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CHAPTER1
PRINCIPIES OF HYDRAULIC SIMILITULE

1.1, INTRODUCTION:

Knowledge of principles of similitude 15 essential
for experimental work in Hydraulics, whether for fundamen-
tal studies in fluid flow or for testing the designs of
Hydraulic Structures.

- =T

The laws of similitude are used by the engineer not
only in connection with the design of shiga, aircraft,
and various hydraulic structures, but in the analysis, as
well, of various motion olcurrences of both fluid and
solid media by compar%son withlothe;' fluig gr d:oldi.g ?edia-
€.g. by a knowledge of principles o 8imilitu s
pos sib&fo..in‘alyse ?B%"Eéﬁ_ﬁ_ﬁ.:@ﬂ of gas of oll in a
¢losed conduit from = knowledge of IIow of water In &nother
g%ngm,t__ggﬁ vice-versd. Though perfect similﬁ”i‘i‘t’y”"”“i’ymmmgl )
obtainable, yet within the usual requirements of accuracy, 5
Similarity is obtainable in most cases,

1.2. PHYSICAL SIGNIFICANCE OF THE MECHANICS OF SIMILITUDE:

There can be different agpects of Similarity. In
icular, one may refer to (i Geometrical Similarity
1i) Kinematic similarity (iii) Dynamio oF Mechanical
s jm ih“fﬁy. e e iR T s o 17 ALY T 5 s

Ge%metrica;i Shiagr;éx: Two objects are said to be geo-
metrica similar the ratios of all homologous dimen-

Sions are equal. Thus geometric similarity involves only
8imilarity in form. :

WTMS 18 similarity of motion. Two
motlon occurrences are kinematically similar if the patterns
of paths of motion are geometrically similar, =nd if the
ratios of velocities of the various moLogous particles

olved in the Wiﬁéﬁ’iﬁﬁ""éécur’ '_rerl_lcels\ are equaly;

e i rmtndis dveiert il , R, Mty |
g'ﬂmj.g_sm;m: This 18 similarity of masses and forces,
o motion occurrences are dynamically simila® if they are=—

(a) kinematically similar, -

(b) the ratios of the masses of the various homologous
objects involved in the motion occurrences are
equal, and if |

(¢) the ratios of the homologous forces which im amway

affect the motion of the homologous objects
are equal,

According to Newton's second law, forge e
mass times acceleretion. Thus for dynamic siuihritg to
obtain between the two similar Systems, the ratio of the
forces acting on any two homologous mads particles must,
be proportional to the product of the respective homologous
masses and their corresponding agcelerations,

e




(2)

Ordinarily, the resultant sccelerating force is
composed of a ay‘tem of various forces, although one or
more of these frequently predominates, In fluid motion
phenomena, forces and physical properties influencing
mot ion occurrences i.nogude primarily the following:

(1; earth's gravitational forces

(11) friction between fluid particles
(111; capillarity

(iv) elastic forces, or compressive forces

The analytical treatment of mechanics of similitude
I.i‘s primarily based on Newton's second law of motion,
= lao

Consider two geometrically similar systems, one large
and one small, which will be referred to respectively as
the 'prototype' and the 'model', The systems may be made up
of fluid or solid media, each of definite physical charac-
teristics - e.gs the flow past an obstruction in a river
such as a bridge pier. lhe media in the prototype and model
may or may not be the same, concievably water may be the
fluid in the prototype and kerosene that in the model,

Movement of the respectively homologous particles
is considered in an arbitrarily chosen direction x, so
that the resultant forces producing motion are as $o11ows:-

2
Fp =m, : ;p (for the prototype) (1)
) o ,
2
and F' = my d ? : (for the model) (2)
d (I, »
Where,
Xy Xy are homologous distances,
Tp, I, are homologous time periods,
Fp, F, are homologous forces, and
By Oy are homologous masses.

For geometrical similarity, the ratio of all homo-
logous linear dimensions must be the same, thus

f\_ﬁ. - L\ (3)

T A
For ¥ingmatic simijarity the ratio of the time
eriods required for any two homologous particles to
zravel homologous paths must be constant throughout the

system, 8o thatv .

}-T,J ()

P
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lastly, for dynamic similarity the ratio of the
masses of homologous particles, when in ecorrespo £ s
positions, must be constant for all mass particles t ough
out the System, and homologous mass accelerating forces
must be constant, or,

e = my, (5)
%
and
F F ' (6)
P~ -
P
1030 DERIVED RATIOS:
Are t - 2
Bretlo - wo=Ap= () (7)
P
Volume ratio- :‘_ -V, = (Lr)3 (8)

p

Since mass is density times volume, and density P = .
it follows that 4

. = Pn. < T v
E LY /8 =

—@mH
L: €1y r (9)

e e AT S S OO

The velocity of a particle;;;} be represented by

TE i

v -,

I T
P r

g4ymilarly acceleration a = ﬁ = ﬁﬁ

- )
s A VPN I %

Hence Y\ar =z;:’7 \ (11)

T i
Taking advantage of the¥& derived ratios, the
ratio of the accelerat forces give
(1) and (11) can be writ enwg_g”_:_'g n by equaé:l.ons

P_ =
r =% 'i—z (12)
(1)

y =

Hence Vrg




(4+)

These two interdependent equations express Newton's
gencral law of similitude. They are a direct conse uence

of inertia, since they I
tation ¥ ?’5‘&13' T T s TF{oNE ronf CHRE the

g‘%ﬁﬂﬁ“&" ' ces shall be cynamically
S 1R44 Rt I Lo B

~""In the application of equations (15) to practical
ﬁmblem, K may de constant over wide range of conditions.
.€. the drag coefficient at high eynolds nos, is
independent of the Reynol® no. the other hand at low
Reynolds mumbers it is a function of the Reynolds number,

—¥ If model testing is done in the e of Reynolds s
at shich the coefficient 1sj: a fﬁmctﬁﬁ ofm%

fambder, the results will not be applicable ¢ directly to the
prototype. — T - -

1.5, SPECIAL MOIE!. IAWS:

Squation (14) is a general condition which has to
be fulfilled in ail cases, It gives the force rIa
ferms of length and time ratios. A second equation connect-
ing the same varjables, arises from the special nature of
the occurrence. These £vo equations give us a relation
between time and length ratios applicable to that occurrence.

If two forces are equally important in an occurrence
we shall have to write a third equation ( the first
relsting inertial forces, the second the primary force are
slways necessary) for thls second force, ghus there will
be three equations for three variables F,,, L, and T,. In

such a case thers would be only one solution. None of the
rat10s could be arbitrarily fixed, If the two media in
the model and tbe prototype are the same, similarity would
be obtained only the =1, 1.6, model is of the same
size as the prototype, In the oase of different media, the
scale ratios will fixed by the properties of the media.

Though more than one force are involved in many
fiov problems, usually the effect of one of them becomes
significant only beyond certain critical conditions, Thus
if the model 1s opersted outside those critical conditions,
the motion ocecurrences are sufficiently similar for practi-
csl utilisstion of model results,

1.6, THE FROUDE 1AW:

Consider two occurrences in vhich gravity is the
only foree producing motion, Other forces, such as fluid
friction, surface tension etc, are negligiblo. With
certain limitatiens, this would cover the case of flow over
weirs and spillvays or through sluices and orifices
propagation of grevity waves etc, '

Now, to satisfy the genersl inertial equation (13)

Fp = Py (1")3 L
(1,)%

Vet
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(5)

wation (12) reqpresents the force ratio in terms
of J.on?qth and time ratios, It is a necessary condition for
dynamic similarity detween two motlon occurrénces and 15
SomStines rerarred ta-mgzm q e L
Several Tordes be Involve '
making up the resultant force though one of them is usually
dominant, If the occurrence be such that several egually
important forces produce the motion, the problem of attaining
similituds becomes more involved. sinilitude can be secured,
vhen two forces exist, by the use of different fluids in
model and prototype. dnce the two fluids are chosen, the
cehauled’ratie becomes fixed by the properties of the chosen
¢ . :

In general practice, however, the concern of the
investigator is wgth the effect of only one force vwhich is
dominant. The neglect of the other forces is responsible
for inaccuracies only in the final result, The endeavour
therefore, should be te chose scales and to build and operate
models in such a mamner that the effect of non-dominant
ferces is compensating or negligible - e.g, im a phenomenon
in which gravity is predominant but fluid frietion and
surface tension may also be involved, their effect can be
minimised by avoiding small size of %he model,

1.4, NEWTON'S8 GENERAL LAW OF SIMILITUIE:

If in two dynamically similar occurrences, such
a8 a prototype and model, homologous mass plrtichs,~ and
experience homologous aceelerations a, and &, respecti~
vely, the two masses require agcelerating forees Fa=n . am

end ¥, =m, . & to over-come inertia. Bquation(12) cam
be written isd the form:

T, =fp (1) |

4 r ,
> s (13)
(

T,)

o« ¥, «f, (1,2 (P
(1, 2

"Pt Ay ( 'r)z (1%)

If the constant of Toportiomalit
equations is taken as k zho inertial r’orﬁ':-“ﬁ? igg.hmuﬂ

1cles ;
B e b e it R et

Ta=K ':.A. (Vm)2

(15a)
= 2
and "D‘P K /; Ap (vp)

(15b)




(6)

e gravitation force ratio will be equal to the
ratio of the weights of homologous particles, 80 that
for the second equation -

F_ = Y (L P =v.(L)» (6
r_?‘ -v'%—(_%) I'I"!'

equating t.heptvo values of F, from equation (13) and (16)
u
f)r ( ) - {r I"1‘3
b o
and since / = Y
g
o=y Ly (17)
/5
Also Vr = I.r =/gr[: (18)
T
Since R is always unity in practice,
Tr = /i; (17a)
and Vv, = /q ‘ (18a)

A large proportion of the phenomenon encountered
in ¢ laboratory practice are controlled by gravity
end for all of these, relations 17(a) and 18(a) are
hportant.

In dimension less form, Newton's genei‘al law of
similitude can be written as -
| £ F

A A s ) f&t:ﬁ’ (V)

This relation is true, regardless of the system of
units used so long 88 they are consistent, among themselves.

Consider Froude's model law,

Ve SR ean. (18)

er

s V
ok 5%
vhich means that the dimensionless parameter V_ ,
called the Froude's no,, should have the lw‘—ir

value in the model and the prototype for dynsmic Simi-
larity in gravitational phngouenoz?

L RS RGSANRENT s Ly
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1.7. THE REYNQIL'S IAW:

Consider the motion occurrences in two incompressible
liquids taking place in a similar fashion under the general
influence of internal friction forces; disturbing secondary
influences are assumed to be unimportant. Such a state of
motion would obtain, for example, in flow through small
pépeS; flow around immersed bodies at subsonic velocities,
eLCe

The resistance to motion is dependent upon the vis-
cosity of the fluid. Thus if U indicates the velocity of
the fluid at any point in the direction of motion and A, the
surface area between adjoining lamina of fluid having
uniform relative velocities, then,

F = M du A 7 (19)
‘ dy
4in vhich F is the frictional resistance and # is the
dynamic viscosity. The expression du indicates rate of

change of velocity in the directiogynormal to u.

Again equating the inertial force ratie given by
equation (13), to the force ratio given by equatien(19).

F:[le A__’_ﬂ d A u_:/u‘ 2
TE N b A s

G " r I
=/"r Ii‘
Hence r = L
1&2- My
- r
I, = qi - A
T,=( - . - B
|\ BETUP ) QL Kinemahie viseorlt

vhich 18 the Reynold's model law for Time ratios.
If the same fluid is,used in model and prototype, ’r
is unity and T, = L. !

Again from equation (20)

7 = (g

Yr A
or | EI = 1, or V
< 3 5

Yy

1 (21)




(8)

Since V], denotes the Reynolds no., it follows that for

dynamic’ similarity in phenomenon governed by fluid frietion,
t:eullhynold's no. in the model and the protetype should be K
@ . '

1.8. THE WEBER IAW ¢

At the free surface of a 1liquid, and also at the
surface of separation between two liquids, there can be
observed what behaves as an elastic skin, This is called
surface tension and is measured in force per unit length
of periphery, It is usually denoted by o ‘

Surface tension phencmenon governs capillary travel
of fluids and formation of bubbles and drops and capillary
waves, Surface tension decreases with increa e in tempera-
ture, At the boundary between water and air,sthe force of
surface tension is 79 dynes/em. or 5.9 x 10="" 1lbs/ft. at

70°F.
Surface tension force,

F=o-1 | (22)
amd Fo=o kh ‘ (23)

Equatiag this to imertial foree ratio,

tromwmih 7, = (L) Pr/oy (24)

= 1

2
S (-
or V2 I =1 (25)

where ¥r = °7'1- 500 mey be desigmted the kinemstie
surface tensiod. vE L, 15 called the 'veber number'
and for dynamic sim hrit{ in phenomenon involving surface

tension as the predominant force, this mmber should
equal 4in the 1 and the proh‘ype. be

1.,9. THE CAUCHY IAW:

The bully modulus of elastiaity of a liquid
similar to that of & solid, in thn:y it donotgl tn“ratu
of an increment in stress toa decrement in volume caused




-4

(9)

thereby, A decrement in volume represents an increment in
density, Hence the bulk modulus 1s given by =

or Ke 540 (26)
P a

in which K represents a pressure intensity, The force
involved is expressed as the product of this pressure
intensity, and the area over which it is applied.

