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9.4.9 Determine the discharge in cubic meters per second measured by a 10-ft Parshall
flume if the gage reading H, is 1 m at a free-flow condition.

9.4.10 Determine the discharge through a 4-ft Parshall flume if the gage reading from
well ¢ i1s 1.0 m and from well b 15 0.8 m.

9.4.11 A 40-ft Parshall flume measures H, = 1.0 m and H; = 0.95 m; determine the
discharge.

10

HYDRAULIC
SIMILITUDE
AND MODEL STUDIES

Use of small models for studying the prototype hydraulic design can be dated at
least to Leonardo da Vinci.* But the method developed for using the results of
experiments conducted on a scaled model to predict quantitatively the behavior
of a full-size hydraulic structure (or prototype) was realized only after the turn
of this century. The principle on which the model studies are based comprises
the.theory of hydraulic similitude. The analysis of the basic relationship of the
various physical quantities involved in the static and dynamic behaviors of water
flow in a hydraulic structure is known as dimensional analysis.

| All important hydraulic structures are now designed and built after certain
preliminary maodel studies have been completed. Such studies may be conducted
tor any one or more of the following purposes:

# R . ! ’ 4 . . . . . . .
Foeomudo da Vines (100 15019 4 renius, Renmssance seientist, cngiaeer, architect, painter,
seulptor, anst e
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. The determimation ol the discharge cocthewent of a larpe measurement
structure, such as an overllow spillway or a weir.

2. The development of an effective method for energy dissipation at the
outlet of a hydraulic structure.

3. The reduction of energy loss at the intake structure or at the transition
section.

4. The development of an efficient, economic spillway or other type ol
flood-releasing structure for a reservoir.

5. The determination of the average time of travel in a temperature control
structure, for example, in a cooling pond in a power plant.

6. The determination for the best cross section, location, and dimensions
of the various components of the structure, such as the breakwater, the
docks, and the locks, etc., in harbor and waterway design.

7. The determination of the dynamic behaviors of the floating, semi-
immersible, and floor-installed structures in transportation and installa-

tion of offshore structures.

River models have also been extensively used in hydraulic engineering to
determine

1. The pattern a flood wave travels through a river channel.

2. The effect of artificial structures, such as bends, levees, dikes, jetties,
and training walls, on the sedimentation movements in the channel
reach, as well as in the upstream and downstream channels.

3. The direction and force of currents in the channel or harbor and their
effect on navigation and marine life.

10.1 DIMENSIONAL HOMOGENEITY

When a physical phenomenon is described by an equation or a set of equations,
all terms in each of the equations must be kept dimensionally homogeneous. In
other words, all terms in an equation must be expressed in the same units.

In fact, to derive a relationship among several parameters involved in a
physical phenomenon, one should always check the equation for homogeneity
of units. If all terms in an equation do not appear to have the same unit, then one
can be sure that certain important parameters may be missing or misplaced.

Based on the physical understanding of the phenomenon and the concept
of dimensional homogeneity, the solution of many hydraulic problems may be
obtained. For example, we understand that the speed of surface wave propaga-
tion on water surface, C, is related to the gravitational acceleration, g, and the
water depth, d. Generally, we may write

C =fl(g,d) (10.1)

I Proncapdes of thidrauhe Sonihitiade Ay

The units of (he phyacal quantities mvolved are mdicated mothe brackets,
¢ LT lJ
_rre-2
g = [LT™7]
d=|[L]

Since the left-hand side of Equation (10.1) has the units of [L7'], those units
must then appear explicitly on the right-hand side. Thus, d and g must combine
as a product and the function, f, must be the square root. We have

C =Vgd

as discussed in Chapter 6, (Equation 6.11).
The dimensions of the physical quantities commonly used in hydraulic
engineering are listed in Table 10.1.

TABLE 10.1 Dimensions of Physical Quantities
Commonly Used in Hydraulic Engineering

Quantity Dimension Quantity Dimension
Length L Force MLT™*
Area L*? Pressure ML 'T™?
Volume L’ Shear Stress ML™'T™?
Angle (radians) None Specific Weight ML™*T™?
Time T Modulus of Elasticity ML™'T™?
Discharge L°r™ Coefficient of Compressibility MLT?
Linear Velocity LT Surface Tension MT™?
Angular Velocity 77! Momentum MLT™!
Acceleration LT Angular Momentum ML*T™!
Mass M Torque ML*T™*
Moment of Inertia ML? Energy ML*T™*
Density ML~ Power MLT™’
Viscosity ML™'T™! Kinematic Viscosity LT

1. geometric similarity,
2. kinematic similarity,
3. dynamic similarity.

