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2.1

p-V-T Surfaces and
Properties of Ideal Gas

Introduction

A quantity of matter homogeneous in chemical composition and physical structure is considered
to be in a phase. A pure substance may exist in three phases, solid, liquid and gaseous. It is
capable of existing in more than one phase. If two-phases exist together then the matter is in the
form of a two-phase mixture and is said to be heterogeneous. A heterogeneous mixture of three
phases can exist and for water it is the condition at triple point. Whenever a substance receives
or rejects heat there are changes in the primary properties. Important primary properties are
pressure, temperature and volume. The equation expressing the relationships between primary
properties p, V and T for any particular fluid is called the equation of state or characteristic
equation of the fluid. It is possible to find a single equation of state for gases but for most other
fluids no simple algebraic equation can be found which covers all the possible states. For such
fluids the relations are best expressed in either graphical or tabular form. If experimental values
of pressure, volume and temperature are plotted along three mutually perpendicular axes (see
Figs. 2.1 and 2.2) for water and other substances, all possible equilibrium states lie on a surface
called the p-V-T surface. These surfaces represent the fundamental properties of the individual
substance and provide important aid to the study of thermodynamic properties and processes of
the substance. For water the specific volume increases on solidification (freezing) but for most
other substances the specific volume decreases on solidification.
Figure 2.1 shows the p-V-T surface for water and its projections on p-T and p-V planes and Fig.
2.2 p-V-T surface for normal substances other than H2O and its projection on p-T and p-V planes.
The normal procedure of experimentation is to measure the variation of one property with
another property while the third property is kept constant. This is repeated for a range of values
of the third property. When a solid is heated at constant pressure its temperature and volume both
increase and at some temperature it starts melting and becomes liquid at the same temperature.
For normal substance except for water the volume increases during melting, though the change
in volume is very small. For water the volume decreases during melting. On further addition
of heat the temperature of the liquid rises and also there is slight increase in the volume of the
liquid. Again at some temperature liquid changes its phase to vapour (liquid + gas) and finally
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Water is the best example of thermodynamic fluid because it is available in abundance, can
be easily handled and readily turned into vapour phase. In its solid form it is ice, in liquid form
it is water and at the time of phase change it is wet steam or vapour and with high temperature
it is gaseous. Similar to H2O all substances, e.g., O2, N2, H2, etc., can exist in all the phases but
have limited use in the subject of thermal engineering.
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Change of Phases During a Constant Pressure Process

Imagine a unit mass of ice below the freezing point temperature contained in a piston-cylinder
arrangement so that a constant pressure of one atmosphere (1.01325 bars) is exerted. If we now
supply heat at constant pressure the following changes will take place in temperature and volume.
Figure 2.3 shows the effect of heat addition on temperature of the substance and Fig. 2.4 shows
corresponding changes in volume.
T
(K)

453.05
(179.6 °C)

373.15
(100°C)

7

10 bar
Atmospheric
pressure
(1.01325 bar)
5

373.15
2
(0°C) 1

1–2 Sensible heating of solid
2–3 Melting of solid (phase change)
3–5 Sensible heating of liquid (compressed or subcooled liquid)
5–6 Vaporisation (5 saturated liquid; 6 saturated vapour)
6–7 Sensible heating of dry vapour (gas)

6

4
3

h

hfg

Ice melting hf

Liquid vaporization
Heat, Q (or Dh)

Fig. 2.3

Heat requirements for phase changes of H2O
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4
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7
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6
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1

