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System: A thermodynamic system is defined as a quantity of matter or a region in space which is
selected for the study.

Surroundings: The mass or region outside the system is called surroundings.

Boundary: The real or imaginary surfaces which separates the system and surroundings is called
boundary.
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Types of thermodynamic system
Onthe basis of mass and energy transfer the thermodynamic system is divided into three types.

1. Closed system 2. Open system 3. Isolated system

Closed system: A system in which the transfer of energy but not mass can takes place across the
boundary is called closed system. The mass inside the closed system remains constant.

For example: Boiling of water in a closed vessel. Since the water is boiled in closed vessel sothe
mass of water cannot escapes out of the boundary of the system but heat energy continuouslyentering
and leaving the boundary of the vessel. It is an example of closed system.

Open system: A system in which the transfer of both mass and energy takes place is called an open
system. This system is also known as control volume.

For example: Boiling of water in an open vessel is an example of open system because the water
and heat energy both enters and leaves the boundary of the vessel

Isolated system: A system in which the transfer of mass and energy cannot takes place is called an
isolated system.

For example: Tea present in a thermos flask. In this the heat and the mass of the tea cannot crossthe
boundary of the thermos flask. Hence the thermos flak is an isolated system.
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Control VVolume:

e Itsasystemof fixed volume.

e Thistype of system is usually referred to as "open system” or a "control volume™
e Mass transfer can take place across a control volume.

e Energytransfer may also occur into or out of the system.

e Control Surface- Its the boundary of a control volume across which the transfer of both
mass and energy takes place.

e The mass ofa control volume (open system) may or may not be fixed.

e When the net influx of mass across the control surface equals zero then the mass of the
system is fixed and vice-versa.

e The identity of mass ina control volume always changes unlike the case for a control
mass system (closed system).

e Most ofthe engineering devices, in general, represent an open systemor control

e [ volume.
Boundary
Energy in Mass out

Control Volume

Surroundings

Mass in Energy out

Example: Heat exchanger - Fluid enters and leaves the system continuously with the transfer of heat
across the system boundary. Pump - A continuous flow of fluid takes place through the system with a
transfer of mechanical energy from the surroundings to the system

Pump - A continuous flow of fluid takes place through the system with a transfer of mechanical
energy from the surroundings to the system
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Microscopic Approach:

>

>

>

The approach considers that the system is made up of a very large number of discrete
particles known as molecules. These molecules have different velocities are energies. The
values of these energies are constantly changing with time. This approach to

he behavior of the system is found by using statistical methods, as the number of
molecules is very large. So advanced statistical and mathematical methods are needed to
explain the changes in the system.

The properties like velocity, momentum, impulse, kinetic energy and instruments cannot
easily measure force of impact etc. that describe the molecule.

Large numbers of variables are needed to describe a system. So the approach is
complicated.

Macroscopic Approach:

>

>
>

>

In this approach a certain quantity of matter is considered without taking into account the
events occurring at molecular level. In other words this approach to thermodynamics is
concerned with gross or overall behavior. This is known as classical thermodynamics.
The analysis of macroscopic system requires simple mathematical formula.

The value of the properties of the system are their average values. For examples consider
a sample of gas in a closed container. The pressure of the gas is the average value of the
pressure exerted by millions of individual molecules.

In order to describe a systemonly a few properties are needed.
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.No  |Microscopic Approach Macroscopic Approach
01 In this approach a certain quantity of The matter is considered to be comprised ofa
matter is considered without taking into large number of tiny particles known as
account the events occurring at molecular ~ |molecules, which moves randomly in chaotic
level fashion. The effect of molecular motion is
considered.
02 Analysis is concerned with overall The Knowledge of the structure of matter is
behavior of the system. essential in analyzing the behavior of the
system
03 This approach is used in the study of This approach is used in the study of
classical thermodynamics. statistical thermodynamics.
04 A few properties are required to describe  |Large numbers of variables are required to
the system. describe the system.
05 The properties like pressure, temperature, [The properties like velocity, momentum,
etc. needed to describe the system, can be [Kinetic energy, etc. needed to describe the
easily measured. system, cannot be measured easily.
06 The properties of the system are their The properties are defined for each molecule
average values. individually.
07 This approach requires simple No. of molecules are very large so it requires
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Thermodynamic Equilibrium:

A thermodynamic system is said to exist in a state of thermodynamic equilibrium when no change in
any macroscopic property is registered if the system is isolated from its surroundings. An isolated
system always reaches in the course of time a state of thermodynamic equilibrium and can never
depart from it spontaneously. Therefore, there can be no spontaneous change in any macroscopic
property if the system exists in an equilibrium state. A thermodynamic system will be in a state of
thermodynamic equilibrium if the system is the state of Mechanical equilibrium, Chemical
equilibrium and Thermal equilibrium.

» Mechanical equilibrium: The criteria for Mechanical equilibrium are the equality of
pressures.

» Chemical equilibrium: The criteria for Chemical equilibrium are the equality of
chemical potentials.

» Thermal equilibrium: The criterion for Thermal equilibrium is the equality of
temperatures.

State: The thermodynamic state of a system is defined by specifying values of a set of measurable
properties sufficient to determine all other properties. For fluid systems, typical properties are
pressure, volume and temperature. More complex systems may require the specification of more
unusual properties. As an example, the state of an electric battery requires the specification of the
amount of electric charge it contains.

Property: Properties may be extensive or intensive.

P

[}

P2

State and prP-V Diagram T-S Diagram
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Intensive properties: The properties which are independent of the mass of the system. For example:
Temperature, pressure and density are the intensive properties.

Extensive properties: The properties which depend on the mass of the system are called extensive
properties. For example: Total mass, total volume and total momentum.

Process: When the system undergoes change from one thermodynamic state to final state due change
in properties like temperature, pressure, volume etc, the system is said to have undergone
thermodynamic process. Various types of thermodynamic processes are: isothermal process,
adiabatic process, isochoric process, isobaric process and reversible process.

Cycle: Thermodynamic cycle refers to any closed system that undergoes various changes due to
temperature, pressure, and volume, however, its final and initial state are equal. This cycle is
important as it allows for the continuous process of a moving piston seen in heat engines and the
expansion/compression of the working fluid in refrigerators, for example. Without the cyclical
process, a car wouldn't be able to continuously move when fuel is added, or a refrigerator would not
be able to stay cold.

Visually, any thermodynamic cycle will appear as a closed loop on a pressure volume diagram.
Examples: Otto cycle, Diesel Cycle, Brayton Cycle etc.

Reversibility: Reversibility, in thermodynamics, a characteristic of certain processes (changes of a
system from an initial state to a final state spontaneously or as a result of interactions with other
systems) that can be reversed, and the system restored to its initial state, without leaving net effects
in any of the systems involved. An example of a reversible process would be a single swing of a
frictionless pendulum from one of its extreme positions to the other. The swing of a real pendulum is
irreversible because a small amount of the mechanical energy of the pendulum would be expended in
performing work against frictional forces, and restoration of the pendulum to its exact starting
position would require the supply of an equivalent amount of energy from a second system, such as
a compressed spring in which an irreversible change of state would occur.

Quasi static process: When a process is processing in such a way that system will be remained
infinitesimally close with equilibrium state at each time, such process will be termed as quasi static
process or quasi equilibrium process. In simple words, we can say that if system is going under a
thermodynamic process through succession of thermodynamic states and each state is equilibrium
state then the process will be termed as quasi static process
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We will see one example for understanding the quasi static process, but let us consider one simple
example for better understanding of quasi static process. If a person is coming down from roof to
ground floor with the help of ladder steps then it could be considered as quasi static process. But if he
jumps from roof to ground floor then it will not be a quasi static process. Weight placed over the
piston is just balancing the force which is exerted in upward direction by gas. If we remove the
weight from the piston, system will have unbalanced force and piston will move in upward direction
due to force acting over the piston in upward direction by the gas.