Bence the ratio of forces between the model and the

prote (_for the same volumetric strain or percenta
chuum,volmo) P il

P.o= K, (L)° (27)
Bquating this force ratio to the inertia ratio,

K (L)? = Prg%);

Bence, Ir = &
y ;:!r
- OF, fr = &
7,

in vhioh ¢ is the kinemetic elasticity =
For dynemic similarity where elastic forces are dominant.

—'—Ix—.-r—— = 1

r
ot & s 'C' g1
/ O
1,0, the Oauchy number I should have the same value

()
in the model and the prototype.
EXANPLES s

1. A Froude's lav model is made at a length scale of
1/50. Find the time velocity, discharge and force scales.

As the same fluid is used, and gravity is not
sltersble, the scale ratios Qn'dotompi:ed as below:




(10)
: = I** = ] =
V, = I‘.l‘* = 1. =1
r m ’TT
q.x&.5/2.(1)5/2. 1
o 50 17,750

1'r=l't:~3'='(_g,6.)3= 1’

2. A model of a short length tunnel spillway should
satisfy both Froude's and Reynold's law for true
similarity. Find the required condition.

Equate the velocity scales for Froude and Reynolds
law ( Se; Table 1.1)
Lr gr* = /ur — ’9
L7 IJ:
or Ll'3/ 2 g ti =

r r

Since g. has to remain %ity, this requires use
of a fluid subh that), = L 3/2. For example in a 1/50

seale model the fluid used should be such that its kinematic
viscesity is 1/355 that of prototype or water. In practice
it 18 impossible to find and use such a fluid,

3. Priming time of a siphon spillway depends en gravity
as well as surface tension. Find the condition fer
simultaneocus satisfaction of both laws,

Again equating velocity scales for Froude and Weber
laws, we get

¥ gt . oz i
¥ ‘oA
or I,,; = o,
: ::r

Since g, remaeins unity,

o 2
{5 = &
The kinem&:l.o surface tension should be reduced in

proportion to o It 18 possible to reduce surface tension
with the help of detergents to a certain extent.
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1 3 _ 2 5

Mass C...w I va. Aew\ ) Abw ' vu. au.w P vﬂ
Fores (B3Y), Mpy,  wey, Px,
Density P r 7, T A r
Specific weight ML-2p=2 Yy M3P ) /1R )y (K/E),
Dynsaic viscosity il (¥]ey), (L P Ww. (VK7 ),
Surface tension (137, H/L P ) = r (/K),
Volume elasticity ur~! =2 (LY), (M2 P) /L), &
Pressure intensity (LY), AE» 12P ) e7L), |
Momentwm impulse RUL/ N (F ) (P27, (BPA7),
Energy and work ), ST ?om),  x),
Pover (1772 :\ /LP%), B7F ) .a»nu\»\.n*

Note: In gravity scales < =g p Eﬂav\\\vn

= g, oan not be altered.




CHAPTER-II
DIMENSIONAL ANALYSIS

the
2.1, W“) Physical Entitiss. There exist 1n1

sical world, certain things which we call "Physica
gg{itiu". Thus length, time voloeit{!’friction, electric
current, heat, etc. are physical enti

b) Physical quantities - Physical entities
are subjeect to mguurxent. The measured entities are called
physi quantities.

sal bnt (g ) Physical Uhi::—mIn o:dlr to l;tgl'! %
si entity it 1is necess ve & standar

:xsure. This standard is ca.:lleryd & "Physical Unit", Thus cm,
in., minute., miles/hr,, dynes, amperes, calories are
physical uni%s.

2.2. Ghojce of Pundamenta) apd Derived Entities:

As our knowledge of laws of the ggysical world expands
we discover new entities, as well as relationships between
already existing entities, For example Newton's laws relate
mass and force. The phenomenon of atomic fission bro

nev physical entities into the science of Physics.Einstein
correlated mass to energy or work,

The existence of these relationships has resulted in

the division of physical entities into two classes called
'"fundamental' and 'derived! entities,

Fundamental(Primary) entities are the ninimus mmber
of physical entities in terms of which all other entities
may be expressed,

Derived (secondary) entities are all ical entities
¢ther than the thda.mwta.l(Prhnary) ones, R

In problems of mechanies and dro-dynamics,three
tundamenta& entities are required, Tgse coulgm%e éhosen in

more than one way, The most commonly used System is Mass

Length and Tipe, Force, Length, and time are als coassion-
ally used, ’ 88, i °° ion

In terms of the first System, velocity is #

acceleration, 1,e. w%u is HJ.R?
s 1o aze dn_ 2 : and 80 on,
Thesze are derived entities.

The rela
entities 1a t:::'h:i between fundamental and derived

dent of the units used, It s algebrai
relationship and holds true irrespective of un}.tl:n :
2.30 YAlne )

)9 @ YRR U0

Dnnnunll nht t quc.nuu | and
express relationships ot . g 1o
from quantitative ghgio;.n g diass. Do T tea

8, dimensional symbold are
witten in letters mbndhﬁtﬂm brackets, '
mr:;maoghomimuy by the -y-boft:rg, Po‘?:.tu‘;' 1
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The dimensional formula of a physical entity is
the formula Showing the relationship of the physical entit
to the fundamental entities. E.g., the following dimensiona
formulac méy be noted:=

(v) = (')
[F) =[] = Duz?)
The physical dimensions of a physical entity are the

axponents of the fundamenta “entities in its dimens ional
formuld. E.g. in temms of L, M,MgnQ;If,thewéiﬁéﬁSTEﬁB'5T
f and -2 for T, and thos€

accoleration are 1 for length, O for

of Tored for Ly 1 for Mand -2 for T.

o The dimensional formula as well as the dimensionS

of a physical entity depend upon the choice of the fundamental
‘entities. The adoption of one system in preference to another
depends on the convenicnce of the wuser.

2.%. Postulates in digensions:

(a) In any dimensional system, the formula of a _
physical entity in terms of the fundamental entities consists
of products of powers of these entities {Table 21,, In 2
physical equation involving sums and nroducts of various
physical entities, each term of the. equation must have the
same dimension, otherwise the various temms could not be
added or subtracted. 1f would be absurd to add three kilogre-
mmes to four metres | This leads us to the first important

postulate on dimensions -

1A11 terms of a hysical e uatioﬁ entical

dimensions'e

This means that the exponents of all the fundamental
ntities must pe iden ical in a ;“gggr}9rm§wggmgmjh1§1§§l“"~
equation, this criterion 1s not satisfied, there is some
thing wrong with the derivation of the equation, E.g. the

eritical tractive stress equation,
T, = -7 (V=Yg )b

satisfies this criterion. So does Stoke's law for terminal
ra1l velocity 'w' of a sphere,

w=Y, =Y, dZ

o yven

1f some one were to state, or to cerive, these
equations such that the dimensions of the terms on both
sides, or of different terms on the Same side, were not
equal, the equations would be definitely wrong.

It may be noted that certain emperical physical
relationships ( not derived), are some times observed and
stated in a particular system of units, such that the

Ry
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dimensions of the entities on the two sides are not the
samz e.g. consider Lacey's perimeter equation in fepeSe
units =

P =8/3 Q"2

On the left hand side, the perimeter has dimensi?nd
1 for length, O for mass ?73 0 for_ t e.1Qn.,ae right han
side, the dimcnsions of Q1/2 are L3/2 T- /2, Thus the
dimensions on the two sides are not the same. In such
?u%;mSJe-maaical ‘constant is_not a puTe number, but
nvolves unknown physical entities, Its value will change
if the equation were to be expressed in a different set of
units, which would not have happened if the equation were
dimensionally homogeneous. T

It is a much better practice to express even
emperical relationships in a dimensionally homogencous
form. In this way they are more likely to be complete re-
lationships, and will also be equally applicable in 211
sets of units,

Tt must be pointed out that the satisfaction of
ostulate 'A' does not guarantee the accuracy ol the
%erIvafion - it is a necessary but not a sufficient condition
for accuracy of derivationof an ecuation between physical
entities. e

Pgstﬁlate -p- A glance at Table2.l shows that all powers to
which physical entities are raised%are pure numbers and
not other physical entities. A number is not a physical

entity and, therefore, has no dimensions. Thus the second
postulate #011ows as below :-

1A11 exponents of physical entities are dimensionless
numbers and al%,e§ponentstIﬁ‘E’physical equation are dimene
sionless mmbers, ‘ |

E.Z. the exponent in the suspended load equation

o] = [d-y a /K“’
o y a- a
W is a dimensionless number.
kUy
Where:

C = concentration at any height, if

Ca = given concentration at height a

d = total depth of the channel

w = fall velocity of particle

k = Von Karman's universal coefficient
U = shear velocity

A corollary which follows directly from this is —

A11 arguments of functions appearin ;
oo dmgggsionlosa. PP 8 in a physical equation
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E.g. consider th in & simple harmonic
motien, [ e displacement imp

x =48 8inW¢

W is the angular velocity equal to iz_r_ vhere T 1s
the time period of one cycle. Thusw t= 2ty and 1s dimen-
sionless.

Again consider Dupuit's equatiom for discharge from
& confined aquifer,

Q= !:2, KARY (AN loss of head between
0% 22. r, and ry, y thickness of

o aquifer)

T2 1s a dimensionless ratio.
b o
1

In all correctly derived physical equations, these
postulates will hold true. P ’

2.5. Derjvatio s WS ¢

It has been pointed out earlier that the dimensions :
of derived physical quantities are deduced either from i
definitions or from the applications of known physical laws,

Conversely, unknown physical laws may be derived by the use
of postulates of physical dimensions given above. .

The first step in the dimensional analysis of a
problem is to decide what variables enter the problem. If
variables are introduced that really do not affect the
phenomenon, too many terms may appear in the final equation.
If variables are mmitted that logically may influemce the
phenomenon,the calculations may reach an impasse or lead to
an incomplete of erroneous result.Even though some variables
are practically constants ( e.g. the acceleration due to
gravity) they may be essential because they combine with
other active variables to form dimensionless products., It
thus follows that before one undertakes the ensional
analysis of a problem, he should try to form a theory
of the mechanism of the phenomenon - he must understand
enough about the problem to explain wvhy and how the
variables influence the phenomenon,

The direct method of dimensional analysis
called Reyloigh's mothod 1s illustrated beloy wiln ot nes
help of a fev examples.

Example (1) - Experience shows that the period of oscilla-
ﬁ::‘hr’lgt 1: 3:31' orred thﬂ”‘t‘“mon i
on gravitational acceleration, (.1 |
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Write the relation as follows ¢

(1] (2] (6]

substituting the dimensional formulae,
) = (') (ur2)d

Equating the exponents of L and T en both sides,
a+d =0
-« =1

Whence a = 1/2 and b= - 1/2

Tus T </ 1
g

Supfose we had assumed T to be & function of the mass
of the pendulum bob. We would then get the dimensions of M
equal to zero, and in this case, the error would be
corrected by dimensional analysis itself. But it would
not be 80 in all cases,

Example (2) Discharge over a rectangular weir with suppressed
end contractions,

Q=Constt I® g

Where L is the length of crest the accn. due to gravi
and H the head ove%t crest, e ‘ ad

Writing the dimensional equation

[0 ] L] [w2] » [1]e
Equating the exponents, :
3=a+d+¢

-1=.2b, b=1/2
Benos a ¢+ ¢ = 5/2

Here, the dimensions of mass are zero om both side

and ve 2ave been able to get only two equations for t-u"
unknova, Thus ebraical ¢ tion
possibie, lovo:tg, mﬂﬁl‘ - s

one oan see that dis
must be direct Ttiomal to length
‘=1.Botml’n’p C = 3/2 o of erest, so t

ad Qoc/g - R

Rxample-3; Bince there are three fundamen |
mechanical problems, three equations can uﬁ!ﬂﬁ%"‘
dimensional homogeniety, When more than three

are involved, a 1e Yariahle,
useful results can ebt:.iul::i: :. 13:12“01)1‘ but eoften

Consider the problem of drag fore LI
on & spheve o?unntor, "o u:\::':ﬁ:‘:h.’r\:ng?&l
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relationship is of the form,

= e d = locity
F kv.Dbp . }zzmeter

density of fluid
and ,u: viscosity of fluid

The dimensional equation 18,
a
[wr?] <[] *[al (3] [ut=1] @

Equating the exponents on the two sides,

for mass 1=c+d
for length, 1 =8 +b - 3e-d

for time -2 = - a-d
Solving in terms of a,

d=( 2- a)
c=1-d=(a-1)
b=1-a + 3¢ +d
= a

Substituting these values,
p=gv® B PR W 2-a

| k(_;,?_)a-aﬂvznz |

=k ('Rn)n Pvz D2

It is, however, unlikely that the form could bave

been obtai.ne& by one unfamiliar with the dimensionless
Eeynolds no, For a large number of variables, the use
of Buchhkingham's 7% theorem 1is more systemaﬁic and

convenient.



