Ideal Gases and Thermodynamics
A-Level Worksheet

9702/MJ/23/42/Q2
1 (a) (i) State whatis meant by an ideal gas.

(ii) State the temperature, in degrees Celsius, of absolute zero.

temperature = ..........ccneenrnninnmnnsnnsrereeenennes e [1]

(b) A sealed vessel contains a mass of 0.0424 kg of an ideal gas at 227 °C,
The pressure of the gas is 1.37 x 10°Pa and the volume of the gas is 0.640m®.

Calculate:

(i) the number of molecules of the gas in the vessel

NUMDbEr of MOIBCUIES = ......covcmmmsnnssssrisssmsrsssinsnsisssensnsssssnsssis [3)

(ii) the mass of one molecule of the gas

(iii) the root-mean-square (r.m.s.) speed v of the molecules of the gas.
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(c) The gasin (b) is now cooled gradually to absolute zero.

On Fig. 2.1, sketch the variation with thermodynamic temperature T of the r.m.s. speed of the
molecules of the gas.

r.m.s. speed

TIK

Fig. 2.1
[2]

[Total: 12]
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9702/FM/23/42/Q2
2 (a) State what is meant by an ideal gas.

(b) A fixed amount of helium gas is sealed in a container. The helium gas has a pressure of
1.10 x 10° Pa, and a volume of 540cm? at a temperature of 27 °C.

The volume of the container is rapidly decreased to 30.0cm?, The pressure of the helium gas
increases to 6.70 x 108 Pa and its temperature increases to 742°C, as illustrated in Fig. 2.1.

initial state final state
1.10 x 105 Pa 6.70 x 108 Pa
540cm? 30.0cm3
27°C 742°C
Fig. 2.1

No thermal energy enters or leaves the helium gas during this process.

(i) Show that the helium gas behaves as an ideal gas.

[2]
(ii) The first law of thermodynamics may be expressed as
AU=qg+ W.

Use the first law of thermodynamics to explain why the temperature of the helium gas
increases.

o [2]
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(iii) The average translational kinetic energy E, of a molecule of an ideal gas is given by

_3
Eq=5kT
where k is the Boltzmann constant and T is the thermodynamic temperature.

Calculate the change in the total kinetic energy of the molecules of the helium gas.

change in kinetic energy = ....ccocvvvvvevveeeiieeieeeveeeveeeieeeneeenenes o [3]

(c) The mass of nitrogen gas in another container is 24.0g at a temperature of 27 °C. The gas is
cooled to its boiling point of —196°C. Assume all the gas condenses to a liquid.

For this change the specific heat capacity of nitrogen gas is 1.04 kJkg™'K™".
The specific latent heat of vaporisation of nitrogen is 199kJ kg™".

Determine the thermal energy, in kJ, removed from the nitrogen gas.

BBIGY S jicaiviiiisiidinmismsanes v i arnnerse. 60 3]

[Total: 12]
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(a) The equation of state for an ideal gas can be written as

pV = NkT.

State the meaning of each of the symbols in this equation.
p:
N

[3]

(b) Use the equation in (a) to show that the average translational kinetic energy E,. of a molecule
of an ideal gas is given by

(2]

(c) The mass of an oxygen molecule is 5.31 x 10-26kg. Assume that oxygen behaves as an ideal
gas.

(i) Use the equation in (b) to determine the root-mean-square (r.m.s.) speed u of an oxygen
molecule at 23°C.

DS s o cn FHE 19)
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(ii) A fixed mass of oxygen gas at initial pressure P is sealed in a cylindrical container by a
movable piston at one end, as shown in Fig. 3.1.

oxygen

piston

\

Fig. 3.1

The temperature of the gas is 23°C.

The piston is slowly moved into the cylinder so that the oxygen gas is compressed. At all
times, the gas and the container remain in thermal equilibrium with the surroundings.

On Fig. 3.2, sketch the variation with pressure of the rm.s. speed of the oxygen
molecules as the pressure increases.

r.m.s. speed
u -
0 =
P pressure

Fig. 3.2
[2]

[Total: 10]
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9702/MJ/22/41/Q3
4  Afixed mass of an ideal gas is initially at a temperature of 17 °C.
The gas has a volume of 0.24 m? and a pressure of 1.2 x 105Pa.

(a) (i) State whatis meant by an ideal gas.

e [2]

(ii) Calculate the amount n of gas.

D= st annssss mal 2]

(b) The gas undergoes three successive changes, as shown in Fig. 3.1.

4.0 :
pressure/10°Pa \
!
3.0 <
2.0
1.0 B
0
0.04 0.08 0.12 0.16 0.20 0.24 0.28

volume/m?

Fig. 3.1

The initial state is represented by point A. The gas is cooled at constant pressure to point B
by the removal of 48.0kJ of thermal energy.

The gas is then heated at constant volume to point C.

Finally, the gas expands at constant temperature back to its original pressure and volume at
point A. During this expansion, the gas does 31.6kJ of work.
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(i) Show that the magnitude of the work done during the change AB is 19.2kJ.

(2]

(ii) Complete Table 3.1 to show the work done on the gas, the thermal energy supplied to
the gas and the increase in internal energy of the gas, for each of the changes AB, BC

and CA.
Table 3.1
G work done thermal energy increase in internal
g on gas/kJ supplied to gas/kJ energy of gas/kJ

AB -48.0

BC

CA -31.6

[5]

[Total: 11]

Cyrus Isha
Y 9 s, BLL, BCCG, LGS, Roots IVY P5

(>) +923008471504




521/43/Q2
5 Anideal gas is contained in a cylinder by means of a movable frictionless piston, as illustrated in

Fig. 2.1.
cylinder
movement /
of piston )
e
piston / .
gas
molecule

Fig. 2.1

Initially, the gas has a volume of 1.8 x 1073m? at a pressure of 3.3 x 10°Pa and a temperature of
310K.

(a) Show that the number of gas molecules in the cylinder is 1.4 x 1023,

(2]

(b) Use kinetic theory to explain why, when the piston is moved so that the gas expands, this
causes a decrease in the temperature of the gas.

