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INTRODUCTION
Steam power constitutes an important power source for industrial society.
Water vapour is one of the real gases, it is widely used in heat and power
engineering. The steam used to drive turbogenerators furnishes most of the world’s
electric power. Steam is also widely employed in such industrial processes as the
manufacture of steel, aluminum, copper, and nickel; the production of chemicals;
and the refining of petroleum.
Steam is useful in power generation because of the unusual properties of
water. Water has a high boiling point and a high latent heat of vaporization
compared with other liquids; that is, it takes considerable heat to turn liquid water
into steam, which is available when the steam is condensed.
The main advantages of vapour as a heat medium are as follows:
• vapour is formed from water, which is relatively easily available in nature;
• vapour can absorb and transfer a significant amount of heat at a relatively
low temperature compared to other liquids or gases;
• vapour pressure and temperature can be adjusted in a wide range
depending on the needs;
• steam can be supplied to the places of use using only its internal energy;
• steam losses are simply detected and quite simply replenished;
• water vapour is environmentally friendly, does not pose a hazard to health
and the environment, is not fire hazardous and does not cause pollution.
Therefore, the study of vapour properties is of great practical importance.
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1 MAIN DEFINITIONS
Phase transitions (or phase changes) are the physical processes of transition
between the basic states of matter: solid, liquid and gas.
Water vapour is a transparent gas formed when water changes from a liquid
to a gaseous state.
Vaporization is a phase transition from the liquid phase to vapour. There
exist two types of vaporization, so water vapour can be produced from the
evaporation or boiling of liquid water.
Evaporation is a surface phenomenon and only occurs on the phase
boundary between the liquid and the gaseous phase. The surface molecules gain
energy from surroundings and overcome the attractions of other molecules and get
vapourized. Evaporation only occurs when the partial pressure of the vapour of a
substance is less than the equilibrium vapour pressure that is gaseous phase is not
saturated with the evapourating substance.
Boiling describes the bulk phenomenon of the rapid vaporization of a liquid
at its boiling point. The entire bulk of liquid and all the molecules including the
interior and the surface gain energy to change to vapour state. The temperature at
which boiling occurs is the boiling temperature, or boiling point. The boiling point
varies with the pressure of the environment. For example, the boiling point of pure
water is 100 °C at standard atmospheric pressure. Even though heat is supplied to
boiling water, there is no increase in its temperature. Once water starts boiling, all
the heat supplied to it is used up in breaking the bonds between the liquid
molecules and so the liquid boils at a constant temperature.
The heat of vaporization is defined as the quantity of heat required at a
specified temperature to convert unit mass of boiling liquid into vapour. The heat of
vaporization is a latent heat. Latent comes from the Latin latere, which means to lie
hidden or concealed. Latent heat is the additional heat required to change the state
of a substance, for example, from liquid to gas at its boiling point, after the
temperature of the substance has reached this point. Note that a latent heat is
associated with no change in temperature, but a change of state. The heat of
vaporization is a function of the pressure at which that transformation takes place.
Condensation is the change of the physical state of matter from the gas phase
into the liquid phase, and is the reverse of vaporization. When condensation occurs,
heat is released. The heat of condensation is equal to the heat of vaporization with
the opposite sign.
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Phase diagram (fig.1) gives the relationship between the phase in
equilibrium in a system as a function of temperature, pressure and compositions.

