s

' namics is concerned Wwith ::e
_ flow of fluids through pipes ducts 2
. surfaces of various shapes. 'Atl i
velocities fluid particles move 1D a):)he
which do not intermingle with e
“another. Lines which are tangential t©

direction of flow of the fluid particles alre
called streamlines, and such an orde-r y
fluid flow is called Jaminar of streanfl_tlne
flow. At high velocities fluid particles
intermingle and well defined streamlines

are no longer identifiable; th
said to be furbulent.

11.1  Equation of Continuity

The equation of continuity is essentially a

mathematical statement of the law of

conservation of matter during fluid flow.
Consider the flow of an incompressible
fluid through a pipe of cross—sectional
area A. If the average velocity of the fluid
is v, then the volume of fluid passing
through the pipe per unit time, or the flow
rate (Q), is given by

O=Av (11.1)

in unit of m°/s. Consider the flow of fluid
through a pipe of varying cross—section
(Fig. 11.1). The cross—sectional areas are
A, and 4,, and the fluid velocities are v
and v, at sections 1 and 2 respectively.
Since the same volume of fluid passing
through section 1 per unit time must also
pass through section 2, O = (), or from

eq. (11.1)

All?l =A2V2 (112)
Eq. (11.2) is the equation of continuity.
Thus an incompressible fluid flowing

through a pipe will have its velocity
ncreased if the pipe narrows down (such

e flow is then

ggfoécixrs.at- a constriction), or decre

.the pipe widel'ls;

11.2 " Bernoulli's Principle e
The Bernoulli's principle lS bas-i‘;‘f"y.that ,
of energy conservation during ﬂ_utd flowi
Consider two sections 1 ix_nd 2 in a fluig.
flowing through a pipe ol varying cross-.
section (Fig.11.2); Let Vi anq P, be the_.
ocity and pressure of the fluid at

vel

section 1 which is at a height z, relative to
some arbitrary reference level, while v,
and P, are the velocity and pressure at
section 2 which is at it height z, relative to
the same reference level.

It can be shown that the work done in
moving a small volume ¥V of fluid from |
to21s

W=(P - P)V (11.3)

- The change in kinetic energy (AE,) of the
small parcel of fluid is

1_ 2

7 X mass x vy — L x mass x v, or
_1 2 2

ALy —sz(v2 ~v2) (11.4)

wher-e the mass of the fluid parcel is its
density p multiplied by the volume V.



o

The change in potential enerpy : 3
the fluid parcel is mm‘;rgyxmfp)_ of
difference x g, or ‘height

AEP=PV3(32—-EI) (11.5)

The wo::k done must be equal to the total
change in energy (energy conservation)
i.e. |

W = AE; + AE,
orin view of eqs (11.3) to (11.5)
P - Py =L o3 —v? )+ oz, = 2,)

aor

2
A ‘*“é‘p"l +pgz =P +%pv§ +pgz,

(11.6)

Equation (11.6) is the Bernoulli’s
equation for fluid flow and it is more
generally written as

v +-§-pv2 + pgz =constant (1].6a)

11.3  Friction in Fluids; Viscosity

A fluid, unlike a solid, does not move all
in one piece. Instead, different layers of
the fluid move with different velocities.
The laminar flow of a fluid over a flat
plate is depicted in Fig. 1 1.3. The layer of
fluid in contact with the plate clings to it,
i.e. its velocity is zero, while the topmost
layer of fluid has the maximum velocity.
Whenever two adjacent layers of fluid

~ direction, that is, perpendicular to the

in fluids.
Fluid friction is due to the atir
intermolecular forces between the ! j
particles in one layer and those of the
adjacent layer. In Fig. 113 the fiu
velocity increases gradually in the y—

plate. ;
Fig. 11.3

Strean\IIines
vnm

two adjacent fluid layers is directly :
proportional to the velocity gradient £

(dv/dy) and the area of contact (4)*

between the two layers, i.e. i §
dv 1.3

F=npA—

"’ dy (11-7)1}%

i

where 7, the constant of proportionality, is
the viscosity of the fluid. The unit of 1 is &
N.s/m" or kg/m.s. For convenience another
unit, the poise, is defined such that 1 poise
= 1 d)me.s/cnrw2 = 0.1 N.s/nr". The viscosity
of a fluid is strongly temperature
dependent; for liquids, it decreases with
increasing temperature.

