CH 2 Properties of Matter BY Twana 2024

Chapter Two
Fluid Mechanics

2.1 Introduction:

A fluid is a collection of molecules that are randomly arranged and held together by
weak cohesive forces and by forces exerted by the walls of a container. Both liquids
and gases are fluids.

2.2 Density:

An important property of any material is its density, defined as its mass per unit volume.
A homogeneous material such as ice or iron has the same density throughout. If a mass

(m) of homogeneous material has volume (V), the density (p) is:

m

Two objects made of the same material save the same density even though they may
have different masses and different volumes. That's because the ratio of mass to volume

is the same for both objects (Fig.1).

Different mass, same density: Because the wrench and nail are both made of steel, they

have the same density.
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Figure [1]: Two objects with different masses and different volumes but the same density.
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Table 1  Densities of Some Common Substances

Materisl Density (kgm®)* ~ Material Density (kg/m)
Air (1 atm, 20°C) 1.20 Iron, steel 78 X 10°
Ethanol 0.81 X 107 Brass 86 X 10°
Benzene 0.90 X 1(° Copper 89 X 1(P
Ice 092 X 1¢° Silver 105 X 10°
Water 1.00 x 10° Lead 113 X 1¢°
Seawater 1.03 X 10° Mercury 136 X 10°
Blood 1.06 X 10° Gold 193 X 10°
Glycerine 126 X 10° Platinum 214 X 10°
Concrete 2% 10° White dwarf star 10%
Aluminum 2.7 X 10° Neutron star 10%®

The SI unit of density is the kilogram per cubic meter (1 kg/m3).

The cgs unit of density is the gram per cubic centimeter (1 g/cm3), is also widely
used:

1g/cm3 = 1000 kg/m3
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1.3 Pressure in a Fluid:

When a fluid (either liquid or gas) is at rest, it exerts a force perpendicular to any

surface in contact with it, such as a container wall or a body immersed (dipped) in the

fluid.

Consider a small surface of area dA centered on a point in the fluid; the normal force

exerted by the fluid on each side is dF, (Fig. 2). We define the pressure (p) at that point

as the normal force per unit area-that is, the ratio of dF ;, to dA (Fig. 3):
_dF,

P="r (2

If the pressure is the same at all points of a finite plane surface with area, then:

where F | is the net normal force on one side of the surface. The SI unit of pressure is
the Pascal, where:
1Pascal (Pa) =1 N/m?.

A small surface of area
dA within a fluid at rest
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The surface does not accelerate, so the
surrounding flnid exerts equal normal forces
on both sides of it. (The fluid cannot exert any
force parallel to the surface, since that would
cause the surface to accelerate,)

Figure [2]: Forces acting on a small surface within a fluid at rest.
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Although these two surfaces differ in area and
orientation, the pressure on them (force divided
by area) is the same.

Note that pressure is a scalar—it has no

direction.
Figure [3]: The pressure on either side of a surface is force divided by area. Pressure is a scalar
with units of Newton’s per square meter. By contrast, force is a vector with units of Newton’s.

Atmospheric pressure (P,:.,) is the pressure of the earth's atmosphere, the pressure

at the bottom of this sea of air in which we live.
This pressure varies with weather changes and with elevation.

Normal atmospheric pressure at sea level (an average value) is 1 atmosphere (atm),

defined to be exactly 101,325 Pa.

To four significant figures;

(P)e = 1atm = 1.013 X 10°Pa  Saveit!
= 1.013 bar = 1013 millibar = 14.70 Ibfin.2
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1.3.1 Pressure, Depth, and Pascal's Law:

f the weight (w) of the fluid can be neglected, the pressure in a fluid is the same

throughout its volume.

Consider a thin element of fluid with thickness dy (Figure 4a). The bottom and top
surfaces each have area (A4), and they are at elevations yand y + dy above some
reference level where y = 0. The volume of the fluid element is dV = A dy, its mass

isdm = pdV = pAdy, and its weightis dw = dmg = pgAdy.
What are the other forces on this fluid element (Fig 4b)?

Call the pressure at the bottom surface is p; the total y-component of upward force on
this surface is +pA. The pressure at the top surface is p + dp, and the total y-

component of downward force on the top surface is — (p + dp )A.

The fluid element is in _equilibrium, so the total y-component of force, including the

weight and the forces at the bottom and top surfaces, must be zero:
~ ')

szzFbottom+Ftop+W=0 - pA— (p + dp)A—pgAdy=O

~ dp pgAdy

When we divide out the area (4) and rearrange (dy), we get: Z—z = —pg ...(4) Proveit!