10.2 PRINCIPLES OF HYDRAULIC SIMILITUDE

Similarity between hydraulic models and prototypes may be achieved in three
basic forms

Geometric similarity implies similarity of form. The model is a geometric

reduction of the prototype and is accomplished by maintaining a fixed ratio for
all homologous lengths between the model and the prototype.
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The physical quantities involved in geometric similarity are length, L,
area, A, and volume, Vol. The ratio of homologous lengths in prototype and
model 1s a constant and can be expressed as

LP
L,

=L, (10.2)

An area, A, is the product of two homologous lengths; hence, the ratio of
the homologous area is also a constant and can be expressed as

2
A _ Lo o (10.3)

r

A, L2

A volume, Vol, is the product of three homologous lengths; the ratio of the
homologous volume can be expressed as

3
& = ﬁ =1} (10.4)
Vol,, L3

Example 10.1

A geometrically similar open channel model is constructed with a 5: 1 scalg. If
the model measures a discharge of 0.2 m®/sec, determine the corresponding

discharge in the prototype.

Solution
The velocity ratio between the prototype and the model is

L

'
L

Since in geometric similarity, time in model and prototype remains unscalcd.

The area ratio between the prototype and the model is

2

Accordingly, the discharge ratio is

(ZHHH) 125
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Thus, the corresponding discharge in the prototype is

Q, = 125Q,, = 125-0.2 = 25 m%/sec

Kinematic similarity implies similarity in motion. Kinematic similarity
between a model and the prototype 1s attained if the homologous moving par-
ticles have the same velocity ratio along geometrically similar paths. The kine-
matic similarity involves the scale of time as well as length. The ratio of times
required for homologous particles to travel homologous distances in a model and

its prototype is
T,
= =1 10.
7 (10.5)

The velocity V is defined in terms of distance per unit time; thus, the ratio
of velocities can be expressed as

L L
W_ 5 L, L,
Ly T,

The acceleration, a, is defined in terms of length per unit time square; thus, the
ratio of homologous acceleration is

L oL
a T; L, L,
ész*ﬁzfi (10.7)
X T?

3 3

li .li
&L _Ln_L (10.8)

— -T —— —— e )
On L, T, T

In T,
Kimenvdiwe models constructed  for hydraulic machincry may frequently
mvolve anpular displacement, ¢ cxpressed inradians, which is equal to the

inpentiad displacement . 7 diyided by the Tengih of radiuy. R, of the curve ;i
the pomt ol Ginpeney The 1atio of angrulin displacements mny be cxpressed
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O Ky L Lo (10.9) T - 2T,
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Rm m Hs

AR

The angular velocity, N, in revolutions per minute, 1s defined as angular
displacement per unit time; thus, the ratio

A unit time period measured in the model is equivalent to two periods of time
in the prototype pond.

Dynamic similarity implies similarity in forces involved in motion. Dy-

9 p namic similarity between a model and its prototype 1s attained if the ratio of
i 9_p 1 homologous forces in the model and prototype is kept at a constant value, or
Nm Gm 7;3 4 F
il = A
T, T, E F, (10.12)

The angular acceleration, «, 1s defined as angular displacement per unt
time square,

Many hydrodynamic phenomena may involve several different kinds of

forces in action. Since models are usually built to simulate the prototype on

reduced scales, they usually are not capable of simulating all the forces simulta-

if; % neously. In practice, a model is designed to study the effects of only a few

% 1y G — = (10.11) dominant forces. Dynamic similarity requires that the ratios of these forces be

a, 0, Z“_fl T; kept the same between the model and the prototype. Hydraulics phenomena
Te 1o

Example 10.2

A 10:1 scale model is constructed to study the flow mo;ions in a cooling pond.
If the designed discharge from the power plant is 200 m®/sec and the model can

governed by the various types of force ratios are discussed in Sections 10.3,
10.4, 10.5, and 10.6. Since force is equal to mass, M, multiplied by acceler-

ation, a, and since mass is equal to density, p, times volume, Vol, the force ratio
may be expressed as

. _ . £ _ Mya, _ p,Vol, @
accommodate a maximum flow rate of 0.1 m®/sec, determine the time ratio. E, - M.a, p, Vol,a,
Solution L3 % LY 1
. - Pp . Lp 1p P Ly
en the prototype and the model is S ol Al A — : . 10.13
The length ratio between the prototyp on L L, p, L 72 ( )
Lol I 72
Lm . prL4T_2
. L 200 d
and the discharge ratio is Q, = 01 - 2000, an

L 3
—P
3
0= &k () (B) -
Om b Lm 7;‘
T

and the ratio of homologous masses, force divided by acceleration, may be
expressed as

E F
M, a, FE,
—= = = = ET:L! 10.14
M, F, a, ( )
Substituting the length ratio into the discharge ratio gives the time ratio a. a,
, L L7 (10° 0.5 Since work is equal to force multiplied by distance, the ratio of homologous
" 7. Q, 2000

work in dynamic similarity is
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W, EL
L =FL, (10.15)

——p=

Wn FmLm

Power is the time rate of doing work; thus, the ratio of homologous powers

in the model and prototype is

£

F,_T _W 1 _FEL

Pm En ‘—'-m E - I; (10.16)
1y I

Example 10.3

A 59,680-w (80-hp) pump is used to power a water supply system. The model
constructed to study the system has an 8:1 scale. If the velocity ratio is 2:1,

determine the power needed for the model pump.