V

Fig. 2.4

T-V relations of H2O and normal substance at constant pressure

(a) 1-2: The temperature of ice will gradually rise on heating till the melting (or fusion)
temperature is reached, with atmospheric pressure this temperature is 273.15 K (or 0°C).
There will be a small increase in the volume of ice. This is indicated by the line 1-2. The
heat absorbed during the process is called sensible heat, because the rise in temperature
due to addition of heat can be detected by senses. The amount of heat required to raise
the temperature of ice to the melting point is
			
q = Dhi = Cpi(ti – t)
(1)
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		  Following notation are used
			
i—refers to property of the saturated solid
			
f—refers to a property of the saturated liquid
			 g—refers to a property of the saturated vapour
			
if—refers to the change of phase from solid to liquid at constant pressure
			
ig—refers to the change of phase from solid to gas (sublimation) at constant pressure
			
fg—refers to the change of phase from saturated vapour (vaporisation) at constant
pressure
			
s—with temperature refers to saturated temperature for a particular pressure. This is
same for both phases in saturated state.
(b) 2-3: Further heat does not cause temperature but ice starts to melt into water. This change
of phase takes place at constant temperature and constant pressure. The amount of water
formed is proportional to the amount of heat added. The amount of heat required for
complete conversion of ice to water is called the latent heat of fusion hif. For water there is
a small reduction in volume in the process of melting whereas for most normal substances
volume increases during melting. Total amount of heat added till complete melting.
			

q = Dh = Cpi (ti – t) + hif

(2)

		  The suffixes i and f refer to saturated solid and saturated liquid after melting.
		  Suffix i and f to the temperature are same for both solid and liquid state, i.e., before and
after melting.
(c) 3-4-5: Further heating causes the temperature of water to rise till water reaches the
vaporisation or boiling point (ts). At atmospheric pressure the boiling temperature of water
is 373.15 K or (100°C). In this process there is a reduction in the specific volume until the
temperature is about 277 K (or 4°C) and subsequently there is an increase in the specific
volume until the boiling temperature. At saturation temperature the specific volume of
water is represented by vf . The process is shown by the line 3-4-5. The heat added during
this process is again called sensible heat (or liquid enthalpy as in this case also the rise in
temperature due to heat can be detected by senses.
		   Sensible heat addition hf = Cpf (ts – ti)

(3)

		 and total amount of heat added till the boiling temperature is reached.
			
q = Dh = Cpi(ti – t) + hif + hf
				 = Cpi(ti – t) + hif + Cpf (ts – ti)

[3(a)]
[3(b)]

		  Under atmospheric pressure water in the range from 0°C (melting temperature) to 100°C
(boiling temperature) is called the sub-cooled or compressed liquid. The change in volume
from 3 to 5 is very small.
(d) 5-6: Further heating does not cause temperature rise but water begins to boil and gets
changed into steam. This second phase change also occurs at constant temperature and there
is a large increase in volume until the liquid is completely vaporised to 6. The temperature
at which vaporisation takes place is called the saturation temperature or temperature of

p-V-T Surfaces and Properties of Ideal Gas

35

formation (ts) and the heat required for complete conversion of 1 kg of saturated liquid
to dry saturated vapour is called the latent heat of vaporisation (hf g). The specific volume
of dry saturated vapour is represented by Vg. Likewise at a given temperature, at which a
pure substance starts boiling is called the saturation pressure. Figure 2.5 shows the liquid
vapour saturation curve for water.

Fig. 2.5

Liquid-vapour saturation curve of pure substance (H2O)

		  The latent heat consists of
(i) heat expended in overcoming the external resistance to change in volume = p (vg – vf).
(ii) heat expended in overcoming the internal molecular resistance to change in state from
saturated water to dry steam, i.e., change of internal energy = (ug – uf) or hfg = (ug – vf )
+ p(vg – vf ) = (ug + pvg) – (uf + pvf) = hg – hf g (ug – uf) is called the internal latent
heat and p(vg – vf) is called the external work of evaporation. In practice the volume
of liquid, vf, is very small compared to the volume of dry vapour vg ; vf is therefore
generally neglected.
		  If all the water is not evaporated into steam, it will be wet, containing suspended water
particles. This substance is known as wet vapour or wet steam. Wet steam being vapour
has no specific heat. The dryness fraction of the wet steam is given by the ratio of mass
of dry steam to the total mass of steam, or it is the quantity of saturated vapour in unit
mass of wet vapour.
		 Dryness fraction
mass of dry steam
mass of total steam
volume of dry steam in 1 kg of wet steam v
				 =
specific volume of dry steam vg
			