@ ®)
Force due to pressure The forces on
p + dp on top surface: the four sides
(p + dp)A 'l/- of the element
.. cancel.

@Lﬁ’f ‘.’;'l"E ”
O

F I‘*&w — Weight of the
A
4

7 A fhnid element
An element of a fluid at rest i Forces due to pressure p
with area A and thicknessdy on bottom surface

0 Because the fluid is in equilibrium, the vector

sum of the vertical forces on the fluid element
mustbe zero: pA — (p + dp)dA — dw = (.

Figure [4]: The forces on an element of fluid in equilibrium.
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Equation (4) shows that when y increases, p decreases; that is, as we move upward in

the fluid, pressure decreases, as we expect.

If p; and p, are the pressures at elevations y; and y, respectively and if p and g are

constant, then:

~

=—pg = P2—P1=—-P9Y¥2—y1) ..(5)

=—p
dy I Y2 — V1

dp P2 — D1
— = -

It's often convenient to express Eq. (5) in terms of the depth below the surface of a fluid
(Fig. 5). Take point 1 at any level in the fluid and let p represent the pressure at this point.
Take point 2 at the surface of the fluid, where the pressure is py (subscript zero for zero

depth). The depth of point 1 below the surface is h = y, — y; and Eq. (5) becomes:

pr=poand h=y, —y, = p =po + pgh ...(6) Prove it!

This equation represented of the pressure in a fluid of uniform density.

Fluid, density g
pg—pn.—ﬁ,ﬁ At adepth k, the
T 2 pressure pequals
ys —y; = h the surface pressure

P =n Pp plus the pressure
"1. J: . Y2|| pgh due to the
1 * || overlying fluid:

== }? — P =po + pgh.

Pressure difference berween levels 1 and 2:
P2 —P1= —pE(y2— )
The pressure i1s greater at the lower level.

Figure [5]: How pressure varies with depth in a fluid with uniform density.
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>

The pressure (p) at a depth h is greater than the pressure (p) at the surface by an amount pgh.

Note that the pressure is the same at any two points at the same level in the fluid. The

shape of the container does not matter (important) (Fig. 6).

The pressure at the top of cach liquid
column is atmospheric pressure, pg.
1

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

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

Figure [6]: Each fluid column has the same height, no matter what its shape.

Equation (6) shows that if we increase the pressure p, at the top surface, possibly by
using a piston that fits tightly inside the container to push down on the fluid surface, the
pressure p at any depth increases by exactly the same amount.

This fact was recognized in 1653 by the French scientist Blaise Pascal (1623-1662) and
is called Pascal's law.

Pascal's law: a change in the pressure applied to a fluid is transmitted undiminished

to every point of the fluid and to the walls of the container.
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Application:
The hydraulic lift shown schematically in Figure [7] illustrates Pascal's law. A piston with
small cross-sectional area A, exerts a force F4 on the surface of a liquid such as oil. The

. Fy . : . . .
applied pressurep = A—l, is transmitted through the connecting pipe to a larger piston of
1

area A,. The applied pressure is the same in both cylinders, so:
F, F, A,
=—=— and F,=—F; ..(7
p 4, A 2 A, 1 - (7)
@Acﬁng on a piston with a

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

@A small force is| _e=r@—a—2=3 -3
applied to a piston } =S -%
with a o |
small 1 :
area. i’ H F,

[

:4:&
p. Al FAE

— ']
@The pressure p has the same value at
all points at the same height in the fluid

{Pascal’s law).

Figure [7]: The hydraulic lift is an application of Pascal's law. The size of the fluid-

filled container is exaggerated for clarity.
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2.3.2 Absolute Pressure and Gauge Pressure:

The excess pressure above atmospheric pressure is usually called gauge pressure, and

the total pressure is called absolute pressure.

The simplest pressure gauge is the open-tube manometer (Fig. 8-a). The U-shaped

is open to the atmosphere at pressure py = Paim-

The pressure at the bottom of the tube due to the fluid in the left column is p + pgy,
and the pressure at the bottom due to the fluid in the right column is Py + PGY2-

These pressures are measured at the same level, so they must be equal (Piefr = Pright):

'_b
P+ PIY1= Pam + PIY2
PR
P—pPo=pP9gy;—y1) > P —Do=pgh ..(8)

S
In Eq. (8), p is the absolute pressure, and the difference p - p,:n between absolute

and atmospheric pressure is the gauge pressure. The gauge pressure is proportional

to the difference in height h = y, - y4 of the liquid columns.