Solution
By substituting the length ratio into the velocity ratio, the time ratio is obtained

The same fluid is used in the model and the prototype, unless otherwise
specified; then p, = 1, and the force ratio can be calculated, from Equation

(10.13)

1)(8)*
F=p LT ? = (()4()2) = 256

The power ratio is, from Equation (8.15)

FL _ (256)(8) _
T = @) = 512

P, =

And the power required for the model pump is

P, 59,680
P 512

er 116.6 W 0.15H6 h[)
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Example 10.4
The model designed to study the prototype of a hydraulic machine must

1. be geometrically similar,
2. have the same discharge coefficient defined as Q/AV2gH,

3. have the same ratio of peripheral speed to the water di .
er disch
wD/(Q/A). arge velocity,

Determine the scale ratios in terms of discharge Q, head H, diameter D, and
rotational angular velocity w. |

Solution

t i§ Important tt_a recognize that although the energy head, H, is expressed in
units of length, lt.ls not necessarily modeled as a linear length dimension. To
have the same ratio of peripheral speed to the water discha rge velocity, we have,

wp D.D Wm Dm

OP/A.D - Qm/Am

or,

o DA T LE
a =~ rro ]

To have the same discharge coefficient, we have,

Q./(A:V29H,) @

Qn/(AnV2gHn)  AN(GH).
or,
A
[Z(gH)2
From which, we get,
L7
(QH r — F

Since the gravitational acceleration ' me for m N
, 8,18 the same for odel
ay write and prototype, we

Ho 17T,
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The other ratios asked for are

Discharge ratio: Q, = L3 T/’
Diameter ratio: D, = L, and
Angular speed ratio: w, = T,

PROBLEMS

10.2.1 A 1-m-long, 1:30 model is used to study the wave force on a prototype of a sea
wall structure. [f the total wave force measured on the model is 2.27 N and the

velocity scale 1s 1: 10, determine the force per unit length of the prototype.

10.2.2 The moment exerted on a gate structure is studied in a laboratory water tank with
a 1:125 scale model. If the moment measured on the model is 1.5 N - m on the
1-m long gate arm, detcrmine the moment exerted on the prototype.

10.2.3 A 1:100 scale model is constructed to study a gatc prototype that is designed to
drain a reservoir. If the model rescrvoir is drained in 5.2 min, how long shouid

1t take to drain the prototype?

10.2.4 An overflow spillway is designed to have a 100-m long crest to carry the
discharge of 1150 m®/sec under a permitted maximum head of 3 m. The oper-
ation of the prototype spillway is studied by a 1:50 scale model in a hydraulic

laboratory.

(a) Determine the model discharge based on Equation (8.9).

(b) The model velocity measured at the end (toe) of the spillway is 3 m/sec.
Determine the corresponding velocity in the prototype.

{c) What are the model and prototype Froude numbers at the toe?

(d) If the force on a bucket energy dissipator at the toe of the spillway is
measured to be 37.5 N, determine the corresponding force on the prototype.

10.2.5 If a 1:5 scale model, at 1200 rpm, is used to study the prototype of a centrifugal
pump that produces 1 m°/sec at 30-m head when rotating at 400 rpm, determine

the model discharge and head.

10.2.6 A 1:25 scale model is being designed to study a prototype hydraulic structurc.
The velocity ratio between the model and the prototype is 1:5, and the mca
surement accuracy 1s required to be within 1% of the total force. Determine the
accuracy of the force measurement in the model if the expected force on the
prototype is 45,000 N. [Hint: use Equation (8.9)].

10.2.7 Sedimentation in a river section 5 km long is to be studied in a lab channel 20 n
long. A time ratio of 4 will be used and the prototype discharge is 75 m'/sec.
Select a suttable length scale and determine the modcel discharge.

