
3
Properties of Pure Substances

3.1. Definition of the pure substance. 3.2. Phase change of a pure substance. 3.3. p-T (pressure-
temperature) diagram for a pure substance. 3.4. p-V-T (pressure-volume-temperature) surface.
3.5. Phase change terminology and definitions. 3.6. Property diagrams in common use. 3.7. Forma-
tion of steam. 3.8. Important terms relating steam formation. 3.9. Thermodynamic properties of
steam and steam tables. 3.10. External work done during evaporation. 3.11. Internal latent heat.
3.12. Internal energy of steam. 3.13. Entropy of water. 3.14. Entropy of evaporation. 3.15. Entropy
of wet steam. 3.16. Entropy of superheated steam. 3.17. Enthalpy-entropy (h-s) chart or Mollier
diagram. 3.18. Determination of dryness fraction of steam—Tank or bucket calorimeter—throttling
calorimeter—separating and throttling calorimeter—Highlights—Objective Type Questions—
Theoretical Questions—Unsolved Examples.

3.1. DEFINITION OF THE PURE SUBSTANCE

A pure substance is a system which is (i) homogeneous in composition, (ii) homogeneous in
chemical aggregation, and (iii) invariable in chemical aggregation.

— “Homogeneous in composition” means that the composition of each part of the system is
the same as the composition of every other part. “Composition means the relative pro-
portions of the chemical elements into which the sample can be analysed. It does not
matter how these elements are combined.

For example in Fig. 3.1 system (a), comprising steam and water, is homogeneous in compo-
sition, since chemical analysis would reveal that hydrogen and oxygen atoms are presents in the
ratio 2 : 1 whether the sample be taken from the steam or from the water. The same is true of
system (b) containing uncombined hydrogen and oxygen gas in the atomic ratio 2 : 1 in the upper
part, and water in the lower part. System (c) however, is not homogeneous in composition, for the
hydrogen and oxygen are present in the ratio 1 : 1 in the upper part, but in the ratio 2 : 1 (as water)
in the lower part.

Steam H + O2               2
1
2

H + O
(Gas)
2 2

(a) (b) (c)

Satisfies condition (i)
Satisfies condition (ii)

Satisfies condition (i)
Does not satisfy
condition (ii)

Does not satisfy
condition (i)

Fig. 3.1. Illustrating the definition of a pure substance.
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— “Homogeneous in chemical aggregation” means that the chemical elements must be
combined chemically in the same way in all parts of the system. Consideration of Fig. 3.1
again shows that the system (a) satisfies this condition also ; for steam and water consist
of identical molecules. System (b) on the other hand is not homogeneous in chemical
aggregation since in the upper part of the system the hydrogen and oxygen are not
combined chemically (individual atoms of H and O are not uniquely associated), whereas
in the lower part of the system the hydrogen and oxygen are combined to form water.

Note however that a uniform mixture of steam, hydrogen gas, and oxygen gas would be
regarded as homogeneous in both composition and chemical aggregation whatever the relative
proportions of the components.

— “Invariable in chemical aggregation” means that the state of chemical combination of
the system does not change with time (condition (ii) referred to variation with position).
Thus a mixture of hydrogen and oxygen, which changed into steam during the time that
the system was under consideration, would not be a pure substance.

3.2. PHASE CHANGE OF A PURE SUBSTANCE

Let us consider 1 kg of liquid water at a temperature of 20°C in a cylinder fitted with a
piston, which exerts on the water a constant pressure of one atmosphere (1.0132 bar) as shown in
Fig. 3.2 (i).

— As the water is heated slowly its temperature rises until the temperature of the liquid
water becomes 100°C. During the process of heating, the volume slightly increases as
indicated by the line 1-2 on the temperature-specific volume diagram (Fig. 3.3). The
piston starts moving upwards.

Fig. 3.2. Phase change of water at constant pressure
from liquid to vapour phase.

— If the heating of the liquid, after it attains a temperature of 100°C, is continued it
undergoes a change in phase. A portion of the liquid water changes into vapour as
shown in Fig. 3.2 (ii). This state is described by the line 2-3 in Fig. 3.3. The amount of
heat required to convert the liquid water completely into vapour under this condition is
called the heat of vapourisation. The temperature at which vapourisation takes place at
a given pressure is called the saturation temperature and the given pressure is called
the saturation pressure.

During the process represented by the line 2-3 (Fig. 3.3) the volume increases rapidly and
piston moves upwards Fig. 3.2 (iii).
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Fig. 3.3 Fig. 3.4. Vapour pressure curve for water.

For a pure substance, definite relationship exists between the saturation pressure and satu-
ration temperature as shown in Fig. 3.4, the curve so obtained is called vapour pressure curve.

— It may be noted that if the temperature of the liquid water on cooling becomes lower than
the saturation temperature for the given pressure, the liquid water is called a sub-
cooled liquid. The point ‘1’ (in Fig. 3.3) illustrates this situation, when the liquid water
is cooled under atmospheric pressure to a temperature of 20°C, which is below the satu-
ration temperature (100°C).

— Further, at point ‘1’ the temperature of liquid is 20°C and corresponding to this tem-
perature, the saturation pressure is 0.0234 bar, which is lower than the pressure on the
liquid water, which is 1 atmosphere. Thus the pressure on the liquid water is greater
than the saturation pressure at a given temperature. In this condition, the liquid water
is known as the compressed liquid.

The term compressed liquid or sub-cooled liquid is used to distinguish it from saturated
liquid. All points in the liquid region indicate the states of the compressed liquid.

— When all the liquid has been evaporated completely and heat is further added, the tem-
perature of the vapour increases. The curve 3-4 in Fig. 3.3 describes the process. When
the temperature increases above the saturation temperature (in this case 100°C), the
vapour is known as the superheated vapour and the temperature at this state is called
the superheated temperature. There is rapid increase in volume and the piston moves
upwards [Fig. 3.2 (iii)].

The difference between the superheated temperature and the saturation temperature at the
given pressure is called the degree of superheat.

— If the above mentioned heating process is repeated at different pressures a number of
curve similar to 1-2-3-4 are obtained. Thus, if the heating of the liquid water in the
piston cylinder arrangement takes place under a constant pressure of 12 bar with an
initial temperature of 20°C until the liquid water is converted into superheated steam,
then curve 5-6-7-8 will represent the process.

— In the above heating process, it may be noted that, as the pressure increases the length
of constant temperature vapourisation gets reduced.
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From the heating process at a constant pressure of 225 bar represented by the curve 9-10-11
in Fig. 3.3, it can be seen that there is no constant temperature vapourisation line. The specific
volume of the saturated liquid and of the saturated vapour is the same, i.e., vf = vg. Such a state of
the substance is called the critical state. The parameters like temperature, pressure, volume, etc.
at such a state are called critical parameters.

— The curve 12-13 (Fig. 3.3) represents a constant pressure heating process, when the
pressure is greater than the critical pressure. At this state, the liquid water is directly
converted into superheated steam. As there is no definite point at which the liquid
water changes into superheated steam, it is generally called liquid water when the
temperature is less than the critical temperature and superheated steam when the
temperature is above the critical temperature.

3.3. p-T (Pressure-Temperature) DIAGRAM FOR A PURE SUBSTANCE

If the vapour pressure of a solid is measured at various temperatures until the triple point
is reached and then that of the liquid is measured until the critical point is reached, the result
when plotted on a p-T diagram appears as in Fig. 3.5.

If the substance at the triple point is
compressed until there is no vapour left and the
pressure on the resulting mixture of liquid and
solid is increased, the temperature will have to
be changed for equilibrium to exist between the
solid and the liquid.

Measurements of these pressures and tem-
peratures give rise to a third curve on the p-T
diagram, starting at the triple point and
continuing indefinitely.

The points representing the coexistence of
(i) solid and vapour lie on the ‘sublimation curve’,
(ii) liquid and vapour lie on the ‘vapourisation
curve’, (iii) liquid and solid lie on the ‘fusion
curve’. In the particular case of water, the
sublimation curve is called the frost line, the
vapourisation curve is called the steam line, and the fusion curve is called the ice line.

The slopes of sublimation and the vapourisation curves for all substances are positive. The
slope of the fusion curve, however may be positive or negative. The fusion curve of most substances
have a positive slope. Water is one of the important exceptions.

Triple point
The triple point is merely the point of intersection of sublimation and vapourisation

curves. It must be understood that only on p-T diagram is the triple point represented by a point.
On p-V diagram it is a line, and on a U-V diagram it is a triangle.

— The pressure and temperature at which all three phases of a pure substance coexist may
be measured with the apparatus that is used to measure vapour pressure.

— Triple-point data for some interesting substances are given in Table 3.1.

Fig. 3.5. p-T diagram for a substance such as water.
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Table 3.1. Triple-point Data

S. No. Substance Temp., K Pressure, mm Hg

1. Hydrogen (normal) 13.96 54.1
2. Deuterium (normal) 18.63 128
3. Neon 24.57 324
4. Nitrogen 63.18 94
5. Oxygen 54.36 1.14
6. Ammonia 195.40 45.57
7. Carbon dioxide 216.55 3.880
8. Sulphur dioxide 197.68 1.256
9. Water 273.16 4.58

3.4. p-V-T (Pressure-Volume-Temperature) SURFACE

A detailed study of the heating process reveals that the temperature of the solid rises and
then during the change of phase from solid to liquid (or solid to vapour) the temperature remains
constant. This phenomenon is common to all phase changes. Since the temperature is constant,
pressure and temperature are not independent properties and connot be used to specify state dur-
ing a change of phase.

The combined picture of change of pressure, specific volume
and temperature may be shown on a three dimensional state
model. Fig. 3.6 illustrates the equilibrium states for a pure
substance which expands on fusion. Water is an example of a
substance that exhibits this phenomenon.

All the equilibrium states lie on the surface of the model.
States represented by the space above or below the surface are
not possible. It may be seen that the triple point appears as a
line in this representation. The point C.P. is called the critical
point and no liquid phase exists at temperatures above the iso-
therms through this point. The term evaporation is meaningless
in this situation.

At the critical point the temperature and pressure are
called the critical temperature and the critical pressure respec-
tively and when the temperature of a substance is above the critical value, it is called a gas. It is
not possible to cause a phase change in a gas unless the temperature is lowered to a value less than
the critical temperature. Oxygen and nitrogen are examples of gases that have critical tempera-
tures below normal atmospheric temperature.