x=

\ Volume of 1 kg of wet steam = volume of steam + volume of water
			
		 and
			

v = (1 – x) vf + x vg
vf << vg
v = x vg

		 and latent heat of vaporisation if the steam is wet = x hfg

(4)
[4(a)]
(5)
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		  If the vapour is completely dry, i.e., x = 1 heat added is latent heat hfg for vaporisation
from water to steam. When the last drop of suspended water is evaporated it is known as
dry and saturated steam. Total amount of heat till the vapour is dry saturated.
			

q = Dh = Cpi(ti – t) + hif + Cpf(ts – ti) + hfg = Cpi(ti – t) + hif + hf + hfg

(6)

		  The sum of liquid sensible heat hf and the latent heat hfg is called the enthalpy of
saturated vapour and is denoted by hg
			

hg = (hf + hfg)

[6(a)]

		  Suffixes i and f refer to saturation condition of solid before and liquid after melting, here
suffixes f and g refer to saturated liquid and saturated vapour respectively. The suffix s is
added to the temperature because this is same for both the phases in the saturated state.
		  It may be noted that at point 5(f) the fluid is saturated liquid and at point 6 (g) when
evaporation is complete it is saturated vapour. Between points 5 and 6 it is two-phase
mixture, called wet vapour. The word saturation refers to energy content. Any addition or
rejection of heat from saturated condition of liquid or vapour causes change of phase.
(e) 6-7: Further heating causes the temperature of steam to rise. This steam is called the
superheated steam. Heat absorbed during this process is known as heat of superheated
steam. The difference of final temperature of formation is called the degree of superheat.
Total heat added to the formation of superheated steam is thus equal to
			

q = Dh = Cpi(ti – t) + hif + hf + Cp steam (tfinal – ts) + hf g

				 = Cpi(ti – t) + hif + hg + Cp steam (tfinal – ts)

(7)

		  Since the superheat region is a single phase region (gas phases only) temperature and
pressure are no longer dependent properties and independent properties.
		  The above experiment was conducted at 1 atmospheric pressure. If the experiment is
conducted at lower pressure following points will be seen:
(i) Temperature at which melting of ice takes place rises slightly.
(ii) Temperature at which boiling takes place drops considerably.
(iii) There is an increase in the change of volume during evaporation.

2.3

Gas and Vapour

Gas is a substance which lies in the region above the critical isothermal Tc at ordinary pressure
and temperature. Gases cannot be liquefied by isothermal compression. For liquefaction gases
must be cooled below the critical. The p-V-T surface of gas has one pure phase, the gaseous
phase Fig. 2.6 shows p-V-T surface of an ideal gas and its projections on p-v and p-T surfaces.
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If plotted on p-V diagram, Boyle’s law represents a rectangular hyperbolic curve. No real gas
truly follows the Boyle’s law.

2.5

Charles’ Law

Charles’ law states that when any gas is heated at constant pressure its change in volume varies
directly with the absolute temperature change
V
= constant, if p is constant
T

Charles’ law is named after a French scientist, Jacques A. Charles (1746–1823).
If a gas initially at a volume V1 and absolute temperature T1 is heated at constant pressure such
that its new volume is V2 and absolute temperature T2 then according to Charles’ law
V1 V2
=
= [p1 = p2]
T1 T2

No real gas truly follows the Charles’ law.

