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Introduction

Fluid Mechanics — the science that deals with the behavior of liquids
and gases in motion or at rest.

Fluid — is a substance 1n the liquid or gas phase.

Free surtace

Liquid

Unlike a liquid, a gas does not form a free surface,
and 1t expands to fill the entire available space



Introduction

Stress — 1s defined as a force per unit area.

Normal
to surface

Force acting

Tangent

to surface
F”
Normal stress: o = —
dA
F."
Shear stress: 7 = —
dA

The normal stress and shear stress at
the surface of a fluid element.



Introduction

Application Areas of Fluid Mechanics

Natural flows and weather Boats Aircraft and spacecraft
Glen Allison/Betty RF © Doug Menuez/Getty RF © Photo Link/Getty RF

\»,

Power plants Human body Cars
© Malcom Fife/Getty RF © Rvan McVay/Getty RF © Mark Evans/Getty RF

Wind turbines Piping and plumbing systems Industrial applications
F. Schussler/PhotoLink/Getty RF Photo by John M. Cimbala. Digital Vision/PunchStock
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Classification of Fluid Flows

Viscous versus Inviscid Regions
of Flow

Internal versus External Flow

Boundary Layer

(viscous flow)
Flow outside the

boundary layer
(inviscid flow) J

://

i
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Compressible versus Incompressible
Flow

Compressible Flow : density varies.

Incompressible Flow : density is constant.

Transitional

|
:
LY |
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Turbulent



Classification of Fluid Flows

Steady versus Unsteady Flow

Steady : implies NO change of Unsteady : implies change of properties,
properties, velocity, temperature, etc., at velocity, temperature, etc., at a point with
a point with time. time.

One-, Two-, and Three- Dimensional Flows

Developing velocity Fully developed
/ profile, Vi z) velocity profile, V(r)
A

rT_:“‘E %
p=a=n=—4
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System and Control Volume

System — is defined as a quantity ~ Closed system — consist of a

of matter or a region in space fixed amount of mass, and no
chosen for study. mass can cross 1ts boundary.
SURROUNDINGS

i .—._-_-_I
o -

> ~~ :h'?"*-x_x Moving
f{r ' “%'9.% / boundary
{ SYSTEM 8
1 A
Y% 4
\*’:-r..#‘_ — 7%‘__# o
BOUNDARY
Types |e—-==ss=s
— Closed system

“ Fixed
bound:
— Open system (or Control Volume) oundary
A closed system with a moving boundary.



System and Control Volume

Open System (or Control Volume) — is a selected region 1n space
where mass can cross its boundary.

Imaginary
boundary Real boundary -
e I
\K |
| S~
[

7

41—»»-’ CV —_— ML’IViﬂg
(a nozzle) boundary

E_____
\
\
\
\
\
\
\
\
\
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(a) A control volume (CV) withrealand = Bo—__¥__ ___ __
imaginary boundaries
(b) A control volume (CV) with fixed and
moving boundaries as well as real and
imaginary boundaries
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Density and Specific Gravity

Density, p, is defined as mass per unit volume.

p=7=

Perfect gas equation

RT

NNNTD

: Absolute pressure.

: Absolute pressure.

: Absolute temperature.
: Gas Constant.

m 1 m : Mass.
P=% P=7 ¥ : Volume.
Specific volume, v, 1s defined as volume
per unit mass. .
b=
m

Specific weight, 7, is defined as its weight per unit volume.

y=pg o  y=—

¥

Specific gravity (or relative density) is defined as the
ratio of the density of a substance p to the density of some
standard substance at a specified temperature (usually
water at 4°C, for which p,, , =1000 kg/m* ).

sG=—2~
PH,0

The specific gravity of some
substances at 20°C and 1 atm

unless stated otherwise

Substance SG
Water 1.0
Blood (at 37°C) 1.06
Seawater 1.025
Gasoline 0.68
Ethyl alcohol 0.790
Mercury 136
Balsa wood 0.17
Dense oak wood 0.93
Gold 19.3
Bones 1.7-2.0
Ice (at 0°C) 0.916
Air 0.001204




Density and Specific Gravity

Example 1.1

A reservoir of glycerin has a mass of 1200 kg and a volume of 0.952 m?. Find the glycerin’s a)
weight; b) mass density; c) specific weight; and d) specific gravity.



Density and Specific Gravity

Example 1.2

If 200 ft3 of oil weights 10,520 1bf, calculate a) specific weight; b) density; and ¢) specific
gravity.

Ibm - ft

S2

Hint  1/pf =32.17



Density and Specific Gravity

Example 1.3

Determine the density, specific gravity, and mass of the air in a room whose dimensions are 4 m
x 5 x 6 m at 100 kPa and 25°C.

6 m

A

AIR 5m

P =100 kPa
F=25%C
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Vapor Pressure and Cavitation

Vapor Pressure P, of a pure substance is defined as the pressure exerted by its vapor
in phase equilibrium with its liquid at a given temperature.