3.5. PHASE CHANGE TERMINOLOGY AND DEFINITIONS

Suffices : Solid i
Liquid f
Vapour g

 Phase change Name Process Process suffix
1. Solid-liquid Fusion Freezing, melting if
2. Solid-vapour Sublimation Frosting, defrosting ig
3. Liquid-vapour Evaporation Evaporating, Condensing fg
Triple point—The only state at which the solid, liquid and vapour phases coexist in

equilibrium.
Critical point (C.P.). The limit of distinction between a liquid and vapour.

Fig. 3.6. A pressure-volume-temp-
erature (p-V-T) surface.

hp
Highlight

hp
Highlight

hp
Highlight

hp
Highlight

hp
Highlight

hp
Highlight



68 ENGINEERING THERMODYNAMICS

Dharm
\M-therm/th3-1.p65

C.P

C.P

C.P

C.P

v

h

s

s

p
p

T
h

C.P. = Critical point

T
he

liq
ui

d
sa

tu
ra

tio
n

lin
e T

s

h
va

e
pour

aturation line

S
ra

atu
ted

vapourS
at

ur
at

ed
liq

ui
d

Sup
h

er
eated

vapour

Cr

ot

it
al i

ic
s

herm

C.P.

Gas

Wet
vapour

Volume (v)

P
re

ss
ur

e 
(p

)

C
om

pr
es

se
d 

liq
ui

d

Critical pressure. The pressure at the critical point.
Critical temperature. The temperature at the critical point.
Gas—A vapour whose temperature is greater than

the critical temperature.
Liquid-vapour terms : Refer Fig. 3.7.
Saturation temperature. The phase change tem-

perature corresponding to the saturation pressure.
Sometimes called the boiling temperature.

Saturation pressure. The phase change pressure.
Compressed liquid. Liquid whose temperature is

lower than the saturation temperature. Sometimes called
a sub-cooled liquid.

Saturated liquid. Liquid at the saturation
temperature corresponding to the saturation pressure.
That is liquid about to commence evaporating,
represented by the point f on a diagram.

Saturated vapour. A term including wet and dry
vapour.

Dry (saturated) vapour. Vapour which has just completed evaporation. The pressure and
temperature of the vapour are the saturation values. Dry vapour is represented by a point g on a
diagram.

Wet vapour. The mixture of saturated liquid and dry vapour during the phase change.
Superheated vapour. Vapour whose temperature is greater than the saturation tempera-

ture corresponding to the pressure of the vapour.
Degree of superheat. The term used for the numerical amount by which the temperature of

a superheated vapour exceeds the saturation tempera-
ture.

3.6. PROPERTY DIAGRAMS IN COMMON USE

Besides p-V diagram which is useful because
pressure and volume are easily visualised and the T-s
chart which is used in general thermodynamic work,
there are other charts which are of practical use for
particular applications. The specific enthalpy-specific
entropy chart is used for steam plant work and the
pressure-specific enthalpy chart is used in refrigeration
work. Sketches of these charts are shown in Fig. 3.8.
These charts are drawn for H2O (water and steam) and
represent the correct shape of the curves for this
substance.

3.7. FORMATION OF STEAM

The process of formation of steam is discussed  in
detail in the following few pages :

Fig. 3.7. Phase change terminology.

Fig. 3.8
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Consider a cylinder fitted with a piston which can move freely upwards and downwards in
it. Let, for the sake of simplicity, there be 1 kg of water at 0°C with volume vf m

3 under the piston
[Fig 3.9 (i)]. Further let the piston is loaded with load W to ensure heating at constant pressure.
Now if the heat is imparted to water, a rise in temperature will be noticed and this rise will
continue till boiling point is reached. The temperature at which water starts boiling depends upon
the pressure and as such for each pressure (under which water is heated) there is a different
boiling point. This boiling temperature is known as the temperature of formation of steam or
saturation temperature.

W W

W

W

W

Wet
steam

Dry
saturated

steam

Super-
heated
steam

vf

Piston

Cylinder

v
– 

v
g

f

vg

v s
up

Water

Water
0°C

Water
ts

( )i (  )ii (   )iii ( )iv ( )v

t = Saturation temp.
t = Temperature of superheated steam

s

sup

v = Volume of water
v = Volume of dry and saturated steam
v = Volume of superheated steam

f

g

sup

ts tsup

Fig. 3.9. Formation of steam.

It may be noted during heating up to boiling point that there will be slight increase in
volume of water due to which piston moves up and hence work is obtained as shown in Fig. 3.9 (ii).
This work, however, is so small that is can be neglected.

Now, if supply of heat to water is continued it will be noticed that rise of temperature after
the boiling point is reached nil but piston starts moving upwards which indicates that there is
increase is volume which is only possible if steam formation occurs. The heat being supplied does
not show any rise of temperature but changes water into vapour state (steam) and is known as
latent heat or hidden heat. So long as the steam is in contact with water, it is called wet steam
[Fig. 3.9 (iii)] and if heating of steam is further progressed [as shown in Fig. 3.9 (iv)] such that all
the water particles associated with steam are evaporated, the steam so obtained is called dry and
saturated steam. If vg m

3 is the volume of 1 kg of dry and saturated steam then work done on the
piston will be

 p(vg – vf) ...(3.1)
where p is the constant pressure (due to weight ‘W’ on the piston).

Again, if supply of heat to the dry and saturated steam is continued at constant pressure
there will be increase in temperature and volume of steam. The steam so obtained is called
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superheated  steam  and  it  behaves  like  a  perfect  gas. This phase of steam formation is
illustrated in Fig. 3.9 (v).

Fig. 3.10 shows the graphical representation of formation of steam.
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Fig. 3.10. Graphical representation of formation of steam.

3.8. IMPORTANT TERMS RELATING STEAM FORMATION

1. Sensible heat of water (hf ). It is defined as the quantity of heat absorbed by 1 kg of
water when it is heated from 0°C (freezing point) to boiling point. It is also called total heat (or
enthalpy) of water or liquid heat invariably. It is reckoned from 0°C where sensible heat is taken
as zero. If 1 kg of water is heated from 0°C to 100°C the sensible heat added to it will be 4.18 × 100
= 418 kJ but if water is at say 20°C initially then sensible heat added will be 4.18 × (100 – 20)
= 334.4 kJ. This type of heat is denoted by letter hf and its value can be directly read from the
steam tables.

Note. The value of specific heat of water may be taken as 4.18 kJ/kg K at low pressures but at high
pressures it is different from this value.

2. Latent heat or hidden heat (hfg). It is the amount of heat required to convert water
at a given temperature and pressure into steam at the same temperature and pressure. It is
expressed by the symbol hfg and its value is available from steam tables. The value of latent heat
is not constant and varies according to pressure variation.

3. Dryness fraction (x). The term dryness fraction is related with wet steam. It is defined
as the ratio of the mass of actual dry steam to the mass of steam containing it. It is usually
expressed by the symbol ‘x’ or ‘q’.

If ms = Mass of dry steam contained in steam considered, and
mw = Weight of water particles in suspension in the steam considered,

Then, x m
m m

s

s w
= + ...(3.2)
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Thus if in 1 kg of wet steam 0.9 kg is the dry steam and 0.1 kg water particles then x = 0.9.
Note. No steam can be completely dry and saturated, so long as it is in contact with the water from which

it is being formed.

4. Total heat or enthalpy of wet steam (h). It is defined as the quantity of heat re-
quired to convert 1 kg of water at 0°C into wet steam at constant pressure. It is the sum of total
heat of water and the latent heat and this sum is also called enthalpy.

In other words,  h = hf + xhfg ...(3.3)
If steam is dry and saturated, then x = 1 and hg = hf + hfg.
5. Superheated steam. When steam is heated after it has become dry and saturated, it is

called superheated steam and the process of heating is called superheating. Superheating is
always carried out at constant pressure. The additional amount of heat supplied to the steam
during superheating is called as ‘Heat of superheat’ and can be calculated by using the specific
heat of superheated steam at constant pressure (cps), the value of which varies from 2.0 to 2.1 kJ/
kg K depending upon pressure and temperature.

If Tsup., Ts are the temperatures of superheated steam in K and wet or dry steam, then
(Tsup – Ts) is called ‘degree of superheat’.

The total heat of superheated steam is given by
hsup = hf + hfg + cps (Tsup – Ts) ...(3.4)

Superheated steam behaves like a gas and therefore it follows the gas laws. The value of n
for this type of steam is 1.3 and the law for the adiabatic expansion is pv1.3 = constant.

The advantages obtained by using ‘superheated’ steam are as follows :
(i) By superheating steam, its heat content and hence its capacity to do work is increased

without having to increase its pressure.
(ii) Superheating is done in a superheater which obtains its heat from waste furnace gases

which would have otherwise passed uselessly up the chimney.
(iii) High temperature of superheated steam results in an increase in thermal efficiency.
(iv) Since the superheated steam is at a temperature above that corresponding to its pres-

sure, it can be considerably cooled during expansion in an engine before its temperature
falls below that at which it will condense and thereby become wet. Hence, heat losses
due to condensation of steam on cylinder walls etc. are avoided to a great extent.

6. Volume of wet and dry steam. If the steam has dryness fraction of x, then 1 kg of this
steam will contain x kg of dry steam and (1 – x) kg of water. If vf is the volume of 1 kg of water and
vg is the volume of 1 kg of perfect dry steam (also known as specific volume), then volume of 1 kg
of wet steam = volume of dry steam + volume of water.

 = xvg + (1 – x)vf ...(3.5)
Note. The volume of vf at low pressures is very small and is generally neglected. Thus is general, the

volume of 1 kg of wet steam is given by, xvg and density 
1

xvg
 kg/m3.

 = xvg + vf – xvf
 = vf + x(vg – vf)
 = vf + xvfg ...[3.5 (a)]
 = vf + xvfg + vfg – vfg
 = (vf + vfg) – (1 – x) vfg
 = vg – (1 – x)vfg ...[3.5 (b)]

7. Volume of superheated steam. As superheated steam behaves like a perfect gas its
volume can be found out in the same way as the gases.