Another common pressure gauge is the mercury barometer. It consists of a long glass

tube, closed at one end that has been filled with mercury and then inverted in a dish

of mercury (Fig. 8-b).

negligibly small, so the pressure p, at the top of the mercury column is practically

zero. From Eq. (6): P=po+pgh ..(9)  pProweit!

Thus, the mercury barometer reads the atmospheric pressure p,¢, directly from the height

of the mercury column.
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(a) Open-tube manometer (b) Mercury barometer

Po = Pam There is a near-vacuum pp=0
X, at the top of the tube. },\/
4

| ——
A—

=7 h\ A
The height to
which the

h= Y2— ¥ mercury rises
depends on the
atmospheric
pressure exerted
Pressure p A [~ ¥z =3 7n on the mercury
Y2 in the dish,

P+ pgyiw, v Pam + PEY2

The pressure is the same at
the bottoms of the two tobes.

Figure [8]: Two types of pressure gauge.

2.4 Buoyant Forces and Archimedes’ Principle:

Buoyancy is a familiar phenomenon: A body immersed in water seems to weigh less

than when it is in air. When the body is less dense than the fluid, it floats. The human

body usually floats in water, and a helium-filled balloon floats in air.

the fluid displaced by the body.
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Figure [9]: The external forces acting on the cube of liquid are the gravitational
force F; and the buoyant force B. Under equilibrium conditions, B = F .

To understand the origin of the buoyant force, consider a cube immersed in a liquid as in
Figure [9]. The pressure pj at the bottom of the cube is greater than the pressure p;
at the top by an amount psp,,;qgh, where h is the height of the cube and pyy,q is the
density of the fluid. The pressure at the bottom of the cube causes an upward force equal
to ppA, where A is the area of the bottom face. The pressure at the top of the cube causes

a downward force equal to p,A.

The resultant of these two forces i1s the buovant force B:

B=F,—F =pyA—p A= Py —D)A = PriaghA - B = psriagV ...(10)

where V' is the volume of the fluid displaced by the cube. Because the product py,,iqV

is equal to the mass of fluid displaced by the object, we see that:

B=mg ..(11) Proveit!

where mg is the weight of the fluid displaced by the cube.
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Example 1: Find the mass and weight of the air in a living room at 20°C with a
4.0 m x 5.0 m floor and a ceiling 3.0 m high. If Kown pg;, = 1.2Kg/m3.
I) What are the mass and weight of an equal volume of water?
II)  Whatis the total downward force on the surface of the floor due to air pressure
of 1.00 atm?
Solution:

The volume of the room is V = (3.0m)(4.0m) X (5.0m) = 60 m’.
The mass m, of airis

Myr = PV = (1.20kgfm’) (60 m’) = 72 kg

The weight of the air is

War = Mg = (72kg) (9.8 mfs?) = 700N

The mass of an equal volume of water is

Myaier = Pomed? = (1000 kgfm3} (60 m®) = 6.0 X 10% kg
The weight is

Weaser = My = (6.0 X 10°kg) (9.8 m[s?) = 59 X 10°N

The floor area is A = (4.0m)(5.0m) = 20 m?
the total downward force is

F, = pA = (1.013 X 10° Nfm?)}(20 m?)
=20 X 10°N = 4.6 X 10°Ib = 230 tons

Example 2: The mattress of a water bed is 2 m long by 2 m wide and 30 cm deep.

A: Find the weight of the water in the mattress.

B: Find the pressure exerted by the water on the floor when the bed rests in its normal
position. Assume that the entire lower surface of the bed makes contact with the floor.
Solution:

A=L«xW =4m?andV = Ah = 1.2 m?3

m = pV= (1000kg/m*)(1.20 m* = 1.20 x 10* kg
F=mg= (1.20 X 10°kg)(9.80 m/s%) = 1.18 X 10*N
F 1.18 X 10* N .
P=——=———a—= 295X10°Pa
A 4.00 m*
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Example 3: A storage tank 12 m deep is filled with water. The top of the tank is open to

the air. What is the absolute pressure at the bottom of the tank, and the gauge pressure?