10.2.8 A 1:20 scale model of a prototype cnerpy dissipation structare s constructed to
study force distibution and water depths. A velocity tatio of 775 s used
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Determine the force ratio and

P prototype discharge if the model discharge is 300

10.2.9 Abl :SQ scale model is gsed to study the power requirements of a prototype
SLfl lrlnarme. The model will be towed at a speed 50 times greater than the speed
ol the prototype in a tank filled with sea water. Determine the conversion ratios

from the prototype to the model for the f i e
ollow : :
(c) energy, (d) power. Ng quantities: (a) time, (b) force,

10.3 PHENOMENA GOVERNED BY VISCO
USF —
REYNOLDS NUMBER LAW OReE

Water in motion always inv‘olves inertial forces. When the inertial forces and the
viscous forces can be considered to be the only forces that govern the motion

the ratio of these forces actin ' '
‘ g on homologous particle ’
prototype 1s defined by the Reynolds numbegr lawp > 1 8 model and its

inertial force

N, =
* " viscous force (10.17)

The inertial force defined by Newton’s second law of motion F

can be expressed by the ratio in Equation (10.13): e

F =M= = p 1372
= M = p. LT, (10.13)

The viscous force defined by Newton’s law of VISCOsity
dVv
F = -— 1 .
(i) 4
may be expressed by
) ,
F — ‘ulp dL £ i _ 2r—1
. T ) = um,L:T; (10.18)
Mm dL o m

where M 1S -the viscosity and V denotes the velocity.
Equating values of £ from Liquations (10.13) and (10, 18), we get

p 1T R
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from which

1T A : AV |
eSS L (A (10.19)

w LT, T, iy

Rearranging the above equation, we may write

(memVn)
Mo
or
ppr% — meme _ NR (1020)
Hp Fom

Equation (10.20) states that when the inertial force and the viscous force
are considered to be the only forces governing the motion of the water, the
Reynolds number of the model and the prototype must be kept at the same value.

It the same fluid is used in both the model and the prototype, the scale
ratios for many physical quantities can be derived based on the Reynolds number
law. These quantities are listed in Table 10.2.

TABLE 10.2 Scale Ratios for Reynolds Number Law (for Water in
Both Model and Prototype, p, = 1, =1

—_—

Geometric Kinematic Dynamic
Similarity Similarity Similarity
Length L, Time L? Force 1
Area L? Velocity L Mass L}
Volume L} Acceleration L™ Work L.
Discharge L, Power L,
Angular Velocity L*

Angular Acceleration L~

Example 10.5

In order to study a transient process, a model is constructed at a 10:1 scale.
Water is used in the prototype, and it is known that viscous forces are the
dominant ones. Compare the time and force ratios, if the model uses

(&) water,
(b) oil 5 times more viscous than water, with p,i = 0.80uwer0r

} ¥ I : AT ‘
HY 4 Py, Hemrtetsa Cooverned Iy Vv oy Fowti e Nevesod s Nsiratfver 1o

Solution
(@) From Table 10.2

I, =1L =102 = 100
Ve=L7"={10)"" = 0.1
F. =1

(b) From the Reynolds number law,

pp LoV, __ Pp Lon Vi,
Mp Moy

we have

Since the ratios of Viscosity and density are, respectively,

u, = Hp _ Mwater _ _Mwater = 0.2
M Hooil 53"-1'!.;'t.fater

o, = ﬁ-‘: _ Pwatar _ Pwater = 1.25
Pm  poi 0.8pwater

From the Reynolds number law

Mo (0.2)
V,- - = =~
p-L, (1.25)(10) 0.016

The time ratio is

L _p L} (125100y

T, = — = !
' V, {L, (0.2) Be5
The force ratio, then, is
F o= pr{-? _ (,OrL‘:) plo 0.2y .
T N (.03
p pr L 1, .24
w?

AR Y
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This example demonstirades the mimportance ol selecting the model Muid.
The propertics of the iquid used i the model, especially the viscosity, preatly
affect the performance 1 the Reynolds number models.

PROBLEMS

10.3.1 A Reynolds number scale model is used to study the operation of a prototype
hydraulic device. The model 1s built on a 1:35 scale and uses water at 20°C. The
prototype discharges 11.5 m’/sec of water at 90°C temperature. Determine the

model discharge.

10.3.2 The moment exerted on a ship’s rudder is studied with a 1:20 scale model in a
water tunnel using the same temperature as the river water. If the torque mea-
sured on the model is 10 N-m for a water tunnel velocity of 20 m®/sec,

determine the corresponding torque and speed for the prototype.

10.3.3 A 1:10 scale model of a water supply piping system is to be tested at 20°C to
determine the total head loss in the prototype that carries water at 85°C. The
prototype is designed to carry 5.0 m®/sec discharge with 1-m diameter pipes.
Determine the model discharge and model velocity. Discuss how losses deter-
mined from the model are converted to the prototype losses.

10.3.4 A submerged vehicle moves at 5§ m/sec in the ocean. At what theoretical speed
must a 1:10 model be towed for there to be dynamic similarity between the
model and the prototype? Assume that the sea water and towing tank water are
the same.

10.3.5 A structure is built underwater on the ocean floor where a strong current of
> m/sec 18 measured. The structure is to be studied by a 1:25 model in a water
tunnel using sea water at the same temperature as that measured in the ocean.
What speed must the water tunnel provide in order to study the force load on the
structure due to the current? If the required tunnel velocity is judged to be
impractical, can the study be performed in a wide tunnel using air at 20°C? What
would the corresponding air speed in the tunnel need to be?

