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Scale models 1n hydraulic engineering

1. Introduction

1.1. General

Hydraulic engineering works are in many cases so complex that their

design requires much care. Before the work is carried out it has to

be sure that the effects anticipated will indeed be reached and that

negative ~ff·ects on theenvironment are reduced as much as possible.

This 1S directly clear for works effecting large areas (e.g. high

dams in rivers). It holds, however, also for works that only seem

to have a restricted area of influence.

This implies that the behaviour of the structure itself and its

influence on the environment has to be forecasted. This prediction is .

carried out by means of models of various sorts and sophistication.

Two different types of models can be distinguished at once

(i) Mathematieal models can be used if the problem can be described

mathematically with sufficient details. In most cases nowadays

computers are used to solve these ptoblems.

(ii) Beale models are used if the physical phenomena can be reproduced

with sufficient similarity by reducing the length dimensions of

the real problem area.

These two types of models are used for different types of problems.

In some cases bath types of models can be used; thenanadequate selection.

has to be made. In some other cases a combination of the two model

types is used to arrive at theforecast anticipated.

These lecture notes deal mainly with seale models. The relation with

mathematieal models is discussed in general in Subsection 1.3.3.

The intention is to present a general outline ón the theory and

application of these scale models.
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1.2. Principle of modelling

The use of a model for the design of a hydraulic engineering work

in fact implies making a detour (Fig.I.I)

Model problem solving
Model sélution

modelling interpretation

Prototype problem Prototype solution

Fig.l.l.Modelling is making a detour.

There are three interrelated phases:

ModeZZing i~plies the reproduction of the real problem area

(the 'prototype') in a suitable way. It requires of

course knowledge of the phenomena involved to arrive at

a useful model

of the technica1 problem in the model leads to a solution

which in principle only holds for the model. It requires

engineering capability because the model is not solving

the problem itself!

Interpretation of the model solution is necessary to arrive~at the

SoZving

solution valid for the prototype. The more reliable the

model is the easier is this interpretation.

./

It will be clear that these three phases are closely related, especially

modelling and interpretation. In fact the modelling has to be carried

out considering the possibilities of interpretation.

The reliability of the forecasts obtained by means of the model is

served largely if the accuracy is tested in some way. This implies

in fact verification of the model (hindcasting).
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A clear distinction has to be made between two stages:

(i) CaUbration of the model implies adjusting the model by means

of prototype measurements in such a way that the model data fit

the prototype data sufficiently. The model is then reproducing a

specific, known, situation in the prototype.

(ii) Verifiaation of the model implies hindcasting of another known

situation without adjusting the model anymore. In fact verification

is a must because calibration alone is not a sufficient guarantee

for reliability.

Both calibration and verification stress the need of prototype data.

These data form an essential element in the whole set up of the

forecasting.

In some cases calibration and verification are not possible because the

prototype does not yet exist (e.g. design of weirs and locks). It is

then advisable to carry out measurements on existing similar structures.

Experience in modelling is gained if the model results are later

checked in the prototype.

It has to be stressed that from the above given considerations it

follows that modelstudies cannot replace (expensive!) prototype

measurements. On the contrary modelstudies require prototype data.

1.3. Seale models in hydraulic engineering

1.3.i. Principle of sealing

The principle of the use of scale models consists of the possibility

to reproduce the real problem (the 'prototype') on a smaller scale

in such a way that the phenomena in the scale model are simiZar in

model and prototype.

This similarity regards various aspects! (i) geometria similarity

(ii) kinematic simiZarity (iii) dynamie simiZarity et;c,
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The relation between model and prototype is found by defining for

each parameter a scale (or scale factor).

The ecal.eof a parameter is defined by the ratio beween the

prototype value and the model value of this parameter.

Jor instance:

L
length scale = nL = ~

m

length in prototype

length in model
(1-1)

By defining the scales in this way (and not in the opposite way) the

scales usually are larger than unity. This facilitates mental arith

metic.

Dimensionhéss parameters such as Reynolds number and Froude number

consist of a number of individual parameters. For these dimensionless

parameters also scales can be defined.

For instance:

Re = uL
v

Simple arithmetic shows

u .L
P P
vp

v
m = (1-2)u- .L

m m

Reynolds number can be expressed as the ratio between the force due

to inertia and the force due to (viscous) friction.

Or

(pL3)(u2/L)
Cnu/L.)(Lf2)

= =
uL
v Re ( 1-3)

Note that the celerity duldt of the fluid has the order of magnitude

duldt ~ u/CL/u) = u2/L. This is used in Eq. (1-3)

Now, if in a certain problem the two forces together defining Re are

of (almost) equal importance then their ratio has to be in the scale

model the same as in the prototype.
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Ibis is an example of dynamic simiLarity: nRe

Or the condition
-1
n
\)

(1-4)

This is an example of ascale condition: it 1S a requirement tor

similarity. In principle deviations from a scale condition are

possible albeit that then to a certain extent scaLe effects are

generated.

In some cases scale relations can be derived which must be fulfilled.

An example is formed by the relation which follows for a periodic

surface wave with wavelength À, wave period Land wave celerity c.

From

À = c • L (1-5)

it can bereasily deduced that

( 1-6)

Equation (1-6) cannot but be fulfilled. This is because Eq. (1-5) in

fact defines the celerity c and of course the definition of c has

to be made in the same way in model and prototype.

The deduction of Eq.0-6) from Eq.(1-5) applies a simple rule:

The scaLe of a product of parameters is equaL to the

product of the scaLes of these parameters.

Also in Eq.(1-4} this rule has been applied.

In practice relations for scales have many times to be deduced for

a sum of parameters. A simple example is formed by a steady flow

with free surface, for which friction can be neglected.

Here Bernoulli law holds

H h + s (1-7)

This gives a link between the .totalhead (H), the piezometric head (h)

and the velocityhead (s = u2/2g)
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A suitable form of the scale relation following from Eq.(1-9) requires

some algebra

H h + S ~ + s /h ~ + n (s /h )
...2.= E p

1 + s 7h m
s m m (1-8)~ H h + S 1 + s !hm m m m m m m

Now two cases can he distinguished from Eq. (1-8)

~ ns leads to nH = ~ = ns' Thus alllengths present in Eq.(1-7)

have the same scale

~ # ns leads to the case that

(1-9)

Equation (1-9) expresses that a scale (here ~) is not..ouly a function

of other scales (here ~ and ns) but also of a parameter (here sm/hm)'

Th'ismeans that scaZe effects are present: in this case ~ will

vary ~n space.

It is clear that in this case scale effects can be avoided hy

selecting ~ = ns'

Geometrie similarity will require that the scale of the piezometric

head (~) is equal to the scale of depth (na)' Moreover it can easily

be shown as n = 1 thatg

(1-] 0)

Thus the condition for absence of scale effects is, using the condition

for geometrie similarity (~ n ):a

na
n 2
u or nu Ina

This can also he derived in the following way. Free surface flow

for which friction can be neglected, is characterized by Froude

numher; which ean be derived by stating that in model and protoype

the ratio between the force due to inertia and the force due to

gravity has to be the same.
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Hence

(1-12)

The Froude number is here defined as Fr = u/1gL or Fr = u/;ga

expressing the ratio of the flow velocity and the celerity (c = ;ga)

of a surface wave in stagnant water. In literature also the definition

Fr u2/ga appears.

It can easily be shown that the condition nFr

surface flow leads to Eq. (1-11).

I, necessary for free

!wo important remarks have to be made at this stage:

(i) Considering only in general the forces active, like in Eq. (1-12),

only leads to the main condition for the proper similarity (Eq. (1-11».

However, determining the main condition from the basic hydrodynamic

equation (here Eq. (1-7» gives as a by-product also insight into

the magnitude of the scale effects present if the main condition is

not fulfilled (see Eq. (1-8».

(ii) Consider now a case of free surface flow for which viscosity is also

present. Here both Reynolds condition and Froude condition have to

be fulfilled at the same time. If the same fluid is used in model and

prototype (n., = 1) this leads to

_1
nRe nu nL

(1-13)
1/2

nFr nu nL

The two conditions of Eq. (1-13) can only be fulfilled at the same time

if the trivial solution nu = ~ = 1 is selected.

These two remarks indicate the key role played by scale effects in the

procedure of scaling. The presence of more than one condition at the

same time forces to deviate to a certain extent from the sc~le conditions.

This in principle leads to scale effects and in practice a compromise has

to be found. Therefore insight into the magnitude of these scale effects

is necessary. Or, in other words the better the mathematical description

of the flow problem is, the more reliable the scale model can be.
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The principle of scaling has been discussed here by means of some

simple examples. A more thorough treatment of the scale relations fol

lowing from various hydraulic phenomena is given in Chapter 3. The

deduction of scales for various problems in hydraulic engineering

(i.e. finding the most adequate comproniise has been discussed in

Chapter 4. Of course also practical considerations play a role in

these cases.

1.3.2. Examples of scale models

A large variety of scale models is possible. Here at this stage only

some examples will be giveri.For the correct understanding it has to

be mentioned that sometimes scale models are distorted (e.g. ~ # na)'

The need for distortion can be explained as follows. Suppose a river

reach of 5 km has to be studied. The lenght scale might be of the

order of nL = 500 depending on the problem to be studied and the

space available •

.For ~ = na = 500 (undistorted) a depth of say 2 m in prototype would

result in am = 0.4 cm. Fulfilling Froude condition ~n this case leads

to ~ = ~ ~ 22. With up I mis this leads to Rep (up. ap/v) =

= 2 X 106 and to R~ ~ 200. This would mean laminar flow in the model.

In selecting na < nL both am and ~ become larger without the need

of more space. The possibility of using distortion will be discussed

in more detail in Chapter 3. It can be stated already that distortion

~s possible if the vertical accelerations can be neglected with res

pect to the acceleration due to gravity (thus the presence of a

hydrostatic pressure distribution is a prerequisitefor distortion).

Figure 1.2 shows model and prototype of a section of a tunnel. The aim

of the study is to find the proper procedure for sinking the section.

section: scale model and prototype
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-Fig. ].3. Cooling-water outlet

It is intended to measure

the forces to be delivered

by the tugboats during the

operation. Obviously in the

case of Fig. ].2 distortion

is not allowed.

Figure ].~. shows a scale

model of a cooling-water

outlet. The ships sailing

in the canal or river re

ceiving the cooling-water

should not be hindered (un

distorted model).

Figure ].4. demonstrates a model of a navigation lock to be constructed be

tween an area with salt water and one with fresh water. To reduce salt

intrusion into the fresh-water

channel a complex filling

and emptying system is neces

sary. Obviously this has to

be an undistorted model in

which the density differences

between fresh water and salt

water are reproduced, in order

to reproduce the currents cor

rectly. In this case density

differences influence the

currents present ('density cur

rents').

Fig. ].4. Scale model of the Kreekrak

navigation lock. Although also between cold

water and warm water small

density differences are present, it is not necessary always to reproduce

these differences.
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For example the flow pattern of Fig. 1.3. will be hardly effected by

the small density differences present. Thus water with a constant den

sity can then be applied.

The pressure fluctuations in a turbulent flow or the time-dependent

forces due to surface waves may cause vibrations in a hydraulic

.structure (gates, valves etc.). The elastic properties of the struc

ture now also play a role in the magnitude of these vibrations and

hence in the stresses in the structure.

Fig. 1.5. Example of elastical similar model (model and prototype).

This means that also the elastic properties of the structure have to be re

produced correctly. Fig. l.S. gives an example of such a scale-model stuuy.

It regards the visor gate near Hagestein in the Lower-Rhine.

Fig. 1.6. Mobile-bed river-model

Also for morphological problems

in rivers andcoastal areas scale

models are applied. In these

cases watermovement and sediment

movement have to reproduced correct

ly to simulate bedlevel and bedlevel

changes correctly.

Figure 1.6. gives a picture of a

mobile-bed river-model of the

Waal River, the mainbranch of the

Rhine River in the Netherlands.
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1.3.3 Scale models versus mathematical models

There is a large similarity between the use of scale models and

mathematical modeis. In fact in Section 1.2 it was not necessary

to indicate which one of the two model types was discussed. The

general philosophy is exactly the same.

Starting from the physical knowledge of the problems involved

the model can be constructed. A mathematical model re~uires a

relatively detailed mathematical description of the physical pro

blem. For a scale model this is rather a desire than a must. It

can be stated that the better the mathematical description of the

problem is the more insight can be obtained in possible scale

effects. This can be demonstrated by the case of steady flow with

free surface for which Bernoulli law holds.

As will be shown ~n Section 2.2. dimensional consáderations lead

to the knowledge that Froude number has to be the same in the scale

model as in the prototype. No insight is obtained what happens if

~r I 1 is selected. This insight, however, is gained if the rele

vant mathematical description is used. This is the case in Subsec

tion 1.3.1. starting from Bernouili law. The result is an equation

(Eq. (1.8» from which scale eHects can be estimated.

It is logical that in some cases the mathematical description is

such that both scale models and mathematical models are possible.

An example is formed by a system of tidal channals. The selection

~s then based on a number of criteria which vary in time. The pre

di~tion of the hydraulic changes due to the construction of the

Enclosure dyke of the Zuydersea was made by means of a mathematical

model (Lorentz, 1926). In the late fourties the Delft Hydraulics

Laboratory constructed a scale model for the delta in the South

Western part of the Netherlands (Fig. 1.8)

Tbe improvement of the measuring systems and control systems.during

the last decades made gradual improvement of this model possible.

