35

eunoia

JUNIOR COLLEGE

9749 H2 Physics
Tutorial Solutions

First Law of Thermodynamics

Answer Key
1. D 10. (a) 1.25x10-3m® | R1(b) 273.15K
2. D 10. (b) 1.37 x 105 Pa R1(c)(i) 1.35x10° m®
3. D 14.(a) 0.681 mol R1(ii) 1.77x10° N
4, E 14.(b) 0.033 m® R1(iii) 1.77x10° N
5. B 14.(c) 2250 J R1(iv) 3.99x103
N

6. -6J 14(d) 0 R1(v) 0.221 ms3
7(a) 3.78 x10*J | 15.(a) 8.0x10° Pa R1(d)(ii) 4.72x102]
7(b) 7.72 x10*J | 15.(b) 296 K R1(iii) 6.33x10° mol
8(a) 1.66 x 10°J | 15.(c) Jab =60,000J R1(iv) 1.80x10° J
8(b) 2.03 x 10° J Obe = -36,000 J

Oca =-11100J | R2(b)(i) 0.295 mol
9(a) 224 15(.d) AUab = 36000 J | R2(c)((ii) [3.71 x 10° J]
9(b) 224 ] AUbc = 36000 J | R2(c)((iii) 1100J

AUca =0
6. NO7/1/20

An ideal gas undergoes an expansion in volume from 1.3 x 10* m®to 3.6 x 10* m® at a
constant pressure of 1.3 x 10° Pa. During this expansion, 24 J of heat is supplied to the

gas.

What is the overall change in the internal energy of the gas?

[-6J]

Isobaric expansion: w = —pAV = —(1.3 X 105)[(3.6 -1.3) xlO"‘] =-29.91J
First law: AU =q+w =24+(-29.9)=-5.9J

A gas in a cylinder expands from a volume of 0.110 m? to 0.320 m3. Heat flows into the
gas just rapidly enough to keep the pressure constant at 1.80 x 10° Pa during the
expansion. The total heat added is 1.15 x 10° J.

(@ Find the work done by the gas.

W, = pAV =(1.80x10°)[0.320-0.110] = 3.78 x 10" J

(b) Find the change in internal energy of the gas.

AU =q+w =1.15x10° +(-3.78 x10%) = 7.72x10* J

[3.78 x 10 J]

[7.72 x 104 J]
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8.  When water is boiled under a pressure of 2.00 atm, the heat of vaporization is 2.20 MJ
kg™ and the boiling point is 120 °C. At this pressure and temperature, 1.00 kg of water
has a volume of 1.00 x 10* m3, and 1.00 kg of steam has a volume of 0.824 m?.

[1 atm = 1.013 x 10°Pa]
(@ Compute the work done when 1.00 kg of steam is formed at this temperature.

W, = PAV =(2x1.013x10°)(0.824 -0.001) =1.67x10° J
(b) Compute the increase in internal energy of the water.

AU =q+W =2.20x10° + (-1.67 x10°) = 2.03x10° J

(c) The work done for 1.00 kg of steam to form at 100°C and 1 atm is 1.69 x 10° J,
suggest a reason why the work done against external pressure decreases when
external pressure increases.

The work done has decreased at higher pressure because the volume occupied
by the water vapour has decreased by a factor larger than the factor increase in
pressure.

E.g. At 1 atm; volume occupied by 1 kg of steam is 1.671 m®.

Vol _ 1671, g
Vol '

0.824

2 atm

[1.67 x 105 J, 2.03 x 106 J]

9. During an adiabatic expansion, the temperature of 0.450 mol of argon (Ar) drops from
50.0 °C to 10.0 °C. Argon is monatomic and may be treated as an ideal gas.

(@) What is the change in internal energy of the gas?

AU = %nRAT = %(0.450) (8.31)(10.0-50.0) =224 J
(b) How much work is done by the gas?

AU = g+w

w =-224]

Work done by gas, wg = -w = -224 J

10(a) Using pV =nRT
pvV _ 1.1x10°(1x10°°%) _

_ 0.0441 mol
RT 8.31x300
Using pV = nRT,
v,= MRT _ 0.0441(8.312(375) = 1.25 x 103 m®
D 1.1x10
10(b) Using pV=nRT,
0o NRT _ 0.0441x8.31x375 _ \ oo 15

Vv 1.0x10°2
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11. (i) B to C: constant pressure; — = —
TB TC
V. T
T, =2ele _OX00 o530
Vg 14
I:)D I:)A
D to A: constant volume: — = —
TD TA
P, T .
g PR =78X300=2340K
P, 1.0
(ii) (a)

Work done on the gas is given by the force exerted by an exerted agent multiply the

displacement.

