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Course Content

Ch1. Fluid properties

Ch2. Fluid Statics

Ch3. Fluid Flow Concepts and Equations

Ch4. Viscous Effects and Flow Resistances

Ch5. Compressible Flow

Ché. Ideal Fluid Flow

Ch7. Flow in Closed Conduits and Open Channels

Text Book: Fluid Mechanics by Donald F. Young and others (1997)

Reference Books

1. Fluid Mechanics with Engineering application by Robert L.
Daugherty and others. (1989)

2. Fluid Mechanics for Civil Engineers by Webber.

3. Fluid Mechanics by Streeter

Exams: First Term Exam+ Term paper: 10% Mid Term Exam:20%
Second Term Exam + Term paper: 10 %  Final Exam: 50 %
Laboratory : 10 %
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Terminology
Variable Symbol
Density p Roh
Specific Wieght ¥ Gamma
Specific gravity S.g
Viscosity 0 mu
Shear stress T Tao
Surface tension o

segmma
Force F
Pressure p
velocity Vv
Discharge Q
Acceleration a
Gravity g
Acceleration
Work \%
Power Po
Torque T

unit
Kg/m3

N/m3
For water=9.81 N/m3

dimensionless
N.s/m?2
N/m?2

N/m

N
N/m?
m/sec
M3/sec
m/s2

m/s2 (9.81)

N.m/s

N.m
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Fluid properties
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Introduction

* Physical Characteristics of Fluids

* Distinction between Solids, Liquids, and gases

= Significance of Fluid Mechanics

Branch of Mechanics
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Physical Characteristics of Fluids

» Fluid mechanics is the science that deals with the action
of forces on fluids.

- Fluid is a substance
- The particles of which easily move and change position

- That will continuously deform

Distinction Between Solids, Liquids & Gases

* A fluid can be either gas or liquid.

- Solid molecules are arranged in a specific lattice
formation and their movement is restricted.

* Liquid molecules can move with respect to each
other when a shearing force is applied.

* The spacing of the molecules of gases is much
wider than that of either solids or liquids and it is
also variable.
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DIMENSIONS AND UNITS

UNIT SYSTEMS
« We will work with one unit systems in FLUID MECHANICS:

» International System (S1)

e S| UNITS
In the S| system, the unit of force, the Newton, is derived unit.
The meter, second and kilogram are base units.

Basic Unit System & Units

The Sl system consists of six primary units, from which all
quantities may be described but in fluid mechanics we are
generally only interested in the top four units from this table.

SI Unit Dimension

l_‘ll:-__,"'[]'l metre, 1

155 kilogram, kg
time second. s
temperature Kelvin, K
current ampere, A
Inminosity candela

Derived Units

There are many derived units all obtained from combination of the above
primary units. Those most used are shown in the table below:
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Derived Units

Qruantity 51 Unmit Dimension

velocity m's mi LT

acceleration m's” s LT-
force N
kg m's” kg s MLT?
energy (or work) Joule J
N om.
kg s’ kg m’s” MLT?
power Wait W )
Mm's s
krm's’ | kpw's® ML'T?
pressure { of siress) Pascal P,
I:\‘- |.|'|: I.\‘-I.Il-:
kpms’ | kg mte? ML T
densaty kpm’ kg m ML™

specific weight Nim®
kgm™s” | kgpm™s™ ML™T
relative densiry A TAl 1

nd uants no I:IIII.I 2100

VISCOLIY W am® N oam™
kams ks m'l-"' MLT
surface tension Nim MNm™

kg /s’ kgs” MT

S1 System of Units

* The corresponding unit of force derived from Newton’s
second law:

* the force required to ac rate a kilogram at one meter
per second per second is defined as the Newton (N)"

The acceleration due to gravity at the earth’s surface:
1 m/s<.

Thus, the weight of one kilogram at the earth’s surface:
W=mg

=(1) (9.81) kg m [ s?
=981 N
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Traditional Units

+ The system of units that preceded Sl units in several
countries is the so-called English system.

Length = foot (ft) = 30.48 cm
Mass = slug=14.59 kg

The force required to accelerate a mass of one slug at
one foot per second per second is one pound force

(Ibf).

The mass unit in the traditional system is the pound
mass (lbm).

Main units are: Length (L), Mass (M), and Time (T). Most of the other
quantities like force, pressure, power, and more can be derived from the
main three quantities: LMT.

In fluid mechanics, there are only four primary dimensions from which
all the dimensions can be derived: mass, length, time, and force. The
brackets around a symbol like [M] mean “the dimension” of mass. All
other variables in fluid mechanics can be expressed in terms of [M], [L],
[T], and [F].

For example, acceleration has the dimensions [LT-2]. Force [F]
Is directly related to mass, length, and time by Newton’s second law,
Force= Mass x Acceleration

F= ma

From this we see that, dimensionally, [F] = [MLT-2].
1 kg-force = 9.81 Newton of force = 9.81 N
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Table (1) Primary Dimensions in Fluid Mechanics in the International System of
Units (SI)

Dimension Unit
Length (L) meter (m)
Mass (M) kilogram (kg)
Time (T) second (s)
Force (F) Newton (N) = kg.m/s2) = MLT-2
Temperature (0) Kelvin K°
Celsius C°
K=C°® +273°

Table (2) Secondary Dimensions in Fluid Mechanics in the International System
of Units (SI)

Area [L2] m2
Volume [L3] m3
Velocity [LT-1] m/sec
Acceleration [LT-2] m/sec2
Pressure or stress [FL-2] Pa= N/m2(Pascal)
Angular Velocity sec-1
Energy, work [FL] J = Nm (Joule)
Power [FLT-1] W = J/sec (Watt)
Specific mass (p) [ML-3] kg/m3

Table (3) Commonly used prefixes for Sl units:

10
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Fag‘tpr by “thl(.:h Prefix Symbol
unit 1s multiplied -

10° giga G
10° mega M
10° kilo k
10~ centi C
10° milli m
10° IMICro 1L
107 nano n

Fluid Properties

FLUID PROPERTIES

Every fluid has certain characteristics by which its physical
conditions may be described.

We call such characteristics as the fluid properties.

» Specific Weight » Bulk Modules of Elasticity

#Mass Density
#Viscosity
#Vapor Pressure
#Surface tension

# Capillarity

11
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Specific Weight, ¥

The gravitational force per unit volume of fluid, or
simply “weight per unit volume”.

- Water at 20 °C has a specific weight of 9.79 kN/m?.

Specific weight=y = will be expressed in force-length-time
dimensions and will have dimensions of force [F] per unit volmme

[L3].

e Fer
Specificweighr _ri
- Foliume

Because the weight (a force), W, related to its mass, M,

by Newton's second law of motion in the form

W = Mg

In which g 1s the acceleration due to the local force
of grawvity, specific weight and specific mass will be
related by a similar equation,

! PE

12
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Mass Density, p

runitvolume” is mass density. Hence it has units of Kilograms
A=
- The mass density of water at 4 oC is 1000 kg/m3 while it is 1.20
kg/m3 for air at 20 oC at standard pressure.

* Mass Density of a fluid is its mass per unit volume.

Diensity ol water:
I Uniis:

e
o = =t

Specific Gravity, S

* The ratio of specific weight of a given liquid to the
specific weight of water at a standard reference
temperature (4 °C)is defined as specific gravity, S.

* The specific weight of water at atmospheric pressure
is 9810 N/im=.

* The specific gravity of mercury at 20°C is

13
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Specific Volume

Specific volume of a fluid is the volume occopied by a unit mass of flnid.

. volume ¥ |
Spectfic Volume, v =——=—=—
mass mop

(dimensionless)

Yo )2 F

: 1
5.0 = constant = ™

Which means that, the higher the specific gravity, the lower the volume
of displaced liguid. Consequently, graduation on the stem corresponding
to different depths of submergence of the hydrometer can be made

to indicate directly the specific gravity of the liquid being measured.

14
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ldeal Gas Law
A form of the general equation of state, relating pressure,

specific volume, and temperature;

nk.T e d MW
= Y PET -
I oMW

pl=nki — P —  p=pRT

M W . R
. mass per uit vol. = density gas constant, B

MW
* p =absolute pressure [N/m2]
V=volume [m3]
n =number of moles
R, =universal gas constant
[8.314 kJ/kmol-K; 0287 kPa-mikg K]
* T = absolute temperature  [K]

* MWgas = molecular weight of gas

VISCOSITY

* What is the definition of “strain™?
“Deformation of a physical body under the action of applied forces”™

* Solid:
— shear stress applied is proportional to shear strain
(proportionality factor: shear modulus)
— Solid material ceasesto deform when equilibrium is reached

* Liquid:
— Shear stress applied is proportional to the time rate of strain
(proportionality factor: dynamic (absolute) viscosity)

—Liquid continues to deform as long as stressis applied

15
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Viscosity

Viscosity measures a fluids ability to resistshear stress.

Hyrpothetical Expenment:

Where:

v Velocity of the moving plate (varies linearly from O at the stationary
surface to maximum at the contact suface between the moving plate
and fluid ).

A Contact area between the moving plate and flnid.
F  Applied force to the moving plate.
L Thickness of fluid layer

Where [ is the proportional constant

16
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Where F is the external applied force.
Summation of forces: £ F =0
Driving forces — Resistingorces = 0

Assumptions:
1. Small gap thickness
2. v 1s not too large

Dr. Qassem Hamed Jalut
Associate Professor

3. Slope of the velocity distribution (assuming limear distribution)

Viscosity of the fluid p = Shear stress / velocity gradient

T Shear stress (]
L Abszolute |
flow

Cor LS m’
== — (stoke
ke 5

Mewtonian ﬂum,

17
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Newtonign fluid, and this plots as a straight line in the following
figure.

The slope of this ine is the absolute viscosity, p. The equation of a
straight line, y= mx is similar to Newton's law of wiscosity,

The ideal fluid, with no viscosity (p = 0), falls on the horizontal axis,

while the true elastic solid plots along the vertical axis.

A plastic that sustains a certain amount of stress before suffering a plastic flow
corresponds to a straight line mtersecting the verfical axis at the yield stress.
There are certain non-Newtonian fluids in which p varies with the rate of
deformation. These are relatively uncommon in engineering usage.

Typical non-Newtonian fluids include paints_ printer's ink, gels and emulsions,
sludge and shurries, and certain plastics.

,— Elastic solid

shear stress

Ideal fluid —

A

duldy

18




Fluid Mechanics Class Note

Dr. Qassem Hamed Jalut
Associate Professor

Example of the effect of viscosity

* Think: resistance to flow.

« V' fluid velocity

« y - distance from solid surface

* Rate of strain, dV/dy

* | - dynamic viscosity [N.s/m2]
1- shear stress

Shear stress: An applied force
per unit area needed to
produce deformation in a fluid

=1 dV/dy

VISCOSITY
= Would it be easier to walk through
a 1-m pool of water or oil?
— Water

Wh b 7

— Less friction in the water
= Rate of deformation

— Water moves out of your way at a
[ vhen you apply a shear
walk through it)

out of your way more
n you apply the same

Velocity distribution next to a
boundary

= d\Wdy

Viscosity is:

* slope of the line shown above
* the ratio between shear stress
applied and rate of deformation

19
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Kinematic Viscosity

* Many fluid mechanics equations contain the vanables of
- Viscosity, 1
- Density, p
S0, to simplify these equations sometimes use kinematic
viscosity (v)

Terminology

Absolute viscosity, p

Dynamic viscosity, p

Kinematic Vist

Other viscosity highlights

* Viscous resistance is independent of the pressure in the
fluid.

* Viscosity is a result of molecular forces within a fluid.

* For liquid, cohesive forces decrease with increasing
temperature — decreasing p

* For gas, increasing temperature — increased

molecular activity & shear stress: increasing p

20
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Kinematic viscosity for air & crude oil

Newtonian vs. Non-Newtonian Fluids

e of line is dynamic
Bingham plastic | : :Iti'fr
Shear-thinning

Mewtonian fluid

3 inc fith shear rat
Shear-thickening E | In water, gypsum-
).

21




Fluid Mechanics Class Note Dr. Qassem Hamed Jalut
Associate Professor

Surface Tension

* A moleculesinthe interiorof a liquid is under
attractive force in all direction.

* However, a molecule at the surface of a liquid is
acted on by a net inward cohesive force that is
perpendicular to the surface.

* Hence it requires work to move moleculesto the
surface against this opposing force and surface
molecules have more energy than interior ones

* Higher forces of attraction at surface

* Creates a “stretched membrane effect”

Capillarity

Rise and fall of iqud in a capillary tube is caused by surface tension.
Capillarity depends on the relative magnitudes of the cohesion of the liquid
to walls of the containing vessel.

When the adhesive forces betweenbquid and solid are larger than the
hquid's cohesive forces, the meniscus in a small diameter tube will tend to
be concave

If adhesive forces are smaller than cohestve forces the memscus will tend
to be convex_ for example mercury in glass-

LGI]I._ ave LC"II" e

water mercury

22
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Differences between adhesive & Cohesive

A distinction is usually made between an adhesive
force, which acts to hold two separate bodies together
(or to stick one body to another)

and

a cohesive force, which acts to hold together the like or
unlike atoms, ions, or molecules of a single body:.

Capillary Effect

For a glass tube in a liguid...

h=height of capillary rise (or depression) -

g=surface fension

| 1" M27R6Cos O = 7R hy
g=wetting angle _

F .-W=0
y=specific weight .
R=radius of tube Y

If the tube is clean, 6°is 0 for water

23
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Vapor Pressure Pressure
{mm Hg)
Vapor pressure: the pressure at which . 2.1
46
17.5
55.3
#Vapor pressure | when 1404
temperature increases 355.1
760
1075

a biquid will boil

> At atmospheric pressure,
water at 100 °C will boi

Vapor Pressure of Water

»Water can boil at lower
temperatures if the
pressure is lower

ANSCAUTE Frassge [mm g

When vapor pressure > the 100 |
Lgquid’s actual pressure B . :

: & W
Tempadaiure (dig O

Problem : 2 Calculate the specific weight, density and specific gravity of one litre
of a liquid which weighs 7 N.

Solution. Given :

Vaolume =
Weight
Volume

7000

Ug

Density of water = 1000 kg/m' )

0.7135. Ans.

24
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Problem 3 Calculate the density, specific weight and weight of one liter
of petrol of specific gravity 0.7

: = T . N 1000
Solution. Given:  Volume = | litre = 1 x 1000 ¢m’ = o8 m' =0.001 m*
X

Sp. gravity S=07

(1) Density (p)

Density (p = § 1000 kg/m’ = 0.7 % 1000 = 700 kg/m>. Ans.
(1) Specific weight (w)

w=pxg=700x 981 N’ = 6867 N/m”, Ans.
(i1i) Weight (W)
Weight

We know that specific weight = —
Volume

1%
W = e or 6867

0001
W= 6867 x 0.001 = 6.867 N. Ans.

Problem 4 :If the velocity distribution over a plate iz given by

in which u 1s the velocity in meter per : r meter above
ate. Determine th stress IF 13 m. Take dynamic

25
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Solution. Given :

=2 220 = = =0.667
3

{ 4 (o) ) ) -
(_‘_" or | — = — =2%.15=.667~.30=0.367
(dy ) )

awr=01%

Also
Value of = 8.63 poise = —- Sl units = 0.863 N ¢/m”
' 10
b A ul|l‘
Now shear stress is ziven by equation (1.2)as T=H i

(/) Shear airess aty = 01s given by

a1 0863 % 0,667 = 0.3756 N/’ Ans.