2.6

Characteristic Equation of a Perfect Gas

Consider the Boyle’s law change from 1 to A and Charle’s law from A to 2, Fig. 2.7.
p

1 – A Boyle’s law pV = constant [T1 = TA]
A – 2 Charles’ law V/T = constant [pA = p2]

1
Boyle’s Law

For process 1 – A, p1V1 = pAVA
For process A – 2,

Charles’
Law
2

Thus,

A
V

Fig. 2.7

Boyle's and Charles' law

VA V2
=
TA T2

pV1 p2V2
=
= Constant.
T1
T2

The equation is known as characteristic equation of a gas
or the ideal gas law. A gas which follows the above law is
known as an ideal gas.

When 1 kg of gas is considered, constant in ideal gas equation is written as R and is called
the characteristic gas constant
i.e.

R=

pv N m3 1 N m
J
¥ =
=
, 2 ¥
T m
kg k kg k kg k

For air the value of R is 0.287 kJ/kg K or 287 J/kgk.
R has different values for different gases. No gas behaves as an ideal gas. Modified gas
equations are used to give better approximation for real gases. These are
(i) Compressibility equation:
			
pv = ZRT
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		 where Z is compressibility factor.
(ii) Van der Waals’ Equation:
aˆ
Ê
ÁË p + 2 ˜¯ (v - b) = RT
v

		

		 where a and b are constant for the gas. Term a represents the force between the molecules
and b the finite volume of the molecules.

2.7

Avogadro's Hypothesis and Universal Gas Constant

The values of gas constant R are different for different gases. For uniformity, another unit of
mass called kg-mole is introduced. One kg-mole of any gas has a mass equal to its molecular
weight, e.g., 1 kg-mole of O2 has a mass of 32 kg. In 1811, Avogadro proved that all gases whose
mass is equal to their moles, occupy the same volume at N.T.P. He further proved that volume
of a gas N.T.P (0°C and 1.0135 bar) whose mass is equal to its kg-mole is 22.4146 m 3/kg mole.
If the gas equation is multiplied by the molecular weight of the gas, then we get Mpv = MRT.
where v is the volume of unit mass of gas and Mv is the molar volume (molar volume of the gas
is the volume occupied by one mole of gas), V
pV = RuT where V = Mv and Ru = MR
As per Avogadro’s hypotheses, V is same for all gases at NTP and therefore R¢ must also be
same. This constant R¢ which has same value for all gases is known as universal gas constant
and it does not depend on the type of gas,
as

V = 22.4 m3/kg-mole

Ru =

1.01325 ¥ 105 ¥ 22.4
= 8314.3 Nm/kg-mole/K in SI units
273

It is advised that students should keep this value of R in mind to enable them to calculate the
R
value of R for any gas by using R = u where M is the molecular weight of the gas.
M
As per Avogadro’s hypothesis, the number of molecules in a mole of any gas is same and
is known as Avogadro’s number N and it is equal to 6.023 ¥ 1026 molecules per kg-mole. The
universal gas constant divided by Avogadro's number N is called the Boltzmann constant and is
denoted by K
K=

2.8

Ru
8314.3
=
= 13.8 ¥ 10–24 J/K
N 6.023 ¥ 1026

Molar Heat

It is defined as the quantity of heat required to raise the temperature of one mole (22.41 m 3 or
mass equal to molar mass) of a gas through one degree.
Molar specific heat Cp = MCp and Cv = MCv
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p = p1 + p2 + p3 + …
where p is the total pressure of the mixture and p1, p2, p3, etc., are the partial pressures of the
individual gases.

2.12

Summary

• The total number of moles

		

n = n1 + n2 + n3 + n4 + …+ nk =

i=k

Â ni
i =1

• The mass fraction and mole fraction are defined as
xi =

mi
n
and yi = i
m
n

• The partial pressure pi of the i th component in a gas mixture is given as pi = yip =
• The compressibility factor Z for a real gas mixture can be obtained as

ni Ru T
V

Z = y1z1 + y2z2 + y3z3 + … = Syizi
		 where z1, z2, etc., are compressibility factors of real gas components evaluated at mixture
pressure and temperature. The equation of state for real gas mixture can be stated as
pV = ZnRuT
• The mixture of dry steam and moisture is called wet steam. Its quality is defined by dryness
fraction x
x=

