Chapter 14
FLUIDS




1. What is a Fluid?

e A fluid is a substance that can flow.

* Fluids conform to the boundaries of any container in which we put them.




2. Density and Pressure

 When we discuss rigid bodies, we found that the physical quantities of mass
and force are useful for studying such bodies.

* In the case of fluids, it is more useful to speak of density and pressure.

* Density:
The density p of a fluid at any point is the ratio of the mass Am of an isolated
volume element AV around that point to the volume element AV
Am

P=ar




2. Density and Pressure

A fluid sample is large relative to atomic dimensions. We then write

_m
p_V'

where m and I/ are the sample’s volume and mass, respectively.

Density is a scalar quantity. Its Sl unit is kg/m?.

The density of a gas depends largely on the pressure, unlike liquids. That is
because gasses are readily compressible, unlike liquids.




2. Density and Pressure

* Pressure:

Consider the small pressure sensor in the figure. The fluid
exerts a force AF normal to the piston of surface area AA.
The pressure on the piston is defined as

AF
P = e
If the force is uniform over a flat area 4, we can write
F
P = K

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

Vacuum




2. Density and Pressure

* Pressure:

Pressure is a scalar quantity. The expression for pressure
includes the magnitude of the force!

The S| unit of pressure is N/m?, which is given the special
name pascal (Pa).

Another common unit is atmosphere (atm), the approximate
average pressure of the atmospheric pressure at sea level,
given as

1 atm = 1.01 x 10°Pa = 760 torr (mm Hg).

Vacuum




2. Density and Pressure

Example 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
= (1.21kg/m3)(3.5m X 4.2m X 2.4 m)(9.8 m/s?)
~ 420 N.

(b) What is the magnitude of the atmosphere’s downward force on the top of your
head, which we take to have an area of 0.040 m??

1.01 x 10> N/m?
1 atm

F=pA= (1 atm X )(0.040 m2) = 4.0 x 103 N.




3. Fluids at Rest

* The pressures due to fluids that are static (at
rest) are usually called Aydrostatic pressures.

* Here we want to find an expression for
hydrostatic pressure as a function of depth or
altitude.

* Consider an imaginary cylinder of water with
base area A and 7y; and y, are the heights of
its two faces.

* The water sample is in static equilibrium; it is
stationary and the forces on it balance.

Air

Water




3. Fluids at Rest

* The balance of these forces is written as
FZ = Fl + mg.
* We then use that F; = p;4, F, = p,A and m
= pV = pA(y; — y,) and write

p2 =1 +pg(y1 — y2).

* This equation can be used to find pressure both
in a liquid as a function of depth, and in the
atmosphere as a function of altitude or height.

Sample




3. Fluids at Rest

* To find pressure p in a liquid as a function of
depth, we use set y; =0, p; = pg, Vo = —Ah,
and p, = p in the previous equation, which
then becomes

p =Dpo+pgh.

* The pressure at a point in a fluid in static
equilibrium depends on the depth of that point
but not on any horizontal dimension of the fluid
or its container.
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3. Fluids at Rest

* p is said to be the total pressure, or absolute

pressure. The difference between an absolute
pressure p —py = pgh and an atmospheric Air  p, Level 1 |y=0
pressure is called the gauge pressure. LiquidT T
* To find pressure p in the atmosphere as a h
function of altitude or height we set y; = 0, p4 l
p——————— Level 2

= Po, Y2 = d, and p, = p to get
P = Po — Pair 94.
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3. Fluids at Rest

\.CHECKPOINT 1

The figure shows four
containers of olive oil.
Rank them according
to the pressure at depth
h, greatest first.

All tie
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3. Fluids at Rest

Example 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 £ 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?

Using
P =Dpotpgh
we can relate Ap = p — p, to h. Solving for h and substituting
_Ap 9300 Pa

h = 0.95 m.

