
11.1 Introduction

11.2 Temperature and Heat

11.1

11.2

11.3

11.4

11.5

11.6

11.7

11.8

11.9

11.10

(Thermal Properties of Matter)
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system

surrounding

(J)

(K)
°C

11.3 Measurement of Temperature

Fahrenheit Cel-

sius

32 °F 212 °F

11.1 (tF)

(tc)
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0 °C 100

°C 180

100

11.1 (tF)

(tc)

– 32
180 100

CF tt
 (11.1)

11.4 Ideal

Gas Equation and Absolute Temperature

P V

T T = t + 273.15 t

PV =

11.2

(Robert

Boyle, 1627-1691)

T

V
=

Jacques Charles, 1747-1823)

PV=
T

V

T

PV

PV
R

T


PV = RT (11.2)

µ

mole R

8.31 J mol–1K–1 –1

–1

11.3
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11.2

PV  T

P  T

11.2

11.3

– 273.15 °C

absolute zero

– 273.15 °C

0 0K

11.4

T = tC + 273.15

11.5 Thermal Expansion

linear

expansion

area or superficial expansion11.4
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volume or cubical expansion

11.5

l

T

T
l

l



,

1

l
T

l


  (11.4)

1

11.5 (a) (b) (c)

(a) (b) (c)

11.1

0oC 100oC

1

T

V

V

 V

 V

1V
V T

      
(11.5)

V

11.6

V

11.2 0oC 100oC

11.6 

11.1


1
(10–5K–1)

2.5

1.8

1.2

1.7

1.9

1.4

0.32

0.29
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11.2


v
(K–1)

710–5

610–5

3.5510–5

58.810–5

2.510–5

110–5

2.410–4

210–6

18.210–5

20.710–5

11010–5

0oC

4oC

4oC

11.7a

4oC 

11.7b

4oC

40C

4oC

11.7 

oC
(b)

oC
(a)

1 
k

g 
×

10
–3

m
3

k
g/

m
3 

×
 1

03
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PV =  RT

PV =  RT

V T
V T
 



1
v T

  (11.6)

0oC v = 3.7 × 10–3 K–1

11.6

v

v

3300 × 10–6 K–1

v

1 l

T

l = l l T

V = (l+l)3 – l3   3l2 l (11.7)

l l

11.7 l 2 l 3

3
3 l

V l
V V T

l


     (11.8)

v = 3 l (11.9)

thermal

stress 5

40

rail

10oC

 1 =1.210.–5 K–1

   
l

l


=  l  T

= 1.2 × 10–5 × 10

=1.2 × 10–4

Y ( ) = 2 × 1011 N m–2

  
F l
A l
 

= Y ( )steel
F l
A l
    

 

= 2.4 × 107 N m–2

  F = AY ( )

l
l
 

 
 

=  2.4 × 107 × 40 × 10–4 = 105 N

 11.1

 1
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11.8 a

b

T a

a = laT b b

= lbT

A = A1 +A2 + A3

A = a b + b a + (a)  (b)

= a
l
bT + b

l
aT + 

l
2ab (T)2

= 
l
abT (2 + 

l
T)

= 
l 
AT (2 + 

l
T)

 1  10–5K–1

T  1 T

1A
A T
 

   
 1

2 .lA T


 11.2

27°C

5.243

5.231

A3 = (a) (b)

Al = a (b)

A2 = b (a)

a

b

b

a

11.8

T1 = 27 oC

L11 = 5.231 m

L12 = 5.243 m

L12 =L11 [1 + l (T2 – T1)]

5.243m = 5.231 m [1 + 1.20×10–5K–1

 (T2–27 °C)]

T2 = 218 °C.