Mass of dry steam
Mass of dry steam
=
Mass of dry steam + Mass of wet steam
Mass of total steam

• The sum of sensible and latent heat is called total heat or total enthalpy of water. It is
denoted by hg in steam table.
• An ideal gas is an ideal working substance for all thermodynamic cycles. The characteristic
gas equation for an ideal gas is
pV = MRT
		 where R is the specific gas constant and is obtained as
R=

Ru
Universal gas constant 8.31447
=
=
Molecular weight
M
M

• Thermodynamic properties p, V and T are related as
p1 V1 p2 V2
=
T1
T2
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• For all types of processes the change in internal energy and change in enthalpy can be
calculated as
			
			

2.13

Change in internal energy DU = mCp(T2 – T1)
Change in enthalpy DH = mCp(T2 – T1)

Glossary

Dry steam: Steam at saturation temperature, which is free from moisture.
Evaporation: Transformation of liquid into vapour when liquid itself exacts its latent heat.
Ideal gas: An ideal gas is a working substance for thermodynamic cycles.
Melting: The transformation of solid into liquid, also known as fusion.
Phase: The physical state of matter.
Quality (x): The ratio of mass of vapour present to the total mass of steam.
Superheated steam: Dry steam at a temperature greater than the saturation temperature.
Vaporisation: The transformation of liquid into vapour by supplying heat.
Wet steam: A mixture of moisture and vapour, it is a substance that exists under the saturation
curve.

Numericals
1. A perfect gas has a molar mass of 26 kg/kg-mole and a value of g = 1.26. Calculate the
characteristic gas constant and specific heats at constant pressure and constant volume.
Solution: Characteristic gas constant
R=

Ru 8.341
=
= 0.3198 kJ/kg K
M
26

Cp – Cv = R
Cp – Cv = 0.3198,
\

Cp = 1.26 Cv

Cp
Cv

= g = 1.26

1.26 Cv – Cv = 0.3198
0.26 Cv = 0.3198
0.3198
= 1.23 kJ/kg K
0.26

\

Cv =

\

Cp = 1.26 ¥ 1.23 = 1.5498 kJ/kg K
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3. A perfect gas has molar mass of 44 kg/kg-mole and specific heat at constant pressure
Cp = 0.846 kJ/kg K. Find the specific heat at constant volume and value of adiabatic index?
	  If a vessel of 0.2 m3 contains this gas at 2 bars and 180°C and is then cooled until the
pressure falls to 1.013 bar, calculate the heat rejected.
Solution:
Gas constant, R =

Ru 8.341
=
= 0.189 kJ/kg K
M
44

\ Specific heat at constant volume, Cv = Cp – R = 0.846 – 0.189 = 0.657 kJ/kg K
Adiabatic index, g =
		

m=

		

Cp
Cv

=

0.846
= 1.288
0.657

Ans.
Ans.

pV
2 ¥ 100 ¥ 0.2
=
= 0.4672 kg
RT 0.189 (273 + 180)

p2 V2 = mRT2

		1.013 ¥ 100 ¥ 0.2 = 0.4672 ¥ 0.189 ¥ T2
\		
T2 = 229 K
Heat rejected by gas = mCv(T1 – T2)
		
= 0.4672 ¥ 0.657 (453 – 229) = 68.76 kJ

Ans.

4. 0.3 kg of a perfect gas occupies a volume of 0.2 m3 at a pressure of 1 bar and a temperature
of 27°C. Calculate the molar mass of the gas. Also calculate the final temperature when the
gas is allowed to compress until the pressure is 3 bars and final volume is 0.1 m3. .
Solution:
Gas equation pV = mRT
pV
1 ¥ 100 ¥ 0.2
=
= 0.2222 kJ/kg K
\ Gas constant R =
mT 0.3 (273 + 27)
Molar mass =
		

Ru
8.314
=
= 37.42 kg/mole
R 0.2222

Ans.

p2V2 = mRT2

\ Final temperature T2 =

p2 V2 3 ¥ 100 ¥ 0.1
=
= 450 K
0 3 ¥ 0.2222
mR

or

177°C

Ans.

