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Section B

Answer all questions in this section.

lIl One equation used in translational dynamics is:

force = mass x acceleration

State in words the equivalent equation used in rotational dynamics.
[2 marks]

Torgue = moment of inertia X angular acceleration

Figure 1 shows two identical uniform plates A and B. The axis of rotation of each
plate is shown.

Figure 1

/ axis of rotation / axis of rotation

@ State and explain which plate has the greater moment of inertia about its axis
of rotation.

[2 marks]

Plate A has the greater moment of inertia.

I = Imr? so | depends on the masses and the square of their distances

from the axis. In plate A more of the mass is distributed at a greater

distance from the axis of rotation than in plate B, where the axis

passes through the centre.
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An electric motor drives a machine that punches out plates from a long strip of
sheet metal. The motor runs continuously and is fitted with a flywheel.
Figure 2 shows how the angular velocity w of the flywheel varies with time t.

Figure 2

R T T T D
W new flywheel
wg [YB-—------——m—mmmm e e e e e e e e v
) 1
Table 1 describes the sequence for the machine after it has been brought up to
speed w,.
Table 1
A The punching operation starts.
AtoB The flywheel transfers some of its energy during the punching operation.
BtoC The flywheel is again brought up to speed w, by the motor.
C The next punching operation starts.

@ A new flywheel with a greater moment of inertia is fitted in place of the original
flywheel. The motor torque is constant and the same as before.

Sketch on Figure 2 a graph showing how the angular velocity varies with time for the
machine fitted with the new flywheel.

Assume that:
¢ the punching operation starts at the same angular speed w,

¢ the same quantity of energy is transferred when punching the metal sheet.
[2 marks]

Question 1 continues on the next page

Turn over »
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e
E Explain one difference between your graph and the original graph. box
[1 mark]

For the same energy transferred, E = %51(ws* — wg?), so with a greater

| the fall in speed is smaller and the new wg is higher. Also, for the

same motor torgue a greater | gives a smaller angular acceleration, so

the initial slope from B to C is smaller.

7
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Figure 3 shows a heavy stone grinding wheel used for sharpening tools.
Figure 3

crank —_ axle

grinding wheel

pedal A \ connecting link

The pedal is connected to the axle of the wheel by a connecting link and crank.
The operator pushes the pedal downwards to accelerate the wheel from rest.
The wheel begins to rotate in the direction shown.

Explain why the torque applied to the axle varies as the operator pushes downwards
on the pedal.

[2 marks]

Torgue = F x r, where r is the perpendicular distance from the axle to

the line of action of the force on the crank (connecting link).

As the crank rotates, this perpendicular distance changes (the

component of the force at right angles to the crank varies, and is zero

at dead centre), and the force the operator applies to the pedal also

varies, so the torgue varies.

Question 2 continues on the next page
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[0]2][3]

IZ| The wheel is rotating at a high angular speed. The operator is told not to use the

pedal to stop the rotation of the wheel suddenly.

Explain, with reference to angular impulse, why a sudden stop is likely to damage
the mechanism.

[2 marks]

Angular impulse = torgue x time = change in angular momentum:

TAt = Allw)

The wheel has a large, fixed angular momentum. If this is reduced to

2ero in a very short time At, the torgue T must be very large, which

will strain and damage the crank, link and pedal mechanism.

The connecting link breaks. At this instant the angular speed of the wheel
is 13.8 rad s ..

It takes 15.0 s for the wheel to come to rest.

The frictional torque acting at the axle bearings is 0.77 N m and is constant for all
speeds.

Calculate the moment of inertia of the wheel.

[2 marks]
a=Aw = At =138 = 15.0 = 0.92 rad s>
Frictional torgue decelerates the wheel: T = la
I =T<a=077+092
| = 0.89 kg m*
moment of inertia = 0.84 kg m?
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The arrangement is modified as shown in Figure 4. The pedal, connecting link and
crank are removed and the grinding wheel is driven by an electric motor.