11.6 Specific Heat Capacity

20 °C

40

°C

20 °C

20 °C
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m T

heat capacity S

Q
S

T





(11.10)

Q T T + T

specific heat capacity

m Q

T 

1S Q
s

m m T


 
 (11.11)

J kg–1 K–1

m in kg  mol

1S Q
C

T 


 
 (11.12)

C

S C

J mol–1 K–1

11.3

(J kg–1 K–1)

900.0

506.5

386.4

127.7

236.1

134.4

4186.0

2060.0

840.0

450.0

2118.0

1965.0

140.0
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C

Cp

CV

11.3

11.4

11.3

11.7 Calorimetry

system

isolated

=

11.4

Cp Cv

(J mol–1K–1)  (J mol–1K–1)

(He) 20.8 12.5

(H2) 28.8 20.4

(N2) 29.1 20.8

(O2) 29.4 21.1

(CO2) 37.0 28.5
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 11.3 0.047kg

100oC

20oC 0.25kg

0.14 kg

23oC

(m1) = 0.047 kg

= 100 °C

= 23 °C

(T ) = (100 °C – 23 °C)

= 77 °C

= sAl

        1 0.047kg 77 CAl Alm s T s

(m2) = 0.25 kg

(m3) = 0.14 kg

= 20 °C

= 23 °C

(T2) = 23 °C – 20 °C

= 3 °C

(sw)

= 4.18 C × 103 J kg–1  K–1

= 0.386 × 103 J kg–1  K–1

= m2 sw T2 + m3scuT2

= (m2sw + m3scu) (T2)

= 0.25 kg ×4.18 × 103 J kg–1 K–1 + 0.14 kg

× 0.386 × 103J kg–1K–1) (23°C – 20°C)

= +

0.047 kg × sAl × 77 °C

= (0.25 kg × 4.18 × 103 J kg–1  K–1+ 0.14 kg

  × 0.386 × 103 J kg–1  K–1) × (3 °C)

 sAl = 0.911 × 103J kg–1K–1

= 0.911 kJ kg –1 K–1

11.8 Change of State

0°C
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normal

11.10

5 Kg

regelation

11.9

melting

fusion

melt-

ing point

11.9

11.10
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100°C

vaporisation

Triple Point

T P

phase diagram

CO2

(sublimation curve) (BO)

(fusion curve) (AO) (vaporisation curve) (CO)

triple

point 273.16 K 6.11×10–3

(a) (b) CO2
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boiling point

11.11

100oC

80oC

11.11 
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normal boiling point

sublimation

11.8.1 Latent Heat

11.8

Latent Heat –

10oC

0oC

11.5 1

(Lf) (LV)

(oC) (105J kg–1) (oC) (105J kg–1)

–114 1.0 78 8.5

1063 0.645 2660 15.8

328 0.25 1744 8.67

–39 0.12 357 2.7

–210 0.26 –196 2.0

–219 0.14 –183 2.1

0 3.33 100 22.6
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m

Q = m L

L = Q/m (11.13)

L L

J kg–1 L

(Lf)

(Lv) 11.12

11.5 

11.12 

Lf = 3.33 × 105 J

kg–1 Lv = 22.6 × 105 J

kg–1 0oC 1 kg 0oC

3.33 × 105

100oC

1 100oC 

22.6 × 105

100oC 1 kg 

100oC 1 kg 22.6 × 105

 11.4 0oC 0.15 kg

50oC 0.30 kg

6.7oC

(s  =

4186 J kg–1 K–1)

= msw (f–i)w

= (0.30 kg) (4186 J kg–1 K–1)(50.0 oC – 6.7 oC)

= 54376.14 J

= m2Lf = (0.15 kg) Lf

= mIsw (f–i)I

= (0.15 kg) (4186 J kg–1 K –1) (6.7 oC – 0 oC)

= 4206.93 J

=

54376.14 J = (0.15 kg) Lf + 4206.93 J

Lf = 3.34×105 J kg–1.
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 11.5 –12oC 3 kg

100oC

= 2100 J kg–1 K–1

= 4186 J kg– 1 K–1

3.35 × 105 J kg–1 = 2.256

×106 J kg–1

m = 3 kg

s = 2100 J kg–1  K–1

sw = 4186 J kg–1  K–1

Lf ice = 3.35 × 105 J kg–1

Ls = 2.256 × 106 J kg–1

Q = –12oC 3 kg 100oC

Q1 = –12 oC 0 oC

= m si T1 = (3 kg)  (2100 J kg–1K–1) 
[0–(–12)]oC = 75600 J

Q2 = 0oC 0 oC

= m Lf i = (3 kg) (3.35 × 105 J kg–1)