5. One kg of ideal gas is heated from 18°C to 93°C. Assuming R = 0.264 kJ/kg K, g = 1.18
for the gas and heat transfer 160 kJ. Find:
(i)
(ii)
(iii)
(iv)

Specific heat
Change in internal energy
Change in enthalpy
Work done.
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Solution:
Cp – Cv = R = 0.264
Cp/Cv = g = 1.18
Cp = 1.73/kJ, Cv = 1.467 kJ/kg K

(i)		
		 and
		 Solving

Ans.

(ii) Change in internal energy
			
U2 – U1 = mCv(T2 – T1)
				 = 1 ¥ 1.467 (93 – 18) = 110 kJ/kg
(iii) Change in enthalpy
			

Ans.

H2 – H1 = mCp(T2 – T1)
= 1 ¥ 1.73(93 – 18) = 129.8 kJ/kg

(iv) Work done
			
W = Q – (U2 – U1)
				 = 160 – 110 = 50 kJ/kg
Ans.
6. A gas of density 31.68 kg/m3 is carried in a pipeline 70 m above the sea level at temperature
of 150°C. It flows along the pipe at the rate of 7 m/s. The specific heat at constant volume of
the gas is 0.674 kJ/kg K.
	  Calculate the potential energy, kinetic energy, internal energy and total energy per kg of
gas. Take sea level as datum for height and 0°C as datum for energy involving temperature.
Solution:
Potential energy, PE = mgZ = 1 ¥ 9.81 ¥ 70 = 686.7 J/kg
Kinetic energy, KE =

1
1
mC2 = ¥ 1 ¥ 72 = 24.53 J/kg
2
2

Internal energy, IE = mCv Dt = 1 ¥ 0.674(150 – 0) = 101 kJ/kg

Ans.
Ans.
Ans.

If PE, KE are negligible as compared to internal energy of the gas, therefore in many
thermodynamic properties PE and KE are neglected.
7. A vessel contains 0.5 kg of CO2 at 1.013 bar and 27°C. Calculate the volume of the vessel.
If 0.3 kg of CO2 is now pumped into the vessel, calculate the new pressure when the vessel
returns to 37°C temperature. The molar mass of CO2 is 44 kg/kg mole and CO2 may be
assumed to be a perfect gas.
R
8.314
Solution: Specific gas constant R = u =
= 0.189 kJ/kg K
M
44
		
p1V1 = mRT1
\ Volume of vessel, V1 =
		

MRT1 0.5 ¥ 0.189 (273 + 27)
=
p1
1.013 ¥ 100

= 0.27986 m3 ª 0.2799

Ans.
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Since

V1 = V2 \

Since

m1 > m2

Volume of air

47

m1 p1 T2
7
(27 + 273)
= 1.0651
=
¥
¥
¥
m2 p2 T1 6.2 (45 + 273)

p 2
p
d ¥ l = (0.025)2 ¥ 7 = 0.003436 m3
4
4

m1 =

p1V1 7 ¥ 100 ¥ 0.003436
=
= 0.026354 kg
0.287 (45 + 273)
RT1

The final mass of air in the pipe
m2 =

m1
0.026354
=
= 0.024743
1.0651
1.0651

Mass of air leaked m1 – m2 = 0.026354 – 0.024743
		
= 0.001611 kg

Ans.