Figure 1 – Phase diagram for water:
BA – sublimation curve; AO – melting curve; AK – vapourization curve; A – triple
point; K – critical point

A curve on the phase diagram represents the boundary between two phases
of the substance. Along any curve, two phases can coexist in equilibrium.
Phase diagram of water consists of three curves: sublimation curve,
vaporization curve and melting curve meeting each other at a point called triple
point. The triple point of a substance is the unique combination of temperature and
pressure at which solid phase, liquid phase, and gaseous phase can all coexist in
thermodynamic equilibrium. The triple point of water corresponds to a pressure of
611.66 Pascals and temperature (0.01 oC) 273.16 K.
The vaporization line ends at the critical point because there is no distinct
change from the liquid phase to the vapour phase above the critical point. At the
critical point the saturated liquid and saturated vapour states are identical. The heat
of vaporization becomes zero at the point. Above the critical point, there is no
constant-temperature vaporization process, so the liquid and vapour phases are
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indistinguishable, and the substance is called a supercritical fluid.
The temperature, pressure, and specific volume at the critical point are called
the critical temperature, critical pressure, and critical volume. For water, these
parameters are the following:
•
pressure Pcr = 22.09 MPa,
•
temperature Tcr = 374.14 °C (or 647.3 K),
•
specific volume vcr = 0.003155 m3/kg.
The vaporization curve indicates that the boiling point of water increases
with increase in pressure.
If a substance exists as liquid at the saturation (boiling) temperature and
pressure it is called saturated liquid.
If the temperature is of the liquid is lower than saturation temperature at the
existing pressure it is called sub-cooled liquid or compressed liquid.
When the liquid and gaseous phases of water exist simultaneously at a given
temperature and pressure saturated steam occurs. In simpler terms, saturated steam
is the steam in equilibrium with the heated water. When a liquid evaporates into a
limited space, the opposite phenomenon (that is vapour condensation) also occurs.
Some molecules moving in the vapour space collide the liquid surface and return to
it back. At a certain moment, when the number of molecules escaping from the
liquid becomes equal to the number of molecules returning to it back, dynamic
equilibrium will occur in the system. In this equilibrium, the maximum possible
number of molecules will be in the vapour space that is this vapour will have the
maximum density.
Saturated steam can be wet or dry.
Wet steam occurs when saturated steam and condensate water molecules are
mixed. As can be seen from the phase diagram of water (see fig. 1), in the twophase regions (e.g. on the border of vapour/liquid phases), specifying temperature
alone will set the pressure and specifying pressure will set the temperature. But
these parameters will not define the volume and enthalpy because we will need to
know the relative proportion of the two phases present.
The mass fraction of the vapour in a two-phase liquid-vapour region is called
the vapour quality (or dryness fraction), x, and it is given by following formula:

where m – mass.
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The value of the quality ranges from zero to unity. If x < 1 then the steam is
wet, when x = 1 the steam is dry. Although defined as a ratio, the quality is
frequently given as a percentage.
Example of wet steam: turbine exhaust in a condenser.
Dry steam is characterized by the vapour quality, which is equal to unity.
When the vapour quality is equal to 0, it is referred to as the saturated liquid state
(single-phase). At constant pressure, an addition of energy (heat) does not change
the temperature of the mixture, but the vapour quality and specific volume changes.
In the case of dry steam (100 % quality), it contains 100 % of the latent heat
available at that pressure. Saturated liquid water, which has no latent heat and
therefore 0 % quality, will therefore only contain sensible heat.
Example: steam exiting steam generator is “almost” 100 % saturated.
From this point of view the heat of vaporization is defined as the amount of
heat needed to turn 1 kg of a saturated liquid into a saturated vapour, without a rise
in the temperature of the liquid.
Superheated vapour or superheated steam is a vapour at a temperature
higher than its boiling point at the absolute pressure where the temperature is
measured. Degrees of superheat is the difference in temperature between a
superheated vapour and saturated vapour at the same pressure.
The pressure and temperature of superheated vapour are independent
properties, since the temperature may increase while the pressure remains constant.
Actually, the substances we call gases are highly superheated vapours.
Vapour is a substance in the gas phase at a temperature lower than its critical
temperature, which means that the vapour can be condensed to a liquid by
increasing the pressure on it without reducing the temperature. While gases cannot
be liquified by increasing the pressure.
A study of the properties of water and steam is necessary to understand the
steam processes.
The state of a steam as a working fluid refers to the physical properties it
possesses at a particular pressure, temperature and volume. If each of these are
known with respect to a substance, the state of the substance is known.
The main energy properties of a working fluid are enthalpy and entropy.
Enthalpy represents the total energy content of steam. It expresses the
internal energy and flow work, or the total potential energy and kinetic energy
contained within a substance. The advantage of enthalpy is that we can express in
one term all of the energy in a substance which is due to its pressure and
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temperature. Enthalpy values are used to represent the energy level of steam
entering a turbine, a value useful for determining turbine efficiency. By
superheating steam, we can add enthalpy to steam without raising the pressure of
the steam. For example, steam at 16 MPa and 350°C can do more work in a turbine
than steam that is 16 MPa and 210°C.
Entropy represents the unavailability of energy. The second law of
thermodynamics states that when heat is transferred from high temperature to low
temperature regions, some of the heat will be rejected and not converted into
mechanical work. Entropy is a measure of how much heat must be rejected to a
lower temperature receiver at a given pressure and temperature. A complex
explanation of the mathematical significance of the definition of entropy is
unnecessary. It is a term which attempts to describe the universe’s tendency to
evenly distribute all mass and energy throughout space. Processes which produce
entropy are possible and those which destroy entropy are impossible to take place
spontaneously.
A thermodynamic process is any process which changes the state of the
working fluid. These processes can be classified by the nature of the state change
that takes place. Common types of thermodynamic processes include the following:
An adiabatic process is a state change where there is no transfer of heat to or
from the system during the process. Because heat transfer is relatively slow, any
rapidly performed process can approach being adiabatic. Compression and
expansion of working fluids are frequently achieved adiabatically with pumps and
turbines.
An isothermal process is a state change in which no temperature change
occurs. Note that boiling and condensation occurs without causing a change in
temperature of the working fluid.
An isobaric process is a state change in which the pressure of the working
fluid is constant throughout the change. An isobaric state change occurs in any
heat exchanger of steam or gas power plant, for example in the boiler superheater,
as the heat of the exiting steam is increased without increasing its associated
pressure.
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2 TABLES OF THERMODYNAMIC PROPERTIES
Experimentally, accurately determined, values of useful thermodynamic
properties like temperature t, pressure P, specific volume v, specific internal energy
u, specific enthalpy h and specific entropy s are tabulated in tables that are called as
Steam tables. These values form the basis for many calculations concerned with
steam engineering. These tables are to be used because vapours do not obey
general gas laws. The values given in the tables are for one kg of dry and saturated
steam but these values can also be employed for wet steam calculations.
Since the properties like internal energy, enthalpy and entropy of a system
cannot be directly measured; they are related to change in the energy of the system.
Hence one can determine Δu, Δh, Δs, but not the absolute values of these
properties. Therefore, it is necessary to choose a reference state to which these
properties are arbitrarily assigned some numerical values.
For water, the triple point (t = 0.01 oC and P = 0.6113 kPa) is selected as the
reference state, where the internal energy and entropy of saturated liquid are
assigned a zero value.
In the saturated steam tables, the properties of saturated liquid that is in
equilibrium with saturated vapour are presented. During phase transition, the
pressure and temperature are not independent of each other. If the temperature is
specified, the pressure at which both phases coexist in equilibrium is equal to the
saturation pressure. Hence, it is possible to choose either temperature or pressure as
the independent variable, to specify the state of two-phase system. Depending on
whether the temperature or pressure is used as the independent variable, the tables
are called temperature or pressure tables. In both the tables, the values of specific
volume (vf), enthalpy (hf), and entropy (sf) of water in saturated liquid state and
values of specific volume (vg), enthalpy (hg), and entropy (sg) of steam in saturated
vapour state are directly noted down. The two phases-liquid and vapour can
coexist in a state of equilibrium only up to the critical point. Therefore, the listing
of the thermodynamic properties of steam in the saturated steam tables ends at the
critical point (374.15 oC and 212.2 bar).
If the steam exists in only one phase (superheated steam), it is necessary to
specify two independent variables, pressure and temperature, for the complete
specification of the state. In the superheated steam tables, the properties v, u, h, and
s are tabulated from the saturation temperature to some temperature for a given
pressure.
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The thermodynamic properties of a liquid and vapour mixture are calculated
by the parameters of saturated liquid and saturated vapour under the same pressure
and the quality x:
vx = (1 – x)vf + x vg ,
ux = (1 – x)uf + x ug ,
hx = (1 – x)hf + x hg = hf + x hfg ,
sx = (1 – x)sf + x sg ,
where hfg – latent heat of vaporization, hfg = hg – hf , index f stands for liquid
(fluid), index g stands for vapour (gas).
In order to determine the properties of steam at some pressure (or
temperatures) between those given in tables, we interpolate assuming the linear
relation between these values. The method is very simple and at the same time
accurate. The strategy for linear interpolation is to use a straight line to connect the
given data points (fig. 2).

