Fluids — Chapter 15

What is a Fluid

A fluid 1s a substance that can flow. In contrast to a solid, a fluid has no shape, and it takes
the form of its container. They do so because a fluid cannot sustain a force that is tangential
to its surface. (In the more formal language of Section 13-6, a fluid is a substance that flows
because it cannot withstand a shearing stress. It can, however, exert a force in the direction
perpendicular to its surface.)

Density and Pressure

When we discuss rigid bodies, we are concerned with particular lumps of matter, such as
wooden blocks, baseballs, or metal rods.

With fluids, we are interested in properties that can vary from point to point. Thus, it 1s
more useful to speak of density and pressure than of mass and force.

p == (uniform density)

Density is a scalar, the SI unit is kg/m?3,

25-Dec-03 Lecture notes by Dr. M. S. Kariapper 1/19

KFUPM - PHYSICS



Fluids — Chapter 15

» The density of solids and liquids are almost constant, but the density of gases depend on the
pressure and temperature. Gasses are readily compressible but liquids are not.

p:

|

* F is the magnitude of the normal force
on area A.

«  The SI unit of pressure is N/m?, called
the pascal (Pa).

» The tire pressure of cars are in
kilopascals.

latm=1.01x10°Pa

=76 cmHg=760 mm Hg
=760 torr = 14.7 1b/in?

* The torr is equal to 1 mm of Hg.

(pressure of uniform force on flat area)

TABLE 15-2 Some Pressures

Pressure (Pa)

Center of the Sun 2x 1076
Center of Earth 4 x 101
Highest sustained laboratory

pressure 1.5 x 1010
Deepest ocean trench (bottom) 1.1 x 108
Spike heels on a dance floor 1 x 106
Automobile tire@ 2x10°
Atmosphere at sea level 1.0 x 10°
Normal blood pressure@® 1.6 x 104
Best laboratory vacuum 10-12

@ Pressure in excess of atmospheric pressure.
b The systolic pressure, corresponding to 120
torr on the physician's pressure gauge.
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Sample Problem 15-1

* A living room has floor dimensions of 3.5 m and 4.2 m and a height of 2.4 m. (a) What
does the air in the room weigh when the air pressure is 1.0 atm?

mg=(pV)g (Usep of air from Table 15-1)
=(1.21kg/m*)(3.5mx42m x 2.4m)(9.8m/s?)

=418 N=420N

This 1s the weight of about 110 cans of soda.

* (b) What is the magnitude of the atmosphere's force on the floor of the room?

1.01 x10° N/m?)
1.0atm

F=pA=(1.0atm)[ J(3.5m)(4.2m)

=1.5x10° N

This enormous force is equal to the weight of the column of air that covers the floor and
extends all the way to the top of the atmosphere.
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4.  Fluid at Rest
@ From equilibrium: X F, =0
\\\_‘————-'/
= F,=F+mg
F, l PA . |
S pl pressure atlevel 1 _ Y. Note that the forces on the side cancel out!
2l I T e }
g Fy'  «F, Also F=p A, F,=p,A and m=pAd
i . pat pressure atlevel 2 Ly
rf mgt = p, A=p A+pAgd
« > P,A
p=ptpgd
T « Ifwechoose p,=p, and d =h then we get
R p=p,+pgh| (pressure at depth /)
S, airpressure
| » p isthe absolute pressure, p,is the atmospheric
h pressure and p g h is the gauge pressure.
h . . :
B Sgoressure at depth k * The pressure at a point in a fluid in static
| equilibrium depends on the depth of that point
- _d o o o 2
e but not on any horizontal dimension of the fluid
or its container.
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Sample Problem 15-2

* A novice scuba diver practicing in a swimming pool takes enough air from his tank to
fully expand his lungs before abandoning the tank at depth L and swimming to the
surface. He ignores instructions and fails to exhale during his ascent. When he reaches
the surface, the difference between the external pressure on him and the air pressure in
his lungs is 9.3 kPa. From what depth does he start? What potentially lethal danger does
he face?

At depth L, the air pressure in the diver’s lungsis: p=p,+pgL
where p, 1s the atmospheric pressure. Ap=p-p,=pgL

( take p of water from Table 15-1) L= Ap _ 9300 Pa _

= =095m
Pg (998kg/m)(9.8m/s?)

The pressure difference of 9300 Pa is sufficient to rupture the diver’s lungs and force air
into the blood stream, which then carries the air to the heart, killing the diver. The diver
must gradually exhale as he ascends to allow the pressure in his lungs to equalize with the
external pressure.
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Sample Problem 15-3

* The U-tube in Fig. 15-4 contains two liquids in static equilibrium: Water of density p,,
(= 998 kg/m?) is in the right arm, and oil of unknown density p, is in the left.
Measurement gives / = 135 mm and d = 12.3 mm. What is the density of the oil?