(19)

“ : »
DIMENSIONS OF SCME IMPORTANT ENTITIES

Entity - rmﬁ

Length L L L
Area A 12 1°
Volume v 3 3
Angle ol 1° 1°
Curvature c L1 el
Time T . T T
Frequency £ =1 =1
Velocity v -1 L
Acceleration a Ir-2 1r—2
Angular velocity Vo =1 =1
Angular acceleration a, =2 =2
Mass M M FL- 112
Density g ML-3 FL 42
Force F MLT~2 F
Pressure (Stress) P,S ML -2 FL™2
Momentum n, Mir- FT
Moment of momentum o, Mr2p= FTL
Ene rgy (Work ) v -2 FL
Pover P MLlr=3 Fir~1
Terque 7 MrPr=2 FL
Bfficiency i\ 1 1
Strain s, 1 1

Contd.



Entity ' ]'ﬁ.sar v

Modulus of elasticity E, ur-t 72 FL~2
Dynamic Viscosity }L Yl FL 2T
Kinematic viscosity 7 2= ’r-1

| Compressibility | ) M : ) ke Y

Capillary constant | _
(Surface tension) 7 Mr-2 FL™!

Gravitation constant G ! 137=2 ks L"’I‘J‘
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CEAPTER.III
DIMENSIONAL ANALYSIS-APPLICATIONS OF BUCKINGHAM'S
THEOREM

3.1. Guekingham's _ Theorem:

The principal tool of dimensional snalysis by
means of which one ﬁﬁm ishes the organisation of the
eanbationl 1y before the SnEinseciag TEATeskit by

tica before the engineering p
::p?;w (TAEME Vol.37, 1915). The essence of this theorem
is as follows:-

If any variable 44 depends upon the
variables A2,A3.........An, and upon no othu'a!
functional relationship may be written in the form,

Ay =f (»Az, Ay cvecvcncens &)

These may also be grouped in another functional
relationship equal to zero, et

4 '“1'42" ceeeveeceedy) =0

The  theorem then states timt if all of these
n variables may be described with n fundamental dimensiomal
éu::!.ts, they may then be grouped into (n-m) dimensionless =
™ms: gt , ,
g (7, P 5 T = 0

In each temm there will be ( m+ 1) variables,
only ene of which need be changed from term to term.
The variables of which each ™ terms is composed

must evidently appear in such exponential form that every
tern will be miy dimensionless,

Though the theerem as stated by Buckirigham holds
in most cases it is not rigereus correct. The statement

Vhich can be mathemtically p is as follows:-
'The number of imdependent dimenSionless products

general

- in a complete set is equal to the teotal number of variables

minus the rank of their dimensional matrix',

In order to understand the meaning of this state-
ment, it would be necessary to briefly revi propert
of dtonintntl and matrices. riefly ol S
3.2. Pekerminants: |

An n'th order determinant quAre 2
numbers, to vhich a value is lttl.:l.l.: :n b

manner, A second order determainant is mll:t:ntl:i t;uown
By b

. ,2!"1‘2 = A2h,
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let a h t th
column of an nmtB‘ the number in the r*Prow and the ¢

orders determinant. An 1) order deteri-
meant may be formed by crossing out the r‘g’row and the cg

column of the given detemi.pfpt The product of this (n-1)
order determinant with (-1) 18 called the 'co-factor! W

of the element a,.. With this definition, the following
important theorerpnay be expressed - ’

The sam of the products formed by maltipl;
&1l numbers in a row, or a column, of a determinant by
their respective co-factors 1s thé value of the determinant.

This, laplace's, development enables us to recduce
any determinant to detemminants of lower order, For emgg.e,

egansion of the following determinant with respect to t
4th column yields.

1 2 =t@p: h 2 4 112 -1
3 01 -2

'
21 .'
A=‘|+ ) ol -1 0, +%13 1 -2

- 0 0
[} - 3 -3 2t _ '
i3 32 TR LU

In turn, laplace's expansion of these 3rd order
determinants yieids, ( w.r.t. 2nd & 3rd row respectively).

= =2 X ll" 2. -1 ' 4 2(—1) ' -1' + Yxi¢ ! 2 -1 ‘
- 2! 3 2t 1 <2}

;3 ) ‘ y ! !

1 1

1 -1}
("'"l‘-)("“) ‘3 _2:

= =2x4 x 1 =225 + Mxkx(-3)-(4)(-1)(1)
= 8 1048 + 4 = =62

It may be noted that the work is reduced by
choosing the row or column with max. no. of zeres.

3.3, Matrices:

A matrix is a rectangular array of symbols
arranged in m rows and n columns, between two double ver-
tical 1lines., A square matrix has the same, number of rows
and columns, or m=s n, Matrices obtained from a given matrix
by deleting, certain rows or columns are said to be con-
tained in ghe original matrix.

The determinant of a square matrix is a deter-
minant having the same elements as the matrix,

' Rank of & matrix '« If a matrix contains a
(1.e., any) non-gero determinant of order, r, and if all
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determinants of order greater than r that the matrix
eonta%nsmhave the value zero, the rank of the matrix 1is
said to b oY

In order to utilise the algebraic approach to
dimensional analysis, it 18 convenient to display the . .
dimensions of the variables a tabular arrangement calle
the ' dimensional matrix' of the variabvles., E.g., consider
the following variables- V ( Vel.), L,F, / Mand g

In the following matrix, each column consists of
the exponent in the dimensional 3xpress1on for the corres-
ponding variable,

vV 1 F 7 m g
M 10 o0 11 1 o
p 1 1 =3 1 1
T ,-1 0 -2 0 -1 =2
' i

The determinant formed from the last three
columns in the above dimensional matrix is

' 1 1 0l
' .
;-3 -1 1: = = 3 or not zero
‘ 0] -1 =2
~

Hence the order of the matrix is 3.

In general the order of the matrix is equal <
to the number of rows contained in the matrix. However, in
certain cases, the order of the matrix is smaller than the
mumber of rows in the matrix such matrices being called
'singular!' matrices.

Now the number of dimensionless products in a
complete set is equal to the total number of variables
minus the rank of their dimensional matrix. Hence in
general it will be (n-m),where m is the no. of fundamental
dimensions, but in all cases it will be (n-r), r being
the order of the dimensional matrix.In singular matrice
T R

3elbe

1 v ! ! e < L
Determinants are used widely in the solution of
systems of simultaneous equations, %’ge following is the
general rule for solving simultaneous equations.

(a) Write the coefficients of the unknowns
the order they occur as the denominator deteminants%n

(b) Substitute, in the determinant, the consta
occurring on the right fnnd gide of the equitions for %ﬁgs
coefficients of the unknown for which the solution is sought
and let this be the numerator determinant,
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(e) The quotient of these two determinants 15 the
value of the unknown. 4
Rxample t-

84X + byy + 4B = ky

% 4 by +of =l
s3x+b3y +c35 1 ng

TR (Ehe S  Ra
A =1 %2 by ;“'22»41':: K L %
' e EEE :!‘ o '
Ay =is & o ! | ~
9. e v ‘ i
ot LATRELG PR
Y = Az :
Y
Similarly for z. :
Matrices are used 3 the tl:a’mj.t n]_}.nur AR
braic equs : ‘ %gn“f aPPaa
:.nu:hc 4014 of enalysis of shells, theory of tur ce
estc, In tl’:n cific lil;::gt :{t t;:s m:l*::ts their
duet re state Bucxjne.
igtre rqu form, and i (mot

theorem in & T ous - furnish 1
iven here). Matrix S tatisn may be used to determime the

imensionless
is not obligatory.

In ¢ general method of comverting entities from ;
one system of units to another, the theery of determinants
is involved. :
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3-50 Va e

From a given set of variables, dimensionless proe
ducts can be formed in m different ways, However, in
E:etieo somé Sets of products are more useful than others,

question arises - ' How may a-.complete set of dimension-
less products be most advantageously selscted, at the out-
Set ? ' The experimenter desires that any one of the
indeggndont dimensionless variables M, , My ---be suscepti-
ble control by ex-gerinental techniques ‘while the
others are held constant though this may not always be
possible, B,g, the velocity of fluid in a pipe can be
regulated by a valve, On e other hand, tﬁe acceleration
of gravity is a variable that cannot be changed,

Buckingham has pointed out that we obtain the maximm
amount of experimental control over the dimensionless

variables, if the original variables that can be regulated

occur in only one

variables, so that it may be regulated by varying V. Simi-
larly, if 'a pressure p can be easily varied, without
arfec{:ing V, then p should occur in only oné of the indepen-
dent dimensionless variables, but not in the same one as

than one dimensionless product., This product may be called
the ' dependent dimensionless variable ‘o

Since the first ( m-r) variables in the dimensional
matrix each occur in only one dimensionless product, the
rreceding conditions will be realised as nearly as possible,

1f the following rule is observed:

' In the dimensional matrix, let the first variable
be the dependent variable. Let the second variable pe that
vhich 1is easiest to regulate experimentally, let the
third variable be that which is next easiest to regulate
experimentally, and so on!,

( In exceptional cases, this amngunent may lead
to an impasse, because the dimensional matrix does not
contain & non-zero deteminant of order r, in the right
hand r columns. The variables in the dimensional matrix
Should then be rearranged, wWith as little alteration
from the recommended rule as possible),

3.6, Exagmples:

Example -1; Consider again the example of drag force
on a body.

Paf(V,D ,p M)
or f'(F,V,D.gM) = 0
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$ince there are five variables, there will be (5=3)=2
dimensionless parameters, F is the dependent vaiiable,
let us take AL as the other non-repeating variable
leaving V, D, and # a8 répdating v.riables Iength,
a8 velocity and a density- containing all the three funda-
mental dimensions M, L & T). Then, write the dimensional
matrix in the following form:

K k2 k3 kl.. k5 exponents
F M v P D
M )1 1 0 1 0 '
L R -1 1 -3 1 '
T D =1 -1 0 0 :
M K + K, +K =0
K =K +K3- 3K, +Kg =0
T -2K1 -1(2 - 3 y :0
Solving for k., ky, and k5 in terms of k4 and k,,
Ky =2K) = K,
K = -k - K
Ky = .
= K + K + 2K + K-3K - 3K,
= -2 -k
In 7r‘,letK1=1,and1<2=0,andi.n7\'zletx1=o
andK2=1
Matrix of Solutlons:
S T R T
P M v P D
7T‘1 ' ' —6 -Jé . | { i
7 ’ 0 1 -1 -1 -1

!
2 ] ]
!
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Observe that the third, fourth and fifth co].mmsm
in the matrix of solutions are merely the coefficients
the equations for kyy ly, and k. in equations expressing

them in terms of and k., The first two columns of thol'
matrix have all zeros expot for the ' principal diagona
which consists of 1's, This situation will always be

true., Thus the matrix of solutions can be written simply
from an inspection of the equations exggeuing the last

r ( usually 3) exponents in terms of the rest, i.e.

(n-r) exponents.

The problem can also be solved without using the
matrix notation. There are five variables - F, M ’
and D. Out of these three will be repeating variat’)les
and the other two non-r@peating. The dependent variable
F should obviously be a non-repeating. According to
Rouse, a length, a velocity, and a density should generally
be chosen as repeating variables in Fluid Mechanics
pro'blemS.

Following this precept, and giving unity exponent
to the non-repeating variable.

n, = F1 Va po Dc
For dimensionless temrm,

M 1 +b=0
L +1 +a-3b+c=0
T -2 -8 =0

b=--1

a=-2

c==2

Hence 7T, = Fl V2 P'1 D™2= F

1 b / ¥

Again,lzt 7\'2=# Va p Dc

For dimensionless term -
M 1+b=0
L -1 +a=-3+¢c=0
T w1 =28 =0

P = -1

a=e~1
and C = =1

My = M vt
= M or Puyp
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If V were chosen as a non-repeating variable in
lace of M, then F and V would be %nputing. 7, Yould
e the same as before, but 7, would be different,

n, = "‘ M“ ’b f
N 1T+a2a+d= 0

L 1-8=-3b + ¢ =0
T <2-a = 0
Ane2
D =1
¢e=0
= r”
Mz
This solution is perfectly feasible. However,
note that only ;vo independent 7¥ ter);s are possible,
Multiply F by ( g and we obtain
[ Za PVD
the tem F as before.