Figure 2 – Linear interpolation scheme
The simplest interpolation formula is given below

where x1 and y1 are the first coordinates; x2 and y2 are the second coordinates; x is
the point to perform the interpolation; y is the interpolated value.
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Let’s use the method of linear interpolation to find, say, enthalpy for
saturated water at 10.2 bar pressure. Table 1 contains the required initial data.
Table 1 – Table for properties of saturated liquid and saturated steam (fragment)

Here we have x1 = p1 = 10 bar, y1 = h1 = 762.61 kJ/kg,
x2 = p2 = 10.5 bar, y2 = h2 = 772.03 kJ/kg,
x = p = 10.2 bar.

3 STATE DIAGRAMS FOR WATER AND WATER VAPOUR
The states of water and steam and vaporization process can be visualized
using so-called thermodynamic (or state) diagrams. The main feature of
thermodynamic diagrams is the equivalence between the area or segment length in
the diagram and energy.
Main thermodynamic diagrams for water and water vapour include: absolute
pressure – specific volume (p–v) diagram, absolute temperature – specific entropy
(T–s) diagram and specific enthalpy – specific entropy (h–s or Mollier) diagram.
T–s diagram helps to visualize the heat transfer during a process. For
reversible (ideal) processes, the area under the T–s curve of a process is the heat
transferred to or from the system during that process. While the area under the
p–v curve of a process is the work of this process.
The generation of water vapour has experienced three stages.
The first stage is the pre-heat stage: sub-cooled liquid to saturated liquid
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(t < ts). A sub-cooled liquid is also called a compressed liquid. It is unsaturated
water. At this stage, the temperature is lower than the saturation temperature of the
corresponding pressure. Until the saturated water state is reached, the saturation
temperature is reached.
The second is the vaporization stage: saturated liquid to saturated vapour
(t = ts). In this stage the temperature of the working medium is always saturated
temperature and remains unchanged if the pressure is held constant. During the
entire phase-change process, the liquid and vapour phases coexistence in
equilibrium, which is called saturated liquid-vapour mixture.
The third is the superheat stage: saturated vapour to superheated vapour
(t > ts). At this stage, further transfer of heat results in an increase in temperature.
The temperature is higher than the saturation temperature corresponding to the
pressure.
The p–v diagram and T–s diagram of the phase change process of water at a
constant pressure can be drawn, as shown in Fig. 3 .

