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Similarity Principles

* In most experiments, to save time and money, tests are performed on a geometrically
scaled model, rather than on the full-scale prototype.

» the principle of similarity is:

There are three necessary conditions for complete similarity between a model and a

prototype.

* The first condition is geometric similarity— the model must be the same shape as
the prototype, but may be scaled by some constant scale factor.

 The second condition is kinematic similarity, which means that the velocity at any
point in the model flow must be proportional to the velocity at the corresponding point
in the prototype flow (Fig. 7—16).

 The third and most restrictive similarity condition is that of dynamic similarity.
Dynamic similarity is achieved when all forces in the model flow scale by a constant
factor to corresponding forces in the prototype flow (force-scale equivalence).

Prototype: — Dam spillway
:--JF' https://www.coursera.org/lecture/fe-exam/flow-measurement-similitude-sg0ek
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Prototype Model
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FIGURE 7-16

Kinematic similarity is achieved when,

Model: at all locations, the velocity in the
Vin model flow is proportional to that
—_— = at corresponding locations in the 3
Fo prototype flow, and points in the

same direction.
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3- Dynamic Simulated
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In the case of aerodynamic drag on an automobile, it turns out
that if the flow is approximated as incompressible, there are only
two m in the problem,

Fo

I, =f(II;) where II,= P

L
and I=— (7-13)
m

The procedure used to generate these I1's is discussed in Section 7-4. In Eq.
1-13, Fy is the magnitude of the aerodynamic drag on the car, p is the air
density, V is the car’s speed (or the speed of the air in the wind tunnel), L is
the length of the car, and w is the viscosity of the air. I1, is a nonstandard
form of the drag coefficient, and II, is the Reynolds number, Re. You will
find that many problems in fluid mechanics involve a Reynolds number

Prototype car

Model car
Vi .
e P :
R
FIGURE 7-17

Geometric similarity between
a prototype car of length L
and a model car of length L.



3- Dynamic Simulated
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FROVDE NUMBER AND FLOW REGIMES

Froude number

e <~ |,
LIPPLES, DUNES

Fie >~ |,
PLANE BED,

ANTIDUWES,
CHUTES AUD POOLYT

Q Foe Y © 0

Fr = Froude number
V = average velocity of the liquid in a channel (feet/second or meters/second)
g = acceleration due to gravity (32.17 ft/sec? or 9.81 m/sec?)

D = hydraulic depth
D= cross—sectional area of flow
B top width

*  https://www.pinterest.com/pin/61643088636303195/ 6
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3- Dynamic Simulated

Euler number

E o= [Fo_ [pAv? _ V2 _ vV
LR UL L Ey - ?;ﬁ:}:n ﬂ;‘*{t Yo \F Nexa  Aple Jp/p
. L 3T (=

E ;{;1 5 ‘ Ey - ﬁi Where F, = Intensity of pressure < Area = pxA
INS Prevuve ,_-,»"In:-f-:' ‘o The Flow

Euler's Number (Eu)

And F; = pAV?
(E u) model = (Eu) prototype

V., = velocity of fluid in model,
Pm = pressure of fluid in model,
pm = Density of fluid in model,

%

Pp P, = Corresponding values in prototype, then
(Eu) model — (Eu} prototype

Vv, Y

1 vpmf’pm *\,,n"ppfpp

https://fluidfreak.wordpress.com/2014/05/03/reynolds-number/
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3- Dynamic Simulated

Mach number
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Mach’'s Number (M)

Mach's number is defined as the square root of the ratio of the inertia force of a flowing fluid to
the elastic force. Mathematically, it is defined as

M= Inertia force _ |F;
Elastic force Fe

Area

Where F; = pAV?
And F, = Elastic force = Elastic stress >

=KxA=KxL?
M= pAVZ _ [pxIZ xV?2 _ V_z _ v
KxIZ Kx 2 K/p JK]p

\E = ¢ = velocity of sound in the fluid

| K = elastic stress}

But

M=

al=

Flow can be characterized using the Mach number as

folllows:

(a) Ma < 0.3: incompressible

(b) 0.3 < Ma < 1.0: compressible subsonic flow
(c) Ma = 1.0: compressible supersonic flow

https://fluidfreak.wordpress.com/2014/05/03/reynolds-number/
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3- Dynamic Simulated

Weber Number (We): The dimensionless parameter associated with surface tension
effects is the Weber number, and it is defined as

We = pV2L/o
T - E'EL"“ "l'i“:' (%}modd - (%)prutnr}'pe
!b""u-‘f ) Iﬁry i|'|'.- .||:F O
T Suw fare Jengion kone If V,, = Velocity of fluid in model
7 (7 1
\Wes / ;.; 0,, = Surface tension force in model
We - PIU Pm = Density of fluid in model
°F T o
0= Suyfoace densivin Gnifanl pyay L,, = Length of surface in model,

VLl el 2 P
: And V,,0,, P, ,L, = Corresponding values of fluid in prototype.