A similar development was present for the electrical analogue made

for the Dutch delta. Gradually the analogue became the special

purpose hybride computer (Fig. 1.7)which it is present.
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Fig. 1.7 DELTAR: analogue-digital model for the Netherlands' Delta
(by courtesy of Rijkswaterstaat)

Fig. 1.8 Former scale model of the Netherlands' Delta (Delft Hydraulics
Laboratory)"
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type of model

mathematical

model

analog

model

scale

models

digital

analog/digital

(hybride)

electric

analogue

hydraulic

analogue

strongly

distorted

hardly or no

distorted

results obtained by

computations

computationsl

measurements

measurementsl

computations

measurements

measurements

measurements

remarks

Tbe physical phenomena and

the geometry are described

mathematically. Numerical

solution by means of a di

gital computer.

Solution by means of a

(special) hybrid computer.

Example: DELTAR of Rijks

waterstaat (Fig. 1.7).

The equations are' transla

ted' electrically. In fact

electric tensions and cur

rents are measured. Origi

nally the DELTAR had this

character.

This analogue (Curtet-mod.)

consists of reservoirs re

producing storage and dia

phragms in between for the

resistance. Only possible

if inertia is negiigible.

Hardly used. No geometric

affinity.

Due to strong distortion

geometrie similarity

reduces to geometric af

finity. Example: former

scale model of Dutch del

ta (Fig. 1.8) •

Due to nL~na there is geo

metric similarity. Appli

cation for hydraulie net

'4Drks X'estric~ed.
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In Table I an outline has been given of model types possible for

the study of unsteady flow in open-channel networks. The table

shows a gradual transition between the pure mathematical model based

on (numerical) computations and the scale model in which the results

are obtained via mea8u~ents.

Not for all hydraulic problems such a large selection of possibilities

is present. The computational methods are still not powerful enough to

solve problems like the ones shown in Subsection 1.3.2. (Figs. J.I ••• 1.6).

On the other hand waterhammer problems for instance are not very

suitable to be studied with scale models; here mathematical models

are superior.

An interesting development is the combined use of a mathematical

model and a scale model. It can be stated that this is the result

of two circumstances

(i) Mathematical models are possible for relatively simple flow

problems. Little detail 1S obtained.

(ii) Both model types reproduce a certain area. Boundaries have to

be supplied with boundary conditions. These boundary conditions

have to be ind~pendent. This means that any change in the

in the geometry of the model area may only have a negLi.g i.b Le

effect on the boundary conditions.

It is now possible to make a mathematical model of a large area

(having independent boundaries) which delivers dependent boundary

conditions for a scale model of a smaller area. In the small area

much more detail information 1S obtained than the mathematical

model ca~ provide.
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2. Aids to experimental research

2.1. General

Experimental research in the field of hydraulic engineering requires tools. The

tools are an experimental set-up from which s~ecific charac~~istics (waterlevels,

pressures, flowvelocities etc.) are measured by means of suitable instru-

ments.

Some genera I remarks are made in this Chapter on the aids to experimental

research in the fieldof hydraulic engineering. These remarks have a wider

sense than for the fruitful application for scale-models only. Hany aspects

apply also to the set-up of a good field survey for the prototype.

This holds specifically to Par. 2.2. and Par. 2.3. where respectively dimen

sional analysis and statistics are treated. The discussion on Lnstruments

(Par. 2.4.) is limited to laboratory instruments.

2.2. Dimensional analysis

The scales of the various parameters can be determined from the mutual

relations of these parameters expressed in the dimensionless products (e.g.

Reynolds number, Froude number etc.). First of all the technique of dimen

sional analysis will be treated and then the advantages and disadvantages will

be discussed.

If a physical phenomenon is described by n parameters Pi with i = 1, ...,
n and if m elementary quantities are involved in the problem, then n - m

-àimensionless products can be àerived.

In hydraulic engineering there usually are 3 elementary quantities:

mass, Zength and time; this means m = 3. The derivation below shall

be restricted to this case.

Any of the n - 3 dimensionless products (TI)can be composed with

kn
. ... . Pn (2-1)
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[
a' B' Y'lIf Pi has the dimensions M 1 L 1 T J then the dimension of TIcan be expressed

by

(2-2)

Or, written slightly differently:

This implies that TIcan only be dimensionless if

alkl + a2k2 +

Blk'l+ B2k2 +

ylkl + Y2k2 +

o
o
o

(2-4)

From Eq. (2-4) the coefficients ai' Bi and Yi are known because it is known

which parameters Pi are involved. The problem 1S now to derive n exponents

ki from Eq. (2-4). It has to be remarked that if m elementary quantities are

involved then m equations to determine ki are present.

Apparently in the case of Eq. (2-4) it is possible to select freely n-3

values for ki and then the remaining 3 va lues are fixed by Eq. (2-4).

It is advisable to determine ki in a systematic way. Here a methad is used

treated extensively by Langhaar (1957). This will be done by means of an

example to avoid toa much abstraction.

H

Consider the flow over a
.- '-._.__ .__.- sill (Fig. 2.1). A number

of physical parameters are

involved in this problem.

They will be put in a spe

cialorder for reasans that

become clear later.

a u

Fig. 2.1 Flow over a sill
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Group dependent parameters H

Group 2 parameters that can be

changed in the experiment

Group 3 all other parameters

a, u, p , h
-+ g and n

The exponents ai' Si and Yi are now ordered systematically.

GROUP 1 2 3

PARAMETER H a u p h g n

M 0 0 0 1 0 0 1

L 1 1 1 -3 } } -}

T 0 0 -} 0 0 -2 -}

a·1

+- S·1

+-

Table 2.}.

In this case Eq. (2-4) read

k" + k7

k1 + k2 + k3 - 3k" + ks + k6 - k7

- k3 -2k6 - k7

o
o
o

(2-5)

Elimination of ks' k6 and k7 leads to

ks k - k2 .- ! k3 + :3
k"1 2 "2

k "" _1. k3 + ! k"6 2

'k7 = k"

(2-6)

The four dimensionless products can be selected easily from the matrix of

solutions given in Table 2.2.

Table 2.2. is composed by means of the follgwing procedure

(i) The first four k-values are selected in such a way that one value

becomes equals to one and the other three equals to zero.

(ii) The other k-values are obtained by using the rows of Eq. (2-6) as columns

for Table 2.2.
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k· kl k2 k3 kit ks k6 k7i.

parameter H a u p h g n

TIl ) 0 0 0 -) 0 0

TI2 0 ) 0 0 -) 0 0

TI3 0 0 ) 0 1 1 02 2

TIlt 0 0 0 ) 1. r -)2 2

Tabel 2.2.

The following TI- values result from Tabel 2.2.

TIl H/h

TI2 a/h
(2-7)

TI3 u/Igh

TIlt pgl/2n-Ih3/2

Naturally the four TI- values can be used to obtain other dimensionless

products:

For instance

This dimensionless product has the character of a Froude number.

And also as

it can be stated

ua/v

which has the character of a Reynolds number.

Hence for the determination of scales the following TI- values can be used
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III and II2 -+ geometrie similarity

II5 -+ Froude number } dynamie

IIG -+ Reynolds number similarity

For the determination of scales it is not important whether III••.II4or

III' II2'II5 and IIG are used.

This is not always the case when the results of a dimensional analysis are

used. It has to be recalled that dimensional analysis is also used for

the presentation of experimental data. Here the danger of spurious corre

lations is always present. To explain this a simple example will be given

here. For more details reference is made to Benson (J965).

A stochastic variabIe x is characterized by its mean (x) and standard

deviation (a) or relative standard deviation (r = a/x).

For two stochastic variables (x and y) also the correlationcoefficient

r is of importance. Spurious correlation can now be created if x is correxy
lated with the stochastic variabIe z composed from x and y.

For instanee if x and y are not correlated (rxy = 0). Then rxz with z = x/y

can show a significant correlation! For this case it can be shown that

rx
rxz ~------/~

(r2 + r2)I 2
X Y

The value of rxz is thus directly dependent on the ratio between rx and ry.

(2-8)

For instanee

r r -+ rxz = 0.71x y
rx 2ry -+ rxz = 0.89

r = 3ry -+ rxz = 0.95x

It is clear that this correlation is spurious. To avoid that wrong conclusions

are drawn from statistical analysis of experimental data by means of dimension

less products, it is of importance that the parameters present in the problem

and having astrong stochastic character appear only in one dimensionless pro

duct. This is why in Table 2.J. the parameters are grouped in a special order.

Note that by this procedure in the example of Fig. 2.J. only in one of the

resulting III through II4values the dependent variabIe H appears.
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Remarks :
(i) Related to spurious correlations are cases in which results of experi-

mental data are plotted in such a way that nice conclusions seem

possible which, however, are only obvious. The following example

explains this statement.

In alluvial channels the bedroughness e.g. expressed by the Chézy

value (C), may vary considerably. If in such a channel with constant

width C values are measured under a variety of flow velocities then

the question is how to plot the data, preferably with dimensionless

parameters. It seems logical here to plot C/Ig vers.us Fr = u/;ga

as the .bed material is the same for all these data. Most probably

this will give a nice lineair relationship C/;g~ Fr. This can be seen

as follows.

From Chézy equation

u = c.TaI (2-9)

it yields

u C '1/2-- =- i.
;ga Ig

Or

(2-10)

(2-11)

For all these data uniform flow ~s present. Thus as the bed slope

in this case is a constant C/(g ~s proportional to Froude number. Most

likely values of C/Ig that do not fit Eq. (2-11) contain a C-value

computed wrongly!

(ii) It has to be noted that dimensional analysis does not give insight

into the physical phenomena. It only puts the available notion on

the physical phenomena into a certain order. The example of Fig. 2.1

demonstrates this. If the modelling of the sill is based on the four

dimensionless products. of Eq , (2-7) then with Ilv = 1 only the triviaI
solution nL = results •.This inattractive solution can only be avoided

if the physical notion is used that in the prototype the influence of

the viscosity is negligible. This is also the case in the scale model

if this is not too small. Hence nRe # 1 is possible.
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(iii) Besides Froude number and Reynolds number a large number of dimension

less products are in use. The following examples are given here.

Weber number consists of the ratio between the force due to inertia

and the force due to surface tension (a)

We (2-12)

Note that cris a force per unit of Zength.

Cauchy number is the ratio between the force due to inertia and the

elastic force CE is modulus of elasticity)

pu2
= -- = CaE

(2-13)

2.3. Statistics

In experimental research the measured value of a parameter will differ from

the 'real' value. The errors may be systematic or stochastic. Systematic errors

can usualy be determined from a proper calibration of the instruments. The

stochastic errors will mainly be discussed here.

Statistical methodes have to be applied for the processing of the measured

data. ,The following general problems may come foreward

(i) Design of experimentaZ set-up

There is a known theoretical relation

(2-14)

The values of ~ and y are measured and ~ is deduced by using Eq. (2-14).

In the design it is important to know the desirable accuracy by which

x and y have to be measured in order to obtain z with a required accu

racy.

(ii) Data processing

In a certain given experimental set-up Eq. (2-14) holds. How is z deter

mined, together with its accuracy? In many cases stochastic observations

x(t) have to be processed (spectral analysis).

(iii) Risc-anaZysis

Related to the cases above is to find the probability distribution p{z}

from p{x} and p{y} provided the relation of Eq. (2-14) is given.
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These problems in fact are solved by applying regression analysis in which

the properties of z are determined. In many cases the equations like

Eq. (2-14) are non-linear. This may create substantial statistical com

plications.

Here the discussion will be restricted to the propagation of errors. Two

cases will be considered •

• computergeneration of p{~}

Tnereexists a known relation ~ = f(~, y). Moreover the probability distributions

P{~} and p{y} are given. As 0 < p{~} < I, a random number in the interval (0,1)

leads to a value~. Similarly a y-value can be determined. Hence one z-value

can be deduced. Repeating the procedure leads to p{z}. Provided a computer

program is available, this is a quick procedure .

• Analytical determination

If ~ and y are normally distributed with known standarddeviations 0x and 0y

respectively then an analytical treatment is possible.

The standarddeviation 0z of z can then approximatively be found from the

quadratic rule for error-propagation

O~ ~ oi [~;]2 + o~ [~:]2 + covariance term (2-15)

The rule is especially attractive if x and y are independent (+ cov 0).

The analytical procedure is attractive for the design of experiments, provided

0x and 0y can be estimated beforehand.

Equation (2-15) obtains a simple form if z f(x, y) has an exponential shape.

For instance

(2-16)

in which a, band care constants and x and y not correlated.

Application of Eq , (2-15) to Eq , (2-16) yields

(2-17)
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Or

(2-18)

Defining the relative error r withx

(2-19)
x

leads to the simple result

(2-20)

It should be noted that the function va lues in Eq. (2-15) are based on the

mean value (expectation) of the variables x and Z respectively.

Examples:

The dragcoefficient CD on a body under water has to be determined for a

range of Reynolds numbers.