Figure 3 – Phase change process for water:
a – p–v diagram; b – T–s diagram

In the fig.3, a–b is the pre-heat stage, b–c is the vaporization stage, c–d is the
superheat stage.
The locus of all the saturated water states gives the saturated water curve and
the locus of all the saturated vapour states gives the saturated vapour states gives
the saturated vapour states gives the saturated vapour curve. A saturated liquid or
vapour would lie on their appropriate lines, and is exactly where a liquid would
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saturate or vaporize at an existing pressure.
The saturation vapour curve is the curve separating the two-phase state and
the superheated vapour state. The saturated liquid curve is the curve separating the
subcooled liquid state and the two-phase state.
The point K represents the critical point. The difference between vg and vf
reduces as the pressure is increased, and at the critical point vg = vf.
The point A represents the triple point where the enthalpy and the entropy is
considered to be equal to zero value.
The region bounded by the saturated liquid curve and saturated vapour curve
is called vaporization dome. Everything “under the dome” considered a wet vapour
(liquid vapour mixture). Inside the vapour dome the constant pressure lines are
also lines of constant temperature.
The area under the line b–c on the T–s diagram represents the heat of
vaporization. It is obvious from the T–s diagram that heat of vaporization decreases
as the temperature rises and becomes zero at the critical point.
The area under the line c–d represents the heat of superheating qsup.
Mollier h–s diagram (named after Richard Mollier, 1863-1935) was a
logical extension of the T–s diagram, retaining the advantages of T–s diagrams but
introducing several new advantages. A typical h–s Mollier diagram for water is
shown in Fig. 4.

Figure 4 – h–s Mollier diagram for water
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This diagram has a series of constant temperature lines, constant pressure
lines, constant quality lines, and constant volume lines. Constant pressure lines
are plotted on the diagram through both the wet steam area and the superheat area.
Constant pressure lines are straight lines in the wet region and curved in the
superheat area. Lines of constant dryness fraction are plotted in the wet steam area,
and lines of constant temperature in the superheat area.
The Mollier diagram is used only when quality is greater than 50% and for
superheated steam. For any state, at least two properties should be known to
determine the other unknown properties of steam at that state. In such truncated
diagram property of liquid cannot be read.
Power generation are most conveniently represented on h–s diagrams
because work can be calculated directly from vertical distances as opposed to
areas on T–s and p–v diagrams.

4 THERMODYNAMICS PROCESSES FOR WATER VAPOUR
For various thermodynamics processes, vapour cannot be treated in the same
way as a gas because vapour does not follow laws relating to gases. Therefore, the
analysis of various processes for vapour is required. However, the following basic
energy equations derived from First and Second Laws for the vapour are the same
as those deduced for a perfect gas.
δq = du + δw,

δq = dh – v dp,

δq = T  ds,

δw= p  dv.

Once a vapour becomes superheated the various processes of heating and
expansion of gases may be applied to vapour as vapour in superheated state will
approximately follow the laws of gases except well below its critical temperature.
Assume that steam undergoes a process from its initial state to final state.
Let the initial condition of steam be in the wet region as point 1 at pressure
p1 having dryness fraction x1 and the final condition in the superheat region as point
2 at pressure p2 (p2 = p1) and super heating temperature tsup,2 .
Representation of main processes on p–v, T–s and h–s diagrams is shown in
Fig. 5–8.
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Figure 5 – Constant pressure heating process of vapour

