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Section 18.1: Forces in a fluid

* We dealt with solid objects

. h . h Solid Liquid Gas
In t C preV10uS ¢ apters has definite shape takes shape of container takes shape and

and volume but has definite volume volume of container

* We now turn our attention
to liquids and gasses.

v

* Liquids and gasses are
collectively called fluids

because they flow. "

e Push on a solid? It moves
in that direction.

* Push on a liquid? It moves ) i x
in all Other dlrectlons too atoms closely packed, atoms closely packed atoms far apart
) have fixed locations but move freely and move freely

We need something more complicated
than a vector now. F=ma if F and a are in

different directions?
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Section 18.1: Forces in a fluid

 Let us begin by ) R
examining how solid Teadllefress
objects respond to
equal forces applied In compressive stress
opposite directions.
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* Such forces acting on

: : : ARR d-)-
stationary solid objects @ me = j‘ = ‘“3:
. Bulk stress i M adll e
cause either e - = I=
. . tttt it
tensile/compressive
stress, bulk stress, or, — —

(c) ?
Sh ear StreSS as Shear stress |

illustrated 1n the figure. — —_—
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Section 18.1: Forces in a fluid

* Let us now examine how a fluid
responds to these same three
types of stresses.

*  When a gas is subject to
bulk stress, its mass density
and volume change easily.

*  When a liquid is subjected
to bulk stress, its mass
density and volume are
nearly unchanged (~ppb).

*  Nonviscous fluids do not
support static tensile (pulling)
or shear stress.

There are two such fluids known, near absolute zero.
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(a) Liquids oppose compression |

|
== QLM ;
‘ \\\T T asseesnense Push on piston . . .
&
4 Q V.
IYYYY Yy . .. causes liquid to
exert opposing force
5o on piston.
liquid '
—_— \

(b) Gases compress more easily

=
-+« Push on piston . . .
.. . compresses gas until
gas 1| <.. opposing force exerted
by gas on piston equals
—_— push.

(c) Fluids exert forces on all surfaces they contact

==

il | n
—— |

. i fluid

(=

Push on piston . . .

.. causes fluid to exert forces on all surfaces of cylinder . . .

\ | - ¥ -
[Nttt es

=i | Cooe

\.] [ f—p
W lev v v b vy p 4= 0

. .. 50 fluid pushes

t4

)

opposite piston out.
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Wait. That doesn’t sound right.

* When a liquid is subjected to bulk stress, its mass density and
volume can be considered unchanged.

* This 1s roughly true — the change in density and volume 1s
incredibly small, ppb level. For most situations, negligible.

[t cannot be completely true, however. Nothing is really
incompressible — a force can’t just do nothing at all

* How do you hear anything underwater?

* Nonviscous fluids do not support static tensile or shear stress.

* Only liquid helium (two isotopes) near absolute zero actually
does this (and it 1s awesome)

* Ignoring viscosity amounts to a theory of ‘dry water’, but it is
still very useful
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Section 18.1: Forces in a fluid

Seriously, can’t we just ignore viscosity?

* | mean, 1sn’t 1t like air resistance or friction?

* What could possibly go wrong if we left out viscosity?

* It gets weird.
* https://www.youtube.com/watch?v=MFKobSi4NTY
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Checkpoint 18.1

@ 18.1 In Figure 18.3c, suppose you push the left piston rightward
with a force of magnitude 10 N. (a) To keep the water in the cylinder at
rest, what force must you exert on the (identical) right piston? (b) How
does the force F - exerted by the water on the right piston compare to
the force F © exerted by you on the left piston?

(c) Fluids exert forces on all surfaces they contact

G:U fluid B:I]

Push on piston.. . .

v : :
. . causes fluid to exert forces on all surfaces of cylinder . . .

«ttttttttn . .. 50 fluid pushes
:’ EEEER ’: <mopposite piston out.
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Checkpoint 18.1

a) If the water stays at rest, no net force. That means you have to
apply 10-N leftward

b) The force you exert on the left piston is transmitted by the
water to the right piston. Consider the interaction pairs:

interaction pairs

a2

— > = — = =

F\cwl pt Frw F:w Fpr Fwr

€ - > € - > € g > —> X
left water right

piston piston
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Section 18.1: Forces in a fluid

* Consider a fluid subject to a compressive stress in a cylinder, as
shown. The fluid 1s in mechanical equilibrium

* The vector sum of the three forces F F,,and F acting on the
three surfaces of the imaginary Wedge shaped Volume 1S Zero.

* The three wedge-shaped surfaces have areas 4, 4,, 4;.

(a) Wedge-shaped volume in fluid at rest (b) Vector sum of
forces exerted on

area of wedge surface wedge is zero

ot
D

i

_ | < force exerted by fluid
F, on wedge surface A,
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Section 18.1: Forces in a fluid

* We can show that F',/4, = F,/A, = F;/A;.

* This ratio of the force to the area on which the force
1s exerted 1s called the pressure P, or P = F/A.

* Pressure is a scalar quantity and has SI units: N/m?.

* Because of the mobility of the particles 1n a fluid,

pressure is transmitted 1n all directions to all parts of
the fluid.

(If it were not? The net force on one parcel of fluid would
cause it to move to a spot with lower force, tending to smooth
out any differences.)
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Section 18.1: Forces in a fluid

. . (a) Because liquid particles exert attractive forces on each other and on
[ ]
AS IIIUStrated 1mn the the container walls, liquid can hold piston up against force of gravity
figure, pressure 1n —

gasses can only be iquid

positive. Gasses have to SE
be contained, which Z%
means compression.

(s

(b) Gases expand to fill any volume and therefore cannot sustain
negative pressures

* Liquids, however, can
sustain negative
pressures. (Think

surface tension.) JAJ

R | | SR |

gas
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Checkpoint 18.2

@ 18.2 Consider a plastic cup full of water. (a) Is the water
exerting a force on the bottom of the cup? (b) On the sides of the
cup? (c) Is the water pressure negative, zero, or positive?

a) Yes — the water 1s at rest, and something must be balancing its
weight

b) Yes —if the cup weren’t there, the water would move radially
outward

c) Positive — because water pushes outward, surfaces have to
push mward, which puts i1t under compression. Compression
means positive pressure
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Section 18.1: Forces in a fluid

e (Consider the water-filled
tube shown 1n the figure.
With no force exerted on the
. . (a) You must exert upward force (b) Free-body diagram for water
tOp plStOﬂ, the water 1s on bottom piston to keep water
subject to only two forces:  from falling out

1. Downward force of
gravity ji %

2. Upward force of equal Fe,
magnitude exerted by the water TR G

bottom piston.
 The pressure at the top of AAAAS Fg,

the water 1s zero. j&

* The pressure at the bottom
of the tube is nonzero due to
the gravitational force.
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Section 18.1: Forces in a fluid

* Now imagine
dividing a liquid 1n
a container into
two equal parts.

(a)

* We see from the ) (
free-body top half
diagrams that the |44 44444
pressure at the bottom half
bottom of the RERERRERY
container 1s greater cotainer

than the pressure
at the center.
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(b)

Bottom half of liquid must exert
upward force on top half to balance
force exerted by gravity on top half.

F,
— ‘-'..
Fy B .
a=>0 a, =0
top ® bottom ®
EG > =
F g Fg,

R4

Therefore, top half exerts downward
contact force on bottom half.
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Section 18.1: Forces in a fluid

* What if you took away the top half?
* Bottom then has half the pressure

* Does 1t matter what the shape 1s?

No — only gravity 1s important, so 8 p;
only depth matters
top half
o , EERERRRR S
* Pressure is just due to weight of the tt : t *h*lf* t
. . ottom ha
water above, which means it
CERRRNERY
|

increases linearly with depth

container
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Section 18.1: Forces in a fluid

* This leads us to an important conclusion:

* The pressure in a liquid at rest in a container decreases
linearly with height, regardless of the shape of the
container.

* We saw previously that any force exerted at one point in a
liquid 1s transmitted to any other part of the liquid.

* This leads us to Pascal’s principle:

* A pressure change applied to an enclosed liquid is
transmitted undiminished to every part of the liquid
and to the wall of the container in contact with the
liquid.
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Section 18.1: Forces in a fluid

Example 18.1 Water and air pressure

Consider a cylindrical container that has a radius of 30.0
mm and 1s filled with water to a height of 0.150 m. If
the container is at sea level, what 1s the pressure (a) at
the water surface and (b) at the bottom of the container?
(c) How far above the water surface is the decrease 1n
atmospheric pressure the same as the pressure decrease
between the bottom and top of the water? The mass
densities of air and water are 1.20 kg/m? and

1.00 x 10° kg/m?, respectively.
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Section 18.1: Forces in a fluid

Example 18.1 Water and air pressure (cont.)

© GETTING STARTED I begin  (a) o C <
by making a sketch of the I
situation (Figure 18.8a). The X
problem deals with the pressure
at three locations: at the bottom
of the container (point A), at the
water surface (B), and at some

location above the surface (C).