If, vg = Specific volume of dry steam at pressure p,
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Ts = Saturation temperature in K,
Tsup = Temperature of superheated steam in K, and

 vsup = Volume of 1 kg of superheated steam at pressure p,

Then,
p v

T

p v

T
g

s

. .
= sup

sup

or,  v
v T

T
g

s
sup

sup= ...(3.6)

3.9. THERMODYNAMIC PROPERTIES OF STEAM AND STEAM TABLES

In engineering problem, for any fluid which is used as working fluid, the six basic thermo-
dynamic properties required are : p (pressure), T (temperature), v (volume), u (internal energy), h
(enthalpy) and s (entropy). These properties must be known at different pressure for analysing the
thermodynamic cycles used for work producing devices. The values of these properties are deter-
mined theoretically or experimentally and are tabulated in the form of tables which are known as
‘Steam Tables’. The properties of wet steam are then computed from such tabulated data. Tabu-
lated values are also available for superheated steam. It may be noted that steam has only one
saturation temperature at each pressure.

Following are the thermodynamic properties of steam which are tabulated in the form of
table :

 p = Absolute pressure (bar or kPa) ;
 ts = Saturation temperature (°C) ;
 hf = Enthalpy of saturated liquid (kJ/kg) ;
 hfg = Enthalpy or latent heat of vapourisation (kJ/kg) ;
 hg = Enthalpy of saturated vapour (steam) (kJ/kg) ;
 sf = Entropy of saturated liquid (kJ/kg K) ;
 sfg = Entropy of vapourisation (kJ/kg K) ;
 sg = Entropy of saturated vapour (steam) (kJ/kg K) ;
 vf = Specific volume of saturated liquid (m3/kg) ;
 vg = Specific volume of saturated vapour (steam) (m3/kg).
Also, hfg = hg – hf ...... Change of enthalpy during evaporation

 sfg = sg – sf ...... Change of entropy during evaporation
vfg = vg – vf ...... Change of volume during evaporation.

The above mentioned properties at different pressures are tabulated in the form of tables as
under :

The internal energy of steam (u = h – pv) is also tabulated in some steam tables.

STEAM TABLES

Absolute Temperature Specific enthalpy Specific entropy Specific volume
pressure °C kJ/kg kJ/kg K m3/kg

bar, p ts hf hfg hg sf sfg sg vf vg

1.0 99.6 417.5 2257.9 2675.4 1.3027 6.0571 7.3598 0.001043 1.6934
50.0 263.9 1154.9 1639.7 2794.2 2.9206 3.0529 5.9735 0.001286 0.00394

100.0 311.1 1408.0 1319.7 2727.7 3.3605 2.2593 5.6198 0.001452 0.01811
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3.10. EXTERNAL WORK DONE DURING EVAPORATION

When water is evaporated to form saturated steam, its volume increases from vf to vg at a
constant pressure, and thus external work is done by steam due to increase in volume. The energy
for doing the work is obtained during the absorption of latent heat. This work is called external
work of evaporation and is given by p(vg – vf).
i.e., External work of evaporation = p(vg – vf) ...(3.7)

As at low pressure vf is very small and hence neglected, work of evaporation is
 p . vg ...(3.8)

In case of wet steam with dryness fraction x, work of evaporation will be
pxvg ...(3.9)

3.11. INTERNAL LATENT HEAT

The latent heat consists of true latent heat and the work of evaporation. This true latent
heat is called the internal latent heat and may also be found as follows :

Internal latent heat = hfg – 
pv
J

g ...(3.10)

J = 1 in SI units.

3.12. INTERNAL ENERGY OF STEAM

It is defined as the actual energy stored in the steam. As per previous articles, the total
heat of steam is sum of sensible heat, internal latent heat and the external work of evaporation.
Work of evaporation is not stored in the steam as it is utilised in doing external work. Hence the
internal energy of steam could be found by subtracting work of evaporation from the total heat.

In other words,

h = 
pv
J

g  + u, where u is internal energy of 1 kg of steam at pressure p

or u = h – 
pv
J

g

In case of wet steam with dryness fraction ‘x’

u = h – 
pxv

J
g ...(3.11)

and if steam is superheated to a volume of vsup per kg.

    hsup = hf + hfg + cps (Tsup – Ts)

and        u = hsup – 
p v

J
. sup ...(3.12)

3.13. ENTROPY OF WATER

(Note. For definition of entropy please refer to chapter 5.)

Consider 1 kg of water being heated from temperature T1 to T2 at constant pressure. The
change in entropy will be given by,

 ds = dQ
T  = cpw . dT

T
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Integrating both sides, we get

  
s

s

1

2

�  ds = 
T

T

1

2

�  cpw dT
T

 s2 – s1 = cpw loge 
T
T

2

1
 ...(3.13)

If 0°C is taken as datum, then entropy of water per kg at any temperature T above this
datum will be

sf = cpw loge 
T

273 ...(3.14)

3.14. ENTROPY OF EVAPORATION

The change of entropy (ds) is given by,

ds = dQ
T

or s2 – s1 = Q
T , where Q is the heat absorbed.

When water is evaporated to steam completely the heat absorbed is the latent heat and this
heat goes into water without showing any rise of temperature.

Then Q = hfg

and sevap. = 
h
T

fg

s
...(3.15)

However, in case of wet steam with dryness fraction x the evaporation will be partial and

heat absorbed will be xhfg per kg of steam. The change of entropy will be 
xh
T

fg

s
.

3.15. ENTROPY OF WET STEAM

The total entropy of wet steam is the sum of entropy of water (sf) and entropy of evaporation
(sfg).

In other words, swet = sf + 
xh
T

fg

s
...(3.16)

where   swet = Total entropy of wet steam,
     sf = Entropy of water, and

 
xh
T

fg

s
 = Entropy of evaporation.

If steam is dry and saturated, i.e., x = 1, then

sg = sf + 
h

T
fg

s
...(3.17)

3.16. ENTROPY OF SUPERHEATED STEAM

Let 1 kg of dry saturated steam at Ts (saturation temperature of steam) be heated to Tsup. If
specific heat at constant pressure is cps, then change of entropy during superheating at constant
pressure p
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= cps loge 
T
Ts

sup�
��

�
�� .

Total entropy of superheated steam above the freezing point of water.
ssup = Entropy of dry saturated steam + change of entropy during

 superheating

 = sf +
h
T

fg

s
 + cps loge 

T
Ts

sup�
��

�
��  = sg + cps loge 

T
Ts

sup�
��

�
�� ...(3.18)

3.17. ENTHALPY-ENTROPY (h-s) CHART OR MOLLIER DIAGRAM

Dr. Mollier, in 1904, conceived the idea of plotting total heat against entropy, and his dia-
gram is more widely used than any other entropy diagram, since the work done on vapour cycles
can be scaled from this diagram directly as a length ; whereas on T-s diagram it is represented by
an area.

A sketch of the h-s chart is shown in Fig. 3.11.
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Fig. 3.11. Enthalpy-entropy (h-s) chart.

— Lines of constant pressure are indicated by p1, p2 etc., lines of constant temperature by
T1, T2, etc.

— Any two independent properties which appear on the chart are sufficient to define the
state (e.g., p1 and x1 define state 1 and h can be read off the vertical axis).

— In the superheat region, pressure and temperature can define the state (e.g., p3 and T4
define the state 2, and h2 can be read off).
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— A line of constant entropy between two state points 2 and 3 defines the properties at all
points during an isentropic process between the two states.

Example 3.1. Calculate the dryness fraction (quality) of steam which has 1.5 kg of water
in suspension with 50 kg of steam.

Solution. Mass of dry steam, ms = 50 kg
Mass of water in suspension, mw = 1.5 kg

∴  Dryness fraction, x = 
Mass of dry steam

Mass of dry steam mass of water in suspension+

= 
m

m m
s

s w+
=

+
50

50 1.5
 = 0.971. (Ans.)

☞ Example 3.2. A vessel having a volume of 0.6 m3 contains 3.0 kg of liquid water and water
vapour mixture in equilibrium at a pressure of 0.5 MPa. Calculate :

(i) Mass and volume of liquid ;
(ii) Mass and volume of vapour.
Solution. Volume of the vessel, V = 0.6 m3

Mass of liquid water and water vapour, m = 3.0 kg
Pressure, p = 0.5 MPa = 5 bar

Thus, specific volume, v = V
m  = 06

30
.
.  = 0.2 m3/kg

At 5 bar : From steam tables,
vfg = vg – vf = 0.375 – 0.00109 = 0.3739 m3/kg

We know that, v = vg – (1 – x) vfg, where x = quality of the vapour.
 0.2 = 0.375 – (1 – x) × 0.3739

∴ (1 – x) = (0.375 0.2)
0.3739

−  = 0.468

or  x = 0.532
(i) Mass and volume of liquid, mliq. = ? Vliq. = ?

mliq. = m(1 – x) = 3.0 × 0.468 = 1.404 kg. (Ans.)
Vliq. = mliq. vf = 1.404 × 0.00109 = 0.0015 m3. (Ans.)

(ii) Mass and volume of vapour, mvap. = ? Vvap. = ?
mvap. = m.x = 3.0 × 0.532 = 1.596 kg. (Ans.)
Vvap. = mvap. vg = 1.596 × 0.375 = 0.5985 m3. (Ans.)

☞ Example 3.3. A vessel having a capacity of 0.05 m3 contains a mixture of saturated water
and saturated steam at a temperature of 245°C. The mass of the liquid present is 10 kg. Find the
following :

(i) The pressure, (ii)  The mass,

(iii) The specific volume,  (iv) The specific enthalpy,

(v) The specific entropy, and  (vi) The specific internal energy.
Solution. From steam tables, corresponding to 245°C :

 psat = 36.5 bar, vf = 0.001239 m3/kg, vg = 0.0546 m3/kg
 hf = 1061.4 kJ/kg, hfg = 1740.2 kJ/kg, sf = 2.7474 kJ/kg K
 sfg = 3.3585 kJ/kg K.
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(i) The pressure = 36.5 bar (or 3.65 MPa). (Ans.)
(ii) The mass, m :
Volume of liquid,         Vf = mfvf

= 10 × 0.001239 = 0.01239 m3

Volume of vapour,  Vg = 0.05 – 0.01239 = 0.03761 m3

∴  Mass of vapour,  mg = 
V
v

g

g
 = 003761

00546
.
.  = 0.688 kg

∴  The total mass of mixture,
       m = mf + mg = 10 + 0.688 = 10.688 kg. (Ans.)

(iii) The specific volume, v :
Quality of the mixture,

 x
m

m m
g

g f
= + = +

0688
0688 10

.
.  = 0.064

∴  v = vf + xvfg

     = 0.001239 + 0.064 × (0.0546 – 0.001239)  ( )� v v vfg g f= −

    = 0.004654 m3/kg. (Ans.)
(iv) The specific enthalpy, h :

h = hf + xhfg

= 1061.4 + 0.064 × 1740.2 = 1172.77 kJ/kg. (Ans.)
(v) The specific entropy, s :

 s = sf + xsfg
= 2.7474 + 0.064 × 3.3585 = 2.9623 kJ/kg K. (Ans.)