"'_p.lf.\u =

(if) Shear strecs at v =0.15 mis given by

ﬁi;l‘

- 0.863 X 0367 = 0.3167 N/m’. Ans.

s=U
5 av |

Proplem 5 : Calculate the dynamic viscosity of an oil , which
1s used for lubrication befween a square plate of size 0.8 m x

0.8 m and an mchned plane with angle of inclination 30 degree
as shown in figure below . The weight of the square plate is 300
N and it slides down the inclined plane with a uniform velocity
of 0.3 m/s. The thickness of oil film is 1.5 mm.

26
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Solution. Given:

Area of plate, A=08x08=064m
Angle of plane, 0= 30°

Weight of plase, W=300N

Velocity of plate, u =03 mks

Thickness of il film, t=dve LSmm=15x10"m

Let the viscosity of fluid berween plate and inclined plane is it

Component of weight W, along the plane = W ¢os 607 = 300 ¢os 60° « 150 N

Thus the shear force, F |, on the bottom surface of the plate = I1SON

— 150
- Arca ( ,(>4.

Now using equation (1.2), we have

and shear stress, N/m

T=p —
dy

where du = change of velotity =y -0 =u =03 m/s
dr=1=1.5%x10"m
150
064

150x15x107" -
f= e = LLITN ¢¥/m™ = 117 % 10 = 11,7 polse, Ans.
064x03

Home Work due to Sunday 25-10-2015

Problem: 1

Two horizontal plates are placed 1.25 cm apart,
The space between them being with oil of viscosity
14 poises. Calculate the shear stress in oil if upper
plate is moved with avelocity of 2.5 m's.

Problem 2

The space between two square flat plates is filled

with oil Each side of the plate is 60 cm. The thickness
of oil film is 12.5 mm The upper plate | which moves
at 2.5 meter per esc requires aforce of 98.1 Nto
Maintain the speed. Determine -

1)The dynamic wiscosity of the oil in poise , and
2)The Kinematic viscosity of the oil in stokes if the

Specific gravity of the oil is 0.95.

27
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Problem 3: Capillary Rise Problem

Surface-tension force

* How high will water rise in a glass
_I_ __ tube if the inside diameteris 1.6
mm and the water temperature is

20°C?

Answer: 18.6 mm

* Hint: Bfor water against glass is
so small it can be assumed to be (0.

o =0.073 Nm

Extra solved problems

Problem 6:
Find the kinematic viscosity of an oil having density 981 kg /m3. The
Shear stress at a pointin oil 1s 0.2452 N/m2 and velocity gradient

at that point is 0.2 per second.

Solution, Given
Mass density, p =981 kg/m®

Shear stress, t=02452 N/'m*
du

dy

Velocity gradien, 02s

{
Using the equation (1.2) t=p— or 0.2452 = px02
dy

0245
0.200
Kinematic viscosity v s given by
1] 1226
v =
P 981
=025 % 107 x 10* cms = 0.125 x 107 em s

125¢m¥s = 12.5 stoke, Ans. (v cms = stoke)

= 1.226 Ns/m*

=, 125 % 107" m*/sec

28
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Problem 7: The dynamic viscosity of an oil , used forlubrication between a shaft and
sleeveis 6 poisa The shaft is of diameter (0.4 m and rotates at 190 r.p.m. Calculate the
Power lost in the bearing for a slesve length of 90 mm. The thickness ofthe
Oilfilmis].5mm.

1.5mm

; | 4
E.’( Ll ((lldwllilﬁj

1 A
/ 04m
) Y

f/f’/[’//’//’//f/llff':i
“

% 0 mm —j SHAFT
SLEEVE

Solution. Civea
Viscosity # = 6 poise
i LT

10 m*
Dia. of shaft, D=04m
Speed of shaft, N=1%rpm
Sleeve length, L=90mm=90x10"n
Thickness of oil film t=lSmm=15x107"m
RDN _ax04x19

o0

Tangential velocity of shaft, u = = 3,958 m/s

Using the relation T

where  du =Change of velocity

dy = Change 0! distance =

Thas is shear stress on shaft
Shear force on the shaft, F = Shear stress x Arce
=1502 XD L1592 xxx A% 1077 = 180,05 N
2 S D = 04 i
lorque on the shaft T'=Force X — = 18005 X — =36.01 Nm
- é -
2xNT 2xx190x360

60 (<4

= 716,48 W. Ans.

“Power Jost

29
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Problem 8: Al5 cm diameter verfic.
vlinder of diameter 1510 em. Both cylinders are
nders is filled with a iqmid whose v
Nm is required to rotate the inner
ity of fhxd

In=ide another
The s betv
If a torque of 12
Determine the el

Solution:

Given :

Speed,
Let the viscosity
7 x015x 100

! of cylinder, 4 = — w 07854 m
Tangential velocity of cylinder, w = o o 4 m/s

Susface arca of eylinder, A=aDxLarx015x025= 11718 m’
du
Now using relation =) =

where du=u-0=n=T854ims
D151 -0150 A
dy = ”—l o m=.0005 m

2 -

px 7854
0005

t=

% 7854 =
—— X 1178
0005

F w Shear stress ¥ Area = L

Shear furce,

Torgue,

pox 785

g 'I«'M)VS 4
120x.0005%2

7854 % 1178x.15

=().864 x 10 = 8,64 polse. Ans.

120+

0864 N s'm”

R

30

linder at 100
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Compressibility and Bullk Modulus

of elasticity | K
51

COMPTESS ive stress to volumetric

CHYLINDER

Considered a cylinder fitted with a piston as shownin figure above
Let = volume of gas enclose in the cylinder
P= preszure of gas when volume iz

Let the pressure is increased (o p + dp, the volume of gas
decreases from VoV - dV.

. )
Then increase in pressure = dp kgl/m’

Decrease in volume =dY
(4’ ‘:l

Volumetric strain %

ve sign means the volume decreases with increase of pressure.

Increase of pressure
Bulk modulus = P —

Volumetric strain
__@4p
T —-dV

\‘/

Comppfessibility is given by

31
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Determine the bulk modulus of elasticity of a liquid . if the pressure of the liquid
Is increase from 70 N/em2 to 130 N/cm2. The volume of liquid decrease by

0.15 percent

Solution. Given
Initial pressurce
Final pressure

dp =

Decrease in volume

Increase in press

Example 2:

What is the bulk modulus of elasticity
In a cylinder from a volume of 0.0125 m3 at 80 N/cm2 pressure to a volume
0f 0.0124 m3 at 150 N/cm2 pressure?

olution. Given :
Inmial volume,
Final volume

Decreasce in volume,

dv

Initial pressure
Final pressure
Increase in pressure,

b0 -

f = 0000

0125

= 130
= (). 1 5%

1\ L
WA l.‘S.\q.

« 70 N/cm?®

120 N/cm?

70 ~ 60 N/em?®

! 2 4x 10" Niem®, Ans,

of a liquid which is compressed

v =00125m’
=00124 m"

dV = .0125 - .0124 = .0001 m"

~000]
0125
80 N/em*
= 150 Nfem?®
(150 - BO)

v

dp 70 N/em?

%50 N A

32
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Surface Tension and liquid Droplet

/

(o) OROPLET

(1) tensile § ¢ CIrcur )! U Cul poqtion

= © =< Circumferencoc
= < > It d

(1) pressure force on the area ; d? and =p X E ‘f

These two forces are equal:

Surface Tension on a Hollow Bubble like a soap bubble has two
surfaces m contact with air. One mside and the other 1= outside.
Thus the two surfaces are subjected to surface tension.

=2 = (o = )

2ond B

o= Fe 3

33
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Example Find the surface tension in @ soap bubble of 40 mm diameter when the inside
pressure is 2.5 Ninéd above atmospheric pressure.

Solution. Given

Dia. of bubble, d=40mm=40x10"m

Pressure in excess of outside, p= 2.5 Nin?

For a soap bubble, using equation (1.15], we get

gxo
or 25

= 0x10

%40 %10 ) ;
SX0X10_ i = 0.0125 Nm. Aus.

5

Example: caicutate the capillary efisct in millimsters ina glass Tube of 4 mm dizmater,
when immersad in (i) Water, and (i) Mercury
The temperaturs of the liquidis 20 oC and th

v 2t 200 C contact withair are 0.073

Solutlon, Given :
D42 of tebe d=dmm=4x10"m

The capillary effoct (f.e., capillary fise of dopressann) i goven by equatson (

8 w angle of contact, and p = density
(1) Caplllary effect for water
o = 0072575 N/m, 8= 0*

p =998 kg/m” at 20°C

Q073575 % cosO®

LR w751 %107 m = 7.51 mm. Ans

e x 981 x4x107
(n) Caplllary effect for mercery
Gw 051 Nm, 9w 130" sed
p = sp, gr. x 1000 = 13.6 x 1000 = 13600 kg'm’
h= £x0ixco 2462107 m = = 2.46 mm. Ans,
13600 x 981 x4 x 107
The negative sign indicates the capiliary depression
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' , ' ! 3 Miamd
Fuample The pressure outside the droplet of water of diameter 0.04 mm is 10.32 Nicm

(atmaspheric pressure). Colcwlate the pressure within the droplet if surface tension is given as
0.0725 N/m of water

Solution. Given:

Dia. of droplet, d=004mm=M4x 10" m

Pressure outside the droplet = 1032 Nlem® = 1032 10 N’

Surface tension, 0 =0.0725 Nim =

The pressure inside the droplet, in excess of outside pressure is give by equation 1.14)
do 4x00MS .. .. 1250N

= =720 Nim" = - -
d  paxi0” 10 co?
». Pressure inside the droplet = p + Pressure outside the droplet
20725 + 1032 = 11045 Nen', Ans,

=(.725 Niem”

Extra Examples and Problems

Problem (1)
The velocity profile in water flow down a spillway is given by:
h
u="U, (;)1/7
If U,=1.4m/s, h=3 mand the width is 17 m, how long will it take

a volume of water equal to 10° m® to pass this section of the spillway ?

Problem (2)
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A large plate is centrally placed inside a gap which contains two
different fluids with ( 4y = 4 12 ) . If the force per unit area due to shear
acting on both side of plate is 50 N . Calculate the values of viscosity for

the two fluids (i.e ppand W) .

T - V=0.5 m/sec

n2

Plate J
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Example (1, A large dirigible having a volume of

90,000 m? contains helium under standard atmospheric condi-
tions [pressure = 101 kPa (abs) and temperature = 15 °C).
Determine the density and total weight of the helium.

= ol —)
volvme =90,000m Q;

From the ideal gas law,
.

e 107 %10 2 i
g 7 —= awt 75

(’7’77,;,7; (5% +a13)4)

weight = A3 volume = {0/47 )[? 17 ”—") (9x10" m)

I

/. %9 x 105N

Example2, A Newtonian fluid having a specific grav ity of 0.92
and a kinematic viscosity of 4 X 107% m*/s flows

past a hxed surtace. The velocity pronile near the surface is
shown in Figure . Determine the magnitude and direction of
the shearing stress developed on the plate. Express your answer
in terms of U and 8, with U and & expressed in units of meters
per second and meters, respectively.

7-5” e =N dy = where p=vp

(y=2)
.421% = -1—7-'32 [05/%"-?

Ao da 10 (;)
9% g

£
Since, =20 where =56, =09 (100 o

T.ft{récc = 7//‘0 /'Z"z"-
(4x107* %"-z)/o.m m"j_é )[_;z_:) 31'_/.

Fixed
surface

= 0,578 174 N fom* acting 'S right on p/:a/':

S
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Example 3, A large movable plate is located between

two large fixed plates as shown in Fig. Two Newtonian

fluids having the viscosities indicated are contained between the
plates. Determine the magnitude and direction of the shearing
stresses that act on the fixed walls when the moving plate has
a velocity of 4 m/s as shown. Assume that the velocity distri-
bution between the plates is linear.

=) Fixed plate

6 mm

3mmy.
Fixed plate

. — —
Solution : "‘.;
b, =\ 4
i: /7777777
A‘ A oz-a

.;/L ../a S0 fba-{ R T R A n e e s
7= /‘, (oa.z X

ooocm
= /3. 3 "‘A','
+2)
?:7_ 2 (0 2 )( 0,003 m )
BT e A s : ;
£ B8 ay resscs acl on Fixed walls ih

direction of Mmoving plate .
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Example(4)

Two parallel glass plates separated by 0.5 mm are placed n water at 20°C.
The plates are clean, and the width/separation ratio 1s large so that end effects
are neghgible. How far will the water rise between the plates?

Solution

The surface tension at 20°C 1s 7.3 x 1072 N/m. The weight of the water in the
column /2 15 balanced by the surface tension force.

whdpg = 2wo cos 6

where w 13 the width of the plates and d 15 the separation distance. For water
agamst glass. cosf =~ 1. Solving for h gives

L0 2x73x107 N/m
1= =
dpg 05 %1077 m x 998 ke/m’ x 9.81 m/s’

=00149 m =298 mm
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Example (5)

Air at 15°C forms a boundary layer near a solid wall. The velocity distribution
in the boundary layer 15 given by

U Sy
— =1—exp(—22)

where [ = 30 m/s and 0 =1 em. Find the shear stress at the wall (y = 0)

f
]
/L U/U=1-exp(-2y/5)

Solution
The shear stress at the wall 15 related to the velocity gradient by
= |U‘d_y |y=0

Taling the derivative with respect to y of the veloaity distribution

l U
& 92 (=2
dy i
Evaluating at y =0
du U 30
— |ym0=2—=2x — =6 x 107 7"
ay == 25 =2 X g =8

From Table A2, the density of air is 1.22 kg/m? and the kinematic viscosity
15 1.46x107° m?/s. The absolute viscosity 1s u = pr = 1.22 x 1.46 x 107°
=178 x 107> N-s/m?. The shear stress at the wall is

— |y=o= 1.78 x 107% x 6 x 10° = 0.107 N/m”
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Example (1)

Two parallel glass plates separated by 0.0 mm are placed 1n water at 20°C.
The plates are clean, and the width /separation ratio is large so that end effects
are negligible. How far will the water rise between the plates?

S

Solution

The surface tension at 20°C is 7.3 x 1072 N/m. The weight of the water in the
column h 1s balanced by the surface tension force.

whdpg = 2wo cos
where w 13 the width of the plates and & 1z the separation distance. For water
against glass, cosf = 1. Solving for h gives
R T _ 2% 7.3x 1072 N/m
© dpg 0.5 x 10-% m x 998 kg/m® x 9.81 m/s>
=00140 m =20 8 mm
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Fluid Static
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Hydrostatic Forces

Case 1. Forces from a uniform pressure distribution

0 Vertical Force T
Force = weight of fhud, 7 e
W= =yldxh) |

Pressure = Force / area

The pressure distribution on the surface with area (A) is
uniform (the pressure is equal at each and every point
on the surface).

a2 Horizontal Force

The pressure force resulted from a gas tank on the vertical walls 1s horizontal and uniform.
F=p4

@

BENERREREED
T

;
7

./ Gas
i AN

Case 2. Forces from a non-uniform pressure distribution.