The physical relationship is

F (2-21 )

in which F is the force acting on the body with characteristic dimension

A in the velocity field characterized by the velocity u. The required value

of CD is found from

FC =D ~pu2. A (2-22)

The quadratic error-propagation follows from Eq. (2-22)

(2-23)

if the logical assumption is made that rp and rA can be neglected with

respect to other terms. The va lues of ru and rF depend directlyon the instru

mentation available.

If the experiments are carried out in a scale model then nRe= 1 is the rele

vant scale condition because CD = f(Re). The lengthscale nL of the model can
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then be selected in such a way that dynamic similarity 1.S present and

reD is sufficiently small aGcording to Eq. (2-23)~

The following example regards a V-notch (Thomson weir) to measure (small) dis

charges. The discharge formula for such a weir is

Q (2-24)

in which H is the head of the upstream waterlevel above the lowest point of

the V and ~ is the top-angle of the V. The discharge coefficient amounts to

m ~ 1.4 ml/2/s. Usually ~ = 90° is taken. If the error in ~ can be neglected

the.nthe relative error of Q follows from

(2-25)

This equation can be used to determine rQ if rH is known as well as rm (from

calibrations).

If such a weir is calibrated then the discharge coefficient m is according to

Eq. (2-24) to be applied from

m Q (2-26)

For this case the rule for quadratic error-propagation gives

(2-27)

The apparent discrepancy between Eqs. (2-25) and (2-27) can be explained as

follows

• In the calibrdtion phase the values of Q and Hare measured and mand rarem
determined from the observations. This leads to Eqs. (2-26) and (2-27).

• In the application phase the value of H is measured, while mand rm are taken

from the calibration. The Eqs. (2-24) and (2-25) are used to determine Q and rQ•
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It has to be recalled that a similar situation is present for the regression

analysis between two parameters ~ and z. The analysis gives two lines and

it depends on the use whether Z = f(~) or ~ = f(Z) is applied.

2.4. Instrumentation and control systems

Instruments are required to obtain the necessary information from scale models

(flow velocities, pressures, bedlevels etc.). The accuracy of the model results

depend to a large extent on the quality of the instrumentation.

Moreover a scalemodel has boundaries for which boundary conditions have to be

introduced. This asks for a control system.

Both instrumentation and control systems with different degree of sophistication

are used~ An adequate selection is necessary for an optimal investigation by

means of a scale model. Therefore same remarks are made here regarding these

topics.

In principle the system of Fig. 2.2 applies when a physical property is measured.

__JL .......Isi 9'2.,alpropert y ~I_ sensor ~ ... indicator t-----.. presentat ion

Fig. 2.2 Principle of measurements

The physical property is by means of a sensor translated into an adequate signal.

The indicator translates the signal in such a way that a proper presentation

is obtained.

For hydraulic scale models this may regard

• waterlevels and differences in waterlevels

• flowvelocities and discharges

• pressures and forces
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• concentrations (e.g. of salt or sediment)

• temperatures

The proof that the presentation (reading) is areliabie measure of the physical

property is found by caZibrating the ·instrument. In this way the errors (both

systematic and stochastic ones) caused by the instrument become known. Usually

systematic errors can easily be taken into consideration. The random errors

may be determinated for the overall accuracy that can be expected from an

experimental study.

In many cases the random error is known as a percentage of the reading at the

full scale of the instrument. Hence the range of the instrument has to be selec

ted properly in order to quarantee sufficient accuracy for small readings.

The availability of certain instruments may influence the selection of the model

scales.

ExampZe

The design of a navigation lock is tested in order to guarantee that the forces

acting on the ships during filling and emptying are not too large. In a particu

lar case a maximum force of 20 kN is allowed and a relative error of 5% is

accepted. The available laboratory equipment for measuring these forces has a

range of 0 < F < 400 mN with a relative error of 4% of the maximum value.

Which length scale is advisable?

First of all it has to be realized that during filling and emptying of the loc~

vertical accelerations take place that are not negligible with respect to g.

Hence all accelerations should have a scale equal to ng = 1. This is the case in

an undistorted model fulfilling Froude condition.

From

-+ -+
F = m. a (2-28)

then follows, using water ~n the model (np = 1)

(2-29)
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Having an absolute error of 4% x 400 mN = 16 mN, the relative error in

the model will be also just 5% (as acceptable 1n the prototype) if the

maximum force in the model amounts to 20 x 16 mN.

-, Thus

= 62500
20 x 16 X 10-3

(2-30)

This means that for ~ ~ 40 the requirement 1S just fulfilled. For nL > 40

the model is not accurate enough. For nL < 40 the model may be too large (and

too expensive) and the instrument may become inadequate.

Fig. 2.3. Mini current meter.

Some special attention will be

paid to the measurement of flow

velocities, because this may

also influence the selection of

scales. Especially small veloci

ties are difficult to measure.

The current meter of Figure 2.3.

is able to measure a velocity

vector (magnitude and direction

are measured independently). A

velocity > 2 cm/s can be mea

sured. The propellor has a dia

meter of only 15 mmo

Suppose this current meter is used in an undistorted model, fulfilling

Froude condition and with ~ = 50. The minimum prototype velocity

which can be measured in the model then amounts to 2150 ~ 14 cm/s.

The maximum power available to the sensor with diameter D amounts to

Opu2) (TID2u). In this example this is only 3 J..lW.From this very small

power the sensor may of course only take a small portion. A similar

problam is present for this instrument as far as measuring the

direction is concerned. The pressure differences are so small that

the flow cannot stear the vane properly. Therefore the vane is

steered automatically in the required neutral position: i.e. power is

introduced from outside.

For an available instrument (e.g. such as the one in FiS. 2.3.) the charac

teristics with respect to accuracy and minimum measurable velocity may set

limits to model scales when a certain accuracy for the prototype is required.
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For instance in a distorted tidal model the maximum depth scale to be

accepted is via the Froude condition to be applied linked to the maxi

mum velocity scale. The latter is determined by (i) prototype velocities

and their required accuracy and (ii) measurable velocities and their

available accuracy.

Scale models have boundaries at which boundary conditions have to be

introduced. This may simply mean the control of a constant discharge

and a constant waterlevel e.g. by means of a tailgate. Tidal models may

require electronic control systems to guarantee sufficient accuracy of

the results.

Obviously the accuracy in the forecasts that can be obtained by means of a

scale-model study depends on

- accuracy of prototype data

accuracy of control systems

accuracy of measuring systems.

The accuracy that can be reached with a certain scale model is tested by

reproducing a known situation of the past (verification tests)
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3. Reproduction of hydraulic phenomena

3.1. Introduction

In this Chapter various hydraulic phenomena are discussed in order to arrive

at the relevant scale relations. In practical problems more than one hydraulic

aspect can be present at the same time. Therefore in order to arrive at a

suitable compromise for scaling it is not sufficient to derive for each indi

vidual hydraulic phenomenon the relevant scale relation, but it is also

necessary to study the magnitude of scale effects.

In this respect it is attractive to divide scale relations into two groups

scale laws are relations between scales of parameters that must be fulfilled.

Usually these scale laws come from hydraulic equations containing

defini tions ,

scale conditions are relations between scales of parameters that have to be

fulfilled in order to avoid scale effects. Deviation from scale

conditions is possible but the degree of deviation has to be

selected with reference to the acceptability of scale effects.

Examples

The scale law nL = llu . nt cannot but be fulfilled. The underlying equa

tion L = u • t in fact defines the velocity u.

Froude condition (n =~) 1S following from the requirement to haveu a
dynamic similarity for free surface flow with respect to the influence of

gravity. It is possible to deviate from this condition albeit that then

scale effects are present. In principle Eq. (1-8) makes it possible to

deterrnine the scale effects once nFr # 1 is selected for a certain problem.

(iii) By means of Chézy equation

(i)

(H)

u craI (3-1)

a definition of C is present. Hence the scale relation following from

Eq. (3-1) is a·.scale Laia

n = n n1/2 n!/2u c' a • 1 (3-2)
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(iv) Reyno~ condition (~e = 1) is of importance if viscous effects have

to be reproduced. In hydraulic engineering in many cases the flow 1S

highly turbulent. These cases allow to accept nRe I 1 and this gives the

possibility to arrive at a solution for model scales other than ~ =
as was the case in Eq. (1-13).

3.2. Free surface flow

3.2.1. Derivations

In the first place the flow in a system of open channels with rigid boundaries

and with a homogeneous fluid will be discussed. In this case a hydrostatic

pressure distribution can be assumed and the problem can be treated considering

only one space dimension (x). The dependent variables are the depth (a) and

the flowvelocity (u).

The equations of motion and continuity read

au au 11E _ gu!ul-+ u-at ax p ax C a

and

aa + aa au 0u- + a- =at ax ax

With p pga + pgz Eq , (3-3)_becomes

1 au a [u2] aa az
~g ät + ax 2g =-----

ax ax C a

(3-3)

(3-4)

(3-5)

The Eqs. (3-4) and (3-5) can be used to derive the scale relations relevant to

this problem. The terms of these equations may be eonsidered as parameters. Hence

in order to avoid scale effects eaeh term of an equation has to have the same

scale.

This leads to four seale relations:

(i) The kinematic condition

This follows for instanee from the first two terms of Eq. (3-4).
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From
n(oa/ot) = n(uoa/ox) (3-7)

follows

na nu na
-1.~ (3-8)

which results in Eq. (3-6)

(ii) 'eómetric condition

n = na z (3-9)

easily to derive from the terms oa/ax and 'àzlêx of Eq. (3-5).

(iii) Froude condition

nu m-a (3-10)

which can be derived here from the terms o{u2/2g}/ox and 'àa/'àx.

(iv) Roughness condition

= r (3-11)na

This condition follows for instance from the requirement that

o{u2/2g}/ox and ulul/{C2a} have to be reproduced on the same scale.

Remarks

• Note that in this case it is not necessary to select nx = ~ equal to na.

Hence a distortion r = ~/na > 1 is possible. This is possible because

a hydrostatic pressure distribution was postulated. In other words ver

tical accelerations. are supposed to be negligible wi th respect to the

acceleration of gravity. This is only the case if the flowlines are not

cU~Jed in the vertical plane •

• For simplicity reasons the convective term o{u2/2g}/ox has been used here

to derive Froude condition. For small Froude numbers this term can be

neglected with respect to oa/ox as can be seen as follows:
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...!.[u2]+ oa = ...!.[ U2 + a] =
OX 2gJ OX OX 2g

oa~
OX (3-12)

if Fr2 « 1.

In this case, however, still Froude condition is present as can be seen from

a consideration of the terms g-lou/ot and oa/ox.

This gives the scale relation

(3-13)

which in combination with Eq. (3-6) again leads to nu = ~. Similarly

also still roughness condition holds for the case in which Fr « 1.

A special case of the flow problem described by Eqs. (3-4) and (3-5) is steady

uniform flow, described by Chézy equation:

Then oq/ox = 0 thus q = constant and with i = -oz/ox Eqs. (3-5) gives

u = c/äI (3-14)

This leads directly to

(3-15)

The slope i is equal to the difference 1n piezometric head (~h) divided

:i1y a length (L).

Hence

(3-16)

Both Eq. (3-15) and (3-16) must be fulfilled. Elimination of n. yields
1.

(3-17)

This implies that if (i) Froude condition is fulfilled, thus n 2 = n andu a
if (ii) roughness condition is fulfilled, thus n~ • n/~ = 1, then auto-

matically n~h = na or, differences in piezometric head are reproduced on

the vertical scale.

This also implies that if Froude condition and/or roughness condition is not

fulfilled, then scale effects (n~h # na) are present.



-35-

Many flow problems in seas, estuaries and rivers have to be treated as

two dimensional in the horizontal plane (still hydrostatic pressure dis

tribution). For simplicity reasons a stationary two-dimensional flow will

be considered here, using the basic equations along and perpendicular to

the flow lines:

a
[~:] =

ah
~ (3-18)as - as- C a

and
2

+ ah =u 0 (3-19)gr an

in which h denotes the piezometric head and r the local radius of curvature.

For kinematic similarity it is required that nr = ~. This leads again to

Eroude aondition and rouqhneee aondition (Bfjker et al, 1957).

Note that in this case distortion is possible (hydrostatic pressure distribution).

However, a two-dimensional flow pattern in a vertiaal plane cannot be distorted

if the flowlines are curved. Considering again a stationary flow (e.g. the

one over a sharp crested weir) leads to the following equations:

au au 1~
u ax + w äZ = - p ax (3-20)

(3-21)

-+
In this case the velocity vector u has no component in y-direction (v 0).

For similarity of the flowpattern the components u and w should have the same scale.

Hence the left hand terms ·of Eqs. (3-20) and (3-21) lead to the requirement

~ = nz' or nL = na (no dis t.ort îon) .

3.2.2. Artificial roughness

In order to fulfil the roughness condition the sca1e model has to be equiped

with artificia1 roughness. For rigid bed mode1s the fo110wing cases can be

considered •

• Case (ij: Undistorted~ hydraulia rough

An undistorted model requires n~ = J; with

[ -]12a
C = 18 log k + 0/3.5 (3-22)
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This means for a hydraulic rough case (k » 0)

c = 18 log 12a/k (3-23)

It 1S not difficult to see that nC is reached for

na (3-24)

• Case (ii): Undistorted, hydraulic smooth

For this case still nC = 1 holds but now 0 » k and the result is the

requirement

(3-25)

This is difficult to obtain. The expression for the thickness (0) of the

viscous sublayer reads

11.6v (3-26)

or

(3-27)

(water in the model) and with u/~ = C/Ig this leads to

(3-28)

if Froude condition is fulfilled.