Solution:

h=120m
poequals 1 atm = 1.01 X 10> Pa

P=pot pgh
= (1.01 X 10°Pa) + (1000 kg/m’®)(9.80 m/s?)(12.0 m)
= 2.19 X 10°Pa = 2.16 atm
The gauge pressure is
p—po= (219 —1.01) X 10°Pa
= 1.18 X 10°Pa = 1.16 atm

Example 4: A manometer tube is partially filled with water. Oil (which does not mix with
water and has a lower density than water) is then poured into the left arm of the tube until
the oil-water interface is at the midpoint of the tube. Both arms of the tube are open to
the air. Find a relationship between the heights h,;; and h, 4

Solution:
P—Po = pwaterghwater
RlA x
P — Po = Pourghoir A |
Z 7
“P—Po=P~Po Tépﬁ . 4,
ZHwater [oil T
pwaterghwater = poilghoil hmmﬁ “ r

hoil _ Pwater

hwater Poil
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Example 5: Estimate the force exerted on your eardrum due to the water above when
you are swimming at the bottom of a pool that is 5.0 m\deep.

Solution:

Poor — Py = pgh
= (1.00 x 10 kg/m?) (9.80 m/s?) (5.0 m)
=49 X 10* Pa

We estimate the surface area of the eardrum to be approximately
5] - ]
I em?=]1 X% 100 *m~

This means that the force onitis F= (B,,,— Py)A = 5 N.

Example 6: In a car lift used in a service station, compressed air exerts a force on a small
piston that has a circular cross section and a radius of 5.00 cm. This pressure is
transmitted by a liquid to a piston that has a radius of 15.0 cm. What force must the
compressed air exert to lift a car weighing 13300 N? What air pressure produces this
force?

Solution:

- ( A ) ~ w(5.00 X 107% m)?
'\ A/ %7 #(15.0 X 1072 m)?2

(1.33 X 10* N)

= 1.48 X 103N

The air pressure that produces this force is

F 1.48 X 10° N

P= = [ «
A (5.00 X 107? m)?

— 1.88 X 10° Pa

This pressure is approximately twice atmospheric pressure.
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Example 7: A5 kg solid gold statue is being raised from a sunken ship (Fig. 1-a). What
is the tension in the hoisting cable when the statue is (a) at rest and completely

immersed; and (b) at rest and out of the water?

If known Pgold = 19. 3;’? » Pswimwater = 1. 03% yPair = 1. 22

cm3
Solution:
we first find the volume
m 150kg

e a7 X 104

we find the weight of this volume of seawater:

Waw = M8 = Pu V8
= (1.03 X 10° kg/m*) (7.77 X 10~* m*) (9.80 m/s?)
=T784N

This equals the buoyant force B,

The statue is at rest, so the net external force acting on it is
zero. From Fig. 1 b,

YE=B+T+ (-mg) =0
T=mg—B=(150kg)(9.80m/s?) — 784N
= 14TN - 784N = 139N

(b) The density of air is about 1.2 kg/m®, so the buoyant force
of air on the statuc is

B=p,Ve = (12 % 10°kg/m®) (7.77 X 10~* m*)(9.80 m/s?)

o1 -

32



CH 2 Properties of Matter BY Twana 2024

Example 8: Archimedes supposedly was asked to determine whether a crown made for
the king consisted of pure gold. Legend has it that he solved this problem by weighing the
crown first in air and then in water, as shown in this Figure. Suppose the scale read 7.84 N
in air and 6.84 N in water. What should Archimedes have told the king?

Solution:

€T,
| £
Ty
B
" !
FE |
Fg
(a) (b)
the net force on it is zero. When the crown is in water,
2F=B+Th—F,=0
so that
B = f';, — To =784 N —-—684N=1.00N
B = Pn-,i.{"";;. = Ptrf!‘:'
vey = LOON _ 1.00 N
‘ Pl (1 000 kg/m?) (9.80 m/s-)
= 1.02 X 1074 m?
the density of the crown is
o om, _ m.g B B T84 N
Pe™"v. " vg Vg (1.02 X 10~ % m®) (9.80 m/s2)
= 7.84 X 103 kg/m*
= — ——
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Home Work:

Q 1: A water bed is 2.00 m on a side and 30.0 cm deep. (a) Find its weight. (b) Find the
pressure that the water bed exerts on the floor. Assume that the entire lower surface of the
bed makes contact with the floor.

Solution:

Q 2: In a huge oil tanker, salt water has flooded an oil tank to a depth of 5.00 m. On top
of the water is a layer of o1l 8.00 m deep, as in the cross-sectional view of the tank in this
Figure. The oil has a density of 0.700 g/cm?. Find the pressure at the bottom of the tank.
(Take 1 025 kg/m? as the density of salt water.)

Solution:

34



CH 2 Properties of Matter BY Twana 2024

Q 3: Estimate the net force exerted on your eardrum due to the water above when you are
swimming at the bottom of a pool that is 5.0 m deep.

Solution:
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