43




Dr. Qassem Hamed Jalut
Associate Professor

Angled Force

Fluid Mechanics Class Note

Horizontal Force

4

Z
F—

NENCNCRENEN
Trapezoidal pressure distribution on an inclined surface.

vy

]

R,
Pressure varies with depth. It starts at zero at the surface,

and reaches maximum at the base.
Triangular distribution of water pressure on a vertical wall
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Hydrostatic Forces on Plane Surfaces

Step 1. Find the resultant force.

L J
e :‘; d“
R D {_i_}c
X
o K K’

Choose an element of area so that the pressure on it 1s uniform. Such an element 1s a horizontal strip
with a width equal to x, so. d4 = xdy . Notice that the width of the surface 1s not constant.

Total force on the whole surface will equal to the summation of forces on all elements of dy:

Total force =F = > dF

Force = pressure x area

F =3 pdd
The mathematical equivalent to the suumnmations is integration (when the strip height “dy” is too
small)

1
F= J. pdA p=m

h c

h=ysin@ & p=y(ysind)
2> F= J(yx_v sin @ )dA F= ysin@f}‘dﬁl N !

J‘J-'(H 1s the mathematical expression for the first moment of area. The first moment of area equals

to the sum of the products of area times distance to the centroid.
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J_m’.—i =y, A4
Where:
Ve the distance from the fluid surface to the centroid of the plan surface along the inclined plan

surface (in vertical surfaces, v, = ).

2 F=ysind(y.4) ,but h=ysing

[F=y) ] B
Where:
F Pressure force (normal to the surface)

¥ Specific weight of fluid (for water, y= 9.81 kN/m3 “SI Units”, and y= 62.4 1b/ft3 “BG

Units™)
A Cross sectional area of the plan surface.
h. Vertical distance from the surface of fluid to the centroid of the plan surface.
N/
— i
h
€ h.
- ﬁkc
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Step 2. Find the location where the resultant force is applied.

s

=

K!

Force = pressure x area
dF = pdA p= h=ysinf & p=y(ysinf)

dF =7(ysin6)d4

To find the pomt of application of the pressure force, take the summation of moments of forces at O:

Y M, =Y ydF

Substitute for the value of dF:

YM, =) Wr(vsing)jd4

The summation can be replaced with ntegration when the step 1s too small:
Y, = 7y sin6)i4

For the whole system to be stable, the sum of moments should equal to the moment of the pressure

force F (F x )

Where y, 1s the distance from the fluid surface to the center of pressure of the surface along the
inclined plan.

Fxy,= J‘y[\}'z sin@)ﬂ > Fxy,= ysin@J‘y]d‘{
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J._vsz is the second moment of area (moment of mertia of the area) about 0 =1,
And F=yh A=y(y_sin6)4

(yx v, sin@xA)y, =ysinx1,

The above equation can be expressed in another form:

L =4y +1 (Parallel axes theorem)

[f a body has moment of inertia I, about an axis C through its center of mass (C. G.), and 1f 0 1
another axis parallel to C at a distance y, from it, then the body’s moment of inertia about O 1s
L=dy’+1.

Then:

. 4y, +1.

4p T .
.1"0‘4

v =y + L

Pty 4

Summary of Results

0 Hydrostatic Force:  F = . (sin6)4 =i 4

2 Acting at Locafion:  y, =y, +

v.4d

il il T T T T T il Tl T T Tl el el T el T il Tl T T il Sl T gl el
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Example. The small dam shown in the figure is 8.5 m wide. An equilateral triangular gate (LM)
that is 2.4-m in height is located along the lower face (KN) so that the apex is at M. Depth of

water above the hinge (L) is 4.5 m. Calculate the magnitude and point of application of the force
acting on side LM,

45m
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Supplementary Notes

Hydrostatic forces

1- Forces on vertical plan surfaces:

a. The surface intersects with fluid surface

\/

¢ Force magnitude:

Fe=yh 4

Where:

¥ Specific weight of flud (for water, y = 9.81 kN/m3 “SI Units”, and y = 62.4 Ib/ft3 “BG
Units”)

he Vertical distance from the surface of fluid to the centroid of the plan surface.

A cross sectional area of the plan surface (= distance AB x width).
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Fy=y

.
a (HxW)
\ 2

Where

W width of the plan surface (and you can take it equal to unity. and that will give results per
unit width)

1 1
F,=—vH"
CY

¢ Point of action:

The line of action of the force 1s at distance H/3 from the bottom.

b. The plan surface does not intersect with the fluid surface:

—

]
|

L=

ws]

7

» Force magnitude:

Fy=yh.A
h, :H+£
2
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o Point of action:

The line of action of the force is at distance =y, from the fluid surface:

Where:

Vo The distance from the fluid surface to the center of pressure of the surface along the inclined
plan.

v, the distance from the fluid surface to the centroid of the plan surface along the mclined plan
surface (in vertical surfaces, v, = ).

I Moment of mertia of the plan surface along its centroidal axis.

2- Forces on inclined plan surfaces

The pressure force s always perpendicular to the surface, and for easy dealing with that type
of problems, the resultant force is resolved into two components (Horizontal, and vertical).

Fy=yh.A

Where:
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A is the vertical projection of the plan surface = H * width

And the line of action of (Fg) is at a distance = H/3 from the bottom.
The vertical force (F.) is equal to the weight of fluid over the mclined surface AB ( = area
ABD x width x v)

The line of action of F; passes through the same point of action of Fy, at a distance = X/3 to the right
of line BD.

Application:
Dam Stability:

Example:

A concrete dam retaining 6.0 m of water shown in the figure. The unit weight of the concrete is
23.50 kN/ni’. The Joundation soil is impermeable. Determine:

a- The factor of safety against sliding

b- The factor of safety against overturning.

The coefficient of friction between the base of the dam and the foundation soil is 0.48.

1.0m
3.0 A
\ D :
R el i
oo e ke i
R R |
. Nt Lo 7.0m
Fy | LW
sy [
D20 W
i : - /B : |
v 1‘ 0
45m N

The forces acting on the dam are:
1- Horizontal water pressure (Fy),

2- Vertical water pressure (Fy),
3- Weight of the dam material = Wy + W,
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Properties of areas
Location of
Shape Sketch Area Centroid Ic
—b—
] 3
bxh _vC:—) [(:ﬂ
2 12
Y I ;
_I yc = —’ '[C - ﬂ
3 36
D’ D D’
2T .]7( =— ]( e
4 2 64
D’ .l D'
8 . 128
po 4r . 0 3
& ¥, =ZLsin~ |1 :’—(6+sin¢9)
2 3 2
h I i’
— yc = 1( S
4 2 64
mh 4h i’
- Yo=— Jregns
4 3r 16
e 3b
20h R P
] =
.‘yc = _’ i
2
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Problems:

Problem (1)

The gate shown is 3.0 wide. Find the value of the weight required for the gate to
be in equilibrium.

v i

water 4 m

o %

S5m

Problem (2) Find the force exerted by water on one side of the vertical annular
disk shown below. Also calculate the center of pressure.
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Example (1)

The 4-m-diameter circular gate of Fig. is located in the inclined wall of a large reservoir
containing water (3 = Q.80 kKIN/m”). The gate is mounted on a shaft along its horizon-

tal diameter. For a water depth of 10 m abowve the shatt determine: (a) the magnitude and lo-
cation of the resultant force exerted on the gate by the water., and (b} the moment that would
hawve to be applied to the shaft to open the mate.

r'n

K
+

/ \-\\«

Cad

b}

et

“A " Center of
pressurs

Lewd
To find the magnitude of the force of the water we can apply

Fg = vh-A

and since the wvertical distance from the fluid surface to the centroid of the area is 10 m
it follows that

Fgp = (980 > 107 NADSW 10 m)(<da mT)

= 1230 > 10° W = 1.23 MN
To locate the point {(center of pressure) through which F, acts,

and v, is shown in Fig. Thus,

o (7/4)(2 m)* N 10 m

Y® 7110 mysin 60°) (47 m?) | sin 60°
= 0.0866m + 11.55m = 116m

and the distance (along the gate) below the shaft to the center of pressure is
vep — ¥, = DLOB66 m

We can conclude from this analysis that the force on the gate due to the water has a
magnitude of 1.23 MN and acts through a point along its diameter A-A at a distance of
0.0866 m (along the gate) below the shaft. The force is perpendicular to the gate sur-
face as shown.

The moment required to open the gate can be obtained with the aid of the free-body
diagram . In this diagram " is the weight of the gate and (), and ), are

the horizontal and vertical reactions of the shaft on the gate. We can now sum moments
about the shaft

E;"Irf__, =0

and, therefore,

M = Fplveg — ¥)

(1230 x 107 N)(0.0866 m)
=1.07 x I0°N-
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Compute the horizontal and vertical components of the hydrostatic force on the
quarter-circle face of the tank shown below.
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Hydrostatic Force on a Curved Submerged Surface

Because of the curvature of the surface, the direction of the resultant
force is not pre-determined as in the previous case. One needs to
decompose the force to its horizontal and vertical components

(Fx, and Fz) and find the points of application for each.

\,f'u;ﬂ\l..-/”/
o

The horizontal component, F, (of the resultant force on a curved
submerged surface) is found by taking the projection of the curved
surface onto a vertical place and finding the force and its point of
application based on the formulation above.

F = A

Where A is the vertical projection area of the curved surface.
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The vertical component, F, (of the resultant force on a curved submerged
surface) is the weight of the fluid above the curved surface up to the free
surface.

E =W=

Where V is the volume of water over the curved surface up to the water
surface.

Resultant force

R=\F +F’

The angle the resultant force makes to the horizontal is
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Example 1: Hydrostatic force on a curved surface.
Given: R = 2.0 mand h = 4.0 m Find: The resultant force on the curved surface per
unit length.

Solution:

| )
\ Y
=1 | = /
o | |
| | - |
. | | ‘ l 4m
he=S$)| | hp=5.067 - /y
o | /W,
. |
| |
Ky, lm
| "l
- |

1 1 —= ‘
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Example 2: Hydrostatic force on a curved surface.

Given: R=2.0 mand h =4.0 m. Find: The resultant force on the curved surface per
unit length

Solution:

Note that water is on the right side this time

N |

4.0m
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Summary of pressure on curved surfaces

Case 1: Liquid overtop the curved surface:

S 7
— i\\
N //
: /
1A
hC | ,’
/]
I
i /
! § |
FC "Jl wa ) //
i
l F.

1- Horizontal component of the hydrostatic force:
Treat the problem as if it was a plain, vertical surface
Magnitude:

F. =y A
Acting at location:
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2- Vertical component of the hydrostatic force

Calculate weight of the block of fluid above the surface
Magnitude

Acting at location X, (distance of the resultant of water weight to a specific
datum) ’

Case 2: Liquid underneath the curved surface:

T~

\
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1- Horizontal component of the hydrostatic force:

Treat the problem as if it was a plain, vertical surface
Magnitude:

F. =y A

Acting at location:

2- Vertical component of the hydrostatic force

Dr. Qassem Hamed Jalut
Associate Professor

Calculate the weight of the block of fluid displaced by the surface

Magnitude

F. =W =W

Acting at X _ location (distance of the resultant of water weight to a

o
specific datum)
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Buoyancy

Fs = buoyant force = net vertical force exerted by fluid on an immersed or floating
body

Case 1: Submerged object

hy hy

h,y hy
Area A

i hy

F,=F-F F,

The water pressure is equally distributed all over the submerged body, but because the
direction of moving force (gravity) is downward, we take the balance of the acting
forces in the vertical direction.

The water pressure force acting on the top surface (F1) is equal to the weight of the
volume of fluid above the top surface.

Fi=yx¥ = pdh

F2is equal to the weight of the volume of fluid above the bottom surface.
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Fy =y =¥ = ydh,

The difference between the two forces is equal to the buoyancy force Fb.

Fe=F—-F :}/(FE_FI)

The difference between the volumes is equal to the volume of the submerged body,
which is equal to the volume of the displaced fluid.

The basic principle of buoyancy is Archimedes’ Principle: The buoyant force acting
on a submerged body is equal to the weight of the fluid displaced by the body.

Fy=yx¥F
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Where:

Fp Buoyant force Ib.or N

14 Unit weight of the displaced liquid % or N/m’
¥ Volume of the displaced liquid fi‘3 Lormr’.

Archimedes made use of the principle to find out if the crown of the king was
made of pure gold, or made of gold and silver. Can you tell how??

He weighted the crown (W?1), and then got an equivalent weight of pure gold.
Assuming that the density of both the crown, and the pure gold are the same,
the volume of them should be the same:

W W
JI{):— {‘1:—
¥ Jo,

So, he placed them in water, and watched for the displaced volume. If the two
objects displaced the same volume of water, then they are made of the same
material.

Case 2: Floating object

F,=0
FBZFE_E:?{.VJ_T’ZJ i
F1=0

b 7
Fy=F, = yAhx A T )

Ah-
Fy=yx¥
F,

Where ¥ is the submerged volume = volume of displaced liquid.

If W is the weight of the body, then:

If W =Fp > Object floats
W= Fp e 4 Object sinks
W< Fpg > Object rises
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Direction and Location of Forces

Force Point of action
Weight Center of gravity of the body
Buovancy, FB Center of buoyancy

Stability of floating objects

There are two forces involved in floating body stability:

Weight, and Buoyancy

If the moment produced by these two forces is a righting moment, the floating body will be stable.

Example Problem: Buoyancy Force

Given: A buoy is attached to the floor of a bay with a flexible cable. The buoy is
designed to float
in seawater (y = 10.1 kN/ms) during both high and low tide. During a storm surge,

however, the spherical buoy may become completely submerged.
Find: The tension in the cable, if the 1.50 m diameter buoy weighs 8.5kN becomes

submerged.
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Example 5

288 Circular-are  Tainter gate ABC
pivots about point O. For the position
shown, determine (a) the hydrostatic force
on the gate (per meter of width into the
paper); and (b) its line of action. Does the
force pass through point O?

Solution: The horizontal  hydrostatic
force is based on vertical projection:

Fig. P2.88
By = rheo AL = (9790X3N6x1) = 176220 N a1 4 m below C

The vertical force is upward and equal to the
weight of the missing water in the segment
ABC shown shaded below. Reference to a
good handbook will give you the geometric Ava
properties of a circular segment. and you 32
may compute that the scgment arca is

3.261 m® and its centroid is 5.5196 m from

point O, or 0.3235 m from vertical line AC,

as shown in the figure, The vertical (upward)

hydrostatic force on gate ABC is thus

Fy = 7A - (unit width) = (9790)(3.2611)
=31926 N at 04804 m from B

The net force is thus F=[F3 + F_]'"7 = 179100 N per meter of width. acting upward to
the right at an angle of 10.27° and passing through a point 1.0 m below and 0.4804 m
to the right of point B. This force passes. as expected. righr through point O.

69




Fluid Mechanics Class Note Dr. Qassem Hamed Jalut
Associate Professor

Example 6

289 The tank in the figure contains
benzene and is pressurized to 200 kPa
(gage) in the air gap. Determine the vertical
hydrostatic force on circular-arc section AB
and its line of action.

Solution: Assume unit depth into the
paper. The vertical force is the weight of
benzene plus the force due to the air
pressure:

. N
- %(0.6)'(!.0)(88l)(‘).sl)+(200.00(m0.b)(l.()) = 122400~ Ans.
m

Most of this (120,000 N/m) is due to the air pressure, whose line of action is in the
middle of the horizontal line through B. The vertical benzene force is 2400 N/m and has a
line of action (see Fig. 2.13 of the text) at 4R/(3m = 25.5 c¢m to the right or A.