When the gas expands, the displacement is opposite in direction to the force exerted
by the external agent thereby giving rise to a negative value of work done on the

system.

(b)

Section of cycle | Heat supplied to Work done on Increase in internal

gas/J gas/J energy of gas/J

AtoB 0 300 300
BtoC 2580 -740 1840
CtoD 0 -440 -440
Dto A -1700 0 -1700

12 NO8/II/4(b)

An ideal gas undergoes a cycle of changes A - B— C— A, as shown in Figure

4.1.
B
pressure 71"
p/10°Pa
1 '_CE > ‘EA
5 20 yvolume
V/cm3
Figure 4.1

(i)  Calculate the work done by the gas during the change C— A.

W, = PAV =(1x10°)(20-5)x10°=15J

[2]
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(i) Figure 4.2 is a table of energy changes during one cycle. Complete figure
4.2.
Y heating increase in
segtlglr; o supplied to il ;SOF‘? " internal energy
4 gas/J . of gas / J
A—-B zero 4.2 4.2
B->C -8.5 0 -8.5
C—oA 5.8 -1.5 4.3
Figure 4.2
13.
Increase in Internal | Heat supplied to | Work done on gas/
energy/ J gas/ J J
AtoB 1200 0 1200
BtoC - 1350 -1350 0
Cto D - 600 0 -600
Dto A 750 750 0

14. In the process illustrated by the pV diagram in Figure 2, the temperature of the ideal
gas remains constant at 85.0 °C.

(@)

(b)

(©)

p(atm)

0.600

0.200
V(m3)

|
0 0.100
Figure 2

How many moles of gas are involved? [0.681 mol]

Choose point b:
pV =nRT = (0.200x1.013 x 10°)(0.100) = n(8.31)(85 + 273.15)

= n=0.681mol

What volume does this gas occupy at a? [0.033 m?]

0.200

PV, =PV, =V, =
0.600

j(O.lOO) =0.033 m°

How much work was done by or on the gas from a to b? [2250 J]
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(d)

Isothermal expansion:

W =-nRT In[\\éJ =—(0.681)(8.31)(273.15+ 85.0)In(

0.100
0.033

j =-2250J

2250 J of work is done by the gas.

By how much did the internal energy of the gas change during this process? [0 J]

AUzgnRAT =AU =0-AT =0

15. The graph in Figure 3 shows a pV diagram for 3.25 moles of ideal helium (He) gas.
Part ca of this process is isothermal.

(@)

(b)

(©)

p(PaX 105)
A

a b

2.0 2

L > V(md)
0| 0.010 0.040

Figure 3

Find the pressure of the Heat point a.

PV, =PV. =P, =wx 2.0x10° =8.0x10° Pa
0.010

Find the temperature of the He at points a, b and c.
PV, 2.0x10°x0.040

T —Tele _ — 296 K
°" nR 8.31x3.25
5
T _PVe_80x10°x0.040 00
nR 8.31x3.25
T,=T, =296 K

How much heat entered or left the He during segments ab, bc and ca? In each
did heat enter or leave?

ab (isobaric):
w, =(8.0x10°)(0.040-0.010) = 24000 J

AU =q+w

%(3.25) (8.31)(1185 - 296) = g — 24000

O = 2(3.25)(8.31) (1185 - 296) + 24000 = 60000 J

bc (isochoric):
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q=AU = %nRAT = %(3.25)(8.31)(296 —1185) =-36000 J
ca (isothermal):

V, 0.010
=w =nRTIn| +|=(3.2 31)(2 [
g=w=n n[VJ (3.25)(8.31)( 9e)n[o_040

j =-11100 J

(d) By how much did the internal energy of the He change from a to b, from b to ¢
and from c to a? Indicate whether this energy has increased or decreased.
AU, = %(3.25)(8.31) (1185 - 296) = 36000 J
AU, = 3(3.25)(8.31)(296 —1185) = -36000 J
AU, =0
R1 NO5/11/02

(@) The ideal gas equation is pV = nRT. Explain why non-SI units may be
used for p and V but the temperature cannot have the unit °C. [2]
Non-SI units may be used for p and V because we just need a
corresponding change in the value for R. R has many possible values
depending on the unit system.