Pg (998 %) (98 892)
13




3. Fluids at Rest

Example 3: The U-tube in the figure contains two
liquids in static equilibrium: Water of density p,
= 998 kg/m? is in the right arm, and oil of unknown
density py is in the left. Measurement gives [
= 135 mm and d = 12.3 mm. What is the density of
the oil?

Both fluid columns produce the same pressure pj,: at
the level of the interface. We therefore write

Pint = Do + pwgl (rightarm),
and
Dint = Po + pxg(l +d) (leftarm),

14
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3. Fluids at Rest

Solving for d we findthat |

_ N
= Py = (998 kg/m®) o m M +-
Px =Pwi g™ 8/M) 135 mm + 12.3 mm l
k ,
— 915m_% ‘s-'\'ater\\ ];

f————————
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4. Measuring Pressure

e The Mercury Barometer

The figure shows a very basic mercury barometer. We
can find the atmospheric pressure p, in terms of the
height h of the mercury column. Substituting

y1 =0, py =po and y, = h, p, =0,
into the equation p, = p; + pg(y; — y>), gives that
Po = pgh,
where p is the density of mercury.

Note that the height of the mercury column depends on
g (which depends on location) and p (which depends of
temperature).
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4. Measuring Pressure

e The Open-Tube Manometer

The figure shows an open-tube manometer. We can find
the gauge pressure p, in terms of the height h. We
substitute

y1 =0, p1 =po and y, = —h, p, =p,
into the equation p, = p; + pg(y; — y,) and get
P =Do t+ pgh
or Pg =D —DPo = pgh,
where p is the density of the liquid in the tube.
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4. Measuring Pressure

e The Open-Tube Manometer
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Py can be positive or negative, depending on whether p
> Po Orp < Po.

For example, p, is positive in a tire and negative in a
light bulb.
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5. Pascal's Principle

* Pascal stated that: 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.

e Demonstrating Pascal’s Principle

Consider the system in the figure. The atmosphere,
container, and shot exert pressure p,,; on the piston and
the liquid. The pressure p at any point P in the liquid is

P = Pext + phg.
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5. Pascal's Principle

* Demonstrating Pascal’s Principle Lead shot

If you add more lead shot to the container p,,; is
increased by Ap,,+. The pressure change at P is
Ap = Apext-

The pressure change is independent of h, so it holds for
all points within the liquid, as Pascal’s principle states.

20




5. Pascal's Principle

e Pascal’s Principle and the Hydraulic Lever

The figure shows a hydraulic lever. A downward Output | i
force ﬁi is applied on the left-hand piston of area A;.

The oil then produces an upward force of magnitude Input
F, on the right-hand piston of area A,. To keep the
system in equilibrium, there must be a downward
force of magnitude E, on the output piston from an

external load (now shown). The applied force ﬁi

and the downward force ﬁo from the load produce
a change Ap in the pressure of the liquid that is
given by

Fi Fo
A = — =,
P=a 4,
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5. Pascal's Principle

e Pascal’s Principle and the Hydraulic Lever

A
F. F Output | 7
Ap __t__0 I F,
Ai Ao ’
[nput T
SO
A,
E, =—F:..
(0 Al l

In we move the input piston downward a distance
d;, the output piston moves upward a distance d,
such that the same volume of the incompressible
liquid is displaced at both pistons. Then

V —_ Aidi —_ Aodo,
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5. Pascal's Principle

e Pascal’s Principle and the Hydraulic Lever

V = Aidi — Aodo,
which we can write as

A;
do — diA—O.

The output work is

W =Fd —(FAO)(d Ai)—Fd
o*"o lAl lAO | Rt A

The work W done on the input piston is equal to
the work W done by the output piston in lifting
the load.

23
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5. Pascal's Principle

e Pascal’s Principle and the Hydraulic Lever

The advantage of a hydraulic lever is:

With a hydraulic lever, a given force applied over a .
. . [nput | F,
given distance can be transformed to a greater force

applied over a smaller distance.