104 PHENOMENA GOVERNED BY GRAVITY FORCE—
FROUDE NUMBER LAW

When ertial force and gravity force are considered to be the only dominant
forces in the fluid motions, the ratio of the inertial forces acting on the homol-
ogous elements of the fluid in the model and prototype can be defined by
Equation (10.13)

F
= = p LT (10.13)

and the ratio of gravity forces, which is determined by the weight of the
homologous fluid elements involved,

I Phemomena Covermed by Corarvisy Forve Froswde Number 1oy L

'- y r .'
Fo  Mexr  peiel,
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Equating the values from Equations (10.3) and (10.21), we get
p.LiT % = pg L}

Rearranging, we get

L?
8L, = }Tz = V;
or
V.
g}./zL;/z =1 (10.22)
From which
%
gH’Ly’
v =1
8l Lyf?
Hence,
Vp V.
= 72,15 = Nr (Froude number) (10.23)

g/ Ly*  gx’Ly[

In other words, when the inertial force and the gravity force are considered
to be the only forces that dominate the fluid motions, the Froude number of the
model and the prototype should be kept at the same value.

If the same fluid is used in both the model and the prototype, and they are
both subjected to the same gravitational force field, many physical quantities can

be derived based on the Froude number law. These quantities are listed in
Table 10.3.

TABLE 10.3 Ratios for the Froude Number Law g =1p=1)

Geometric Kinematic Dynamic
Similarity Similarity Similarity
Length L, Time I [Force {;
Area L? Velocity e Muass L;
Volume L’ Acceleration J Work I}
Discharge ) Power 1)
Angular Velocity 1,0
Angular Acceleration i,

el (10.21)
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Example 10.6

An open channel model 30 m long is built to satisfy Froude number law. What
is the flow in the model for a prototype flood of 700 m°/sec if the scale used is

20:1? Determine also the force ratio.

Solution

From Table 10.3, the discharge ratio is
Q, = L%¥% = (20)%% = 1789
Thus, the model flow should be

_ Qp _ 700 m*/sec
Q, 1789

Q. = (0.391 m®/sec = 321 {/sec

The force ratio Is

= ? = L} = (20)° = 8000

PROBLEMS

10.4.1 An overflow spillway with a 300-m crest is designed to discharge 3600 m*/sec.
A 1:20 model of the cross section of the dam is built in the laboratory flume 1 m

wide. Calculate the required laboratory flow rate. Neglect viscosity and surface
tension effects.

10.4.2 If a 1:1000 scale tidal basin model is used to study the operation of a prototype
satisfying the Froude number law, what length of time in the model represents

the period of one day in the prototype?

10.4.3 A ship 100 m long designed to travel at a top speed of 1 m/sec is to be studied
in a towing tank with a 1:50 scale model. Determine what speed the model must

be towed for (a) the Reynolds number law and (b) the Froude number law.

10.4.4 An overflow spillway is designed to be 100 m high and 120 m long, carrying a
discharge of 1200 m®/sec under an approaching head of 2.75 m. The spillway
operation is to be analyzed by a 1:50 model in a hydraulic laboratory. Determine

(a) The model discharge,

(b) If the discharge coefficient at the model crest measures 2.12, what is the
prototype crest discharge coefficient?

(c) If the velocity at the outlet of the model spillway measures 25 m/sec, what
1s the prototype velocity?

(d) If the U.S.B.R. Type II stilling basin, 50 m wide is used to dissipate the

‘ T ) : .
.!fj ! ’ h‘ HettMetiad Coityed ”('(/ ’”r' .qu/l’f{ ¢ ’f'”'sff’" ll p,r“; N””;,p“’ l”“- ‘.'l

crerpy at the toe ot the sprllway, what s the enerpy dissipation in the model
andan the prototype as micasured tn units of kilowatts?

(¢) What is the efticiency of the dissipator in the prototype?

10.4.5 An energy dissipator is being designed to force a hydraulic jump at the end of
a spillway channel discharging 400 m®/sec. The initial depth in the 20-m wide
prototype 18 expected to be 0.8 m. Determine the discharge of the 1;10 scale
model and the velocity and force ratios between prototype and model.

10.4.6 A 1:25 model is built to study a stilling basin at the outlet of a steep spillway
chute. The stilling basin consists of a horizontal floor (apron) with U.S.B.R.
Type II baffles installed to stabilize the location of the hydraulic jump. The
prototype has a rectangular cross section 25 m wide designed to carry a
75-m*/sec discharge. The velocity immediately before the jump is 10 m/sec.
Determine the following:
(a) The model discharge.

(b) The depth downstream of the jump in the prototype if the dynamic force
measured on the model baffles is 16.2 N.