Per?
Example-2:
Pressure drop in a uniform pipe -
The pressure drop 4 p of & liquid in a uniform
pipe depends on the lengtg Lf in which the drop occurs)

the diam;ter D, the mean velocity V, viscosity 4 , mass
density / and tne average height e, of the surface

roughness,

Hence f (ap, L, D, e, V,/, M) =0

L and ¢ have dimensions of length only. Hence the
dimensionless ratios formed by thes would be L/D and e/D

Hence eliminating ¢ and L from the variables, T temms
have to formed from

Aap,D, V,7 ana M

There are five variables and two ™ terms will be
obtained, Take A p and A as non-repeating variables and
D, V and £ as repeating variables,

M, SAP. v f’b °

M 1+bP=0
L ol +8«3D+0s0
T pz-.-o
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bl-1
‘8-2
c=0

Hence 7(, = #__

7!'2 = v‘pb p®

we know that these variables form the ' .nold's no.
VgP or VP
Hence A = £ ( _VD. L )
= o v b

From physical considerations we can surmise that
Ap per unit length of :I.ge will be co_nstgnt, or Ap will
be directly proportional to L., Also ¢4 #V<is the kinetic
energy per unit volume and is a physically more si icant

sa.meter. Hence we may write the relationship in the special
om,

ar = B LG ()

The term written the brackets is the friction
coefficient which is a function of the Reynolds no. and
the relative roughness projection.

Poblel © Pd‘t 8)s

In general, the only variables that can influence
fluid motion are of the following three eategories-(1) the
several linear dimensions fully defining the geometrical
boundary conditions - a,b,c,d ete. (2) Kinematic and dynamic
eharacteristices of flow 1.0. a mean velocity V and a

greuure increment A p l discharge Q, hydraulic gradient or
oundary shear will be derivatives of these) (3) the fluid

properties of density @, specifie weight Y , viscosity,A,
surface tensiond- , elastic modulus, e, ASsuming that

eash of these characteristies is involved in the metien.
£'(ayb,0,4,7, A p,/, 7, X, @, &) =0

The variables a, b,c and d have dimensions of
length and can only form dimensionless ratios like

g_,_%_ ’ _l.._ Hence these three are written by inspection

and the variables b,c, and d are eliminated frem subsequent
‘ml’.”o ‘

Now, the remaining variables are -
. V, AP,P’V) M, o,
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eight in number, and there will be five 7 terms. let 3,
V and 2 be taken as repeating variables. The dimensional

matrix is then arranged in the following manner -

AP o n o e a v 4
N ' 1 1 1 1 0 0 1
L E-‘l -2 0 -1 1
0

-
L]
W

T ;-a 2 -1 =2 =2

ens 1 for ger ens S
Mass kg + k2 + k3 + kh +_k5 + k8 = 0
length -k -2k, -k3 -k5 +k6+k7-3k8 = 0
Time -2k, -2k, -k3 -21:.‘_-21:5-1:7,- = 0
Solving for kg, k7andk8 in terms of k, to k5’

kg = - (ky +ky + k3 + K + k5) (1)
k7=-(2k1+2k2+k3+2_k|++2k5) (41i)
kg = ky - k3 -l (1i1)

If successive values of 1 are given to non-repeating
variables in each 71 term, the matrix of solutions is written
by inspection of equations (1), (ii) and (1ii), the sixth,
seventh and eighth columns being the coefficients of kg,kq,

and kg respectively.

MATRIX OF SOLUTIONS:
4ap Y M o e a ¥ 4
K i 1 o o o0 ©0o o0 =2 - '
B2 10 1 (o} 0 o +1 -2 =1 '
™3 ‘ o o 1 0 0 -1 -1 -1 ‘'
AP r 0 O O 1 0 =1 =2 =i ;
7y o o o o 1 0 =2 4,
Hence 7‘-’ e %_
4
T, = z‘gv or I since ¥ = Age
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M or (- N
T8 = —vr— )
= R
- r
Ty * v ° ‘;%’;7
= W
7, = o =
5 pz ep
= 10
Thus we may write,
— ® f' ﬁ _e_ FR wc)
Gwvz;_) Constt (_%9 c, d.’ gityg Wy

The same result could have been obtained without
the matrix notation, evaluating each 7\ term one by one.

3.8. Examples of parameters of a sediment transporting
self formed channel - If we take all the variables separately,
we get results involving Froude'!s no, Reynolds no., and

variables like #Z (Meandia') A <7/y (coeff. of varia-
7 _ym (depth) 7 7/

tion) ete., and there aT® too many terms for a useful result.

Professor White reduced the number of variables by assuming

that the fall velocity of grain instill water takes all the

relevant solid and liquid properties into account. Then the

independent variables are, discharge, sediment discharge

»all velocity, gravitational acceleration., Dependent variables

are channel dimensions, Area, hydraulic mean depth, slope etc.

A=1(Q, Q4 v, g)
or f' (A, Q,Q.,w, g) =0

8ince only two dimensions L and T are involved,
there will be only two equations and the number of 77 terms

will be threeo Iﬂ A w and Q be non_repeatin and Q and
g repeating variables. s 8y

One 7 term can be written by inspection viz. 3"

et m, = A' @* g°
L 2+ 3 +)b =0
T -‘-alo

a=«2b
b = 2/5
A8 = lﬁ/5
= Ag?/5
Q4/5
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ng = W &

L 1+3 +dD=0

T «l wg2b =0 ©
a=- 15
b = -2/5

or Ws = Q g
g
2/5  _ 2/5 q1/5
Hence _uaws £ < i - 'Q s ¢ _3,_»

369 Velocity distribution of turbulent flow in the
vicinity of a solid wall, The average, velocity U at a distance
y from the boundary in straight parallel flow depends on
Toughness height e, a length L ( say dia., in case of a pipe)
the kinematic viscosity of the fluidy , mass density of

fluid 2 and boundary shear T,

e and L will form the ratios _y and LL
)

The dimensiomal matrix for the rest 1is,

2 h M5

u R 4 o
M ' 0 o 0o 1 1 ¢
' '
L ] 1 1 2 -3 =l (]
L ] [ ]
T i 1 0 0 '

There are five variables and two T terms are expected

M k‘.‘i-ks = 0 (1)
L Ky ¢l ¢ 2y - 3y - Ky (AD)
T -k k3 -y =0

Bolve for ki, k, and kg in terms of k; and k;
K +kg =0, 8 =-Kky
k3+2k5 = =iy
33--&5-k1

Substituting fer l\*a.ndk3 in (11)

+ - - 2Ky + -ksne
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ork5=-1/2k1 +1/2 Kk,

kh_=+1/2k1-1/2k2
k3=-k2

Matrix of solutions

I T

u y » P To
m, 1 0 0o +1/2 -1/2
7|-2 0 1 -1 -1 /2 +1 /2

i 7 .
LA & -
Wa. = Y To = _YyUs
v i 7 v
or = £ (3 )
g > ' '1




CHAPTER. IV

DRSIGN OF DIFFERENT KINDS OF MODELS
CLOSED CONDUIT MODELS

“.1. Simulation of Prototype resistance:

In this kind of flow (including flow around deepl:
submerged bodies), gravitational and surface tension effects
are absent-normaﬁy the forces involved are only viscous
and inertial forces, ( For unsteadly flow elastic forces
also are involved).

In steady closed conduit flow Reynolds law applies,
If two systems have similar boundaries of the same relative
roughness, the flows will be similar in every detail when
Reynolds nos. are equal, Equal Reynolds numbers are seldom
possible, but almost complete similitude can be obtained by
approximate equality.

The resistance law has different forms for cases
of (i) laminar, (ii) smooth wall turbulent, and (iii) rough
wall turbulent flows. Model procedure is different for each

case.

dagpinar Flow: .
Prototype Reynolds no., < 2000- If flow is steady

and uniform inertial forces will not be involved, and

complete similjtude will be obtained under all conditiens, seo

long as flow is laminar, If flow is either unsteady or non-

uniform inertial forces also are involved, and the model

should be designed to have the same Reynoids nmumber as in the

protetype. The time scale and other scales will apply in

accordance with Reynolds law,
Flow:

6 In most of the cases prototype Reynolds number will
be 10° or more, much beyond the transition zone between
laminar and turbulent flow. In this range the relative rough-
ness of the prototype boundary is a controlligg factor,
in that it determines which of the two tyges surface
resistance ( smooth or rough) will prevail, The criteria
for nature of boundary flow are as below:= '

Up kg _ 4 smooth flow

Ue kl 4+ to 60, transition
b Y

Uy kg 60 rough flow

Y
Complete Reynolds similitude requires not only that the
resistance coefficients of model and mtotyplg be equal,
but also that the type of resistanece ge the same.
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When the prototype boundaries are hydraulically
smooth, the model boundgiu are likevwise made smooth
but equal resistance coefficients will be obtained oniy if
Reynolds numbers are also the same, If the Reynolds number
of the model is lower, the resistance will be disproportion=-
ately high in the model, and must be adjusted according to
theory when prototype behaviour is predicted.

When the prototype bounddries are relatively rough
on the other hand, the mode of flow will generally be r
turbulent, in which there is a constant resistance coefficient
equal for the same relative roughness to that of the proto-
type, and the results may be transferred without reservation,

When the required value of cannot be obtained in
model, the following expedient m{ b8 used. The resistance
coerricient of the prototype can be duplicated in the model
at one particular value of the Reynolds no., by making the
model smoother than the prototype. For other values of flow
( and hence of R, ), the resistance coefficient will be
different, and “the data will have to be adjusted before
transference to the prototype. (Pl. see fig, 4.1.).

If R in the model can be made 106 or even 0.5 x10 ,
the errors involved are negligible for rough turbulent flow
in the prototype. In most model studies inertial effects
involving gates, valves, transitions, bends ete., are predo-
minant in comparison to surface resistance., The exceptions
usua. involve long conduits for which difference in
f results in serious discrepancies, The distorted surface
losses in the conduit portion may for example, be compemsated
by reducing the roughness or decreasing the length. Or only
the inertial loss can be determined in the model and e g=
ed as a percentage of the total head, just above the fitting
or transition,

4.2, Separation Effects:

Under conditions in which the flow separates frem
the boundaries, the geometry of the boundaries loses its
primargesignif cance, and similitude is largely dependent
upon t gzmic action of the fluid, Separation may occur
vﬁgn (1) re is abrupt change or discontinuity of a
boundary (2) velocities exceed those required for inc nt
cavitation, and (3) the boundary layer e ds in the
of an adverse pressure gradient (Pl. see Fig.h.2.)

In the first case the go:l.nt of a separation 13
fixed and will be the same in the model and the proto

and the eddy formation will be fairly similar to that In the
prototype, if the Reynolds numbers are of the same order of

magnitude,

Beparation due to cavitation is governed by the
criteria separately given for cavitation.

Conditions which determine the location of boundary
‘I:Xar separation are complex, for they include the geometry
roug.::n of the boundary, and the Reynolds number and
turbulence of the flow., Moreover, a pronounced shift in
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separation goint often occurs when the boundary layer

changes in yze from laminar to turbulent. If a model 18

run at velocities high enough to ensure a turbulent boundary
layer, the distortion in the Jocation of the point of
separation will be small, Definite assurance of similarity
in the point of separation can be obtained only if the
relative roughness, as well as the Reynolds no., are the same

in the model and the prototype.
4.3, ta Studies:

Cavitation in Hydraulic structures results when the
pressure falls below the vapour pressure of the liquid at
some point in the system, Its occurrence may cause (a) damage
by pitting (b) serious vibration and (c¢) marked reduction
in flow efficiency. The particular effect of cavitation
being studied determines the type of model test. In geneTal,
there are two technigues (1) Operation of model at atmos-

pheric pressuree.
(2). Operation at Scaled atmosphere, or reduced pressure:

When the problem involves the prediction or
elimination of cavitation erosion the first technique is
suitable. Detailed measurements of pressure distribution
in the model will reveal sub-atmospheric pressures which,
scaled to prototype terms, may approach the yapour pressure
(E.g. & negative head of 1.5 m. in model will correspond to

9 2m « in the prototype if length ratio, Iy is 6). This
should be regarded as evidence of possible cavitation in the
prototype. Negative pressures exceeding one half the
atmospheric pressure ar considered intolerable in the proto-

tyge, as local irregularities may cause local cavitation., To
de uld

ect negative pressure areas piezometer connections sho
1 A at 211 pogsible locationSe

The vipration and energy loss effects of cavitation
can be studied best in Teduced pressure models, such that
the pressure at the test $zction can be maintained at any
desired degree of vacuum.Such a test facility makes it
possible to dug}icate cav.tation conditions in the model by
arranging equal values of the tcavitation number!' in model
and prototype. Cavitation number is written as,

= h -
o~
33/ 2g
where h 1s the piezometric head at some reference section,

h, is the vapour pressure head of the model fluid at ambient
temperature and Vg/2g 1s the reference velocity head.

