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Learning Goals for Chapter 14

» Understand the difference between mass and density
 Study pressure 1n a fluid at rest — hydrostatics

* Study buoyancy

 Study fluid in motion - hydrodynamics




Density of a substance - definition

* Definition: Density = mass
per volume; it 1s an 1ntrinsic
property of the substance, it
does not depends on the size
or shape of the object.

Different mass, same density:
| Because the wrench and nail
/| are both made of steel, they
//’ have the same density (mass
per unit volume).

* Density values are
sometimes divided by the
density of water to be \ /{
tabulated as an unit-less \ R\ Sieel nail
quantity called specific \
gravity. Example: A
substance whose specific
gravity =2 => its density is ( >/
twice that of water. =4




Densities of common substances—Table 14.1

Table 14.1 Densities of Some Common Substances

Material

Air (1 atm, 20°C)
Ethanol

Benzene

Ice

Water

Seawater

Blood

Glycerine
Concrete

Aluminum

*To obtain the densities in grams per cubic centimeter, simply divide by 10°.

Density (kg/m?)*

1.20
0.81 X 10°
0.90 X 10°
0.92 X 10°
1.00 X 10°
1.03 X 10°
1.06 X 10°
1.26 X 10°

2 X 10°

27 X 10°

Material

Iron, steel

Brass

Copper

Silver

Lead

Mercury

Gold

Platinum

White dwarf star

Neutron star

Density (kg/m?*)*

7.8 X
8.6 X
8.9 X
10.5 X
113 X
13.6 X
19.3 X
21.4 X

10°
10°
10°
10°
10°
10°
10°
10°
]OI()
1018




Pressure in a fluid

*  We know that an object
floats in a fluid if the
object’s density 1s less than
that of the fluid. => There

must a force supporting the -

object to balance of the way e
of the object. Where does (ﬁ—’ dF

that force from? T

* Answer: The force of fluid
molecules striking the
object (fluid pressure)

 Pressure = force per area.

by area) is the same.

e SI unit for pressure= N/
m’=Pascal. direction.

2dF |

-
& 2dA N
2dia)

Although these two surfaces differ in area and
orientation, the pressure on them (force divided

Note that pressure 1s a scalar—it has no




Fluid at rest - hydrostatic pressure
Although fluid pressure intrinsically depends on the speed of the fluid

molecules, under static equilbirum with gravity,

the fluid pressure depends only on the fluid density, its depth, and g.
Consider a column of fluid from surface to a depth d.

Let p, = pressure at the surface due to air molcules

Let p = pressure at the depth d due to fluid molcules

Let p=density of fluid (assumed p=constant, independ of depth;
approximated valid for liquids, notvalid for gas)

net F=0 = pA—p A—(pAd)g=0= p=p, + pgd

= fluid pressure increases with depth

If density does depend on depth, then need calculus:

d
= -dpA=mg=(pAdy)g = d_]; =—p(V)g




Pressure, depth, and Pascal’ s Law

. . 13 7
* In a uniform fluid : “Same depth => same pressure
The pressure at the top of each liquid
column is atmospheric pressure, p;,.

The pressure at the bottom of each liquid
column has the same value p.

The difference between p and p, is pgh, where
h is the distance from the top to the bottom of
the liquid column. Hence all columns have the
same height.




Pressure, depth, and Pascal’ s Law

Consider a practical application in Figure 14.8- Pascal’ s Law.

( )A small force is ;
: : : &
applied to a piston 3 |

with a
small
area.

11/

@Acting on a piston with a

large area, the pressure creates
a force that can support a car.

|\

A

PA|

N—

PA;

J

@'[‘hc pressure p has the same value at

all points at the same height in the fluid

(Pascal’s law).

Given:A, /A, =001 and
the weight of the car 1s 2,000 Ibs.
What 1s the amount force (F))
need to keep the car lifted?