Figure 6 – Constant volume heating process of vapour

Figure 7 – Isothermal expansion process of vapour
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Figure 8 – Adiabatic expansion process of steam (the initial condition of
steam is in the superheat region as point 1 at pressure p1 and super heating
temperature tsup1 and the final condition in the wet region as point 2 at pressure p2
and dryness fraction x2.)
Formulas for determining the energy characteristics of thermodynamic
processes are given in table 2.
Table 2 – Energy characteristics of thermodynamic processes
Thermodynamic
Process characteristics
process
Internal energy change
Specific work
Specific heat
Isobaric
u = u2 – u1 =
q = w + u =
w=
=
process
= (h2 – p2v2) – (h1 – p1v1)=
= p(v2 – v1) +
=
=
(p = const)
= (h2 – h1) – (p2v2– p1v1) =
+(h2 – h1) –
=p(v
–
v
)
2
1
=(h2 – h1) – p (v2 – v1)
– p (v2 – v1) =
=h2 – h1
Isochoric
u = u2 – u1 =
w=
= 0 q = u
process
= (h2 – p2v2) – (h1 – p1v1)=
(v = const)
=(h2 – h1) – v (p2 – p1)
Isothermal
u = u2 – u1 =
w = q – u
q=
=
process
= (h2 – h1) – (p2v2– p1v1) =
=
=
(t = const)
= (h2 – p2v2) – (h1 – p1v1)
= T (s2 – s1)
Adiabatic
q=0
u = u2 – u1 =
w = –u
(isentropic)
= (h2 – h1) – (p2v2– p1v1) =
process
= (h2 – p2v2) – (h1 – p1v1)
(s = const, q = 0)
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5 INDIVIDUAL WORK
Vapour processes on P–v, T–s and h–s state diagrams
1. Point 1 is characterized by two parameters (table 3). Find the other
parameters for this state (full set of parameters is: temperature t, pressure p, specific
volume v , specific enthalpy h, specific entropy s).
2. Plot these processes on P–v, T–s and h–s diagrams every time starting
from Point 1 (respect the scale and the correct location of points relative to the
saturated vapour line (x = 1)).
3. For the final state of vapour for these processes the one parameter is
given (as shown in table 3). Find the other parameters for the final state of vapour
for these processes (full set of parameters is: temperature t, pressure p, specific
volume v , specific enthalpy h, specific entropy s).
4. Find changes in internal energy u, heat q and work w for 1 kg of
vapour for each of the processes.
5. For any of the calculated points, check the parameters found from the
diagram using the water tables.
Table 3 – Initial data
Variant

Point 1

Point 2v for
isochoric
process

Point 2p for
isobaric
process

Point 2t for
isothermal
process

Point 2s for
adiabatic
process

1

Р1 = 6

t1 = 175

Р2v = 10

х2p = 0.95

Р2t = 3

Р2s = 1

2

Р1 = 16

х1 = 0.96

Р2v = 13

t2p = 250

s2t = 6.7

Р2s = 3

3

Р1 = 10

t1 = 300

t2v = 350oC

h2p = 3300

h2t = 3000

Р2s = 1

4

Р1 = 22

t1 = 250

s2v = 6.7

i2p = 2600

Р2t = 10

Р2s = 5

5

Р1 = 8

х1 = 0.95

Р2 = 7

h2 = 3000

s2t = 7.1

t2s = 350

6

Р1 = 29

t1 = 400

h2v= 2800

h2p = 3000

Р2t = 5

t2s = 200

7

Р1 = 20

t1 = 340

s2v = 6.7

s2p = 7.5

Р2t = 4

t2s = 140

8

Р1 = 10

t1 = 260

t2v= 300

s2p = 7.5

Р2t = 2

t2s = 100

9

Р1 = 60

х1 = 0.9

t2v = 280

t2p = 320

Р2t = 0.9

х2s = 0.8

10

Р1 = 4

х1 = 0.8

х2v = 1

t2p = 160

s2t = 8

h2s = 2600

Notes. In the table pressure P is given in bar, temperature t – in oC, specific entropy s – in
kJ/(kgK), specific enthalpy h – in kJ/kg, dryness fraction x is dimensionless.
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Example for individual work
Initial given data are presented in the table 4.
Table 4 – Initial data for the problem
Point1
Р1 = 8 bar

х1 = 0.96

Point 2v for
isochoric
process

Point 2p for
Point 2t for
isobaric process isothermal process

t2v = 270oC s2p = 7.2 kJ/(kg K) h2t = 2500 kJ/kg

Point 2s for
adiabatic process
h2s = 2100 kJ/kg

Let’s find the parameters for each steam state.
Point 1 is located at an intersection of 8 bar pressure line and 0.96 dryness
fraction line in wet vapour region (fig. 9).