A common type of fluid flow is that
through pipes (Fig. 11.4): The fluid layer
next to the wall of the pipe 1s at rest (¥ =
0) and the fluid velocity increases AW
from the wall, attaining & maximum vai |




where R is the pipe radius an . It can

the pressure gradient along the P!

related to the pressure .
viscosity according to the equation

(11.9)

Eq. (11.9), referred to as Poiseuille’s law.
shows that the flow rate vanes m_versely
with viscosity. Thus if two fluids are
subjected to the same pressure difference
in two identical pipes. the fluid with the
lower viscosity will flow faster.

pipe wall

\ streamlines”

S

R

VVVVI:
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pipe flow

Fig. 11.4
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- 11.4  Motion of Solids through Fluids

A solid moving through a fluid
experiences a resistance which depends on
the viscosity of the fluid and on the shape,
size and speed of the solid. This resistance
(also called the viscous drag) increases
with increasing velocity. A solid body
falling through a fluid, for instance,
gathers speed as it falls due to
gravitational pull. However, the resistance
offered by the fluid also increases, thus
tending to reduce its velocity. Eventually a
point is reached at which the (upward)

be shown that the rate of fluid flow (O) 18
gradient and the

o] 5

velocity profile

F+F=mg (GRLE

here F, = buoyant force, F, = visco v
:I:agandbmg—.—— weight of the body. ..

Problem Solving Tips

1.

9

(4

(4]

For a pipe of varying cross—section,
equation of continuity holds:

A}Vl = ..-':131?3.
Bemnoulli's equation:
B —-P :%P("% - "%)'ﬁ” ﬁg(zz —z;)

For a horizontal pipe, z> = Z; and

Bernoulli's equation reduces to

2 2
B -P =§P(“'3 = )

Poiseuille’s law:
0= R AP
87 AL

where AP/AL 1s always negative (fluid
always flows down a pressure
gradient. ie. from a high pressure
zone to a low pressure zone).

The poise, which is a common unit of
viscosity, should always be converted
to SI units before plugging into the
equation (1 poise = 0.1 Ns/m: 1
centipoise = 107 poise=10" N.s/m’). ,

To determine the terminal velocity of
a solid body falling through a fluid
medium, buoyant force + viscous drag
= weight of the body. e




ﬂm?'iﬂg ;hrq:;;% avefgc?,’,, (g:- W‘C:rer
- mains pipe is 3 cmys, (a) Whaf metan
flowe rate? (b) What is the velo Rl
water flowing out of g | cm dij cuy‘ 4
Jaweer in the buildin £ e

Solution
(1) Q=dv= %(0.10)2(3 x 10

=236 x 107 /s
(b) Fora | em diameter faucet,

T
A= (0.01)* = 7.85x 10 o

v=0/4=(236x 107/(7.85 x 10~
=3 m/s H sl

11—2‘ At a certain point in a pipeline
where the diameter is 30 cm, the
speed of water flow is 1.5 m/s. What is

the speed of flow at a point where the
diameter is 1 cm?

(OAU)
Solution
v = 1.5 m/s,

4= %(0.30)2 =7.07 x 102 m’

A= %(0.01)2=7.854 x 107 n

Aﬂr’] -_"A?_Vg = W =A|V]/A2 or
v, = (7.07 x 107%)(1.5)/(7.854 x 107)
=1.35 x 10° mss.
11-3 A4 2,000 litre water tank is being
~ filled with water which flows in
through a 2.5 cm diameter pipe with
velocity 4 m/s. How long will it take to

fill the tank? -

Solution
For the pipe,

A= %(0.025)2 =4.909 x 10 n?
Q=Av=(4909 x 104)

Since 1—--‘[{&(5"—'—,‘? 102 %

capacity of tank = 20’,,,3
Time to fill tank =2/(1.963 x -
- =1019 s (or 17 minutesy,

11-4 A horizontal pipe 15 cm in
diameter has a constriction Of
diameter 6 cm. The velocity of water
flowing through the 15 cm portion is 2
m/s. Determine (a) the flow rate, and
(b) the velocity at the constriction.