Then according to Weber law, we have

Vin Vs

VOm/Pmlm v ﬂ'pjppf-'p

https://fluidfreak.wordpress.com/2014/05/03/reynolds-number/
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Nondimensional Parameters

2

Dimensionless Parameters t =r Vl

>
>

Re rvi f - mV
» Reynolds Number - m S

Fr = L f =r
> Froude Number Jal <=8
_ V2 .
» Weber Number W= Gp f, = 12
_ g, sl
» Mach Number =Y v

E

c (Dp+r gDZS

»> Pressure/Drag Coefficientsc - 2D ] B;=
P r VZ ,OV 2A

» (dependent parameters that we measure experimentally)

Drag coefficient

Eckert number

Euler number

Fanning friction factor

Fourier number

Froude number

Grashof number

Jakob number

e Knudsen number
S

_ K Drag force
P 1pvia Dynamic force
N Kinctic ccrgy
cpl’ Enthalpy
— ﬁ_P( — ) Pressure difference
pV? ipV?] Dynamic pressure
P 3:1 Wall friction force
I pv? Inertial force
. at Physical time
Fo (sometimes 1) 2 T s
Fr= : (samnm ) &
VL L Gravitational force
o gBlA|TLp? Buoyancy force
p.z Viscous force
fy o T~ T Sensible energy
3 = — e
h, Latent energy
Kn = A Mean free path length
L Characteristic length

L

https://www.slideserve.com/joy/dimensional-analysis-and-similitude

https://www.slideshare.net/ADDISUDAGNEZEGEYE/fluid-mechanics-chapter-5-dimensional-analysis-and-similitude

Note: Just for briefing, you can See table 7-5 in the fluid mechanics book (pp.287-288)
that shows some nondimensional parameters.

10
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Example ,:
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Examples:

Example ,: EXAMPLE 7-5 Similarity between Model and Prototype Cars
The aerodynamic drag of a new sports car is to be predicted at a speed of 50.0 mi/h at an air temperature of 25°C.
Automotive engineers build a onefifth scale model of the car to test in a wind tunnel. It is winter and the wind
tunnel is located in an unheated building; the temperature of the wind tunnel air is only about 5°C. The wind tunnel
has a moving belt to simulate the ground under the car, as in Fig. 7-19. Determine how fast the engineers should
run the wind tunnel in order to achieve similarity between the model and the prototype.

Properties For air at atmospheric pressure and at T = 25°C, p = 1.184 kg/m?
Sol. 2 and p = 1.849 % 1075 kg/m - s. Similarly, at T = 5°C, p = 1.269 kg/m? and

w = 1.754 x 105 kg/m - s.

Analysis Since there is only one independent II in this problem, the simi-

larity equation (Eq. /-12) holds if I, ,, = II, ,, where II; is given by Eq.

7-13, and we call it the Reynolds number. Thus, we write

PmVinLm -GF'\"FF'LF'
I, =Re =——=11I, ,=Re, =
o " m 2P : L
which can be solved for the unknown wind tunnel speed for the model

tests, V.,

-

-5 3
= (50.0 mif’h}.(”r54 . 1{]_5 kg/m -S) (1'184 kgfmg)w} = 221 mi/h
1.849 x 105 kg/m - 5/ \1.269 kg/m
Wind tunnel test section FIGURE 7-19
v A drag balance is a device used
— Model in @ wind tunnel to measure the

aerodynamic drag of a body. When

testing automobile models, a moving

belt is often added to the floor of the

wind tunnel to simulate the moving

ground (from the car’s frame of 13
reference).

/
Moving belt Drag balance



Examples:

Example ;,: EXAMPLE 7-6 Prediction of Aerodynamic Drag Force on the Prototype Car

This example is a follow-up to Example 7-5. Suppose the engineers run the wind tunnel at 221 mi/h to achieve
similarity between the model and the prototype. The aerodynamic drag force on the model car is measured with a
drag balance (Fig. 7-19). Several drag readings are recorded, and the average drag force on the model is 21.2

Ibf. Predict the aerodynamic drag force on the prototype (at 50 mi/h and 25°C).

Sol. ,;

SOLUTION Beacause of similarity, the model results can be scaled up to pre-
dict the aercdynamic drag force on the prototype.

Analyss The similarity equation (Eq. 7-12) shows that since I1,

Il m = I, where I, is given for this problem by Eg. 7-13. Thu5 we 'l'lTIJ[DE

M,_——=2" _p Fop
" VIl =I5 FUEL; 0 =11, . (7-12)

which can be solved for the unknown aerodynamic drag force on the proto-
type car, Fg, g,

Fop= Fﬂ-m@(vi:)?(t_:)?

1.184 hg.fmj (m.u mim)?
= (212 Ib 5 = 25.3 Ibf
i ﬂ(1 269 kg/m*/\, 221 mi/h &)

Wind tunnel test section FIGURE 7-19

A drag balance is a device used

in a wind tunnel to measure the

aerodynamic drag of a body. When

testing automobile models, a moving

belt is often added to the floor of the

wind tunnel to simulate the moving

ground (from the car’s frame of 14
reference).

/
Moving belt Drag balance



Homeworks:

Hw1: A prototype ship is 35 m long and designed to cruise at 11 m/s (about 21 kn). Its
drag is to be simulated by a 1 - m-long model pulled in a tow tank. For Froude scaling
find (a) the tow speed, (b) the ratio of prototype to model drag, and (c) the ratio of
prototype to model power.

Hw2: A prototype ocean platform piling is expected to encounter currents of 150 cm/s
and waves of 12s period and 3m height. If a one-fifteenth-scale model is tested in a
wave channel, what current speed, wave period, and wave height should be
encountered by the model?

Hw3:The drag of a sonar transducer is to be predicted based on wind tunnel data. The prototype, a 1ft
diameter sphere, is to be towed at 5 knots (nautical miles per hour) in seawater at 5° C. The model is 6

in. in diameter. Determine the required test speed in air. If the drag of the model at these test
conditions is 5.58 Ib;, estimate the drag of the prototype. Is this test valid? Why or why nr:-t?| (20 pts)

D,=1% /—Do=6in. |

— K, eV (s, = 5.58 bt |
¥, = 5 knots J |
Water at 5°C Air 1

15



» Note:

= Solve all three Homeworks and sending
me the answering next week on Sunday
5 April 2024.

= Read examples 7-10 & 7-11 in the fluid
mechanics book (pp.299-302)

I hope everything is clear for all students

“*Good luck

16