Figure 9 – Point 1 finding scheme
The value of parameters from Mollier diagram corresponding to point 1:
•
specific enthalpy h1 = 2696 kJ/kg,
•
specific volume v1 = 0.228 m3/kg,
•
specific entropy s1 = 6.48 kJ/(kgK),
•
temperature t1 = 170 oC.
Point 2v. Process 1–2v is given to be an isochore. For this process volume
remains constant: v1 = v2v = 0. 228 m3/kg.
Now two properties are known for point 2v. Thus, the point is located at an
intersection of 270 oC temperature line (the temperature is given) and 0.228 m3/kg
specific volume line (fig. 10). The steam is superheated at the point.
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Figure 10 – Point 2v finding scheme
By using h–s diagram we have
• specific enthalpy h2v = 2985 kJ/kg,
• specific entropy s2v = 6,98 kJ/(kgK),
• pressure p2v = 10.5 bar.
Point 2p. Process 1–2p is given to be an isobar, so p1 = p2p = 8 bar. For the
point specific entropy is also given. Thus, the point is located at an intersection of 8
bar pressure line and 7.2 m3/kg specific volume line (fig. 11). The steam is
superheated at the point.

Figure 11 – Point 2p finding scheme
By using h–s diagram we have
• specific enthalpy h2p = 3040 kJ/kg,
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•
•

specific volume v2p = 0.32 m3/kg,
temperature t2p= 292 oC.

Point 2t. Process 1–2t is given to be an isotherm, so t1 = t2t = 170 oC. For
the point specific enthalpy is also given. Thus, the point is located at an intersection
of 170 oC temperature line and 2500 kJ/kg specific enthalpy line (fig. 12). The
vapour is wet at the point.

Figure 12 – Point 2t finding scheme
By using h–s diagram we have
• specific entropy s2t = 3040 kJ/kg,
• specific volume s2t = 0.32 m3/kg,
• pressure p2t = 8 bar,
• dryness fraction x = 0.867.
Point 2s. Process 1–2s is given to be an isentrope, so s1 = s2s = 6.48
kJ/(kgK). For the point specific enthalpy is also given. Thus, the point is located at
an intersection of 6.48 kJ/(kgK) specific entropy line and 2100 kJ/kg specific
enthalpy line (fig. 13). The vapour is wet at the point.
By using h–s diagram we have
• temperature t2s = 57 oC,
• specific volume v2s = 0.32 m3/kg,
• pressure p2s = 0.155 bar,
• dryness fraction x = 0.79.
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Figure 13 – Point 2s finding scheme
All the parameters for considering points are conveniently placed in the
table 5. The initial parameters are indicated in bold letters.
Table 5 – Parameter table
Р, bar t, оС

v, m3/kg

h, kJ/kg

х

s,
o

kJ/(kg C)

Point 1
Point 2v
Point 2p
Point 2t
Point 2s

8
10.5
8
8
0.155

170
270
292
170
57

0.228
0.228
0.32
0.21
7.75

2696
2985
3040
2500
2100

6.48
6.98
7.2
6.05
6.48

0.96
–
–
0.867
0.79

Processes analysis
The process characteristics can be defined using formulae in table 2.
Point 1 – Point 2v (isochoric process)
Work of the process
w = 0 kJ/kg.
Heat and internal energy change for the process
q =u = (h2v – p2vv2v) – (h1 – p1v1) =
= (2985 – 10,51020.228) – (2696 – 81020.228) = 232 kJ/kg.
Point 1–Point 2p (isobaric process)
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w = p1(v2p – v1) = 8102 (0.32 – 0.228 ) = 73.6 kJ/kg.
q = h2p – h1 = 3040 – 2696 = 344 kJ/kg.
u = (h2p – p2pv2p) – (h1 – p1v1) =
= (3040 – 81020.32) – (2696 – 81020.228) = 270.4 kJ/kg.
Point 1–Point 2t (isothermal process)
q = T1(s2t – s1 ) = (170+273)(6.05 – 6.48) = –190.5 kJ/kg.
u = (h2t – p2tv2t) – (h1 – p1v1) = ( 2500 – 81020.21) – (2696 – 81020.228) =
= –181.6 kJ/kg.
w = q – u = –8.89 kJ/kg.
Point 1–Point 2s (adiabatic process)
q = 0 kJ/kg.
u = (h2s – p2sv2s) – (h1 – p1v1) =
= (2100 – 0.155 1027.75) – ( 2696 – 81020.228) = –533.7 kJ/kg.
w = –u = 533.7 kJ/kg.
For all the processes make sure the first law of thermodynamics must be
respected: q = u + w.
All processes are presented together in state diagrams (fig. 14–16).