Irreversible Process: The irreversible process is also called the natural process because all the
processes occurring in nature are irreversible processes. The natural process occurs due to the finite
gradient between the two states of the system. For instance, heat flow between two bodies occurs due
to the temperature gradient between the two bodies; this is in fact the natural flow of heat. Similarly,
water flows from high level to low level, current moves from high potential to low potential, etc.

e In the irreversible process the initial state of the system and surroundings cannot be
restored from the final state.

e During the irreversible process the various states of the system on the path of change
from initial state to final state are not in equilibrium with each other.

e During the irreversible process the entropy of the system increases decisively and it
cannot be reduced back to its initial value.

e The phenomenon of a system undergoing irreversible process is called as irreversibility
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Friction: Friction is invariably present in real systems. It causes irreversibility in the process as work
done does not show an equivalent rise in the kinetic or potential energy of the system. The fraction of
energy wasted due to frictional effects leads to deviation from reversible states.

Free expansion: Free expansion refers to the expansion of un resisted type such as expansion in a
vacuum. During this unresisted expansion the work interaction is zero, and without the expenseof any
work, it is not possible to restore initial states. Thus, free expansion is irreversible.

Heat transfer through a finite temperature difference: Heat transfer occurs only when there exist

temperature difference between bodies undergoing heat transfer. During heat transfer, if heat addition
is carried out in a finite number of steps then after every step the new state shall be a non-equilibrium
state.

Non equilibrium during the process: Irreversibility’s are introduced due to lack of thermodynamic

equilibrium during the process. Non-equilibrium may be due to mechanical in equilibrium, chemical
in equilibrium, thermal in equilibrium, electrical in equilibrium, etc. and irreversibility is called
mechanical irreversibility, chemical irreversibility, thermal irreversibility, electrical irreversibility
respectively. Factors discussed above are also causing non-equilibrium during the process and
therefore make process irreversible

Heat: It is the energy in transition between the system and the surroundings by virtue of the
difference in temperature Heat is energy transferred from one system to another solely by reason of a
temperature difference between the systems. Heat exists only as it crosses the boundary of a system
and the direction of heat transfer is from higher temperature to lower temperature. For
thermodynamics sign convention, heat transferred to a system is positive; Heat transferred from a
system is negative.

Work: Thermodynamic definition of work: Positive work is done by a system when the sole effect
external to the system could be reduced to the rise of a weight. Work done BY the system is positive
and work done ON the system is negative.

+Q
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Types of work interaction:

» Expansion and compression work (displacement work)
» Work ofa reversible chemical cell

» Work in stretching ofa liquid surface

» Work done on elastic solids

» Work of polarization and magnetization

Point and Path functions:

» Point function does not depend on the history (or path) of the system. It only depends on
the state of the system.

» Examples of point functions are: temperature, pressure, density, mass, volume, enthalpy,
entropy, internal energy etc.

» Path function depends on history of the system (or path by which system arrived at a
given state).

» Examples for path functions are work and heat.

» Path functions are not properties of the system, while point functions are properties of
the system.

» Change in point function can be obtained by from the initial and final values of the
function, whereas path has to define in order to evaluate path functions.

Zeroth Law of Thermodynamics:

The Thermodynamics Zeroth Law states that if two systems are at the same time in thermal
equilibrium with a third system, they are in equilibrium with each other. If an object with a higher
temperature comes in contact with an object of lower temperature, it will transfer heat to the lower
temperature object. The objects will approach the same temperature and in the absence of loss to
other objects, they will maintain a single constant temperature. Therefore, thermal equilibrium is
attained.