Because 0.150 m 1s a negligible
distance in the context of this l

\N|z
7S

OWN

problem, the pressure at B is A
essentially equal to the
atmospheric pressure at sea level.
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Section 18.1: Forces in a fluid

Example 18.1 Water and air pressure (cont.)

© GETTING STARTED AtA  (a) o C <
the pressure should be greater I
than at B because of the force of X
gravity exerted on the water. At
C the pressure should be smaller

Y

than at B because the volume of é E S
air above C pressing down on C
1s smaller than the volume of air water L 015
above B pressing down on B. A0 M

Al

& -

—> &
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Section 18.1: Forces in a fluid

Example 18.1 Water and air pressure (cont.)

@ DEVISE PLAN The pressure at A (b) Yy
i1s equal to the magnitude of the force

F exerted by the container bottom

on the water divided by the area of c

the container bottom. To determine cW
the magnitude of this force, I make a
free-body diagram for the water
(Figure 18.8b). The forces exerted on
the water are the force of gravity F frO "
the downward force F ° exerted by
the atmosphere, and the upward force -
exerted by the container bottom, FEW
which I need to determine.
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Section 18.1: Forces in a fluid

Example 18.1 Water and air pressure (cont.)

@ DEVISE PLAN Because the (b) Y
water 1s at rest, the vector sum of
these forces must be zero, and so the

magnitude of the force exerted by the Zc

container bottom on the water 1s cW

FS =F. +F¢ . The force F:V’V is

determined by atmospheric pressure.

To calculate £9 I need to know the

mass of the water, which I can obtain — -
by multiplying the volume of the water Ay = 0

water by the mass density of water. -
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Section 18.1: Forces in a fluid

Example 18.1 Water and air pressure (cont.)

@ DEVISE PLAN Because the difference in pressure between A and B
1s the same as that between B and C, I know that the mass of the air
column between B and C must be equal to the mass of the water
column between A and B.

(a) o C ¢ (b) Y

o |

® *

B

water —- 045 m water Q=0

=G Y

A FEW =0

® A4 \ 4 Faw

>l <
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Section 18.1: Forces in a fluid

Example 18.1 Water and air pressure (cont.)

@ DEVISE PLAN The ratio of the distances between these locations
must therefore be equal to the ratio of the volumes, which is equal to
the inverse of the ratio of the mass densities (assuming that the density
of air 1s approximately constant over that column of air).

(a) o C ¢ (b) Y

o |

® *

B

water —- 045 m water Q=0

=G Y

® A4 \ 4 FZW

- |«
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Section 18.1: Forces in a fluid

Example 18.1 Water and air pressure (cont.)

® EXECUTE PLAN (a) The pressure at B is
essentially equal to atmospheric pressure at sea level,
which I can look up: Py = 1.01325 x 10° N/m?. ¢/
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Section 18.1: Forces in a fluid

Example 18.1 Water and air pressure (cont.)

® EXECUTE PLAN (b) Dividing both sides of
F. =F ‘4 F' by the bottom surface area 4, I get
P FW/A+Patmbecause P =F /Aand P_ =F,=F_/A.

The volume of the water 1s V= A4h, and so the mass of

the water 1s this volume times the mass density of

water: m,,,... = Ahp. The magnitude of the force of

gravity exerted on the wateris F* =m_ g = Ahpg,

and this force 1s exerted over the bottom surface area A4

of the container.



Section 18.1: Forces in a fluid

Example 18.1 Water and air pressure (cont.)

® EXECUTE PLAN The pressure at point A is thus

G

F y
p =" p - AhPg
A atm

+])atm:hpg+1)atm

= (0.150 m)(1.0 x 103 kg/m>)(9.8 m/s?)

+1.01325x 10° N/m? =1.03 x 10° N/m?. v
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Section 18.1: Forces in a fluid

Example 18.1 Water and air pressure (cont.)

® EXECUTE PLAN (c¢) The ratio of the distances is
AB/BC :pair/pwater - (120 kg/m3)/(100 X 103 kg/m3) -
1.20 x 10-3.

I am given that AB = 0.150 m, so BC = (0.150 m)/(1.20 x
103)=1.25% 102 m. ¢
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Section 18.1: Forces in a fluid

Example 18.1 Water and air pressure (cont.)

@ EVALUATE RESULT The answer I obtained in part
b shows that the pressure difference between the top and
bottom of the container 1s very small. That makes
sense—I know from experience that my ears, which are
very sensitive to pressure, don’t experience any pressure
difference when I swim a mere 0.15 m under the surface
of water.
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Section 18.1: Forces in a fluid

Example 18.1 Water and air pressure (cont.)

@ EVALUATE RESULT The answer to part c tells me
that the distance above sea level I would have to climb
in order to obtain the same pressure difference is about
three orders of magnitude greater than the distance from
B to A (0.15 m versus 120 m). This 1s consistent with
the density of water being three orders of magnitude
greater than that of air.

Again, I know from experience that I don’t experience
any detectable pressure difference when going up 120 m
In air, SO my answer 1s not unreasonable.
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Section 18.1
Question 1

How does a pressure change applied to the top of a
column of liquid held 1n a closed container affect the
pressure throughout the liquid?

1. It does not affect it since the pressure in the fluid
1s due to the fluid only.

2. Itincreases the pressure only at the air/liquid
interface.

3. It increases the pressure throughout the fluid.

[t decreases the pressure throughout the fluid.
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Section 18.1
Question 1

How does a pressure change applied to the top of a
column of liquid held 1n a closed container affect the
pressure throughout the liquid?

1. It does not affect it since the pressure in the fluid
1s due to the fluid only.

2. Itincreases the pressure only at the air/liquid
interface.

¢/ 3. Itincreases the pressure throughout the fluid.

[t decreases the pressure throughout the fluid.
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Section 18.2: Buoyancy

Section Goals

You will learn to
* Apply the concept of pressure in order to define buoyancy.

* Derive Archimedes’ principle from the depth variation of pressure

in a fluid.
(a) (b) (c)

Volume of water
displaced by block
is smaller than

floating block volume of block. y buoyan.t force
: : T determined by

N v ¢ N\ b= o volume of

Fb
- | | wb Y <. displaced water
block ®i=0
o R determined by
| > | & =7 Fyg, mass of block
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Section 18.2: Buoyancy

(c) Free-body diagram showing buoyant force

l:"?vb <+ Buoyant force is sum of forces
on top and bottom surfaces.

* Consider a brick submerged in a liquid, as illustrated.
* The pressure in the liquid increases with depth.
* The top and bottom surfaces of the brick have equal area,
SO F° > F°
wb wi.
* Therefore, the pressure in the liquid exerts a net upward force on the
brick. This is the buoyant force.
(a) Brick held under water (b) Free-body diagram that separates
force exerted by water on brick’s top exerted by water on brick
‘ and bottom surfaces
| | ¥ Y
\ o ot 1
“‘ F;b N g Ff‘h
Fe, < force exerted by water
on bottom surface
brick ®i=0 brick
ﬁfﬂ <+ smaller force exerted by & =0
water on top surface
4 b
F b F 8

© 2015 Pearson Education, Inc.
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Checkpoint 18.5

@ 18.5 (a) What happens to the (a) Brick held under water

pressure difference between the top
and bottom of the brick in Figure
18.9a when the brick is held deeper
in the water? () What happens to
the pressure difference when the ) (
pressure at the surface of the water
1s increased? (c) What is the effect
of the pressure 1n the water on the
vertical sides of the brick? (d)
Consider the same brick held in the
air. Does the air exert a buoyant
force on the brick? If so, in which
direction 1s this force? W J
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Checkpoint 18.5

* a) Nothing — since pressure increases linearly with
depth, the difference between top and bottom 1s
always the same

* b) Nothing — the pressure change applied 1s
transmitted undiminished to every part of the fluid, so
the top and bottom change by the same amount

* ¢) No effect, pressure on the sides causes equal and
opposite forces

* d) Yes — the pressure 1n the atmosphere also
decreases with height, though less than 1n water. The
force 1s also upward.
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Section 18.2: Buoyancy

*  When an object 1s submerged in a fluid, it displaces fluid.

* The displaced fluid’s volume equals the volume of the portion of the
object that 1s immersed 1n the fluid.

* From the free-body diagram for the displaced water, we can see that
F =F.
wv Ev

(a) Submerged object  (b) We replace object (c) Free-body diagram
with water it displaces  for displaced water

Water is at rest. "
N ¢ : ¢ 1
: ol
o
A a=0
\ \ ®
NS |
NS - /

(N
//
|
g
sia)

S
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Section 18.2: Buoyancy

* The object feels a net force that 1s the difference
between 1ts weight and the weight of the water 1t
displaced

* This gives us a way of determining the buoyant force
exerted on an object:

* An object submerged either fully or partially in
a fluid experiences an upward buoyant force
equal in magnitude to the force of gravity on
the fluid displaced by the object.