It is easy to see that Eqs. (3-25) and (3-28) can only be fulfilled for the

trivial solution n 1.a
In fact the practical case of n > 1 implies that the model automatically isa
too rough. This asks for a model that is not too small.

This also is the reason that scale models of ships should not be too smal!.

Otherwise the forces due to (viscous) friction are relatively too large with

respect to other forces such as the one due to the propellor.

In the transition between hydraulic rough and hydraulic smooth both k and 0

play a role. Now k + 0/3,5 has to be reproduced according to na' The relatively
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small.

too large value of 0 ean now be compensated by selecting k relatively toom m

• Case (iii); NormaZZy distorted models

If the distortion is restrieted (say nL/na < 4 to 5) then still roughness

elements can be placed at the rigid bed to fulfil the roughness condition.

In most cases the flow will be hydraulic rough. It is handy to apply the

formula of Strickler here

c 25(a/k)1/6

Thus the condition resulting from n2C

(a Ik )1/3
r = ~.!..P-.",-.L.P,:-;",-r..,.

(a Ik )1/3
m m

Thus

~=
-3• rna

which lèads automatically to ~

(3-29)

r becomes

(3-30)

(3-31 )

n for an undistorted model.a

Fig. 3.1 Roughness elements

Figure 3.1 shows a detai1 of a

tidal model (r = 4) in which

artifieial roughness is ob

tained from concrete eubes and

gravel. Both the size of the

roughness elements and their

spacing determine the roughness

obtained.

Special (flume) tests may be

required to determine the

k-value of sueh kind 0f arti

ficial roughness.
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• Case (iv): Strongly distorted models

For large values of the distortion the roughness elements become so large

that they are not small anymore with respect to the depth. The flow in

the model then becomes unrealistic. For these cases resistance elements

eonsisting of bars are used in the fluid. In fact the shear stress

that has to be delivered

is replaced by a resistan

ce of the elements in the

entire fluid body. The

number of bars can be

estimated als follows.

Suppose the model should

have a Chézy roughness

C; = u2/ai. This is equi

valent to a shear stress:

(3-32)

Fig. 3.2 Resistance elements

The existing shear stress of the (usually concrete) bed amounts to

(3-33)

Each bar exposed to the flow over the total depth acts with a force F

on ehe fluid

(3-34)

in which D denotes the diameter of the bar. If n bars are placed on the

unit area of the model then the equivalent shear stress l2 due to the bars

amounts to
/

(3-35)

From lO = II + l2 it follows easily that
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n _3_ [ _1 - _!_]
C aD C2 C2Dal

(3-36)

Remarks

(i) For round bars CD may vary as the separation point ~s not fixed

and hence CD = CD(Re). Round bars, however, have the advantage that

the resistance does not depend on the flow direction.

(ii) Square bars or in general angular bars have just opposite characteristics.

The value of CD is rather constant. Angular bars placed at random are

attractive. Theresistance ~s then not dependent on the flow direction.

(iii) The expression of Eq. (3-36) can only give an estimate of n. Bars

placed rather close to each other have a mutual influence.

Special tests are then required to find the resistance of a group of

bars.

(iv) A varying C-value with respect to the waterlevel can be obtained by

taking bars of different lengths.

(v) For movable bed models the bed roughness ~s mainly formed by the bedform

(ripples and dunes). Sometimes, however, some extra roughness is needed

to fulfil the roughness condition. This can be achieved by placing a

small number of bars in this (normally distorted) model.

3.2.3. Earth rotation

In tidal models (i.e. fulfilling Froude condition) the scale of horizontal

accelerations should be r-1•

This can be seen from

2n nu a= (3-37)

This is not the case for the acceleration (a ) due to earth rotation
g

(geostrophicacc.eleration).

The relevant expression is

a
g 2u hl sin cp (3-38)

in which
2'TT

hl = angular velocity = ~2~4--~~6~O-~--76~Oo. 73 ~ JO-1trad/s (3-39)

and cp is the geographical latitude (CP = 52 0 in the Netherlands) •
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Hence if the model is placed at the same latitude as the prototype then

nag = nu' that means a factor nt too small.

There are a numbe r of measu res possibIe to give a proper reproduc tion of a
g

and hence to avoid scale effects in this respect.

(i) The model can be constructed on a rotating disco For models larger

than some meters this becomes very expensive due to technical

implications.

(ii) Another possibility is according to Schoemaker (1958). This is by using

the Magnus effect to reproduce the geostrophic acceleration.

A rotating cylinder with diameter D acts on a fluid with flow velocity u

with a force F perpendicular to the current

F cmpDauU (3-40)

in ~hich U = TIDn is the velocity of the circumference of the cylinder

which rotates with n revolutions per second. Theoretically a should be

equal to unity but in practice a = 0.3 to 0.5.

Fig ..3.3 Reproduction of geostrophic

acceleration.

Figure 3.3 shows the realization

in a tidal model. The horizontal

discs' are applied to surpress

secondary circulations.

The application is clarified

by means of the following example.

Example:

A tidal estuary (a = 20 m) hasp
to be reproduced in a scale model.

The following scales are selected:

n = 300; n = 100' n = 10 andLa' u
nt - 30.

lt is assumed that model and proto

type are situated at the same lati

tude

city

(q,p

is u = 1 mis.p

q, ). The prototype velom
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From Eq. (3-40) it follows

nu nw nu
1
3 (3-41)

For cpp 52° the value of a becomesgp

On I m2 ~n the model (a = 0.2 m) a force F is requiredm gm

F = amP. {a /n } = 0.2 * 103{1.15 * 10-~ * 3} = 69 mNgm gp ag

Selecting D = 2 cm; n = 12.5 Hz and a 0.4 yields with

(3-42)

a force F byeach cylinder ofc

F = 0.4 ee 10 * 103 * (4 * IO-~) * 12.5,* 0.2 '* 0.1c 0.4 N

Hence there are 0.069/0.4 ~ 0.17 cylinders required per m2•

Of course the cylinders also contribute to the hydraulic resistance

to the flow.

3.3. Surface waves

3.3.1. Wave propagation

The need to repoduce periodic gravity waves occurs frequently in coastal

problems. The starting point for considerations on scaling can be the

general expression for the celerity c (c.f. Lamb, 1945, p. 459)

c = 2rra
tanh -À- (3-43)

Here À denotes the wave length and a the surface tension (for air/water

a = 74 mN/m (= 74 mPam).

In the prototype ususually waves not influenced by a are present. This has

then to be the case also in the scale model.
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If 2no/p'Àis accepted for the scale model to be not more than 2% of the term

gÀ/2n then the following inequality holds,

or

zno/8.À < 0.02gÀ / zn

(0.02)--1(2n)2 ~ 0 < À2pg

(3-44)

(3-45)

For 0 74 mPa.m this yields À > 0.12 m.

Hence for practical cases the formula for c süuplifies to

V!ZÀ Zrrac =~ tanh ---2n À (3-46)

It is possible now to distinguish three cases:

(i) ReZativeZy deep water

For this case a > ~À leading to tanh 2na/À + 1

Or

c = IgÀ/2n or (3-47)

(ii) ReZativeZy ehal.l.oowater

Now a < À/20 which gives tanh 2na/À + 2na/À

This results 1n

c = ;ga or nc m-a (3-48)

(iii) Intermediate range

For 0.05 < a/À < 0.5 it can be noted that scale effects can only be

avoided if the argument of the hyperbolic tangent is equal in model

and prototype. Thus n = n is a necessity.a À
But then also, considering Eq. (3-46)

(3-49)

Note that in all three cases no link as yet is available with the length

scale (~) of the model.

In the genera 1 case Eq. (3-49) and the scale law



-43-

ne n
T

(3-50)

lead to three equations between the seales of four parameters (viz. a,

T, e and À). Henee one seale (e.g. the depth seale) ean then be seleeted and

the other three seales ean be dedueed from the available three equations.

The length seale of the model is then also fixed if no distortion is allowed.

When distortion is possible then there is some freedom in seleeting nL'

3.3.2. Wave deformation

• Reflection of a wave against a slope making an angle a with the horizontal

depends on the magnitude of a. Henee the refleetion is reprodueed eorreetly

for n = 1whieh implies an undistorted model. Therefore breakwaters ina
wave flumes have tobe studied bymeans of an undistorted model. However, a

sLopi.ngbeaeh albei t that waves are partIy refleeted may be dis torted as

usually this effect is small and refraetion is dominant .

• Refraction of waves is due to the bedtopography as the eelerity depends

on the depth (Fig. 3.4.).

In other words as long as

the eelerity is reprodueed

eorreetly, no seaie effects

in refraetion have to be

Fig. 3.4. Wave refraetion

(3-50) and (3-51) lead by eliminating nT to

From Eq. (3-46) follows in general

Eliminating ne from Eq. (3-52) and (3-53) gives

feared.

Thus a suffieient eondi-

tion is

Ina (3-51)

beeause in that case Eqs.

(3-52)

(3-53)
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1/2ntanh (3-54)

Equation (3-54) is fulfilled if nÀ = na. Apparently no requirement is set

for the length scale and hence distortion is possible •

• Wave refraction due to currents is also possible. A correct reproduction

can be obtained (c.f. Bijker, 1967) if the current is reproduced according

to the Froude condition. Also here no condition for ~ is present, hence

distortion is possible.

In both cases no requirement in reproducing refraction is set for the wave

height ~. Hence the waveheight 1n the model can be selected freely, of

course as long as the waves become not too ste_ep.

• Diffraction of waves is the deformation of waves due to the presence of an

obstacle, for instance

a breakwater (Fig. 3.5.).

Fig. 3.5. Wave diffraction

an undistorted model.

Remark

The diffraction pattern

in a given horizontal geo

metry varies with the length

of the incoming wave. Hence

the wavelength has to be

reproduced on the horizon

tal scale (~).

With the requirement of Eq.

(3-49) this leads to the

conclusion that diffraction

is correctly reproduced in

In coastal engineering problems waves are usually deformed due to a combination

of the above mentioned single causes. The effect on the selection of scales

will be further discussed in Chapter 4.
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3.3.3. Orbital velocity and wave height

The orbital velocity (v) and the wave height (H) are linked by

v(z) w H cosh kz
2 sinh ka . cos(wt - kx) (3-55)

~n which k 2rr/À is the wave number and w 2rr/T is the wave frequency.

Scale effects are avoided if ~h = I or nÀ = na. The scale of the

maximum orbital velocity is then restricted to the scales of wand H

only

-1nv =n .n..=n .n..o w ti T ti
(3-56)

With À = c • T it yields n n1/2
T a

Hence

(3-57)

For n..= n this results in n =;0-. Hence reproduction of the wave
ti a v a

height on the vertical scale is one of the requirements to reproduce

the orbital velocity according to Froude condition.

3.4. Hydro elasticity

In some hydraulic structures (e.g. gates and valves) the elastic

properties of the structure and the watermovement interact and

determinetogether the movements (and stresses) of the structure.

Now not only the watermovement has to be similar (Froude condition

and/or Reynolds condition) but also the response of the structure

due to any external load (by turbulence and/or waves) requires simi

larity.

The scale conditions can be derived by the following example. For

a more complete treatment reference can be made to literature (see

Prins, 1969; Kolkman, 1970, 1976).

For a simple mass-spring system the forces are linked approximately by

a linear differential equation for the displacement (a). See Fig. 3.6.



-46-

(3-58)

The terms represent the inertia force,

the resistance force, the spring force

and the external force respectively.

No scale effects are present if all terms

of Eq. (3-58)have the same scale.

F
Hence with

n = n-1
t w (3-59)

Fig. 3.6. Definition sketch

in which w is the angular frequency,

2 ~ * n~l~f * nw = nR * nw n =c

Thus

nF nF
~ n . n n . nLw a w

=
nF nF

~ nw . n nw . "t,a

~ ~
n =- =-
c n "t,a

(3-60)

(3-61)

(3-62)

(3-63)

A logical requirement is that na = ~ (germetri,csimilarity). Note that

Eqs. (3-61) ••• (3-63) are scaZe conditions for the three parameters M, R

and c in Eq. (3-58)with respect to the force F.

A forced oscillation of the system of Fig. 3.6. can be studied mathematically

by applying for the external force a periodic function

F = Fe cos wt (3-64)

The solution reads

Fo
a = a -- cos(wt - ~)c (3-65)

in which
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Cl (3-66)
/{I - W2/W 2} + {R2w2/M2w Ii} •o 0

The parameter Wo = Ic/M represents the resonance frequency.

Logically ~ = ~o. Hence if the conditions for ~, nR and nc are fulfilled

then the following results are ohtained.

(i) Fulfilling the conditi~ in Eqs. (3-61) and (3-63) lead with Wo = IC/M

to n = nw Wo
(ii) This together with fulfilling Eq. (3-62) and in using Eq. (3-65) yields

na = I.

(iii) But then applying Eq. (3-63) to Eq. (3-65) the result is na = ~ and

this ofcourse is a logical requirement.