Measuring atmospheric pressure

Measuring atmospheric pressure (b) Mercury barometer
. b There is a near-vacuum---., Po=0
USIHg d mercury arometer. at the top of the tube. ?‘A\
"Same depth => same pressure” =
The height to
Poutside = Pinside which the
mercury rises
})atm = I-)o + pgh = pgh depends on the

atmospheric
pressure exerted

Knowing p and g, measuring h

h=y2 9 on the mercury
= deduce P . Y2 in the dish.
atm
3 3 2
E.8. Ppereury =13.6x10°kg /m”, g =9.8m /5", P = Panm
5 2
h=Tom= P, =pgh=101x10"N/m
If the fluid in the barometer were water

(p=10’kg / m’), then how high is the

column of water at 1 atmospheric pressure?




Gauge pressure

» Typically these gauges measure ‘gauge pressure’

*  When the absolute presssure of gas inside 1s 1 atmospheric pressure,
the gauge reads zero.

» The gauge reading represent pressure above atmospheric pressure.

(a) (b)

Pointer Spiral metal tube

Pressure p
being measured




Buoyancy and Archimedes Principle

* The buoyancy force (B) comes from the net effect that the pressure pushing
up from the bottom of the object is greater the pressure pushing down on an
object from the top (remember: pressure increases with depth).

* Numerically the buoynacy force equals to the weight of the displaced fluid
* B=pg, V48 V4= volume of fluid displaced.

* An object floats if the buoyancy force (B) balances the weight

An object floats when B=w
(b) Fluid element replaced with solid body

=P ﬂuidVdg =p objectVog of the same size and shape
— p object — &

Puia Y,
Example : 1f the displaced volume is 1/2

The forces due to
pressure are the
same, so the body
must be acted upon
by the same buoyant
force as the fluid

of the object volume then the density of
the object is 1/2 the density of the fluid.

Since the displaced volume cannot be

greater than the object's volume, element, regardless

of the body’s weight.

an object float when p,,,., < 0 ,4-




Measuring the density of a liquid

(b) Using a hydrometer to

¢ A hydfometer measure the density of
measures the denSity battery acid or antifreeze
of a liquid by how
much it floats on the (a) A simple
liquid; the scale on ShlsS

: The depth to which the —

hy(.lrometer 15 . weighted scale sinks tells
calibrated agalnst a you the density of the fluid.
liquid with known
density (such as
water) i)

* This device is based "
on the buoyancy v

principle - see next
slide.

The weight at the bottom makes the
scale float upright




Weighing an elephant using Archimedes Principle

A rectangular boat with cross-sectional area = 20 m?
1s floating on water. After an elephant stepped into
the boat, the boat sinks down by 0.15m. Find the
weight of the elephant. (Given the density of water

is 103 kg/m?).




There is a buoyancy even when the object sinks

° EXample 1 4 5 . (a) Immersed statue in equilibrium (b) Free-body S1agram of statue

* A 15-kg gold
statue 1s being
raised from a
sunken ship.
What 1s the
tension in the
cable when the
statue 1s at rest
and fully
submerged 1n
seawater?

mg = 147 N

Given :

Lot =19.3x10°kg / m’; =1.03x10°kg / m’

pseawater




Surface tension

 How 1s 1t that water
striders can walk on
water (although they are

Molecules in a liquid are attracted by

more dense than the neighboring molecules.
‘7 At the surface, the unbul-"'m "
Water) . anced attractions cause / Water molecules

the surface to resist
being stretched.

» Refer to Figure 14.15 for —
the water strider and then —— \“
Figures 14.16 and 14.17

7 o | s—
tO See What S Occurrlng Molecules in the
interior are equally
from a molecular (ll::ILlLLlllt)(llllll AlL A
peI’SpectiVe . Water pressure p

Fibers
Alr pressure p




Fluid flow - types

* The flow lines at left in Figure 14.20 are laminar.

* The flow at the top of Figure 14.21 1s turbulent.




Fluid flow -flow rate and conservation of mass

Flow rate = mass of fluid crossing an area / time

= Flow rate = pAv

Conservation of mass => flow rate remain the same

at different part of the pipe.