* The volume of the displaced fluid is equal to the
volume of the submerged portion of the object.

* This statement 1s called Archimedes’ principle.
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Checkpoint 18.6

@ 18.6 If the buoyant force exerted on an object is always equal
in magnitude to the force of gravity exerted on the fluid displaced
by the object, why does a brick placed in a barrel of water sink?

The density of the brick 1s greater than that of water.

The buoyant force 1s m,,,.g, but the brick’s weight is m, . .2, and
Mprick8 > MyaterS
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Section 18.2: Buoyancy

 If an object 1s only partially submerged in a fluid as
illustrated, we can use the displaced volume of the
fluid to determine the buoyant force.
(a) (b) (c)

Volume of water

displaced by block
is smaller than b ¢
floating block volume of block. b uoyan.t i
’ : T determined by
Q v 0 & po—iee=q = volume of
- | T T T B Fao T < displaced water
block ®i=0
L e determined by
| 7 | > Fgy, mass of block
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Section 18.2: Buoyancy

* Now we can explain how materials that normally sink can be
made to float.

* This can be achieved by designing the object (say a steel ship)
in such a way to ensure that the volume of water displaced 1s
great enough to offset the weight of the ship.

steel hull (cross section) Volume of water displaced by hull
exceeds volume of steel.
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Checkpoint 18.7

@ 18.7 A pan with a rock 1n 1t 1s floating in water. Suppose you
remove the rock and use a very lightweight string to suspend it
from the bottom of the pan (Figure 18.14). If the combination still
floats, 1s the volume of water displaced when the rock is
suspended greater than, equal to, or smaller than the volume of
water displaced when the rock 1s in the pan?

N ¢

pan

Y a
|

rock
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Checkpoint 18.7

* Equal.

r

* The pan-rock combination floats in both cases due to
the buoyant force. In both cases it must be equal to
the force of gravity exerted on the displaced water.

e

* The buoyant force must also equal the weight of the
combination since it remains at rest.

* The mass doesn’t change when you rearrange the
combination, so the volume of water displaced
doesn’t change either
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Section 18.2
Question 2

Imagine holding two bricks under water. Brick A 1s
just beneath the surface of the water, while brick B 1s
at a greater depth. The force needed to hold brick B in
place 1s

1. larger than
2. the same as
3. smaller than

the force required to hold brick A in place.
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Section 18.2
Question 2

Imagine holding two bricks under water. Brick A 1s
just beneath the surface of the water, while brick B 1s
at a greater depth. The force needed to hold brick B in
place 1s

1. larger than
¢/ 2. thesame as
3. smaller than

the force required to hold brick A in place.
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Section 18.3: Fluid flow

Section Goals

You will learn to

* Contrast laminar and turbulent flow.

* Model the flow of incompressible fluids in pipes.

* Recognize some consequences of the Bernoulli effect.
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Section 18.3: Fluid flow

* Fluid flow where the velocity of the fluid at any given location
1S constant 1s said to be laminar.

* The lines drawn to represent the paths taken by any particle in
a fluid flow are called streamlines.

» Streamlines can be made visible by injecting smoke into the
flow of gas or ink 1nto the flow of liquids.
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Section 18.3: Fluid flow

e In laminar flow, the
streamlines maintain their
shapes and position.

|
I
|

* In turbulent flow,
streamlines are erratic and
often curl into vortices.

*  Whether a flow of a fluid past
a stationary object is laminar
or turbulent depends on

1. the speed of the flow

2. the shape of the object,
and

I

3. the fluid’s resistance to
shear stress (its viscosity).
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Section 18.3: Fluid flow

* The figure illustrates how fluid flow 1s affected by the
fluid’s speed viscosity and the shape of object.

(a) Low flow speed, zero viscosi (b) Low flow speed, nonzero viscosi

ty

e~

(]}

|
)
)
;

KK

—
—- —
— — —
— — —
—- . —- L w=pe
=\ = I\ -
Flow speed is zero at object’s surface.

(c) High flow speed, turbulence

e
Ef:@;&
=5
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Checkpoint 18.8

@ 18.8 Instead of laminar fluid flow past a stationary object as in

Figure 18.18a, consider the motion of an object moving at
constant velocity through a stationary fluid. Do you expect the

flow pattern surrounding the object to be the same as in Figure
18.18a or different?

(a) Low flow speed, zero viscosity

s

~
\\ _

1

|

1

Y
!

Wi

NT/

/ﬁ

l
)

WY

I
|
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Checkpoint 18.8

* The same — only the relative velocity matters.

* Would it matter 1f you viewed the situation from the
ground or sitting on top of the object?
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Section 18.3: Fluid flow

* Fluid flowing through a pipe of fixed diameter.

* The figure 1llustrates how the viscosity of the fluid
affects the flow speed pattern.

* Note the boundary layer for viscous fluids!

* Look at your ceiling fan, most dirt on leading edge

(a) Nonviscous fluid (b) Viscous fluid at (¢) Viscous fluid at
low speed high speed
— e ——

02 boundary layer,



Section 18.3: Fluid flow

° Let us now COIlSldGI’ ﬂow (a) When a pipe carrying a fluid narrows, the streamlines
L . . get closer together
through a constriction in a pipe.

* A flowing fluid speeds up when
the region through which it flows
narrows and slows down when
the region widens.

* The density of streamlines D point 2
reflects the changes in flow
speed:

-
/

(b) Where the pipe is narrower, the fluid must flow faster

*  When streamlines in a
laminar flow gets closer
together, the flow speed
increases. T

volume that

volume that
passed point 2

passed point 1 %
*  When they get farther apart, N :
These volumes must be equal (what goes in must come
the ﬂOW Speed decreases' out), so fluid must move faster where pipe is narrow.
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Section 18.3: Fluid flow

*  When the flow speed

: : (b)
in a laminar flow
increases, the pressure Reference frame moving with ball
in the fluid decreases.
* This effect is called 1 L |
the Bernoulli effect. Pair

* One familiar example
of the Bernoull: effect

1s the curved motion high speed, ! ] L[| —|—)=15 <+ low speed,
of a rapidly moving low pressure high pressure
\ﬁair
\

spinning ball.
Air behind ball is deflected by ball's spin.

* The figure shows the
top view of a
curveball.
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Section 18.3: Fluid flow

Example 18.3 Magic pull

When air is blown downward into the narrow opening of a funnel
(Figure 18.22), a lightweight ball initially positioned below the wide
opening is pulled up into the funnel and held in place. Explain how the
ball can be pulled upward even though the airflow and gravity are both

directed downward. 1

When air blows <>

into funnel . ..
Y’.

... ball is pulled upward into funnel.
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Section 18.3: Fluid flow

Example 18.3 Magic pull (cont.)

@ GETTING STARTED I know that if T were to blow
against the ball, 1t would move away from me. So I
reason that to pull the ball upward, there must be
exerted on 1t an upward force that 1s greater than the
combined effect of the downward gravitational and
airflow forces.
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Section 18.3: Fluid flow

Example 18.3 Magic pull (cont.)

@ GETTING STARTED The ball is subject to an
upward buoyant force, but I know this force 1s smaller
than that of gravity alone because a ball—even a
lightweight one—does not float in air. So there must be
an additional force pulling the ball upward. Because this
force 1s absent when no air flows past the ball, that flow
must be causing the upward force.
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Section 18.3: Fluid flow

Example 18.3 Magic pull (cont.)

@ DEVISE PLAN To understand the effects of the
flowing air, I should sketch the streamlines (I assume
laminar flow). The density of the streamlines tells me
how the speed of the flow varies, and from this
information I can determine how the air pressure varies
around the ball, which in turn tells me 1n which
direction the air exerts a force on the ball.
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Section 18.3: Fluid flow

Example 18.3 Magic pull (cont.)

® EXECUTE PLAN Figure 18.23 shows how the streamlines must
bend around the ball. In order to pass around the ball, they must be
squeezed together between the ball and the sides of the funnel. At the
bottom of the funnel, the diameter of the funnel 1s very wide and so the

streamlines are spaced far apart.

higher speed, lower pressure

lower speed, higher pressure
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Section 18.3: Fluid flow

Example 18.3 Magic pull (cont.)

® EXECUTE PLAN This tells me that the flow speed is smaller below
the ball than above it and consequently that the pressure is greater
below the ball than above 1t. This pressure difference causes an upward
force on the ball. If the pressure difference is great enough, this force
can exceed the combined effect of the force of gravity and the
downward force of the airflow on the ball. ¢/

higher speed, lower prcssure%

lower speed, higher pressure
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Section 18.3: Fluid flow

Example 18.3 Magic pull (cont.)