Hence if the three scale conditions for M, Rand care fulfilled then the ampli

tude of the oseillation and the resonance frequeney of the structure have cor

rect scales.

Now the stresses in the structure are to he considered.

According to Hooke's Zaw the relative deformation (E:) is proportional to

the main stress (cr)with

(3-67)

in which E is the modulus of elasticity.

Hence

(3-68)

has to he fulfilled.

Thus as n = 1 is necessary for geometrie similarityE:

n n:-2'F L (3-69)

For the modulus of shear (G) it can he derived similarly:

(3-70)

For the comhination of the requirements for the water movement and proper

ties of the structure two cases have to he considered.



-48-

• Without free surface flow the above given conditions can be combined with

the condition for the pressure (p)

(3-71)

Combination of Eqs. (3-69) and (3-71) yields Cauchy condition

n = nCa p (3-72)

Hence Cauchy number

Ca (3-73)

has to be the same in model and prototype.

This case is relatively simple because if np = 1 and ~ = 1 is selected

(same fluid and same material in model and prototype) then n = 1 results.u
This is arealistic possibility if Reynolds. condition is not applicable

(viscous effects negligible). Note that Froude condition ,does not apply in

this case •

• Free surface flow agitating a hydraulic structure leads to a more complex

situation because now Cauchy condi~ and Froude condition have to be ful

filled at the same time leading to the requirement (see Eq ,(3-72» :

(3-74)

When water is used in the model n = 1. But then this should also hold forp
the structure because both the structure and part of the water (virtual mass)

vibrate. Hence the requirements are

(3-75)

and

(3-76)

It is difficult to find a material for the model that fulfils the con

ditions expressed in Eqs. (3-75) and (3-76).

As far as Eq. (3-76) is concerned trovidur can reproduce steel and concrete

as follows from Table 3.1.



According to these data trovidure

can reproduce steel if ~ = 60.

Reproduction of concrete is correct

if ~ = 6 is selected. In both cases,

however, the condition for the den

sity, expressed in Eq. (3-75) is not

fulfilled. Extra mass (e.g. lead)

has to be added locally to the model

structure to ensure an average np = 1.

This should of course not change the overall elasticity of the structure.

E P
GPa kg/m3

steel 210 7850

concrete 21 2500

trovidure 3.5 1400

-
Table 3.1. Properties of some

materials

3.5. Morphological processes

3.5.1. Transport by currents
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In many river-, and estuarine problems the mobility of the bed plays a role

and therefore reproduction of th._emorphological processes in a scale model

is of importance.

Here the treatment will be restricted to cohesionZess sediment and in the

first place the morphological processes due to currents will be discussed.

The starting point can be that many formulae describing the transport of bed

material due to a current show a unique relationship between two parameters

Transportparameter: X s=
n3/2 /gE

FZowparameter Y
Lln: = II ai

(3-77)

(3-78)

in which

Ll = (ps - p)/p is the relative density of the bedmaterial

II = ripple factor

In general the relation between X and Y reads

X = f{Y} (3-79)

without specifying at this stage this function.
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A condition for similarity of the transport reads

(3-80)

because as X = f{Y} is a unique function this leads automatically to

"x = 1 or (3-81 )

Equation (3-81) implies that if similarity in grain sorting is present

(~ = constant in the model) then the transport scale (ns) is a constant in

the model (no scale effects).

The equation of continuity for the sediment reads

(3-82)

if Sl and S2 are the components in x and y direction respectively of the

transportvector s.

The time scale (ntm) for the morphological process follows directly from

Eq. (3-82)

ntm = = (3-83)

Hence if ns is a constant 1n the model then also ntm is.

This situation is reached if Dy = 1S selected or

(3-84)

Together with Chézy equation this leads to a requirement for the velocity

scale

(3-85) .

The value of nu obtained in this way is called the ideal velocity scale

because its selection in principle leads to a situation in which no scale

effects are present. In practice as will be shown in Section 4.2.2;n is deter-
u

mined from Eq. (3-85) by selecting a certain bedmaterial (which fixes n6 and

nn) and by estimating Cm and ~ from experimental evidence.
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Remarks

(i) In principle now two different conditions for n have been derived.u
• The Froude condition for reproducing the watermovement with the

free-surface flow .

• The conditions following from the concept of the ideal velocity scale

i.e. reproducing the sediment movement without scale effects.

In practice this may very weIl lead to two different values of nu. This

will be discussed below.

(ii) Neglecting for the time being the influence of nC and n~ means that

Eq. (3-85) in principle reads

(3-86)

Or, if sand is used in the model (n6 = 1) this implies

(3-87)

In other words if n = n 1S selected then the two conditions mentionedD a
under (i) are fulfilled at the same time. This, however, is only possible

if gravel is present in the prototype. If the bedmaterial is smaller

than say D = 0.1 to 0.2 mm then the transportmechanism in the model maym
be different from the one in the prototype (this can also be concluded

from Shields' curve).

(iii) !wo ways are open to overcome this difficulty:

• Accept n2 < n thus fulfil Eq. (3-85) as a correct reproduction of theu a
morpholögical process is essential. The consequence is (assuming

that the roughness condi t ion is fulfilled) that the slopes in the model

become too steep as can be seen from Eq , (3-17). This gives an error that

can be corrected by tilting the model as will be discussed later.

• Select a light bedmaterial in the model (n6> 1) in order to fulfil

Eq. (3-85) without a value of Dm that is too small.

These two ways are often used in a combination.

If suspended load prevails then it seems logical to promote similarity with

respect to the concentration distribution. This leads to the condition

(3-88)
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or with ~

(3-89)

From the general equation for the fallvelocity W:

w =V, .L " I>D I
3 C

D
(3-90)

two ranges can be distinguished by means of Re WD/v

• Stokes range CD 24/Re valid for Re < I

• Newton range CD ~ I valid for Re > 103

It can be shown that ~n principle the scale condition following from Eq. (3-89)

for the Newton range is the same as the one given in Eq. (3-84). I

For the Stokes range, however, there ~s a distinct difference between Eqs. (3-84)

and (3-89). It seems logical to work with Eq. (3-89) for this case. Details

can be found from Zwamborn. (1966).

The scale conditions found here for the morphological processes do not give

information on the magnitude of possible scale effects. This is logical because

Eqs. (3-81) and (3-84) follow from dimensional considerations.

Scale effects can be studied if specific transport formulae are msed.

Two examples will be given here

(i) Meyer-Peter and MUeZZer formuZa

The Meyer-Peter & Muellerformula (1948) reads

(3-91)

in which Ct and S are constants. With S 0.047 it can easily be shown that

ni/3 I 0.047 Y
= (3-92)ny - 0.047 Y

P

Equation (3-92) has been reproduced graphically in Fig. 3.7.
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Logically Dy = I leads to ~ = I independent of Yp' Moreover for very

intensive transport (exceptional situation for y-l » S) the following

result is obtained

(3-93)

This conditions is less strict than ~ = Dy = I.

For the M.P & M formula the equation for the ideal velocity scale can be

simplified.

Here

1.I = Ic/c p/2
90 (3-94)

Hence

(3-95)

(ii) Engelund-Hansen formula

The Engelund-Hansen (1967) formula can be written as

x = 0.084 y-s/2 (3-96)

This gives the scale condition

-s/2=Dy (3-97)

This condition is also less strict than ~ = Dy = I. According

to the E-H formula

1.I = {C/gp/s (3-98)

Hence in this case

(3-99)

This gives some freedom in the selection of n via n provided bothu s
in prototype and model the E-H-formula describes the sediment transport

properly.
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Remark

Note that the Eqs. (3-85), (3-95) and (3-99) express the velocity scale in terms

of nCo The estimation of nC will be further discussed in Sub-section 4.2.2.

3.5.2. Transport by waves and currents

Morphological processes in which both waves and currents are present logically

require more conditions than if only a current is involved. Bijker (1967)

derived a formula starting by Look i.ngat the resulting shear stress due to

waves and currents. In its present form this transport formula can be written

(see Massie, 1978) for bedload as

D u rg [-0.27s = C exp {
lJu2 1 +

(3-100)

in which

Vo = orbital velocity near the bed

lJ ripple-factor = {C/CgO}3/2

Further

(3-101)

in which the friction factor fw 1S an experimental function of ao/r (Swart, 1974).

Here ao is the maximum waterdisplacement at the bed due to the orbital motion

and r stands for a roughness height.

The situation without scale effects appears if nfw = 1. Thus n~ = nCo From

Eq. (3-100)follows then the requirement if absence of scale effects is antici

pated

n-1 -1
llvo . nu = nu nC

~

Moreover if

~ = 2 -1nll . "n . nC nlJ

(3-102)

(3-103)
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(whieh is equal to Eq. (3-85) for eurrent only) then

nu
(3-104)

Note that this ideal situation (i.e. the one without seale effeets) is reaehed

if n and n do not have the same seale:u Vo

n ne In/). nD "" 1i. . nllu

= -; -I'
Dvo . "n . nll

(3-105)

(3-106)

Usually ne > 1 (requiring aeeording to the roughness eondition a distorted model).

Henee n < n is required. This ean be aeeomplished by seleeting a relatively
Vo u

large waveheight (H) in the model: ~ < na'

The following additional remarks ean be given

• As fine sand is present in many eoastal problems, these models are diffieult

to seale beeause eonditions for roughness, eurrents and waves are not easily

fulfilled at the same time.

• The use of bedmaterial in the model lighter than sand is restrieted beeause

Ziquefaction may oeeur. Henee for seale models on eoastal morphology a sub

stantieal deviation from the Froude eondition ean be expeeted.

• It has to be noted that the ideal eonditions given 1n Eqs. (3-105) and (3-106)

do not eonsider the speeifie shapes for ~ = f{ao/r} and Eq. (3-100).A detailed

analysis may give some release to these striet eonditions as was the ease for

eurrent only in the previous Sub-seetion when the M.P. & M. and E-H formulae

were used.

,
3.6. Density eurrents and disp!rsion

The watermovement may be influeneed by

small differenees in density. In tidal

estuaries for instanee the differenee

in density of the salt (sea) water and

the fresh (river) water influenee the

flow field.

-_. _. - ._. _. -·-datum

,ig~ 3.8 Definition sketeh

Knowledge on the eurrent pattern may be

important for navigation. Also sedimentation
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induced by density currents is an important hydraulic engineering aspect.

Scaling of these phenomena is again based on theoretical and experimental

evidence gathered in this respect.

As an example the scaling of a two-layer system (stratified flow) in a tidal

estuary will be considered here (Fig. 3.8). If a are the thicknesses of the1,2

upper layer and the lower layer respectively then the basic equations for a

wide estuary read

Continuity

o (3-107)

o (3-108)

Motion

~ ~+ a (al + a2)
T.
1+ Ul g = ---ot OX ox Plal

~ oUa o(a, a2) _ !::lpg ~ = Tb - T.+ 1+ u2 -- + got ox ox P2 OX P2a2

(3-109)

(3-110)

For a saltwater-freshwater system in an estuary !::lp/p

Pl = 1000 kg/m3 and P2 = 1025 kg/m3•

0(10-2). For instance

Derivation of the scale relations indicated previously brings ..forward the

following:

(i) Geometrie similarity

n = na al
(3-1 11)

(ii) Froude eonditions

n = lilu a or flyr= (3-112)

Moreover as can be derived from the third and the fourth term of

Eq. (3-110)

(3-113)
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In fact Eqs. (3-112) and(3-113) express that besides the 'normal'

Froude number (Fr = uliga) also the densimetric or internal Froude number

Fr.
1

u (3-114)
Iga /).p/p

should be equal in model and prototype.

As fresh water is usually reproduced by fresh water (npl = 1) this implies

that /).pis to be equal in model and prototype (n/).p= 1).

(iii) Roughness conditions

It has been shown above that for this problem two Froude conditions are of

importance (Eqs. 3-112,3-114). Similarly two roughness conditions apply.

This is logical as the bedroughness (Tb) and the roughness at the interface

(T.) have to be reproduced properly.
1

Using the Darcy-Weisbach (dimensionless) roughness coefficient (f) the

shearstresses can be expressed as follows.

T.
1

(3-115)

and

(3-116)

Considering Eqs. (3-109) and (3-110) again and using Froude condition the

following roughness conditions can be derived:

• Por the surface layer:

distortion
nL

_1
r = = nfona 1

• Por the bottom Laue»

distortion ~ -1 n2= r = = nfn Ca b

(3-117)

(3-118)

Compared to open-channel flow with a homogeneous fluid as discussed in Section

3.2 there ·are now two additions:

• The densimetric Froude number has now also to be equal in model and prototype.

This is accomplished by selecting n/).p= 1•

• The distortion has now according to Eq. (3-118) not only to be equal to the

aquareof nC for the bed but also Eq. (3-117) has to be fulfilled.
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The extra requirement for the roughness, expressed in Eq. (3-117), fixes in

fact the distortion and C has to be selected accordingly. The present insightm
into fi under various circumstances does not yet allowan accurate determination

of the distortion.

A related topic regards the dispersion of dissolved matter and heat. Here the

situation will be discussed 1n which the concentrations are so small that the

resulting density currents may be neglected.

The concentration changes in time and place due to convection by the main stream

and by the turbulent diffusion. The molecular diffusion can usually be neglected.