Figure 14 – The processes on p–v diagram
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Figure 15 – The processes on T–s diagram

Figure 14 – The processes on h–s diagram

Check the parameters for point 1 using the water tables.
We have p1 = 8 bar and x1 = 0.96 as given parameters. As the vapour is wet
let’s use the table A.2. To convert units of pressure, table B.1 can be used.
p1 = 8 bar = 800 kPa,
t1 = 170.4066 oC,
vf 103 = 1.1148 kg/m3 → vf = 1.1148  10–3 kg/m3 ;
vg = 0.24035 kg/m3;
hf = 720.87 kJ/kg;
hg = 2768.3 kJ/kg;
sf = 2.04566 kJ/(kgK);
sg = 6.6616 kJ/(kgK).
23

vx1 = (1 – x)vf + x vg = (1 – 0.96) 1.1148  10–3 + 0.96  0.24035 = 0,2308 kg/m3,
hx1 = (1 – x)hf + x hg = hf + x hfg = (1 – 0.96) 720.87 + 0.96 2768.3 = 2686,4 kJ/kg,
sx1 = (1 – x)sf + x sg = (1 – 0.96) 2.04566 + 0.96 6.6616 = 6,47 kJ/(kgK).
Previously from the h-s diagram we have:
t1 = 170 oC,
v1 = 0.228 m3/kg,
h1 = 2696 kJ/kg,
s1 = 6.48 kJ/(kgK).
So the parameters can be accepted as found with sufficient accuracy.
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APPENDIXES
Appendix A. Property Tables for Water
Tables A.1 and A.2 present data for saturated liquid and saturated vapour. Table A-1 is
presented information at regular intervals of temperature while Table A-2 is presented at regular
intervals of pressure. Table A-3 presents data for superheated vapour over a matrix of
temperatures and pressures. Table A-4 presents data for compressed liquid over a matrix of
temperatures and pressures. These tables were generated using EES with the substance
Steam_IAPWS which implements the high accuracy thermodynamic properties of water
described in 1995 Formulation for the Thermodynamic Properties of Ordinary Water Substance
for General and Scientific Use, issued by the International Associated for the Properties of Water
and Steam (IAPWS).
Table A.1 – Properties of saturated water and saturated vapour (temperature based)
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Appendix A (continued)
Table A.1 (continued) – Properties of saturated water and saturated vapour (temperature
based)
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Appendix A (continued)
Table A.2 – Properties of saturated water and saturated vapour (pressure based)
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Appendix A (continued)
Table A.2 (continued) – Properties of saturated water and saturated vapour (pressure
based)
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Appendix A (continued)
Table A.3 – Properties of superheated vapour (pressure from 10 kPa to 400 kPa)
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Appendix A (continued)
Table A.3 (continued) – Properties of superheated vapour (pressure from 500 kPa to
1.6 MPa)
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Appendix A (continued)
Table A.3 (continued) – Properties of superheated vapour (pressure from 1.8 MPa to 9 MPa)
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Appendix A (continued)
Table A.3 (continued) – Properties of superheated vapour (pressure from
to 26 MPa)

10 MPa
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Appendix A (continued)
Table A.4 – Properties of compressed liquid
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Appendix B. Pressure units
Table B.1 – Pressure unites conversion table
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