For the same value of o in model and prototype,
the pattern of cavitation, and hence the flow efficiency
will be the same. Since the frequency of vibration and the
rate of pitting will v in proportion to the velocity
howeveri and since the physical properties of the boundary
meterial will also be involved, such factors must be given
groper condition in predicting the structural behaviour of

he prototype from model tests,

[



g

7

(37)

Exsmple-A fle pier is to be tested in a free-surface
nhg]:mngfwithpt length ratio Ip = 1/25, What prna?gtm
should be maintained inside the tunnel to make the °::t

index the same for model and prototype ? Fer the p:'.12 i
atmospheric pressure is 10,3 m and vapour presssure 12, o
of water at 1000,

The following cavitation condition has to be

satisfied -
(hy =he)m = (h, - h),
(Vo 7 28)y (Vo /28),
or

(E:-é)' = (V / 2g)m
i (é/ 2),

Now sinee it is a'free surface problem, Froude's

criter must also be satisified. From Froude‘s Criterion

V.=/

an v

: (/e *

Hence (hi-é)m = L, = 1/25
e~ “v’'p

or h

1/25 ( 10,3 = 0.125) + 0,125
= 0,532 m abs.

At this pressure, the model will indicate the
location and extent of cavitation in the prototype if the
Froude numbers are the same.

o\t Compressibility in Unsteadv Flgy:

Problems in which compressibility is important are
seldom encountered in hydraulics except in cases of unsteady
flow, E.g. the design and operation of closed conduit Systems,
such as pumping plant delivery lines, power stations, and
surge tanks, involve knowledge of the elastic behaviour
of liquid and conduit

under transient conditions
g;::i%eh: ?ﬁchl I:tud%ea ﬁila‘écg problems musté her’zc:?d be based
w of g itude
problems can be handled adequat; Eo:tnr, Folcal oo

se
methods, and model studies are not a w:gligé::ia:;‘. e
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" A method developed by G%:gon ( T?; 12;est%g§gion
of the surge tank problem by mo experiments - .
Inst. C.E.gVol.219 Pt.I, 1924=25, p.¥%1, abstract Guthrie
Brown Vol.I, p.127) for model study of surge tanks will be
dealt with later.

?



CHAPTER.V
OPEN CHANNEL MODELS

: 5.1 Geperal:
| The technique of open channel models 18 camplicated
by the gzesence of an open water surface, which 18 free to
egﬂnse osition and shape, Usually the shape of the surface
in the prototype is not precisely known, though we do know
that it 18 & surface of Constant pressure comprising one of
the flow boundaries, The dominating force 1s that of gravity

or weight, and thus the Froude law of similitude is pertinent,
with some adjustments and limitations, which often require
ffect of other forces,

scale distortions to accomodate the e
hydraulic

Problems of free surface flow involvin
structures generally consist of three parts - gﬂ overflow
and underflow sections (2) transitions, and (3) energy
dissipators, any or all of which may be included in a single
model, It is customary to preserve complete geometric simi-
larity, and model heads are adjusted to the values required
by the Froude's law, The testing technique, as well as the
interpretation of model results, varies somewhat for the
different ports of a structure, each of which will be
discussed separately,

Problems of canal or river hydraulics, on the other
band, involve the prediction of stage discharge relation-
ships, scour and deposition, and the passage of floods, and
can seldom be studied with undistorted models, Although
the Froude Iaw is still the basic .similitude criterion,
surface roughness and viscous resistance must be given care-
ful consideration. Problems of river models will be consi-

dered in detail later,

5.2, Qverflow and Upderflow Stryctures:

les of these structures are spillways and

Examp
out let works, diversion dams, sluicevaﬁ, canal intakes,
waste weirs, chutes, regulators and falls, All these ,
structures usually nvolve change of flow from® subcritical
to hyper-critical, In India the model boundaries generally
consist of smooth concrete or cement plaster, and occasion=

ally of planed wood or sheet metal- & these surfaces
rovide the reguired‘smoothness. With scale ratios of 1/30
"1/60, the effects of distorted resistance in the model

are Small in comparison to the inertial effects and results
are transferable with few reservations, More precise cali-
brations may, however, be obtained with enlarged sectional
o models, Such models uﬁich,nay have a scale ratio of 1:5 to
1310 should be at least 2 ft, in width, and approach
 conditions should be arranged vith care, The best shape of
~ overflow profile, as well as the profile of the water
“ surface, may also be obtained with a higher degree of accu-

_racy in such a model, | . o
 Wnen the problem involves overfall shapes with high
 coefficients and Sub-atmospheric preaymreai the existence o
8nd effects of ‘adverse pressure gradients :Lkgly to cause
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separation should be investigated., The procedure for this
purpose follows that discussed earlier,

In addition to physical messurements, the § 1. |
e of flow dboowltu.ugmud,ui §

ag»om will
often indicate a need for revision no -3"'” in physicel
data, Often small disturbances in the model hmve able
adverse effects in the proto and a judgement on these
is based on experience rather than on theery.

Example - spillway-prototype. crest length 500 £ty max. dis-

charge 200,800 cfs,pc in &mw,mmmu"yu. _
To find L, Q..mdu.miwe lsb, dischargs

being 5 cusecs. | |

)’ 13 = 22.3ft.

PO e

let the scale be t.a.kezi as 1/70
- 572 '
Then QI . Qp I’i‘ S ’

B =. = _ﬂ..319‘ft. vhich is mere tham the

minimm of 0.25 ft. considered necessary to eliminate other
forees, Hence satisfactory.

5.3. Irapsition Structures:

Open channel transition structures may involve
changes in elevation or changes in plan. Model tests on
transition structures are very desirable, specially in super

eritical flow,

The model data on water surface groriles and pressure
distribution may generally be transferred to the proto
by the Froude relationships alone. However, when unus
large divergences are involved, the infiuence of the dis-
torted boundary layer on se tion should investigated by
methods previously discussed, In long flat transitions
boundary resistance in the model may be duproporticuloh
high, and a distortion in slope or length may be required
to offset it. The distortion can be noou{:.uhtd on the
basis of ¢ ed losses in model and prototype, 88 explainmed
later in unction with fixed bed 18 .

When the prototype velocities are high, as in case
of long steep chute or spillway, the sheet water
entrains & ncublz_hz:romt of air, thereby increasing
the depth of flov, phenomenon whicﬁ is known as in-
sufflation 1s not duplicated in the ordinary medel based
on Froude law of similitude. is, therefore, necessary to
make allovance for bulking when defermining héights of
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training walls from model studies. Special models wherein
high ve%ocitiea are initiated by discharge from a pressure
tank into the model chute may be used to accomplish in-
sufflation for qualitative studies,

5ek. Energy Dissipators:

The energy dissipator is designed to protect the
main structure rgyrﬁn damage by fast flowins water - the energy
dissipator is itself a major structure and should not be
washed away., The conventional mecthod of evaluating stilling-
basin performance is by the general apperance of flow, es-
pecially for preliminary designs. The presence of extreme
turbulence, waves, high exit velocities, and high velocity
eddies or pulsating flow in the downstream portion of the
structure indicates the need for refinement of design or
abandorment of the particular plan, Each design should be
tested over the cqnglete range of discharge and tail water
conditions. Basins that do not have a fairly wide range of
permissible tail water are ordinarily not practical, since
many unknown variables such as degradation of stream beds or
power plant discharge are not reflected in the preparation
of the tail water curve., Refinment in designs of stilling
basins may be evaluated by comparing measured (1) velocities
(2) wave heights, (3) pressures and (4) erosion of the
downstream river bed, e general operating conditions, pre-
ferably recorded on photographs will also help to evaluate
the effectiveness of a particular design,

Wave and surge heights are particularly important
where the discharge is passed directly from the sti
basin into an unlined canal since the waves have a destructive
effect on the sloping banks. Maintenance costs can be reduced
considerably if waves and surges can be held to a minimum.
In such cases it is desirableto record wave heights and

period by motion pictures, Oscillograph records or other
instantaneous methods. P

The most objcctive criterion to judge stillin basin
behaviour is that og‘ comparative erosion. To make quagitative
erosion studies, a readily erodible sand or gravel is used
to represent the channel downstream from the stilling basin.
The measured depth and extent of erosion indicate the relative
effectiveness of the basin under test when compared with
erosion patterns from other basins if the same bed material
3y“n§£"r§§§-e :rg::l.gg‘ ga}‘:egg and degth in the model may or

e e proto =depending
model material, If the model mgteria{pe ¥ T ore

ust starts t
model velocity corresponding to prototg'pe velocity §u§§°d° ot

ccngetent to start erosion in the prototype, scour meas
ments will be quantitatively applica le, at’ g
mately, The duration of test :Lgp not Dasdd o et Sphroxi-

based on Froude 's
criterion, The flow should be maintained til
( h:ﬁnd tgirly stable) scour develops, and thelcﬁg:::mm

Should be held constant in all comparative runs,
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5.5. Eixed bed channels:

Problems involving relatively long stretches of
either a canal or & river, wherein actual changes in bed
configuration are not cri‘ical are usually studied in fixed-
bed models, The influence of wall resistance is generally
of major iiportance in such problems and cannot be ignored
or adjusted when the results are interpreted.

Unless a very large model is made, distortion in
slope is required (¥§ to offset the disproportionately

high resistance (2) to ensure sufficiently high. Reynolds no.
for turbulent flow, or (3) to accommodate the model in the
available space. In the first case, the vertical exaggeration
is designed to compensate for high model resistance. In
other cases extra or artificial model roughness may be re=
quired to compensate for exaggerated model slope.

The required distortion of slope can be computed
with sufficient precision from the emperical Manning formula -

v=14 B3 §Y2  (foot units)
n

In order that the velocity ratio will vary with
the square root of the depth scale, as required by Froude's

lavw - ;
= 3 2/3 1/2
Vr =/ Y = R S

iy
If the model were undistorted Sy = 1y Bp=¥p = Iy

Then , Vp = %2/3/% = /T
/6

or n, = 1‘1‘1

Since we know that n varies as 1/6th power of the
roughness projection K, it means that Kg should be reduced
in the same ratio as tHe length scale- this is often imprac-
tical and even if practical may change the nature of the
boundary layer itself, from rough turbulent to smooth turbu-
lent- in extreme cases the flow may become laminar ( in
movable bed models similiarity of sediment movement imposes
its own condition). Substituting yf/lr for S, results in
the expression, 5 1
/ ¥p r2/3 3 1/

. gre/
/% n,
Yo & a2
(
Lf-Ln:‘ﬁ_ 2)

(1)

or
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Also Qu = Lge ¥pe Vp = Lb(7§)3/2 (3)
For wide channeds:
R, = ¥p and
2
¥ =
R ;‘Ty3
2 T4 L)
or Iynp = Iy ¢
o Yy = 1}3/"“ nr3/2 (5)
1r, n, =1,
Ip = Lr3/l+ _ (6)
2
I"1"'r3/ = 9
and 1 =y)+/3
np
Hence " 5
yr( /3 +3/2) = Qr n,
or, 727/ = m’ (7

If n is known for the model and prototype, n, is

also known, and the exaggeration yr/l'..r can be adjusted for

a given depth y and hydraulic radius R. In models for which
the slope distortion is dictated by other considerations,
an adjustment of model roughness is required to duplicate
the prototype conditions. If the distortion, and the value
of n for the prototype are known the required valuc of
n for the model can be computed #rom the equationg.Unless
basic data are available in a particular laboratcry on the
values of n for different types of roughness, the required
roughness adjusted for a particular depth, will yield
dependable results for flow at or near that depth. If a
groblem involves several depths, the model roughness should
e adjusted to give an average friction that is approximately
right for each depth, or the roughness may be varied with
depth for a cloSer approximation at all depths.

It may be noted that Manning's formula applies
only at sufficiently high values of R for viscous effect
to be negligible.
5.6, Scale f c 1s ;
If channel under study in uniform, Froude's law need
not necessarily be satisfied. Any properly corresponding set
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of scales of linear dimonsions, dischar
ge and velocit
ime and roughnoss will ensure 'that the model will re%%oduce

t nd
rotot surface profiles, These relations a
g1:' -yﬁ"? R _2/3 131/2‘9 RPN et
) ) 4
for the model V. = _1,49 ¥3 g 1/2
m Ny, m
Hence V_ = V " 2/3 1/2
T & 5
P Dy,
Since Sr = _;I
r2/3 1/2 |
V. = R (%)
r
L
Q = (Lyy. Vp)
_[w2/3 {172 372
.{R L y3 } (5)
n
T

The time scale can be derived from the following
relations,

T. = Vo;gge scale = Igz (6)
r discharge sca (’ ) r

In non-uniform flow there is interchange of velocity
and pressure heads from section to section, and for correct
reprodvction of water surface profiles it is necessary that
Froudian law should be satisfied.However, in actual practice
small departures from Froude's law are tolerated as they lead

to negligible errors,
Example to illustrate the use of Manning's criterion for
rigid bed channels =
Consider a rectangular prototype channel 90 m wide
by 3m deep.,
First -~ Undistorted nnoci*}.6
=

Ir Lr is fixed, n, must satiafy'th: gbove relationship.
E.g, 1f = 3 L, = ( )1/ 0.50
o 4 B ooy By Ml 1T 9 0,307

If the prototype channel has a concrete surface
with n = 0,01, the required model n, = 0,0071, It would

be impractical to get this value of n, and even if obtained
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will change the nature of boundary flow from rouzh to
smooth.