@ EVALUATE RESULT My answer is consistent with
the observation given in the problem statement, even
though the ball’s being pulled upward by a downward
flow of air seems nothing short of magic! I assumed the
flow to be laminar, which may not be entirely correct
for an object like a ball (which is not streamlined).
However, because air 1s a gas and because gases have
very low viscosity, the assumption that the flow remains
laminar 1s not unreasonable.
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Checkpoint 18.9

@ 18.9 The cloth roof of a convertible car often bulges at high
speed, even when the top fits tightly and no wind 1s getting
caught under it. Explain what causes the bulging.

The streamlines that pass over the roof of the car get closer
together, indicating higher flow speed and thus lower pressure
just above the roof.

The air pressure in the car 1s unchanged, and is therefore greater
than the pressure outside.

The pressure difference gives a net force outward, bulging the
roof.
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Section 18.3
Question 5

Blood flows through a coronary artery that 1s partially
blocked by deposits along the artery wall. Through
which part of the artery 1s the flux (volume of blood
per unit time) largest?

I'he narrow part
T'he wide part

W DN
A
p|

T'he flux 1s the same in both parts.
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Section 18.3
Question 5

Blood flows through a coronary artery that 1s partially
blocked by deposits along the artery wall. Through
which part of the artery 1s the flux (volume of blood
per unit time) largest?

1. The narrow part

T'he wide part

¢/ 3. The flux is the same in both parts.
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Section 18.3
Question 6

Blood flows through a coronary artery that 1s partially
blocked by deposits along the artery wall. Through
which part of the artery 1s the flow speed largest?

1. The narrow part.
T'he wide part.
3. The flux 1s the same 1n both parts.
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Section 18.3
Question 6

Blood flows through a coronary artery that 1s partially
blocked by deposits along the artery wall. Through
which part of the artery 1s the flow speed largest?

¢/ 1. The narrow part.

T'he wide part.

3. The flux 1s the same 1n both parts.
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Chapter 18: Self-Quiz #1

Masons use a hose open at both ends and filled with
water to ensure that the blocks they lay remain level
(Figure 18.37). How does such a hose help them do
this?
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Chapter 18: Self-Quiz #1

Answer

The air pressure at both water surfaces 1s atmospheric
pressure. Therefore the height of the water surface at the
left end of the hose must be the same as the height of
the water surface at the right end, 1n order to balance the
pressure throughout the water. If the masons align the
two ends of the hose with the two ends of a row of
blocks and no water bubbles out of either end of the
hose, the two ends of the wall are at the same height,
meaning the row 1s level.
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Chapter 18: Self-Quiz #3

For a thrown ball to rise, what type of spin should the
thrower place on it?
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Chapter 18: Self-Quiz #3

Answer

The thrower needs to place a “backspin” on the ball, which 1s a
spin in which the top of the ball moves toward the thrower. This
direction of spin causes the speed of the air relative to the surface
of the ball to be greater at the top of the ball than at the bottom.
Thus the air pressure 1s smaller at the top of the ball than at the
bottom. As a result, the ball 1s subject to an upward force
(Magnus force) due to this pressure difference.

Does it actually rise? No, the force 1s not big enough. But it falls
less than the batter anticipates, so they interpret the motion as
rising.
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Chapter 18: Fluids

Quantitative Tools
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Section 18.5: Pressure and gravity

* Pressure 1s defined as the ratio of the magnitude of
the force to the area on which the force 1s exerted.

 The SI units of pressure are N/m?, also defined as the
pascal (Pa), where 1 Pa= 1 N/m>.

* Because, 1 Pa 1s a very small pressure, we often use
kilopascals (kPa).
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Section 18.5: Pressure and gravity

* For an example, the 40
average pressure of
the atmosphere at see
level 1s

P, =101.3kPa

* This pressure 1s
referred to as 1
atmosphere (1 atm).

W
o

—k
o

altitude above sea level (km)
N
o

0

50 kPa at 5.5-km altitude

0

100

atmospheric pressure (kPa)
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Checkpoint 18.13

@ 18.13 Consider a book lying on a table at sea level with the
front cover facing up. The book 1s 0.28 m tall, 0.22 m wide, and
50 mm thick; 1ts mass 1s 3.0 kg. How does the force exerted by
the atmosphere on the front cover compare with the force of
gravity exerted on the book?

© 2015 Pearson Education, Inc. Slide 18-74



Checkpoint 18.13

* The force exerted by the air on the cover i1s
F,.°=P,.A=(101 kPa)(1000 Pa/1 kPa)(0.28m)(0.22m)
= 6200 N

* The force of gravity 1s
Fr, O = (3.0 kg)(9.8 m/s?) =29 N

* The force exerted by the atmosphere 1s about 200
times greater than the gravitational force
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Checkpoint 18.14

@ 18.14 A dart that has a suction cup at one end sticks to a
ceiling. Describe what force holds the dart against the ceiling.

As the suction cup hits the ceiling, the bowl of the cup collapses,
forcing out the air that was initially in the bowl. The pressure in
the space between the cup and ceiling decreases, and 1s then
lower than the atmosphere.

The air in the room then exerts an upward force greater than the
downward force exerted by the air still inside the cup, which
holds the dart up against the ceiling.
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Section 18.5: Pressure and gravity

* The imaginary cylinder of

L g . (a) Imaginary cylindrical (b) Free-body
lqu.ld shown 1n the ﬁgure 1S volume of liquid at rest inside diagram for
at rest, and hence the vector larger volume of same liquid cylinder
sum of the three forces y y
acting on 1t must be zero: . ) T

Fe¢
F =F° +F° +F¢ I
cy ley 2cy Ecy 9,
V2l 1= - — |
=hA-PA-mg=0 | |
. i=0
: :4 -------- - cylindrical «--» @
: : volume
! Fs
Ny -em- Fg
& J
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Section 18.5: Pressure and gravity

* The mass of the liquid in the

] . ] (a) Imaginary cylindrical (b) Free-body
CYIlndI'ICEII volume is volume of liquid at rest inside diagram for
B B larger volume of same liquid cylinder
m=pV=pA(y,—y)).

* Therefore, the pressure at all /A .
points in a horizontal plane I ¢ I
located a distance d =y, — y, 2 Fy,
below another horizontal »l --e-
plane 2 1s l |

_ ' | i=0
Pl — P2 + ,Ugd I I< -------- - cylindrical «--» o
. . . I I
(stationary liquid, 1 below 2) | | Qe 2
2¢
I I =5
2] T Fg,
& J
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Section 18.5: Pressure and gravity

 If we let point 2 to be at the surface,
then the pressure at depth

d=y,—y,1s )

> 2

P=P ..t pgd (stationary liquid)

* The term that contains g in this
equation 1s the gravitational v,
contribution to pressure and 1s

referred to as hydrostatic pressure.

) 4

© 2015 Pearson Education, Inc. Slide 18-79



Section 18.5: Pressure and gravity

Now consider two connected tubes
filled with a liquid, one wide and one
narrow, as shown. Both tubes are

surface at atmospheric pressure P,
open to the atmosphere. : :

* The pressure at points 1 and 2 1s - ; ; o
given by | ‘
Pl :Patm+pgd1 andPZZPatm+pgd2 d, %
* Because these points are at the same | 1 & J2] |
horizontal level, we have P, = P,, == —

and hence d,| = d,. : :
. 2 same horizontal level, so same pressure

* A stationary connected liquid rises to
the same height 1n all open regions of
the container.
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Section 18.5: Pressure and gravity

Example 18.6 Dam

A dam of horizontal length £ holds water of mass
density p to a height 2. What 1s the magnitude of the
force exerted by the water on the dam?
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Section 18.5: Pressure and gravity

Example 18.6 Dam (cont.)

@ GETTING STARTED I begin b
with a sketch (Figure 18.43a). g b
The pressure in the water behind | 7
the dam is equal to atmospheric
pressure at the water surface and
increases linearly with depth as
given by Eq. 18.8. If I choose my
y axis pointing upward, with the
origin at the bottom of the dam,
the pressure varies with y as
shown in Figure 18.435. For
convenience, I call the water side
of the dam face A and the
opposite side face B.
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Section 18.5: Pressure and gravity

Example 18.6 Dam (cont.)

@ DEVISE PLAN ) b)
Because the pressure Y P
varies with y, the
magnitude of the
force ﬁw , also varies
with y. I therefore
divide the area of face g /
A into thin horizontal foee A fac-e/B\

strips each of width dy
(Figure 18.43a).
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Section 18.5: Pressure and gravity

Example 18.6 Dam (cont.)

@ DEVISE PLAN Because I b)
know the pressure at a given g p
value of y, I can calculate the | 1
force dF,4 exerted on the
strip. To calculate the force
exerted by the water on the
whole dam, I integrate my
expression over y from y =0
at the bottom of the dam to

y = h at the water surface.
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Section 18.5: Pressure and gravity

Example 18.6 Dam (cont.)