. 3]
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(c) The gas expands so that its volume increases to 2.4 x 1073m?3 at a pressure of 2.3 x 10°Pa
and a temperature of 288 K, as shown in Fig. 2.2.

1.8 x 1073m3 2.4 x1073m?3
3.3 x 105Pa 2.3 x 105Pa
310K 288K

Fig. 2.2

(i) The average translational kinetic energy E, of a molecule of an ideal gas is given by
_ 3
E( = > kT
where k is the Boltzmann constant and T is the thermodynamic temperature.

Calculate the increase in internal energy AU of the gas during the expansion.

(ii) The work done by the gas during the expansion is 76 J.

Use your answer in (i) to explain whether thermal energy is transferred to or from the gas
during the expansion.

[Total: 10]
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6 An ideal gas has a volume of 3.1 x 1073m? at a pressure of 8.5 x 105Pa and a temperature of

290K, as shown in Fig. 2.1.

volume 3.1 x 1073m?
pressure 8.5 x 105Pa

temperature 290K

Fig. 2.1

volume 6.3 x 1073m?
pressure 2.7 x 105Pa

temperature T

The gas suddenly expands to a volume of 6.3 x 10~3m?3. During the expansion, no thermal energy
is transferred. The final pressure of the gas is 2.7 x 10°Pa at temperature T as shown in Fig. 2.1.

(a) Show that the number of gas molecules is 6.6 x 1022,

(b) (i) Show that the final temperature T of the gas is 190K.
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(ii) The average translational kinetic energy E, of a molecule of an ideal gas is given by
E( = %kT
where T is the thermodynamic temperature and k is the Boltzmann constant.

Calculate the increase in internal energy AU of the gas.

AU ooooeveeeeeeeeeeeeeeeeeeeeeeeesreseeeeenneenns ) [3]

(c) Use the first law of thermodynamics to explain why the external work w done on the gas
during the expansion is equal to the increase in internal energy in (b)(ii).

. 2]
[Total: 9]
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7 (a) The first law of thermodynamics may be expressed as W20/43/Q2
AU = (+g) + (+w)
where AU is the increase in internal energy of the system.

State the meaning of:

OSSPSR
T T e o PP S b
(2]
(b) The variation with pressure p of the volume V of a fixed mass of an ideal gas is shown in
Fig. 2.1.
4.0 I | '
! 5
VI10~3m? BH i
3.6 -
R
3.2 T T ™~
&.
2.8
24 j I
Cyus Tshag .
LumIsHHTA =
(RPEO TRTH T ke AR
20 = :
2.2 26 3.0 3.4 38 4.2 4.6 5.0 54
p/105Pa
Fig. 2.1

The gas undergoes a cycle of changes AtoBto Cto A.

During the change A to B, the volume of the gas increases from 2.3 x 10°m3 10 3.8 x 10~*m?,

Quruslshaa 1 B11, Beca, LGS, Roots IVY P5 .G

>) +923008471504 PHYSICSWITH 13



(i) Show that the magnitude of the work done during the change A to B is 390J.

(1]

(ii) State and explain the total change, if any, in the internal energy of the gas during one
complete cycle.

(c) During the change A to B, 1370J of thermal energy is transferred to the gas.

During the change B to C, no thermal energy enters or leaves the gas. The work done on the
gas during this change is 550J.

Use these data and the information in (b) to complete Table 2.1.

Table 2.1
change gl/Jd wiJ AU
AtoB
BtoC
CtoA
[4]
[Total: 9]
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8 (a) State what is meant by the internal energy of a system.

w20/42/Q2

. [2]

(b) The atoms of an ideal gas occupy a container of volume 2.30 x 10-3m? at pressure
2.60 x 10°Pa and temperature 180K, as illustrated in Fig. 2.1.

2.30x10%m?

2.60x105Pa >
180K

980J

Fig. 2.1

3.80x103m?3
2.60x105Pa
T

The gas is heated at constant pressure so that its volume becomes 3.80 x 10°m?® at a

temperature T.
For the fixed mass of gas, calculate:

(i) the amount of substance, in mol

AMOUNE'S 1ot istnsssis

(ii) the temperature T, in K.
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(¢) During the change in (b), the thermal energy supplied to the gas is 980J.

(i) Determine the work done on the gas during this change. Explain your working.

WOTKIIOTIE ™ i s cusssssasies sussissssmasissssssssssns sas sss seas smns J [3]

(ii) Determine the change AU in internal energy of the gas.

[Total: 10]
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9 Afixed mass of an ideal gas is at a temperature of 21°C. The pressure of the gas is 2.3 x 105 Pa
and its volume is 3.5 x 103 m3.

(a) (i) Calculate the number N of molecules in the gas.

(ii) The mass of one molecule of the gas is 40u.
Determine the root-mean-square (r.m.s.) speed of the gas molecules.

RIS S0 = cnnrnanmnsmamnama a2

(b) The temperature of the gas is increased by 84°C.

Calculate the value of the ratio
new r.m.s. speed of molecules

original r.m.s. speed of molecules

- 1[0 — |
'shaa [Total: 6]
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M20/42/Q2
10 Alarge container of volume 85m? is filled with 110kg of an ideal gas. The pressure of the gas is
1.0 x 10°Pa at temperature T.
The mass of 1.0mol of the gas is 32g.

(a) Show that the temperature T of the gas is approximately 300 K.

(3]

(b) The temperature of the gas is increased to 350K at constant volume. The specific heat
capacity of the gas for this change is 0.66 Jkg™ 1K™,

Calculate the energy supplied to the gas by heating.

BINBTOY S s vonisssnsnmvmssssssssisssssnsansnsiripmissssrossssns 0 |2

(c¢) Explain how movement of the gas molecules causes pressure in the container.
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(d) The temperature of a gas depends on the root-mean-square (r.m.s.) speed of its molecules.