(vi) The specific internal energy, u :
 u = h – pv

= 1172.77 – 
36 5 10 0 004654

1000

5. .× ×
 = 1155.78 kJ/kg. (Ans.)

Example 3.4. Determine the amount of heat, which should be supplied to 2 kg of water at
25°C to convert it into steam at 5 bar and 0.9 dry.

Solution. Mass of water to be converted to steam, mw = 2 kg
Temperature of water,     tw = 25°C
Pressure and dryness fraction of steam  = 5 bar, 0.9 dry
At 5 bar : From steam tables,

hf = 640.1 kJ/kg ; hfg = 2107.4 kJ/kg
Enthalpy of 1 kg of steam (above 0°C)

 h = hf + xhfg

= 640.1 + 0.9 × 2107.4 = 2536.76 kJ/kg
Sensible heat associated with 1 kg of water

= mw × cpw × (tw – 0)
= 1 × 4.18 × (25 – 0) = 104.5 kJ

Net quantity of heat to be supplied per kg of water
= 2536.76 – 104.5 = 2432.26 kJ
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Total amount of heat to be supplied
= 2 × 2432.26 = 4864.52 kJ. (Ans.)

Example 3.5. What amount of heat would be required to produce 4.4 kg of steam at a
pressure of 6 bar and temperature of 250°C from water at 30°C ? Take specific heat for super-
heated steam as 2.2 kJ/kg K.

Solution. Mass of steam to be produced, m = 4.4 kg
Pressure of steam, p = 6 bar
Temperature of steam, tsup = 250°C
Temperature of water = 30°C
Specific heat of steam, cps = 2.2 kJ/kg
At 6 bar, 250°C : From steam tables,

ts = 158.8°C, hf = 670.4 kJ/kg, hfg = 2085 kJ/kg
Enthalpy of 1 kg superheated steam reckoned from 0°C,

 hsup = hf + hfg + cps (Tsup – Ts)
= 670.4 + 2085 + 2.2(250 – 158.8)
= 2956 kJ

Amount of heat already with 1 kg of water
= 1 × 4.18 × (30 – 0) = 125.4 kJ

Net amount of heat required to be supplied per kg
= 2956 – 125.4 = 2830.6 kJ

Total amount of heat required
= 4.4 × 2830.6 = 12454.6 kJ. (Ans.)

☞ Example 3.6. Determine the mass of 0.15 m3 of wet steam at a pressure of 4 bar and
dryness fraction 0.8. Also calculate the heat of 1 m3 of steam.

Solution. Volume of wet steam, v = 0.15 m3

Pressure of wet steam, p = 4 bar
Dryness fraction, x = 0.8
At 4 bar. From steam tables,
vg = 0.462 m3/kg, hf = 604.7 kJ/kg, hfg = 2133 kJ/kg

∴ Density = 
1 1

08 0462xvg
= ×. .   = 2.7056 kg/m3

Mass of 0.15 m3 of steam
 = 0.15 × 2.7056 = 0.4058 kg. (Ans.)

Total heat of 1 m3 of steam which has a mass of 2.7056 kg
 = 2.7056 h (where h is the total heat of 1 kg of steam)
 = 2.7056 (hf + xhfg)
 = 2.7056(604.7 + 0.8 × 2133)
 = 6252.9 kJ. (Ans.)

Example 3.7. 1000 kg of steam at a pressure of 16 bar and 0.9 dry is generated by a boiler
per hour. The steam passes through a superheater via boiler stop valve where its temperature is
raised to 380°C. If the temperature of feed water is 30°C, determine :
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(i) The total heat supplied to feed water per hour to produce wet steam.
(ii) The total heat absorbed per hour in the superheater.
Take specific heat for superheated steam as 2.2 kJ/kg K.
Solution. Mass of steam generated, m = 1000 kg/h
Pressure of steam, p = 16 bar
Dryness fraction, x = 0.9
Temperature of superheated steam,

Tsup = 380 + 273 = 653 K
Temperature of feed water = 30°C
Specific heat of superheated steam, cps = 2.2 kJ/kg K.
At 16 bar. From steam tables,

 ts = 201.4°C (Ts = 201.4 + 273 = 474.4 K) ;
 hf = 858.6 kJ/kg ; hfg = 1933.2 kJ/kg

(i) Heat supplied to feed water per hour to produce wet steam is given by :
H = m [(hf + xhfg) – 1 × 4.18 × (30 – 0)]

 = 1000 [(858.6 + 0.9 × 1933.2) – 4.18 × 30]
 = 1000(858.6 + 1739.88 – 125.4)
 = 2473.08 × 103 kJ. (Ans.)

(ii) Heat absorbed by superheater per hour
 = m[(1 – x) hfg + cps (Tsup – Ts)]
 = 1000[(1 – 0.9) × 1933.2 + 2.2 (653 – 474.4)]
 = 1000(193.32 + 392.92)
 = 586.24 × 103 kJ. (Ans.)

Example 3.8. Using steam tables, determine the mean specific heat for superheated steam :
(i) at 0.75 bar, between 100°C and 150°C ;

(ii) at 0.5 bar, between 300°C and 400°C.
Solution. (i) At 0.75 bar. From steam tables ;
At 100°C,       hsup = 2679.4 kJ/kg
At 150°C,       hsup = 2778.2 kJ/kg
∴   2778.2 = 2679.4 + cps (150 – 100)

i.e.,         cps = 27782 26794
50

. .−  = 1.976. (Ans.)

(ii) At 0.5 bar. From steam tables ;
At 300°C,       hsup = 3075.5 kJ/kg
At 400°C,       hsup = 3278.9 kJ/kg
∴   3278.9 = 3075.5 + cps (400 – 300)

i.e.,         cps = 32789 30755
100

. .−  = 2.034. (Ans.)

☞ Example 3.9. A pressure cooker contains 1.5 kg of saturated steam at 5 bar. Find the
quantity of heat which must be rejected so as to reduce the quality to 60% dry. Determine the
pressure and temperature of the steam at the new state.
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Solution. Mass of steam in the cooker = 1.5 kg
Pressure of steam, p = 5 bar
Initial dryness fraction of steam, x1 = 1
Final dryness fraction of steam, x2 = 0.6
Heat to be rejected :
Pressure and temperature of the steam at the new state :
At 5 bar. From steam tables,

ts = 151.8°C ; hf = 640.1 kJ/kg ;
 hfg = 2107.4 kJ/kg ; vg = 0.375 m3/kg

Thus, the volume of pressure cooker
 = 1.5 × 0.375 = 0.5625 m3

Internal energy of steam per kg at initial point 1,
 u1 = h1 – p1v1

 = (hf + hfg) – p vg1 1
( )� v vg1 1=

 = (640.1 + 2107.4) – 5 × 105 × 0.375 × 10–3

 = 2747.5 – 187.5 = 2560 kJ/kg
Also, V1 = V2 (V2 = volume at final condition)

i.e., 0.5625 = 1.5[(1 – x2) vf2 + x2vg2]

 = 1.5 x2vg2
( is negligible)� vf 2

= 1.5 × 0.6 × vg2

∴ vg2 = 
0.5625

1.5 0.6×
 = 0.625 m3/kg.

From steam tables corresponding to 0.625 m3/kg,
p2 ~  2.9 bar, ts = 132.4°C, hf = 556.5 kJ/kg, hfg = 2166.6 kJ/kg

Internal energy of steam per kg, at final point 2,
u2 = h2 – p2v2

= ( )h x hf fg2 22+  – p2xvg2
( )� v xvg2 2=

 = (556.5 + 0.6 × 2166.6) – 2.9 × 105 × 0.6 × 0.625 × 10–3

 = 1856.46 – 108.75 = 1747.71 kJ/kg.
Heat transferred at constant volume per kg

 = u2 – u1 = 1747.71 – 2560 = – 812.29 kJ/kg
Thus, total heat transferred

= – 812.29 × 1.5 = – 1218.43 kJ. (Ans.)
Negative sign indicates that heat has been rejected.

☞ Example 3.10. A spherical vessel of 0.9 m3 capacity contains steam at 8 bar and 0.9
dryness fraction. Steam is blown off until the pressure drops to 4 bar. The valve is then closed
and the steam is allowed to cool until the pressure falls to 3 bar. Assuming that the enthalpy of
steam in the vessel remains constant during blowing off periods, determine :

(i) The mass of steam blown off ;
(ii) The dryness fraction of steam in the vessel after cooling ;

(iii) The heat lost by steam per kg during cooling.
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Solution. Capacity of the spherical vessel, V = 0.9 m3

Pressure of the steam, p1 = 8 bar
Dryness fraction of steam, x1 = 0.9
Pressure of steam after blow off, p2 = 4 bar
Final pressure of steam, p3 = 3 bar.
(i) The mass of steam blown off :

The mass of steam in the vessel

 m1 =
V

x vg1 1

09
09 024

= ×
.

. .  = 4.167 kg ( At 8 bar : 0.24 m / kg)3
� vg =

0.9 m
Capacity

3

Spherical
vessel

Valve

Fig. 3.12

The enthalpy of steam before blowing off (per kg)

= hf1  + x hfg1 1  = 720.9 + 0.9 × 2046.5 ...... at pressure 8 bar

= 2562.75 kJ/kg
Enthalpy before blowing off = Enthalpy after blowing off

∴ 2562.75 = ( )h x hf fg2 22+  at pressure 4 bar

= 604.7 + x2 × 2133 ...... at pressure 4 bar

∴ x2 = −2562.75 604.7
2133

 = 0.918

Now the mass of steam in the vessel after blowing off,

m2
09

0918 0462= ×
.

. .  = 2.122 kg [vg2
= 0.462 m / kg.......at 4 bar]3

Mass of steam blown off, m = m1 – m2 = 4.167 – 2.122
= 2.045 kg.  (Ans.)

(ii) Dryness fraction of steam in the vessel after cooling, x3 :
As it is constant volume cooling

∴ x vg2 2  (at 4 bar) = x vg3 3  (at 3 bar)
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 0.918 × 0.462 = x3 × 0.606

∴ x3
0918 0462

0606
= ×. .

.  = 0.699. (Ans.)