If objects ‘A’ and ‘C’ are in thermal equilibrium with ‘B’, then object ‘A’ is in thermal equilibrium
with object ‘C’. Practically this means all three objects are at the same temperature and it forms the
basis for comparison of temperatures.
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Principles of Thermometry:

Thermometry is the science and practice of temperature measurement. Any measurable change in a
thermometric probe (e.g. the dilatation of a liquid in a capillary tube, variation of electrical resistanceof
a conductor, of refractive index of a transparent material, and so on) can be used to mark temperature
levels, that should later be calibrated against an internationally agreed unit if the measureis to be related
to other thermodynamic variables. Thermometry is sometimes split in metrological studies in two
subfields: contact thermometry and noncontact thermometry. As there can never be complete thermal
uniformity at large, thermometry is always associated to a heat transfer problem with some space-time
coordinates of measurement, given rise to time- series plots and temperature maps.

Constant VVolume gas Thermometer:
When we heat a gas keeping the volume constant, its pressure increases and when we cool the gas its

pressure decreases. The relationship between pressure and temperature at constant volumeis given bythe
law of pressure. According to this law, the pressure of a gas changes by of its original pressure at 00C
for each degree centigrade (or Celsius) rise in temperature at constant volume. If Po is the pressure of a
given volume of a gas at 00C and Pt is the pressure of the same volume of the gas (i.e., at constant

volume) at to C, then

Constant Volume Gas Thermometer
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It consists of a glass bulb B connected to a tube A, through a capillary glass tube ‘C’. The tube Ais
connected to a mercury reservoir R which is clamped on the board and can be lowered or raised
whenever required to keep the volume of the air constant. The capillary tube C is provided with a three
way stopper S and can be used to connect capillary and bulb as well as to disconnecttube from bulb B.
A pointer is provided such that the end P is projecting inside from the upper part of A. A scale
calibrated in 0oC is provided between A and R. The whole apparatus is leveledby adjusting the leveling
screws. By adjusting the stopper, the bulb ‘B’ is filled with air or some gas and the pointer isadjusted so
that tip of the pointer just touches the level of mercury in the tube A. After filling the bulb, it is kept in
an ice bath for some time till the air inside the bulb attains the temperature of ice at which the mercury
level becomes stationary. Now the reservoir R is adjusted so that the level of mercury in the tube A just
touches the tip of the pointer P.

CONSTANT VOLUME GAS THERMOMETER

Scales of Temperature: There are three temperature scales in use Fahrenheit, Celsius and
Kelvin. Fahrenheit temperature scale is a scale based on 32 for the freezing point of water
and 212 for the boiling point of water, the interval between the two being divided into 180
parts.

The conversion formula for a temperature that is expressed on the Celsius (C) scale to its
Fahrenheit (F) representation is: F = 9/5C + 32.
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PERPETUAL MOTION MACHINE OF THE FIRST KIND—PMM1

The first law states the general principle of the conservation of energy. Energy is
neither created nor destroyed, but only gets transformed from one form to another.
There can be no machine which would continuously supply mechanical work
without some other form of energy disappearing simultaneously (Fig. 4.8). Such a
fictitious machine is called a perpetual motion machine of the first kind, or in
brief, PMM1. A PMM 1 is thus impossible.

The converse of the above statement is also true, i.e. there can be no machine
which would continuously consume work without some other form of energy
appearing simultaneously (Fig. 4.9).

o Q
: i
| N
SR L :*_h__}‘ 2
“Fig. 48 A PMM1 . Fig. 43 The Converse of PMM1

Example 4.1 A stationary mass of gas is compressed without friction from an
initial state of 0.3 m® and 0.105 MPa to a final state of 0.15 m” and 0.105 MPa,
the pressure remaining constant during the process. There is a transfer of 37.6 kJ
of heat from the gas during the process. How much does the internal energy of the
gas change?