Second:-  Distorted model and y,, fixed for other
considerations, to find nr’ r r

Let L!‘ ='%6 y Yo = 1/30

Model width = 1.5 m and depth = 0,1 m

% = 909% 3 = 2,81 m

= 1,5 x 0,7 = 0.0884 m
% ® +0.2

2
SR L
e )y
L & i3
nr = 007?5

This is a more practical value, The Reynolds
mmbar for total flow, as well as nature of boundary flow
ar< more conducive to similarity,

Third: Iet n, be fixed - we may have to use the same type
of surface as”in the prototype, so that n, = 1

Also let I&' be 1 as before, to find A

/3 ) (o)
R n L = 1 ° 1 — 1
r ror % %o
R, = (134 - 4
r m— -N—-g.
NOW ’ R = 2 . 81 m

Hence Ry = _%1_?13_ = 0.1305 m
:_'_5_5’:1 = 0,305
5% ¥,

From which, Yy = 0416 m

Tt Wle t
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Distortion, yE - SQ = 3.19

In each case Q, = L, yr3/ e

If Q. is fixed, then out of L., y, 2nd n,
only one can be chosen.

G

L%



CHAPTER-VI
MOVABIE - BED CHANNELS

6.1. Introduction:
nnel problems, notably

There are many open-cha
river problems, involving movement of sediment. Such problems
are usually studied in movable bed-models though limited
studies for current directions and velocities can also be
made in fixed bed models. only limited similitude can be
attained in movable bed models, which are practically always
they have proved their

distorted vertically. Even then
worth in giving dependable answers to river problems.

The application of mathematical approach to simili-
tude in movable bed models is very difficult, The number

i involved is large and some of these e.g. the
tion and the flow equation for mobile bed
channels are themseleves only approximately defined. An

effort at deriving scale relationships from known equations
y Einstein and Ning

for distorted, movable bed models made b
Chien (TASCE fol,121, 1956! Similerity of Distorted River
Models with Movamble Beds') will be discussed later.

The common procedure is to select horizontal scale

on basis of available space oOr discharge., The distortion
in the vertical scale is taken on basis of earlier experience
dels of similar characteristics,

on successful river mo
Distortion of more than six is usually considered inadvisable,

though some successful models have been made and Tun with
larger exaggeration. Distortion of four or less is considered
desirable, Greater distortion is permissible in wide shallow

streams than in narrow deep ones.
Distortion becomes necessary to ensure sufficient
movement of model bed material, yet it introduces certain
undesirable effects - the exaggeration may increase the
slopes of the model banks beyond their angle of repose so
that they will not longer standj if the banks can be assumed
non erodible they can be made of & rigid material, Distortion
also increases the longitudinal slope of the stream and tends
to increase velocity and reduce water depth to such an extent
that artificial model roughness may be required to restore it.
The bed roughness is a function of the bed material which is
amenable to limited adjustment only. If some natural materials
are used So that the sg. gravity ratio is one, adequate
movement requires smaller material while roughness needs a
larger size, By using light materials, like coal (Sp.gr.1.30)
punice (1.7), resins (1.09 to 1,13), etc. better results can
be obtained 1n this respect. Even so, there may be distortion
in discharge and velocity scales from the theoretical
Froudian law . If such departure is large, water surface
predictions uf the wodel may not be very reliable.
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Another effect of vertical exaggeratlon is distor-
tion of lateral distribution of velocity, liencc in problems
of confluence of two streams, channels split by islands and
in case of sharp beds, the distortion should be kept as small
as possible,

A necessary feature of movable bed models is
tverification' i.e. obtaining scour and deposit effects in the
model corresponding to known past scours and deposits in
the grototype by running prototype discharges adjusted to
trial scales of discharge and time. If the verification is
successful, then these trial scales can be adopted for further
studies. The essential requisite for verification 1s an
accurate survey of the prototype, depicting events that are
to be verified (e.g. before and after a flood) and hydro

logical data for the events,

The verification process must be limited to certain
prescribed events:-

(a) The known event in the prototype for model verifi-
cation should involve phenomenon pertinent to the proposed
study. E.g. reproduction of flood gauges is not adequate for
a model meant to study bed movement.

(b) The event in the prototype must represent a continuous
action of reasonable duration, Thus a model meant to study
river stability should not be verified for a single high
flood but for at least an entire flood season.

(e) The event in the prototype should represent nommal,
yearly, phenomena. Freak floods resulting from hurricanes

should be avoided.

(4) The more the plans to be tested in the model depart
from conditions under which the model was verified, the
less trust worthy become the resulting data. Thus &ata

from the test of a system of dykes which change the regimen
of the river only slightly are to be held more trust worthy
than data from a series of cut offs which markedly change
the regimen of the river.

The actual verification of a movable bed model
resolves itself into a trial and error process of adjustment.
The model is set up to accord with conditions as they existed
in the prototypc immediately prior to the beginning of the
verification event, It is then a case of determining that
, set of operating conditions which will result in reproduction

of the event, Among the items that may be adjusted are- dis-
charge scale, water surfaoce slopes, types of bed materials
maznitude of time scale, roughness of fixed boundaries, rate
of fesding of bed materials. Sometimes a variable time scale
nas to be adopted for dii'ferent stages of flow.

6.3. Dinste ;

by in aad Ning Chien's a pI‘Oach to desi
River models with movable pamen. Bg esign of
Pe l‘.h,o). ¢ beds ( Toﬁc evelie v01.12 ’1956,
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6.3J.Distortions:

In this study by the authors several distoritions
are contemplated:

1, If the ratio of horizontal lengths is independent
of depth ratio h,, the model is vertically torted.

2, If the grain size ratio, D,, is different from Ly
and hp a third length ratio is intFoduced and with it a

sec distortion.

3. If the slope ratio S, is chosen independent of Ly

and h, the model is assumed to be tilted in addition to
other &1stortions.

4 If the ratio of effective densities of sediment(f3-f] 2

1S assumed to. be different from the ratio of fluid densitics
¢4 ( which is unity) there is a fourth distortion.

Se A fifth distortion is introduced in the time scale
if the duration of flood stages in the model is taken to a
different time scale than the one obtained from velocity and
sediment movement considerations.

6. A sixth distortion is a result of the impossibility
of obtaining suspended - load rates in a model in the same
scale at which the bed load rates are reproduced, i.c. the
bed load rate ratio is different from the total load rate

ratio

v A seventh and last distortion permits the ratio of
settling velocities Vgp of corresponding grains to be differen
from the ratic of the corresponding flow velocities.

6.4, Relationships Descripinz Alluvial‘Flcws:

(1) Friction criterion:- Assume a flow equation of the form,
V=2C/g st/2 L 1/2+m

o

In the Manning form m = 1/6. However in the general
case the resistance law may be different from Mannings and
should be determined by trial, Assuming that the exponent
m is the same for the model and the prototype, we get the
ratio relationship -

v2 pu

Sr h, izﬁ Crz .

For exact similarity SOv = 1

(2) Froude Criterion:

This gives,
V¥ = AF - (2)
h

T
A8a1n for exact sinilarity AF = 1

"
b

v (1)
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(3) & (+) Sediment Transport Criterion:

According to Einsgtein this relationship is defined
as is a function of *, Neglecting the effect of

grading.
Ye ) ,J_E’LL (
T 3-p) (7"'/% (73)

Qg is the bed 1oad transport by weight/unit width/unit time.
If ¢ is to be equal in model and prototype, and
if the same liquid is used so that & =1 TP

It follows that

%B L4 =]
% 72
( fs "ﬁ- )r pf’ (3)
Again, neglecting the effect of grading,
)L = _@_:_.4—- 3 "712""
Where R'b' is the hydraulic mean depth of surface e
hh where h is |

neglecting form drag). 1et

th, corrected for side fric ion wWhere necessarye

drag only (
the total dep

)( too should be equal in the model and the prototype
Then .

(M)

(5) Leginar Sublayer Criterion:
rojection of the grain

For similarity the relative ﬁ
out side the laminar sub-layer should be the same in the
model and the prototype i.e. Sr = D+

Now S is proportiona.l to = Assuming p %o

pe equal in model and prototype,
£ & ‘:I, , Uy Dbelng the shear velocity.

i.e. S !
& N S
Hence I; ,%_‘s d equals U,
S’f - 7N ),h?‘ Sy* &

AS should be unity but & s1ight deviation is pemmissiblée
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(6) The ratio of bed load to total load in model and
prototype should be determined,

Ger . .
let q/ﬁ _%_ (6)

(7) Bydraulic time ratio is defined by the equation,

= =ty (7)

r

(8) Time t.. is the time scale at which the prototype
hydrographs muSt be repeated in the model, thus it indicates
the duration of individual flows., Ratios of this time must
be such that corresponding time intervals are required by
corresponding sediment rates q, to fill corresponding
volumes. Expressed in ratios, this equation can be written

for the unjt width as-
Qp is measured as submerged wt./unit time/ unit
width.

(9) Tiit,
S

o AN (9)

Where A N is the additional slope provided by tilt.
Such tilt 1is not permissible in reversible or tidal flows.

The nine independent e1quations given above are
tabulated in table No.6.T. .

As will be seen from the table there are 18 variables
in all as belovw:e

13 ratios ( first thirteen columns)
Y A~ values ( last four columns)
1 - exponent in the flow equation, m.

Out of these the four A values, m and three of

the ratios B, C and » are assumed known or computed from
known data., 1’1215 leaves ten unknown ratios and nine equations.
Thus free choice can be exercised for only one ratio, and

all others will be determined from it ( if no deviatlon in
values is to be allowed), For fir:d independently, solutior
for other ratios is given in Table&2,Solutions have also been
ﬁv:g by the authors for h, and ( j')s. - j} ), chosen indepen-

ntly,

tabulated in table No.6.1.
for other ratios is given in Teble 6,2,Solutions have also bex




‘TABIE 6:1

munmouEZHm FOR MODEL IAWS FOR RIVER MODELS WITH SEDDMENT MOTION
(A1l quantities transposed to left hand side, right
hand side = 1)

f.tﬁ.#ﬁ q #r Ps, fr, Fiamn; T O ;fé mv.m _«bm mNﬂ

-1-2m 2 -1 2nm -2
-1 2 -2
-3 -3 2
-1 -1 1 1 -1
J 12 +1 =2
1 -1 1

-1 1
-1 =1 -1 1 i
-1 -1 1 -1

- -

@~ The values of B, C,,7 , and m are determinedfrom auxiliary
computations, Values of A may be chosen to suit iLhe conditions.
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6.5, t A river in flood carries 400,000 cusecs, The :
resistance lawv ap co}:h to the river as well as to model
is 4 = 8.1 g (4
®

If ladb. s permits a length of scale of 200, determine o
the other es,

Here m = 1/6 ( Ratios are prototype/model)

C= 801

Assume that M = 1 and all & values are also ) 4
- R, = L:}'I"}' cru:a'r

0.7 7
= = W ( exaggeration=

= nearly 5 times)
( 2m=1)/2 (bm + 1)
D =

Tr
= ( 200~1/5 - 1 or 0.348

This means that model material should be 2.88 times
larger than prototygeematerial.

(/s-/;),,=1,." o

(R-p dp=D = ( 0.3u8)"3
= 23.9

If the submerged density in prototype is (2.65-1.00)
= 1,65, that in the protot should be 0,069, The model
bed needs material of density 1.069 gms/c.c.

6.6, Einstein-Ning Chien approach indicates that similarity
in & mobile bed channel can not be truely obtained without
use of light veight material, This fact can be demonstrated
in a simpler way also, Only two conditions are chosen, first
Manning- Froude which gives

L,nf - 7,"/3 (10)

With pespect to sediment movement, the only ocondition
imposed is that the ratio of bed stress to critical stress
is the same in the model and the prototype. Or

;: o - 9 (1)
or o




(59)
Since Y+ 1s unity, and 8 =y, , this leads to

Yoo =l (¥Y=Ye)p D, (12)

Asswiing, n, = D.'/® which will be true where ved
ripples are not important equation (10) becomes,

xt'Dr1/3 - ,;*/3 (13)

Between equation (12) and (13) there are four unknown
ratios, viz. Ir, y,., D, and (v = % ).. Hence, theoreti-
cally, ’any two can’be Yreely chosen, ahid the others deter-
mined. But if ( Y-V )yis taken equal to unity in
equation (12), the solution obtained i L, = y.= D,, or
an undistorted model. This solution is feasibl® bebause
no condition has been imposed to ensure the same nature
of main flow and boundary flow as in the gotot e, AS
soon as these necessary checks are made, this solution
will have to be ruled out.

Iet us take Ip the same as in the Einstein-example,
. This may be fixed by limitations of space.

Then assuming various values of y,, D, and (Y-Ye )p
are calculated and tabulated as below:-

> L Tr D, (¥-Ye )¢  Remarks
25 0. 049 64 A1l ratios are
200 40 0.32 25 prototypg to model
50 0.78 16
100 12,50 4

It will be seen that for Yp = ¥1, the result will be

practically the same as by Einstein- Chien, 8ince no
condition for nature of f s 'boenmi:gosed, this will
bave to be exercised separately,

6,7, Alen ( 3cale models in Hydraulic Engine ) bas given
the following argument in respect of ntglin;n:iocity g}’

silt in distorted models.