Calculate the ratio:

r.m.s. speed of gas molecules at 350K
r.m.s. speed of gas molecules at 300K

[Total: 10]
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520/42/Q2
11 (a) Asquare box of volume V contains N molecules of an ideal gas. Each molecule has mass m.

Using the kinetic theory of ideal gases, it can be shown that, if all the molecules are moving
with speed v at right angles to one face of the box, the pressure p exerted on the face of the
box is given by the expression

pV = Nmv2. (equation 1)

This expression leads to the formula
1
p = zp(c?) (equation 2)
for the pressure p of an ideal gas, where pis the density of the gas and (¢?) is the mean-square
speed of the molecules.

Explain how each of the following terms in equation 2 is derived from equation 1:

DT iiaadain s denaasa ntnn e e S Y B SRR SR RS ORI R 4 AR e SR S i e
1.
3
T
. . [4]
Y An ideal gas has volume, pressure and temperature as shown in Fig. 2.1.
volume 6.0 x 103m?3
pressure 3.0 x 10°Pa
temperature 17 °C
Fig. 2.1
The mass of the gas is 20.7g.
Calculate the mass of one molecule of the gas.
L 1 ey g [4]
[Total: 8]
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12 (a) State what is meant by the internal energy of a system. 520/43/Q2

- [2]

(b) By reference to intermolecular forces, explain why the change in internal energy of an ideal
gas is equal to the change in total kinetic energy of its molecules.

- [2]

(c) State and explain the change, if any, in the internal energy of a solid metal ball as it falls
under gravity in a vacuum.

. [3]
[Total: 7]
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13 The pressure p of an ideal gas having density pis given by the expression M19/42/Q2

p =3 p(c?).
(a) State what is meant by:

(i) anideal gas

. [2]
(i) the symbol (c2).

- [1]

(b) Acylinder contains a fixed mass of a gas at a temperature of 120°C. The gas has a volume of
6.8 x 10°m? at a pressure 2.4 x 10°Pa.

(i) Assuming the gas acts like an ideal gas, show that the number of atoms of gas in the
cylinder is 3.0 x 102,

(3]
(ii) Each atom of the gas, assumed to be a sphere, has a radius of 3.2 x 107"'m.
Use the answer in (i) to estimate the actual volume occupied by the gas atoms.
VOIUME = ..oovrrcsmnrasssnssssesassrasssnssssssssssnssssssass M° [27
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(iii) One of the assumptions of the kinetic theory of gases is related to the volume of the
atoms.
State this assumption. Explain whether your answer in (ii) is consistent with this
assumption.

...........................................................................................................................................

[Total: 10]
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14 (a) The kinetic theory of gases is based on a number of assumptions about the molecules of
a gas.

State the assumption that is related to the volume of the molecules of the gas.

...................................................................................................................................................

(b) An ideal gas occupies a volume of 2.40 x 102m? at a pressure of 4.60 x 10°Pa and a
temperature of 23°C.

(i) Calculate the number of molecules in the gas.

UMb S s e e [3]
(ii) Each molecule has a diameter of approximately 3 x 10-1°m.

Estimate the total volume of the gas molecules.

VOIUME = oo sesessensesisnsesennnsnnns M9 [3]

(c) By reference to your answer in (b)(ii), suggest why the assumption in (a) is justified.

.M

Cyrus Isha
Y 9 ISL, BLL, BCCG, LGS, Roots IVY P5

(>) +923008471504




wi19/42/Q2
15 (a) Smoke particles are suspended in still air. Brownian motion of the smoke particles
is seen through a microscope.
Describe:

(i) whatis seen through the microscope

...........................................................................................................................................

(ii) how Brownian motion provides evidence for the nature of the movement of gas
molecules.

(b) A fixed mass of an ideal gas has volume 2.40 x 108cm® at pressure 3.51 x 10°Pa and
temperature 280K. The gas is heated at constant volume until the temperature is 310K at
pressure 3.75 x 105Pa, as illustrated in Fig. 2.1.

2.40 x 103¢m? 2.40 x 103¢cm?3
3.51 x 10°Pa > 3.75 x 105Pa
290K 310K
Fig. 2.1

The quantity of thermal energy required to raise the temperature of 1.00mol of the gas by
1.00K at constant volume is 12.5J.

Calculate, to three significant figures:

(i) the amount, in mol, of the gas

AMOUNS o nainuinimniaeg mol [3]
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(i) the thermal energy transfer during the change.

=T T=Tyn |V 1 1) =] RS ————— ] |-
(c) For the change in the gas in (b), state:
(i) the quantity of external work done on the gas
WOEK AONE:= s cniiiniiniimissasiiis iy J [1]

(ii) the change in internal energy, with the direction of this change.

CNANE O = i J
direction .........ceeeein
2]

[Total: 11]
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519/42/Q2
16 (a) The first law of thermodynamics may be expressed in the form

AU=qg+w.
(i) State, for a system, what is meant by:
1. +g
2. +w

(ii) State what is represented by a negative value of AU.

[

(b) Anideal gas, sealed in a container, undergoes the cycle of changes shown in Fig. 2.1.

7.0 T ]
H }3' 8.7 x1074m?
SmalE 6.6 x 10°Pa
450K
6.01T Ay [
pressure § \ = I
1105 Pa :
5.0
4.0
R | - . il -
! 2.4 x103m3 [
i . 1.6 x105Pa |
8.7 x 1074 m? | T 300K |
1.6 x 10°Pa - ! < e .
Bl 110K _ HHH
/ =L
He EEEE AR
H | | f
11 | | |
1'0 11 L | L |
0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50
volume/103m?
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At point A, the gas has volume 2.4 x 103m?3, pressure 1.6 x 10°Pa and temperature 300 K
The gas is compressed suddenly so that no thermal energy enters or leaves the gas during
the compression. The amount of work done is 480J so that, at point B, the gas has volume
8.7 x 1074m3, pressure 6.6 x 10°Pa and temperature 450K.