F 1, .. F + ~ ~ dx

z~
() ~ dt~ + at

Fig. 3.9 Definition sketch

Consider the most simple case of a

one-dimensional problem. The conser

vation law for the momentary concen

tration (~) and the flux of dissolved

matter or heat (F) can be deduced

using Fig. 3.9.

(3-119)

The flux is equal to the product of the momentary velocity (U) and the momentary

concentration:

(3-120)

The usual definitions for turbulent flow can now be applied

U u + u' (3-121)

~ = <I> + <1>' (3-122)

in which u and <I> are time-averages over a period e, small enough to ensure

UT ~ 0 and ~ ~ 0 and large enough to get rid of the turbulent fluctuations.

NCw a similar definition can be used for the flux F

F = f + f' (3-123)

A time-averaging of Eq. (3-123) gives
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F = U ~ ~ = (u + u')(~ + ~') (3-124)

because according to the definitions u'~ ~ 0 and u~' ~ o.

Taking now a time-average of Eq. (3-119) gives

~ + _i_ {uè + ~}
dt dX o (3-125)

Now a Fickian diffusion is assumed i.e. u'~'

flowfield (u = const) this leads to

-K d~/dX. For a homogeneous

(3-126)

If more space dimensions have to be considered then 1n a similar way the

(turbulent) diffusion can be defined. The diffusion coefficient K becomes now

a tensor K.. and the equation for the time-averaged flux in the x-direction
1J

becomes (denoting the x,y and z direction with 1, 2 and 3 respectively):

(3-127)

If the axes are taken along the ma in axes of the tensor

for i 'I j.
then K •• = 0

1J

Then the differential equation becomes

d~ a {K d~} _ _i_ {K d~} aat - dX 11 dX dy 22dy - ~
(a) (b) (c)

{K33 ~:} + uI~~ + u2 ~~ + u3 ~: = 0
(d) (e) (f) (g)

(3-128)

if K.. are not supposed to be constant in the flow field.11

If velocity gradients are present then these gradients also contribute to the

variation of ~(x.,t). In this case equations similar to Eq. (3-126) appear in
1

which K.. 18 a dispersion tensor, responsible for all effects besides the pure
11

convection by the main stream.

It can be shown quite easily that the various elements of the vector K.. are11
only reproduced on the same scale if an undistorted model is used.
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Por instance from the terms (b) and (e) follows the relation

~ll = nu (3-129)

From the terms (c) and (f) follows

~22 = n
u .l), (3-130)

and from the terms (d) and (g) follows

~33 = nu na
(3-)3)

Remarks

(i) For the steady state case for both flow and concentration (d~/dt=O)

there seems to be no condition for n . This is of course only true if
u

fulfilling of the Froude condition is not required for the reproduction

of the flow field.

(ii) The above given reasoning does not mean that dispersion cannot be repro

duced in a distorted model. In a relatively narrow stream Eq. (3-)26)

can discribe the longitudinal dispersion (Fischer, 1967). In such a

case distortion obviously is possible. In a distorted (tidal) model

longitudinal and lateral dispersion has been reproduced correctly for

a case in which the contribution of the vertical velocity distribution

to the total dispersion was of minor importance.
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4. Design of scale models

4.1 Introduction

After having given the anaZyticaZ treatment of the various scale conditions

for reproducing hydrau!ic phenomena, now the synthetic approach will be dis

cussed.

Conflicting scale conditions wil! have to be fulfilled at the same time.

Obviously the compromise to be selected will contain some scale effects. It is

necessary for a specific hydraulic engineering problem to weigh the relevance

of the scale conditions involved and optimize with respect to scale effects

that are likely to be present.

In finding this compromise it is of importance to keep an eye on the aim

of the model study during the whole process of scaling. This is directly

related to the question what accuracy the model should have.

This is of course re!ated to the accuracy of the available prototype data.

Boundary conditions have to be introduced in the model and this implies that the

prototype circumstances have to be schematized into a number of designconditions.

In fact the entire problem (of which the scale model is only a part) has to be

analysed properly in order to get optimal results.

Moreover laboratory faci!ities are of importance to the design of scale models.

The requirements differ from case to case. Important aspects of the facilities

are for instance:

• available space and discharges

• available instrumentation and control systems

• available experience.

These aspects do not dictate the scale model that will be constructed. This can be

demonstrated by two examples:

(i) The available instruments for measuring flow velocities in a tidal mode!

are too inaccurate for the velocity scale that is adopted in the first

approach. Two ways are open

• Construct or purchase better instruments

• Make the model larger i.e. increase the flow velocities.



-63-

(ii) For a particular scale model the staff of the laboratory lacks experience.

Again two ways are open:

• Reject the scale-model study because of the lack of experience

• Accept the scale-model study to gain experience.

Studies with scale models still require from the researcher a sound approach

using a suitable combination of science and art. Consequently common sense

plays an important role.

In the following sèctions three groups of models will be discussed. Problems in

inland waters (Section 4.2) are treated separately from the ones in coastal

waters (Section 4.3) where tides and waves may be important. In the third group

(Section 4.4) some examples are given of scale models of hydraulic structures.

4.2. Problems in inland waters

4.2.1. Rigid-bed models

Whenever possible rigid-bed models should be applied because they are less com

plicated and less expensive than mobile-bed modeis. In a number of cases this

is possible. Leaving apart the problems dealing with hydraulic structures it

can be said that the compromise in scaling has to be found here for the velo

city scale, the distortion and the artificial roughness.

It seems logical to select for all these models the velocity scale according to

the Froude condition. This is, however, not always the case as can be seen as

follows.

Example

Consider the case of the design of a scale model in order to determine the effec

tive area of a lake that is used for cooling water. The problem is to find the

optimal location of intake and outlet for the cooling water.

The lake wili be characterized by large horizontal and small vertical dimensions.

Hence distortion is a must. From the character of the problem it appears that areas

with small flow velocities are present. Hence Reynolds condition cannot be neglec

ted here. It can be stated that Fraude condition is of less importance here. This

is because of the fact that Froude number is small in this case. Hence the fa~tor

sm/~ = ! Fr! is small also. As nRe = 1 and ~r = 1 cannnot be fulfilled at the

same time a good compromise seems possible with
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• n < nl/2
u a

• llr,> na

• nC2 = llr,/na

(deviation from Froude condition)

(apply distortion)

(fulfil _ roughness condition).

Navigability of rivers and canals can be tested by means of manoeuvringtests

with model-ships. In this case an undistorted model is a must. Moreover Froude

condition and roughness condition have to be fulfilled. The modelship should

not be too small, otherwise the influence of the viscosity on the skin friction

of the model-ship becomes relatively too large.

Special attention has to be paid to the steering method to be selected (Hoekstra,

1965). There are a number of possibilities.

Fig: 4.1 Helmsman aboard (llr,= 25)

(i) Steering with a helmsman aboard

Figure 4.1 shows a scale model

of barges steered with a helms

man aboard. The helmsman has

an almost correct view on the

surroundings. In this case the

power for the propellors is taken

from batteries aboard the barges.

Obviously the model has to be

large in this case because the

barges have to carry the pilot and the batteries •At one point the model-pilot

has a better information than his collegue in the pro totype . This is due to the

fact that the human eyes are capable to get a 3-D-view at distances smaller

than some 40 m. Consequently the model-pilot will have to reduce his infor

mation by only using one eye.

(ii) Remote controlled steering from the banks.

There are two versions of this system. The pilot may get his information

on the position of the ship through direct observation or via a display

connected with a TV-camera aboard the ship. In the first case the model

polot gets relatively to much information on the situation. In the second

case he gets relatively too little information.

(iii) Bleetironie steering •

In this case the electronic pilot steers the ship along a pred~scribed

course. The variation of the propellor speed and the rudder angle are

measured.
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Fig. 4.2 Laser guidance system

Figure 4.2 shows such a model.

The location of the model-ship

is measured by means of two

laser beams generated ashore

and reflected at small mirrors

at the ship. The control system

takes care of the action of

propellor and rudder required

for the correct course of the

ship. The capability of the

prototype pilot can be programmed.

Naturally the reliability of

such an electronic steering is

increased by prototype tests.

In the last case the course of the ship is known as it is directly measured

by means of the laser beams. The first two methods require a technique to

establish the course of the ship. Photographic techniques have been used in

this respect. Figure 4.3 shows

a birdseye view of the barges

of Fig. 4.1 while crossing in a

scale model the Lower Rhine near

Wijk bij Duurstede on their course

along the Amsterdam-Rhine canal.

As will be discussed below mobile

bed river models usually will

require distortion. This creates

a conflict in cases in which manoeuvra

bility has to be studied on a mobile

bed.

The only solution here is to use, two models:

(i) An undistorted fixed bed model to test the manoeuvrability and

(ii) A distorted model with mobile bed to study morphological changes if

Fig. 4.3 Photographic locationing.

the geometry is changed.

An example of such models is given in Fig. 4.1 and 4.3. They regard a study on

the improvement of the navigability of the crossing: Amsterdam-Rhine canal and

Lower-Rhine near wijk bij Duurstede.

Figure 4.1 (and also Fig. 4.3) show the undistorted navigation model (nL = 25)
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rhe morphologieal model was distorted ~
L

75; na 25).

4.2.2. Mobile-bed models

4.2.2.1. General

In many problems in inland waters the mobility of the bed eannot be negleeted.

Here the intention will be foeussed on mobile-bed river models. Remarks on

loeal seour near hydraulie struetures will be diseussed in Seetion 4.4.

Before in Subsection 4.2.2.3. the aetual sealing of the model will be diseussed,

in Subsection 4.2.2.2. the tilting of sueh models will be treated. This is a

measure to overeome seale effects arising from the faet that the velocity seale

is deviating from the one aeeording to the Froude condition. Special attention

to the roughness seale is given in Subsection 4.2.2.4.

The reproduction of the river regime will be diseussed in Subsection 4.2.2.5.

4.2.2.2. Tilted models

The applieation of the ideal velocity seale for the reproduction of the

morphologieal proeess most likely implies a deviation from the Froude condition.'

It will be diseussed here what the eonsequenees are, moreover the surpressing

of seale effects will be treated.

Starting with Chézy equation and with the notion that a slope (i) is the ratio

of a differenee in water level (~h) over a eertain length (L) it ean be stated

n . = na~ a
n~h
na

(4-1)

This leads to the eonelusion that n~h = na provided

• The raughness condition is fulfilled (n~ = nL/na)

• The Fraude condition is fulfilled (n2 = n )u a

The selection n~ = na may not be possible, however, beeause the applieation of

the ideal velocity scale has priority to reproduce the morphologieal proeess.

Usually n2 < n will follow from the concept of the ideal velocity seale. Asu a
in many rivers the velocity head will be mueh smaller than the waterdepth this

will as sueh not ereate large seale effects (c.f. Eq. (1-8».
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More serious ~s the effect that according to Eq. (4-1) the selection n2 < nu a
will (if still n~ = ~/na is adopted) lead to n~h < na. This will imply that

the slope in the model is too steep.

To see what the consequences are it is ~n the first place possible to look

at a river with vertical banks. Also in this case the waterlevel slope will

be too steep. However, due to the mobility of the bed the bedslope will follow

the waterslope and hence the depth will be reproduced correctly. Both bedlevels

and waterlevels will not be correct with respect to a horizontal datumlevel.

However, for sloping banks, especially in relatively narrow rivers this will be

different. If the waterlevel is reproduced correctly in the centre of the model

then upstream waterlevels will be too high and the downstream waterlevels will

be too low.

~~nrs_t_r_e __a_m ~ _
. ~ -- - .±=_ }j= required

''''', present....._------

Fig. 4.4 Errors ~n waterlevels

Now the waterdepth will not be

reproduced correctly as can

be deduced from Fig. 4.4. In

the upstream part of the model

not only the waterlevel but

consequently also the width at

the watersurface will be repro

duced incorrectly. The width

will be too large and hence

the depth will be too small.

Downstream an opposite effect will be present. The waterlevel is too low here,

hence the width at the watersurface is too small and consequently the depth is too

large.

This inconvenience can to a large extent be overcome by means of tilting of the

model.

Figure 4.5 indicates the principle. The

prototype slope (i ) should be reproducedp
if r is the distortion selected.as rip

However, due to the selection of n2 < nu a
> ri will be present.pa model slope im

Fig. 4.5 Tilted model

This inconvenience can be overcome by

using for the model a sloping datum level.
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If the fixed banks or the groins are built with respect to a datum level with

a slope it = 1 - ri then the water levels arem p
to the banks and hence the waterdepths will be reproduced correctly as weIl.

situated correctly with respect

The required tilt 1t can quite easily be deduced.

i-rim p (4-2)

hence

i{n~n~na r1
Note that logically it = 0 follows from Eq. (4-3) if n~

(4-3)

n and n2a C rare

selected.

The problem is that in Eq. (4-3) i is known, n2 together with n and rarep u a
selected but n~ is unknown. In fact n~ can only be determined accurately from

measurements in prototype and in the model. The tilt it has to be established,

however, before the construction of the model.

The only possibility is to estimate the model roughness (C ) before the con-me
struction of the model. It 1S quite possible that the actual roughness of the

model (Cma) will be different from Cme• Consequently still errors in the water

level are possible.