= PAY, = 0,A,V, ,
The product Av 1s
constant for an
incompressible
fluid.

Gases are very compressible = p, and p, can

be quite different.

Most liquids are not very compressible, p, = p, .
If we approximate liquids as "imcompressible" (p, = p,),
then A\v, = A,v,.

The conservation of mass equation is also

called the continuity equation.




An incompressible fluid
flows through a pipe of
varying radius (shown in
cross-section). The flow

rate at point P is 10 m?/s.

What is the flow rate at P

TN
-

Qo

point Q7
radius 2R

radius R




Bernoulli’ s equation-assumes laminar flow

* Similar to work-kinetic energy
theorem:

Work = change of kinetic energy

1 1
(-P,A,ds, + PAds,) + (mgy, —mgy,) = Emvg - Emvlz

(Note : m = pAds, = pA,ds, = Ads, = A,ds,)

I |
= (=P, + )+ (pgy, = P8y2) =5 V2 =5 Vi v g,

1 1
=>P1+ngl+EPV12 =P2+pgy2+5pv§




An incompressible fluid
flows through a pipe of
varying radius (shown in
cross-section). The flow

rate at point P is 10 m?/s. . T~ =

The density of the fluid is -

107 kg/m™ radius R
(a) Which point has a radius 2R

higher pressure? P or Q

(b) What is the pressure
difference?




The Venturi meter (Bernoulli’ s Eq.+ continuity Eq.)

* Consider Example 14.9.

Difference in height results from
reduced pressure in throat (point 2).

N\
h <
.m____
/ \
U N \l\‘
==
N4
Al A2

Measure the pressure difference => find v,

__/__

Ay, =Av,

Bernoulli's equation

=P, <P,
PV 4B = pri 4P

1 1
Pl—Pz=EPV§—5PV12
P-P —lp(ﬁ zvz—lpvz
1 2 2 \A2 1 2 1
P-P 1,0(Al)z 1{v/
1T T3 — | Tt "

2" [\A,




A large bucket filled with water has a small hole at
the bottom. The depth of water is 0.5m. What
Is the velocity of the water coming out the hole?




Lift on an airplane wing

» Refer to Conceptual
Example 14.10.

(a) Flow lines around an airplane wing

I'he flowlines of air moving over the top of the
wing are crowded together. so the flow speed is
higher and the pressure consequently lower.

-

R Py
—

7;
=¥ Ap (air)
o EPF

AAn equivalent explanation: The wing’™s shape
imparts a net downward momentum to the air.
so the reaction force on the aimrplane 1s upward.

|

(b)) Computer simulation of airflow around
an airplane wing

Image of air parcels flowing around a wing.
showing that the air goes much faster over the
top than over the bottom (and that air parcels
which are together at the leading edge of the
wing do zor mieet up at the trailing edge!)




Viscosity and turbulence—Figures 14.28, 14.29

* In real fluids (as compared
to 1dealized model),
molecules can attract or
repel one another and can
interact with container
walls give rise to viscosity.
Molecular interactions can
also result in turbulence.

Cross section of a
cylindrical pipe

>

The velocity profile for
viscous fluid flowing in
the pipe has a parabolic shape.




A curve ball (Bernoulli’ s equation applied to sports)

 Bernoulli’ s equation allows us to explain why a curve ball
would curve.

(a) Motion of air relative
to a nonspinning ball

(b) Motion of a spinning ball

This side of the ball moves

.
.
o

This side moves in the
direction of the airflow.
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(c) Force generated when a spinning ball moves through air
(e) Spin causing a curve ball to

A moving ball drags the adjacent air with be deflected sideways
it. So, when air moves past a spinning ball:

...........
. .,
.

— -On one side, the ball slows the air,
~—7—— creating a region of high pressure.
L

<
. On the other side, the ball speeds the
............. air, creating a region of low pressure.
The resultant force points in the direction

of the low-pressure side.
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