The moment of these two forces about A must equal to moment of the combined
(122,400 N/m) force times a distance X to the right of A:

(120000)30 cm) +(2400)25.5 cm) = 1224000 X). solve for X =29.9¢m  Ans.

The vertical force is 122400 N/m (down), acting at 29.9 ¢m to the right of A.

Example 7

291 The hemispherical dome in Fig. P2.91
weighs 30 kN and is filled with water and
attached to the floor by six equally-
spaced bolts. What is the force in cach
bolt required to hold the dome down?

Solution: Assuming no leakage, the S
hydrostatic force required equals the weight Fig. P2.91
of missing water, that is, the water in a 4-

m-diameter cylinder, 6 m high, minus the

hemisphere and the small pipe:

Fow = wZ-m-Qlink' - w:-m«mqam - w.‘—an-fipc
=(9790)m(2)* (6)— (97901 273)(2)" —(9790)(7/4)(0.03)* (4)
= 738149 - 16403328 = 574088 N

The dome material helps with 30 kN of weight, thus the bolts must supply 574088-30000
or 544088 N. The force in each of 6 bolts is 544088/6 or Fiy, = 90700 N Ans,
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296 Courved pancl BC ix oo 607 are,
perpemdicular o the botwom at 0 IF the
pancl is 4 mowide into the paper, estimaie
the resuliant hydrosuatic foree of the water
o thee poamel.

Solutlon:  The horizonal foree s,

Fy = fhog iy
= (DT Mim® 32w 050 sin 0% m)
B EE T e T T Y]
= 335650 N

The vertical component cquals the weight
of water above the gate, which is the sum
of the rectangular picce above BOC, and the
curvy riangulor picce of water just above
mre BCe—see figune ot right. (The curvys
trinngle calculation is messy and is ot
shown here. b

Dr. Qassem Hamed Jalut
Associate Professor

Fo = PiVoll,.,. . g = (97T Nflll‘}|(3.“ +1.133 m° Wb mi) = 1] B&i N

The resulant foree is thus,

Fp = (3356500 +(161,8600° " = 372,635 N = 373 kN Ans,

This resultont force acts along o line which passes through point O ai

& = tan " {161, BVI3S5, 650) = 25,77 ..-_f

Problem 3.22 Compute the horizontal and vertical components
of the 1otal force acting on a curved surface AB, which is in the form
of a quadrant of a circle of radius 2 m as shown in Fig. 3.29. Take

the width of the gate as unity

2
4
b
4
2
“
A
-

--..-- C *
- - - - h’

e — e

p FREE SURFACE OF WATER
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Solution. Given :
Width of gate =10m
Radius of the gate =20m
- Distance AO=0B=2m
Horizontal force, F, exerted by water on gate is given by
equation (3.17) as '
F, = Total pressure force on the projected area of curved
surface AB on vertical plane \
= Total pressure force on OB

{ projected arca of curved surface on vertical plane = OB = 1)
* prAk
>
= 1000« 981 -Z-in(l.‘- : l | Arca ol OB wAw BOX | 2% n2

k= Depth of C.G. of OB from free surface » 1.5+ 4 )
F, w981 x 2000 x 2.5 = 49050 N, Ans.

The paint of application of £_is given by 4% = }"A vh

1 ) -
where I = MO of OB about its C.G. = '_'l‘{ .L‘;;_..:. o’
2
3 ,,-__},__,25_,',,35",
2x25 5

w0 1333 ¢ 2.5 %2633 m from free surface
WVertical force, £, exented by water is given by equation (3.18)
I, = Weight of water supported by All upto free surface
= Weight of portion DABOC
= Weight of DAOC + Weight of water AOR
w px [Volume of DAOC « Volume of AOH)

w 1000 x 9 81 [/m- A% |+ ':(,mp’ 1

1000 x 981 [lSy.‘(u TR x2° xl]
4

"

1000 x 9.81 [3.0 + xIN = 60249.1 N. Ans.
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Problem 3.23 Fig. 1 .50 shows a gate having o quadran: shape of radius 2 m. Find the reswltant
Jorce due to water per metre length of the gare. Find aiso the
Solution. Given :

Radius of gate

angle ar wiich the toral force will oct
WATER SURFACE A o
=-2'm b e ey
Width of gate -1m “fa )
Horizontal Force -~ .8 .
v
o = Force on the prujected arca of the F, :/%
curved surface oa vertical plane eZA
= Force on 8O = pgAh Fig. 3.30
where A =Arca ol O =2 %1 =2 m", h = —; X2=1m;
Fo=1000x98] <2 =1 =196 N
2
Thax will act 3 a depth of ;- 2= 3™ from free surface of bagusd
Vertical Force, F,

£, = Weight of water (imagined) suppocied by A8
Py x Arcaof AOB = 1.0
= 1000 x 9.81 x T (2)* = 1.0 = 30819 N
ot 3R _4%20 _ 0548 m fivem OF-
Ix Ix
Resultant force., F is given by

Thas will act as a d

F = JF,?O_F,—‘

= J19630 + 30819 = JIR1943300 + 949810761
= 36S34.4 N. Ans.
The angle made by the resultant with borizontal is given by

F. 30819
0= - - 15708
80 = o = 1ve0 %

6 =1wan ' 1. STOR « §7° 31”. Ans<

Problem 3.26 Culculate the horizontal and

vertical components of the water pressure exerted on
a tainter gate of radiuy 8 m as shown in Fig, 3,33 Take width of gate unity
Solution. The horizontal component of water pressare is given by

¥, = pgAh = Force on the area projected on vertical plane
= Force on the vertical area of 80

/
b ponittin” |- AN
whetre A« BDxWidthof gate = 30x | =40 m ’ :
m \
. | )
.'p--‘\l=2||| : 7

F,o= 1000981 30«20 = 78480 N. Ans. I.«‘HJ
Vertical component of the water pressure is given by =5
F, = Weight of water supported or enclosed (imaginary) by curved
surfoce CH

= Weight of water in the portion CBDC

= pg¢ x [Area of portion CRDC) x Width of pate

* pg x | Area of sector CBO - Area of the triangle BOD) x |

= 1000 X981 x [ﬁ X RR? - B,D,’_‘,D‘?]

360

-

= 0810 x [_'A,, x g . 30 %85 cos 30°
7 2

(%2 DO = BO cos 30° = § x cos 30°)
= 9810 % [16.755 - 13.856) = 28439 N. Ans.
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Problem 3.31 A cylinder 3 m in diameter and 4 m long retains water on one side. The cylinder is
supported as shown in Fig. 3.39. Determine the horizontal reaction at A and the vertical reaction at

B. The cylinder weighs 196.2 kN, Ignore friction WATER SURFACE c
Solution. Given 9 =1 3 - i
Dia. of cylinder =3m j/’ - '\‘i
Length of cylinder =4m B t S\ S
Weight of cylinder, W= 196.2 kN = 196200 N S B0 iw A
Horizontal force exerted by water I I :

F, = Fotce on vertical area BOC T --m;T A1E
= peAh Fig. 3.39

where A=BOCxI=3xds12m’ k= I‘ 12 15m

F,= 1000 x 981 X 12 1.5 = 176586 N
The vertical force exerted by water
F, = Weight of water enclosed in BDCOB
fr.2)., r ) P
"W'""‘,"'i’ AN x98 x < x(15)F xd= 138684 N

"~

Force F, is acting in the upward direction
For the equilibrium of eylinder
Horizontal reactionat - A= F, = 176580 N

Vertical reactionat 8= Weight of cylinies - /)
= 196200 - 138¢%1 = 57516 N, Ans.
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Given: A tank full of water and oil (8,5 = 0.80), as shown.
Find: The pressure af the oilwarer interface and the borcom of the tank.

—+— ._1.‘.
0.9 m O (5 = 0.8)
A
AL Sy
\-\
31m Warer, T'= J0°C \\\
. 20y, \\\
| 097+ 21, |
I 1

Example 1:

A hydraulic presshas a ram of 30 cm diameter and a plunger of 4.3 cm
diameter. Find the weight lifted by the hydraulic press when the force applied
is 300 W at the plunger

Solution., Ciyven

I, asl raerm,

Lhae of plunger,
Furce an plumgeger,
Find wedpht liteed

Avres of ram,

Arca of pl unper,

Ly
ef

20 ¢m = (1.3
A% ciny = (bikES m
SOMD M
W
o T 2 2
S £ = ((1.3)° = 007068 m*
T » 4 S
P (0045 = D050 m?
E
1

-.|| -

f=isi PLUNGEIR
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Pressure intensity due 1o plunger
_ Forceon plunger  F 500

" ..

.

Area of plunger @ 00159

Due to Pascal’s law, the imtensity of pressure will he
equally transimtted in all directions. Hence the pressure
intensily at the ram

T “
g ad = A A 36% 4 MAin©
CH¥D 5%
. Wl W W 1
Eut pressure intensily al rom —_ .“"t_ ! — —_ - P T
Arca of ram A DTONGE
W
— = 3124654
706N
Weizht = 344634 0 07048 = 22121 N = 21,02 kN, Ans,

Problem :

An open tank contains water up to a depth of 2m and above itan oil of sp.gr. 0.9 for
a depth of 1 m. Find the pressure intensity :

a) At the interface of the two liquids

b) At the bottom of the tank
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Solution. Given

Herght of water, £y=2m

Height of oil. Ay=1lm

Sp. gr. of oil, 5,=09

Density of water, gy = 1000 E-Lg."mJI

Diensity of ail, po= 8p. gr. of ol x Density of water

=09 x 1000 = 900 kg/m’
Pressure intensity ak anv point is given by

p=prgxl
) P=xvh=y Z
(1) At interface, ie, atA
p=pyrgxl
=000 % 941 x 10
= 68 ”, = 8% = 0,882 Ner',
m* |

(i1) At the bottom, re, &t 8
PP xgl v XgxZ, =900 x 981 x 1.0+ 1000 x 9.81 x 2.0

» 2 .q b .
- $529 + 19620 = 25449 Nl = ]i;‘ Nic = 28449 Niem.

[ |
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ABSOLUTE, GAUGE, ATMOSPHERIC AND VACUUM PRESSURES

| v
?:J : A L'_///‘
2T *% GAUGE PRESSURE
7 - ATMOSPHERIC
¥ | r / PRESSURE
- ~ :
4 - VACUUM PRESSURE

| \ ’
| ABSOLUTE
| PRESSURE 1 8

~ ABSOLUTE ZERO PRESSURE

The atmospheric pressure at sea level at 15°C is 1013 KN/m® or 10.13 N/em- in ST unit.
EE——

The pressure on a fluid is measured in two different systems.

a) It is measured above the absolute zero or complete vacium and it is
called the absohite pressure

b) Pressure is measured above the atmospheric pressure and it is

called gauge pressure.
Thus:

1. Absolate pressure is defined as the pressure which is measured
with reference to absolute vacuum pressure.

2. Gauge pressure is defined as the pressure which is measured with
help of a pressure measuring instrument, in which the atmospheric
pressure is taken as datum . The atmospheric pressure on the scale is
marked as zero.

3. Vacuum pressure is defined as the pressure below the
atmospheric pressure.
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({) Absolute pressure
= Almospheric pressure + Gauge pressure

Pan= I”a‘:m + p_i‘ auge

(i} Vacuum pressure
= Atmospheric pressure - Absolule pressure.

(if) The aimosphenic pressure head 1s 760 mm of mercury or 10,34 m of waier
| I )

I I

Problem: What ars the gange pressure and absclute pressursat a point 3 m
below the free surface of 2 liquid having a density of 1.33 x 100 kpm® if the
atmospheric pressureis equivalent to 730 mm of mercury 7 the specific gravity of
mercury iz 13.6 and density of water iz 1000 kg'm®

Solution, Ciiven :

Depth of Toguid, di=3m
Densiy of liguid, pp=3ix I3 kgi:n' '
Atmespheric pressure head, Zy = 750 mm of Hg

150

= - ={.73 m of He
1000

o Mmosphenc s, po=py el
where = Denit of Hy=Sp. g, of mercry x Desiy of water = 138 1000 kg
od ;= Pressure bead i temms of mercury
: P = (136X 100) €981 X DTN (2 7,205
= 10X N
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Pressure at 2 point, which is at a depth of 3 m from the free surface of the ligeid is given by,

p=pyxgri ‘
= (1.3 % 1000) x 981 x 3 = 45028 Nim®

. Gauge pressure, p = 45028 N, Ans
Now ahsolule pressure = Gauge pressurs 4 Atmospaenc pressure

- 45028 + 100062 = 14509 Nim’, Ans.

Pressure Measurements
—H2 b
I
f Y
Dﬂ'ﬂ'”ﬁh I B | £
L I'- r
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HBarometer

Tﬂh apu

pe— Tuba

Pyt
[—~—L‘ E o l =

() Marcury barometar

Dr. Qassem Hamed Jalut
Associate Professor

/ 4
Linkage

Diaphragm Evacualed
" cylinder

(&) Anerocid barometer

Apparatus used to measure pressuse; dentved from the Greek “baros” meaning, “weight”, Created by
Evangelista Torricelli 1 1646 who mverted a tube filled with mercury (Hg) into a dish until the
force of the Hg tnsidz the tube balanced the force of the atmosphere on the surface of the liquid
outside the tubs.

The two points O, and a are in the same elevation, then p, = p,

Po=Fu %V+ P,

(Praper can be neglected)

Po=rmayv.and p,=p. . ¥ p._ =iV (v = 760 mm of HG)
Atmospheric pressure units

.. L Standard Atmosphenic

ot Abbreviation Magnitude (at Sea-level)
Metnie [Pascal Pa 101325 100000

Bar Bar 1.01325 ~1

Millibar 1l 1013.25 1004

Tomr Torr 760

Millimeters of Mereury  jmmHg 760
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2. Pierometer Column

It can only measure positive pressure (greater than atmospheric pressure)

The beightin the pieaoeseter can be very large depending oa the
lqmd pressime; s0, it 25 oaly used wth moaderate preseare valnes.