The maximum error (~h x) present at the ends of the modeireach with length Lma m
is:

~h = ~ L {i - i }max m ma me
(4-4)

if 1 and i are the actual and the estimated waterlevel slopes 1n the modelma me

The following deduction using i = u2/(C2a) can now be given

~h ! L [{~1m- {~lm]max m
or L 2 [~- I]. u

~h ! m m
= c2 •max ame m

Thus ~h L 2 2 [~- I]• u nC • nmax
cf p a (4-5)= ~a • a nL • nm m p p u
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Hence

t.h-max
am

(4-6)

The relative maximum error t.h la is thus dependent on four factors:max m

(i) The parameter L i la characterizing the river involved. Note thatp p p
L i la = 1 for a river reach with length L for which the difference inp p p p
waterlevel is just equal to the depth.

The factor n~ • na/nL which is equals unity when the roughness condition

is fulfilled.

(iii) The factor n In2 indicating the degree at which the Froude condition isa u
(not) fulfilled.

(ii)

(iv) The last factor becomes equals zero if the roughness of the model is

estimated perfectly beforehand.

Equation (4-6) indicates that in spite of tilting the model errors in the water

levels may be present as the ideal situation C = C can never be reached.ma me
The equation also indicates that the possible error becomes larger if a longer

reach of the prototype is to be reproduced. Hence the length of mobile-bed

river-models has to be restricted.

Not all models can be tilted. Two examples can be given

• Models of tidaZ rivers have to reproduce ebb and flood discharges.

Tilting for the ebb-flow would mean increase of the errors for the flood-flow.

Hence tilting is not applicable •

• A river flowing around an island cannot be reproduced in a tilted model unless

the two branches which enclose the island are of equal length.

For a model without tilt the maximum error in the waterlevel is found from

t.h = ! L {i - ri }max m m p

This can be expressed as

t.h [Le ~pie ] [~!r~~na} 1]max 1=a 2
m

(4-7)

(4-8)
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4.2.2.3. Sealing of the model

A number of requirements have to be fulfilled at the same time. It is therefore

advisable to carry out the sealing in a logical way. A possible way is the one

given below for a constant discharge used in the model. The number of available

bedmaterials for the model are usually restrieted. To avoid too much computational

work the bedmaterial is selected at an early stage. The criteria. in the selec

tion of the scales are both of a theoretical and of a practical nature.

The analysis is based on two assumptions:

(i)

(ii)

All required prototype data are known

The estimated roughness of the model (C ) is known from experience and/orme
literature. This topic will be given further attention in Subsection

4.2.2.4.

Step 1: Select n on the required accuracy. Usually for a mobile-bed modela
am < about 0.1 m has to be avoided if a reasonable accuracy is required.

Step 2: Make a tentative guess about nL. The concept of the ideal velocity

scale leads to

logns

1

- - - - Sm .mln
(4-9)

For a specific bedmaterial in

the model the right-hand

side of Eq. (4-9) is a known

constant. Hence for the

various available bedmaterials

the lines in Fig. 4.6 can be

drawn.

---_.logDm

Each available bedmaterial is

presented by one point in this

figure (n~ and ~ being known). Now a first selection on the acceptability

of certain available bedmaterials can be made on considering limits for

Fig. 4.6 Selecting adequate bedmaterial

Sm. These limits can be formulated for nS as Sp is known. There are two

limits

• Lower limit: In this case S becomes so large that it is to difficultm
to handle the model technically •

• opper limit: Here S is so small that the morphological process in them
model is too slow. This means that the morppological time

scale according to Eq. (3-83) becomes too smalle
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Step 3: Estimate the roughness of the model (Cme) from available experience,

flume tests or literature. For sand much information is given by

Guy et al (1966).

eompute now

-1.• n
}.l

(4-10)

The value of n}.lcan be found from the transportformula applicable in

the particular case.

For instance

Meyer-Peter and MUeZler formuZa

n2 1/2
U = n~ . ~ • nee (4-11 )

EngeZund-Hansen formula

n2 = n nu ~. D (4-12)

Step 4: Select distortion and tilt (if any) based on

. [n~e. n r]a
l.t= l.p n2

u
(4 -13)

This infact means the determination of ~ and it' The roughness con

dition has to be fulfilled as good as possible. Usually r ~ 3 in order

to reproduce shoals and troughs adequately. It is generally attractive

to select for na and ~ round numbers; this is easy to work with.

Step 5: eompute possible errors in the waterlevels due to possible deviation

of the actual possible model roughness and the value of eme
The maximum error (~h ) can be found frommax

(4-14)

To get an idea of the last term of the right-hand side of Eq. (4-14)
2

it can be assumed e = e + a~.A Taylor expansion for Ge2 « ema me - .. me
gives then

e2me
CZ-
ma

(4-15)
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Step 6: Compute the morphological timescale ntm according to

2 .~. n
a

(4-16)

Step 7: Carry out a number of tests to find the most suitable set of model

scales. Some possibilities are:

- is the flow turbulent?

- is u larger than u (Shields'graph)?m cr
- is ntm acceptable? (see below)

1S the error in the waterlevel acceptable?

Remarks

(i) The above given approach to a consistent set of model scales can be com-

puterized. The starting point is then an input of data from available

bedmaterials and series of possibilities for nL and na together with

relevant prototype data. The tests in Step 7 are ment to carry out the

selection.

(ii) The selection of the morphological time scale is related to the purpose of

the model. If the model is ment to study time depending processes (erosion

and sedimentation) then a small value of ntm is attractive. The model is

then slow enough to provide the time for the necessary soundings. However,

a quick model (large ntm) is possible if only future equilibrium situations

are anticipated.

(iii) The selection of the criteria in Step 7 is of great importance. They have

to be formulated in such a way that two extremes are avoided

• If the criteria are too strong then no set of model scales is accepted

• If the criteria are too weak then a too large number of sets are accepted.

The results then become unsurveyable.

For a restricted number of acceptable sets the cost for construction and operation

of the model (including the cost of bedmaterial) can be estimated leading to a

final choise.

In the above given analysis it has been assumed implicitely that both in prototype

and model the bedmaterial is (nearly) uniform. However, at least in the prototype

the non-uniformity of the bedmaterial may play a role. For instance at bifurcations

grainsorting takes place. Using uniform material in the model would mean here that

~ varies over the three branches. Consequently also the depthscalewill be different.
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This has led in the past to use non-uniform bedmaterial in the model as weIl

(~ is the same for each size fraction). An example is the model of the

bifurcation of the Rhine near Pannerden (see de Vries and van der Zwaard, 1975).

There is a complication here as it is not easy to define the grainsize distri

bution of the bedmaterial in the prototype.

4.2.2.4. Roughness scale

Some special attention 1S given here to the roughness scale because nC plays an

important role in the determination of the scales.

In the previous Subsection nC is determined by:

• Determination of C from direct observationsp
• Determination of C from flume studies and/or literature i.e. for a selectedm

value of D , ~. and a the value of C is determined experimentally for variousmmm m
values of u •m

There is, however, a group of researchers that is following a slightly different

line (e.g. Yalin, 1971 and Giese, 1978). They base the determination of nC

on roughness-predictors e.g. usuallyamainly experimental relationship between

the roughness of an alluvial channel and hydraulic characteristics

It is the writers' impression, however, that the presently available roughness

predictors have a low accuracy that may cause inaccurate results if they are

used automatically for the estimation of nCo

This statement is illustrated in Fig. 4.7. A series of field data of the

Magdalena R. and tributaries(Columbia) was used to compare with the forecast

of C by means of two often used roughness predictors.

(i) The Engelund-Hansen (1967) predictor.

(iil The Alam-Kennedy (1969) predictor. According to this predictor the rough

ness predictor C' of the bed for flat bed with transport has to be deter

mined with the Lovera-Kennedy (1969) graph, This experimental graph based

mainly on flumes and smal! rivers is not at least adequate for fairly large

rivers where a/DSQ is much larger.



Sofar the scaling of a mo

bile-bed river-model has

been based on a constant

discharge. A constant dis

charge, however, is

obviously not able to re

produce the time depending

bedlevel variations due to

the riverregime. Hence a

constant discharge can

only be applied if these

variations are smallor

not important to the pro-

blem studied. The selec

tion of such a constant discharge should be based on the problem involved.

:80

Iu 10

f eo

, , , Vë'=ë*.C'"' •
C' ,'8 lOg Ms';.

. V. , i' •V.. i- • .
• •• . ~

.01\0
•• .••, . •·v~

Ve
~j~1t?i IENGELUND- HANSEN I

10

o 0 10 20 30 40 !50 eo 10 ., md•ol_c_
1 ~1 1 . /ëI·ë*·c-'
c"t8IOg~

V
i- V

:.l/: 0

•• .. •
" 0• ..~ "

• G
o· ."..