(]utput F

24




6. Archimedes’ Principle

e Consider the situation in the figure where a sack of water
is in static equilibrium. The sack experiences an upward
force from the surrounding water, opposing its weight.

This upward force is a buoyant force F;. It is due to the
fact that the water near the bottom of the sack is greater
than the pressure near its top.

* The magnitude of the buoyant force ﬁb is equal to the
magnitude meg, where ms is the mass of the fluid
(water). Thus the magnitude of the buoyant force is equal
to the weight of water in the sack.




6. Archimedes’ Principle

e Archimedes’ Principle: When a body is fully or partially submerged in a fluid, a
buoyant force 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.

* The buoyant force on a body in a fluid has the magnitude
F, = meg,
where m; is the mass of the fluid.




6. Archimedes’ Principle

* Floating:

When a lightweight object is placed in water, the object moves into the water
because of the gravitational force. The magnitude of F, increases as the object
displaces more and more water. The object comes to rest when F, = F;. The
object is then in static equilibrium and said to be floating.

We can write

or




6. Archimedes’ Principle

e Apparent weight:

If we measure the weight of a stone, then repeat the measurement
underwater we get a different reading. The upward buoyant force on the
stone decreases the second reading. That second reading is an apparent
weight. An apparent weight is related to the actual weight of a body and the

buoyant force on the body by

weight,,, = weight — Fj,.

What is the apparent weight of a floating body?




6. Archimedes’ Principle

\.CH ECKPOINT 2

A penguin floats first in a fluid of density
Po, then in a fluid of density 0.95p,, and
then in a fluid of density 1.1p,. (a) Rank
the densities according to the magnitude
of the buoyant force on the penguin,
greatest first. (b) Rank the densities ac-
cording to the amount of fluid displaced
by the penguin, greatest first.

29

(a) All tie.
(b) 0.95p¢, po, 1.1pq.




6. Archimedes’ Principle

Example 4: In the figure, a block of density p = 800 kg/m?

floats face down in a fluid of density pr = 1200 kg/m3. The _ |
block has height H = 6.0 cm. ?_;_
i ﬁ,E

(a) By what depth h is the block submerged?

For a floating body

FbZF;g.

We know that F, = msg = psVrg = prAhg. Also, F; = mg
= pVg = pAHg. We therefore can write

Solving for h and substituting,
p 800 kg/m?

h=—H

Py =1700 kg /m? (6.0 cm) = 4.0 cm.
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6. Archimedes’ Principle

(b) If the block is held fully submerged and then released,
what is the magnitude of its acceleration?

Newton's second law for components along an axis normal Hi ;;1

to the block is

F, —F

g = ma.

or
prAHg — pAHg = pAHa.

Solving for a and substituting yield
Pf 1200 kg/m3 m m
=[——-1 = —11](98 =) =49 —.
. (p )g ( 800 kg/m?3 ( 52) S2

31
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/. The Equation of Continuity

 We want to relate v and A for the steady
flow of an ideal fluid through a tube with

varying cross section. During a time interval |

At a volume AV = A;v,At of a fluid enters
the left end of the tube. An identical
volume AV = A,v,At must emerge from
the right end, since the fluid s
incompressible. We therefore write

Alvl — szz.

* This equation is called the equation of
continuity.




/. The Equation of Continuity

* We can rewrite the continuity equation as ;
Ry, = Av = a constnat, -

|
where Ry is the volume flow rate of the | !

fluid. Its Sl unit is m3/s. Y

* |If the density p of the fluid is uniform we
can multiply the last relation by p to get the
mass flow rate R,,;:

R,, = pRy = pAv = a constnat.
The Sl unit of R,,, is kg/s.




/. The Equation of Continuity

\.CHECKPDINT 3

The figure shows a pipe and gives the volume flow rate (in cm®/s) and the di-
rection of flow for all but one section. What are the volume flow ]"El|[E and the
direction of flow for that section?