® EXECUTE PLAN Because a point in the water
located at some arbitrary value of yi1satadepthd=h1—y
below the water surface and because P .¢cc = Py |
write Eq. 18.8 in the form

P()/) :Patm _I_pg(h _y)
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Section 18.5: Pressure and gravity

Example 18.6 Dam (cont.)

® EXECUTE PLAN The area of each strip is d4 = ¢ dy,
and so the magnitude of the force exerted by the water on
each strip 1s dF' = P(y)dA = P(y){ dy. The magnitude of
the force exerted by the water on the entire dam 1s then

h
F, = |dF, =] P(y)dy="1[P, y+ pghy—4pg’],

= (h(P, +Lpgh). v

© 2015 Pearson Education, Inc. Slide 18-86



Section 18.5: Pressure and gravity

Example 18.6 Dam (cont.)

@ EVALUATE RESULT The product ¢4 is the surface
area of the dam, and so the term ¢AP,,  1s the magnitude
of the force exerted by the atmosphere on the dam.
Because the atmosphere exerts a force of the same
magnitude on face B 1n the opposite direction, the first
term 1n my answer drops out of the vector sum of the
forces exerted by the water on face A of the dam and by
the atmosphere on face B of the dam.
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Section 18.5: Pressure and gravity

Example 18.6 Dam (cont.)

@ EVALUATE RESULT The remaining term, (A( pgh),
is the product of the area of the face of the dam and - pgh,
which 1s the pressure increase halfway down in the water.
Because the pressure increases linearly with depth, this
term represents the average value of the pressure increase
between surface and bottom, and so my answer makes

SCNSC.
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Section 18.5: Pressure and gravity

* The lmaginary Cyhnder of hqllld (a) Imaginary cylindrical (b) Free-body
1n the ﬁgure 1s held 1in p]ace by volume of liquid at rest inside ~ diagram for

— — - larger volume of same liquid cylinder
the buoyant force F° = F° — F,
exerted by the surrounding liquid. )
* The vector sum of the forces ) ( T .
. . F¢
exerted on the cylinder is , 8
. . . . Yo =0 |
YE=F+F=0 o
\% lv Ev | | = 2
| | T =0
G | ROy - cylindrical ..» @
* Because FEV = pVg, the : : volume N
magnitude of the buoyant force | | | e
: JENS O F
1S ) 1 Ec
—_ o _4
E L= pVg ) “4
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Section 18.5: Pressure and gravity

Another way

* Between top and bottom
* Fnet — (Pbott o Ptop)A - (Pl o PZ)A
* Fo=(Pytpgh)A —P,A = A (pgh) = pgV
* Buoyant force = pgV
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Section 18.5: Pressure and gravity

* However, this expression for buoyant force holds for any object
in any fluid.
* So, the buoyant force on any object o in a fluid f is
P}E =P deispg
where Vg, 1s the displaced volume of fluid and p; is the density
of the fluid. This 1s the weight of the displaced fluid!

* Net force 1s buoyant — weight: PV disp & — PoVaisp & = (Ps-Po) Viisp€

* For an object that 1s floating, the displaced volume is less than the
volume of the object, and therefore we get

Poay <Py (Object floats)

 If an object sinks, the buoyant force 1s smaller than the
gravitational force, and we get

Poay > Pr (Object sinks)
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Checkpoint 18.15

@ 18.15 An object floats with 80% of its volume submerged in
water. How does the average mass density of the object compare
with that of water?

Buoyant force: weight of water displaced

B = 0.8 x (object volume) x (liquid density) x g
Weight of object:

mg = (object volume) x (object density) x g

In equilibrium, B —mg =0, so

(object density) = 0.8 x (liquid density)
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Section 18.6: Working with pressure

Section Goals

You will learn to

* Recognize several
pressure-measuring
devices and model
mathematically how they
are calibrated.

* Understand the basics of
hydraulic systems and how
to apply Pascal’s principle
to them.
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Section 18.6: Working with pressure

* Many pressure gauges, such as tire gauges, measure
not the actual pressure P but what 1s called gauge

pressure P, ., where
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Section 18.6: Working with pressure

surface at

* The simplest pressure gauge atmospheric

pressure P,

1s the open-tube manometer. iy

» The tube is filled with liquid
meI'CU,I'y Of deIlSlty p . gas at unknown liressure P

* Find the pressure P:
P =P+ pgh h

Prge = P - P = pgh

gauge
* Same result by balancing
forces on either side at y, 4 —

difference 1n pressure 1s the M

weight of the excess mercury ot Lo

at pressure P ..o@fi— — — — — — —1 = Y T

bottom
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Section 18.6: Working with pressure

* We can use a barometer to
measure the atmospheric
pressure.

* We fill the tube completely with
a liquid, cover the top end, invert —-—x
the tube, place it in an open
container of the same liquid, and
remove the cover.

vacuum: P = () s>

*  We then measure the height 7 of surface at

the liquid column in the tube. I

pressure P,

 Balancing pressure force P, A4 :
with the weight of the column: L Y v J

Patm — pgh
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Section 18.6: Working with pressure

* With P, = pgh=101.325 kPa, using Pb with
p=13,594 kg/m’ ...

h =760 mm (29.92 in) = 1 Torr

* That’s where that nonsense about “inches of
mercury”’ comes from on the weather report.

* Curious: using water density (1000 kg/m?), we get
h=10.3 m, 1 atm can only draw up that much water

* That means the largest possible straw 1s 10.3 m tall,
no matter what
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Section 18.6: Working with pressure

Example 18.7 Liquid support

In Figure 18.47, the top tank, which is open to the atmosphere, contains
water (0., = 1.0 x 10° kg/m?) and the bottom tank contains oil

(0, = 0.92 x 103 kg/m?) covered by a piston. The tank on the right has
a freely movable partition that keeps the o1l and water separate.

() -
Puater = 1.0 X 10° kg/m? water 10.10 m
L
: /  oil
movable partition

0.50 m

area of piston = 8.3 X 107> m?

\T

\ Y

Po = 0.92 X 10° kg/m’ 1
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Section 18.6: Working with pressure

Example 18.7 Liquid support (cont.)

The partition 1s a vertical distance 0.10 m below the open surface of the
water. If the piston in the bottom tank is 0.50 m below the open surface
of the water and has a surface area of 8.3 x 103 m2, what must the mass
of the piston be to keep the system in mechanical equilibrium? For
simplicity, ignore the mass of the partition.

0.10 m

[«—>I

Prater = 1.0 X 10° kg/m’

movable partition

0.50 m

area of piston = 8.3 X 107> m*

Po = 0.92 X 10° kg/m’—1
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Section 18.6: Working with pressure

Example 18.7 Liquid support (cont.)
@ GETTING STARTED @

I begin by making a sketch R O e

of the arrangement and 1 water || |d;=0.10m
1dentifying points of interest o—-X
(Figure 18.48a). Point 1 1s at — ozu

the water surface 1n the top d; =040 m
tank, and the pressure here 1s l4,=050m
atmospheric pressure. Point 7z 1 I B A

2 1s on the partition in the 3L

right tank separating the
water from the oil.
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Section 18.6: Working with pressure

Example 18.7 Liquid support (cont.)
@ GETTING STARTED @

In mechanical equilibrium, R O e

the partition is not 1 water || |d;=0.10m
accelerating, and so, because o— X

I ignore the partition mass, — Ozu

the pressure must be the d;=0.40 m
same on the two sides of the ld,=050m
partition. Point 3 is at the A |4
position in the bottom tank 3L

where the o1l and piston
meet.
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Section 18.6: Working with pressure

Example 18.7 Liquid support (cont.)

€ GETTING STARTED I also draw a (b
free-body diagram for the piston, which
also has zero acceleration in mechanical X

equilibrium (Figure 18.48b). The piston
is subject to an upward force F exerted A F‘;P
by the oil, a downward force F < exerted
by the air above the piston, and a .
piston

downward gravitational force FE(;
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Section 18.6: Working with pressure

Example 18.7 Liquid support (cont.)

® DEVISE PLAN When the system is in mechanical
equilibrium, the piston 1s stationary. Therefore the
vector sum of the forces exerted on 1t must be zero.
From my free-body diagram, I see that the magnitude of
the upward force exerted by the o1l on the piston 1s
equal 1n magnitude to the sum of the downward
gravitational force exerted on the piston and the
downward force exerted by the air on the piston:

FC=F'+F=mg+F°.
op Ep ap p ap
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Section 18.6: Working with pressure

Example 18.7 Liquid support (cont.)

@ DEVISE PLAN The magnitudes F’ and F are given
by a rearranged form of Eq. 18.1: F ) P A and

op

p1st0n9

piston*

The problem reduces to determining P; at point 3,
where the oil and piston meet. That point 1s 0.40 m
below the partition, where the pressure 1s P,. Because
points 2 and 3 are in a connected liquid (the o1l), I can
relate P, and P;. Points 1 and 2 are also 1n a connected
liquid (the water), so I can relate P, and P, = P

atm-
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Section 18.6: Working with pressure

Example 18.7 Liquid support (cont.)