3 LU' - Tube manometer

It comes over the problems of the piczometer. It can
measure negative pressure. and it can also be used to
measure the pressure of gases.
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a) Positive pressure

Assume

L Spegific graviry of the manometer fluid

W

Sy = —H—'_
Fo

Far unit weight of the manometer fluid (usunlly

Mlercury)

¥
Spg =22 =13.56

awW

5 Specific gravity of the fluid under pressure

Yy
Fp=—
Fy
o

R Manometer reading (vertical distance from the top of manometer fluid surface m contact

with air, and the interface between manometer fluid, and the fluid under pressure)

Idotuviza: mt € c

P = 7R, g = Py
P = B g = ;-'_,-.f:

Fa—peh =3 R,

pi=rih+r,R,

(Drvide by )

Pa

Y Pa_p,Iutep

iI/_." .l:ff n/ iy J;z“ in
(o)

Ps_ h+| = IR

; |

lf S,
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b) Negative pressure

Datum at B:

Pr=7sh+p, D pi=pa-ysh
0=7R +ps 2 py=-1.R,
p‘ = —‘r‘-R- - ';'/il

Ps= -th + nymRm ,

(Divide by )

'
~
]
-]
'S
b

I
[
ke

Differential manometer

Dr. Qassem Hamed Jalut
Associate Professor

I’alm

(b)
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The only difference with the differential manometer is that it's connested to another pipeline instead
of being subjected to atmospheric pressure

ap,= ,"'_;h_, *Py Pe=r Rt Py Pr=h- ."'/}-'5
P= ,r:.l'!.‘ +r R+ ps- ,":rh;
P P:= ,v'_,h_‘ +7.R - II"(}IB

E;pi:hi a%R_ = hy
/ 'y

it
J

Py—Ps Sme
=h, =y )+=
Yy | & URI'
hy+ R, =(zg =2 )+ by P hy-hy=lzp-2,)-R,
- jh
P{.. 2 —'z‘—]'—R-*;—
Yy §
_ {
Pa—Ps _ :E__—i}....j_"'_l.RM
Vs \Sr )
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Summary

Pl

Piczometer

Py =rn

1%
! o) Patm
R,
C

h
S,;'
Positive Pressure
p‘=.-/lh+;/_R_ -84=h+’$—' R,

- Yy S! )

86

Dr. Qassem Hamed Jalut
Associate Professor




Fluid Mechanics Class Note Dr. Qassem Hamed Jalut
Associate Professor

Paim

Patm

pa=-lr/h+ 7R e

> Sy

5

8

(a) (b)
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P FB=“F _h‘?]_iﬁm
Vs f
p,‘-p‘g: :3—:i}+:5——1:ﬁt,,1
s | 5, |

Example :1 The right limb of a simple U-tube manometer containing mercury is

open To the atmosphere while the left limb is connected to a pipe in which a
fluid of sp.gr 0.9 is flowing. The center of the pipe is 12 cm below the level of
mercury in right limb . Find the pressure of fluid in the pipe if the difference of
mercury level in the two limbs is 20 cm.

DAL LIVED

Sp. gr. of Muid, 5,=09
*. Density of fluid, py =5, % 1000 = 0.9 = 1000 = 200
Sp. gr. of mercury, 5=136

v Density of mercury,  py= 136 % 1000 kgfm'
Difference of mercury level  by=20¢m=02m
Height of fluid from A-A; ~hy=20-12=8cm=008 m
Let p = Pressure of fluid in pipe ;
Equating the pressure above A-A, we gel

| P+ pyhy = paghy

p+ 900 x 9.81 x 0.08 = 13.6 x 1000 x 5.8] x 2

T
g

s

p= 136 x 1000 x 9.81 = .2 — 900 x 9.8] x 0,08
= 26683 — 706 = 25977 N/m® = 2.597 Niem’. Ans.
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Final Answer
P=—-{p,gh: + p1gh; }

P=-(13.6x 1000 x 9.81 x0.4 + 800 x 9.81x 0.15)
=(53366.4+1177.2)=- 54543.6 %

&9
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Solution. Given :

Difference of mercury =0em=0.Im

The arrangement is shown in Fig. 2.11 (a)

Let py, = (pressure of water in pipe line (i, at point A) I

mmsucmmummmwmnwumum
at C. But pressure at B

= Pressure at A + Pressure due to 10 em (or 0.1 m)
of water - — - —m
mp . +pxgxh
where p = 1000 kg/m” and h = 0.1 m
=pa+ 1000 x 9.81 x 0.1
=po + 981 N/m?® )
Pressure at C = Pressure at £ + Pressure due to 10 cm of mercury -
=0+ p, =g xhy
where py for mercury = 13.6 = 1000 kg/m”
and Ag= 10 cm = 0.1 m
< Pressure at C =04 (13.6 x 1000) x 9.81 x 0.1
= 13341.6 N _ ()
But pressure at 8 is equal to p e at C. Hi equating the equa-
tions (7)) and (i), we get .

Pa + 981 = 13341.6
Pa = 13341.6 - 981

-lzaso.s;?, . Ans.
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Let x= rise of mercury in left limb in cm

Then fall of mercury in right limb = x cm
The points B,C,D show the initial conditions wherenspuinhl‘,c‘uﬂn*

Show the final conditions

Problemziz FQ.ZIZ:howsamiodmlegmMMaAmwh:daU-wbemwm
is connected. mnmgaﬂlwmmmghmmﬂeﬁgmmmmmd is empty. Find the
mﬁu#&m«awhﬁewdkmplddxﬂlduﬁmr (AM.LE, Winter 1975)
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0r 13,6 % (02 4 2/100)= (3 4 2724 /100) (= hy =212 ¢m)
of AN AN00=34 272 + Y100
of (27.2y = y)100= 30
or $ 1o 26.2v =3 x 100 = 300
y= ;:(; = 1145 cm

The difference of mercury level in two limbs
= (20 + 2y) cm of mercury

=20+2x1145=20+ 2290
= 42.90 cm of mercury

Reading of manometer = 42.90 cm. Ans.

problems

Q1) The U-tube shown below is 10 mm in diameter and contain
mercury. If 12 ml of water is poured into the right-hand leg. What are the
ultimate heights in the two legs.

Mercury

120mm 120mm

120mm

Q2)

A Tank is constructed of a series of cylinders having diameters of 0.3,
0.25, and 0.15 m as shown in fig. below. The tank contains oil (s.g =0.89
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), water and glycerin (s,g= 1.2) and mercury manometer is attached to the
bottom as illustrated. Calculate the manometer reading (h).

I

o
3

©
- —
Ta

o
3

Q3) A differential manometer is connected at the two points A and B as
shown below. At B air pressure is 7.848 N/cm2 (abs). Find the absolute

pressure at A.

Ans. 6.91 N/cm2
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Momentum Principle

Problem 6.1

Water at 200C is discharged from a nozzle onto a plate as shown.,  The How
rate of the water is 0,001 m? /s, and the diameter of the nozzle outlet is 0.5 cm
Find the foree necessary to hold the plate in place,

0.5 cm
Solution
This is a one-dimensional, steady Qow.  Since the system is not accelerating,

the velocities with respect to the nozzle and plate are inertial velocities. The

momentum equation in the e-direction (horizontal direction) is

E F,.:E TV, E g

Draw a control volume with the associated foree and momentum disgrams.
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From the foree diagram
E F.=-R
From the continuity equation, the mass flow in is equal to the mass flow out so
e = My =1

The velocity at the inlet is V. The component of velocity in the o-direction at
the outlet is zero, so the momentum flux is

E MUy, — E rigry, = —ml
Faguating the forees and momentum flux
—H=—-mV

or

H=mV

The volume flow rate is 0,01 m* /5, so the mass flow rate is e = p@@ = 1000 =
0.001 =1 kg/s. The velocity is

Q0001

V'=A = Toomr

= o). 'III_.-'I."-C

The restraining foree is

R=500=1=5049N

Problem 2
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A water jet with a velocity of 30 m/s impacts on a splitter plate so that ll
of the water is deflected toward the bottom and %mw.-n'cl the top. The angle of
the plate is 457, Find the force regquired to hold the plate stationary.  Neglect
the weight of the plate and water, and neglect viscous effects.

- A=0.1 m? //

A0 mjs —

Solution
The pressure is constant on the free surface of the water. Because frictional ef-

fects are neglected, the Bernonlli equation is applicable. Without gravitational
effects, the Bernoulli equation becomes

1 ...
o+ Ep'{r 2 — constant

Sinece pressure is constant, the velocity will be constant.  Therefore, each exit
velocity is equal to the inlet velocity.

Momentum and force diagrams for this problem are

The forces acting on the control surface are

F = F.i+ F,j
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The momentum fux from the momentum diagram is

Z eV — Z v, = %Th,-[SI.’Ii cos 45 + 30jsin 45)

+ %?h;{—ﬁ[}i cosd5 — J0jsind5) — iy 30i
Equating the force and momentum flux
Fui+ Fyj =i, (—19.4i+10.6§)

The inlet mass flow rate is

iy = p AV = 1000 = 0,1 = 30 = 3000 kg/s
The force vector evaluates to

Foi+ F,j= —05.82 % 10+ 3.18 = 107 (N)
Thus

F.=—582 = 10" N
3.18 x 10 N

™
=
II

» 6.8 THE MOMENTUM EQUATION

It is based on the law of conservation of momentum or on the momentum principle, which states that
the net force acting on a fluid mass is equal to the change it momentum of flow per unit time in that
direction. The force acting on a fluid mass ‘m” is given by the Newton’s second law of motion, '

F=mxa
where a is the acceleration acting in the same direction as force F.
But a= an
dt
F=m L
dt
d(mv) : ok ] ’
= T {m is constant and can be taken inside the differential }
F= M ..(6.15)
di
Equation (6.15) is known as the momentum principle. , L
Equaticn (6.15) can be written as' F.dr = d(mv) ...(6.16)

which is known as the impulse-momentum equation and states that the impulse of a force F acting on a
fluid of mass m in a short interval of time dr is equal to the change of momentum d(mv) in the direction

of force.
ceamnmoed hw Fahid
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Force exerted by a flowing fluid on a Pipe-Bend
The impulse-momentum equation (6.16) is used to determine the resultant force exerted by a flowing

fluid on-a pipe bend.
Consider two sections (1) and (2), as shown in Fig. 6.18.
Let v, = velocity of flow at section (1),

-

p, = pressure intensity at section (1),

A, = area of cross-section of pipe at section (1) and
Va, P2y Ay =corresponding values of velocity, pressure and area at section (2).
Let F, and F, be the components of the forces exerted by the flowing fluid on the bend in x-and y-
dlrectnons rcspec(wely Then the force exerted by the bend on the fluid in the directions of x and y will be
equal to F, and F, but in the opposite directions. Heace component of the force exerted by bend on the
fluid in thc x-dnrecuon = F, and in the direction of y = - F,.. The other external forces acting on the fluid
‘are p,A, and p,A, on the sections (1) and (2) mspccnvely Then momentum equation in x-direction is

given by I
Vzsin @
V.

(a)
Fig. 618 Forces on bend.

Net force acting on fluid in the direction of x = Raje of change of momentum in x-direction
PiA| — PaA; cos 0 — F_ = (Mass per sec) (change of velocity) .
= pQ (Final velocity in the direction of x
— Initial velocity in the direction of x)

=pQ (V,cos 6-V)) L(6.17)
F,=pQ(V,-V;cos 0) + p)A, - p,A, cos B «.(6.18)
Slmxlarl y the momentum equation in y-direction gives
0-pA;sin@—F,=pQ(V, sin 6 - 0) .(6.19)
F PO (- V;sin 0) — p,A, sin B ...(6.20)

Now the resultant force (Fg) actmg on the bend

=,,{F3 +F! «(6.21)

And the angle made by the resultant force with horizontal direction is given by

F,
tan @ = - -46.22)
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Problem 6.29 A 45° reducing bend is connected in a pipe line, the diameters at the inlet and outlet
of the bend being 600 mm and 300 mm respectively. Find the force exerted by water on the bend if the
intensity of pressure at inlet to bend is 8.829 N/em® and rate of flow of water,is 600 ljtres/s.
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Solution. Given :

Angle of bend, 0 =45°
Dia. at inlet, D, =600 mm=0.6 m
T2 T 2
Arca, Aj==D"=— (6
pye oyl :
=0.2827 m’ > |
Dia. at outlet, D, =300 mm =0.30m Fig. 6.19
- Area, Ay= % (37 = 0.07068 m®
Pressure at inlet, P, = 8.829 N/cm? = 8.829 x 10* N/m’
Q = 600 lit/s = 0.6 m’/s
Vl=-Q—=-—9£- =2.122 m/s
A 2827
V=2 =96 _ 3488 ms
A, .07068
Applying Bernoulli's equation at section (1) and (2), we get
2 2
pg  2¢ pg 28
But =2
2 2 4 2 2
£L+Z!.._..&+V_2 8.829x10 2 2122 2PaG 8.488

og 28 pg 28 O 1000x981 2x981 .pg 2x98l
9 + 2295 = p,lpg + 3.672

| f?- =9.2295 — 3.672 = 5.5575 m of water
. :

Py =5.5575 x 1000 x 9.81 N/m® = 5.45 x 10* N/m’
Forces on the bend in x- and y-directions are given by equations (6.18) and (6.20) as
F,=pQ[v,-v,cos 8]+ p)A; — p,A, cos ©
= 1000 x 0.6 [2.122 - 8.488 cos 45°)
+8.829 x 10* x .2827 ~ 5.45 x 10" x .07068 x cos 45°
=-2327.9 + 24959.6 - 2720.3 = 24959.6 — 5048.2
=19911.4 N
and F,=pQ |-V, sin 8] - p.A, sin 0
= 1000 x 0.6 [ 8.488 sin 45| - 5.45 x 10° x 07068 x sin 45°
=-3601.1 —2721.1 =-6322.2N
~ve sign means F, is acting in the downward direction

Resultant force, Fo=JF +F:
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= \((1991 14)* +( -63222)° f, F,= 199114 N s
o
: =20890.9 N. Ans. g B l
The angle made by resultant force with x-axis is given by " ’
equation (6.22) or w { ................. ]
F, 63222 escaa
tan 6 = - = =03175 ig. 6.
= F, 199114

8 =tan” .3175 = 17° 36". Ans.

Problem 6.30 250 litres/s of water is flowing in a pipe having a diameter of 300 mm. If the pipe is
bent by 135° (that is change from initial 1o final direction is 135°), find the magnimde and direction
of the resultant force on the bend. The pressure of water flowing is 39.24 N/cm".