Solution -
A= %(0.15)2= 1767 x 102 nf, =
V= 2 m/s
A= -25(0.06)2= 2.827 x 107 m?

(@ O =dAw=(1.767 x310”2)(2)

=3.534 x 107 m’/s

(b) Avy =Ayvy; V2= A1,

= (3.534 x 107%)/(2.827 x 107)
Vi = 12.5 m/S

11-5 How much work is done in
pumping 1.4 m’ of water through a 13
mm internal diameter pipe if the
difference in pressure at the two ends
of the pipe is 1 x 10° N/m*? -

(OAU)
Solution

Pi—P,=1x 10°N/m’, V=14 n’
W =@ -P)V=1x%x10x 14
=14 x 10°J
(Note that W is independent of the pipe's
diameter).

11-6  What is the minimum power
rating of a pump which is required to
deliver 10 m’ per minute of water into

a water main at a pressure of 2 x 10°

Pa? -

~ Solution | :

Work done (W) = pressure diff. x volume.'
=(2 x 10°(10)=2 x 10°J permin.




/746 hp = 4.46 hp
117 Water flows out of a tank throus
a hole of diameter 2 em. D;n;g;nﬁ;:;
(a) the velocity of ouiflow. o1 o i
rate of outflow when the kﬂ’;’ e
water in the tank is 2 m & -

hole.

Solution

T ‘ :‘\\% '-.:
h T
4

(a) Apply Bernoulli's eq. to points (1) and
(2) (see figure): '

Pi—Py= Lp(} - v?)-peh

(since z; —z; = —h) .
Since Py = P, = atmossheric pressure,

pgh=Lp(2 2
v22 = vf +2gh
Noting that v, = 0 gives
vi=2gh=2(9.8)(2)=39.2, or
vy = 6.26 m/s
(b) 4, = ;l’-’-(o.oz)2=3.14 x 107 m?

O =A4v,=(3.14 x 107)(6.26)
=197 x 107 n’

,or

11-8  Water is drawn out of a large
reservoir with a syphon whose lower
end is 3 m below the water level in the
reservoir. Calculate the rate at which
the water 15 syphoned out if the tube

 has adiameter of 4 cm.
Solation

cank through

2

Apply Bemnoulli's eq. to (1) and (2

figure: , -
Pi—Py= L olv2 —v}) - pgh

Noting that P, = P, and v; = 0 gives :
v2=2gh=(2)(9.8)(3) = 58.8, or
vy = 7.67 m/s _ ;
Ay = 1 (0.04 =1.257 x 107 md’

Q= Ay =(1.257 x 10°)(7.67)
=964 x 102 m'/s

11-9 At a certain point A in a water
pipeline the velocity of water is 3 m/s
and the gauge pressure is 5 x 10> Pa.
At - another point B .in the same
pipeline the diameter of the pipe is
twice that at point A, and B is 10 m
higher than A. Determine the gauge

 pressure at B. .

Solution
Va=3 m/s, dg/dy=2
= Ap/dp = (dp/d,) = 4

Continuity: Axv, = Apvy
ve = Aava/As= (3)(1/4) = 0.75 m/s

Bernoulli:

Pp—Pp= %p(vﬁ -—vi)+pgh E
= 1(10°%(0.75* - 3%) + (103)(9,3)(10)
=938x 10" Pa |
Py =P,—9.38 x 10’

=5x10°-9.38x10*
=4.06 x 10’ Pa

1-10 4 horizontal pipe. of varying
cross—section delivers water into ¢



e 5
v =10 m/s e
Bernoulli: j

CPi=Pe=4p02 - 02) 4 pets,
Since the pipe is horizontal, 25—z '=01
= Pr= P2 =L (10107 — 12 !