~ .. ~
1-~

~~~~f !ALAM-KENNEDY I

20

10

o 0 10 20 )Cl 40 !50 150 10 eo m,,\·l
~c .........

Fig. 4.7 Roughness Magdalena River
(after Jansen, 1979)
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Both predictions show that

a large scatter is present.

Hence a large inaccuracy

of nC may be pres.ent. It

is therefore advised to

be very careful in this

respect.

4.2.2.5. Schematization of

regime

Morphological computations have been proposed in this respect (Prins and de Vries,

1971).

If a va~ing discharge has to be applied then a logical sequence of constant dis

charges has to be selected. For each discharge the scale selection has to be

repeated. Obviously ~, na' ~, n~ and a1so it has to be the same for each dis

charge. In principle it is possib1e to vary n with Q.u

4.2.2.6. Scale mode1s and mathematical models

Morph1ogical problems in rivers can attractively be solved if two availab1e tools,

scale models and mathematical models are applied in the field where they have

their strength. For the characteristics and applicability of mathematical morpho

logical models reference can be made to Jansen (1979) and de Vries (1981).
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The two model types are complementary to one another as can be seen from the

following short characterization:

• ScaZe models can g1ve a good reproduction of the bedlevel variations 1n space.

There are restrictions with respect to the length of the riverreach that can

be reprodueed. The introduction of the entire regime is not easy.

• Mathematical models~ however, have opposite characteristies. Restrictions with

respect to the length of the reach to be reprodueed are hardly present. It is

no problem to introduee the regime. A serious restriction as yet (1981) is

that only the average depth aeross the width can be introdueed. In other

words little detail is attained.

The solution is obvious. Mathematical models can be used to eompute roughly

the variations over a long reaeh. Seale models ean be used for some parts

of the entire reaeh for whieh detailed information is required (see also

de Vries and van der Zwaard, 1975).

4.3. Coastal and estuarine problems

4.3.1. Rigid-bed models

Many problems along coasts and in estuaries can be taekled by means of scale

modeis. Here also holds the remark that whenever possible a rigid-bed model

should be applied. There is a large varietyof possibilities. Some examples

will be given here with the exception of models for hydraulic structures; those

are treated in Section 4.4. Reference can be made to Keulegan (1966), Ippen

(1968), "Novak & Cabelka (1981), Kobus (1980) aná Sharp (1981).

The problems diseussed here are charaeterized by the presence of (tidal)

currents, short waves and possibly density eurrents.

• Wave penetration in harbours along coasts

Inmanycases refraction and diffraction is present at the same time. Henee

the model has to he undistorted The wave heights in the model are studied as

a function of the ineoming waves. These incoming waves may be regular ones

(i.e. monoehromatic waves) as can beo seen"in Fig. 4.8.
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Fig. 4.8 Wave penetration test
Sekondi harbour (Ghana); nL

There Ls, however, a tendency

to use irregular waves (i.e.

to reproduce the wave spectrum).

The wave generator required is

more expensive than the one for

regular waves. Reference can be

made to Graveson et al (1975).

The objective of these tests is

mainly that the lay out of the

harbour is made in such a way

that save navigation is guaran

tied. Requirements are set for

the waves that meet the moored

vessels in the harbour. The models

are usually built in a permanent

facility (wave basin).

In order to measure the wave

height inside the harbour accu

rately it may be neccessary to

select ~ < ~. This does not influence the results as long as no breaking waves

have to be reproduced from the prototype. Of course the waves should not break

70

in the model if they do not in the prototype.

Wave penetration may be influenced by the tidal movement. This regards both

the influence due to the variations of the waterlevel (vertical tide) and due

to the tidal currents (horizontal tide).

However, it is not neceaaary to introduce the complete tidal cycl,ein the

scale model. Important phases during the tidal cycle ean be reprodueed by

steady flow. If these flow eurrents are strongly influenced by storage effects,

e.g. due to filling or emptying of the harbour basins, then these effects

have to be introdueed in the seale model as well. In this way a correct repro

duetion of stream refraction ean be attained.

The sealing ean be influeneed by the type of wave-generator applied.

If e.g. the wave generator only ean reproduce distinet wave periods (T )m
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then this fixes with given T the scale n . The relation between n_ and
p T L

n then fixes the length scale to be applied.
T

Fig. 4.9 Starry sky model (after Stewart, 1965)

Seiahes may create resonanee in harbour basins. They are of a meteorologieal

influenee (eaused by loeal small depressions). These waves having periods of

some minutes ean be investigateà,by a starPy sky model. The (distorted) model

iS'plaeed under a dark eieling in whieh at regular intervals a large number

of small lights are plaeed. The camera in the eieling takes during one wave

period a photograph of the light reflected at the water surface. The photo

graphs ean be interpreted towards the flow veloeities at various plaees and

during the wave periode For details referenee ean be made to Stewart (1965),
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see also Fig. 4.9.

This type of scale model is not frequently used as 1n many cases a mathematical

model can be used adequately.

Problems with tidal waves can be studied in tidal modeis. Here it 1S of

importance whether density currents can be expected due to the presence of

a (fresh) upper discharge, together with the (salt) sea water. If the fresh

water influence can be neglected for the problem then all salt water in the

prototype can be reproduced by fresh water making n ~ 1. This is a greatp
advantage as the operation of a scale model with salt water requires much

attention to rusting.

The cost of a tidal model depend largelyon the accuracy required, which

again is also depending on the accuracy of the prototype data available.

Fig. 4.10 Scale model of the Oostersehelde

Figure 4.10 shows the scale model of the Oostersehelde (nL = 400; na = 100)•

.The salt water of the prototype is reproduced by fresh water (no density

currents).
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Fig. 4.11 Europort model 640; na 64)

In Figure 4.11 the Europort model is shown. In this case the density

differences are of importance; hence n~p = 1 is used.

This model covers a large area in which the harbour of Rotterdam is the

central part. This scale model is used for the aomplex watermanagement

problems in this part of the Netherlands.

4.3.2. Mobile-bed coastal-models

4.3.2.1. General

In mobile-bed coastal-models the reproduction of the morphological processes

is the central problem. The non-linear relation between flow velocities and
~

sediment transport plays a major "role.

An additional complication is that the natural conditions inducing the

morphological processes vary considerably in time and place. In many cases

a combination of the following aspects is present.
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• Tidal eurrents vary throughout the year.

River discharges vary in time .

• Waves of various periods and direetions, together with different

wave heights are present.

Consequently the natural conditions require a good deal of sehematization

before they ean be applied as boundary conditions for the seale model.

This implies that ealibration of the model is a must. In this ealibration

test at the same time sealing and sehematization of the boundery conditions

are tested.

4.3.2.2. Sealing

In sub-seetion 3.5.2. it has been indieated that aeeording to the condition

for the ideal velocity seale the following conditions have to be fulfilled

at the same time

Scale for current velocity

nu (4-16)

Scale for maximum orbital velocity

nvo
In n n 1v ~. D. ~ (4-17)

Apparently Eqs. 4-16 and 4-17 connot be fulfilled at the same time, together

with nu = nv as nC > 1. Moreover the use of light bed material (n~ > 1) is

restrieted as liquefaction made be present in the model. Henee seale effects

are present most likely. The sealing therefore is based on minimizing seale

effects in n (and henee in the bed levels).s

By means of the Bijker formula it 1S possible to deduee

n = f{n ,n ,vs u Vo p
and a }

p
(4-18)

onee a bed material has been seleeted for the model. It is now possible to

indieate ranges for v and a whieh are of primary importanee for the
p ~
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prototype area considered. The selection of nu and nv (thus nH) is now based

on the consideration that n has to be as constant asopossible for the rangess
of v and a adopted. Therefore the specific shape of ~ = f{a Ir} has to bep p 0

used. -For instance the one found in Massie (1978). The details of this pro-

cedure go beyond the scope of these lecture notes (s~e Bijker, 1967).

Obviously C hasm
of H ,D and ammm
fulfil the roughness

to be known here as weil as C . However, for known valuesp
the value of C is aresult. Hence C will generally notm m

condition. Additional roughness elements (rods) may

be required locally where curved flowlines are present.

A possible procedure is to select a length scale and adopt na and nH provisio

nally. Tests give an indication of the beach profile in the model. This has

to be matched with the beach profile in the prototype. The depth scale is then

fixed considering that part of the beach slope that is expected of largest

importance to the problem. It is practically impossible to attain geometric

similarity for the entire beach slope.

4.3.2.2. Example

As an example the approach to the port of Abidjan (Ivory Coast) is g~ven.

The approach from the ocean is through the Canal de Vridi. This (artificial)

channel links the ocean and the large lagoon along ~ich the port of Abidjan

is located.

l!!!!Iiiiiil!!!liiil!!!!!!l z"
50 ...•.•" . .....100

Fig. 4.12 Canal de Vridi

The single breakwater mouth of the

channel at the ocean side is situa-

ted to the west of a deep hole in

the sea bed. There is an easterly

littoral current due to waves

(dominant period T = 12 s). Thep
sediment along the head of the

breakwater is transported by the

waves; the tidal currents due to the

filling or emptying of the lagoon

have astrong influence on the

sediment transport. The intention

of the design is that the sediment

after passing the breakwater is trap

ped in the deep hole (Fig. 4.12).
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Three times the Delft Hydraulics Laboratory carried out studies with scale

models on this problem. The original design was tested in 1933. In 1950 the

canal was completed. In 1960 - 1962 and around 1970 new modeltests are carried

out due to changing situations in the prototype (requirements for more draft

in the channel and hence in the mouth of the channel). The details on the scales

given below regard the 1970 model.

Before the scales can be discussed some remarks have to be made on the

boundary eonditions to be applied to the scale model:

(i) Using a mathematieal model for the channel and the long lagoon the

ebb and flood currents are determined in the channel.

(ii) The littoral current present in the prototype has to be reproduced

in the model. The littoral current was computed according to Eagleson

(1965).

(iii) The littoral transport near the breakwater will change gradually in time

as the coastline to the west of the breakwater will gradually show accre

tion. The littoral transport was cumputed according to ~mard-Considère

(1956).

The model scales were determined along the lines summarized 1n the previous

sub-section. The following results were obtained:

Geometrie seales: nL 150 na 60

Sediment nfl 21 (D
2 P 0.5 mm Dm 0.2 mm)

Waves : n
T

1.55 (T
P

= 30 (H =
P

= 12 s ; T = 1.55 s)m
1.5 m ; H = 0.05 m)m

n = 3.5
vo

Currents : nu n
vo

3.5.

Note that n and n differ substantially from the Froude condition.u v
The value of nv ~3.5 can be reached by selecting nH < na'

o
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Reproducing ebb flow and flood flow by steady alternating currents,

it could be computed that 1 year in prototype was reproduced in 8 hours.

Besides the variations due to the tide also the difference due to the

dry season and wet season (influencing the upstream discharge from the
-

lagoon) had to be considered. This led to a number of flow situations to

be introduced after each other to take into consideration both tides and

upstream discharge.

-Fig. 4.13 Harbour entrance Abidjan

5.5. Hydraulic structures

4.4.1. General

,Figure 4.13 shows the scale

model used for this problem.

A number of tests were carried

out for the in 1970 existing

situation.

Each test was characterized

by a certain schematization

of the flow and the wave con

ditons in the prototype. Only

after having obtained a good

reproduction of the morpholo

gical situation in the proto

type,tests ware carried out to

forcast the morphological changes

due to deepening of the channel

in order to obtain more depth

for navigation.

Many aspects in the design of hydraulic structures cannot be treated in

a quantitative sense by means of computations. Therefore scale models are

used.,A large variety of examples are available. In the following subsections

a selection is made.
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The following remarks can be made in general.

(i) The watermovement at hydraulic structures usely is of a threedimensional

nature. Then the vertical accele~ations cannot be neglected with respect

to the acceleration of gravity. Hence distortion only exceptionally

1S applied in scale models for hydraulic structures.

(ii) For a hydraulic structure in some cases only a section of the

structure is studied. This 1S possible if the watermovement perpen

dicular to a vertical plane is negligible. Examples are: breakwaters,

weirs etc. The sections are then tested in flumes.

(iii) The impossibility of distortion leads to the circumstance that scale

effects due to viscosity can appear rather easily. This implies that

the general warning has to be given that the model should not be too

small.

4.4.2. Influence of currents

Examples of scale models of structures in which currents are the dominant

hydraulic factors are represented in Figs. 1.2••.1.6. If free surface flow

is present then Froude condition is a must. It is impossible to fuTfil at

the same time Reynolds condition (See Eq. 1.13)unless in the scale model a
3/2

fluid with nv = ~ is used. This is not easy to obtain.

Also for flow without a free surface similar problems can arise.

Consider the flow 'rrough an orifice in a pipe. The difference in pressure

over the orifice (~p), the density of the fluid (p) and the diameter (D)

of the orifice are characteristic parameters in the problem as long as the

fluid is considered ideal.

By dimensional reas·oningthe following deduction can be g i.ven ,

Q f{~p,p,D} (166)

or as an approximation:

in which K is a constant for an ideaZ fluid.
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(4.19)

Thus

kl + k2 0

-kl - 3k2 + k3 3

- 2kl -I

or kl I k2 - ! and k3 = 22

(4.20)

(4.21)

Therefore

Q KD2;~pJp KD2;~H/g (4.22)

in which ~H is the difference in head over the orifiee.

with the equation of eontinuety this leads to the requirement that

nu
(4.23)

For the reaL fluid it can be expeeted that

K K {Re} with Re uD/v (4.24)

Complete similarity requ1res

(4.25)

It is obvious that also Eqs. (4.23) and (4.25) are contradictory for nv = I.

In some cases the model has to be elastical similar. Figure 4.14 gives

an example. This regards an emergency weir normally situated in a hole

in the bottom of a supply eanal. The weir ean be inflated if for instanee

one of the dikes along the eanal collapses. Figure 4.14 gives three stages

during inflation. The length seale of this model was nL = 12~. The correct

reproduction of the elasticity of the we1r is essential.
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I The presence of a mobile bed restriets for

the seale models for hydraulic struetures

the select ion of the length seale. For these

cases Froude condition together with the

condition for ideal velocity seale have to

be fulfilled at the same time. For fine

sand the conditions nu ~ and nu = nt

have to be fulfilled simultaneously.

Fig. 4.14 Inflatable weir

Fig. 4.15 Spur-dike head, initial design

Figures 4.15 and

4.16 show tests for

the design of a

I spurdike. The main

problem for loeal

erosion is always

the stability of the

strueture proper.

Figure 4.15 shows a

serious seouring

hole if the spurdike

head is built perpen

dicular to the cur-

rent. _
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Figure 4.16 shows the improvement if the head 1S changed.

~Fig. 4.16 Spurdike head, final design.

4.4.3. Influence of waves

In coastal engineering the structures are in many cases subject to wave

attack. Two examples will be given here. Breakwater design requires test

facilities. The dimensions of these facilities determine to a large extent

the scales that can be used in a certain case.

Fig. 4.17 Breakwater design

Sections of breakwaters can be

tested in waveflumes of restricted
I

width (order of magnitude 1 m). It

becomes customary to apply random

waves for these tests i.e. repro

ducing the wave spectrum of the

prototype.

These tests are not sufficient for

the design of the entire breakwater.

Parts of the breakwater (e.g. the

head) that are subject of wave
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attack under an angle have to be studied in wider wave flumes or wave basins.

Figure 4.17 shows such an experiment in the wind-wave flume of the Delft

Hydraulics Laboratory. This flume ~s 8 m wide and is provided with a random

wave generator. Wind can be blown over the hundred meter long water surface to,
give the waves the required asymetrical shape.

Fig. 4.18 Cooling water outlet

Figure 4.18 shows other experiments

in the same test facility. Here it

regards the design of a cooling

water outlet in the sea. For the

design the forces acting on the

structure have to be known. The geo

metrie scale is here completely

determined by the size of the test

facilities and the size of the

prototype. The instrumentation then

has to be set up in such a way that

the forces are measured with sufficient

accuracy.
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Main SymboZs

a
c

C

Ca

CD
D

E

F

Fr

g

G

h

H

1

k

L

m

M

n

p

r

Re

s

S

t

u

ux
v

W

We

x

X
y

z

z(b)

Dimension

waterdepth

celerity

spring constant

Chêzy coefficient

Cauchy number = pu2/E

drag coefficient

grain diameter

modulus of elasticity

force

Froude number = u/!;gä

acceleration of gravity

modulus of shear

piezometric head

energy head

wave height

(energy) slope

wave number = 2TI/À

length

index for model

[ L]

[LT-I]

[MT - 2]
! -

[L2T 1]

[ L]
[ML-IT-2]

[MLT-2]

[LT-2]

[ML-IT-2]

[ L]

[ L]

[ L]

mass [ M]
scale(factor) n = x /x

x p m
index for prototype

pressure

radius of curvature

distortion = nL/na

Reynolds number = uL/V

velocity head = uZ/2g

sediment transport per unit width and time

sediment transport per unit time

time

flow velocity

shear velocity

orbital velocity

fall velocity

Weber number = puL/a

horizontal co-ordinate

dimensionless transport parameter

dimensionless flow parameter

horizontal co-ordinate

[L2T-1]

[L3T-I]

[ T]
[ LT-1]

fLT-I]

[LT -1]

[ LT-1]

[ L]

bedlevel



o
/);

n
À

II

P

thickness viscous sublayer

relative density = (p - p)/ps

[ L]

w.

dynamic viscosity

wave length

ripple factor

density of water

density of sediment

wave period

shear stress

kinematic viscosity

(wave) frequency = 2 ~/T

resonance frequency

stress

surface tension

[MI..-3]

[MI..-3]

[ r]
[MI..-1r-2]
[ L2r-1]
[r-1]
[r-1]
[ M]
[MT-2]

\)

wo
c
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