Figure 4
F

<

tool

(o)
1N

electric motor

E Figure 4 also shows a tool being sharpened by pressing it on the edge of the
rotating wheel.
The tool applies a tangential force F' on the wheel.
A torque of 3.10 N m is needed at the axle to drive the wheel at constant angular
speed while the tool is being sharpened.

frictional torque at the axle bearings = 0.77 N m
radius of wheel = 0.24 m

Calculate F.

[2 marks]

Total torgue = sharpening torgue + frictional torgue
3.0 = (F x 0.24) + 0.77
Sharpening torgue = 3.10 — 0.77 = 2.33 N m

F=233<+024=97N

Question 2 continues on the next page
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outside the
E Three motors E, F and G were available to drive the wheel in Figure 4. box
Figure 5 shows how the torque T varies with angular speed @ for each motor.
Figure 5
1.2
1.0 motor E
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The no-load speed o, is the angular speed of a motor when the torque applied is
zero.
The maximum power of each motor is developed at about 0.5w,,.

The required output power of the motor when a tool is being sharpened is 52 W.
2
The required output power of the chosen motor should be about E of its maximum

power.

Deduce which motor E, F or G was chosen for this application.
[3 marks]

Maximum power at 0.5wp: Ppoyx = TWw

E: wo =240 rad s, at 120 rad s' T = 0.43 N m
Ppox =120 x 043 = S2 W, %3 x 852 =35W

F: wo = 300 rad s, at 1S0 rad s’ T = 0.52 N m
Ppox = 150 x 0.52 =78 W, %3 x78 =52 W

G: Wy =180 rad s, at 90 rad s T = 0.64 N m
Ppox = 90 x 0.6 = S8 W, %5 xS5S8 =39 W

Reguired P = 1.5 x $2 = 78 W

Motor F was chosen: it is the only motor for which %s of P, (52 W)

equals the required output power of $2 W.
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II| The first law of thermodynamics can be written as:

[0]3].[2]

O=AU+W

State what Q represents in this equation.
[1 mark]

@ is the energy transferred to the gas (system) by heating, i.e. the

energy supplied by heat transfer.

Air in the brake pipe of a bicycle hydraulic brake system can be dangerous.
Figure 6 shows a bubble of air in a brake pipe.

Figure 6

hydraulic fluid

air
Assume that the hydraulic fluid is incompressible.

During a sudden application of the brake, the air is compressed adiabatically to a high
pressure.

The work done on the air when it is compressed is 10.8 mJ.
Which row is correct for this adiabatic compression?

Tick (v') one box.

[1 mark]
W/ mJ Q/mJ AU/ mJ
-10.8 0 108 N4
108 108 0
-10.8 ~10.8 0
108 0 -10.8
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@ The initial conditions for the air are: box

volume of air=2.91 x 107 m?
pressure of air = 1.05 x 10° Pa
temperature of air =293 K.

During sudden braking, the air in the bubble is compressed adiabatically to a volume
of 3.19 x 107 m?.

Calculate the pressure and the temperature of the air immediately after the
compression.

y for air=1.4
[3 marks]

pV)Y = paVsY

p> = pi(V) = V)"

=108 x 10° x (291 x 10°% + 3.9 x 10°)"4
=108 x 10° x 22.] = 2.32 x 10° Pa

pVi = T) = pVo = Ty, 50 Ty = pVoT) < pV,

T,

\

(2.32 x 10° x 3.9 x 107" x 293) <+ (1.0S x 10° x 2.9] x 107%)

\

T, =710 K

pressure = 2.32 x )0° Pa

temperature = 710 K

Question 3 continues on the next page
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Do not write
E To produce the adiabatic change, the brake lever is pulled very quickly. Oms’;c‘j’i "
The cyclist thinks that by applying the brake slowly, the work done to compress the
bubble to a volume of 3.19 x 10~ m* will be greater than 10.8 mlJ.
Deduce without calculation whether the cyclist is correct.
[2 marks]
The cyclist is not correct.
If the brake is applied slowly, energy is lost from the air by heat
transfer to the surroundings, so the internal energy and temperature
stay (nearly) constant: the change is (nearly) isothermal rather than
adiabatic.
For the same change in volume the pressures are then lower at every
stage, so the area under the p-V graph is smaller and the work done to
compress the bubble is less than 10.8 mJ. 7
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Figure 7 shows the p—J diagram for a theoretical diesel engine cycle.
Figure 8 shows the indicator diagram for a real four-stroke diesel engine working
between the same maximum and minimum volumes.