13 cm? /s outward.
L
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/. The Equation of Continuity

Example 5: The figure shows how the stream of water
emerging from a faucet “necks down” as it falls. This change
in the horizontal cross-sectional area is characteristic of any
laminar (nonturbulant) falling stream because the
gravitational force increases the speed of the stream. Here
the indicated cross-sectional areas are A, = 1.2cm? A
= 0.35 cm?. The two levels are separated by a vertical
distance h = 45 mm. What is the volume flow rate from the

tap?

The volume flow rate through the higher cross section must
be the same as that through the lower cross section:

AOUO —_ Av.

35




/. The Equation of Continuity

ono —_ Av.
Because the water is falling freely
v? = v§ + 2gh.

Substituting for v in the last equation and solving for v, give

2ghA?  12(9.8 m/s#)(0.045 m)(0.35 cm?)?
AZ — A2 N (1.2 cm?)? — (0.35 cm?)2

= 0.286 m/s.
The volume flow rate is then
Ry = Aygve = (1.2 cm?)(28.6 cm/s) = 34 cm3/s.

U():

N

36




8. Bernoulli’s Equation

* Consider the situation in the figure where an ideal fluid is
flowing through the tube at a steady rate. By applying the
principle of conservation of energy to the fluid, we relate
v, p and y at the ends of the tube by

1 1

1 +§pv12 + pgy: = b3 +§pv22 + pgys.

* The term %pvz is called the fluid’s kinetic energy density.

 We can also write

1

p + Epvz + pgy = a constant.

* These are two equivalent forms of Bernoulli’s equation.

¥, Input

l

:‘:

Output

t+ At




8. Bernoulli’s Equation

* When y; = y, the Bernoulli’s equation becomes

1 1

p1 + Epvlz =p, + Epv%-

* This equation predicts that if the speed of a fluid element
increases as the element travels along a horizontal

streamline, the pressure of the fluid must decrease, and

conversely.

¥, Input
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8. Bernoulli’s Equation

\.CH ECKPOINT 4

Water flows smoothly through the
pipe shown 1n the figure, descending

in the process. Rank the four num- 1
bered sections of pipe according to Flow

|
i ol
| e
|

(a) the volume flow rate Ry through
them, (b) the flow speed v through

them, and (c) the water pressure p
within them, greatest first.

(a) All tie.
(b) 1, 2 & 3 tie, 4.
(c) 4,3, 2, 1.
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8. Bernoulli’s Equation

Example 6: Ethanol of density p = 791kg/m> flows smoothly through a
horizontal pipe that tapers in cross-sectional area from 4; = 1.20 X 1073 m? to 4,
= A, /2. The pressure difference between the wide and narrow sections of the pipe
is 4120 Pa. What is the volume flow rate Ry, of the ethanol?

The continuity equation A;v; = A, v, tells us that

Using Bernoulli’s equation p; + %pvlz = D5 +§pv22 with y; = y, and rearranging

we get
1 2 2 1 2 2 3 2
P1 — D2 = E,D(Vz - 771) — EP(4V1 - 771) = 5.0771-

40




8. Bernoulli’s Equation

Solving for v yield

2
v, = |5—(p1 —p2)-
3
\ P
The volume flow rate is then
2
Ry = Ajv; = Ay 5(191 —Dp2)
N
= (1.20 x 1073 m?) 2(4120 Pa) =223%x1073m3
= (1. m V3(791kg/m3)_ : m~/s.
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8. Bernoulli’s Equation

Example 7: What is the speed v of the water exiting a
tank though a hole a distance h below the water
surface?

Bernoulli’s equation for the problem reads
1

1
po + Epvé + pgh = py + Epvz + pg(0),

where v, is the speed of the water through the tank.
Because the area of the base tank is much larger than
the hole’s area, vy is very small and we can neglect

1 :
the term Epvg. Solving for v we get

v =,/2gh.
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