(iii) Heat lost during cooling :
Heat lost during cooling = m(u3 – u2), where u2 and u3 are the internal energies of steam

before starting cooling or after blowing and at the end of the cooling.

∴ u h p x v h x h p x vg f fg g2 2 2 2 2 2 2 2 22 2
= − = + −( )

 = (604.7 + 0.918 × 2133) – 4 × 105 × 0.918 × 0.462 × 10–3

 = 2562.79 – 169.65 = 2393.14 kJ/kg

u h p x v h x h p x vg f fg g3 3 3 3 3 3 3 3 33 3
= − = + −( )

 = (561.4 + 0.669 × 2163.2) – 3 × 105 × 0.699 × 0.606 × 10–3

 = 2073.47 – 127.07 = 1946.4 kJ/kg
∴  Heat transferred during cooling

 = 2.045 (1946.4 – 2393.14) = – 913.6 kJ.
i.e., Heat lost during cooling = 913.6 kJ. (Ans.)

Example 3.11. If a certain amount of steam is produced at a pressure of 8 bar and dryness
fraction 0.8. Calculate :

(i) External work done during evaporation.
(ii) Internal latent heat of steam.
Solution. Pressure of steam, p = 8 bar
Dryness fraction, x = 0.8
At 8 bar. From steam tables,

vg = 0.240 m3/kg, hfg = 2046.5 kJ/kg
(i) External work done during evaporation

 = pxvg = 8 × 105 × 0.8 × 0.24 N-m

= 
8 10 08 024

10

5

3
× × ×. .

 = 153.6 kJ. (Ans.)

(ii) Internal latent heat = xhfg – external work done
= 0.8 × 2046.5 – 153.6
= 1483.6 kJ. (Ans.)

Example 3.12. A quantity of steam at 10 bar and 0.85 dryness occupies 0.15 m3. Deter-
mine the heat supplied to raise the temperature of the steam to 300°C at constant pressure and
percentage of this heat which appears as external work.

Take specific heat of superheated steam as 2.2 kJ/kg K.
Solution. Pressure of steam, p1 = p2 = 10 bar
Dryness fraction, x1 = 0.85
Volume of steam, V1 = 0.15 m3

Final temperature of steam, tsup2  = 300°C

Specific heat of superheated steam, cps = 2.2 kJ/kg K

Mass of steam = 
V

x vg

1

1 1

 = 
0.15

0.85 0.194×
  = 0.909 kg       ( At 10 bar : 0.194 m / kg)3

� vg =
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Heat supplied per kg of steam

 = (1 – x1) hfg1
 + cps (300 – 179.9)

= (1 – 0.85)2013.6 + 2.2 × 120.1
� t

h
s

fg

= °
=

�

	



�

�


179.9 C... at 10 bar,
and 2013.6 kJ / kg

 = 566.26 kJ/kg
Total heat supplied

 = 0.909 × 566.26 = 514.7 kJ. (Ans.)
External work done during this process

 = p ( )v x vgsup2 11− [ ]� p p p1 2= =

= 10 × 105 v
T
T x vg

s
g1

2

1
11×

�

��
�

��
−

�

	





�

�



sup
 × 10–3 �

v

T

v

T
i e v

v T

T
g

s

sup

sup
sup

g sup

s

1

1

2

2
2

1 2

1

= =
×�

	





�

�



. .,

 = 10 × 105 0 194
300 273

179 9 273
0 85.

( )
( . )

.× +
+

− ×
�

	



�

�
0.194  × 10–3

 = 
10 10

10

5

3
×

 (0.245 – 0.165) = 80 kJ/kg

∴  Percentage of total heat supplied (per kg) which appears as external work

= 80
56626.  = 0.141 = 14.1%. (Ans.)

Example 3.13. Find the specific volume, enthalpy and internal energy of wet steam at
18 bar, dryness fraction 0.85.

Solution. Pressure of steam, p = 18 bar
Dryness fraction, x = 0.85
From steam tables corresponding to 18 bar pressure :
hf = 884.6 kJ/kg, hfg = 1910.3 kJ/kg, vg = 0.110 m3/kg, uf = 883 kJ/kg, ug = 2598 kJ/kg.
(i) Specific volume of wet steam,

v = xvg = 0.85 × 0.110 = 0.0935 m3/kg. (Ans.)
(ii) Specific enthalpy of wet steam,

h = hf + xhfg = 884.6 + 0.85 × 1910.3
 = 2508.35 kJ/kg. (Ans.)

(iii) Specific internal energy of wet steam,
u = (1 – x)uf + xug

= (1 – 0.85) × 883 + 0.85 × 2598
 = 2340.75 kJ/kg. (Ans.)

Example 3.14. Find the dryness fraction, specific volume and internal energy of steam at
7 bar and enthalpy 2550 kJ/kg.

Solution. Pressure of steam, p = 7 bar
Enthalpy of steam, h = 2550 kJ
From steam tables corresponding to 7 bar pressure :

hf = 697.1 kJ/kg, hfg = 2064.9 kJ/kg, vg = 0.273 m3/kg,
uf = 696 kJ/kg, ug = 2573 kJ/kg.
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(i) Dryness fraction, x :
At 7 bar, hg = 2762 kJ/kg, hence since the actual enthalpy is given as 2550 kJ/kg, the steam

must be in the wet vapour state.
Now, using the equation,

 h = hf + xhfg

∴ 2550 = 697.1 + x × 2064.9

i.e., x = −2550 697.1
2064.9

 = 0.897

Hence, dryness fraction = 0.897. (Ans.)
(ii) Specific volume of wet steam,

v = xvg = 0.897 × 0.273 = 0.2449 m3/kg. (Ans.)
(iii) Specific internal energy of wet steam,

u = (1 – x)uf + xug

= (1 – 0.897) × 696 + 0.897 × 2573
= 2379.67 kJ/kg. (Ans.)

Example 3.15. Steam at 120 bar has a specific volume of 0.01721 m3/kg, find the tempera-
ture, enthalpy and the internal energy.

Solution. Pressure of steam, p = 120 bar
Specific volume, v = 0.01721 m3/kg
(i) Temperature :

First it is necessary to decide whether the steam is wet, dry saturated or superheated.
At  120  bar, vg = 0.0143 m3/kg, which is less than the actual specific volume of

0.01721 m3/kg, and hence the steam is superheated.
From the superheat tables at 120 bar, the specific volume is 0.01721 m3/kg at a tempera-

ture of 350°C. (Ans.)
(ii) Enthalpy :
From the steam tables the specific enthalpy at 120 bar, 350°C,

h = 2847.7 kJ/kg. (Ans.)
(iii) Internal energy :
To find internal energy, using the equation,

u = h – pv

= 2847.7 – 
120 10 001721

10

5

3
× × .

= 2641.18 kJ/kg. (Ans.)
Example 3.16. Steam at 140 bar has an enthalpy of 3001.9 kJ/kg, find the temperature,

the specific volume and the internal energy.
Solution. Pressure of steam, p = 140 bar
Enthalpy of steam, h = 3001.9 kJ/kg
(i) Temperature :

At 140 bar, hg = 2642.4 kJ, which is less than the actual enthalpy of 3001.9 kJ/kg, and
hence the steam is superheated.

From superheat tables at 140 bar, h = 3001.9 kJ/kg at a temperature of 400°C. (Ans.)
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(ii) The specific volume, v = 0.01722 m3/kg. (Ans.)
∴  The internal energy (specific),

u = h – pv = 3001.9 – 
140 10 001722

10

5

3
× × .

= 2760.82 kJ/kg. (Ans.)

☞☞☞☞☞ Example 3.17. Calculate the internal energy per kg of superheated steam at a pressure of
10 bar and a temperature of 300°C. Also find the change of internal energy if this steam is
expanded to 1.4 bar and dryness fraction 0.8.

Solution. At 10 bar, 300°C. From steam tables for superheated steam.
 hsup = 3051.2 kJ/kg (Tsup = 300 + 273 = 573 K)

and corresponding to 10 bar (from tables of dry saturated steam)
Ts = 179.9 + 273 = 452.9 K ; vg = 0.194 m3/kg

To find vsup., using the relation,

 
v
T

v
T

g

s
= sup

sup

∴ v
v T

T
g

s
sup

sup 0.194 573
452.9

=
×

= ×
 = 0.245 m3/kg.

Internal energy of superheated steam at 10 bar,
u1 = hsup – pvsup

 = 3051.2 – 10 × 105 × 0.245 × 10–3

 = 2806.2 kJ/kg. (Ans.)
At 1.4 bar. From steam tables ;

 hf = 458.4 kJ/kg, hfg = 2231.9 kJ/kg ; vg = 1.236 m3/kg
Enthalpy of wet steam (after expansion)

 h = hf + xhfg

 = 458.4 + 0.8 × 2231.9 = 2243.92 kJ.
Internal energy of this steam,

 u2 = h – pxvg

= 2243.92 – 1.4 × 105 × 0.8 × 1.236 × 10–3

= 2105.49 kJ
Hence change of internal energy per kg

u2 – u1 = 2105.49 – 2806.2
= – 700.7 kJ. (Ans.)

Negative sign indicates decrease in internal energy.

Example 3.18. Find the internal energy of 1 kg of steam at 20 bar when
(i) it is superheated, its temperature being 400°C ;

(ii) it is wet, its dryness being 0.9.
Assume superheated steam to behave as a perfect gas from the commencement of super-

heating and thus obeys Charle’s law. Specific heat for steam = 2.3 kJ/kg K.

Solution. Mass of steam  = 1 kg
Pressure of steam, p = 20 bar
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Temperature of superheated steam = 400°C (Tsup = 400 + 273 = 673 K)
Dryness fraction, x = 0.9
Specific heat of superheated steam, cps = 2.3 kJ/kg K
(i) Internal energy of 1 kg of superheated steam :

At 20 bar. From steam tables,
 ts = 212.4°C ; hf = 908.6 kJ/kg ; hfg = 1888.6 kJ/kg, vg = 0.0995 m3/kg

Now, hsup = hf + hfg + cps (Tsup – Ts)
 = 908.6 + 1888.6 + 2.3(400 – 212.4)
 = 3228.68 kJ/kg

Also, hsup = u + p . vsup

or u = hsup – p . vsup
The value of vsup can be found out by Charle’s law

v
T

v
T

g

g
= sup

sup

∴ v
v T

Tsup
g sup

s
=

×
= ×

+
0 0995 673.
(212.4 273)

 = 0.1379 m3/kg

Hence internal energy, u = 3228.68 – 20 × 105 × 0.1379 × 10–3

= 2952.88 kJ/kg. (Ans.)
(ii) Internal energy of 1 kg of wet steam :

 h = hf + xhfg = 908.6 + 0.9 × 1888.6 = 2608.34 kJ/kg
Again h = u + p . x . vg

∴ u = h – p . x . vg = 2608.34 – 20 × 105 × 0.9 × 0.0995 × 10–3

= 2429.24 kJ/kg
Hence internal energy = 2429.24 kJ/kg. (Ans.)