Figure 7 Figure 8

Do is atmospheric pressure.

Compare the indicator diagram with the theoretical diesel cycle.
In your answer, explain:

the differences between region A on Figure 7 and region A on Figure 8

the differences between region B on Figure 7 and region B on Figure 8

why the features shown in region C appear only on the indicator diagram

why the efficiency of the real engine will always be less than the efficiency predicted
by an analysis of the theoretical cycle.

[6 marks]

Region A: in the theoretical cycle heat is supplied at constant pressure,

giving a flat top and a sharp corner. In the real engine heating cannot

occur at constant pressure because the fuel injection and combustion

cannot be precisely controlled, so the top is curved and rounded. The

maximum pressure is also lower in the real engine, e.g. because of

incomplete combustion of the fuel.

Region B: in the theoretical cycle heat is rejected at constant volume (a

vertical line with sharp corners). In the real engine the corners are

rounded because the valves take a finite time to open and close, and

cooling cannot happen at constant volume because the piston would

have to stop while the gas cools, and cooling takes a finite time.
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Region C: the real four-stroke engine needs an exhaust stroke and an

induction stroke to remove the burnt gases and draw in fresh air, so

there is a pumping loop close to atmospheric pressure py. The upper line

is the exhaust stroke and the lower line is the induction stroke. The

theoretical cycle uses the same air repeatedly, treated as an ideal gas,

so no exhaust or induction is needed and there is no pumping loop.

Efficiency: the area of the real loop is smaller than the area of the

theoretical loop, so less work is done per cycle (lower indicated power).

The area of the pumping loop must be subtracted from the main loop,

reducing the net work further. Energy is also wasted overcoming friction

between the piston and cylinder and in the bearings, and in driving the

oil and water pumps and opening and closing the valves. In the real

engine the compression and expansion are not adiabatic, since heat is

transferred to the cooling water during these strokes, and the fuel is

not completely burnt, so not all of its calorific value is released. So the

real efficiency is always less than the theoretical efficiency.
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Figure 9 shows an ideal heat engine.

Figure 9

730 K source

16.0 kW

9.6 ki

6.4 kW

290K [sink

The engine operates between a source at a temperature of 730 K and a sink at a
temperature of 290 K.
The input power is 16.0 kW and the power rejected to the sink is 6.4 kW.

II' Calculate the efficiency of this engine.

[1 mark]

N =60 -64) <160 =96 <+ 16.0

(or n = (730 - 290) + 730)

efficiency = 0.60
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@ Figure 10 shows another system operating between the same overall temperatures

and with the same input power as the engine in Figure 9. This system consists of
two ideal engines.

Figure 10

~ 730 K
16.0 kW

engine 1 < 4.8 ki

Y4
()]
S
~

engine 2 < <>—> 4.3 kid

~ 290K

The sink for engine 1 forms the source for engine 2. The temperature of the
intermediate reservoir is 510 K.

All the energy rejected by heat transfer in engine 1 provides the input energy to
engine 2.

A student suggests that the system in Figure 10 can provide more output power and
be more efficient than the engine in Figure 9.

Deduce whether the student’s suggestions are correct.
You may annotate Figures 9 and 10.
[3 marks]

Engine I: ) = 220 + 730 = 0.30, P, = 0.30 x 16.0 = 4.8 kW

Evergy rejected by engine | = 16.0 — 4.8 = 1.2 kW, which is the input

to engine 2.

Engine 2: n; = 220 + S10 = 0.43, Py = 0.43 x 1.2 = 4.8 kW

Total output = 9.6 kW and overall n = 9.6 + 16.0 = 0.60. Figure 9 also

gives 16.0 — 6.9 = 9.6 ki and 0.60, so the outputs and efficiencies are

the same: the student is not correct.
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There are no questions printed on this page
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