=495 10* Pa

P = Py—495 % 10*

=2 x 10°-4.95 x 10*
= 1.51 X ]05 Pa

11-11 Calculate the pressure drop per
centimeter length of the aorta when
the blood flow rate is 25 litre/min. The
radius of the aorta is 1 cm and the

coefficient of viscosity of blood is 4 x

107 poise.
_ (OAU)
Solution
Poiseuille's law:
4
87 AL Rt

n=4 x 107 poise =4 x 107 N.s/m’;
AL=0.01 m; R=0.01m, |
C0=25x 10°/60=4.167 x 107" m'/s

-4 3
\p o ~8(4167 x 10 )(44x 10)(0.01)
7(0.01)

= —424 Pa.

11-12  Find the pressure drop along a 10
m section of a pipe of radius 2. cm
through which water flows at an
average velocity of 10 cm/s. Take the
viscosity of water as 1 centipoise.

Solution

R=2x 102 m, AL=10m,
v=0.1 m/s

or .

Atk _81257x10710°)00)
Ll e i
= 20.0 Pa. ;

11-13 Water flows into a tank through a
2.5 cm diameter pipe. How long will it
take for 1 m of water to flow through
a 10 m long section of the pipe if the
pressure differential _across  the

section is 5x10 N/m*? Take the
viscosity of water as 0.80 centipoise.

Solution
R=125x102m,AL=10m,
AP=15 x 104'N/m2,
n =0.8x 107 poise =8x 10" Ns/m>

ny x(1.25x10“21—5x104)
8(8 x 10~ )10)
=599%x 107 m’/s

— 1 m’ of water will flow through
the pipe in 1/(5.99x 107%) s, or 16.7 s

11-14 A viscous liquid flows through a 2
mm diameter tube of length 10 cm at
the rate of 20 cm’ per min. under a
pressure difference of 20 cm 0f
mercury. Determine the viscosity 0]
the liquid if the density of mercury i
136 x 10" kg/m’. St

Solution
R=10"m,AL=0.10m _
0=20x 10°/60=333x 107 m'fs
AP = pgh= —(136x 10%)(9.8)(0.20
=42 67% 10 Past s .



— (1073 [ (~2.67x107)
o 8(3.33x1077)(0.10)
=0.314N.s/m*
or 3.14 poise

11-15 Determine the te :
a 2 mm diameter stee

specific gravities @

are 0.8 and 8.5 respectively. (,;;.;;m;;
that the viscous drag on @

radius r is given by F, = 6717V).
Solution

bu

(See Figure)'

#b = weight of oil displaced
(Archimedes'’ principle)

= 37p0g = £ 2(10)(0.8x 10°%9.8)

=3.28x 105 y

£y = 6mpry = 6a(1)(10" )y
=1.88x 107

| (Note that 77 = 10 poise =1 i, 5./nt’)

The downward force on the ball = mg
={mrpg = 27(107°)%8.5x 10°(9.8)

=3.49x 107N

At the terming] velocity, £y + F, = mg

jn‘ 16 A 2.54 cm :pip?.,d

inal velocity of
”'gg;‘; which falls

ise if the
‘ iscosity 10 poise if 1
through oil of P’Sc‘?ﬁ,}g oil and steel

11-17 A liquid dispenser consistg

11-18 At a confluence, rivers 4 a,
he two upward forces on the ball are the

Oyant force (#,) and the viscous drag Fy

11-19 Fine dust moves throy
just like a fluid. A Sandblastin‘g
machine moves fine sand th:ough A
pipe of inner diameter
L/min. The sand comes
identical jets at a speed 45 pys ;
Calculate the diameter of the holes_'fg
through which the j :
[Answer = 4.21 mm) |

diameter 0.95
Speed of wate

> IS w
ot pipe B of diameter 0
liquid flows m thel_ P
horizontally. If the - velocity s
liquid in pipe A_ls 0.16 m/s, caleyy
the velocity in pipe B. ‘[Answe.r =
m/5] ot

