Forces, density and pressure
A-Level Physics

Turning effects of forces

Centre of gravity

The weight B 77 of a large object can be treated as acting at one single point, called the
centre of gravity H.[» (the same as the centre of mass Jii.[» in a uniform gravitational
field). For a uniform, regular shape —a rectangle, a sphere, a uniform rod —the centre
of gravity is at the middle.

When you draw a free-body diagram 5% ][, always put the weight arrow at the centre
of gravity.

Moment of a force

The moment Jj%f of a force about a point is

M=F-d
where F is the size of the force 77 and d is the perpendicular distance & H Ff 5 from
the point to the line of action {Ef4k of the force. Unit: N m.

If the force acts at angle 6 to a lever arm JJ%¥ of length r from the pivot 35, then
d=rsinf, so M = Frsinf. Only the part of the force perpendicular I H to the lever
arm makes it turn.

Worked example. A force of 50 N is applied to the end of a spanner 0.40 m long, at
30° to the spanner. Find the moment of the force about the nut.

M = Frsin@ = 50 x 0.40 x sin 30° = 50 x 0.40 x 0.50 = 10 N m.
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The moment depends on the perpendicular distance d from the pivot to the line of action
of the force

A moment is either clockwise Jliifif4} or anticlockwise ¥il}4} about the chosen point.

Couple and torque
A couple J7{f is a pair of forces that are:

e equal in size,
e opposite in direction,
o with their lines of action a perpendicular distance apart.

A couple makes the body turn only —its resultant force is zero, so it gives no straight-
line acceleration.

The torque J7{#%H of a couple is the turning effect it makes:

T=F-d,

where F' is the size of one force and d is the perpendicular distance between the two lines
of action. Unit: N m. The torque is the same about any point —a special property of
couples.
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A couple: two equal and opposite forces, a distance apart, producing a torque

A common multiple-choice trap: two equal forces in the same direction are not a couple
(they have a resultant force and cause translation *f~3f}). A couple needs equal size and
opposite direction.

Equilibrium of forces

Conditions for equilibrium
A body is in equilibrium -/ when:

1. the resultant force £ /] is zero (no straight-line acceleration), AND
2. the resultant moment about any point is zero (no angular acceleration £/l ).

Both must hold. A body with no resultant force can still be turning; a body with no
resultant moment can still be moving in a straight line.

Principle of moments

For a body that is not turning, the total clockwise moment about any point equals
the total anticlockwise moment about the same point. This is the principle of

moments JJ%E 5.

To solve a balance problem:

1. Choose a pivot —usually where an unknown force acts, so that force drops out (its
distance is zero).

2. List every force and its perpendicular distance from the pivot.

3. Set Z Mclockwise = Z Manticlockwise-
4. Use > F = 0 if you need a second equation.

A ruler balanced on a pivot with masses on each side is solved this way. For a heavy
uniform rod, remember to include its weight acting at its centre of gravity.

Worked example. A uniform beam of length 4.0 m is pivoted at its centre. A 40 N
weight hangs 1.5 m from the pivot on one side. How far from the pivot, on the other
side, must a 30 N weight hang to balance the beam?



The beam’s own weight acts at the centre (the pivot), so it has no moment. Setting
clockwise = anticlockwise moments:

40x15=30xd = d:%:ZOm.
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Weights on a rule balanced at a pivot —used to test the principle of moments

Vector triangle

Three forces in the same plane that are in equilibrium can be drawn as a closed vector
triangle & = fiJE—drawn tip-to-tail, the three arrows come back to the start. This

1=}

is a drawing method instead of splitting into components /)& .

T

the three forces
w form a closed
triangle — equilibrium
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Three forces in equilibrium form a closed vector triangle

Use the sine rule 1F5%Z5E 3 or the cosine rule 435% F# on the triangle to find unknown
sizes or directions, or draw the triangle to scale on graph paper.

You can also split each force into horizontal 7K~F and vertical "% H components and
set Y F,=0and ) F,=0.