The gas is now cooled at constant volume so that, between points B and C, 1100J of thermal
energy is transferred. At point C, the gas has pressure 1.6 x 10°Pa and temperature 110K.

Finally, the gas is returned to point A.

(i) State and explain the total change in internal energy of the gas for one complete
cycle ABCA.

2]

(ii) Calculate the external work done on the gas during the expansion from point C to
point A.

WEHTK: dONB'= v i . [2]
(iii) Complete Fig. 2.2 for the changes from:
1. point A to point B
2. point B to point C

3. point Cto point A.
change | +q/J +w/J | AU/

A—B
B—C

C—A

Fig. 2.2

[4]
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503/04/G2

(a) On Fig. 2.1, place a tick (v') against those changes where the internal energy of the
body is increasing. 2]

water freezing at constant temperature
a stone falling under gravity in a vacuum
water evaporating at constant temperature

stretching a wire at constant temperature

Fig. 2.1

(b) A jeweller wishes to harden a sample of pure gold by mixing it with some silver so that
the mixture contains 5.0% silver by weight. The jeweller melts some pure gold and then
adds the correct weight of silver. The initial temperature of the silver is 27 °C. Use the
data of Fig. 2.2 to calculate the initial temperature of the pure gold so that the final
mixture is at the melting point of pure gold.

gold silver
melting point / K 1340 1240
specific heat capacity
(solid or liquid) / Jkg™' K" 129 235
specific latent heat of
fusion / kJ kg™ 628 105

Fig.2.2
temperature = .......ccoevviiniiiiiiniiininiienienes K [9]

(c) Suggest a suitable thermometer for the measurement of the initial temperature of the
gold in (b).

Sh q T L L L L R T L T T T P TR P P PP [1]
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18 The product of the pressure p and the volume V of an ideal gas is given by the expression
pV = %wa%

where m is the mass of one molecule of the gas.
(a) State the meaning of the symbaol
(i N,

]
(i) <c?.

cun[1]
(b) The product pVis also given by the expression

pV = NKT.

Deduce an expression, in terms of the Boltzmann constant k and the thermodynamic
temperature T, for the mean kinetic energy of a molecule of the ideal gas.

[2]
(c) A cylinder contains 1.0mol of an ideal gas.

(i) The volume of the cylinder is constant.
Calculate the energy required to raise the temperature of the gas by 1.0 kelvin.

BNBIGV'S i nmamennsaaUi 2]

(ii) The volume of the cylinder is now allowed to increase so that the gas remains at
constant pressure when it is heated.
Explain whether the energy required to raise the temperature of the gas by
1.0 kelvin is now different from your answer in (i).
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19

g wiz/43/Q1
a tate

(i) what may be deduced from the difference in the temperatures of two objects,

veenns [1]

(ii) the basic principle by which temperature is measured.

- 1]

(b) By reference to your answer in (a)(ii), explain why two thermometers may not give the same
temperature reading for an object.

v [

(c) Ablock of aluminium of mass 6709 is heated at a constant rate of 95 W for 6.0 minutes.
The specific heat capacity of aluminium is 910Jkg™' K.
The initial temperature of the block is 24 °C.

(i) Assuming that no thermal energy is lost to the surroundings, show that the final
temperature of the block is 80°C.

(3]

ISL, BLL, BCCG, LGS, Roots IVY P5
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(ii) In practice, there are energy losses to the surroundings.
The actual variation with time t of the temperature 6 of the block is shown in Fig. 1.1.

100

80

6/°C

60 >

20

0 1 2 3 4 5 6
t/minutes
Fig. 1.1

1. Use the information in (i) to draw, on Fig. 1.1, a line to represent the temperature of
the block, assuming no energy losses to the surroundings. [1]

2. Using Fig. 1.1, calculate the total energy loss to the surroundings during the heating
process.

ANBIEIHIDSE® sl 2]

[Total: 10]
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20 (a) Define specific heat capacity. ON23/41/Q2

(b) An ideal gas of mass 0.35kg is heated at a constant pressure of 2.0 x 10°Pa so that its
internal energy increases by 7600J. During this process, the volume of the gas increases
from 0.038 m? to 0.063m? and the temperature increases by 56 °C.

(i) Show that the magnitude of the work done on the gas is 5000 J.

[1]
(ii) Explain whether the work done on the gas is positive or negative.
..................................................................................................................................... [2]
(iii) Determine the magnitude of the thermal energy q transferred to the gas.
G = i bbbt a e e s e ennanes J [2]

(iv) Calculate the specific heat capacity of the gas for this process. Give a unit with your
answer.

specific heat capacity = .......ccoovvreeere e e 17 1] (—— [2]

Cyrus Ishaq ISL, BLL, BCCG, LGS, Roots IVY P5
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(c) The gasin (b) is now heated at constant volume rather than at constant pressure.
The increase in internal energy of the gas is the same as in (b).

Use the first law of thermodynamics to explain whether the specific heat capacity of the gas
for this process is less than, the same as, or greater than the answer in (b)(iv).

[Total; 12]

Q21 (a) The product pV for an ideal gas is given by ON23/41/Q3
pV = %Nm{cz}
where p is the pressure of the gas and V is the volume of the gas.
() State the meaning of the symbols N, m and (c?) in this equation.

[3]

(ii) Use the equation of state for an ideal gas to show that the average translational kinetic
energy E, of a molecule of the gas at thermodynamic temperature T is given by

Eq= SKT.

(2]

(b) The surface of a star consists mainly of a gas that may be assumed to be ideal. The molecules
of the gas have a root-mean-square (r.m.s.) speed of 9300ms™".

The mass of a molecule of the gas is 3.34 x 10~27kg.

Determine, to three significant figures, the temperature of the surface of the star.

temperature = ... rreneesenenees K [2]

34



(d) The gas at the surface of a star has a very high pressure.

Use the basic assumptions of the kinetic theory to suggest why, in practice, a gas at the
surface of a star is unlikely to behave as an ideal gas.

- [2]

: : ON 23/42/Q3
Q22 (a) State what is meant by the internal energy of a system.