= 1005000 J

Q3 = 0oC 100 oC

= msw T2 = (3kg) × (4186J kg–1 K–1) ×
(100 oC)

= 1255800 J

Q4 = 100 oC 100 oC

= m Ls = (3 kg) (2.256×106 J kg–1)

= 6768000 J

Q = Q1 + Q2 + Q3 + Q4

= 75600J + 1005000J+ 1255800J
+ 6768000J

= 9.1×106J

11.9 Heat transfer

con-

duction convection

radiation 11.3

11.9.1 Conduction

11.13 
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L A

11.14

TC

TD

TC TD

(TC>TD) TC

TD

H TC – TD

A

H = KA 
–C DT T
L

(11.14)

K

K

K J S–1 m–1 K1

W m–1 K–1

11.6

insulator

11.6
11.14 TC TD (TC>TD)
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 11.6 11.15

= 15.0 cm

10.0 cm 300 oC

0 oC

= 50.2 J s–1 m–1K–1

= 385 J s–1m–1K–1)

11.6

(J s–1 m–1 K–1)

406

385

205

109

50.2

34.7

8.3

0.15

0.8

0.20

0.04

0.8

1.6

0.04

0.12

0.8

0.024

0.016

0.14

11.15
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element

T

   1 1 2 2

1 2

300 0K  A T K  A T –
= 

L L

1 2

A1 = 2 A2, L1 = 15.0 cm, L2 =

10.0 cm, K1 = 50.2 J s–1 m–1 K –1 K2 = 385

J s–1 m–1 K –1

  50.2  2 300 385

15 10

T T
= 

T = 44.4 °C

 11.7 11.16

(L1 = 0.1 m, A1 = 0.02 m2,

K1 = 79 W m–1 K–1)

(L2 = 0.1 m, A2 = 0.02 m2, K2 = 109 Wm–1

K–1)

373 K 273 K

i

ii

iii

11.16

L1 = L2= L = 0.1 m, A1 = A2= A= 0.02

m2, K1 = 79 W m–1 K–1, K2 = 109 W m–1 K–1,

T1 = 373 K, T2 = 273 K

(H1)

(H2)

H = H1 = H2

=
 1 1 1 0

1

–K A T T
L

 2 2 0 2

2

( – )K A T T
L

A1 = A2 = A L1 = L2 = L

K1 (T1 – T0) = K2 (T0 – T2)

T0 = 
 
 
1 1 2 2

1 2

K T K T
K K




H

H  =
 1 1 0–K A T T
L

 2 0 2( – )K A T T
L

   
  

   
1 01 2

1 2

–A T TK K
K K L

 


 
  

1 2

1 2

–

1 1

A T T

L
K K
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L1 + L2 = 2L

H'

K'

 1 2–

2

K A T T
H H

L


 

1 2

1 2

2 K K
K

K K




(i) 
 
 
1 1 2 2

0
1 2

K T K T
T

K K





     
       –1 –1 –1 –1

–1 –1 –1 –1

79 m K 373K 109 W m K 273K

79 W m K 109 W m K

W 




= 315 K

(ii) 
1 2

1 2

2  
 = 

K K
K

K K




    = 
–1 –1 –1 –1

–1 –1 –1 –1

2× (79 W m K ) × (109 W m K )
79 W m K +109 W m K

    = 91.6 W m–1 K–1

(iii) 
 1 2–

2

K A T T
H H

L


 

     
 


–1 –1 291.6 W m K × 0.02 m  ×  373K–273K

2× 0.1 m

= 916.1 W

11.9.2 Convection

forced-air heating system
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sea breeze

land breeze 11.17

1600

30o

trade wind

11.9.3 (Radiation)

vacuum

11.17 
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electro magnetic wave

3 × 108 m s–1
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11.10 Newton’s Law

of Cooling

300

T1 T1

T1 40oC

T2

50 oC

T = T2–T1 

Y t X

11.18

dQ

dt


T  (=T2–T1)