'If the horizontal scale is 1: x and vertical e 1y
the velocity scale horizontal movement is 1 é , and
time scale 1: x / /y . But since all vertical dep are
exaggerated in the ratio of xiy, it follows that_a suspended
4 part 42 should have a vertioal motion x/y, 1/ /¥y or
x/y times as fast as a corresponding particle in nature.

Lacey has extended this argument to state that the
schles s be 80 chosen that the vtrtic.l motion of the
particle should be the same in the model a® in the prototype
and the scales should be chosen accordingly. If this i®
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accepted then Allen's criterion would re e X = /2 or

::::%i:%‘ :‘3&' a;‘l:llso ’(u:ozizont;l m;cal;b & m'::iz A
pr ate wor ru many

River Enginecers. same relationship follows from

Lacey's general regime equation,
ve16 /3 V3

Then V, = 1\}’3 g 1/3 2/3 1/3
r r = 5 Yz

Ie
=/ Yy
Assuming that,
B,z 7p
y73 - y:'/2
Fr

6.8. Choice of scales in river models in practice- since
except for crushed coal,

the use of light weight mnaterial,

is too expensive to be practical, most of the river models
are made of natural materials and do not have true similarity.
With proper design and interpretation, they do, however give
valuable information if they have been properly verifiec_'i.

The following discussion will be found useful in deciding
scales of natural material models,

(1) t 1 gcale : Available discharge and sSpace

are often rta.g eriteria. Models with a design flow

of 0,10 to 0.25 m3/8 are found magnageable in size and yet
not too small for useful results.

The width of the model river should not be smaller than
about 1 m. This is necessary to study the effects of cut-offs
at low stages. If the prototype width

or of river diversions
of a developing cut-off channel i8S 15 m., at a scale of
say, 1/300, it will be too small in the model,

(2) Depth Scale;  For m, = 1, Manning Froude criterion
gives

y, = L
This means use of the same material.when prototype
material is sand, this is feasible, For boulder, however,
shingle is usually substituted, in which case,

lacey criterion gives y, = "‘ra/ 3
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The above relationships can indicate the range of scale
exaggeration,

The scale selected should give (1) a high enough
Reynolds no. in the model (ii) a shear Reynolds no., in the
required range. In case of sands, the water lepth in the
model should be adequate enough o keep the influence of
bed ripples at an acceptable level, It may be noted that bed
ripples are less prominent in uniform than in graded material,
The depth should also not be so high that the bed can not be
visually watched.

The scale distortion is related to slope scale and type
of material also. General movement should start in the
model at a discharge corresponding to that at which it starts
in the prototype. '

(3) Slope Scale: If no tilt is given Sr = ¥p
, T

) o
However, some tilt will often be found desirable in mobile
bed channels to increase mobility without increasing distor-
tion. :

(4) Discharge scale: Normally, Froude's law for discharge
scale is applicable. ,

& 3/2
Qr‘lfr yr./

Meander length and regime perimeter are goportional to Q1/ 2.
According to this Q. o( 2, If Yp = Lp2 nearly, this
condition will also"be satisfied.

Sometimes discharge scale is adjusted by trial and
error in the process of verification,

(%) C;g;ce gr Material: Bed material should move in the
model at stage corresponding to which active bed move-
ment exists in the prototype., Since large quantities of
materials are used in a river model, availability is also a
criterion, It is seldom economical to process material for
use, For boulder beds, shingle is usually em}t)loyed.ror sandy
rivers, sand of the same grade as in the prototype river,

or somevhat finer, is usually employed,

(6) Time Scale: For movement of water % = Lr . But for

Y
running a hydro h, generally a time scale QS to be
evolved by triafafm':er discharges have to be run for
relatively longer periods than higher discharges.

(7) W: This is usua adjusted
for eq rium unless effect of aggradation is to be

studied,

able 6.3, gives some gg the scales used by I.R.I.
Roorkee, The'rafge of vertical exaggeration used at Poona,
varies from 3% to 6 2/3, mostly falling in the range & to 6.
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Exmgi::- A prototype.ri-er has boulder bed and maximum
disc e of 10,000 n3/s. Available space indicates
Li_ = 1/200. Fin& other suitable scales,

Using average exgggeration, let y., be kept 1/50. Then
Qr will be 200 x 50 ”E = 1/71;000 and the lab, discharge

needed about 0,143 m3/S. Agsuming, this much discharge is
available, those scales would be suitable, if minimum width
and Reynoids no. are obtained.

Now from equation (12) ( for tractive stress ratio)

D, = yrz if unit wt. is the same.
= _1 X 200- . 1

This is from point of
view of mobility.

With this D,, n, will be as below :-

= 1/6
= ( D) = 1
o T TS
But to maintain correct flow gauges, required
4/3 4/3
=YV = ( 1 ) X 2%
T kS

= 1,08

This is the contradiction by use of natural material,
Flow similarity requires that roughness in the model should
be 1.08 times that of the prototype., Mobility requires, it
should be th, Actually using D, = nearly
the roughness can be increased and gauges maintained at
correct levels by using wooden pegs or locally placed
larger stones,

6.9. Models of Waves:

/ If the phenomenon to be studied is the form, pattern,
and travel of waves ( for instance in a study involving
preak water location for the purpose of reducing wave height)
an undistorted model is required. This type of model is
designed in strict accordance vwith the scale relations based
upon Froude law, Qrdinarily models with fixed surfaces
(usually concrete) are¢ used for this type of study. It may
pe necessary to adjust the roughness of the model bed to
ensure correct velocity of travel of the waves. However it
is usually found that the surface roughness has only a small
effect, if any, on the wave simulation,
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The celerity or speed of prepagation of a gravity wave
is represented by the expression,

0=/§ n_zg tanh _z_g_

Where C is the celerity, A the wave length, and y the
mean depth.

When is greater than about 0.5, tanh value
approaches thity, and C = / g A . This happens when
27V

wave lengths are relatively smaller than the depth., For
very long waves in which_%x is 0,1 or less tanh 27|y

tends to 27T and —>/ 8y 2

If scale distortion is used, it should be seen that
it does not alter the kind of wave produced.

In harbour models built to investigate wave and surge
action, the prototype wave from which protection is desired
may range in period from a few seconds to as much as 5 minutes
or more, The short period waves ( usually from 6 to 18 seconds
may range from only a foot or so to more than 20 feet in :
height., Long waves ( usually from about 1 to 5 mts. in period)
are generally less than 3 ft. in height. If the problem is
primarily one concerning short period waves, an undistorted
model should be used. However, as the period of primary waves
increases the amount of scale distortion which can be tolera- a
ted increases. E.g. a scale distortion of 5 will not result
in distorted modes of oscillation in a model when wave periods

are about 2 minutes or more.

In models designed to study the stability of rubble
mounds or pressures on impervious break waters, an undistorted
model sbougd be used and the results interpreted according
to Froude's Iaw,

Where movement of bed material by waves is to be studied,
large scale models are to be used. Even so distortion may
become necessary. Use of light weight material is often

necessary,

6,10, Models of Tidal Areas:

Models for the study of these phenomena are most
accurate when constructed to undistorted scales, However if
the prototype is wide and shallow or if the study is more
concerned vith mean velocities rather than with velocity
distributions, models with geometric distortion may be used.
S8cale relations are determined in accordance with principles
alresdgadescribed for distorted and undistorted models of

open channels,

As large areas are to be reproduced, relatively small
scales are common. A8 much fine sedimenf is carrie y Settling
velocity criterion is important,
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In practice the large discharges involved and small
scales used necessitate considerable vertical distortions,

Exemplet- A model tray 45 m long by 20 m wide is available
to make the model of a tidal ostmr{ in which wave formation
is not significant, An area 50 km., long and 20 km. wide 1s
to be reproduced in the model which inciudes 250 sq.lm. of
sea and creeks, At maximum tidal 10591, the cross-sectional
area of the tidal estuary is 8000 m< and the maximum velo=
city is 1.5 m/S. The tidal range is 4.5 m.

Find the model Scales if available discharge 18 0,20 m>/S.
Assume that maximum rate of inflow to the sea creeks is
more than the average. :

To accomodate the model in the trey

Length scale = _ 45 = 1
X 0 LEkR
sa. : 1

or y

100
Width of tray required = gorgm = 18.2 m, hence
00 ’
adequate,
Maximum discharge in tidal channel = 8000 x 1.5
= 12,000 m3/S

The tidal cycle is nearly 12.9 hours, with 6,25 hours of
tidal rise and 6,25 hours of sbb or fall,

Hence maximum discharge for tidal rise in sea area

= 1000 x 1 b5 x 1,40 m3/S
.25 x 3,

= 70,000 l3/3

Hence total saximum discha:o‘sg in %rototype is equal
to 70,000 + 12,000 = 82, m3/

g8 C o
or Ll’ r}./ 2 = :!
? ?
or 1,3/ 2 = , ’11 = 1
Hence yr = ; 2/3 = ﬁ_

Tidal rise in model = hﬁ x 100 = 8.67 cms. and hence
efsily measursble,
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Tidal cycle time in the model = _12,9 ? alm

\ 298 secC,

This is in a suitable working range.
Hence the scales computea above can be adopted.
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CHAPTER-VII
MODELS OF SURGE TANK INSTALLATIONS

Iet L represent the length of pipe line ab between the
reservoir and the surge tank. (Fig,7.1)

A the sectional area of the pipe line,

R the ratio of sectional area of the surge tank to
that of the pipe line,

V4 the velocity in the pipe line before a change of

load
V, the Velocity in the pipe line when conditions have

settled down after the change of load,

V the instantaneous velocity in the pipe line during
the change _

V' the velocity ( simultaneous to V) in the pipe be
between the surge tank and the turbines during
the change; ,

y the height of water surface in the surge tank, above
that level which is obtained under steady conditions
with initial velocity Vqe

let us suppose that,the 1loss of head in the main pipe
line, of length L, is CV. at velocity V4 and CV® at velocity
V. This involves a slight approximation,

Now if the suffix m indicates the model and the suffix
p indicates the prototype, we must have -

(a) the scale of vertical surges the same as the scale of
friction heads, i.e,

¥ = G V.2
E R 3

(b) With initial meloc:l.i:gé V4, the loss of head in the

pipe line ab is CVy and ¢ dl{:um level xx is lower than

the reservoir level by this extent. With change of load,

the velocity reduces to V and the frictional loss would be
CV®, Under steady conditions the water level would have been
lower than the reservoir level by CVR or higher than the

dawm xx by (CV: - CV®), Due to surge the actual level is
at a height y lbove the detm, Hence, head producing retar=
dation at any instant is -

Force = mas§ x accn.

Pi Eé’_,— == ¥ Zf__d,lL d
y-C (W - V) 4 E 4w

Py/w =h= L/g dv/dt

Consequent -Cc (V-
iy y (V3 .{g. &%- (2)
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(¢) Por continuity oi flow, the rate of flow into the
surge tank, plus t in the pipe between the tank and the

turbines must equal that in the main pipe line,

Sectional area of surge tank is AR and sectio
of pipe line is A,
Also let sectional area of pipe line be be R'A.

Then, (AR) gy = AV - AR
or R % =z V = R W (3)

nal area

If R is the same in the model and the prototge', the
ratio of the right hand side of the equation will equal

to the velocity ratio.
. Now for equation (2) to be ensionally homogencous,
y must have the dimensions of and of %

1) Hence !P_ = '} . : (W)
Tm E im o)
n
From equation (1), G V b v, .t
cm I n % in Ep
n-1

or b = & 7
ol (%)
" PP

for any similar

heo-

Equation (5) fixes the time scale t

nings in the model and the prototype.

happe
Again for equation (3) to be homogeneous,
= V t
S  J— X . Y (6)

» . !n
substituting for ¥y  from equation (1) and for E from

7

4

equation (5) in equatien (6)

)

R_ = L C. V. )
ﬁ P P
Equation (7) determines the appropriate sise of surge tank
for use in Model,

8]
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ijﬁn&: A gipe line 150 m long has a diameter of 1.2 m.
8 equipped with a surge tank of diameter 3.4 m., The

initial flow is at a speed of 1.43 m/g§ and this is suddenly
reduced so as to settle down to 0.58 m/8 . The loss of »
Head in the pipe is 0.18 m at 1.43 m/8.

In constructing & model of this installation, 10 m.
long pipe of diameter 7.5, cms is available for !{u.ch experi-
ment Shows a frictional 10ss of head - 0.75 V!+82, Assuming
the same index of velocity to apply to the full size pig:
and adopting an initial velocity of 0.3 m/S. for the mo i
determine the final velocity required in the model and the
diameter of the model surge tank, What will be the scales
of time and of the amplitude of surge ?

Velocity ratio = ?.E = 1
) ['-'077 .
Hence final velocity in the model = 0,58 = 0.119 m/s.