(¢) The force on the baffies per unit width of the prototype channel.
(d) The energy dissipated in the basin.

105 PHENOMENA GOVERNED BY SURFACE TENSION—
WEBER NUMBER LAW

Surface tension is a measure of energy level on the surface of a liquid body. The
force is of primary importance in hydraulic engineering practice in the study of
the motion of small surface waves or control of evaporation from a large body
of water, such as a water storage tank or reservoir.

Surface tension, denoted by o, is measured in terms of force per unit
length. Hence, the force is F = oL. The ratio of analogous surface tension
forces in prototype and in model is

F=—=——=qgl, (10.24)

Equating the surface tension force ratio to the inertial force ratio [ Equation
(10.13)] gives

L4

G'rLr = prﬁ

Rearranging gives

1/2
T, = (&) LY? (10.25)
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By substituting tor 7 the basic relationship of Vo 1, /1 the Piguation 10,25
may be reartanged to give

L L B ( o )w
r & 1/2L3/2 prLr
a/
or
2
pVily (10.26)
o,
Hence,
2 2
PoVply _ PmVimlm _ N, (Weber number) (10.27)

{, p Om

In other words, the Weber number must be kept at the same value in Fhe
model and in the prototype for studying phenomena governed by surface tension
force. If the same liquid is used in both model and prototype, then p, = 1.0, and

o, = 1.0, and Equation 10.27 can be simpilified to

ViL, = 1

or

Since V, = L,/T,, we may also write

& — L1f2
T; r
Thus,
PROBLEMS

10.5.1 A model is built to study the surface tension phenomenon in a reservoir. Det'er~
mine the conversion ratios between the model and the prototype for the following
quantities if the model is built with a 1:100 scale: (a} rate of flow, (b) energy,
(c) pressure, (d) power. The same fluid is used in the model and the prototype.

)/ Movdeds /4’!' "'fd’c”u‘!l}.‘ ared .\'.‘f."ﬂh‘-"‘l:t‘of Hoddies AT R

10.5.2 A measutmyg, device includes certm small plass tubes of & given geometry. 'To
study the surlace tenston effect, a 5: | scale model (larger than prototype) is built.
Dcetermine the discharge and force ratios.

10.5.3 Determine the surface tension of a liquid in the prototype if a time ratio of 2 is

established with a 1:10 scale model. The surface tension of the liquid in the
model is 150 dyn/cm. What is the force ratio?

10.6 PHENOMENA GOVERNED BY BOTH GRAVITY
AND VISCOUS FORCES

In the case of surface vessels moving through water or the propagation of
shallow water waves in open channels, both gravity and viscous forces may be
important, The study of these phenomena requires that both the Froude number
and Reynolds number laws be satisfied simultaneously. That is,

oLV, Y
Moo (g L)V?

Assuming that both the model and the prototype are affected by the earth’s
gravitational field, g, = 1 and since v = u/p, the above relationship may be
simplified to

p, = L3/2 (10.30)

This requirement can only be met by choosing a special model fluid with a
kinematic viscosity ratio to water equal to the three-half power of the scale ratio.
In general, this requirement is difficult to meet. For example, a 1:10 scale model
would require that the model fluid have a kinematic viscosity of 30 times less
than that of water, which is obviously impossible.

However, two expedients may be available depending on the relative
importance of the two forces in the particular phenomenon. In the case of ship
resistance, the ship model may be built according to the Reynolds model law and
may operate In a towing tank in accordance with the Froude number law. In the
case of shallow water waves in open channels, empirical relationships such as
Manning’s formula [Equation (3.28)] may be used as an auxiliary condition for
the wave measurements, according to the Froude number law.

10.7 MODELS FOR FLOATING AND SUBMERGED BODIES

Model studies for floating and submerged bodies are performed in order to obtain
information on

1. the friction drag along the boundary of the tmoving vessel,

2. the form drag resulting from flow separation from the vessel boundary
due to the boundary shape,
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3. the foree expended mthe gencration of grvity waves,
4. the stability of the body in withstanding the water waves and the wave
forces on the body.

The first two forces are strictly viscous phenomena, and, therefore, the
models should be designed according to the Reynolds number law. The third
force is a gravity force governed phenomenon and, hence, must be analyzed by
applying the Froude number law. All three measurements may be performed
simultaneously in water in a towing tank. In analyzing the data, however, the
triction forces and the form drag forces are first computed from the meas-
urements by using known formulas and drag coefficients. The remaining force
measured in towing the vessel through the water surface is the force expended
in generating the gravity waves (wave resistance), and it is scaled up to the
prototype values by the Froude number law.

The analysis procedure is demonstrated in Example (10.7). For subsurface
vessels, such as submarines, the effect of surface waves on the vessels may be
neglected. Hence, the Froude number model is not needed. To study the stability
and wave force on stationary offshore structures, the effect of inertial force must
be taken into consideration. The inertial force, defined as ¥, = M’ - a, can be
calculated directly from the prototype dimensions. Here, M' is the mass of water
displaced by the portion of the structure immersed below the waterline (also
known as the virtual mass), and a is the acceleration of the water mass.