® EXECUTE PLAN Because the vector sum of the
forces exerted on the piston 1s zero, I have

C C G
F - Fp o FEp = })3A ' o BlirApiston o mpistong = O’

op a piston
. P—-P )A
. ( 3 air ) piston ( 1)
piston g ’ (a)
1 water d;=0.10 m
O n &
2
oil
d,=0.40m
d3=0.50 m
L3 .
/7 N . l
3
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Section 18.6: Working with pressure

Example 18.7 Liquid support (cont.)

€® EXECUTE PLAN To get P, connect pressures at points 1 and 2,
remembering that the lower point always goes on the left side of the
equation: P, = P+ p.e: €41 = Pir T Pwater€d,- Then 1 1t to points 2
and 3: P3 - P2 T poilgdZ - Pair T pwatergdl T poilgdZ' Substituting:

(Pair T Pyater& d1 T P& dz - }:ﬁr ) Apiston

piston

(@ g
i_J_W:ter Kl d=010m — (pwater dl T Poil dZ)Apiston
o |l =[(1.0x 103kg/m?)(0.10 m) + (0.92 x 10°kg/m?)
om0 x (0.40 m)] (8.3 x1073 m2?)=3.9 kg. v/
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Section 18.6: Working with pressure

Example 18.7 Liquid support (cont.)

@ EVALUATE RESULT The atmospheric pressure
term drops out because 1t affects both the water surface
and the piston. Points 1 and 3 are separated by 0.5 m.

Because I know that the pressure difference due to 10 m
of water 1s equal to atmospheric pressure at sea level, or
about 100 kPa (this 1s handy to remember), I know that
0.5 m of water should correspond to a pressure
difference of about 5 kPa.
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Section 18.6: Working with pressure

Example 18.7 Liquid support (cont.)

@ EVALUATE RESULT The mass density of oil is a bit
smaller than that of water, but I can 1gnore the difference.
The surface area of the piston is about 10~ m?, and so the
force giving rise to the 5-kPa pressure difference 1s about
50 N, which 1s equal to the gravitational force exerted on a
mass of 5 kg, which is close to the answer I obtained.
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Section 18.6: Working with pressure

Example 18.8 Liquid work

Suppose a load 1s placed on the large piston in Figure 18.50 and we
wish to raise that load by a certain distance. How does the work done
on the small piston compare with the work required to raise the load?

Ignore the masses of the pistons.

D

2
P, = F /A > o —— Y |———— ®@— ———|[<-land3on
1 . 3 same level,

so.P, =P

— ,
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Section 18.6: Working with pressure

Example 18.8 Liquid work (cont.)

@ GETTING STARTED I begin by making a sketch (Figure 18.51).
To keep my subscripts simple, I call the small piston 1 and the large
piston 2. I denote the displacements of the two pistons by Ax, and Ax,

and the forces exerted on them by 131 and 1’32

1(
A% l 6/1//
_/ €
T
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Section 18.6: Working with pressure

Example 18.8 Liquid work (cont.)

@ DEVISE PLAN If we assume / is small, we can
neglect the variation of pressure with depth, so P, = P,
and thus F',/4, = F,/A4,, which gives F, = (A,/4,)F.

Each force does an amount of work which is the product
of the force and the force displacement, which 1s equal
to the displacement of the piston.

Both forces do positive work because the direction of
each force 1s the same as the direction of the force
displacement.
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Section 18.6: Working with pressure

Example 18.8 Liquid work (cont.)

® DEVISE PLAN Because the liquid in the cylinders is
incompressible, I know that the volume V; of liquid pushed
out of the small cylinder must be equal to the volume V, of
liquid pushed into the large cylinder: V, = V.

This expression will help me relate the piston
displacements to the piston surface areas.

Generally speaking, ‘conservation of stuff’ is a go-to thing.
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Section 18.6: Working with pressure

Example 18.8 Liquid work (cont.)

® EXECUTE PLAN Raising the load a distance d = Ax,
requires work W, =F - Ax, = F,d. With F'; = (4,/4,)F,, the
work done on the small piston 1s

W:F-M’:FAx:FﬁAxl. (1)
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Section 18.6: Working with pressure

Example 18.8 Liquid work (cont.)

® EXECUTE PLAN The volume of liquid pushed out of
the small cylinder i1s V', = 4,Ax,, and that pushed into the
large cylinder 1s V, = A,Ax,= A,d. Because these two
volumes are equal, I have 4,Ax, = 4,d, or Ax,; = (4,/A4,)d.
Substituting this expression into Eq. 1, I get W, = F.d,
telling me that the same work 1s done on both pistons. v/

Which had to be the case, right?
Would our answer change 1f there was viscosity?
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Section 18.6: Working with pressure

Example 18.8 Liquid work (cont.)

@ EVALUATE RESULT My answer tells me that no
energy 1s gained by using the hydraulic lift, which
makes sense. Gaining energy would be extraordinarily
dangerous.

The force exerted on the small piston is increased by the
factor A,/A, when it 1s transmitted to the large piston,
but the displacement decreases by the inverse factor
A,/A,, and so the work done 1s the same.
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Section 18.6: Working with pressure

 This basically explains Aydraulic
systems.

* In hydraulic systems a liquid,
usually oil, 1s used to transmit a
force applied at one point to
another point.

* Just like a pulley, you trade force
for displacement

* You have probably used
hydraulics today

© 2015 Pearson Education, Inc.

(a) Basic hydraulic system

smaller area, greater area,
smaller force, greater force,
greater displacement smaller displacement
H 4
; —
F,
o
F, ‘
area A,
area A,
A

incompressible fluid

(b) Schematic model of hydraulic brake system
\’l“h'll]i"ll lever multiplies force on brake pedal.

wheel cylinder  piston

bi N i

brake pedal N

mastfr cylinder ‘{ —
[ Of b

Hydraulic system multiplies and distributes force.
Slide 18-116
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Section 18.6: Working with pressure

* A great advantage of hydraulic systems is that they permit us to
“multiply” a force by varying the size of the pistons.

* Since pressure 1s constant, take advantage and vary the area!
* To see how this works, let us analyze a hydraulic lift again.
* Since P, = P;, we can write

P, =Py —pgh=P,—pgh
* Because p_; and /4 are small, the term pgh can be 1gnored.

* Using P = F/A, we can write F,
A2 area Aﬂ2 L a
F==h : \
141 area A, | F -
4
1 N h
P, = F /A > ° ———i ————— g———— < 1land3on
1

. same level,
so.F. =P,
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Incompressible?

* For a fluid, compressibility 1s

_loav
-~ VOP
AV
— < BAP
v &

 For water at 0°C, 3 ~ 5x10-10 Pa-!
* Need 500 atm for 1% volume change ...
* Ignoring compressibility 1s a good approximation
* But we still need 1t to explain sound underwater ...
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Section 18.6: Working with pressure

Procedure: Working with pressure in liquids
at rest

The branch of physics that deals with pressure in a liquid at rest 1s
called hydrostatics. The pressure 1n a liquid at rest is determined
by gravity and by what happens at the boundary of the liquid. To
determine the pressure in such liquids:

1. Begin by making a sketch showing all the boundaries and
identifying all the factors that affect pressure: pistons, gases
at surfaces open to the atmosphere, and so on. Note the
known vertical heights of liquid surfaces, the areas of these
surfaces, the surface areas of pistons, and the liquid mass
densities.
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Section 18.6: Working with pressure

Procedure: Working with pressure in liquids
at rest

2. Determine the pressure at each surface. The pressure at a
liquid surface open to the air is equal to atmospheric pressure
P,.... The pressure at a liquid surface bordering a vacuum is
zero: P = 0. The pressure at a liquid surface open to a gas
other than the atmosphere 1s equal to the pressure in the gas:
P=P,,. The pressure at a liquid surface that is in contact
with a solid, such as a piston, 1s P = F%/A4, where F¥, is the
magnitude of the force exerted by the solid on the liquid and

A 1s the area over which that force is exerted.
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Section 18.6: Working with pressure

Procedure: Working with pressure in liquids
at rest

3. Use horizontal planes. The pressure is the same at
all points on a horizontal plane in a connected
liquid. The pressure difference between two
horizontal planes 1 and 2 1s given by P, = P, + pgd
(Eq. 18.7), where d is the vertical distance between
the horizontal planes and 1 1s below 2.
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Section 18.7: Bernoulli’s equation

Section Goal cross-sectional
area A, cross-sectional
You will learn to ¥ area A,

* Derive the equation
of continuity for the |
laminar flow of a point 1
nonviscous fluid.

