s~

n = n15/16 s~3/8
5 y

5

s~ = 7/8 -5/16
s~ n

SnT = n5/8 s~1/4

snó = n13/16 ~1/8

snq = m
5 q

R,lln = -1/3 -1/9
n ~

R,n = n~1/3
Ys

R,~ = m8/9 n-l/3 (11.6)

R,nT= n2/3 ~2/9

It mayhe seen that a1though Eqs. 11.5 and 11.6 give slightly different

scales, the short wave and long wave scales are qui te close and

relatively similar 50 that if either one is chosen, the other will

not he very wrong, as long as the additiona1 roughness is supplied hy

vertical roughness elements.
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. ·12~. TIME

The question of time scales is complexand for a complicated

rodel study the time scales for sediment transport are detennined

by observation of the model. An attenq>t will he madein this

chapter to outline the various time scales invo1ved in a JOOdel.

In Bq. 11.4 two time scales are given

n = D- _ n1/2
s t s T and n = nD- - Nn1/2R. t '"T

(11.4)

These are the time scales used for the wavemotion, the forcing

mechanismin a mobile bed rodel. For the sediment transport, the

list in Bq. 8.3 maybe extended using the general time parameter t

resulting in

(12.1)

giving a time scale

(12.2)

But T~. 9.1 statcs

Therefore
1= =---z

l'l.v.
(12.3)

)
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where nT is a function of Assunption I or II and whether or not

roughness strips are used (Eqs. 6.14, 11.5 and 11.6). This may be

considered as the theoretical time scale for motion of individuaI

grains and bed fonns and is therefore denoted by int. Depending

on nT J which in any case is greater than one, it may be seen that

int is a fraction

Whendealing with erosion or deposition, it is the vnhme eroded or

deposited which determines the time scale.

(12.4)

where V is the vol\Dlle.

But

D .. 2 P -P n t= A. (~ E!a- _5_ ~ ~)
~q v' Y D ' P J n' D5

(12.5)

and

(12.6)

where q is the sediment transport in voll.D1l~t timE"/lmitwidth,

and mq is the scale effect in q because
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Note that mq· is different for the short wave and long wave

portions of the model. Therefore, the time scale for eros ion or

deposition is

(12.7)

S~ilar time scales maybe derived for other model transport

phenomenasuch as movementof sand waves, transport of tracer

materiaIs, etc.

Fran Eqs. 11.4, 12.3 and 12.7 it maybe noted that

(12.8)

This is very fortwlate. Changesin bed fomation, erosion and

accretion,are very long term processes. Because ent is 50 large,

i t is possible to perform model studies on these phenanena in

reasonable time.
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13. BREAKERSANI) LO~Slt)RE CURRENI'S

Since sediment motion in a coastal mobile bed model is brought

about mainly by the agitation of sediment in the breaker zone, it is

essentia1 that conditions in this area are rnodelled correct1y. The

breaker pos ition will be correct if 'I\I = nd and the refraction

pattern will be correct if snL = nd while the beach upon which
-1the waves act will be modelled correctly if N = ne • All these

conditions are incorporated in Bq. 11.4. However, if a simplified

mechanism is envisioned, in which the waves stir up the material

which is subsequently transported by the wave orbita1 mot ion and the

longshore current, generated by the wave action, it is essential

that

= 1 and
. ·Ilw
IUL = 1 (13.1)

where UL is the longshore current velocity and w is the fall

velocity of the sediment partieles.

Yalin (17,p69) shows wD
v

also stated by Valembois (21) •

Y D3
5to be a function of ---z-.

pv
This is

For 1aminar motion
y D3

(~D < 1; -T < 18)
pv

y D2
w = est _5_

u (13.2)



3wD _~ .. y.D 5
while for fully turbulent motion (v'. > ro-, ~ > 10 )

Pv

2 .. y D
w = est _s_

p

But Eqs. 11.5 and 11.6 indieate that

Therefore

which indicates that

Ilwn = 1-v

for proper reproduction of fa11 veloei ty, or

l'\.t = It>-l

This re1ation has a1so been derived by Bonnefi11e (22).

Ya1in (17,p71) also demonstrates that if the X and Y
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(13.3)

(13.4)

(13.5)

(13.6)

(13.7)

parameters on the Shie1ds diagram are the same for model and prototype,

i.e. Eqs. 9.1 and 9.2 are satisfied, then

(13.8)
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This means that

(13.9)

which is the same as Eq. 13.7.

The above argumentation is based on spherica1 particles but

cou1d be extended to particles of any shape, as long as the shape

factors in model and prototype are simi1ar.

The conditions expressed in Eq. 13.1 must now be checked,

The longshore current velocity UL is generated by the waves and

many for:nru1asare proposed for the generation of longshore currents,

e.g. Fan and Le Méhauté (19,p72) and pre1iminary investigation

into this area at Queen's University indicates that rnanyforrnu1ations

wi11 fit laboratory results adequate1y but cannot describe field

resu1ts. For sma11 ang1es of approach, the single factor that

inf1uences the longshore current velocity most is the wave height.

Model tests seem to indicate that

(13.10)

Therefore it may be assumed that

nu = ~1/2 = n1/2
L

(13.11)

and from Eqs. 11.4, 11.5, 11.6, 13.7 and 13.11 it may be seen that

Eq. 13.1 is approximate1y satisfied. It is not very fruitfu1 to

pursue this 1ine of thought any further until additiona1 research has

shown more c1ear1y what drives the longshore current velocity.
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14. FOOn·FOR TIDlXiHT

Throughout this paper the problem of the proportion of total

shear going into sediment transport has been touched upon as a basic

criterion for similarity in sediment transport. It has been suggested

that the prototype and model points must fall on the same location of

the Shields diagram. It is obvious that if the model falls below the

Shields curve for initiation of motion, whil~ the prototype falls above,

the model will be use1ess, but it is not entire1y clear if Eqs. 9.1

and 9.2 are satisfied, that the model wi11 represent the prototype

correct1y. The reason for this would be basica11y a difference in

bed fonn between the model and the prototype. If the bed fonn is

identica1, ~ , the proportion of shear going into sediment transport

wi1l be the same and the model resu1ts shou1d represent the

prototype. If the bed form is different, Cl must be taken into

account and the parallel sca1e 1aws may be deve10ped from

n (14.1)

Present sediment transport re1ationships for unidirectional flow

are usual1y presented in a form re1ated to

.. 2
= f (~)

Ys
(14.2)

i.e. a simp1e version of Eq. 9.19. The re1ationships apply to the
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turbulent reg ion of the Shields curve and it is understood that va

is not the total shear. Therefore, to extend this system using the

present ter.minology, it is possible to write

l/Z . Df ( Ct Va
V ~ ) (14.3)

The relationship between Y and Xl and Xz in Bq. 14.3 can be

represented by a rnodified Shie1ds diagram with axes Xl and Xz

projected into a third dimension thus presenting a surface as shown

in Fig. S.

"-
O('Ic\( 0..

0·001

0.1 v

Figure 5 SEDIMlWf TRANSroRT SJRFACE
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This yields the more complete sealing laws

= ll.ys ~ (14.4)

or

n 1/2 n =
a ·v*

1=
~D

(14.5)

The above equations assumeDO scale effect in q as a result of

Eqs. 14.5 indicate that the derivations used in this paper are lirnited

to n = 1. The problemassociated with -the determination of aa
and na is of course the largest single problem in sediment transport

study, It should be of prime concern, not only to the modelbuilder ,



but also to the sediment transport student in general. Under

oscillatory waves, where no dunes appear, the problemmaybe

relatively simple and is very worthy of intensive investigation.
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