Example 3.19. Two boilers one with superheater and other without superheater are de-
livering equal quantities of steam into a common main. The pressure in the boilers and main is
20 bar. The temperature of steam from a boiler with a superheater is 350°C and temperature of
the steam in the main is 250°C.

Determine the quality of steam supplied by the other boiler. Take cps = 2.25 kJ/kg.

Solution. Boiler B1. 20 bar, 350°C :

Enthalpy, h hg1 1
=  + cps (Tsup – Ts)

= 2797.2 + 2.25(350 – 212.4)
= 3106.8 kJ/kg ...(i)

Boiler B2. 20 bar (temperature not known) :

h h x hf fg2 22 2
= +

= (908.6 + x2 × 1888.6) kJ/kg ...(ii)
Main. 20 bar, 250°C.
Total heat of 2 kg of steam in the steam main

 = 2[hg + cps (Tsup – Ts)]
 = 2[2797.2 + 2.25 (250 – 212.4)] = 5763.6 kJ ...(iii)
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Main
(20 bar, 250°C)

Boiler B
with superheater
(20 bar, 350°C)

1

Boiler B
(20 bar)

2

Fig. 3.13

Equating (i) and (ii) with (iii), we get
 3106.8 + 908.6 + x2 × 1888.6 = 5763.6

 4015.4 + 1888.6x2 = 5763.6

∴ x2
57636 40154

18886
= −. .

.  = 0.925

Hence, quality of steam supplied by the other boiler = 0.925. (Ans.)

Example 3.20. Determine the entropy of 1 kg of wet steam at a pressure of 6 bar and
0.8 dry, reckoned from freezing point (0°C).

Solution. Mass of wet steam, m = 1 kg
Pressure of steam, p = 6 bar
Dryness fraction, x = 0.8
At 6 bar. From steam tables,

ts = 158.8°C, hfg = 2085 kJ/kg
Entropy of wet steam is given by

swet = cpw loge 
T xh

T
s fg

s273
+ (where cpw = specific heat of water)

 = 4.18 loge 
1588 273

273
08 2085

1588 273
. .

( . )
+�

�
�
�

+ ×
+

 = 1.9165 + 3.8700 = 5.7865 kJ/kg K
Hence, entropy of wet steam = 5.7865 kJ/kg K. (Ans.)

Example 3.21. Steam enters an engine at a pressure 10 bar absolute and 400°C. It is
exhausted at 0.2 bar. The steam at exhaust is 0.9 dry. Find :

(i) Drop in enthalpy ;
(ii) Change in entropy.

Solution. Initial pressure of steam, p1 = 10 bar
Initial temperature of steam, tsup = 400°C
Final pressure of steam, p2 = 0.2 bar
Final condition of steam, x2 = 0.9
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At 10 bar, 400°C. From steam tables,
 hsup = 3263.9 kJ/kg ; ssup = 7.465 kJ/kg K

i.e., h1 = hsup = 3263.9 kJ/kg and s1 = ssup = 7.465 kJ/kg K
At 0.2 bar. From steam tables,

 hf = 251.5 kJ/kg ; hfg = 2358.4 kJ/kg ;
 sf = 0.8321 kJ/kg K ; sg = 7.9094 kJ/kg K

Also, h h x hf fg2 22 2
= +  = 251.5 + 0.9 × 2358.4

 = 2374 kJ/kg.
Also,     s s x sf fg2 22 2

= +

 = + −s x s sf g f2 2 22( )

 = 0.8321 + 0.9(7.9094 – 0.8321)
 = 7.2016 kJ/kg K

Hence, (i) Drop in enthalpy,
= h1 – h2 = 3263.9 – 2374 = 889.9 kJ/kg. (Ans.)

(ii) Change in entropy
= s1 – s2 = 7.465 – 7.2016
= 0.2634 kJ/kg K (decrease). (Ans.)

Example 3.22. Find the entropy of 1 kg of superheated steam at a pressure of 12 bar and
a temperature of 250°C. Take specific heat of superheated steam as 2.1 kJ/kg K.

Solution. Mass of steam, m = 1 kg
Pressure of steam, p = 12 bar
Temperature of steam, Tsup = 250 + 273 = 523 K
Specific heat of superheated steam, cps = 2.1 kJ/kg K
At 12 bar. From steam tables,

 Ts = 188 + 273 = 461 K, hfg = 1984.3 kJ/kg
∴  Entropy of 1 kg of superheated steam,

ssup = cpw loge

T h
T cs fg

s
ps273 + +  loge 

T
Ts

sup

= 4.18 loge 
461
273

1984 3
461

�
��

�
��

+ +.
2.1 × loge 

523
461
�
�

�
�

 = 2.190 + 4.304 + 0.265
= 6.759 kJ/kg. (Ans.)

Example 3.23. A piston-cylinder contains 3 kg of wet steam at 1.4 bar. The initial volume
is 2.25 m3. The steam is heated until its temperature reaches 400°C . The piston is free to move up
or down unless it reaches the stops at the top. When the piston is up against the stops the cylinder
volume is 4.65 m3. Determine the amount of work and heat transfer to or from steam.

(U.P.S.C. 1994)

Solution. Initial volume per kg of steam = 225
3
.  = 0.75 m3/kg

Specific volume of steam at 1.4 bar = 1.2363 m3/kg

Dryness fraction of initial steam = 075
12363

.
.  = 0.607
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At 1.4 bar, the enthalpy of 3 kg of steam

= 3 h xhf fg+  = 3 [ 458.4 + 0.607 × 2231.9] = 5439.5 kJ

At 400°C, volume of steam per kg = 
4 65

3
.

 = 1.55 m3/kg

At 400°C, when vsup = 1.55 m3/kg, from steam tables,
Pressure of steam      = 2.0 bar
Saturation temperature

= 120.2°C, h = 3276.6 kJ/kg
Degree of superheat

= tsup – ts = 400 – 120.2 = 279.8°C
Enthalpy of superheated steam at 2.0 bar,

400°C = 3 × 3276.6 = 9829.8 kg
Heat added during the process

= 9829.8 – 5439.5 = 4390.3 kJ. (Ans.)
Internal energy of 0.607 dry steam at 1.4 bar

= 3 × 1708 = 5124 kJ.
Internal energy of superheated steam at 2 bar, 400°C

= 3(hsup – pv) = 3(3276.6 – 2 × 102 × 1.55) = 8899.8 kJ
(� 1 bar = 102 kPa)

Change in internal energy = 8899.8 – 5124 = 3775.8 kJ
Hence, work done = 4390.3 – 3775.8 = 614.5 kJ. (Ans.) (� W = Q – ∆U)

3.18. DETERMINATION OF DRYNESS FRACTION OF STEAM

The dryness fraction of steam can be measured by using the following calorimeters :
1. Tank or bucket calorimeter
2. Throttling calorimeter
3. Separating and throttling calorimeter.
3.18.1. Tank or Bucket Calorimeter
The dryness fraction of steam can be found with the help of tank calorimeter as follows :
A known mass of steam is passed through a known mass of water and steam is completely

condensed. The heat lost by steam is equated to heat gained by the water.
Fig. 3.14 shows the arrangement of this calorimeter.
The steam is passed through the sampling tube into the bucket calorimeter containing a

known mass of water.
The weights of calorimeter with water before mixing with steam and after mixing the

steam are obtained by weighing.
The temperature of water before and after mixing the steam are measured by mercury

thermometer.
The pressure of steam passed through the sampling tube is measured with the help of

pressure gauge.
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Fig. 3.14. Tank or bucket calorimeter.

Let, ps = Gauge pressure of steam (bar),
pa = Atmospheric pressure (bar),
ts = Daturation temperature of steam known from steam table at pressure (ps + pa),

 hfg = Latent heat of steam,
 x = Dryness fraction of steam,

 cpw = Specific heat of water,
 cpc = Specific heat of calorimeter,
 mc = Mass of calorimeter, kg,

 mcw = Mass of calorimeter and water, kg,
 mw = (mcw – mc) = Mass of water in calorimeter, kg,

 mcws = Mass of calorimeter, water and condensed steam, kg,
 ms = (mcws – mcw) = Mass of steam condensed in calorimeter, kg,
 tcw = Temperature of water and calorimeter before mixing the steam, °C, and
 tcws = Temperature of water and calorimeter after mixing the steam, °C.
Neglecting the losses and assuming that the heat lost by steam is gained by water and

calorimeter, we have
(mcws – mcw) [xhfg + cpw (ts – tcws)]

= (mcw – mc)cpw (tcws – tcw) + mc cpc (tcws – tcw)
∴ ms[xhfg + cpw (ts – tcws)] = (tcws – tcw) [mcw – mc)(cpw + mccpc] ...(3.19)

or ms[xhfg + cpw (ts – tcws)] = (tcws – tcw)(mwcpw + mccpc)
The mccpc is known as water equivalent of calorimeter.
The value of dryness fraction ‘x’ can be found by solving the above equation.
The value of dryness fraction found by this method involves some inaccuracy since losses

due to convection and radiation are not taken into account.
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The calculated value of dryness fraction neglecting losses is always less than the actual
value of the dryness.

Example 3.24. Steam at a pressure of 5 bar passes into a tank containing water where it
gets condensed. The mass and temperature in the tank before the admission of steam are 50 kg
and 20°C respectively. Calculate the dryness fraction of steam as it enters the tank if 3 kg of
steam gets condensed and resulting temperature of the mixture becomes 40°C. Take water equiva-
lent of tank as 1.5 kg.

Solution. Pressure of steam, p = 5 bar
Mass of water in the tank = 50 kg
Initial temperature of water = 20°C
Amount of steam condensed, ms = 3 kg
Final temperature after condensation of steam = 40°C
Water equivalent of tank = 1.5 kg
Dryness fraction of steam, x :
At 5 bar. From steam tables,

hf = 640.1 kJ/kg ; hfg = 2107.4 kJ/kg
Total mass of water, mw = mass of water in the tank + water equivalent of tank

= 50 + 1.5 = 51.5 kg
Also, heat lost by steam = heat gained by water

 ms [(hf + xhfg) – 1 × 4.18 (40 – 0)] = mw[1 × 4.18 (40 – 20)]
or 3[(640.1 + x × 2107.4) – 4.18 × 40] = 51.5 × 4.18 × 20
or 3(472.9 + 2107.4x) = 4305.4
or 472.9 + 2107.4x = 1435.13

∴ x = 
1435.13 472.9

2107.4
−

 = 0.456.