Density

An iceberg floats with most of its volume hidden: ice is slightly less dense than water.

Image: IlyaHaykinson, CC BY 2.0 (commons.wikimedia.org)

Density % & is the mass per unit volume:

P = v
Unit: kg m™ (or g cm™3; 1 g em™ = 1000 kg m ™). Density is a scalar Fr.
Some useful densities to know:

+ water: 1000 kg m™?
e air at room conditions: ~ 1.2 kg m™
o iron / steel: ~ 7800 kg m™*
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Pressure

Pressure [L5# is the force per unit area, where the force acts at right angles to the
surface:

_F

Unit: Pa = N m~2. Pressure is a scalar.



A precision aneroid barometer measures atmospheric pressure

Image: Fischer, Product image (weatherscientific.com)

Hydrostatic pressure

Take a column of fluid Jiif& with density p, cross-sectional area fE# IR A and
height Ah. Its weight is

W=mg=(p-A-Ah)-g.

This weight presses down on the area A at the bottom, so the extra pressure at the
bottom compared with the top is

w
Ap = T= pgAh.

This is the hydrostatic pressure Jii{£##E5% equation. It depends only on the density
of the fluid and the depth 7% &F—the shape of the container does not matter.

Worked example. Find the extra pressure due to the water at the bottom of a swimming
pool 2.5 m deep. (Water density 1000 kg m™>, g = 9.81 m s72.)

Ap = pgAh = 1000 x 9.81 x 2.5 ~ 2.5 x 10* Pa.



p = pg(ha — h1)

A column of liquid of area A: its weight sets the extra pressure at the depth below

For a submarine at depth A below the surface, the pressure from the water is pseawater g h-
For the total pressure, add the atmospheric pressure K JE5# at the surface (about
1.0 x 10° Pa).

Upthrust and Archimedes’ principle

When an object is submerged %% in a fluid, the pressure at the bottom of the object
is greater than the pressure at the top (by pgAh, where Ah is the object’s height). This
difference gives a net upward force called the upthrust 3% 7.

Fup liquid

Upthrust arises because the pressure on the bottom of the object is greater than on the top

For an object of volume V' (the volume of fluid displaced #EJF), the upthrust is

Fupthrust = Pfluid 9 V.



This is Archimedes’ principle i E K5 3H: the upthrust on a body in a fluid equals
the weight of the fluid it pushes aside.

Worked example. A metal block of volume 2.0 x 1073 m? is fully submerged in water.
Find the upthrust on it. (Water density 1000 kg m™*, g = 9.81 m s~2.)

Flpthrust = Piuid ¢V = 1000 x 9.81 x 2.0 x 107 ~ 20 N.
For a fully submerged object, V' is its full volume. For a floating JE% object, V is only

the volume below the surface —the object floats when the upthrust on the part below
the surface equals its weight.

floats when U = W

water line
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A floating object sinks until the upthrust on the submerged part equals its weight

Force balance with upthrust

A block held under water by a string tied to the bottom of the container is in equilibrium
under three vertical forces: weight (down), tension 3k Jj (down), upthrust (up). Set
Fupthrust = W 4T to find the tension.

A submerged block hanging from a newton meter 35| 7771 reads less than its weight
in air, because of the upthrust: reading = W — Fipenrust-

The upthrust depends on the fluid density and the displaced volume, not on the object’s
material or depth (for an incompressible A~ 1] JE4g fluid). On a planet with smaller g,
the upthrust is smaller in the same ratio as the weight, so a floating object still floats
with the same fraction below the surface.

Exam tips

o Take moments about a chosen pivot; for equilibrium, total clockwise = total anti-
clockwise moments and the resultant force is zero.

e A body in equilibrium under three forces gives a closed triangle of forces.
o Fluid pressure = pgh; upthrust = weight of fluid displaced (Archimedes).



o Distinguish mass, weight and density, and give the base unit each time.