10. A vessel of 0.2 m3 contains nitrogen at 100 bars and 27°C. Calculate the mass of nitrogen
stored in the vessel. The vessel is protected against excessive pressure by a fusible plug
which will melt if the temperature rises too high. At what temperature must the plug melt
to limit the pressure in the vessel to 150 bars the molar mass of nitrogen is 28 kg/kg-mole,
and it may be assumed to be a perfect gas.
Solution:

Ru 8.314
=
= 0.2669 kJ/kg K
M
28
pV
100 ¥ 100 ¥ 0.2
=
Mass of nitrogen stored, m =
= 22.45 kg
RT 0.2969 (273 + 27)

Gas constant, R =

Melting temperature, T2 =

p2
150
¥ T1 =
(273 + 27) = 450 K or 177°C
100
p1

Ans.

11. A rigid tank of 566 m3 volume contains air at 6.895 bars and 21.1°C. The tank is equipped
with a relief valve that opens at a pressure of 8.618 bars and remains open until the pressure
drops to 8.274 bars. If a fire causes the valve to operate once as described, determine the
air temperature just before the valve opens and the mass of air lost due to fire. Assume that
the temperature of the air remains constant during discharge and air in the tank behaves as
an ideal gas.
Solution: Suffix 1 represents initial condition, suffix 2 represents the conditions before valve
opening and suffix 3 represents the conditions at the time of valve closing. Throughout the
process the volume remains constant.
pV = mRT, V1 = V2, m1 = m2, R = Constant
\

p1 p2
6.895
8.68
=
,
=
T1 T2 (273 + 21.1)
T2
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5.
6.
7.
8.
9.
10.
11.
		
12.

13.

14.
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State Boyle’s and Charles’ law.
What is the difference between mass and molar mass.
Discuss van der Waal’s equation.
Define specific heat. Why do gases have two specific heats? Derive the relationship
between these two specific heats.
State important gas law.
State the Dalton’s law of partial pressures. On what assumption this law is based?
A certain automobile type approximated as a torus 20 cm with inside radius of 20 cm.
Calculate the mass of air contained in the type at 20°C and 2.0 atm gauge pressure. The
equivalent molar mass of air is 28.97
[Ans. v = 0.0592 m3; R = 0.287 kJ/kg K, p = 3.04 bar; m = 0.214 kg]
Methane at 100 kPa, 15°C enters an insulating mixing chamber, at a rate of 1.08 kg/s. It
is mixed adiabatically with air at 100 kPa, 160°C in an air/methane mass ratio of 17.0.
The flow is steady and kinetic and potential energy changes are negligible. The ambient
conditions are 100 kPa 15°C. Determine (a) temperature of the mixture leaving the
chamber and (b) the irreversibility of the mixing per K of methane.
A vessel contains a gaseous mixture of composition by volume 80% H2 and 20% CO. It is
designed that the mixture should be made in proportion 50% H2 and 50% CO by removing
some mixture and adding some CO. Calculate per K-mol of mixture the mass of mixture
to be removed and the mass of CO to be added. The pressure temperature in the vessel
remains constant during the procedure. Take the molar mass of hydrogen and CO as 2
kg/K-mol and 28 kg/K-mol respectively.
A volumetric analysis of gaseous mixture gives the following results:

			
			

CO2 = 12%
N2 = 82%

O2 = 4.0%
CO = 2%

Determine the analysis of gas mixture on the mass basis, the molecular weight and the gas
constant on the mass basis for the mixture. Assume ideal gas behaviour.
15. A vessel of volume 0.4 m3 contains 0.45 kg of carbon monoxide and 1 kg of air at 15°C.
Calculate the partial pressure of each constituent and the total pressure in the vessel. The air
contains 23.3% O2 and 76.7% N2 by mass. Take the molar masses of carbon monoxide, oxygen
and nitrogen as 28, 32 and 28 kg/K-mol respectively.
16. The gravitational analysis of air is 23.14%, oxygen 75.53% nitrogen, 1.28% argon and 0.05%
carbon dioxide. Calculate the volumetric analysis and the partial pressure of each constituent
in the mixture when the total pressure is 1 bar.