‘ —_——

* Derive and apply
Bernoulli’s equation
for situations
involving fluids in

_ = volume A,A x,
motion. volume A A x,
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Section 18.7: Bernoulli’s equation

 Laminar flow, non-viscous cross-sectional

fluid through a tapered tube. area A,

* The mass of the fluid
emerging from the narrow
part of the tube at point 2
during a time interval A¢ 1s
same as the mass entering at
point 1.

* This observation gives us the ‘
continuity equation:
P14 101 = prds0;

(laminar flow, nonviscous fluid)

volume A A x,
(Conservation of stuff FTW)
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cross-sectional
area A,

‘ S —

volume A,Ax,
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Section 18.7: Bernoulli’s equation

* For an incompressible fluid, the continuity equation becomes
A,v; = A,0, (laminar flow of nonviscous, incompressible fluid)

* The volume flow rate Q is the rate at which a volume of fluid
crosses a section of a tube.

* The SI units of O are m?/s.
 For a nonviscous fluid,
QO =Av
* The continuity equation tells us that for a incompressible fluid

01 =0,
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Section 18.7: Bernoulli’s equation

* Let us apply the energy law Between these points, mass
( AE = W) to an of fluid does not change.
incompressible fluid
flowing 1n the tapered tube
shown.

* Consider a mass m of fluid
flowing across points 1 and

2 1n time At.
* The change 1n energy i1s ,
AE = AK + AU o
— %m(vz —D> )+mg(y,—y,) Mass?;missing” ... equals mass of
2 1 2 1 fluid here . . . “added” fluid here.
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Section 18.7: Bernoulli’s equation

The net work done on the fluid by Between these points, mass
= = of fluid does not change.
forces | and F)is

W= PA v At — P,A0,At
* The energy law then gives us

R+ pgy,+3pv; =P, +pgy,

+1 pv> (laminar flow of

* (This 1s AE/volume)

* Together with the continuity
equation, this equation is known
as Bernoulli’s equation.

Mass of “missing” . . . equals mass of
fluid bere ...« “added” fluid here.
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Section 18.7: Bernoulli’s equation

Example 18.9 Leaky bucket

Water leaks out of a small hole in the side of a bucket.
The hole 1s a distance d below the surface of the water,
and the cross section of the hole 1s much smaller than
the diameter of the bucket. At what speed does the
water emerge from the hole?
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Section 18.7: Bernoulli’s equation

Example 18.9 Leaky bucket (cont.)

@ GETTING STARTED I A
begin by making a sketch of the 1
bucket (Figure 18.54), defining

my point 1 at the water surface /
and my point 2 at the hole. The d
SN
bucket can be regarded as a Vo
v

tube open at both ends, with the

top opening, cross-sectional

area A,, as one end and the A2
hole, cross-sectional area 4,, as

the other end.
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Section 18.7: Bernoulli’s equation

Example 18.9 Leaky bucket (cont.)

@ DEVISE PLAN Because 4, >> 4,, the continuity
equation (p,4,v, = p,A4,v,) tells me that the speed v, at
which the surface of the water moves downward 1s much
smaller than the speed v, at which the water emerges
from the hole, v, <<v,. For all practical purposes,
therefore, I can assume v, = 0.

I also know that the pressure both at the water surface
and at the hole 1s equal to atmospheric pressure. I can
then use Bernoulli’s equation to determine v,.
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Section 18.7: Bernoulli’s equation

Example 18.9 Leaky bucket (cont.)

® EXECUTE PLAN Because P,= P,= P, Bernoulli’s
equation reduces to pgy, +< pv’ = pgy, +1 pv;.
Dividing through by 7 p, setting v; = 0, and bringing the
terms containing y to the left side, I get

v22 =2g(yl—y2)=2gd, and sov, =4/2gd. vV

Which is familiar. Right?
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Section 18.7: Bernoulli’s equation

Example 18.9 Leaky bucket (cont.)

@ EVALUATE RESULT My answer is equal to the
speed acquired over a vertical distance d by a freely
falling object starting from rest. Because the Earth-object
system is closed, AK + AUS = 1 mv® — mgd =0, and so
V2 =2gad.

My result makes sense: For each water drop that emerges
from the hole, the water at the surface 1s reduced by an
equal amount and the kinetic energy of the emerging
drop must be equal to the decrease 1n potential energy.
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Section 18.7 Bernoulli’s equation

* Another figure. Total flow 1s v4, where 4 is the area
of the opening?

* Not quite — the water exits as a jet with some velocity
components toward the center of the stream — 1t
converges. It contracts to ~62% of the hole diameter.

* Depends wildly on the shape of the discharge tube!

A
__ STREAM LINE—" X
N
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Section 18.7 Bernoulli’s equation

* With a re-entrant discharge tube, the stream contracts
to exactly one-half the area of the opening!

* Has to do with the fact that the fluid 1s nearly static
near the opening ...

* Moving fluids are complicated ...
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Section 18.7 Bernoulli’s equation

* ... and we still haven’t considered viscosity!
* What happens in that case?

* Some energy 1s ‘lost’ to internal friction, and 1t 1s no
longer true that v> = 2gd. Try it!

{ Some height is lost!
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Section 18.7

Question 9

A horizontal aqueduct 1s constructed of pipes that have
different diameters. If the water flow 1n the aqueduct
1s laminar, how does the water pressure 1n a small-
diameter section compare with the water pressure 1n a
large-diameter section?

1. It1s the same at all points.

2. Itis larger in the large-diameter section.

3. Itis smaller in the large-diameter section.
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Section 18.7

Question 9

A horizontal aqueduct 1s constructed of pipes that have
different diameters. If the water flow 1n the aqueduct
1s laminar, how does the water pressure 1n a small-
diameter section compare with the water pressure 1n a
large-diameter section?

L.
v 2

It 1s the same at all points.

t 15 larger 1n the large-diameter section.

3.

It 1s smaller 1n the large-diameter section.

Continuity: larger diameter means smaller v

Bernoulli: at same y, larger v means smaller P
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Section 18.8: Viscosity and surface tension

Section Goals

You will learn to

* Define the concept of
viscosity for fluids in
motion and model
viscous forces
mathematically.

* Model the surface
tension of a liquid
surface mathematically. s

-l liquid film

sliding wire supported
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by liquid film
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Section 18.8: Viscosity and surface tension

* Viscosity 1s a measure of a fluid’s resistance to shear stress.

* In the figure, two flat plates are separated by a viscous fluid,
with the lower plate stationary and the upper plate moving at a
constant speed.

* Due to the friction between the adjacent fluid layers, a force F &
1s exerted on the upper plate by the fluid. Fluid ‘sticks’ to plate

= moving plate 7 =
F fp \ — F p.ext
<— o=

fluid d L
l X

/

stationary plate
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Section 18.8: Viscosity and surface tension

* The x component of force on
the upper plate depends on the

i i Table 18.1 Viscosity of fluids
velocity gradient dv./dy,

Fluid Viscosity (Pa ¢ s) Temperature (°C)
F. =-n4 dv, Air 1.71 X 107 0
P dy 1.81 X 107° 20
2.18 X 107 100
and A is the surface area. 20 X 1073 37
* Depends on relative velocity,  Castor oil 5.3 0
existence of fluid-surface 0.986 20
boundary layers, and fluid 0.017 100
“friction” W¥ater 1.79 X 107 0
- 1.00 X 1073 20
* The SI units of # are
0.282 X 107 100

1 Pa-s =1 kg/(m-s).
e This 1s all baSically Cmpil‘ical “Blood is ‘thicker’ than water” is literally true.
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Section 18.8: Viscosity and surface tension

* Consider a fluid flowing through a
tube of radius R as 1llustrated.

* Because viscosity depends on area
and the energetics depend on
volume, viscosity dominates for
small sizes

*  We can show that the volume flow
rate of a fluid with nonzero
VISCOSIty 18

TR’
0="—
8N/

(laminar flow in

cylindrical tube)

e This is Poiseuille’s law. R4 is bad.

(p1 _pz)
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force exerted on force exerted on
cylinder due to cylinder due to
pressure on left side pressure on right side
.."A ﬁpressure ﬁpressure A"..
2 1
% —_ X

o
[ Viscous
fc
A

viscous force
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For later: an interesting article

* E.M. Purcell, “Life at Low Reynolds Number”

http://www.biotec.tu-dresden.de/fileadmin/eroups/guck/Seminar/1977 Purcell life at low reynolds number.pdf

* Written by a brilliant, Nobel-winning physicist, it 1s
all about how stuff like bacteria experience life very
differently due to the scaling of viscous vs inertial
forces with size.

* If you want to understand fluids, or are a ME major,
it 1s worth your time.
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Section 18.4: Surface effects

Section Goals

You will learn to

* Model the microscopic
Interactions at the surfaces
of liquids using the concept
of cohesive forces.

* Define surface tension and
understand its physical
causes.

e Differentiate the
appearances of liquids that
wet and do not wet solid
surfaces.
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Section 18.4: Surface effects

* Liquids have well-defined
surfaces but gasses do not.