.of .
0.5 cm inner diameter typ,

. 4
4 pipette tips eag

liquid in A4 is 0..85 m/s calcu]ate. the
velocity in the pipette tips. [A“S‘Ne;
5.31 m/s] :
C. River 4 i 48
joi form river C. River 4 is 4,
-:a(:il:ileTOZ;Z m deep an-d the wate}- flows
at 1.8 m/s. River B is 3.8 m wide, | 7
m deep and speed of the water is 7 |
m/s. If river C is 6.2 m wide ang the
current flows at 2.5 n/s, calculate how
deep C is. [Answer = 1.95 m]

gh pipeg

28 cm at 75
out from twg

€ts come out.

-20  Pipe 4 of inner diameter 2.54 cm

carries water from the public water
mains into a house

at 0.65 m/s and a

10° pg. Water flows to the second

floor of the house, 7.8 m above pipe 4
thr

, the water flowing
gauge pressure 1.5 x

Ough a narrower pipe of inner
cm. Calculate (a) the
I coming out of the




height 1.8 m above it Basem \
puncture of diameter 4 0 mm occurs an

begins to flow out of the tank :;Iee;

the puncture occurs, [Answer =
m/s, 7.36 x 107 m/s) =

11-23  Air flows past the lower surface of
an airplane wing at 103 m/s angd past
the upper surface at 115 ny/s. Calculate
(a) the difference in the pressure
between the lower and upper surfaces

of the wing, and (b) the upward lift on
the wing if the area of the wing is 15

m’. Density of air is 129 kg/m’.
[Answer = 1687.3 Pa, 2.53 x 10° N)

11-24  Water flows steadily through a
pipe of diameter 16.4 mm and length

12 m. Calculate the rate at which the
water flows if the pressure difference
between the two ends of the pipe is
600 Pa. The viscosity of water is
taken to be 8 x 10~ N.s/m’. [Answer =

1.78 L/s]

11-25 In an experiment to determine the
viscosity of a particular oil, an open
reservoir of the oil is kept filled to a
constant height 25 cm  above a
horizontal pipe plugged into the side
of the reservoir. The pipe has an inner
diaméter 2.5 mm and length 0.8 m.
The oil has a specific gravity 1:36.

1126 Castor oil has coefficie

: . e beaker in |
[Answer = 1.26 X 107 N.g/

viscosity 242 Ns/m® at oo
temperature and a specific gravity
0.94. A 1.25 m tall drum is filled to
- the brim with castor oil. A horizontal
pipe, 0.5 m in length and 1.5 ¢m inner
diameter is connected at the base of
the drum. Calculate the volume of oil
that will flow out of the pipe when the
tap at its end is opened. [Answer =
11.8 mL/s]
11-27 A horizontal capillary tube is 0.50
m long and has an inner diameter 0.50
mm. It is inserted into the lower end of
a tall cylinder having diameter 391
cm. The cylinder is filled with water,
which is allowed to flow out through
the capillary tube. Calculate the time
required for the water to fall from a
height 1.20 m to height 0.60 m above
the axis of the capillary tube.
Coefficient of viscosity of water is § x
107 N.s/m’. [Answer = 5.91 hrs)

11-28 Spherical balls of aluminum of 2.5
mm diameter are dropped into a very
tall cylinder containing oil whose
specific ~ gravity is 094, and
coefficient of viscosity is 2.42.
Aluminum has specific gravity of
2.70. Calculate the terminal velocity
of the balls as they fall through the oil.
[Answer =2.47 x 10~ m/s)

11-29 Very fine insoluble dust is
thoroughly mixed with water in a
cylinder filled with water to a height
10 cm. If it takes the dust 7.5 hrs to
completely settle in the cylinder
calculate the diameter of the fines
dust. Specific gravity of dust is take
as 2.9 and the coefficient of viscosit
of water as 8.0 x 10™ N.s/m’. ‘

[Answer =8.46 x 10°° m)



