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» For an ideal gas pemt }
~Pressure x Volume/ Temperature = const.
— Internal energy, U = U(T) only
—Enthalpy, H = H(T) only.
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Figure 1.

In the previous lecture, we saw that, for an ideal gas, pV = mRT. If we have a system
consisting of ideal gas, then mass of the gas m is constant. Then, % = mR = constant,

because R is a specific gas constant. As long as the composition does not change, R is
constant. A consequence of this is that the internal energy U and the enthalpy H of an

ideal gas are only a function of temperature.

Consider a rigid container consisting of ideal gas as shown in Fig. 1. It is our system. Add
heat Q to this system. There are no changes in kinetic and potential energy of the system
as it is not moving or getting lifted. The first law for this system can be written as
6Q = dU + 6W (we are writing dE as dU as there are no changes in kinetic and potential
energy). Since it is a simple compressible system, §Q = dU + pdV (we are considering
only the expansion or contraction work). Since the system is rigid, dV = 0. Hence,

6Q = dU, i.e., heat transferred changes the internal energy of the system.



Let’s define specific heat for a system. It is defined as the amount of heat needed to raise
the temperature of unit mass of a system by unit value. Specific heat can be represented

as C, (specific heat at constant pressure) or C, (specific heat at constant volume). In the
180 _14du

example of the system considered above, C, = —— T

Hence, dU = mC,dT. For a

system, m is fixed. If C is also constant, then U is a function only of temperature.
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* Internal energy per degree of freedom
(translational, rotational or vibrational motion
of a molecule) in a gas is equal to % KT under
equilibrium conditions

NPTEL

R
* Boltzmann constantk = -

—N,y is the Avagadro number, or the number
of molecules per kmol

~N,, = 6.023 x 10% molecules/ kmol

* Ifthe number of degrees of translational, (9
rotational and vibrational degrees of freedom
per molecule is equal to ‘D’, then internal
energy per molecule = D x 2 kT

* For one kilomole (kmol) of the gas, the molar

internal energy is given 7?5_:
= kT T
U:NAvx Dx 7:Dx T

* The molar enthalpy is given as He Vs pV

- e - - e D+2_
H=U+pV=U+RT= ? RT pi= &7




According to the Kkinetic theory of gases, if the number of translational, rotational and

vibrational degrees of freedom per molecule is equal to ‘D’, then internal energy per
molecule = D x% kT, where k is the Boltzmann constant (k =NL, where R is the
AV

universal gas constant, Nay is the Avogadro’s number which is 6.023 x 1026 molecules
per kilomole). The degree of freedom refers to the number of ways in which the molecule

is free to move.

For 1 kilomole of the gas, the molar internal energy is given as U = Ny, D %T =D EZ—T.

Similarly, molar enthalpy H = U + pV, where V =% = specific molar volume (n is

number of moles). We know that pV = nRT. Hence, pV = RT. Thus, H = U + RT.

D+2

Substituting the expression for U, H = TET.
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* Molar internal energy and molar enthalpy can }
also be expressed in terms of the molar
specific heats as

R
2

=0, T=(D+2)x 521 where C,= (D 2)x

0=C, 7=0x BT yhere C =D
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—(units: J/kmol)

+ Specific internal energy and specific enthalpy:

UL TRT BT R
(= D% 110K =5 =C, T vhere C,=0x

H RT RT R 1l
b = (0¥ 28 1 5=(D42)x 2, T where G (D42) 5 / 1

. — = RT = .
Molar internal energy can also be expressed as follows: U = C,T = D7, where C, is

the molar specific heat and C, = D;. Similarly, molar enthalpy can be expressed as

H= C,T=(D+2) %, where C, = (D + 2) §. The unit of U and H is J/kmol.



The specific internal energy can be represented as u = —, where M is the molecular

SR

weight of the gas. Substituting for U, u = D%% = DR7 = C,T, where R (%) is the
specific gas constant. Similarly, the specific enthalpy is expressed as h = % =
RT 1 RT
(D + Z)TE =D+ 2)7 = C,T.
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* Ratio of specific heats ;}
Ep_ C‘,_ D+2 ' e G
0=0
* For a diatomic gas at low temperatures (when
vibration mode is not excited) D=5
-3 translational degrees of freedom (linear
motion in x,y and z directions) and 2
rotational degrees of freedom
* Monoatomic gas: three translational degrees
of freedom
. ip . C, C
The ratio of specific heats is usually termed as gamma and expressed as y = C—” = C—” =
4 4
D+2
—

A diatomic molecule of the gas (which looks like a dumbbell) has three translational
degrees of freedom (it can move along x, y or z direction), 2 rotational degrees of
freedom (It can rotate around any two of the axes which are perpendicular to the bond
joining two atoms. However, the rotation around the axis along the bond between two
atoms does not much contribute to energy, which results in it having only 2 rotational
degrees of freedom.). At low temperatures, the atoms of a diatomic molecule do not
vibrate much along the bond direction, i.e., the vibration mode is not excited. Hence, D =
5.



For a monoatomic gas, D=3, because there are three translational degrees of freedom
(there can be movement in X, y and z direction). The rotational degrees of freedom are

zero because rotation about any axis does not much contribute to the energy of the atom.

(Refer Slide Time: 13:37)

®
* Calculate R, C,, C, for Nitrogen Gl
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Nitrogen is a diatomic gas. Here, y = ?:5%2: 1.4 at low temperatures. For a

3+2

monoatomic gas, y = - = 1.67.
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Let’s find the relation between C,, Cy and R.

We know that, h = u + pv =u + RT (pv = RT is the ideal gas equation). Writing h and u
in terms of C, and C,, C,T = C,T+RT. Hence, C, = C, + R or C, - C, = R. If the unit of
Cp and C, is J/kg-K, then R will also have unit J/ kg-K. If we are using molar specific

heats, the unit of C; and C, is J/ kmol-K. In that case, C, — C, = R and R is the universal

— &% _ QR _ L _1=r - R
gas constant. Now, y = = o - 1+ = Hence, y — 1= = Thus, C, = —r Also,
~ _ R g —Cy= Y ~ _ Y R
C, = —r Since, C, = G,y = y—1R' Also, C, = y—1R'
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* Calculate R, C,, C, for Nitrogen

Rz a%9 :'|ka
R . #rs T

G = £
-
G= 6%; G® PG = o34 r.{ifk)

Let’s calculate R, Cy, C,, for nitrogen using all the relations we developed.

R 8314.5
R=—=>22=296.9]/kg-K.

R
——  =7423]/kg-K

C, =

C,=C,+R= yC, =1039]/kg K
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* The number of degrees of freedom may 2 )
change with temperature because the

vibrational mode gets excited at high

temperatures
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* As temperature increases, the fraction of
molecules with vibrational excitation will
increase and this resultsin D (and so Y, C;
and C,) varying as functions of temperature

The number of degrees of freedom of a gas may change with temperature because the
vibrational mode gets excited at high temperatures, i.e. contribution of vibrational energy
to the total energy becomes significant. Hence, as temperature increases, the fraction of
molecules with vibrational excitation will increase and this results in D (and so y, C,, and

C,) varying as function of temperature.