- [2]
(b) Use the first law of thermodynamics to explain what happens to the internal energy:
(i) of a spring when it is stretched at constant temperature within its elastic limit
- (3]
(ii) of a sample of water when it evaporates from a rain puddle on a hot day.
. [3]
[Total: 8]
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March24/42/Q2

Q23 (a) By referring to both kinetic energy and potential energy, explain what is meant by the internal
energy of an ideal gas.

(b) A fixed mass of an ideal gas at a temperature of 20°C is sealed in a cylinder by a piston, as
shown in Fig. 2.1.

Cy“n der— ,‘;

/ \pist{:-n

gas

Fig. 2.1

The initial volume of the gas is 1.24 x 104 m83,
Thermal energy is supplied to the gas and its volume increases by 5.20 x 10~°m?,

(i) The piston is freely moving so that the gas is always at atmospheric pressure.
Atmospheric pressure is 1.01 x 105Pa.

Calculate the work done by the gas.

WO done by 088 = ..iisssussisisissiaissasassanil |2]

(ii) Calculate the final thermodynamic temperature T of the gas.

[ )
Cyrusishaa ) 811, Bec, LGS, Roots IVY PS .G
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(iii) The mass of the gas is 16g. For this expansion, there is a net transfer of 960 J of thermal
energy to the gas.

Calculate the specific heat capacity ¢ of the gas at this pressure.

C= oveveeeeieesinenssnesnneneneen JKGTTKTT [2]

(c) The gas in (b) is allowed to return to its starting temperature. The piston is now fixed in
position.

Thermal energy is supplied to increase the temperature to the same final temperature as in (b).

Use the first law of thermodynamics to suggest and explain how the specific heat capacity of
the gas for this situation compares with the value in (b)(iii).

- [3]

[Total: 11]

d24 (a) (i) State whatis meant by an ideal gas. MJ24/41/Q3

- [2]
(ii) Use one of the basic assumptions of the kinetic theory to explain what can be deduced

about the potential energy associated with the random motion of molecules in an ideal
gas.

. [2]
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(b) Asample of 0.26 m? of an ideal gas is at pressure 2.0 x 10°Pa and temperature 290K.

Determine:

(i) the number N of molecules of the gas

(i) the average translational kinetic energy E, of one molecule of the gas

(iii) the internal energy of the gas. Explain your reasoning.

[pgiclpyts [ Ts ]y o —————eppr

(c) The volume V of the gas in (b) is now varied, keeping its pressure constant.

On Fig. 3.1, sketch the variation with V of the internal energy U of the gas.

A
u

Fig. 3.1

C Ish
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—

[2]

[Total: 12]
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Q25 (a)

(b)

MJ24/42/Q2

With reference to thermal energy, state what is meant by two objects being in thermal
equilibrium.

aossi |11

Two cylinders X and Y each contain a sample of an ideal gas. The samples are in thermal
equilibrium with each other.

X has a volume of 0.0260 m® and contains 0.740mol of gas at a pressure of 1.20 x 10°Pa. Y
has a volume of 0.0430m? and contains gas at a pressure of 2.90 x 10°Pa. Data for the two
cylinders are shown in Fig. 2.1.

X Y
0.740 mol
1.20 x 10°Pa 2.90 x 10°Pa
0.0260m?3 0.0430m3
Fig. 2.1

(i) Show that the temperature of the gas in Xis 234°C.

[3]

(ii) Determine the number N of molecules of the gas in Y. Explain your reasoning.

Cyrus Isha
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(ili) The gas in X consists of molecules that each have a mass that is four times the mass of
a molecule of the gasin Y.

Explain how the root-mean-square (r.m.s.) speed of the molecules in X compares with
the r.m.s. speed of the molecules in Y.

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

[Total: 10]

MJ24/42/Q3
Q26  (a) State what is meant by the internal energy of a system.

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

(b) With reference to molecular kinetic and potential energies, describe and explain how the
internal energy of the system changes when:

(i) agas is heated at constant volume so that its temperature increases

...........................................................................................................................................

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

[Total: 8]
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i Question Answer Marks
1  Ka)i) | (gas that obeys) pV o T (for all values of p,Vand T) M1
where T is thermodynamic temperature Al
a)(ii) temperature = -273.15°C Al
(b)) | pV = NKT c1
N =(1.37 = 10° = 0.640) / (1.38 x 10 x (227 + 273)) c1
= 1.27 = 10% A1l
b)(i) | mass =0.0424/(1.27 x 10%) M
=334 x 107 kg
b)(iil) | Ym<c?> = (3] 2)kT c1
3.34 x 107 x v =3 » 1.38 x 102 x 500 c1
v=2480ms™" Al
or
pV = Va(Nm) <¢?> and Nm = mass of gas (c1)
0.0424 x 2 =3 x 1.37 x 105 x 0.640 (c1)
v=2490m s (A1)
2(c) sketch: line from (0, 0) to (500, v) B1
I line with decreasing positive gradient throughout B1
Question Answer Marks
2(a) gas for which pVe T M1
where T is thermodynamic temperature A1
2(b)i) evidence of two temperature conversions between °C and K B1
two calculations shown, one for each state e.g. Al
1.10x10° x540x10° _ o 1og ooy 6.70x10°x30x10° _ o 00
(273+27) (273+742)
2(b)(il) | work is done on the gas M1
internal energy increases (so temperature increases) Al
2(b)(iii)) | pV=NkTe.g. c1
_ 1.10x10° x540x10°°
1.38x107% % 300
=1.435x 10%
AE, = (3/2) KATN
=(3/2) x 1.38 x 107 x (742 — 27) —1‘:‘?;‘81::;_342;‘;34 “
=212J Al
2(c) E=mcAf and E=mL c1
A= (27 + 196) or 223 c1
E=0.0240 x 1.04 x (27 + 196) + 0.0240 x 199 A1
=10.3kJ
°
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Question Answer Marks
3(a) p = pressure (of gas), V = volume (of gas) and k = Boltzmann constant B1
N = number of molecules B1
T = thermodynamic temperature B1
3(b) (pV'= NKT and pV = ¥Nm<c*> leading to) NkT = WNm<c®> M1
algebra leading to (3/2)kT = ¥em<c?> and use of Ysm<c®> = Ey leading to (312)kT = Ex A1
3(e)i) | T=296K c1
Yem<c?> = (3/2)kT c1