Example 10.7

A ship model with a maximum cross-sectional area of 0.78 m? immersed below
the waterline, has a characteristic length of 0.9 m. The model is towed in a wave
tank at the speed of 0.5 m/sec. For the particular shape of the vessel, it is found
that the drag coefficient can be approximated by Co = (0.06/N%*°) for 10% <
Nr = 10°% and C» = 0.0018 for Ny > 10° The Froude number law is applied for
the 1:50 model. During the experiment, a total force of 0.40 N is measured.
Determine the total resistance force on the prototype vessel.

Solution

Based on the Froude number law, we may determine the velocity ratio,
V. = L}/? = (60)"% = 7.07
Hence, the corresponding velocity of the vessel is
Vo = V.- V,, = 056-7.07 = 3.54 m/sec
The Reynolds number for the model is

Vin ' L 0.5-0.9

S~ 700310~ ¥49°10°

N,q=
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and the drag cootficient tor the modaol is

_ 0.06
(4.49-10°%)"/*

= 0.0023

Dm

The drag force on a vessel is defined as D = Cp(3pA- V?), where p is the water
density, and A is the projected area of the immersed portion of the vessel on a

plane normal to the direction of the motion. Thus, the model| drag force can be
calculated as

Dm = Cp,(3pmAm* V3) = 0.0023-3-1000-0.78-0.5% = 0.2243 N

The model wave resistance is the difference between the measured towing force
and the drag force

F, =04 - 0.2243 = 0.1757 N
For the prototype, the Reynolds number is

Vorly Vo Lol

Vp Yy

Ng = - = 1,59-10°

The drag coefficient of the prototype vessel is Co, = 0.0018, and the drag force
IS

D, = CDp(%PpAp' Vi) = CDp(%PpAm'Lf' Vi) = 21937 N

The wave resistance on the prototype vesse! is calculated by applying Froude
number law (see Table 10.3)

Fo

vl

= Fw," Fu,, = L} F, = 21963 N
Hence the total resistance force on the prototype is

F=D,+ F,, = 21937 + 21963 = 43900 N

PROBLEMS

10.7.1 A ship 100 m long moves at 1.5 m/scc in freshwater at 15°C. A 10 100 scale
model of the prototype ship is to be tested tn a towing tank containing a hquid
of specific gravity 0.9. What viscosity mmust this liqued have for both Reynolds
and Froude number laws to be satisficd?

10.7.2 A 1:250 ship model is towed in a wave (ank and a wave resistance of 107 Ny

measured. Determine the corresponding prototype wive resistance on he pProto
type‘
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10.7.3 A barge model T nulong i tested i a towmp, tank at the speed of 1 m/sec,
Determine the prototype velocity if the prototype is 150 min length. The model
has 2-cm draft and is 10 cm wide. The drag cocfficient 1s Cp, = 0.25 for
Ng > 5+10% and the towing force required to tow the model is 0.3 N. What
force is required to tow the barge in waterways?

10.7.4 A concrete caisson 60 m wide, 120 m long, and 12 m high is to be towed in sca
water in the longitudinal direction to an offshore construction site where it will
be sunk. The calculated floating depth of the caisson is 8 m, with 4 m remaining
above the water surface. A 1:100 model is built to study the operation of the
prototype. If the model is towed in a wave tank using sea water, what is the model
speed that corresponds to the prototype speed of 1.5 m/sec? The model study
considers both the skin drag and form drag force (Reynolds number) and the
resistance due to the generation of gravity waves in motion (Froude number).

10.8 OPEN CHANNEL MODELS

Open channel models may be used to study either the velocity discharge-slope
relationship or the effect of flow patterns on the changes in bed configuration.
For the former applications, relatively long reaches of the river channel can be
modeled. A special example is the U.S. Army Engineers Waterways Experiment
Station in Vicksburg, Mississippi, where the Mississippi River is modeled on
one site. In these applications, where the influence of changes in bed
configuration are only of secondary concern, a fixed-bed model may be used.
Basically, this model is used in studying the velocity-slope relationship in a
particular channel; therefore, the effect of bed roughness is important.