Ty =T.. +273.15cannot be corrected in the equation by a simple
multiplicative factor. i.e. pV = nR(Tk — 273.15) cannot be simplified to pV =
nRT.

(b) Write down the exact temperature on the Kelvin scale of zero degrees
Celsius. [1]
0°C=273.15K

(c) Inan attempt to beat the world altitude record for balloon, a helium balloon

containing 15 000 m?® of helium at a temperature of 288 K was launched
from sea level, where the pressure of the gas was 101 kPa. The balloon,
carrying a payload, rose to an altitude of 32.0 km before reaching
equilibrium. Data concerning atmospheric conditions are given in the
table.

sea level equilibrium
altitude=0 | altitude = 32.0 km
pressure of helium 101 kPa 0.890 kPa
temperature 288 K 228K
density of air 1.23 kg m™3 0.0134 kg m™3
Calculate
(i) the volume of helium at 32.0 km, [2]
101000) (15000
PV _ PV, :>( ) ):890\/2 =V, =1.35x10° m®
T, T, 288 228
(i)  the weight of air displaced by the balloon at equilibrium altitude, [2]
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(d)

()

W = pVg = 0.0134(1.35 X 106)(9.81) =1.77x10° N
(iii)  the total weight of balloon, helium and payload

weight of balloon system = 1.77 x 10° N

(iv) the resultant force on the balloon at sea level,

F=U-mg=pVg-1.77x10° = (1.23)(15000)(9.81) - 1.77 x 10°
=3.99x10° N

(v) the acceleration of the balloon at take-off.

3
_F__ 39910 =0.221 ms™
m

- (1.77 x 10% 81)

Using the equations pV:%Nm<cZ> and pV =NKT, derive an

expression for the relationship between the average translational
kinetic energy of a helium atom and the temperature.

%Nm<02> = NKT :%m<c2> =ng

(i) Hence find the average translational kinetic energy of one of the
helium atoms in the balloon in (c), when the balloon is at an altitude
of 32.0 km.

KE = KT = §(1.38 x107)(228) = 4.72x10% J
2 2

(i)  Calculate the amount, in mol, of helium in the balloon.

PV 101000(15000)

n=—-= =6.33 x10° mol
RT 8.31(288)

(iv) Assuming that the gas behaves as an ideal gas, calculate the kinetic
energy of all the helium at equilibrium altitude.

KE=U = %nRT = %(6.33 x10°)(8.31)(228) =1.80x10° J

Suggest why the change in the potential energy of the gas in the balloon
as it rises does not change its internal energy.

The increase in gravitational potential energy changes the total
mechanical energy of the system and does not change its internal energy.
The potential energy portion of the internal energy arises from

[1]

[2]

[2]

[1]

[1]

[2]

[2]

[2]
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intermolecular forces and not gravitational force.

R2. (&) Anideal gas is a gas that obeys the equation of state of an ideal gas for all values
of pressure, volume and temperature.

(b)(i) Using pV = nRT
APV 0.012

An = =
RT 8.31(273.15+25)

(3.23-2.62)x10°=0.295 mol

(i) The pressure in the portable supply cannot be lower than 3.23x10° Pa
otherwise it will not be able to fill the tyre.
At a pressure of 8.72 x10° Pa, the number of moles inside the portable air supply
_ 8.72x10°(0.0108)

Nsupply = =3.801 mol
8.31(273.15+ 25)

At the pressure of 3.23x10°, the number of moles available,
_3.23x10°(0.0108)

n= =1.408mol
8.31(273.15+ 25)

Hence the number of moles available for filling the tyre = 3.801-1.408=2.39 mol
which is greater than the required 1.18 mol (4x0.295).

(c)(i) Internal energy of one molecule =3/2kT = 3/2(1.38x10%)(273.15+25)
=6.17x102J

(i) Hence, the internal energy of one mole of gas = 6.02x10%3(6.17x10 %%)
=3.71x10%J

Note: Student can’t use 3/2nRT because of the word “hence” in the gn.

(i) AU= 3.71x10%(0.295)= 1095J

Topic 9: First Law of Thermodynamics Page 8
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First Law of Thermodynamics — Quick Revision Exercise

1 An ideal gas undergoes various thermal processes as shown in the figure below. The
processes are:

A to B: Isothermal process

B to C: Isobaric process

C to A: Isochoric process

P/x10° P
Ix10 a8 A T 19254K
2 _|
B
C 1o 4813K
| | S
| T
2 8 v/x102 m?
a Determine the amount of gas involved in moles.
PV=nRT
(2x10°) (2x102) = n (8.31)(481.3)
n =1 mole
b i. Determine the increase in internal energy in process A to B.