We equate the pressure in the two arms at the level of the interface : aJ| T
P =py+pwgl (rightarm) g
P =py+p.g(l+d) (leftarm) water- | |

Warning: The pressure is equal at two points of the same level only it || |

those two points are in the same liquid. The two points here at the \™Interface
interface are both in water! U
= Py tpgU+d)=py+pugl
px\&(l+d) :pw\& !

135mm
mm+12.3mm

1
== px:pwm=(998kg/m3)l35

=915kg/m?
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5. Measuring Pressure

The Mercury Barometer

Po=pgh

For normal atmospheric pressure,
his 76 cm Hg

The Open Tube Manometer

[]’0

—Level 1

i £ ; Level 2
Tank IL

Manometer

Level 2

bo
Level 1 _\

(@) ()

The gauge pressure, p, is the difference between the
absolute pressure and the atmospheric pressure.

Pe=Dp~—Do={Do+P &I}~ Po=pgh
The gauge pressure is directly proportional to /4. It
can be positive or negative depending on whether

the absolute pressure is greater or less than the
atmospheric pressure.

We can suck fluids up a straw because at that time
the absolute pressure in the lungs is less than the
atmospheric pressure.
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Pascal’s Principle

Lead shot

—_— » Lead shot (small balls of lead) loaded onto the piston create a
[ pressure p,,, at the top of the enclosed (incompressible) liquid.
If p., 1s increased, by adding more lead shot, the pressure
increases by the same amount at all points within the liquid.

_pexi

* A change in the pressure applied to an enclosed incompressible
¢ fluid is transmitted undiminished to every portion of the fluid
and to the walls of its container.

A
1=%:>F =F V=A4d,=4,d,= d,=d,

1A’ A

You may have a huge mechanical advantage by enlarging the ratio of
the areas. But you don't gain in term of work since the volume is
constant, the work done 1is:

| r 0 4]

1'A4

Hydraulic fluid

With a hydraulic lever, a given force applied over a given distance can be transformed to a
much greater force applied over a much smaller distance.
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Archimedes’ Principle

*  When a body is fully or partially submerged in a fluid, a buoyant force F, , from the
surrounding fluid acts on the body. The force is directed upward and has a magnitude equal to
the weight m,g of the fluid that has been displaced by the body.

\ié ﬂ;- q* Ei EZ
- — 'Ei%ﬁ’ir" Stone P |
F e TF b f.j— I; [f] g ﬁﬁﬂd
f a\ F, Fy

(a) (b) (c)

(a) The water surrounding the hole in the water produces a net upward buoyant force on

whatever fills the hole.
(b) For a stone of the same volume as the hole, the gravitational force exceeds the buoyant force

in magnitude.
(c) For alump of wood of the same volume, the gravitational force is less than the buoyant force

in magnitude.

Fy=m.g (the buoyant force equals the weight of fluid displaced)
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Floating

*  When a body floats in a fluid, the magnitude F, of the buoyant force on the body is equal to
the magnitude F, of the gravitational force on the body.

F,=F,| (floating)

*  When a body floats in a fluid, the magnitude F, of the gravitational force on the body is equal
to the weight m, g of the fluid that has been displaced by the body.

Fo=m,g (floating)

In other words: | A floating body displaces its own weight of fluid.

Apparent Weight in a Fluid

[apparent] B [ actual} ~ [magnitude of J

weight weight | | buoyant force

weight,,, = weight - F,|  (apparent weight)

» The apparent weight equals the actual weight minus the weight of fluid displaced.
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Sample Problem 15-4

«  What fraction of the volume of an iceberg floating in seawater is visible?

Let V; be the total volume, V', the volume below water

Yr_p
Vi py
: 917 kg /m?
frac=1-Pi=1-217k8
T, T T 1024 kg e

=0.10 or 10%
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Sample Problem 15-5

* A spherical, helium-filled balloon has a radius R of 12.0 m. The balloon, support cables,
and basket have a mass m of 196 kg. What maximum load M can the balloon support
while it floats at an altitude at which the helium density p,;, is 0.160 kg/m? and the air
density p;. is 1.25 kg/m3? Assume that the volume of air displaced by the load, support
cables, and basket is negligible.

(m+M+mHe)g=mairg
M:mair_mHe_m

M:pairV_pHeV_m

= (%ﬂ-Rs)(pair _pHe)_m
=(47)(12.0m)* (1.25kg/m>-0.160 kg /m>)—196 kg

=7694 kg ~7690 kg
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Ideal Fluids in Motion

Four assumption about ideal fluids; they are all concerned with flow:

. Steady Flow: In steady (or laminar) flow, the velocity of the moving fluid at any point
does not change with time, either in magnitude or direction.