An empirical relation, such as the Manning equation {Equation (3.28)}],
may be used to assume the similarity between the prototype and the model

1 2/301/2
Y, npth > ! 2/3 1/2
V= v = == -;th S, (10.31)

If the model is built with the same scale ratio for the horizontal dimensions (X)
and vertical dimensions (Y), known as the undistorted model, then

R, =X, =Y=L and S =1

and

V, = iLf,"” (10.32)

n,

Since the Manning’s roughness coefficient n « R}/® [Equation (6.3)], we may
write

HYS  Open Channel Moddefs A7
n, 1V (1().33)

This model may trequently result in a model velocity so small (or, conversely,
the model roughness will be so large) that realistic measurements cannot be
made; or a model water depth may be so shallow that the physical characteristics
of the flow may be altered. Such situations may be resolved by using a distorted
model in which the vertical scale and the horizontal scale do not have the same
value; usually, a smaller vertical scale ratio, X, > Y.. This means that

S

—£ < 1
S

<] =

S, =

Hence, §,, > §,, and the result is a larger slope for the model. The use of the
Manning equation requires that the flow be fully turbulent in both model and
prototype.

Open channel models involving problems of sediment transportation, ero-
sion, or deposit require movable bed models. A movable channel bed consists
of sand or other loose material that can be moved in response to the forces of
the current at the channel bed. Normally, it is impractical to scale the bed
material down to the model scale. A vertical scale distortion is usually employed
on a movable bed model in order to provide a sufficient tractive force to induce
bed material movement. Quantitative similarity is difficult to attain in movable
bed models. For any sedimentation studies performed, it is important that the
movable bed model be quantitatively verified by a number of field mea-
surements.

Example 10.8

An open channel model is built to study the effects of tidal waves on sedimen-
tation movement in a 10-km river reach (the reach meanders in an area 7 km
long). The mean depth and width of the reach are 4 m and 50 m, respectively,
and the discharge is 850 m®/sec. Manning’s roughness coefficient n, = 0.035, If
the model is to be constructed in a laboratory room 18 m long, determine a
convenient scale and the model discharge.

Solution

In surface wave phenomenon the gravitational forces are dominant. The Froude
number law will be used for the modeling. The laboratory length will limit the
horizontal scale

— L, 7000

X, = : 3449
Lrn

We will use L, = 400 for convenience.
It is judged reasonable to use a vertical scole ol Y, 8O (enough to meas
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ure surface gradionts). Rocall that the hydeaahe radwas s the charactonste d
mension in open channel and that for a large width-to-dopth ratio the hydraulic
radius is roughly equal to the water depth. Thus, we can make the following

approximation:

Rn, = Y, = 80
Since
V,
Ne = G RI/2 = 1 (10.22)
Then

V, = Ri? = V12 = (80)""

Using Manning’s formula {or Equation (10.31)],

V(z..‘:(ﬁ =lef35;/2 S = E
m Ny X,
we have
. ?r 1/2
2/3 o1/2 YE/S kv 2/3 2/3
Ry S! X) _Y¥_ @0 oo
Ty T T v X7 @ooy
Hence,
n, 0.035
= — = —— = (.038
fm =~ 0.928

The discharge ratio is

Q=AV.=X,Y,V, =X, Y¥% = (400)(80)*% = 286,217

Thus, the model discharge required is

g = i = 0.003 m?/sec = 3 ¢/sec

—P
Q, 286,217

O, =

In order to use the Manning formula, turbulent flow must be ensured in the
model. To verify the turbulent flow condition in the model, it is necessary to
calculate the value of the model Reynolds number.

The horizontal prototype velocity is

TOMN  Open Chansnel Models RV

850 imv'/sec

V’ . 4.21" -
" 4m-50m > m/sec
Hence,
V 4.25
Vi, = — = = 0.475 m/sec
v, = @0y 2~ 470

The model Reynoids number is

nYm _ 0.475:0.
Vin Yo _ 0.475 005 _ . cog

Np = — 1.1-10-

which is much greater than the critical Reynolds number (2,000). Hence, the flow
Is turbulent in the model.

PROBLEMS

10.8.1 A new laboratory site is available for modeling the channel of Example 10.8 so
that the length is no longer a restriction, but the roughness coefficient of the
material to be used in the movable bed is n,, = 0.018. Determine a convenient
scale and the corresponding model velocity.

10.8.2 A ship channel model is built to study sedimentation control in the prototype
which is 40 m wide and 7.5 m deep and carries a discharge of 300 m®/sec. For
a vertical scale of 1:65 and a roughness coefficient of n, = 0.03, determine all
the other needed ratios for the study if n,, = 0.02.

10.8.3 A 1:100 scale model is constructed to study the pattern of flow in a river reach.
It the reach has a Manning’s coefficient n = 0.025, what should be the corre-
sponding value of » in the model? Discuss the errors that may result from the
study 1if the value of n were not modeled.

10.8.4 Determine the value of # in the model in Problem 10.8.3 if the vertical scale is
exaggerated to 1:25 distortion.

10.8.5 A 1:300 scale model is constructed to study the discharge-depth relationship in
a river reach with Manning’s coefficient » = 0.031. If the model discharges
52 €/sec and has Manning’s coefficient n = 0.033, determine an adequate ver-
tical scale ratio and the flowrate for the prototype.