– 2 1( – )
dQ

k T T
dt

 (11.15)

k

m s

T2

T1 dt

dT2
11.18
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dQ = ms d T2

 2dQ dT
ms

dt dt
 (11.16)

(11.15) (11.16)

2
2 1– ( – )

dT
ms k T T

dt



2

2 1

– –
–

dT k
dt K dt

T T ms
  (11.17)

k
K

ms


loge (T2 – T1) = – K t + c (11.18)

T2 = T1 + C
/
 e–Kt; C

/
 = ec (11.19)

11.19

11.19 (a)

V

C

T2

T1

loge (T2 – T1) t

11.19 (b)

11.18

 11.8 20 oC

2

94 oC 86oC 71oC

69oC

94oC 86oC 90oC

70oC

2 8oC

= K T

 


8 C
= 70 C

2 min
K

69oC 71oC 70oC
11.19
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50 oC K K

2 C
Time  = K (50 °C)

8 C/2min (70 C)
=

2 C/time (50 C)
K
K

 
 

= 42 s

1.

2.

3. tC tF

tF = 
9

5
tC + 32

4. P V T

PV =  RT

 R

5.

T

Tc

TC   =  T – 273.15

6.

l
l

T
l




 

V
V

T
V




 
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l V T l V

 v  =  3 l

7.

s
m

Q
T


1 



m Q T

1 Q
C

T







8. Lf

Lv

9.

10.

L A TC TD

 C D 
T T

H = K A
L



K

11.

2 1

d
( )

d
Q

 = – k T  – T    
t

T1 T2
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1. T tc T  =  tc + 273.15

T = 273.16 K

0 °C 100

°C

0 °C 100 °C

2.

phase

3.

4.

 [mol] mol

tc [K] oC

T [K] K tC = T – 273.15


l

[K–1] K–1


v

[K–1] K–1 
v
=3

l

Q [ML1T–2] J Q 

s [L2T–2K–1] J kg–1 K–1

K [MLT–3K–1] J s–1 K–1 H= –KA dt/dx
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11.1 24.57 K 216.55 K

11.2 A B 200 A 350 B TA

TB

11.3

R = Ro [1 + a (T – To )] 273.16 K), 101.6 

(600.5 K) 165.5  123.4 

11.4

thermometry

0 °C 100 °C

273.16 C

T tc tc = T – 273.15

273.16 273.15

11.5 A B

A B

1.250 × 105 0.200 × 105 

1.797 × 105 0.287 × 105 

A B
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A B

11.6 1m 27 oC 45.0 °C

63.0 cm

27 oC

= 1.20 × 10–5 K–1

11.7 shaft 27 oC

8.70 cm 8.69 cm

11.8 27 oC 4.24 cm 227 °C

= 1.70 × 10–5 K–1

11.9 27 oC 1.8

–39 oC

2.0 mm = 2.0

× 10–5 K–1 = 0.91 × 1011 Pa

11.10 40 °C 50 cm 3.0 mm

250 °C

= 2.0 × 10–5 K–1

= 1.2 × 10–5 K–1

11.11 49 × 10–5 K–1 30 °C

11.12 10 8.0

50% 

2.5

= 0.91 J g–1 K–1
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11.13 2.5 500 oC

= 0.39 J g–1 K–1

= 335 J g–1

11.14 150oC 0.20

0.025

27oC 150 cm3 40oC

11.15

CV

(cal mo1–1 K–1)

4.87

4.97

5.02

4.99

5.01

6.17

2.92 mol–1K–1

11.16

CO2

CO2

CO2
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(i) –70 oC 1

(ii) –60oC 10

iii 15oC 56 CO2

11.17

1 –60 oC CO2

4 CO2

10 –65oC CO2

CO2 70oC 

11.18 101°

20

98oF

30 kg

580 cal g–1

11.19

30 cm

5.0 cm 4.0 kg 6

45oC 0.01 J s–1 m–1 K–1

= 335 × 103 J kg–1

11.20 0.15 m2 1.0 cm

6.0 kg/min 

= 109 J s–1

m–1 K–1 =  2256 × 103 J kg–1

11.21

reflectivity
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11.22 5 80oC 50oC 60oC 30oC

20oC
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