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Lecture 25: Rotational Dynamics & Static Equilibrium

Physics for Engineers & Scientists (Giancoli): Chapters 12 & 13
University Physics V1 (Openstax): Chapters 12 & 14

Example: A system of 9 frictionless massive pulleys is used to lift a heavy object (as shown). The
5 upper pulleys are anchored to the ceiling. The four lower pulleys are anchored to a 900 Ib. box.
How much force (F) is required to lift the box at a constant velocity?

Let’s call T the tension in line I. T =F.

The sum of the torques on the upper right pulley is zero.
The tension in line 2 has to equal T, the tension in line 1.

The same logic works for lines 3 through 10.
All those tensions are also T.

The sum of the forces on the upper right pulley is zero.
’W The tension in line 11 has to equal 2T, the sum of the
tension in lines 1 and 2.

The same logic works for lines 12 through 15, as well as 16 through 19.
All those tensions are also 2T.

Sum of the forces on the box iszero: T+ 2T+ 2T+ 2T +2T-W =0

aT=W T= %= %’bszmmbs

Deformation
e When an object changes shape due to applied forces, it is called Deformation.
e When the deformation exceeds The Elastic Limit, the change in shape becomes permanent.
Until it reaches this limit, the changes are typically linear and the object will return to its
original shape once the forces are removed.
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‘Tensile’ (from tension) refers to stretching. ‘Compressive’ refers to
compression. Apart from that, these work much in the same way.

A\. Tensile Stress = % Tenstile Strain = i—L
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| Lo ! Young’s Modulus (Y) is a property of the material (i.e. a
| - AL constant that varies from material to material)
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F The Shear Modulus (S) is a property of the material

- (i.e. a constant that varies from material to material)
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e Elastic Deformation. AP =-B (?/—V) B = _% - _APZ_“;
0
, _F
ressure = 2
. AV
Bulk Strain = —
Y /A

The Bulk Modulus (B) is a property
of fluids/gases (i.e. a constant that
varies from material to material)

Example: An 89.4 cm long steel cable is used to hold up a beam and sign under a tension of 188 N.
The cable radius is 5.00 mm, and the Young’s modulus for steel is 2.00 x 10™ N/m?. How much
does the length of the cable change when the tension is added?

el AL = F-Ly FLg
| T YA Yar?
AL (188 N)(0.894 m)

i (2.00 % 1011%) (0.00500m)2

Pe Olve ouse n[ m
| Phpsits
“-34.0 cm N AL = 10.7 um
: 74.0 cm |
‘ 1.00 m

Fluids (Static)

e Unlike rigid objects, fluids flow. Often they don’t have a fixed shape and sometimes not
even a fixed size.

e Rather than using masses and forces, it is more convenient to use mass density (p), often
referred to as just ‘density’, and pressure (P).

e The Density of a substance is its mass divided by volume. Units of Density: kg/m®.

P=7

e The Specific Gravity of a substance is the ratio of its density to the density of water at 4°C.

kg
PHyo4a°cy = 1000 m3

e The molecules in a fluid are in random motion and collide with whatever contains them. The
impulse of these collisions impart forces (simultaneously holding the fluid inside and
pressing outward on the container). This force per area is defined to be The Pressure (P) of
the fluid.

P_F
A
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e The Units of Pressure are the Pascal. 1Pa = *g

m3’

e Another common unit is the ‘atmosphere’ (atm), which is roughly the pressure of the
air at Earth’s surface.

1atm = 1.013 x 10° Pa = 101.3 kPa

e Forces from pressure are always directed perpendicular (normal) to the surface.

Example: The pressure inside a plastic bottle containing a carbonated beverage is 207 kPa. The
diameter of the cap is 2.22 cm. Determine the net force of pressure on the cap.

The net force is the force from the inside pressure minus the force from the outside pressure.

, d\? 0.0222m
A= nr‘= n(—) = n(—z

2
> ) =3.871 x 107*m?

Enet = Fnside — Foutside = Pinside * A — Poutsidze " A = (Plnside - POutside) A
Fyer = [(2.07 x 10° Pa) — (1.013 X 10° Pa)] . (3.871 x 107% mz) =409 N

Pressure with Depth (Static): P, = P, + pgh

A Let’s take a large mass of a static fluid. We can place an imaginary

1 X . , . .
\ container (a box) around some of the fluid. Let’s examine this object.
N

The forces on the sides cancel (left/right, front/back) otherwise there
would be horizontal acceleration of the fluid enclosed.

As our fluid is stationary, the vertical pressures at top and bottom must
cancel out the weight of the fluid enclosed. F, = F, +W

wh 2
‘ P,A= P A+mg = PiIA+pVg = PiA+pAhg P, = P,+ pgh

Example: The deepest point in Earth’s oceans is in the Mariana Trench at a depth of 10,994 m. If
we were to explore this region in a bathysphere, what would be the net force on a 30.0 cm diameter
window? You may assume the density of seawater is 1030 kg/m® and that the pressure inside the
bathysphere is kept at 1.00 atm.

Fnet = Fout — Fin = PowtA — Prpd = (POut_PIn)'A= [(Patm+ pgh)_Patm]T[rz

2 k’g m 2 6
Fyer = mpghr? = n(1030 ﬁ) (9.80 s_z) (10,994 m)(0.150 m)? = 7.84 x 106 N
7.84 x 10° N is roughly equivalent to 1.7 million Ibs.
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Pressure Gauges

m = e A simple barometer (pressure gauge) can be built by filling a tube
5 o Pl - 0 with fluid and then turning it over (without allowing air to enter)
into a reservoir.

e The difference in pressure between the outside air pressure and the
vacuum at the top is sufficient to support the column of fluid of

height h.
e The height of the column of fluid is directly proportional to the
h pressure.
Py
P, = P, + pgh = pgh h_E
e To keep the height of the column to a minimum a high density
P2 liquid, such as mercury (Hg) must be used.
Y Y p,  (1013x10° Pa)

=760 mm

_ 3k_g = =
Pug =136x10° 5 h= % (13.6x1055)(2.80%)

The units ‘mmHg’ (millimeters of mercury) are often used in weather.

Gauge Pressure

e Some types of gauges (such as those that measure the air pressure in tires) only measure the
difference between the pressure measured and atmospheric pressure.

e The measured value is called the gauge pressure.

e The actual pressure is called the absolute pressure.

Papsotute = PGauge + Pyrm
The barometer with the column of fluid supported by pressure measures the absolute pressure.

The pressure with depth equation is valid with both absolute and gauge pressures. However, most
equations are only valid with absolute pressure.
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