* When liquid particles are a
few particle diameters
apart, they exert attractive
forces on each other called
cohesive forces.

gas liquid

* When the separation

. . Particles in gas are far apart, Particles in liquid are close enough to
dlstance 1S less than a so exert no appreciable force interact. When a few diameters apart,
on each other: they attract:
article diameter, the liquid |
p ? q ® o .'4-.

particles strongly repulse
When closer than a diameter apart,
eaCh Other. they repel strongly:
—
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Section 18.4: Surface effects

Cohesive forces between
liquid particles cause a liquid
surface to act like a stretched
elastic sheet that tends to
minimize the surface area.

As 1llustrated 1n the figure,
the surface particles have a
nonzero net cohesive force
pointing inward toward the
liquid.

Due to the inward pull on all
the surface particles, a small
volume of liquid tends to
arrange itself into a sphere.
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(a) Difference between vector sum of cohesive force on molecules at the
surface and in the interior of a liquid

Molecule at surface:
_, pulled inward
>F

>SF=0 Molecule in interior:
pulled equally in all
directions

(b) Balloon as analogy for surface forces on liquid droplet

@ droplet O balloon

B2 ___ schematic —
.'}’ji g models

Stretched balloon skin exerts
analogous inward force on gas.

Inward pull on surface molecules
tends to make droplet spherical.
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Section 18.4: Surface effects

Exercise 18.4 Scaling a drop

Suppose surface tension increases in direct proportion to
surface area (an oversimplification!). How does the
ratio of surface tension to the force of gravity exerted on
a drop change as the drop diameter increases tenfold?
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Section 18.4: Surface effects

Exercise 18.4 Scaling a drop (cont.)

SOLUTION The force of gravity 1s proportional to the
mass of each drop, which 1s proportional to each drop’s
volume. The ratio of surface tension to the force of
gravity on each drop i1s therefore proportional to the
surface-area-to-volume ratio.

For simplicity, I approximate the smaller drop as a
sphere with diameter d. This means that I should
compare the surface-area-to- volume ratio of this sphere
with the surface-area-to-volume ratio of a sphere of
diameter 10d.
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Section 18.4: Surface effects

Exercise 18.4 Scaling a drop (cont.)

SOLUTION The surface area of a sphere of radius R = 7 d
is 47R? = 7d?, and its volume is 4z R’ = 47(d/2)’ = 1rd’,
and so the surface-area-to-volume ratio of a sphere 1s
(md*)/(+md’)=6/a.

The surface-area-to-volume ratio thus decreases by a factor of 10
as the diameter of the drop increases by a factor of 10. Surface
effects are more important for smaller things drops! ¢/

© 2015 Pearson Education, Inc. Slide 18-147



Section 18.4: Surface effects

* Let us now consider the analogy between surface
tension and the tension in a rubber balloon.

* There 1s less tension 1n the uninflated part of the
rubber than in the inflated part.

more stretch, so more tension little stretch, so little tension
© 2015 Pearson Education, Inc. Slide 18-148



Checkpoint 18.10

@ 18.10 How does the air pressure in the uninflated part of the
balloon in Figure 18.27 compare with the air pressure in the
inflated part?

more stretch, so more tension little stretch, so little tension
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Section 18.4: Surface effects

* How can the pressure be the
same everywhere in the
balloon but the tension be
different at different places?

e The reason has to do with the
radius of curvature as shown.

e In an elastic membrane
enclosing a gas, tension in the
membrane increases with
increasing radius of curvature

* However, the pressure is the
same everywhere inside the
volume enclosed by the
membrane, as required by
Pascal’s principle.
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(a) (b)

Large radius Small radius

Air pressure is same

.................... >
throughout balloon. LO

Schematic model:
elastic wall o>
compresses air.

small wall segment

Elastic tension

\ 7 I !
\
2entk \_//' s
stretches SCgI]lCI]t. % V
Flensilc Flensilc Ftensilc

~

~

>

F, tensile

Sum of tensile forces

= R > P‘)‘S ; F‘
on segment... T Fosire - -
- gl ',»7’ /'.v ¥ >
Ft I g \J Ftcnsil g v %
. .. balances force exerted ;
byaironsegment. eseeesssesess > Fs % F

Smaller radius of curvature — smaller angle
between tensile forces, so less tensile force

needed to create same pressure in balloon slide 18-150



Section 18.4: Surface effects

* As shown in the figure, the constant
tensile forces exerted on the surface Lorgeliquid Smal liguid
segments of a liquid droplet causes ' '
a greater inward force when the For given liquid

magnitude of

radius of curvature is small. Fensic On surface —— |

segment is same )
regardless of radius. <+ > v 7\/
2 !
F F

-

* This inward force 1s balanced by an areriiR
outward force that result from the S
pressure difference across surface.

. Force of air on convex seseeeeseecee: > 4 ]75“ ﬁas
* As the radius of curvature of a side is same for both. e F At\\\
lquId deCreaseS, the pressurc ;::ggli gisfﬁl :iwile oy p’ﬂF\ PR
difference across the surface radius .. |
. . . ... 50 force of liquid eeeseeeesesescees >
increases, with the pressure being .. concave sie 1.
greater for smaller Is R

greatest on the concave side of the  opiee Vi,
surface. :

Therefore, difference in pressure across
surface (due to difference between F, and F,,)
is greater for smaller radius of curvature.
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Section 18.4: Surface effects

* Surface tension makes it possible for small insects to
walk on a water surface and for a small object to float
on a liquid.

(b) B
Y.,
(a) paperclip
. o Upward force
paperclip Fg exerted by water
- e on paperclip is due
Bensile | bl to surface tension.
segment of S .
water surface Fg <

F

tensile

g3

tensile

segment
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Checkpoint 18.11

@ 18.11 (a) What 1s the difference between the pressure just
below the water surface in a pool and the pressure in the air just
above 1t? (b) Is the pressure inside a raindrop greater than, equal
to, or smaller than the pressure in the surrounding air? (¢) How
does the pressure inside a small raindrop compare with the
pressure inside a larger raindrop?
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Section 18.4: Surface effects

* A liquid surface that comes
into contact with a solid
surface forms an angle 6, with
the solid surface.

* This angle, called the contact
angle 1s the same for given
liquid-solid combination.

« If 6, <90°, the liquid 1s said to
wet the solid surface (part b).

* If 6,>90°, the liquid forms
drops instead of spreading out
and wetting the solid surface

(part a).
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(a)

Contact angle 6_is fixed for given combination of liquid and solid.
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Section 18.4: Surface effects

* The contact angle 1s due
to the interplay between

1. the cohesive forces
between the liquid
particles, and

2. the adhesive forces
between liquid
particles and atoms
in the solid.

* The figure shows the
free-body diagrams for a
liquid that wets the solid
surface and a liquid that
does not.
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(a) Liquid wets surface (b) Liquid does not wet surface

points along bisector of liquid wedge

-

cohesive

— N /
e : I /
B .y particle at | \ L/
cohesive e : : - |
| _Junction SF \ /
| \\ .t \
i .
| N AV
| \ A
| Ve # %
I =
N | Fadhesive
o
SES~__ |
« ~ ~ F

points perpendicular to solid surface

Vector sum must point perpendicular to liquid surface
(or particle would move along surface).
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Section 18.4: Surface effects

* In a very narrow
tube, called a

C aplllary tube. the (a) Liquid wets walls (b) Liquid does not wet walls
9
surface of a liquid 1s . : : .
curved. N
J N
. / .
° 1 y
The curved syrface N L\\
called a meniscus. < 0.
/ 0 <
e The meniscus is "
concave when the ]
liquid wets the walls .
of the caplllary tube. Contact angle = 907, Contact angle > 90°,
SO meniscus is concave. SO meniscus is convex.

* The meniscus is
convex when the
liquid 1s nonwetting.
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Section 18.4: Surface effects

* The free-body diagram 1llustrates the forces acting on
a particle at the gas-liquid-solid junction for a
concave meniscus and a convex meniscus.

(a) Liquid wets wall (b) Liquid does not wet wall

N —

/
/
o

adhesive

SF

\

F cohesive EF Iy cohesive
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Section 18.4: Surface effects

* The formation of the meniscus 1s responsible for the rise of
liquid 1n a capillary tube, as shown in the figure.

* This phenomenon 1s called the capillary rise.

Curvature means pressure drops across surface, so P, < P,, ..

P
U & U @
Q R
-

Points Q and R are at same height, so P, = P, = P

atm*
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Section 18.4: Surface effects

* As illustrated in the figure, the narrower the capillary tube, the
greater the capillary rise.

Smaller diameter means smaller
radius of curvature R, hence. ..

v

-
( \50/
P N % Geeeeee . . . greater pressure drop
| ¢ N | < and higher capillary rise.
7 \ /] ec
\ 7
/ \ ,
[
| |
\\ R / //
\ //
\\ y
N - i
//Q\
7z OC
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