Hence dryness fraction of steam = 0.456. (Ans.)

Example 3.25. Steam at a pressure of 1.1 bar and 0.95 dry is passed into a tank contain-
ing 90 kg of water at 25°C. The mass of tank is 12.5 kg and specific heat of metal is 0.42 kJ/kg K.
If the temperature of water rises to 40°C after the passage of the steam, determine the mass of
steam condensed. Neglect radiation and other losses.

Solution. Pressure of steam, p = 1.1 bar
Dryness fraction of steam, x = 0.95
Mass of water in the tank = 90 kg
Initial temperature of water in the tank = 25°C
Mass of tank = 12.5 kg
Specific heat of metal = 0.42 kJ/kg K
Final temperature of water = 40°C.
Mass of steam condensed, ms :
Since the radiation losses are neglected,
∴  Heat lost by steam = Heat gained by water

or ms[(hf + xhfg) – 1 × 4.18 (40 – 0)] = m[1 × 4.18(40 – 25)]
But m = m1 + m2

where, m1 = Mass of cold water in the vessel before steam supply, and
m2 = Water equivalent of vessel = 0.42 × 12.5 = 5.25 kg
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At 1.1 bar. From steam tables,
 hf = 428.8 kJ/kg ; hfg = 2250.8 kJ/kg

∴  ms [(428.8 + 0.95 × 2250.8) – 1 × 4.18 × 40]
= (90 + 5.25) [1 × 4.18 × (40 – 25)]

 ms [2567.06 – 167.20] = 95.25 × 62.7
i.e., 2399.86ms = 5972.17

∴ ms = 2.488 kg
Hence, mass of steam condensed = 2.488 kg. (Ans.)
3.18.2. Throttling Calorimeter
The dryness fraction of wet steam can be determined by using a throttling calorimeter

which is illustrated diagrammatically in Fig. 3.15.

Fig. 3.15. Throttling calorimeter.

The steam to be sampled is taken from the pipe by means of suitable positioned and dimen-
sioned sampling tube. It passes into an insulated container and is throttled through an orifice to
atmospheric pressure. Here the temperature is taken and the steam ideally should have about
5.5 K of superheat.

The throttling process is shown on h-s diagram in Fig. 3.16 by the line 1-2. If steam initially
wet is throttled through a sufficiently large pressure drop, then the steam at state 2 will become
superheated. State 2 can then be defined by the measured pressure and temperature. The enthalpy,
h2 can then be found and hence

h2 = h1 = ( )h x hf fg1 11+  at p1

[where h h h c T Tf fg ps sup s2 2 2 2 2
= + + −( )]

∴ x
h h

h
f

fg
1

2 1

1

=
−

...(3.20)
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2

43

1
x1

h

s

Fig. 3.16. Throttling process.

Hence the dryness fraction is determined and state 1 is defined.

Example 3.26. A throttling calorimeter is used to measure the dryness fraction of the
steam in the steam main which has steam flowing at a pressure of 8 bar. The steam after passing
through the calorimeter is at 1 bar pressure and 115°C.

Calculate the dryness fraction of the steam in the main. Take cps = 2.1 kJ/kg K.
Solution. Condition of steam before throttling :

 p1 = 8 bar, x1 = ?
Condition of steam after throttling :

 p2 = 1 bar, t t2 2
= sup  = 115°C

As throttling is a constant enthalpy process
∴ h1 = h2

i.e., h x h h h c T Tf gf f fg p ss1 1 2 2 2 21+ = + + −( )sup  [� T
T
sup

s

2

2

= + =
= + =

115 273 388 K
99.6 273 372.6 K (at 1 bar)]

 720.9 + x1 × 2046.5 = 417.5 + 2257.9 + 2.1(388 – 372.6)
 720.9 + 2046.5 x1 = 2707.7

∴ x1
2707 7 720 9

2046
= −. .

.5
 = 0.97

Hence, dryness fraction of steam in the main = 0.97. (Ans.)

3.18.3. Separating and Throttling Calorimeter
If the steam whose dryness fraction is to be determined is very wet then throttling to

atmospheric pressure may not be sufficient to ensure superheated steam at exit. In this case it is
necessary to dry the steam partially, before throttling. This is done by passing the steam sample
from the main through a separating calorimeter as shown in Fig. 3.17. The steam is made to
change direction suddenly, and the water, being denser than the dry steam is separated out. The
quantity of water which is separated out (mw) is measured at the separator, the steam remaining,
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which now has a higher dryness fraction, is passed through the throttling calorimeter. With the
combined separating and throttling calorimeter it is necessary to condense the steam after throt-
tling and measure the amount of condensate (ms). If a throttling calorimeter only is sufficient,
there is no need to measure condensate, the pressure and temperature measurements at exit being
sufficient.

Separating
calorimeter

Outlet

Cooling water
inlet

ms

Throttle
valve

p , h3 3

p , x , h2 2 2

T3

p , x1 1Steam
main

x

p1 Pressure

mw

Fig. 3.17. Separating and throttling calorimeter.

Dryness fraction at 2 is x2, therefore, the mass of dry steam leaving the separating calorim-
eter is equal to x2ms and this must be the mass of dry vapour in the sample drawn from the main
at state 1.

Hence fraction in main, x
x m

m m
s

w s
1

2= =
+

Mass of dry vapour
Total mass

.

The dryness fraction, x2, can be determined as follows :
*h h h x hf fg3 2 22 2

= = +  at p2 [ ( ) ]*h h h c T T pf fg ps sup s3 3 3 3 3
= + + − at pressure 3

or x
h h

h
f

fg
2

3 2

2

=
−

The values of hf2  and hfg2  are read from steam tables at pressure p2. The pressure in the

separator is small so that p1 is approximately equal to p2.

Example 3.27. The following observations were taken with a separating and a throttling
calorimeter arranged in series :

Water separated = 2 kg, steam discharged from the throttling calorimeter = 20.5 kg, tem-
perature of steam after throttling = 110°C, initial pressure = 12 bar abs., barometer = 760 mm of
Hg, final pressure = 5 mm of Hg.

Estimate the quality of steam supplied.
Solution. Quantity of water separated out, mw = 2 kg
Steam (condensate) discharged from the throttling calorimeter, ms = 20.5 kg
Temperature of steam after throttling, tsup = 110°C
Initial pressure of steam, p1 = 12 bar abs.
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Final pressure of steam, p3 = 760 + 5 = 765 mm

= 765
1000

3366× 1. (� 1 m Hg = 1.3366 bar)

~  1 bar
From steam tables :
At p1 = p2 = 12 bar : hf = 798.4 kJ/kg, hfg = 1984.3 kJ/kg
At p3 = 1 bar : ts = 99.6°C, hf = 417.5 kJ/kg, hfg = 2257.9 kJ/kg

tsup = 110°C  (given)
Also h3 = h2

( ) ( )h h c T T hf x hf fg ps s fg3 3 3 3 22 2+ + − = +sup

Taking cps = 2 kJ/kg K, we get
417.5 + 2257.9 + 2[(110 + 273) – (99.6 + 273)] = 798.4 + x2 × 1984.3

2696.2 = 798.4 + 1984.3 x2

∴ x2
26962 7984

19843
= −. .

.  = 0.956

Now, quality of steam supplied,

x x m
m m

s

w s
1

2 0956 205
2 205

= + = ×
+

. .
.

 = 0.87. (Ans.)

� Example 3.28. The following data were obtained in a test on a combined separating
and throttling calorimeter :

Pressure of steam sample = 15 bar, pressure of steam at exit = 1 bar, temperature of steam
at the exit = 150°C, discharge from separating calorimeter = 0.5 kg/min, discharge from throt-
tling calorimeter = 10 kg/min.

Determine the dryness fraction of the sample steam.
 Solution. Pressure of steam sample, p1 = p2 = 15 bar
Pressure of steam at the exit, p3 = 1 bar

Temperature of steam at the exit, tsup3  = 150°C
Discharge from separating calorimeter, mw = 0.5 kg/min
Discharge from throttling calorimeter, ms = 10 kg/min
From steam tables :

At p1 = p2 = 15 bar : hf2  = 844.7 kJ/kg, hfg2  = 1945.2 kJ/kg

At p3 = 1 bar and 150°C : hsup3  = 2776.4 kJ/kg
Also,  h2 = h3

 h x h hf fg2 2 32+ = sup

  844.7 + x2 × 1945.2 = 2776.4

∴  x2
27764 8447

19452
= −. .

.  = 0.993

Now, quality of steam supplied,

 x x m
m m

s

s w
1

2 0993 10
10 05

= + = ×
+

.
.  = 0.946. (Ans.)
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1. A pure substance is a system which is (i) homogeneous in composition, (ii) homogeneous in chemical
aggregation, (iii) invariable in chemical aggregation.

2. The triple point is merely the point of intersection of sublimation and vapourisation curves. It must be
understood that only on p-T diagram is the triple point represented by a point. On p-V diagram it is a line,
and on a U-V diagram it is a triangle.

3. Steam as a vapour does not obey laws of perfect gases unless and until it is highly in super dry condition.
4. Dryness fraction is the ratio of the mass of actual dry steam to the mass of steam containing it.

i.e., Dryness fraction = 
m

m m
s

s w+

where, ms = Mass of dry steam contained in steam considered

  mw = Mass of water particles in suspension in the steam considered.
5. Superheated steam behaves like a gas and therefore, it follows gas laws. The law for adiabatic expansion is

pv1.3 = C.
6. External work of evaporation = p(vg – vf)

Internal latent heat = h
pv

Jfg
g−

Internal energy of steam, u :

(i) For wet steam : u h
p x v

J
g= −

. .