. Incompressible flow We assume, as we have done for fluids at rest, that our ideal fluid is
incompressible; that is, its density has a constant value.

. Nonviscous flow Roughly speaking, the viscosity of a fluid is a measure of how resistive

the fluid 1s to flow. For example, thick honey is more resistive to flow than water, and
so honey is said to be more viscous than water.

. Irrotational flow

v
mne
/ Fluid

element
A fluid element traces out a streamline as it moves The steady flow of a fluid around an
The velocity vector of the element is tangent to the air foil, as revealed by a dye tracer that

was injected into the fluid upstream of

streamline at every point. the airfoil
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The Equation of Continuity

AV=Ay At= sz2 At

Ayv,=4,v,| (equation of continuity)

R, = Av=constant

(b) Time ¢+ At

(volume flow rate, equation of continuity)

«  The quantity R, is the volume flow rate (volume per unit time). The SI unit is m?¥/s.

» If the density of the fluid is uniform, the mass flow rate R, (mass per unit time) is constant.

R,,=pR,, = pAv=constant

(mass flow rate)

The SI unit for R, is

kg/s
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Sample Problem 15-6

«  The cross-sectional area 4, of the aorta (the major blood vessel emerging from the heart) of
a normal resting person is 3 cm?, and the speed v, of the blood through it is 30 cm/s. A
typical capillary (diameter ~ 6 mm) has a cross-sectional area 4 of 3 x 107 cm? and a flow
speed v of 0.05 cm/s. How many capillaries does such a person have?

AOVO =nAv

n:ono _ (B3em*)(30cm/s)
Av (3x107 em?)(0.05cm/s)

=6x10° or 6billion

The combined cross-sectional area of the capillaries is about 600 times the cross-sectional area
of the aorta.
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Sample Problem 15-7

Figure 15-18 shows how the stream of water emerging from a faucet “necks down” as it
falls. The indicated cross-sectional areas are A0 = 1.2 cm2 and A = 0.35 cm2. The two
levels are separated by a vertical distance h = 45 mm. What is the volume flow rate from the

tap?

i A=A
vi=v,2+2gh
h T 2ghA2
1, 7y

_ (2)(9.8m/5*)(0.045m)(0.35 cm*)*
(1.2 cm?)? —(0.35 cm?)?

=0.286m/s=28.6cm/s

R,=A4y,=(1.2cm2)(28.6cm/s)
=34cm?/s

The volume flow rate is :
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10. Bernoulli’s Equation

y

p1+%pvlz+pgy1 :p2+%pV22+ngQ

p+ipvi+pgy=aconstant] (Bernoulli's equation)

—* « Ify,=y,then |p+Llpvi=p,+1pv>
123
Outh » If the speed of a fluid element increases as it travels along a
) ¥ horizontal streamline, the pressure of the fluid must
A ‘ decrease, and conversely.
) » Large speed means small pressure.

Fluid flows at a steady rate through a

length L of a tube, from the input end

at the left to the output end at the

right. In the time At (t = t+At) an

amount of fluid shown in purple

enters, and an equal amount shown in
exits.
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Proof of Bernoulli’s Equation

 Work done on system = (K.E. + P. E.) gained <« W, = AK+AU+M,K

«  Work done on system at p,=FAx,=p,AAx, =p AV

«  Work done on system at p,=—F,Ax,=—p,A,Ax,=—p,AV = AV=A Ax =A Ax,
« Net work done on system = (p,—p,)AV

« KE. gained= 1p(v,2-v})AV

* P.E. gained= pg(y,—y)AV

*  Therefore, (p,—p,) AN =1p(v,> —v) AN +pg(y,— ) AV

= pl+%pvlz+pgyl=p2+%,0v22+,0gy2
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Sample Problem 15-8

Ethanol of density p= 791 kg/m? flows smoothly through a horizontal pipe that tapers in
cross-sectional area from A, = 1.20 x 10~ m? to A, = A,/ 2. The pressure difference between
the wide and narrow sections of pipe is 4120 Pa. What is the volume flow rate R, of the

ethanol?
R, = V1A1 = va2

p+tipvi+pgy=p,+ipvi+pgy

_R, .4 ., _R_2R
Vl_Tl an vz—g— 7)
2(p1_p2)_ 2 2_3Rv2
— 5 =V, V= A12

The lower speed v, means that p, is greater, we have :

(2)(4120 Pa)
(3)(791kg/m?)

R,=120x1073 mz\/

=224 x1073 m?
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