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Angular displacement = area under ω-t graph

= (2.0 × 1.40) + (½ × 3.0 × 1.40) − (½ × 7.0 × 0.90)

= 2.80 + 2.10 − 3.15 = 1.75 rad

mean ω = 1.75 ÷ 12.0 = 0.146 rad s-1

0.15
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Driving torque = frictional torque (ω constant)

P = Tω = 390 × 1.40 = 546 W

546

Steepest part of graph: t = 2.0 s to 7.0 s

α = Δω/Δt = (1.40 − (−0.90)) ÷ 5.0 = 0.46 rad s-2

T = Iα = 2.1 × 10⁴ × 0.46 = 9660 N m

Add frictional torque: 9660 + 390 = 10 050 N m

1.01 × 10⁴

Angular impulse = Δ(Iω) = 2.1 × 10⁴ × (1.40 − (−0.90))

= 2.1 × 10⁴ × 2.30 = 4.8 × 10⁴ N m s

4.8 × 10⁴

stemup.co.uk

https://stemup.co.uk


stemup.co.uk

https://stemup.co.uk


stemup.co.uk

https://stemup.co.uk


stemup.co.uk

https://stemup.co.uk


The flywheel acts as a brake: the loss of gravitational potential energy

of the tram is converted to kinetic energy of the flywheel, so less

energy is wasted in the brakes and the tram does not reach too high a

speed.

The flywheel is charged (stores energy) going downhill, so this energy

can be reused for later acceleration and driving, and less recharging

energy is needed at the next stop.

Work done against gravity = mgh, with h = 500 sin 5.0°

= 1.46 × 10⁴ × 9.81 × 500 × sin 5.0° = 6.24 × 106 J

Work done against resistance = F × s = 1.18 × 103 × 500

= 5.9 × 105 J

Work done by flywheel = 6.24 × 106 + 5.9 × 105 = 6.83 × 106 J

½Iω2 = 6.83 × 106 J

ω = √(2 × 6.83 × 106 ÷ 62.5) = 468 rad s-1

468
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Energy stored Ek = ½Iω2, so to store more energy without increasing

the mass of the tram (or flywheel), the moment of inertia I and/or

the maximum angular speed ω must be increased. Increasing ω is most

effective since Ek ∝ ω2, so a small increase in ω gives a large increase

in Ek.

Design (shape): I = Σmr2, so I depends on the mass and how it is

distributed about the axis. For the same mass, more of the mass should

be arranged at the outer edge, e.g. a heavy rim joined to the axle by

spokes or a thin central web, instead of a solid disc. The radius could

also be increased so that the mass is further from the axis.

Materials: the rim should be made of a higher density material so that

more mass is concentrated at large radius. At high angular speeds there

are very large rotational (centripetal) stresses, so the material must

have a high tensile (breaking) strength so the flywheel does not burst,

e.g. a titanium alloy or carbon-fibre reinforced polymer (CFRP). A

stronger material allows a higher maximum ω.

Other aspects for high ω: reduce the frictional torque at the bearings

by using lubrication, roller bearings, air bearings or magnetic bearings.

Enclose the flywheel in a vacuum casing and give it smooth outer

surfaces to reduce air resistance. The flywheel must be perfectly
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balanced to prevent vibration at high speed, and gyroscopic effects must

be allowed for when the tram turns, e.g. by mounting it in gimbals or

using two counter-rotating flywheels.
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A change in which there is no heat (energy) transfer to or from the

gas (system), i.e. Q = 0.
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p1V1
γ = p2V2

γ

1.0 × 105 × V1¹·⁴ = 67 × 105 × V2¹·⁴

(V1 / V2)¹·⁴ = 67,  so  V1 / V2 = 67(1 ÷ γ)

V1 / V2 = 20.2

20.2  (20 : 1)
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A diesel engine has no spark plug: the fuel self-ignites when it is

injected, so a high compression ratio is needed to make the temperature

of the air high enough to ignite the fuel.

In a petrol engine the petrol vapour and air mixture is ignited by a

spark, so it works at lower pressures and temperatures (a high ratio

would cause pre-ignition).
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The corners are rounded, not sharp, because the valves take a finite

time to open and close.

Heat input is not at constant pressure (no flat top), because fuel

injection and combustion cannot be exactly controlled.
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The actual COP (1.32) is very low compared with the ideal COP (9.3),

about 7 times smaller, so the claim is valid.

The element is small, simple and highly portable, with no moving parts

and no fluids to leak, so it needs little maintenance and can run from

batteries or a solar panel (e.g. carrying medicine in hot countries).

Its power consumption is low (28 W), so this convenience outweighs

the poor COP: the waste of electrical energy is acceptable, and the COP

is still above 1, so the cooling power is more than the power supplied.

QC = QH − W = 65 − 28 = 37 W

Actual COPref = QC ÷ W = 37 ÷ 28 = 1.32

TH = 35 + 273 = 308 K,   TC = 5 + 273 = 278 K

Ideal COPref = TC ÷ (TH − TC) = 278 ÷ (308 − 278) = 9.3
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