Water molecules —vapor phase
- gu\ B
Liquid p_p g 'EE: 33 ‘
v — L sat / /
PIEEP PV RLDIV PPVt
t B e ResR a6 ¢ Boe® o
Water molecules —liqud phase
Vapor, p,
Liquid

A liquid boils when the pressure is reduced to the vapor pressure.

Cavitation is the formation and subsequent collapse of vapor bubbles in a flowing
fluid.



Vapor Pressure and Cavitation

Imploding air bubbles
Formation of

vapor and
entrained air

To machine

Suction-line
restriction (too
narrow, too long)

Cavitation
damage from
vapor

From tank

Copynght Nona Corporation

Formation of vapor pockets in pump

Saturation (or vapor) pressure of
water at various temperatures

Saturation
Temperature Pressure
T, °C P, kPa
=10 0.260
—5 0.403
o) 0611
8 0.872
10 .22
15 1.71
20 2.34
25 3.7
30 4.25
40 .38
50 1255
100 101.3 (1 atm)
150 475.8
200 155
250 3973

300 8581




Vapor Pressure and Cavitation

Example 1.4

In a water distribution system, the water temperature is as high as 52°C. Determine the
minimum pressure allowed in the system to avoid cavitation.

Hint: See Table A-3 (Cengel & Cimbala, 2014)
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Compressibility and Speed of Sound

Coefficient of Compressibility
Represents the change in pressure corresponding to a fractional change in volume or density of
the fluid while the temperature remains constant.

OP OP v : Volume
ov )y op )y P : Pressure
In terms of finite changes o : Density
~— AP ~ AP (T = constant) T : Temperature
Aviv  Ap/p
no_|
: v P,> P,
BB PN
vt A

Fluids, like solids, compress when the applied pressure is increased from P, to P..



Compressibility and Speed of Sound

Coefficient of Volume Expansion [3
Represents the variation of the density of a fluid with temperature at constant pressure.

1(ov 1(op In terms of finite changes
) N
B~ VIV __2pPIP (P = constant)
AT AT
JdV
aT !fJ
¥ (
———————— |
[ :
(&), | - T
T N [ \OT/ o [ N— i
20°C 21°C 20°C 21°C
100 kPa 100 kPa 100 kPa 100 kPa
| kg 1 kg I kg 1 kg
(a) A substance with a large 8 (b) A substance with a small 8

The coefficient of volume expansion is a measure of the change in volume of a substance with
temperature at constant pressure.



Compressibility and Speed of Sound

Speed of Sound ¢ — is defined as the speed at which an infinitesimally small
pressure wave travels through a medium.

. Moving
/ Piston wave front
/
2 k( (9P] k ; Specific heat ratio of the fluid. 4/ //
¢’ =kl —
h+ dh
6p T k = C_P —"’E ﬂ P+dPLl S, f) Sta{;in_r;aw
C, | p+dp .
. ¢, ; Specific heat at constant pressure.
For an ideal gas
¢, ; Specific heat at constant volume. v
c=kRT R ; Gas constant. T
h ; Enthalpy. dr
0 h,
Mach number Ma — is the ratio of the actual P
speed of the fluid, V, to the speed of sound, ¢, in
. P+ dP
the same fluid at the same state. | i
Ma = K V' Local fluid velocity. !
C Propagation of a small pressure wave

along a duct.
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Viscosity

Viscosity — is the property that represents the internal resistance of a fluid to
motion or the “fluidity”.

Drag force — is the force a flowing fluid exerts on a body in the flow direction.

da
- = Area A

N N’ u=V / Force F
i

i3 E] i Velocity V

<
M u="0 \

Velocity profile

u)= 2y
A fluid moving relative to a body ¢

exerts a drag force on the body. The behavior of a fluid in laminar
flow between two parallel plates.

Shear Stress 1 Rate of deformation df/dt

F dp  du

T =— R

A dt dy



Viscosity

Shear Stress

dﬂ du Oil Viscosity = Slope
S y
5 - ¢
Y 3 2 duldy b
1 : Dynamic Viscosity [kg/m:-s]. E a S,
5
% b
Shear Force p
u
F=pud— Air
dy —
Rate of deformation. du/dy
Bingham
plastic
Pseudoplastic The rate of deformation (velocity gradient) of a
. Newtonian fluid is proportional to shear stress.
E Newtonian
% o o L3 [d
Dilatant Kinematic Viscosity
yot
Jo,

Rate of deformation, du/dy

Variation of shear stress with the rate of deformation
for Newtonian and non-Newtonian fluids



Viscosity

Viscosity is caused by the cohesive forces
between the molecules in liquids and by the
molecular collisions in gases, and it varies
greatly with temperature.

Viscosity
[ ]

Viscosity of gases (Sutherland correlation) e
aTV? For air at atmospheric conditions
o= _ -6 1/2
1+b/T a=1.458x10 kg/m-S-K
b=110.4K
Viscosity of liquids
HU=a lob/(T_c) a=2.414x 10_5 N - S/m2 TElnpﬂalu:E
b =2478K
c=140K The viscosity of liquids decreases and the viscosity

Temperature range: 0°C to 370 °C

of gases increases with temperature.