Yex 5,31 x 1075 x 2 = (3/2) x 1.38 x 102 x 296
u=480ms™’ Al
3(c)ii) | line passing through (P, u) B1
horizontal straight line B1
Question Answer Marks
4 la)i) | agasthatobeyspVe T M1
where p = pressure, V' = volume, T = thermodynamic temperature Al
a)i) | T =(@273+17)K c1
n =pVIRT Al

=(1.2x 10%x 0.24)/[8.31 x (273 + 17)]
=12mol

b)) | work done = pAV c1
=1.2 x 10° x (0.24 - 0.08) = 19200 J (= 19.2 kJ) Al
b)(ii) | AB work done correct (19.2) Al
BC work done correct (0) A1
CA increase in internal energy correct (0) and CA thermal energy correct (31.6) Al
AB increase in internal energy calculated correctly from work done — 48.0 A1l
BC increase in internal energy correctly calculated so the final column adds up to zero and BC thermal energy same as Al

increase in internal energy

(Fully correct table:
AB | 19.2 -48.0 | -288

BC 0 288 28.8

CA | -316 316 0
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S5(@) | pV=NKT c1
N=(1.8x102x3.3x10%)/(1.38 x 10 % 310) = 1.4 x 10* A1l
or
pV=nRT and nN,=N (C1)
N=(18x%x10"%3.3x 10°x 6.02 x 10%)/(8.31 % 310) = 1.4 x 10 (A1)

(b) speed of molecule decreases on impact with moving piston B1
mean square speed (directly) proportional to (thermodynamic) temperature B1
‘r:'lrean square speed (directly) proportional to kinetic energy (of molecules)

:i:'setic energy (of molecules) (directly) proportional to (thermodynamic) temperature
kinetic energy (of molecules) decreases (so temperature decreases) B1
(©) | AU =32xkxATxN c1
= 3/2 % 1.38 x 10723 x (288 — 310) x 1.4 »x 105 c1
=—64J Al

(c)ii) | decrease in internal energy is less than work done by gas M1
(thermal energy is) transferred to the gas (during the expansion) A1

6 pa) pV=nRT c1
pV=nRT and N =nN, c1
or
pV = NKT
3.1 % 103 % 8.5 x 10° = (N x 290 x 8.31)/(6.02 x 102) A
so N=6.6 x 102
or
3.1x10*x 8.5x10°=Nx1.38 x 10 x 290
so N=6.6 x 102

b)(i) | (3.1x10°x8.5x10°/290=(6.3x 103 x 2.7 x10°/T Al
so T=190K
or
6.3x103x27x105=6.6x 102 x1.38%x 108 x T
s0 T=190K
b)(i) | AU =3/12xkxATxN c1
=3/2x1.38x 1023 x (190 — 290) x 6.6 x 102 c1
=-1400J A1
P(c) AU=g+w M1
g=0soAU=w Al
6
Cyrus Ishaq
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7(a) +q: thermal energy transfer to system B1
+w: work done on system B1
(b)) | (W=)26x10°%(3.8-2.3)x10°=390J Al
(b)ii) | no (total) change (in internal energy) B1
gas returns to its original temperature B1
(c) A to B row all comrect (1370, — 390, 980) B1
B to C row all correct (0, 550, 550) B1
C to A row: Al adds to the other two AU values to give zero B1
C to A row: w= 0 and g adds to w to give AU value B1
complete correct answer:
- change . qlJ | wid . AU
- AtoB - (+)1370 - -390 - (+)980
Bto G 0 (+)550 (+)550
Cto A -1530 0 -1530
8la) sum of potential energy and kinetic energy (of particles) B1
(total) energy of random motion of particles B1
(b)i) | p¥V=nRT c1
260 10°% 2.30 % 10 = nx 8.31 % 180 Al
n = 0.400 mol
(b)i) | (2.30x107%)/180 = (3.80 x 103/ T c1

or

260x10°x3.80x103=0400x831xT
T=29TK Al

(e)(i) AW= pAV c1

= 2.60 x 105 x (2.30 - 3.80) x 102

=(-)390J Al
negative because work is done by gas B1
or
negative because work is done against atmospheric pressure
or