(A.M.LE., Winter, 1974)

Solution. Given : 3 ’

Pressure, Py =Py = 39.24 Nfem? = 39.24 x 10* N/m?
Discharge, Q = 250 litres/s = 0.25 m*/s
Dia. of bend at inlet and outlet, Dy =D, =300 mm =0.3m
Arca, T A=Ay = i‘- D= -;E % 31=0.07068 m* :
; Q 0.25

Velocity of waterat (1) and (2), V=V, =V, = —— = ——— =3.537 m/s.

elocity of water at (1) and (2) forit Sdorerr g e o s

RG2 V, sin 45°

Fig. 6.21
Force along x-axis
=F = pQlVy, - Vol + pLA + P A,
where V,, = initial velocity in the direction of x = 3.537 m/s

Vo, = final velocity in the direction of x = — V, cos 45° = - 3.537 x.7071
Pis = pressure at (1) in x-tlirection

= 39.24 N/em® = 39.24 x 10* N/m?
P = pressure at (2) in x-direction

= p, cos 45° = 39.24 x 10* x .7071
F, = 1000 x .25[3.537 — (- 3.537 x .7071)] + 39.24 x 10" x .07068 + 39.24
x 10* % 07068 x .7071
= 1000 x 25[3.537 + 3.537 x .7071] + 39.24 % A0, % 107068 [}, #1-7071)
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= 15094 + 47346 = 488554 N
Force along y-axis
= F_r . leVly 5 VZ_\'] + (plAl)y + (p2A2)y
where V,, = initial velocity in y-direction = 0
V,, = final velocity in y-direction = — V; sin 45° = 3.537 x.7071
(p4A,), = pressure force in y-direction = 0
(pyA;), = pressure force at (2) in y-direction
= — p,A, sin 45° = — 39.24 x 10* x .07068 x .7071
F, = 1000 x 25[0 - 3.537 x .7071] + 0 + (- 39.24 x 10* x .07068 x .7071)

=-6252 —19611.1 =~ 202363 N
— ve sign means F, is acting in the downward direction

Resultant force, Fp= JF} + F}.z

: . F, = 4980.1
= /48855.4° +20236.3° 3
= 52880.6 N o
The direction of the resultant force Fy, with the x-axis is given as 8
"
F b
o e s o AT v
F, 488554

6 =22° 30". Ans.
Problem 6.31 A 300 mm diameter pipe carries water under a head of 20 metres with a velocity of
3.5 nvs. If the axis of the pipe turns through 45°, find the magnitude and direction of the resultant

force at the bend. (A.M.LE., Summer, 1978)
Solution. Given : . b
Dia. of bend, D=D;=D,=300mm=030m
.~ Area, | A=A,=A2=%Dz=§x.32=0.07068m1
Velocity, V=V, =V,=35m/s S
6 =45°
Discharge, Q=AxV=007068 x3.5=0.2475m"/s
Pressure head =20 m of water or E’& =20 m of water
p =20 % pg = 20 x 1000 x 9.81 N/m? = 196200 N/m*
Pressure intensity, p =p, =p,= 196200 N/m’
Now Vi, =3.5m/s. V,, = V;cos45° =3.5 X.7071

Vi, =0, V, =V,sin45° = 3.5 x .7071
(piA), = A, = 196200 x 07068, (p,;A)), =0
(P2A;), = = PaAA; €0s 45°, (paAy), = - P>A, sin 45°
Force along x-axis, F,=pOlV,, - Vo] + (p)A)), + (P2A,),
=1000x .2475[3.5 - 3.5x.7071] + 196200 x .07068 —p,A, X cos 45°
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Problem 6.31 A 300 mm diameter pipe carries water under a head of 20 metres with a velocity of
3.5 m/s. If the axis of the pipe turns through 45°, find the magnitude and direction of the resultant

force at the bend. (A.M.LE., Summer, 1978)
Solution. Given : \
Dia. of bend, D=D,;=D,=300mm=0.30m
Area, A=A1=A2=1:-Dz=§x.32=0.07068m2
Velocity, V=V,=V,=35m/s 3
0 =45°
Discharge, Q=AxV=007068 x 3.5 =0.2475 m'/s
Pressure head - =20 m of water or Ep— =20 m of water
4
p =20 % pg = 20 x 1000 x 9.81 N/m* = 196200 N/m*
Pressure intensity, p=p, =p;=196200 N/m?
Now Vi, =3.5m/s. V,, = V,cos 45° = 3.5 x.7071

V,, =0, Vs, = V,sin45% = 3.5 x .7071
(PiA)), = piA, = 196200 x 07068, (p,A,), = 0
(P2Ay), = = PaA; €0s 45°, (pady), = = pad, sin 457
Force along x-axis, F,=p0OlV,, = Vol + (pA), + (PA)),
= 1000x.2475(3.5-3.5x.7071) + 196200_X0796,8 -e;AR X cos 45°
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= 253.68 + 196200 x .07068 — 196200 x .07068 x 0.7071
© =1253.68 + 13871.34 - 9808.04 = 431698 N
Force along y-axis, - Fo=pQ [vyy = vyl + (pyA), + (pA,),
= 1000 x .2475[0 ~ 3.5 x .7071] + O + [~ p,A, sin 45°]
=-612.44 - 196200 x .07068 x .7071
=-612.44 - 9808 = - 10420.44 N

Resultant force Fp=E} + F =(431698)" +(10420.44)" = 11279 N. Ans.
P Agsin 45°

S V, sin 45°

==V <15l
Fig. 6.23
The angle made by Fy with x-axis
F .
Bt e e s T
J 431698

X

O=tan"' 2.411 = 67° 28". Ans.
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Problem ©.32 [ a 45° bend a rectangular air duct of 1 m* cross-sectional area is gradually
reduced 10 0.5 m” area. Find the magnitude and direction of the force required to hold the duct in
position if the velocity of flow at the I m” section is 10 m/s, and pressure is 2.943 Nlem’, Take nsity

of airas 1,16 kg/m’.
Solution. Given:

Area at section (1),
Area at section (2),
Velocity at section (1),
Pressure at section (1),
Density of air,

(AM.LE., Winter, |

A=lm’

Ay=05m’

V, = 10 s

Py = 2,943 Niem® = 2,943 x 10° Nim® = 29430 N/m”
p =116 kg/m’

Applying continuity equation at sections (1) and (2)

A,V, =A2V2
AV, |

Viz—— =~ x10=20 m/s
o 09
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Discharge Q=A,V,=1x10=10m"s

V, sin 45°

Fig. 6.24
Applying Bernoulli’s equation'at (1) and (2)

Py Vl2 P2 sz

= L A

pg 28 pg 22 ; 1St
2943x10° 100 p, 20°

or ot =—= +
L16x981 2x981 pg 2x981

2

Py _2943x10° 107 20°

pg  116x981  2x981 2x981

= 2586.2 + 5.0968 - 20.387 = 2570.90 m
o P> =2570.90 x 1.16 x 9.81 = 292558 N
Force along x-axis, - Fo=pQ [V, - Vol + (pyA)) + (p2A2),
where A, =10 m/s, V5, =V, cos 45° = 20 x 7071,
(P A),=piA; =29430 x 1 = 29430 N
and  (p,A;), =—pyA; cos 45° = — p,A; cos 45° = - 29255.8 x 0.5 x .7071
. F,=1.16 x 10[10 - 20 x .7071] + 29430 x 1 — 29255.8 x .5 x .7071
=—-48.04 + 29430 - 1034337 =0 - 19038.59 N
Similarly force along y-axis, F, = pQ[V,, - V,] + (p)A)), + (p2A)),
where Vi, =0, V3, = V5 sin 45° = 20 x .7071 = 14.142

(plAl)y
=0, (psA;), = — poA, 5in 45° = — 29255.8 x .5 x .7071 = - 10343.37
F,=1.16x10[0-14.142] + 0 - 10343.37

=-164.05 - 1034337 =— 1050742 N

Resultant force. Fr=FI+F} =(19038.6)° +(10507.42)° =21746.6 N. Ans.

The direction of F with x-axis is given as

" F, 190386 e &
5 2L scanned by Fahid
0 =tan" .5519 = 28° 53°. Ans. PDF created by AAZSwapnil
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Fy i he free xeedonbend, Henc the e rgied o hodthedut i posion i equal 1o
21746,6 N butit s acing n the opposie irectionofFy - Ans,

Problem 6.33 A pipe of 300 mm diameter conveying 0.30 m'/s of water has a right angled bend in

a horizontal plane. Find the resultant force exerted on the bend if the pressure at inlet and outlet of
the bend are 24.525 N/cm® and 23.544 N/cnr’.

Solution. Given :

Dia. of bend, D =300 mm=0.3m
Area, A=A =A,= % (.3)% = 0.07068 m*
Discharge, Q0 =0.30m%s
Velocity, y=v,=v,=2

@
V. P
e |

Fig. 6.25
Angle of bend, 6= 90°
~ py = 24.525 N/cm® = 24.525 x 10* N/m? = 245250 N/m’
pa = 23.544 N/cm® = 23.544 x 10* N/m? = 235440 N/m’
Force of bend along x-axis F, = pQ [V, — V5] + (p)A)), + (PA5),

where p=1000,V, =V, =4244 m/s, V, =0 ¢
(A, = A, = 245250 x 07068
(P2A): =0

F, = 1000 x 0.30 [4.244 - 0] + 245250 % .07068 + 0
=1273.2 + 173343 =186075 N
Force on bend along y-axis, F, =pQ [V),~ V3] + (p)A)), + (pA)),
where Vi, =0,V =V, =4244 m/s
(P1A), = 0, (P2A)), =~ prA; = — 235440 x 07068 = ~ 16640.9
F, = 1000 x 0.30[0 - 4.244] + 0 - 16640.9
=~ 1273.2 - 16640.9 =- 17914.1 N

Resultant force, Fe=F: +F} =(18601.5) +(17914.1)" =-258293 N
F y
and tan @ = <>= 11244 L igead
F. 186075

0 = 43° 54°. Ans.

cranned hhw Eahid
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Problem 6.34 A noz:le of diameter 20 mm is fitted to a pipe of diameter 40 mm. Find the force
exerted by the nozzle on the water which is flowing through the pipe at the rate of 1.2 m*/minute.

Solution. Given :
Dia. of pipe,

Area,
Dia. of nozzle,

Area,

Discharge,

Applying continuity equation at (1) and (2),

Vi=2a 02 . 552
A, 001256
Q 0.2
and V=== ——_ =63.69 m/
274, 000314 :
Applying Bernoulli's equation at sections (1) and (2), we get
2 2
AW B
pe  2g Pg 2g
Now 2, =2 —;Q- = atmospheric pressure = 0
g
Pe 28 2g

Vi d0mmy/ el AV,

Dr. Qassem Hamed Jalut
Associate Professor

D;=40mm=40x10"m= .04 m
A = ; D= ; (.04)? = 0.001256 m>
D, =20mm=0.02m
A, = % (.02)* = 000314 m?
Q = 1.2 m¥minute = % m¥s = 0.02 m¥/s
@ @

et |

—— e |

e

i
| @
@

Fig. 6.26

AVi=AV,=0

po_ Vi v (6369°) (1592°)

pg 22 28 2x981 2x981
= 193.83 m of water

=206.749 - 12.917

3 % cnned by Fahid
= 193. 81 — = 472 ’ e
e m’ b PRF created by AAZSwapn
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Let the force exertéd by the nozzle on water = F,
Net force in the direction of  x = rate of change of momentum in the direction of x
P -phy + Fe=p0(V, - V)
where p, = atmospheric pressure = 0 and p = 1000
+ 1901472 x 001256 - 0+ F, = 1000 x 0,02(63.69 - 15.92) or 2388.24 + F, = 916.15
: =~ 2388.24 + 916.15 = = 1472.09. Ans,

r
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Problem 6.35 The diameter of a pipe gradually reduces from I m to 0.7 m as shown in Fig. 6.27.
The pressure intensity at the centre-line of 1 m section 7.848 kN/m’ and rate of flow of water through
the pipe is 600 litres/s. Find the intensity of pressure ai the centre-line of 0.7 m section. Also deter-

mine the force exerted by flowing water on transition of the pipe.
Solution. Given :
Dia. of pipe at sectionl, D;=1Im
Area, A = % (1)* = 0.7854 m?
@

Dia. of pipe at section2, D;=0.7m

Area, Ay = % (0.7)" = 0.3848 m’
Pressure at section 1, py = 7.848 kN/m’ = 7848 N/m’
: - 600 3
Discharge, - = 600 litres/s = —— = 0.6 m’/s
5 2 ' 1000 ’
Applying continuity equation,
; AV =AV,=0
Q 0.6
V== = —— =0.764 0/
157, T 0785 ;
(¢] 0.6
V=—=—=——=155m/
2T, 3884
Applying Bernoulli’s equation at sections (1) and (2),
V2 2
Py Py Y. ~{* pipe is horizontal,

Pg 28" pg 28
2 2
7848 (764 _p, , (159)

or
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Flow in pipes

Laminar flow for real fluid

(p,}m'2 —(p - Ap)mr? — (T)27ri =0

which can be simplified to give

Dr. Qassem Hamed Jalut
Associate Professor

Fluid elamant at tims ¢

Elerment at time « + &

[/
Valocity
- profile —l'— \ ———————— /\
r kY D
] —_ 4 D
= 1 -+ .
eV = uirll } | || F-|{4Ll-HE Hr’
Motion of a cylindrical
(n 2 fluid element within a pipe.
t2nré
il —
e | ipy - aphmr?
_  _—je—— - ——— T
£ B FIGURE 8.8 Free-hody
e Ainmvenam of o colindae of fAaodd
{ pb
Ap=fr—
7=

where the dimensionless quantity

f= ,lp(Dﬂ),f'(Mﬂ;{E}

is termed the friction factor, or sometimes the Darcy friction factor [H. P, (. Darcy
(1803-1858)]. (This parameter should not be confused with the less-used Fanning fric-
tion factor, which is defined to be f/4. In this text we will use only the Darcy friction
factor. ) Thus, the friction factor for laminar fully developed pipe flow 1s simply

6
I Re

(8.19)

By substituting the pressure drop in terms of the wall shear stress (Eq. 8.5), we obtain an al-
ternate expression for the friction factor as a dimensionless wall shear stress

(8.20)
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Problem (1) pipe flow for real fluid

An oil with a viscosity of p = 040 N - s/m* and density p = 900 ]~:;;'_-,.-"|'.njL flows in a pipe of
diameter D = 0.020 m. (a) What pressure drop, p; — p». is needed to produce a flowrate of
Q = 2.0 X 1075 m’/s if the pipe is horizontal with x, = 0 and x, = 10 m? (b) How steep a
hill, #, must the pipe be on if the oil is to flow through the pipe at the same rate as in part
(a), but with p; = p;7(c) For the conditions of part (b}, if p; = 200 kPa, what is the pressure
at section x; = 5 m, where x is measured along the pipe?

Solution -

(a) If the Reynolds number is less than 2100 the flow is laminar and the equations derived
in this section are valid. Since the average velocity is V = Q/A = (2.0 % 107°
m?/s)/[7(0.020/'m*/4] = 0.0637 m/s, the Reynolds number is Re = pVD/p = 2.87
< 2100. Hence, the flow is laminar and from Eq. 8.9 with { = x, — x; = 10m, the
pressure drop is

128l Q
Ap=p—pr=—2

_ 128040 N - s/m*)(10.0 m)(2.0 X 107° m*/s)
- 7(0.020 m)’

ar
Ap = 20400 N/m’ = 20.4 kPa
(b} If the pipe is on a hill of angle # such that Ap = p, — p, = 0, Eq. 8.12 gives

12810
mpeD’

sin# = —

ar
—128(0.40 N - s/m)(2.0 X 1075 m’/s)
7(900 kg/m*)(9.81 m/s%)(0.020 m)’

sin fl =

= —13.34"
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72

Loss Coefficients for Pipe Components (h_,_ =K l'—) (Data from Refs. 5, 10, 27)

L 2£

Component

Ky

Elbows

Regular 907, flanged
Regular 907, threaded
Long radius 90°, flanged
Long radivs 90°, threaded
Long radius 457, flanged
Regular 45°, threaded

. 180° returm bends

130" return bend, flanged
180" return bend, threaded

Tees

Line flow, flanged
Line flow, threaded
Branch flow, flanged
Branch flow, threaded

. Union, threaded

. Valves

Globe, fully open

Angle, fully open

Gate, fully open

Gate, } closed

Gate, 3 closed

Gate, 7 closed

Swing check, forward flow
Swing check, backward flow
Ball valve, fully open

Ball valve, t closed

Ball valve, 3 closed

03 v —:ﬁ
0 Ay

-
ad

2 —1
o0 TN

0.2
0.9 v
1.0
2.0

0.08

10

0.15
0.26
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Minor losses:

The most common method used to determine these head losses or pressure drops is to
specify the loss coefficient, K. which is defined as

hL .j‘lp
K, = Tn0 L
(1' ‘;’2,2} 5;;1;’
so that
Ap =K pV?
or
VQ
hf__ = KL@ {&36}

The pressure drop across a component that has a loss coefficient of K; = 1 1s equal o the
dynamic pressure, pV%/2.