Viscosity

Example 1.5

The viscosity of a fluid is to be measured by a viscometer constructed of two 40-cm-long
concentric cylinders (Fig. below). The outer diameter of the inner cylinder is 12 cm, and the

gap between the two cylinders is 0.15 cm. The inner cylinder is rotated at 300 rpm, and the
torque is measured to be 1.8 N-m. Determine the viscosity of the fluid.

- Stationary
213 - // cylinder -
Hint: T:FR=,u47[RnL e
Data:
L=40cm=04m T =18Nm %
D=12cm=0.12m [=0.15cm=0.0015m 4= 300 rpm
];l _ 300 rpm Shaft
Solution: i
T 1. 0.0015
= 13_ = (1.8 Nim 1m') =0.158 Pa-s
7 Ronl 47[2(0.06m)3(300 rev 2 J(O.4m)
min 60s
0.158-8

m-s
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Surface Tension and Capillary Effect

Surface Tension (o)) is the intensity of the molecular attraction per unit length
along any line in the surface.

—3 . .
., piid Note : The dimension of surface
2 \ tension in SI units 1s N/m.
_g 4 Water
@ 2
£ (27R)o,
&

0
0 50 100 150 200
Temperature, °F

2
(TR°)AP droplet
27mRo = ApﬂRz p; © Inside pressure.
20, p, : Outside pressure.
— Ap = pi — pO = |
R R : Sphere radius.

Forces acting on one-half of a liquid drop.



Surface Tension and Capillary Effect

Capillary effect is the rise or fall of a liquid in a small-diameter tube inserted into

the liquid.

Capillaries are small-diameter tubes or narrow tubes.

Meniscus

Water

The capillary rise of water
(Wetting fluid)

h

I &
A __L__ o

Meniscus | Liquid lw
A N [Ee

27RO,

N Y

Mercury |~ The forces acting on a liquid column
that has risen in a tube due to the

capillary effect.
The capillary fall of mercury

(nonwetting liquid.) NOTE: The contact angle in air is

¢~ 0 ° for water-glass

_ 20, cos¢ ¢ : Contact angle. $=130° for mercury-glass

R y © Specific weight. $=26° for kerosene-glass




Surface Tension and Capillary Effect

Physical Properties of Water (SI Units) (Munson et. al., 2016)

Specific Dynamic Kinematic Surface Vapor Speed of
Density, Weight", Viscosity, Viscosity, Tension®, Pressure, Sound!,
Temperature p Y 73 v o Py c

(°C) (kg/m’)  (kN/m’) (N-s/m?) (m*/s) (N/m) [N/m’(abs)| (m/s)
0 999.9 9.806 1787 E —3 1.787 E — 6 756 E—2 6.105 E+2 1403
5 1000.0 9.807 1.519 E—3 1.519 E—-6 749 E —2 8722 E + 2 1427
10 999.7 9.804 1307 E—3 1.307 E—6 742 EBE —2 1.228 E + 3 1447
20 998.2 9.789 1.002 E -3 1.004 E — 6 728 E —2 2338 E + 3 1481
30 995.7 9.765 7975 E—4 8.009 E—-7 712 B—2 4243 E+ 3 1507
40 992.2 9.731 6529 E—4 s E—7 696 E —2 7376 E + 3 1526
50 988.1 9.690 5468 E — 4 5534 E -7 679 E—2 1.233 E + 4 1541
60 083.2 0.642 4665 E —4 4745 E — 7 6.62 E—2 1992 E + 4 1552
70 977.8 9.589 4042 E — 4 4134 E —7 644 E —2 3.116 E+4 1555
80 971.8 9.530 3547 E—4 3650 E—7 6.26 E—2 4734 E + 4 1555
90 965.3 9.467 3147 E—4 3260 E—T 6.08 E—2 7010 E+ 4 1550
100 958.4 9.399 2818 E — 4 2940 E—7 589 E—2 1013 E+5 1543

-—”F}frflrFfl¢flrff’lfl”flPflf”fl\Ffl '} ’l\Ff#£ltl)fl,’,F}rFr]rfrl,rf¥,£P[{flfr'\F'\sr€,]“[f£ £ P \£'f¥ P r¥{ JP/J\‘‘jo B \ Pro o\ jJ ) n pb oo, »[(—[— B»Ho \o-» B[S, Bn\b o bo—bo - -p - np B o —»—»obBo-| --\{J MJo» [mn» «--»> — «-mHOH »H»H» — \ 51  »B»—»— H -»HD»  H(———Hpm—oH- —-H-1—{ t
“Based on data from Handbook of Chemistry and Physics, 69th Ed., CRC Press, 1988.

®Density and specific weight are related through the equation y = pg. For this table, g = 9.807 m/s’.
“In contact with air.
YFrom R. D. Blevins, Applied Fluid Dynamics Handboolk, Van Nostrand Reinhold Co., Inc., New York, 1984.



Surface Tension and Capillary Effect

Example 1.6

What diameter of clean glass tubing is required so that the rise of water at 40°C in a
tube due to capillary action (as opposed to pressure in the tube) 1s less than h =2 mm?
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