negative because volume of gas increases

(i) | AU = (980 - 380) A1
=590

Cyrus Isha
Y 9 s, BLL, BCCG, LGS, Roots IVY P5

(>) +923008471504




g6~
9(a)liy pV =N kT or pV =nRT and N=nN, c1
2.3x10°%3.5%x107
N=E e
1.38x107% x 294
=2.0x10% A1
(@)(ii) o % Nmc? c1
__3x2.3%10° x3.5x10°°
2.0x10™ x40x1.66 %10
=182 000
r.m.s. speed = 430 ms™'
o A
A
Y me? =30 kT
_3x1.38x107% x294 (c1)
40x1.66x10°%"
=183 000
r.m.s.speed = 430m s’ (A1)
(b) 2 3x2.0x107 x1.382107 (294 + 84) c1
h 2.0x10% x40x1.66x10%
¢ =236000
c=485
. [ 485 A1
ratio| =— [=1.1
)
OoR (C1)
ve T or vieT
) '2?3+21+a4 378 (A1)
ratio =, | ———— or ,|—
273+ 21 294
ratio = 1.1
‘ 10 ’(a) n=110/0.032 or 110000/ 32 or 3440 ci
pV=nRT Cc1
T=(1.0x% 105x 85)/(8.31 % (110/0.032)) = 300 K Al
=110 0.66 = 50
= 3600.J A1
c) Any 3 from: B3
« molecule collides with wall
+  momentum of molecule changes during collision (with wall)
« force on molecule so force on wall
« many forces act over surface area of container exerting a pressure
{d) |KEe=T c1
vee NT
ratio = +(350/300) A1
=11
Cyrus Ishaq
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Ll 1 ja) 2 Nmi v B1
¥4 molecules move in three dimensions (not one) B1
50 % in any (one) direction
<¢?>; molecules have different speeds so take average M1
of (speed)? Al
(b} pV = NKT c1
N = (3.0 105 % 6.0 x 10-%)/(1.38 x 10-% x 290) c1
=45x10% c1
mass = 20.7/(4.5x 10%) Al
=4.6x10%g
Lli}{a] total potential energy and kinetic energy (of molecules/atoms) M1
reference to random motion of molecules/atoms Al
(b) (in ideal gas,) no intermolecular forces B1
no potential energy (so change in kinetic energy is change in internal energy) B1
ic) (random) potential energy of molecules does not change M1
(random) kinetic energy of molecules does not change M1
s0 internal energy does not change Al
or
decrease in total potential energy = gain in total kinetic energy (M1)
no external energy supplied (M1)
so internal energy does not change (A1)
or
no compression (of ball) so no work done on the ball (m1)
no resistive forces so no heating of the ball (M1)
so internal energy does not change _ o (A1)
| 13 o)) | gas obeys formuta pV/ T = constant -
symbols V and T explained A1l
(a)(ii) mean-square-speed (of atoms / molecules) B1
{b)(i) |useof T=383 c1
pV=nRT c1
24x10°x6.8x 107 =n = B31 = 393 Al
and N=n=6.02 x10% = 3.0 x 102
or (c1)
pV= NKT
2.4x105% 6.8 % 102 = Nx 1.38 x 10 x 393 (A1)
hence N=3.0 x 10%
(b)(ii) | volume of one atom = 4/ 3ar° e
volume occupied =3.0=x 109 x4/3xnx (3.2 x10°1) Al
=4 x10%¢m?
(b)(iii) | assumption: volume of atoms negligible compared to volume of container / cylinder B1
4 % 10-% (m?) << 6.8 x 10 (m?) s0 yes B1
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[

(total volume of molecules is) negligible M1
compared with volume occupied by the gas A1
(b)) | pv=NKT c1
460x10°%x2.40 = 1072 = Nx 1.38 x 108 x (273 + 23) Cc1
or
pV =nRT (€1
480 x 105x 2,40 x 10-2 = n x 8.31 x (273 + 23) (c1)
n=4.49 (mol)
N =nNx
=4.49x6.02x 102
N=27x10% Al
(b)(ii) | volume of one atom = d® (= 2.7 x 102 m?) c1
volume of all atoms =2.7x 10-2 % 2.7 x 10 c1
=7x10%m? A1l
or
volume of one atom = (4/3)nr® (= 1.41 2 102 m?) (C1)
volume of all atoms = 2.7 x 1024 % 1.41 % 1020 (C1)
= 4x105m? (A1)
(c) numerical comparison between answer to (b)(ii) and 2.4 x 10-2 (m?) showing (b)(ii} is much less than 2.4 x 1072 (m?) B1
,T(&)[I] specks of light moving haphazardly B1
(a)(ii) | (gas) molecules collide with (smoke) particles M1
?arndom motion of the (gas) molecules
causes the (haphazard) motion of the smoke particles A1
@ the smoke particles to change direction
(b)i) | pV=nRT c1
n=(3.51x10%x 2,40 x 10-%)/(8.31 x 290) c1
:r: (3.75x 105x 2.40 % 10-%)/ (8.31 x 310)
or
pV'=NKT (c1)
n=(3.51x 10%x 2.40 x 10%)/ (1.38 x 10-3 x 6.02 x 10% x 290) (C1)
ﬁr= (3.75x 105 2,40« 10%)/(1.38 x 10-2 % 6.02 x 10 x 310)
n=0.350 mol or 0.349 mol A1
(b)(ii) | energy transfer =(0.349 or 0.35) x 12.5 x (310 — 290) c1
=87.3J or B7.5J A1l
(e)(iy |zero A1l
(c)(i) |8&7.3J or 87.5) Al
increase B1
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Lls }(a}(i) 1. energy transfer to the system by heating PageB?‘S

2. (external) work done on the system B1
(a)ii) | decrease in internal energy B1
(b)(i) na change (in internal energy) B1
(because) no change in temperature B1
(b)(ii) | work done = pAV c1

= (-)1.6 x 10° x (2.4 — 0.87) x 10

= (-)240J A1

(b)(iiiy | first row all correct (0, 480, 480) Al
second row all correct (=1100, 0, =1100) A1

final column of third row calculated correctly from the two values above it, so that the final column adds up to 0 A1l

second column in final row comect, with correct negative sign A1

and
first column in final row calculated correctly so that it adds to the secend column to give the third column

(fully correct table is:

o 480 480

-1100 0 -1100

860 -240 620

@ 7
]
= (-1 for each error or OMISSION) .......ccovvireerenseereeseriaienas B2 2]
(b) heat lost by liquid gold = 0.95m X 129 X AT.....ocvereeerreeerieeeee C1
heat gained (silver) = 0.05m x 235 x (1340 — 300) + 0.05m x 105 000..C1, C1
122.5mAT =17 470m
AT=143 K.

temperature = 143 + 1340 = 1483 K [5]
(c) e.g. thermocouplefresistance thermometer.........ccccveceviiiiecnennes B1 [1]
(a) (i) M:(total) number of molecules B1 [1]

(iif>:#0ean square speedivelocity B1 1]