(ii) For superheated steam : u h
p v

J
= −sup

sup.
. (J = 1, in SI Units)

7. Entropy of water when heated from temperature T1 to T2 ;

s2 – s1 = cpw loge 
T
T

2
1

If 0°C is taken as the datum then entropy of water at any temperature T, above this datum will be

 sf = cpw loge 
T

273
Entropy of evaporation :

s
h

Tevap
fg

s
. = ...(when water is evaporated to steam completely)

=
xh
T

fg

s
...(when water is evaporated partially and dryness fraction of steam is x)

Entropy of steam :

 swet = sf + 
xh
T

fg

s
...[wet steam (x < 1)]

 s s
h
Tg f
fg

s
= + ...[Dry and saturated steam (x = 1)]

s s
h
T c

T
Tf

fg

s
ps e

s
sup

sup= + + log ...(Superheated steam)
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8. Mollier chart/diagram is more widely used than any other entropy diagram, since the work done on vapour
cycles can be scaled from this diagram directly as a length, whereas on T-s diagram it is represented by an
area.

9. Different processes :
(i) Constant volume heating or cooling

 x v x vg g1 21 2
=

x v v v
T
Tg g

s
1 1 2 2

2

2

= =sup
sup.

(ii) Constant pressure heating or cooling
 Q = h2 – h1

(iii) Isentropic expansion (non-flow process)
 W = (u1 – u2) and s1 = s2

(iv) Throttling

h x h h x hf fg f fg1 1 2 21 2+ = + ...(For wet condition)

= + + −h h c T Tf fg ps s2 2 2
( )sup ...(For superheated condition)

10. Dryness fraction of steam can determined by the following methods :
(i) Bucket calorimeter

(ii) Throttling calorimeter
(iii) Separating and throttling calorimeter.

OBJECTIVE TYPE QUESTIONS

Choose the correct answer :
1. (a) Specific volume of water decreases on freezing

(b) Boiling point of water decreases with increasing pressure
(c) Specific volume of CO2 increases on freezing
(d) Freezing temperature of water decreases with increasing pressure.

2. (a) The slope of vapourisation curve is always negative
(b) The slope of vapourisation curve is always positive
(c) The slope of sublimation curve in negative for all pure substances
(d) The slope of fusion curve is positive for all pure substances.

3. (a) The process of passing from liquid to vapour is condensation
(b) An isothermal line is also a constant pressure line during wet region
(c) Pressure and temperature are independent during phase change
(d) The term dryness fraction is used to describe the fraction by mass of  liquid in the mixture of liquid

water and water vapour.
4. The latent heat of vapourisation at critical point is

(a) less than zero (b) greater than zero
(c) equal to zero (d) none of the above.

5.  (a) Critical point involves equilibrium of solid and vapour phases
(b) Critical point involves equilibrium of solid and liquid phases
(c) Critical point involves equilibrium of solid, liquid and vapour phases
(d) Triple point involves equilibrium of solid, liquid and vapour phases.
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6. With the increase in pressure
(a) boiling point of water increases and enthalpy of evaporation increases
(b) boiling point of water increases and enthalpy of evaporation decreases
(c) boiling point of water decreases and enthalpy of evaporation increases.

7. With increase in pressure
(a) enthalpy of dry saturated steam increases
(b) enthalpy of dry saturated steam decreases
(c) enthalpy of dry saturated steam remains same
(d) enthalpy of dry saturated steam first increases and then decreases.

8. Dryness fraction of steam is defined as
(a) mass of water vapour in suspension/(mass of water vapour in suspension + mass of dry steam)
(b) mass of dry steam/mass of water vapour in suspension
(c) mass of dry steam/(mass of dry steam + mass of water vapour in suspension)
(d) mass of water vapour in suspension/mass of dry steam.

9. The specific volume of water when heated at 0°C
(a) first increases and then decreases (b) first decreases and then increases
(c) increases steadily (d) decreases steadily.

10. Only throttling calorimeter is used for measuring
(a) very low dryness fraction upto 0.7 (b) very high dryness fraction upto 0.98
(c) dryness fraction of only low pressure steam (d) dryness fraction of only high pressure steam.

11. Heat of superheated steam is given by

(a) hsup = hf + hfg + cps loge

T
Ts

sup
(b) hsup = hf + xhfg

(c) hsup = hf + hfg (d) hsup = hf + xhfg + cps loge 
Ts

273 .

12. Volume of wet steam (per kg) with dryness fraction x is given by

(a) x3vg (b)  xvf

(c) x2(vg – vf)  (d) x2vg

(e) none of the above.
13. Internal latent heat is given by

(a) hfg – 
pv
J

g  (b) hg – 
pv
J

g

(c) hsup – 
pv
J

f  (d) hfg + 
pv
J

g

(e) none of the above.
14. Entropy of 1 kg of water at T K is given by

(a) cpw loge 
T

273  (b) cpw loge 
T
T

2
1

(c) cpw log10 
T

273  (d) cpw loge 
T2
273

(e) none of the above.
15. Entropy of wet steam (1 kg) is given by

(a) sf + 
xh
T

fg

s
(b) sg + 

xh
T

fg

s

(c) sf + 
h
T
fg

s
(d) sf + cps loge 

T

T
sup

s
(e) none of the above.
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16. In throttling process

(a) h1
2  = h2  (b) h1 = h2

(c) h1 = h2 + 
h
T
fg

s
(d) h2 = h1 + 

h
T
fg

s

(e) none of the above.
17. In isentropic process

(a) W = 2(u2 – u1)  (b) W = (u2 – u1)
2

(c) W = u2 – u1  (d) W = ( ) /u u2 1
1 2−

(e) none of the above.

Answers
1. (d) 2. (a) 3.  (b) 4. (c) 5. (d)  6. (b) 7. (b)

8. (c) 9. (b) 10.  (b) 11. (a) 12. (e)  13. (a) 14. (a)

15. (a) 16. (b) 17.  (c).

THEORETICAL QUESTIONS

1. What is a pure substance ?
2. Draw and explain a p-T (pressure-temperature) diagram for a pure substance.
3. What is a triple point ?
4. Explain with a neat diagram p-V-T surface.
5. Does wet steam obey laws of perfect gases ?
6. Describe the process of formation of steam and give its graphical representation also.
7. Explain the following terms relating to steam formation :

(i) Sensible heat of water, (ii) Latent heat of steam,
(iii) Dryness fraction of steam, (iv) Enthalpy of wet steam, and
(v) Superheated steam.

8. What advantages are obtained if superheated steam is used in steam prime movers ?
9. What do you mean by the following :

(i) Internal latent heat (ii) Internal energy of steam
(iii) External work of evaporation  (iv) Entropy of evaporation
(v) Entropy of wet steam (vi) Entropy of superheated steam.

10. Write a short note on Mollier chart.
11. Draw a neat sketch of throttling calorimeter and explain how dryness fraction of steam is determined ;

clearly explain its limitations.
12. Describe with a neat sketch a separating-throttling calorimeter for measuring the dryness fraction of

steam.

UNSOLVED EXAMPLES

1. Find the specific volume, enthalpy and internal energy of wet steam at 18 bar, dryness fraction 0.9.
[Ans. 0.0994 m3/kg ; 2605.8 kJ/kg ; 2426.5 kJ/kg]

2. Find the dryness fraction, specific volume and internal energy of steam at 7 bar and enthalpy 2600 kJ/kg.
[Ans. 0.921 ; 0.2515 m3/kg, 2420 kJ/kg]

3. Steam at 110 bar has a specific volume of 0.0196 m3/kg, find the temperature, the enthalpy and the internal
energy. [Ans. 350°C ; 2889 kJ/kg ; 2673.4 kJ/kg]
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4. Steam at 150 bar has an enthalpy of 3309 kJ/kg, find the temperature, the specific volume and the internal
energy. [Ans. 500°C ; 0.02078 m3/kg ; 2997.3 kJ/kg]

5. Steam at 19 bar is throttled to 1 bar and the temperature after throttling is found to be 150°C. Calculate the
initial dryness fraction of the steam. [Ans. 0.989]

6. Find the internal energy of one kg of steam at 14 bar under the following conditions :
(i) When the steam is 0.85 dry ;

(ii) When steam is dry and saturated ; and
(iii) When the temperature of steam is 300°C. Take cps = 2.25 kJ/kg K.

[Ans. (i) 2327.5 kJ/kg ; (ii) 2592.5 kJ/kg ; (iii) 2784 kJ/kg]
7. Calculate the internal energy of 0.3 m3 of steam at 4 bar and 0.95 dryness. If this steam is superheated at

constant pressure through 30°C, determine the heat added and change in internal energy.
[Ans. 2451 kJ/kg ; 119 kJ ; 107.5 kJ/kg]

8. Water is supplied to the boiler at 15 bar and 80°C and steam is generated at the same pressure at 0.9
dryness. Determine the heat supplied to the steam in passing through the boiler and change in entropy.

[Ans. 2260.5 kJ/kg ; 4.92 kJ/kg K]
9. A cylindrical vessel of 5 m3 capacity contains wet steam at 1 bar. The volume of vapour and liquid in the

vessel are 4.95 m3 and 0.05 m3 respectively. Heat is transferred to the vessel until the vessel is filled with
saturated vapour. Determine the heat transfer during the process. [Ans. 104.93 MJ]

10. A pressure cooker contains 1.5 kg of steam at 5 bar and 0.9 dryness when the gas was switched off.
Determine the quantity of heat rejected by the pressure cooker when the pressure in the cooker falls to 1
bar. [Ans. – 2355 kJ]

11. A vessel of spherical shape having a capacity of 0.8 m3 contains steam at 10 bar and 0.95 dryness. Steam is
blown off until the pressure drops to 5 bar. The valve is then closed and the steam is allowed to cool until the
pressure falls to 4 bar. Assuming that the enthalpy of steam in the vessel remains constant during blowing
off periods, determine :
(i) The mass of steam blown-off,

(ii) The dryness fraction of steam in the vessel after cooling, and
(iii) The heat lost by steam per kg during cooling. [Ans. (i) 2.12 kg ; (ii) 0.78 ; (iii) – 820 kJ]

12. Two boilers one with superheater and other without superheater are delivering equal quantities of steam
into a common main. The pressure in the boilers and the main is 15 bar. The temperature of the steam from
a boiler with a superheater is 300°C and temperature of the steam in the main is 200°C. Determine the
quality of steam supplied by the other boiler. [Ans. 0.89]

13. A tank of capacity 0.5 m3 is connected to a steam pipe through a valve which carries steam at 14 bar and
300°C. The tank initially contains steam at 3.5 bar and saturated condition. The valve in the line connecting
the tank is opened and the steam is allowed to pass into the tank until the pressure in the tank becomes
14 bar.
Determine the mass of steam that entered into the tank. [Ans. 1.565 kg]
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