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Heat capacity 

TmcTCQ D=D×=

1 kilocalorie (kcal) – the amount of heat required to increase temperature of 1 kg of water by 1°C.

C – heat capacity; 
c – specific heat 

1 kcal = 4.184 J

Substance Phase cp
J·g−1·K−1

cv
J·cm−3·K−1

Hydrogen gas 14.30

Ammonia liquid 4.700 3.263

Water at 25 °C liquid 4.1813 4.1796

Water at 100 °C liquid 4.1813 4.2160

Water vapor 100 °C gas 1.93

Methanol liquid 2.597 —

Paraffin wax solid 2.5 2.325

Gasoline liquid 2.22 1.64

Wood solid 1.2-2.3

Helium gas 5.19

Aluminum solid 0.897 2.422

Glass solid 0.84

Copper solid 0.385 3.45

Gold solid 0.129 2.492

Lead solid 0.129 1.44

( )sfsissout TTcmQ -=

( )å -= iiifiiin TTcmQ

=
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Transfer of thermal energy - conductivity

xD TD

dx
dT

- temperature gradient
dt
dQ

- thermal current

dx
dTkA

dt
dQI =º

k – thermal conductivity

[ ] J/sWatt,=I [ ] ( )KmW/ ×=k

Material
Thermal 

Conductivity
W/m-K

Air at 0 C 0.024

Aluminum 205.0

Brass 109.0

Concrete 0.8

Copper 385.0

Glass, ordinary 0.8

Gold 310

Ice 1.6

Lead 34.7

Water 0.56

Polystyrene 
expanded 0.03

Silver 406.0

Styrofoam 0.01

Steel 50.2

Wood 0.12-0.04

RII
kA
xT º

D
=D R – thermal resistance

100°C 0°CAl Cu

å= iseq RR

å -- = 11
ipar RR
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The first law of thermodynamics 

TmcQ D=

mghW =

h×=´ 8.91018.4 3

m426=h - to increase temperature of 1 kg water by 1°C

h

1 kgin
su

la
te

d
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Latent heat

Substance
Specific latent 
heat of fusion 
kJ/kg

°C
Specific latent 
heat of 
vaporization 
kJ/kg

°C

Water 334 0 2258 100

Ethanol 109 -114 838 78

Chloroform 74 -64 254 62

Mercury 11 -39 294 357

Copper 205 1629 4726 3112

Hydrogen 60 -259 449 -253

Oxygen 14 -219 213 -183

Nitrogen 25 -210 199 -196

mLQ =

Lv – latent heat of vaporization
Lm – latent heat of melting

Sublimation
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The first law of thermodynamics 

+1 K

insulated

W- The net heat added to system equals the change 
of the internal energy of the system plus the 

work done by the system.

+1 K
DU

''Q

W-

'Q ''' QQQ -=

W RTNkTEK n
2
3

2
3

==

Kinetic energy of n moles of ideal gas.

U=

U is the function of the system state, while W and Q are not!

AdUQ dd +=

𝑸 = 𝚫𝑼 +𝑾

A



Experimental Physics 2 - The First Law of Thermodynamics 7

Joule-Thomson effect

insulating walls

dense
cotton1P 2P

• The pressures on both sides are 
kept constant.

• Due to cotton, the flow is slowed 
down so that the molecular kinetic 
energy is negligible.

• That means that on both sides the 
gas is in thermodynamic equilibrium.

• Given a time for equilibration, a 
stationary flow is established.

• In the stationary state, 
temperatures on both sides also 
become constant.

1T 2T

Ø Stationary flow of a gas through a plug is called Joule-Thompson process.
Ø Change of temperature during this process – Joule-Thomson effect.

1V 2V

Net work done by the gas: 2211 xAPxAPW D+D-= 1122 VPVP -=

Þ+D= WUQ 0112212 =-+- VPVPUU

constVPUVPU =+=+ 111222 PVUI +º - enthalpy

If T2=T1, as observed in experiments for near-ideal gases: ),(),( 21 VTUVTU =
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Joule-Thomson effect

𝝁𝑱𝑻 =
𝝏𝑻
𝝏𝑷 𝑰constVPUVPU =+=+ 111222
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Heat capacities

P F
dx

1. Constant volume heating: dTCQ vv =d

WUQ +D=

dTCdU v= no work is done (dV=0)

2. Constant pressure heating: dTCQ pp =d

PdVdUdTCp += RdTdU +=

dU is the same for both processes!

RdTdTCdTC vp +=

RCC vp += Mayer’s equation
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PV-diagram for gas

P F
dx

Very slow, quasistatic process of the volume change.

