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When his knees are moved towards his chest, more of his mass is

closer to the axis of rotation (the mass is distributed nearer the axis),

so the moment of inertia I = Σmr2 decreases.

There is no external torque acting on him in the air, so his angular

momentum Iω is conserved (constant).

Since I decreases, his angular speed ω must increase.

Conservation of angular momentum: I1ω1 = I2ω2

13.5 × ω = 4.1 × 14.2

ω = (4.1 × 14.2) ÷ 13.5 = 4.3 rad s-1
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Build up a greater initial angular speed around the bar before letting

go, so he leaves the bar faster and reaches a greater height, giving

more time in the air, and he also rotates faster in the tuck.

Get into the tuck position earlier and get out of it later, so he spends

more time turning at the high angular speed. Also get into a tighter

tuck, which reduces I2 and so increases ω2.

Angle turned in 1.2 s: θ = ωt = 14.2 × 1.2 = 17.04 rad

Number of rotations = 17.04 ÷ 2π = 2.7 rotations

(time for one rotation = 2π ÷ 14.2 = 0.442 s, 1.2 ÷ 0.442 = 2.7)

so 2 complete rotations (not rounded up)
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Loss of Ep = gain in linear Ek + gain in rotational Ek

mgh = ½mV2 + ½Iω2, with ω = V ÷ r

9.2 × 10-2 × 9.81 × 0.50 = (½ × 9.2 × 10-2 × V2) + (½ × 8.6 × 10-5 × V2 ÷ 0.0052)

0.451 = 0.046V2 + 1.72V2 = 1.766V2

V2 = 0.451 ÷ 1.766 = 0.256

V = 0.51 m s-1

0.51
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Angular deceleration α = T ÷ I = 8.3 × 10-4 ÷ 8.6 × 10-5

α = 9.65 rad s-2

(ω reaches zero after 145 ÷ 9.65 = 15 s, so it is still turning at 10 s)

θ = ω1t + ½αt2 = (145 × 10) − (½ × 9.65 × 102)

θ = 1450 − 483 = 967 rad
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6400

47

39.5

4.2
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Usefulness of these efficiencies to an engineer:

The thermal efficiency (0.35) shows how well the energy from the

calorific value of the fuel is converted into work (indicated power) done

on the pistons inside the engine. A low value tells the engineer to

improve the combustion or thermodynamic cycle, e.g. compression ratio,

ignition timing or reducing heat losses.

The mechanical efficiency (0.84) shows how much of the indicated

power is lost in overcoming friction and viscous forces inside the engine,

and in work done to operate the valves, water and oil pumps etc. (7.5

Maximum brake power = 39.5 kW at about 6400 rev min-1

At 6400 rev min-1: indicated power = 47 kW, fuel consumption = 4.2 × 10-3 m3 s-1

Input power = fuel flow × calorific value = 4.2 × 10-3 × 32.3 × 106 = 136 kW

Overall efficiency = brake power ÷ input power = 39.5 ÷ 136 = 0.29

Thermal efficiency = indicated power ÷ input power = 47 ÷ 136 = 0.35

Mechanical efficiency = brake power ÷ indicated power = 39.5 ÷ 47 = 0.84

(check: 0.35 × 0.84 = 0.29)

Friction power = indicated − brake = 47 − 39.5 = 7.5 kW
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kW here). A low value tells the engineer to improve lubrication, bearings

or reduce moving parts.

The overall efficiency (0.29) gives an idea of how well the energy in

the fuel is converted into useful work output at the shaft, so it can be

used to compare engines and running costs. Knowing the separate

efficiencies shows where the losses are, so the engineer knows which

part of the engine to improve.
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Above 7000 rev min-1 the brake power drops, while the input power

continues to increase, as shown by the fuel consumption curve, which

keeps rising. Also the indicated power flattens off while fuel

consumption increases.

So the overall (and thermal and mechanical) efficiency decreases: more

fuel is used for less useful output. This is because the friction power

increases at high engine speeds (more work is done against friction and

viscosity, and lubrication may break down).
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Nail D needs 21 J of work, just under the 23 J done by the gas, while

nail E needs much more (35 J), so the expansion roughly matches the

energy needed: nail D is the correct nail.

Work done by gas = area under p-V graph from V = 20 to 80 × 10-6 m3

1 large square = 2.0 × 105 Pa × 10 × 10-6 m3 = 2.0 J

9 large squares = 18 J, 67 small squares = 67 × 2 ÷ 25 = 5.4 J, total ≈ 23 J

Work to drive nail = F × s:

C: 370 × 0.045 = 16.7 J,  D: 420 × 0.050 = 21.0 J,  E: 560 × 0.063 = 35.3 J
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An isothermal expansion requires a relatively long time for the expansion

to take place: the process must occur slowly.

This is because the gas does work as it expands, so to keep its

temperature (internal energy) constant, energy must be transferred into

the gas by heating (Q) from the surroundings, which takes time.

At 180 nails per minute each nail is fired in less than 1/3 second, so

the expansion is very fast and there is not enough time for this energy

transfer. The process is close to adiabatic, so it cannot be isothermal.
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Efficiency = W ÷ QH = 0.33, so QH = 3W

QC = QH − W = 3W − W = 2W

In reverse, as a refrigerator: COPref = QC ÷ W

COPref = 2W ÷ W = 2
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