The actual value of K, is strongly dependent on the geometry of the component con-
sidered. It may also be dependent on the fluid properties. That is,

K; = d{geometry, Re)

where Re = pVD/u 15 the pipe Reynolds number. For many practical applications the
Reynolds number 1s large enough so that the flow through the component is dominated by
mnertia effects, with viscous effects being of secondary importance. This is true because of
the relatively large accelerations and decelerations experienced by the fluid as it flows along
a rather curved, variable-area (perhaps even torturous) path through the component (see
Fig. 8.21). In a flow that is dominated by inertia effects rather than viscous effects, it 1s usu-
ally found that pressure drops and head losses correlate directly with the dynamic pressure.
This 15 the reason why the friction factor for very large Reynolds number, fully developed
pipe flow 1s independent of the Reynolds number. The same condition is found to be true for
flow through pipe components. Thus, in most cases of practical interest the loss coefficients
for components are a function of geometry only, K; = d{geometry).
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m FIGURE 8.24
Entrance loss coefficient as
a function of rounding of
the inlet edge (Ref. 9).

BmFIGURE 8.26
Loss coefficient for a sud-
den contraction (Ref. 10).

m FIGURE 8.27
Loss coefficient for a sudden
expansion (Ref. 10).
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1.0
0.8
Secondary

flow

0.6

K

0.4
ﬁ- =0.01
0.002

0.2
0.001

U
0
o} 2 4 G & 10 12

RiD

B FIGURE 8.30 Character of the flow in a 9° bend and the associated loss coefficient
(Ref. 5).

Guida vanes

B FIGURE B.31
Character of the flow
in a 907 mitered bend
and the associated loss
coefficient: (a) without
guide vanes, (b) with
(a) ] guide vanes.
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I Example 1';';:; is ﬂam;thmugh apipe o/'S om diameter under a pressure of 29.'43 Niem'
(gauge) and with mean velocity of 2.0 ms Find the total head or total energy per wnit weight of the
" waler at a cross-section, which is 5 m above the datum line.
- Solution. Given: i
Diameter of pi =5em=05m
Pressure, i p= 29,43 Nem' = 29.43 % 10° Nin’
Velocity, y=20ms
Datum head, (=5m 4
Total head = pressure head + kinctic head + datum head
L Mﬂ(m for water = 1000 e
rrgo "o 100981 d .
¥l :
netl % o 3 e 2 (L )M M
ol TR
| Toulbeud e Lyl e 20002084 52 35204 m. Ans,
T

Example2 |The water is flowing through a pipe
having diameters 20 cm and 10 cm at sections | and
2 respectively. The rate of flow through pipe is
35 litres/s. The section | is 6 m above datum and
section 2 is 4 m above datum. If the pressure at sec-
tion 1 is 39.24 Nicm®, find the intensity of pressure
al section 2.

D, .\’9‘ ?’ '
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At section 1, D, = 20cm = 0.2 m
Ay = 7':- €.2) = 0314 m*

2y = 39.24 N/cm?®
= 39,24 = 10* N/m?
Sy = 6.0m
At secuon 2, D, =010m

Ay - L_:- (0.1)° = 00785 m*

)

py=2
Rate of Now, Qw35 lvs ™ i—;a% - 035 mVs
Now Q= AV, = AV,
v.--z--_—;-:-’s:’,—f; -1.114 m/s
and V,—-/%- 62::5-4.456“”.

Applying Bernoulli's equation at sections 1 and 2, we get
£ +--!—-v -z - &+—L¢c,

PE 28 PE 28 :
i f::;:s:.:: '.(2l:<'9‘;l e T o T v (;:::: S
or 404—0061060-3-5"4;—6-»1012040
oF 26,063 = 5{&6 + sS012

e a6, 3 - S
oo 06 5012 = 41.051

pi=41.051 % 98510 N/m®

- ALOSI 9810 1y o 40.27 Nrcen?

examle 3| The walr i flving (rough o ter pipe of lengeh 100 m hving diometers 600 o
o he wpperendond 300 b he e nd, ot the e of S0iel. Theppe s soe of L in 3
i Fdﬁepnumauhc Ioweren i the prossur e igher e i 1962N/cm’

¢ I?ATUM LINE
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™~ Tolution. CGiven @

B onmgeh of pripea ., £ T O s

-
EDim. ot alse wagrgrer e ek, L3y o SO0 sxazan e .G wxn
- Arcn. Ay - = 5,7 - % > €. >
-— O ZR2T T
IRy U O EFEATANAAE ST AR RAFMERO S @ el

1O G2 NS
- 19.62 = 10* Nrm?

Dia. at lower end, Dy = 300 mm = 0.3 m
o Area, Az= -:-'- D - % .3)7 = 0.0706% m

Q = rate of flow = SO litresss = '_-"';. -0.05 mx

Let the line is p '3 gh the of the lower end.
Then 3=0
As slope is 1 in 30 means :,-Sl—dxlw-'—:,m
Also we know Q=AV, = AV,
’ Q 0_.0__2_ « - - 77
V- T o JAT68 m/sec = 0.1 mis
and v,-%- : 053 = 0.7074 m/sce = 0.707 m/s
Applying B »alli™s equation at sec (1) and (2), we got
T e S e AR
Px 2k Ps 2x
- 2 2
19.62>10* 477" 10 _p, 7070
1000 < 981 2 =981 3 [ 2= 981
or 20 + 0.001596 + 3334 = 5‘1 + 0.0254
- e EER
or 23.335 - 0.0254 = 1000 X 951

P3= 2383 %X 9810 N/my’ = 228573 N/m? = 22.857 N/em®. Ans.

Application of Bernolli Equations

Example 4

The pitot and piczometer probes read the

total and static pressures as shown in
Fig. 3.14. Calculate the velocity V. 112kPs 240kPy
Bernoulli's equation provides

| p—— J Water

Figure 3.14

where point 2 is just inwde the pitot tube. Using the information given, there results

20000 V7112000
- s Vy=16m/'s
1000 2 1000

: _ X Nm  (kems)m o
Check the units on the first term of the above equation: —— > — T —
kg/'m kg/m

121




Fluid Mechanics Class Note Dr. Qassem Hamed Jalut
Associate Professor

Problem 1

f, v "
A pitot-static tube measures the total pressure py and the local pressure p in a uniform flow in a 4-cm-
diameter water pipe. Cakulate the flow rate of
(@) pr= 1500 mm of mercury and p = 150 kPa
(5) pr= 250 kPa and p = S00 mm of mercury
(¢) pr= 900 mm of mercury and p = 110 kPa

Answer: (a) 1001l m's (b) 1693 m/s (c) 449 m/'s
Problem 2

Determine © the velocity Vin the pipe if the fluid
i the pipe of Fig. 3.15 1s V ey -ﬂ

(a) Atmosphencairand b = 10 cm of water

(5) Water and k = 10 cm of mercury l‘,:

(¢) Kerosene and k = 20 cm of mercury 1

(d) Gasoline and & = 40 cm of water

Sp.gravity for kerosen=0.8 andforgasolne=0.68 Figure 3.15
Answer 2
(@) 399 m/s (h) 497 m/s (c) 7.88 m/s (d) 1.925 m/s

Weirs

The notches are classified as
1. According to the shape o the opening
(a) Rectangular notch,
(b) Triangular notch,
(¢) Trapezoidal notch, and
(d) Steppednotch,
2. According tothe effectofthe sides on the nappe
(a) Notchwith end contraction,
(6) Notch withoutend contracion orsuppressed notch.
Weirsae classifiedaccoring o th shape o he opening the shape ofthe crst,the effct ofthe sides
onthe nappe and nature of discharg, The following are important classifications
(a) According to the shapeof the opening
(i) Rectangular weir, (if) Triangular weir, and
(i) Trapezoidal weir (Cippolett weir)
(b) According o the shape of the crest
(i) Sharp-crested weir, (i) Broad-crested weir,
(iif) Narrow-crested weir, and (iv) Ogee-shaped weir.
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CREST O e
ORSILL [l (c) SECTION AT
CREST
(a) RECTANGULAR NOTCH (b) RECTANGULAR WEIR

Fig. 8.1 Rectangular notch and weir.

Consider a rectangular notch or weir provided in a channel carrying water as shown in Fig. 8.1.
Let H = Head of water over the crest

L =Length of the notch or weir

For finding the discharge of water flowing over the weir or notch, consider an elementary horizontal
strip of water of thickness dh and length L at a depth h form the free surface of water as shown in
Fig. 8.1(c).

The area of strip =Lxdh
and theoretical velocity of water flowing through strip = Jz}?

The discharge dQ, through strip is

dQ = C;x Area of strip X Theoretical velocity

= Cyx Lxdhx |[2gh (i)
where C, = Co-efficient of discharge. :

‘T'he total discharge, ¢, tor the Whole notch or weir 1§ determined by Integraung equauon (1) between
the limits 0 and H.

Q:j: C,.L.2gh . dh=CyxLx Jz'{j:h‘”dh

H

st R H
=CdexJ'2El— =Cd><Lx‘[2§[-—
il n
2k
)

=iCdex\/ﬂ i (81)

Problem 1:
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Problem 82 Detemine hehightofa ecangulrweir of ength 6t be bl oot peca
gilarchannel, The masimun dthof vter nthe e sid f e weir s Smand discharge
i 2000 e, Tak C, = 06 nd negletend contctons '

Solution, Given.

Lenghafweir, L=6m

Depl of water, fi=18m

Dishar, (=10 =2

i (08 :

Lot Hihightof wlraboe B st v, = eihof e g 8
Thedishugovrthewersgen by eeuion 1)1

Q:%Cdxf,xﬂ} i

)
0 2.U=§x0.6x6.0xm K"
063
. __2_0__
106 Fig. 82

l
= (_2_0“) =03%n
1062)

. Heightofwer,  Hy=Hy-H
= Dep of waleon upsteamside -
=18~ 8= 1470m, Ans

A o ORAA

Problem | Jiluffu ol 00 Te g 30 e

Fodeloghof oo e =)

Solution. Given :

Head over notch, H=90cm=09m

Discharge, Q =300 lit/s = 0.3 m°/s
Cd = 0.62

Let length of notch ="

Using equation (8.1), we have

2
Q = -;;' XCdXLX.VFZ_g < HY
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SN 0.3 = % x 0.62x L x sz <081 x (0.9)°"?
= 1.83 x L x0.8538
= 0.5 =.192 m = 192 mm. Aps.
1.83 x .8538

DISCHARGE OVER A TRIANGULAR NOTCH OR WEIR
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The expression for the discharge over a triangular notch or weir is the same. It is derived as :
Let H =head of water above the V- notch
8 =angle of notch
Consider a horizontal strip of water of thickness ‘dh’ at a depth of i from the free surface of water as
shown in Fig. 8.3.
From Fig. 8.3 (b), we have

0. AC . AC
an— = —=——
2 0C (H-h)
()
AC=(H—h)tan3
Width of strip =AB=2AC=2(H-h)tan 5 Fig. 8.3 The triangular not¢h.
. Area of strip =2 (H - h) tan g X dh

The theoretical velocity of water through strip = ,/ 2gh

Discharge, dQ, through the strip is
dQ = C,x Area of strip X Velocity (theoretical)

=C,x2(H-h) tan% x dh x \[2gh
0
=2C,(H - h) tan 5 X \J28h X gh
' . H £ AL
- Total discharge, Qis Q= jo 2C, (H - h) tan = \2gh x dh
6 K n
= 2, x1an = x V& [ (H - Wh'™ dh
0

H z) 2
=2xC, X1tan gx \/ﬂj (Hh“- = /,3/-) dh
0
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=2 x CyX tan gxm -2-11.H3'2—-2—H5’2]
2 L3 5

=2xCdxtan-e-xﬁ§ ZH”Z—ZH”]
2 [

=2xCdxtan-gx\/§§ —14—5-H5’2]

8 &) )
=— C,Xtan —X+/2¢g XH
is. pojes

For a right-angled V-notch, if C,= 0.6

0902, ... tan _9_ =
2
Discharge Q= % x0.6x1x2x981 x H"?
=1.417 H*".

Problem 3: Water flows over a rectangular weir | m wide at a depth of 150 mm and afterwards
passes through a triangular right-angled weir. Taking C, for the rectangular and triangular weir as
0.62 and (.59 respectively, find the depth over the triangular weir.

Solution. Given :

For rectangular weir. length, ——%1In

Depth of water, K = 150 mm=0.15m
c, = 0.62

For triangular weir. e = 90°
C, = 0.59

L et depth over triangular weir = H,

127




Fluid Mechanics Class Note Dr. Qassem Hamed Jalut

Associate Professor

0=2 xCxLx g xH"”

N o

8 3 x0.62 % 1.0 x ﬁ;m X (.15)3/: m’/s = 0.10635 m’/s

The same discharge passes through the triangular right-angled weir. But discharge, 0, is given by
equation (8.2) for a triangular weir as

Q:%xCdxtangxﬁEme

0.10635:%)(.59xtan?x 2 XH? (= 0=90°and H=H,)

e .]’55. % 59X 1 %4429 % H¥? = 13936 H,

H = 109 06l
13936

o Hp=(07631)° =035 m Ans,

Stepped Notch
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AR AT I WP 58

Problem 8.8 Fig. 8.7 shows a stepped notch. Find the discharge through the notch if C, for all
section = (.62, _ £

Solution. Given :

L| = 40 cm, L2 = 80 cm,

[y=120cm
H,=50+30+15=95¢cm, i
H, =80 cm, Hy =50 cm, 40 cm’
: =80 cm —
C4=0.62 - 120 cm ——>
Total discharge, 0= Q; + 0, + Qs Fig. 8.7

where 0,= % x C;x Ly x |2g [H" - H,")

- % X 0.62 X 40 X |2 X 981 x [95°7 - 80%?]
= 732.26[925.94 - 715.54] = 154067 cms = 154.067 lit/s

0, =% X CyX Ly x 28 x [Hy " - H)

= % % 0.62 x 80 x 2% 981 x [80"%- 50°?]
= 1464.52[715.54 - 353.55] cms = 530141 cm’/s = 530.144 lit's

and 0= = X CyxLyx 28 x Hy"

o | o

= % % 0.62x 120 /2% 981 x 50¥=776771 cm¥/s = 776.771 liv's

0 =0, + 05+ 0;= 154067 + 530.144 + 776.771
= 1460.98 livs. Ans. scanned by Fahid

Friction Factor Calculations

The Darcy-Weisbach equation, for calculating the friction loss in a pipe, uses a
dimensionless value known as the friction factor (also known as the Darcy-Weisbach
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friction factor or the Moody friction factor) and it is four times larger than the Fanning

friction factor.

Friction Factor Chart / Moody Chart

The friction factor or Moody chart is the plot of the relative roughness (e/D) of a
pipe against the Reynold's number. The blue lines plot the friction factor for flow
in the wholly turbulent region of the chart, while the straight black line plots the
friction factor for flow in the wholly laminar region of the chart.

K Lamina: flow Tuwrbuiert flow

Critical zonz
A 5 = = |
n.0a =]
n.07 \ o LT ——— 0.05000
008 =T 0.04000
' \ =L T 003000
el ]
0.05 =] 0.02000
\\‘l\_ H'“‘-\—u\_____‘_
o.04 K I 0.01000
[
H h_\-\-\_h‘_"‘-——.
0.03 "#; | = 0.00s00
W
\ '\\L“%—_\ Rebtive 2
\\.\H‘H\_ rovghnes d
s
.02 \izx.x = 0.0o0100
Friction factor \“3{ x_‘H“““HHH___
h = T 0.00050
f= - L | TTTH
— ™3 [
d 2g ™4 T 0.00010
)
0. Yl e WY !
Reyndd's nunber Re= — -4 |
0.o0e T T T—T TTTT1T I-: T Tt 0000
1000 10,000 100,000 1 000,000 10,000,000 102,000,000

In 1944, LF Moody plotted the data from the Colebrook equation and the
resulting chart became known asThe Moody Chart or sometimes the Friction
Factor Chart. It was this chart which first enabled the user to obtain a reasonably
accurate friction factor for turbulent flow conditions, based on the Reynolds
number and the Relative Roughness of the pipe.