PdVPAdxFdxW ===d

ò= PdVW - the work done by gas
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Adiabatic processes
pr
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WUQ +D=

Process occurring without supply or
removal of heat is called adiabatic process.
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Some mathematics

dT
QC d
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WUQ +D=
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= ),( VTUU =

dT
T
UdV

V
UdU

VT
÷
ø
ö

ç
è
æ
¶
¶

+÷
ø
ö

ç
è
æ
¶
¶

=

dT
dVP

V
U

T
UC

TV

×ú
û

ù
ê
ë

é
+÷

ø
ö

ç
è
æ
¶
¶

+÷
ø
ö

ç
è
æ
¶
¶

=

V
v T

UC ÷
ø
ö

ç
è
æ
¶
¶

=

PTV
p T

VP
V
U

T
UC ÷

ø
ö

ç
è
æ
¶
¶

ú
û

ù
ê
ë

é
+÷

ø
ö

ç
è
æ
¶
¶

+÷
ø
ö

ç
è
æ
¶
¶

=

P
p T

IC ÷
ø
ö

ç
è
æ
¶
¶

=

Ideal gas:

0=÷
ø
ö

ç
è
æ
¶
¶

TV
U

P
R

T
V

P

n
=÷

ø
ö

ç
è
æ
¶
¶

RCC vp n=- Mayer’s equation
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Assessing the adiabatic exponent
Clement-Desormes experiment

P2, V2, T0

P0, V2, T

  adiabatic expansion
  isochoric heating
  isothermal compression

pr
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volume
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0=+VdPPdV
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Assessing the adiabatic exponent
Flammersfeld oscillator

𝒎
𝒅𝟐𝒙
𝒅𝒕𝟐 = 𝒎𝒈− 𝚫𝑷𝑨

𝚫𝑷 = 𝑷𝒓 +
𝒎𝒈
𝑨 − 𝑷𝟎 = 𝚫𝑷𝒓 +

𝒎𝒈
𝑨

𝚫𝑷𝒓 = −𝑷𝒓𝜸
𝚫𝑽
𝑽

= 𝑷𝒓𝜸
𝑨𝒙
𝑽

𝒙

𝒎𝒈

𝚫𝑷𝑨

𝒎
𝒅𝟐𝒙
𝒅𝒕𝟐 = −

𝑷𝜸𝑨𝟐

𝑽 𝒙

𝜸 =
𝟒𝒎𝑽
𝑷𝑻𝟐𝒓𝟒

𝑷𝒓𝑽𝜸 = 𝒄𝒐𝒏𝒔𝒕 - adiabatic process

𝝎𝟐 =
𝑷𝜸𝑨𝟐

𝒎𝑽

=
𝟒 ( 𝟒. 𝟔×𝟏𝟎!𝟑 ( 𝟏. 𝟏𝟑×𝟏𝟎!𝟑

𝟏𝟎𝟓 ( 𝟓. 𝟗𝟓×𝟏𝟎!𝟑 𝟒 ( 𝑻𝟐
=
𝟎. 𝟏𝟔𝟔
𝑻𝟐
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Assessing the adiabatic exponent
Speed of sound

𝒄𝑵 =
𝒅𝑷
𝒅𝝆

=
𝑹𝑻
𝑴

=
𝝏𝑷
𝝏𝝆 𝑻

𝑭 = (𝑷 − 𝑷𝟎)𝑨 =
𝒅(𝒎𝝊𝒑)
𝒅𝒕

=
𝒅
𝒅𝒕

𝑨𝒄𝒕𝝆 ( 𝝊𝒑

𝚫𝑷 = 𝒄𝝆𝝊𝒑 𝚫𝑷 = −𝑨
𝚫𝑽
𝑽

pv

pv

Pc

c

𝚫𝒍

𝒍

= −𝑨
𝝊𝒑
𝒄

𝒄𝟐 =
𝑲
𝝆

𝚫𝑷 =
𝒅𝑷
𝒅𝑽𝚫𝑽 𝑨 = −𝑽

𝒅𝑷
𝒅𝑽 ≡ 𝑲

𝑨 = 𝝆
𝒅𝑷
𝒅𝝆𝒄𝟐 =

𝒅𝑷
𝒅𝝆

Bulk modulus

According to Newton:

According to Laplace:

𝒄𝑳 =
𝝏𝑷
𝝏𝝆 𝒂𝒅𝒊𝒂𝒃𝒂𝒕𝒊𝒄

𝝏𝑷
𝝏𝝆 𝒂𝒅𝒊𝒂𝒃𝒂𝒕𝒊𝒄

= 𝜸
𝑷
𝝆
= 𝜸

𝝏𝑷
𝝏𝝆 𝑻

𝜸 =
𝒄𝑳
𝒄𝑵

𝟐
=
𝑴𝒄𝟐

𝑹𝑻

𝜸𝒂𝒊𝒓 =
𝟐𝟖. 𝟗𝟕×𝟏𝟎$𝟑

𝟖. 𝟑𝟏 , 𝟐𝟗𝟓
𝒄𝟐 ≈ 𝟏. 𝟏𝟖𝟕×𝟏𝟎$𝟓 , 𝟑𝟒𝟑𝟐= 𝟏. 𝟑𝟗

𝑲 = −𝑽
𝝏𝑷
𝝏𝑽 𝑻
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Ø The first law of thermodynamics simply states the 

conservation of total energy.

Ø Heat added to a system is equal to work done by the 

system plus change of its internal energy.

Ø The internal energy of ideal gas is its kinetic energy.

Ø The internal energy is a state function.

Ø Work done and heat added or extracted 

depend on how the system has been changed. 

Change of the internal energy does not!

Ø For adiabatic processes, however, the work

done is also pathway-independent. 

To remember!