Also 5y, _ n k.77
R = c, V = 0,18 = 7.9

m m 0075 X (00

But from equation (l)

b
:l_;

Again from equation (6),
v
R = ; tl Y,
_ yp vl t
= V t

& T

= %ﬁ}_ x 7!_9, }]_ s 6,60
But B = (;:%)2 = 8405

Hence B, = % = 1,218
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Dia, of Surge tank in model = /T.215 x 7.5 = 8.25 cms.

Hence for similarity, if the model were running
initially at 0.3 m/sec, :l.é would be necessary to arrange to
close it down to & final velocity of 0,119 m/sec, and T

provide it with a surge tank 8.25 cms diameter, If tun
a surge of height x m‘;o obsemd in the model dur

t:ne y the tnt:lcmted correspond mt. int m-
u:ulbo? x in a time 11.0 t ‘ o _ |



CHAPTER-VIII
CONSTRUCTION OF MODELS

8.1. Construction of Models:

Constmction of the model is governed by several princi-
g:s: (1) the model must be an accurate scalar replica of

prototype,

(11) it should retain its accuracy of construction
i.e. it must not deform or settle,

(141) it should be subject to quick and easy changes
in dez:ail)-ﬂ.

iv) it must be equipped with appurtenances adequate
to ensure control and measurement ofplt?flow, observation and
measurement, or of photographic recording of pertinent data.

The ‘model must be constructed of materials commonly
available, such as wood, concrete, metal, wax, paraffin,
plastic, Sand and coal, Very frequently, the major part
of time spent in a model study is devoted to the construction
of the model. Hence available workshop facilities are ve
important in planning a given study, Proper workshop facili-
ties including wood working, machine and sheet metal shops
are a necessiry part of any hydraulic model laboratory,

8.2. Berizontal and Vertical Control:

The foundation of accurate model construction lies in
the establishment of accurate control nets for both horizontal
and vertical dimensions., Details as to horizontal control net
g:;n;rally will degend on the shape and the size of the model.

s 1f the model 1is long and narrow, the horizontal control
may consist of a traverse approximating thé centre 1line of
m.del, If the model 18 long and wide, the traverse may approxi-
mate the model perimeter. If the model covers considerable
arezgn the perimeter traverse may be supplemented by a grid
systea. .

The vertical control system 1s generally based on a
spstantial benchmayk located close to the model. If the model
covers considersble area supplementary benchmarks may be
established. The vertical control net itself is effected by
means of an accurate level, great care being taken to attain
precision in the levelling operations,

8.3. Elements of the Models

The essentisl elements of a model include: (a) facilities
for providing the model with a catrolled supply of water
(b) tacilities for insur natural entrance oconditions at the
heed of the model proper(e) topography, structures to be
tested etc, (d) facilities for insuring natural exit conditions
at the downstream end of the model and (e) facilities for
recording and observing essential data.

Wg- water in adequate and controlled gmnt:l.ties
mus Toduced into the " forebay" of the model. On many
hydreulic research stationsin India vater is taken from canals
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and is returned back after reuse, This requires the locatlon
of the research station near a canal with one or more falls

in the vicinity.

For relatively smaller discharges water can be pumped
dack after use., In this case sediment trap is necessario
to remove the sediment before pumping back the water. For
constancy of discharge, norma a constant head tank 1s
needed to supply water to the models.

The size of tl>» Ssupply chember or forebay depends on the
discharge. Baffleg and/or screens are provided in the forebay
to ensure natural conditions of entry.

8.%. Topography:
Topography in open channel models can be moulded with

the help of templets or pegs.

The templets represent prototype sections, reduced

to accord with the design scale ratioS. The t lets are
plotted and cut accurately, then located accura ely in correct
Raition andat the correct level, and firmly fixed in position.

e bed is moulded between successive templets. In this method
the templets remain embedded in the model, This would be
inconvenient in case of moveable bed models. In that case
male templets may be used. The templet support rests on rails
set accurately to required grade, and no templets remain
embedded ( see fig.8.1).
Topography may also be moulied by pegs placed over the model
area in such a manner that the tops of the pegs reflect correct
topographic elevations. The model surface is then moulded to

accord with the tops of pegs.

8.5. Materjals for Model Structuress:

8.5.1. .= Tts dimensions are affected by water content
hence if requires water proefing. It is susceptible to warping
and is opaque. For water pr ofing an initial coat of linseed
0il. one or more coats of vanish, and a final coat of waxa,renga-
It 1s suitable for fabrication o} structural supports, and :
structural elements having plane surfaces or surfaces of
straightline generation of short length. Plywood may be bent
and warped slightly and thus &8s suitable for walls that

are slightly warped.

8.5+2 W: The material is workable to a limjted
extent ensions are unaffected by water. It tends to
buckle under unequal stresses, or in undergoing temperature
changes, It 1is ue. It may be cut to any shape, ut in
curves of straight line generation, can not be sha ed in
warped surfaces, can be fastened metal to wood with counter-
-nﬁf screvws, Sheet iron must be protected by gaint or galvani-

zing, It is suitable for use ag water tight 1 of wooden
tenks, and for fabrication of tructural elements of prismatic

ahnpe: It 18 useful for conduits tubes, gates and walls.

gStructural and cast metals are very costly to shape,
They are useful for structural supports, model appurtenances
etc, A partioularly useful material in {ne laboratory is the

slotted angle.
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8.5.3. EP&&%{ A number of plastics are useful in sheet
or cast form, Clear transparent sheets of lucite or FPlexiglass

may be moulded into intricate shapes in the presence of heat,
Joints can be made with suitable solvents like chloroform.

Complicated shapes may be cast using phenol formaldehyde
or other resins. The castings can be machincd or worked in a
manner similar to metals or hard woods, Most of these resins
produce opaque castings, but considerable development and some
progress is being made 1n transparent castings.

The strength of these materials varies and they are
affected by humidity and temperature and in some cases by
mlight.

Unfortunately the availability of transparent plastic

sheets is limited in India these days as they are imported.
Transparent pipes and casting resins are not available at all.

Wax: This material is workable, unaffected by water fragile,
susceptible to damage by temperature changes, devoid of
structural strength and opaque. It may be poured hot into a
mould, cooled and then machined. It is suitable for fabricat-
ion o} curved model surfaces in which great precision is
required.

8.5.4. Maso Copcrete and Cement Mortar: These materials
are very cammonly used in India. Where intricate or warped
shapes are required masonry or concrete may be used for approxi.
mate shaping and final finish can be given in 1:3 cement
mortar, The roughness of the surface can be adjusted by vary-
ing the size of sand.

These materials are unaffected by water and can be given
any desired shape or roughness, However,.any alteration of the
mocdel requires breaking and rema king of‘ a portion of the
model, Pressure points etc, have to be given in advance and
holes can not be drilled.

8.6. Appurtepances:

8.6.1, Measyremept apnd Copbrol of Water:

Generally it is necessary to provide the model with a
supply of wvater delivered under a nearly constant head. When
the water is drawn from a very large reservoir, the possibility
of fluctuations in that supgly need not cause concern, If
water is pumped, and the voltage of the electricity supply
is steady, consfant discharge can be assumedjhowever, voltage
flucutations are common in a and directly pumped supply
would not be reliably constant. The usual method is to supply
the wvater from a "constant head tank", Ir this tank the
inflow 1is arranged to be a little more than the outflow and
& small flow is always maintained through overflow troughs,

A large crest length is g:ovidned to the overflow troughs so
that a very small head flucutation can take care of inflow
or outflov fluctuations,

The messurement of the water supply can be done by &
weir on an opem flovw section, or by & venturimeter, orifice
meter or nozzle meter on & p:lpe line portion. As far as
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possible all devices should be oalibrated after installation,

The advantage of the weir method of meesuring discharge
i that with one device a large range of flow mey be covered,
It requires a certain drop of water level for operation, Aftez
a change of discharge, sufficient time should be allowed for
the gauge to dbecome sénw.

The venturimeter and orifice or nozzle meters can be
uted over limited ranges of flow, They cause very little
IDSS of m‘do

The water surface level is measured with the help of
a pointer gauge or a hook gauge. The pointer gauge can be
used directly over the flow or in a gauge well- for & hook
gauge a gauge well is usually required. The gaugewell
maintains a stillwater surface over which the gauge can be
accurately adjusted. Depending on the ratio of the area of
the e well to that of the connecting openings ( with the
flow) there will be a time lag between the change of water
surface in the flow and the corresponding change in the gauge
well, The least count of these gauges is generally, 1/1000 ft.

.l a'?c‘oﬁtain a continuous record of fluctuating water
levels a " capacitance gauge" is useful. A schematic arrange-
ment for a capacitance gauge is shown in fig.8.2.

The gauge consists of a conductor surrounded by an
insulator which is dipped in water. Another conducting prooe
is also dipped into water, These two are connected to one
a™ of a wheatstone bridge, the other arms consisting of two
known resistances and one known capacitance, The bridge is
connected to an A.C. supply. As the water level fluctuates,
the capacitance of the gauge changes, and this causes a
change of voltage across the teminais AB of the bridge, A
continuous record of this variation can be obtained on an
oscillograph,

8.6.3. Measuregept of Prespure;.

Static pressures are generally measured by piezometers
conpnected to manometer banks. Piezometer tappings should be
smell, normal to the boundary, and should no project into
the flow. The diameter of the opening should be constant for
et lesst three diameters,

For rapidly fluctuating pressures instantaneous values
are often required, For these " pressurecells" are used which
electrically transsit impulses t0 a pressurec meter where the
pressures are recorded on an osillograph film,

8.6.4, Megsurepent of Current Directions:

(1) Surface currents - the directions of surface currents
are obtained by plotting the courses of floats, usually ordg-
nary confetti, By photographing the streak of a float vertica-

lly and for a fixed time exposure, a
18 also obtained, xposure, a velocity determination
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(11) Bottom Currents - For these bed rollers are used which
are just heavier than vater- 1lets mede of creosoted wood,
wax, coal etc. serve guite well, " Mattis" where svailable
make excellent bed rollers,

(1ii) For intermediate currents a specific gravity of very
nearly unity is required, If depth is considerable, ho
balls, partly filled with sand or water, and then sealed
can b used,

Tmmiscible globules having a specific gravity of 1.0
made by mixing benezene with carbone tetrachloride, or better
coloured red with an

n. butylthylate and technical xylol,
oil dye are very useful,
Short woolen threads attached to wires extending into
the flowing water are often wsed to indicate current direc-
tions. Dyes ( commonly potassium permaganate or fluorescien)
may be used to indicate the general pattern of sub.surface
currents by introducing them through small tubes at desired

points ®

806.5. g“ggremag Qf Velgci‘t;!:

Measurement of velocity in models is usually carried
out by either of the following three instruments- (1) pitot
tube (ii) Midget current meter and (iii) Bentzel tube.

The accuracy of the pitot tube depends on the sensitivity
of the manometer used. It is not suited for velocities smaller
than about 0.5 ft/sec. :

The midget current meter wil
small as 0.05 ft/sec. :

The Benzel velocity tube

be-ween 0,15 and 6,0 ft/sec.
dirference between the U/S facing and d/s facing tips of the

tube, a flow is established through tke tube. The equlibrium
Fosition occupied by the float depends on the velocity of the
main flow. The velocity scale is obtained by actual calibra-

tion.

8.6.7. Tail Water Control:

Water surface elevations at lower end of the model
gust be controlled by an adjustable tall gate weir, or vertical
wooden strips, or a valve in the return pipe.
Model Operation:
The operation of the model may be considered in four parts-
adjustment verification, tests and preparation of reports.
The process of adjustment consists of testing whether

the model is adequate for the purpose for which it was
designed. These tests pave the way for the finer adjustments

4neluded in the process of model verification,
" yerification" grocess has been discussed earlier in
8

1 respond to velocities as

( Fig&,3)will show velocities
Oon account of the pressure

connection with movea le bed models.

8.7. Conduct of Tests

The procedure involves the model study of a number of




alternative designs and
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the development of the most advan-

ti:ams design. Great care must be used in conducting and

rpreting the tests.

Wwhile the experimenter must have &

thorough knowledge of the fundamentals, freat care, ingenuity
ectly the

and patience are also required in corr

model results.

interpreting

The judgement exercised in interpreting model data will
often be greatly influenced by the results of the model veri-

fication tests. Only if
and accurate and if the

the verification has been clear cut
test occurrences have not differed

reatly from the verification occurrences can be experimental
ta be regarded as quantitatively reliable. A close liasion
between the experimenters and the designing engineer is very

desirable.

Since most of the
taken in making and ver

expenditure on model study is under-
ification of the model, there is little

economy to be gained in curtailing the programme of tests.

During the tests all

possibilities, including many not strictly

agﬁi.icable to the problem at hand, may be explored at minor
a

tional expense.

The results of the
communicated to the des
gress reports as action
preparation of the fina

m gel investigations should be
1gml continuously in a series of pro-
"on the works can not often awal the

1 comprehensive report.

AT

’ whd

e 5
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