(b) pV=YNm=c®>=NKkT

(mean) kinetic energy = % m<c’> C1
algebra clear leading to ¥4 m<c®> = (3/2)kT A 2]
(¢) (i) either energy required = (3/2) x 1.38 x 107 x 1.0 x 6.02 x 10% c1
=125 (12Jif 2 s.1) Al 2]
or energy = (3/2) x 8.31 % 1.0 (C1)
=125 (A1)
(i) energy is needed to push back atmospherefdo work against
atmosphere M1
so total energy required is greater Al 2
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19 [@0 :irracﬂon or rate of transfer of (thermal) energy B1
(if different,) not in thermal equilibrium/energy is transferred
a)(ii) | uses a property (of a substance) that changes with temperature B1
B(b) « temperature scale assumes linear change of property with temperature B2
« physical properties may not vary linearly with termperature
« agrees only at fixed points
Any 2 points.
e)i) | Pt=mo(a)e c1
95 = 6 x60=0.670x910 x A M1
Af= 56°C so final temperature = 56 + 24 = 80°C A1
or
95 x 6 x B0 = 0.67 x 910 x (6 24) (M1)
so final temperature or #=80°C (A1)
Nii) | 1. sketch: straight line from (0,24) to (6,80) Bi
2. temperature drop due to energy loss = (80 - 64) = 16°C C1
energy loss = 0.670 = 910 = (80 — 64) = 9800J Al
or
enargy to raise temperature to 64°C = 0.670 = 910 = (64 — 24) {c1)
= 24400 (A1)
loss = (95 = 6 = 60) — 24400 = 9800J
QZO a) (thermal) energy per unit mass (to change temperature) B1
(thermal) energy per unit change in temperature B1
2(b)(i) | work done = pAV A1
= (2.0 x 10%) x (0.063 — 0.038) = 5000 J
2(b)(ii) | gas is expanding (against external pressure) B1
gas does work /work is done by gas, so (work done on gas is) negative B1
2(b)(iiiy |AU=g+W c1
7600 = g + (-5000) A1l
g=12600J
2(b)(iv) | specific heat capacity = g/ mAT Cc1
=12600/(0.35 x 56)
=B640Jkg K A1
2(c) same gain in internal energy so same temperature rise B1
no change in volume so no work done B1
:l; work done so less thermal energy needed (for same change in internal energy)
less thermal energy needed (for same temperature change) so lower specific heat capacity B1
°
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Q21 i)

N: number of molecules (of the gas) B1
m: mass of one molecule (of the gas) B1
<¢’>: mean square speed (of molecules) B1
3(a)ii) | pV=NKT M1
NKT = YaNm=<c®> and Ex = Yem<c?>leading to Ex = (3/2) kT A1

3(b) Yex 3.34 % 10727 x 9300% = (3/2) x 1.38 x 102 = T c1
T=86980K A1

3(d) (very high pressure so) molecules are (very) close together (nof just ‘nearer’) B1
forces between molecules are not negligible B1
:::Iume of molecules not negligible compared with gas volume

Q22 a) sum of potential energy and kinetic energy (of particles) B1
(total) energy of random motion of particles B1

3(b)}(i) | nothermal energy transferred B1
work is done on the spring (increasing the potential energy of particles) M1
so internal energy increases A1l

3(b)(ii) | thermal energy transferred to water B1
work is done by water (expanding against atmosphere as it vaporises) B1
more thermal energy transferred than work done so internal energy increases B1

Q23 a) total kinetic energy associated with random motion of molecules M1
plus total potential energy (of molecules) but potential energy is zero A1

2(b)(i) W = pAV Cc1

=1.01 x 10% x 5.20 = 10-5 A1
=(+)5.25J

2(b)(ii) | Ve T or VI T = constant c1
1.24 /(273 +20) = (1.24 + 0.520)/ T Al
T=416K

2(b)iii) | ¢ =Q/mAT C1
=960/(0.016 x (416 — 293)) A1
= 490 Jkg' K-

2(c) no change in volume so no work is done (by the gas) B1
(same temperature change so) same change in internal energy B1
less thermal energy needs to be supplied so cis less B1
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@ +923008471504 50




Q24 (a)(i) | gas for which pV/oc T M1
where T is thermodynamic temperature A1
3(a)(ii) | no intermolecular forces B1
(so) potential energy is zero B1
3(b)(i) | pV=NkT c1
N = (2.0 x 10° x 0.26)/(1.38 x 1023 x 290) A1
=1.3 x 10%
3(b)(ii) | Ex =(3/2) kT c1
Ex =(3/2) % 1.38 x 1023 x 290 A1
=6.0x1021J
3(b)(iii) | internal energy = total KE + PE of molecules B1
Ig:E = 0 so internal energy = total KE of molecules
internal energy = 1.3 x 102 x 6.0 x 102 A1
=7.8x104J
3(c) straight line with positive gradient B1
line passing through the origin B1
Q25 a) (if in thermal contact) no net transfer of (thermal) energy (between them) B1
2(b)(i) | pV=nRT c1
T =(1.20 x 10° x 0.0260)/(0.740 x 8.31) M1
(=507 K)
temperature = 507 — 273 = 234 °C A1l
2(b)(ii) | thermal equilibrium so temperatures (of X and Y) are equal B1
pV =NkT c1
N =(2.90 x 10° x 0.0430)/(1.38 x 10-% x 507) Al
=1.78 x 10%
2(b)(iiil) |e (molecular) kinetic energy is proportional to temperature B2
:i;etic energy (of molecules) is same in both cylinders
« kinetic energy proportional to mass x mean-square speed
::mperature proportional to mass x mean-square speed
::n.s. speed proportional to w’(temperalure / mass)
« mean-square speed inversely proportional to mass
::n.s. speed inversely proportional to ¥(mass)
Any two bulleted points, 1 mark each
r.m.s. speed (of molecules) in X is half r.m.s. speed (of molecules) in Y B1
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Q26 1) sum of potential energy and kinetic energy B1
(total) energy of random motion of particles B1

3(b)(i) | no change in separation so no change in (molecular) potential energy B1
temperature increases so kinetic energy (of molecules) increases B1

kinetic energy increases and potential energy unchanged, so internal energy increases B1

3(b)(ii) | temperature constant so no change in (molecular) kinetic energy B1
separation increases so potential energy (of molecules) increases B1

potential energy increases and kinetic energy unchanged, so internal energy increases B1
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