Process A to B is isothermal. No change in temperature. Hence there is no change
in the internal energy of the system.
The increase is zero.

ii. State with reason whether heat is absorbed or given out during the process A to B?
Using 1% law of thermodynamics

AU =q +w

AU = 0 because it's a isothermal process.

W is negative because AB is an expansion process. Work is done by the gas.

AU =q +w

0= (q) + (-ve) )
For increase of internal energy to be zero, g must be positive.
Heat must be supplied to the system.

o i. Determine the work done by the gas in process B to C?

W =-p Av
= - 2x10° (2-8)x10
=12,000J
Work done by the gas is negative. Therefore it is -12, 000 J.
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ii. . Calculate the change in the internal energy from state B to state C.
Change in internal energy = Uc — Ug
= 3/2 Pch - 3/2 PBVB

=3/2 (2X10° X 2X102% — 2X10° X 8X10?)

=3/2 (-12X10%)

= -18,000J
iii. State with reason whether heat is absorbed or given out during the process B to C?
AU =g +w

(-ve) =g+ (+ve)

The internal energy of the system has decreased while work done on the system is
positive. Hence heat must be given out of the system.

d i. Determine the work done in process C to A.

Process C to A is isochoric, no change in volume. Hence work done is zero.

ii. State with reason whether heat is absorbed or given out during the process C to A?
AU =q +w

Temperature of A is higher than C. Hence from C to A, the internal energy must
increase. W is zero as it is an isochoric process.

(+ve)=q+0
Hence heat is supplied to the system in order for the internal energy to increase.

iii. Calculate the increase in the internal energy from state C to state A.

Increase in internal energy = Ua — Uc
=3/2 PaVa — 3/2 Pch
= 3/2 (8X10° X 2X102 — 2X10° X 2X102)
= 3/2 (12X10%)
= 18,000 J

Topic 9: First Law of Thermodynamics Page 10
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e
Complete the thermal process table below:

Process AU q w

A toB +22.18 kJ -22.18 kJ
0

BtoC -30,000 J +12,000 J
-18,000 J

CtoA +18,000 J 0
+18,000 J
0 2q zw

Cyclic +10180 -10180

process

ABCA

g. For the entire cycle, state whether
i. net work done by the gas is positive?
Net work done by gas is positive.

ii. the heat is absorbed or given out?

Heat is absorbed by the gas in the cyclic process.
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Assignment

Al (a) The internal energy of a substance is sum of a random distribution of kinetic and
potential energies associated with the molecules of a system.

(b) When ice becomes water at 0°C, there is no change in the kinetic energy of the
molecules because all the heat absorbed goes into increasing the potential energy of the
molecules as the molecules breakaway from the lattice structure and acquire a higher
degree of freedom.

(c) From the table, specific latent heat of fusion of ice is 3.36 x 10° Jkg™. This is because
when ice is converted to water at 0°C, the (latent) heat supplied goes into increasing the
potential energy of all the molecules. The change in volume is negligible hence we can
ignore work done on the system.

(d) Volume of 1 kg of water at 100°C, standard pressure = 0.00104 m?
Volume of 1 kg of steam at 100°C, standard pressure = 1.67 m®

Work done on water in changing to steam at constant pressure
=- I pdV

-P (AV) =- 1.01 x 10° x (1.67 — 0.00104)
-1.69 x 10° J or - 0.169 MJ

Work done by water in changing to steam at constant pressure= 1.69 x 10° J

(e) From 1% law of thermodynamics, AU = q + w
The increase in internal energy = heat supplied to the system + work done on the system

The latent heat of vaporization is the heat required to convert 1 kg of water at 100°C to
steam at 100°C (at constant pressure) and this is equal to qg.

Hence latent heat of vaporization, g = AU - w
= (26.9 -5.99) x 10° - (-1.69 x 10°)
=226 MJ

The specific latent heat of vaporization is 2.26 MJkg™

() The specific latent heat of vaporization of water is much greater than specific latent heat
of fusion of ice because the thermal energy supplied to the water molecules is needed to
free themselves away from the intermolecular forces of one another and at the same time do
work against the environment or atmosphere.

(g) The surrounding pressure must be constant to ensure that the gas pressure to remain
unchanged during the isobaric gas expansion.
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