Friction Factor for Laminar Flow

The friction factor for laminar flow is calculated by dividing 64 by the Reynold's
number.

Friction factor (for laminar flow) = 64 / Re

Critical Flow Condition

When flow occurs between the Laminar and Turbulent flow conditions (Re 2300 to
Re 4000) the flow condition is known as critical and is difficult to predict. Here the
flow is neither wholly laminar nor wholly turbulent. It is a combination of the two
flow conditions.
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Friction Factor for Turbulent Flow

The friction factor for turbulent flow is calculated using the Colebrook-White

equation:

Colebrook-White Equation

' "
i [« 035
1/F =1.14- Zluglc:lik5+ ——=| forRe>4000

E"..f;

Due to the implicit formation of the Colebrook-White equation, calculation of the
friction factor requires an iterative solution via numerical methods.

The friction factor is then used in the Darcy-Weisbach formula to calculate the
fluid frictional loss in a pipe.

Sl based Moody Diagram

The Moody friction factor - A (or f) - is used in the Darcy-Weisbach major loss equation.
The coefficient can be estimated with the diagram below:
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Reynolds Mumber - R,

If the flow is transient - 2300 < Re < 4000 - the flow varies between laminar and turbulent
flow and the friction coefiicient is not possible to determine. The friction factor can usually
be interpolated between the laminar value atRe = 2300 and the turbulent value at Re =
4000.

Example - Sl based Friction Factor

For a PVC pipe with absolute roughness k = 0.0015 107 (m), hydraulic diameter D, = 0.1
(m) and Reynolds number Re = 107 - the relative rougness can be calculated as

k/Rp, = (0.0015 10 m) / (0.02 m)
= 0.000075

From the diagram above, with the relative rougness and the Reynolds number - the
friction factor can be estimated to aprox. 0.011.
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Solution:

From Moody Diagram, {=0.011

V= Q/A=(3.5 m¥/s)/[(7/4)(1.5 m)’]=1.98 m/s

The flow is turbulent-transitional zone.

-

[
in-ﬂvnl-‘;.'H

»
ml'gu_u:‘l’r—:‘

1

i | T'IHyIH

For commercial steel pipe. roughness heigth (e) = 0.045 mm

Relative roughness (e/D) = 0.045 mm/1500 mm = 0.00003

Nr=DV/v=[(1.5 m)(1.98 m/s)]/(1.00x 10" m?/s)=2.97x10°

Example 1.1(Use of Moody Diagram to find frition factor): A commercial steel pipe, 1.5 m
in diameter, carries a 3.5 m’/s of water at 20"C. Determine the friction factor and the flow
regime (i.e. laminar-critical; turbulent-transitional zone: turbulent-smooth pipe: or turbulent-
rough pipe)

To determine the friction factor, relative roughness and the Reynolds number should be
calculated.

lore o

-
8

ImamEel

e

ey

I BEABLLARR]

>

Comph

wrbuience. fough pipes

‘{II LI
T LAY

iiidiiiiaee

-

00s

-

- i

238253 <

a0

Y I =

W.“
i
5

. _“w!

+4
1
{

1

am

..

1

om

oo

ool

000 b

13t
-
3

O0ns

Q.00

(A P

-+~

a0

b= 0002

0001

Q0008

00000

00003

4

Q002

LB AL
Y

~

ool

T M

bl
I
 §

~

3

I

T

79
1w’

1 !
NN 2 45679

Ny 2 4 85679

1wt

H10% A L 5679
10
Reymokds sumber Ny

1o

AWM 3 2567

0000001

e

A

- 2107 53 4 587

w'

" 0.000
e

000001

L J
w

L
D

Refative rosughoess

«/D=0.00003

133




Fluid Mechanics Class Note Dr. Qassem Hamed Jalut
Associate Professor

Ex: (1)

A piping system consists of parallel pipes as shown in the following diagram.E
One pipe has an internal diameter of 0.5 m and is 1000 m long. The other pipe
has an internal diameter of 1 m and is 1500 m long. Both pipes are made of
cast iron (ks = 0.26 mm). The pipes are transporting water at 200C (p = 1000
kg/m3,v =10-6 m2/s). The total flow rate is 4 m3/s. Find the flow rate in
each pipe and the pressure drop in the system. There is no elevation change.

Neglect minor losses.

L=1000 m, D=0.5m

L=1500 m, D=1 m
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Solution

Designate the 1000-m pipe as pipe (1) and the other as pipe (2). The pressure
drop along each path 1s the same, so
V2 Ly V

Iy
p f]D]PQ IQDQPQ

So, the velocity ratio between the two pipes 1s

Va_ [HiLiDy
i\ /2 LoDy
_ [0 10 i
~ V1500 " 05 \/ 72
— 115,/
\;’ J2

Since the total flow rate 15 4 mSI;"s:

ViA; + 154, =4 m?/s

1 (Ex0_52)+1§(gx 1?) =4

019613 — = % 115 % V| 2L = 4
4 \

| f2
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or

[ f2

Vi (0_196— 0_903\-’&) —4

The relative roughness of pipe 1 15 0.26,/500=0.00052 and for pipe 2, 26,/1000=0.00026.
We do not know the friction factors because they depend on the Reynolds num-

ber which, in turn, depends on the velocity. An iterative solution is necessary.

A good initial guess is to use the friction factor for a fully rough pipe (limit at

high Reynolds number). From the Moody diagram (Fig. 10.8) for pipe 1, take

f1 =0.017 and for pipe 2, f; = 0.0145. Solving for 1]

1 -
1= —
0.196 + 0.903 / 5715
=341l m/s
and
/0017
1 =1.15 x 341 x \,sm
[ 0.0145
=425 m/s
The Reynolds numbers are
WiD; 341 x05 6
Re; = e T =1.71 % 10
VoDy 425 x1.0 . 1 nE
= = e 2
Res ” T0=¢ 425 % 10

From the Moody diagram, the corresponding friction factors are
f1=00172 fa =0.0145

Because these are essentially the same as the imitial guesses, further iterations
are not necessary. The flow rates in each pipe are

Q1 =A1V; =0.196 x 341 = 0.668 m?/s

Qs = A3V = 0.785 x 4.25 = 0.334 m? /s

The pressure drop 1s

Ly VP
Ap=fi—p—
p=f Djp 5
1000 3.412
=0.0172 x — x 1000 x —
R

=2 % 10° Pa = 200 kPa
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Ex:(2)

Anold pipe 2 m in diameter has a toughness of ¢ =30 mm. A 12-mm-thick lining would reduce the roughness
to ¢ = 1 mm, How much would pumping costs be reduced per kilometer of pipe for water at 20 °C with
discharge of 6m’/s? The pumps are 75 percent efficient, and the cost of energy is $1 per 72 MJ,

I 0,=0/A=6[(00=190ms  Ne=dvy
(Neh= QII0/L0X 1074 =375X 10 e,/dy=(0.030)2=0015
From Fig, A5, ; = 0,04,
b=~ (000))=19%m  v,=Q/A,=6/[(x)(L976}/4]=1%5Tm/s
(Vo= (LITB)L9STLELX 107 =379X 10° e/, = (0.001)/1.976:=0.000506
=00 b= (LI )

() = OO0 2L 910 (2)0.807)} =4 2
(b =00 TION/LLST Q0T =180

Savingn head=4092-1680=2400m  P=Qyh/n=(6)0. 19X 192412075 =088 M
Savings per year = (0.1889)[(365)(24)(3600))/72 = $82 738
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EXAMPLE 1: Gravity-Driven Water Flow in a Pipe

Water at 10°C flows from a large reservoir to a smaller one through a 5-
cmdiameter cast iron piping system, as shown in Fig. below. Determine
the elevation z1 for a flow rate of 6 L/s.

M Sharp-edged
. entrance, K, =0.5
— Standard elbow,

— l = e flanged, K_ = 0.3
1 = I|I

D=5cm ,-"

/ @ 1,=4m
am / Gatevalve,

_—Control /" tully open
volume K =0.2—
boundary | L %

[

=}

' 80 m | kit K, = 1.06

Note : V°= Q =flow rate
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N—Feflow ratethrousha pipins systemcontectine two reservoirs
is given. The elevation of the source is to be determined.
Assumptions 1 The flow is steady and incompressible. 2 The elevations of
the reservoirs remain constant. 3 There are no pumps or turbines in the line.
Properties The density and dynamic viscosity of water at 10°C are p
= 999.7 kg/m® and p = 1.307 x 102 kg/m - s. The roughness of cast iron
pipe is e = 0.00026 m.
Analysis The piping system involves 89 m of piping, a sharp-edged
entrance (K; = 0.5), two standard flanged elbows (K, = 0.3 each), a fully
open gate valve (K; = 0.2), and a submerged exit (K; = 1.06). We choose
points 1 and 2 at the free surfaces of the two reservoirs. Moting that the
fluid at both points is open to the atmosphere (and thus P, = P. = P,.)
and that the fluid wvelocities at both points are zero (V; = V., = 0), the
energy equation for a control volume between these two points simplifies to

p{ viO P vz
-t ay + Iy =7+ ep — +7; + h = 7y =12+ h
pq 2g P9 29

where

L V2
hL = hL,mtaI = I-IL, major + hL,rnincur = (i E + 2 Ke E

since the diameter of the piping system is constant. The average velocity in
the pipe and the Reynolds number are

v vV 0.006mYs
A. wD¥4  (0.05 m)¥4
_ pVD _ (999.7 kg/m?)(3.06 m/s)(0.05 m)
o 1.307 x 10 *kg/m-s

The flow is turbulent since Re = 4000. Noting that /0 = 0.0002&/0.05
= 0.0052, the friction factor can be determined from the Colebrook equa-
tion (or the Moody chart),

1 elD 2.51 1 0.0052 2.51
—= —20Ilogl — + = — ——== —2.0log + —
WV 3.7 ReVf VE 3.9 117,000\/f
It gives f = 0.0315. The sum of the loss coefficients is

2 KL = KL, entrance + 2KL. elbow + KL, valve + I‘(L,e:ocir.
=05+2 x 0.34+024+106=236

Vo= = 3.06 mfs

Re = 117,000

Then the total head loss and the elevation of the source become
L V2 89 m ) (3.06 m/s)?
hy = [ f=+ K. J=—=10.0315 +236) ———5=27.9m
L ( D 2 L)zg ( 0.05 m 2(9.81 m/s?)
z1=22—|—h|_=4—|—2?.9=31.9m

Therefore, the free surface of the first reservoir must be 31.9 m above the
ground level to ensure water flow between the two reservoirs at the specified
rate.
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EXAMPLE 2: Pumping Water through Two Parallel Pipes

Water at 20°C is to be pumped from a reservoir (zA ! 5 m) to another reservoir

at a higher elevation (zB ! 13 m) through two 36-m-long pipes connected
in parallel, as shown in Fig. 8-47. The pipes are made of commercial
steel, and the diameters of the two pipes are 4 and 8 cm. Water is to be
pumped by a 70 percent efficient motor—pump combination that draws 8
kKW of electric power during operation. The minor losses and the head
loss in pipes that connect the parallel pipes to the two reservoirs are
considered to be negligible. Determine the total flow rate between the
reservoirs and the flow rate through each of the parallel pipes.

SOLUTION The pumping power input to a piping system with two
parallel pipes is given. The flow rates are to be determined.

Control

L =36 m volume B Zg=13m
D. —4cm ~boundary *
I II.l —-
—t

Zy=5m t

.’
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Assumptions 1 The flow is steady and incompressible. 2 The entrance
effects are negligible, and thus the flow is fully developed. 3 The elevations
of the reservoirs remain constant. 4 The minor losses and the head loss in
pipes other than the parallel pipes are said to be negligible. 5 Flows through
both pipes are turbulent (to be verified).

Properties The density and dynamic wiscosity of water at 20°C are p
= 998 kg/m® and p = 1.002 = 102 kg/m - s. The roughness of commer-
cial steel pipe is & = 0.000045 m.

Analysis This problem cannot be solved directly since the velocities (or flow
rates) in the pipes are not known. Therefore, we would normally use a trial-
and-error approach here. Howewver, nowadays equation scolwvers such as EES
are widely awvailable, and thus we will simply set up the equations to be
solved by an equation solver. The useful head supplied by the pump to the

fluid is determined from
; pVgh ) (998 kg/m3) L/ (9.81 m/is2)h )
Wojoet — puUrmp, U . W o— PUITE U

T} pump — motor 0.70

(1)

We choose points A4 and B at the free surfaces of the two reservoirs. Moting
that the fluid at both points is open to the atmosphere {and thus P, = FPg
= Pt and that the fluid velocities at both peints are zero (W, = Vg = 0), the
energy equation for a control volume between these two points simplifies to

5‘5;.-+czgv—‘%‘/ﬂ+ Zp + h =EEJ+-;1- v—%/0+z + h, — h
A9 29 purmp, u £g B E L pump, u
= (Zpg — Za) + h
-l
Ppump,u = (13 — 5) + h, (2)
where
hy =h_ ., =h_z (3)(4)

We designate the d-cm-diameter pipe by 1 and the S-cm-diameter pipe by
. The average wvelocity, the Rewnolds number, the friction factor, and the
head loss in each pipe are expressed as

Vv, — DI WV, — Vs s
' AL, @wD3/4 ;’ ' w(0.04 m)¥/4 {}
V> V2 Va
WV, = = ——=— Wy = 6
2= Aca ~D2/4 - 2 = (0.08 m)Z/4 b
VD 998 kg/m3)V,(0.04 m
Re, — pVILYq . Re, — ( g }_13{ ) 3
L 1.002 > 10 kg/m - s
pVaD, (998 kg/m*)V5(0.08 m)
Re, = ——~= Re, = 8
=5 7 — = 1.002 =< 10 3 kg/m - s =
/D
1___ = —2.0 Iog(g L 2'51___
""\..—"r-f1 3.7 R'E"| "'\.-"r-f1
. LI Iog( 0.000045 _ _ 2.51 -
\\_.rﬁ : 3-? et 0.04 Re1 ‘-.\r.rﬁ
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Vh
L1 ——20I0q( 0000045 25 ) )
Vi, T3 X008 e
L, V2 ¥m Vi
ho=htol o b= !
L1=hD, 2 "1 004m 2(9.81 mis) .
L, V2 %¥m V)
ooV _ 12
L2712 7 “2 20,08 m 2(0.81 i) -
V=th+ 0, "

This is a system of 13 equations in 13 unknowns, and their simultaneous
solution by an equation solver gives

V = 00300mYs, V;=000415m's, U, =0.0259 m’s
V1 = 330 mfﬁ, Vg = 515 ITIfS, h|_ = hL‘| = h|_|2 = 111 m, hpUITIFI = 191 m
Re; = 131,600, Re,= 410,000, f;=00221, f,=00182

Note that Re = 4000 for both pipes, and thus the assumption of turbulent
flow Is verified.
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