Solution First law for a stationary system in a process gives

Q=AU+ W
or Q12=U,-U,+ W, (D
vy
Here W;_z=jv pdV=p(V,-V))

=0.105 (0.15-030) MI =-15.75kJ
Q,,=-376Kk]
.. Substituting in Eq. (1)
-376 KI=U,-U,-15.75kJ
U,-U =-2185k]
The internal energy of the gas decreases by 21.85 kJ in the process.
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Example 4.1 A stationary mass of gas is compressed without friction from an
initial state of 0.3 m® and 0.105 MPa to a final state of 0.15 m* and 0.105 MPa,
the pressure remaining constant during the process. There is a transfer of 37.6 kJ
of heat from the gas during the process. How much does the internal energy of the
gas change?

Solution First law for a stationary system in a process gives

Q=AU+ W
V;
Here Wi,= I pdV=p(V,-V))
Y

=0.105 (0.15-0.30) MJ =~ 15.75kJ
Q,,=-376Kk]
. Substituting in Eq. (1)
-376 KI=U,-U,-15.75K)

.s U2~U|="21u85k1
The internal energy of the gas decreases by 21.85 kJ in the process.

Example 4.1 A stationary mass of gas is compressed without friction from an
initial state of 0.3 m® and 0.105 MPa to a final state of 0.15 m® and 0.105 MPa,
the pressure remaining constant during the process. There is a transfer of 37.6 kJ
of heat from the gas during the process. How much does the internal energy of the
gas change?

Solution First law for a stationary system in a process gives

Q=AU+ W
or Q2=U,-U,+W,, (1)
v
Here Wy, = J'V pdV = p(V, - V)

=0.105 (0.15-0.30) MJ =~ 15.75 kJ
0,,=-376K]
.. Substituting in Eq. (1)
-376 KI=U,-U,-15.75Kk]J
U,-U,=-2185k]
The internal energy of the gas decreases by 21.85 kJ in the process.
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Limitations of theFirstLaw:

» The first law of thermodynamics merely indicates that in any process there is
atransformation between the various forms of energy involved in the process but
providesnoinformationregardingthefeasibilityofsuchtransformation.

» Firstlawdoesnotprovideanyinformationregardingthedirectionprocesseswilltake
whetheritisaspontaneousoranonspontaneousprocess.

ThermalReservoir:

A thermal reservoir is a large system (very high mass x specific heat value) from which aquantity
of energy can be absorbed or added as heat without changing its temperature. Theatmosphere and
sea are examples of thermal reservoirs. Any physical body whose thermalenergy capacity is large
relative to the amount of energy it supplies or absorbs can bemodelledas athermal reservoir.A
reservoir thatsuppliesenergyin theformofheat iscalled asourceandonethatabsorbs energyintheform
ofheatiscalled asink.

HeatEngine:

It is a cyclically operating device which absorbs energy as heat from a high temperaturereservoir,
converts part of the energy into work and rejects the rest of the energy as heat
toathermalreservoiratlowtemperature.

The working fluid is a substance, which absorbs energy as heat from a source, and
rejectsenergyasheattoasink.

High temperature
thermal reservoir

Low temperature
thermal reservoir

Heatpump:

A heat pump is a device that transfers heat energy from a source of heat to what is called aheat
sink. Heat pumpsmove thermal energy in the opposite direction of spontaneous heattransfer, by

DepartmentofMechanicalEngineering, NRCM Pagel6



~

205« NARSIMHA REDDY ENGINEERING COLLEGE ~ Accredited by NBA & NAAC with ‘A’ Grade
UGC AUTONOMOUS INSTITUTION Approved by AICTE

Maisammaguda (V), Kompally - 500100, Secunderabad, Telangana state, India Permanently affiliated to JNTUH

>~

absorbing heat from a cold space and releasing it to a warmer one. A heat pumpusesa small
amount of external power to accomplish the work of transferring energy fromthe heat source to
the heat sink. The most commondesign of a heat pumpinvolvesfourmain components —-a
condenser,aneevaporatorandacompressor. Theheattransfermediumcirculatedthroughthesecompone
ntsiscalledrefrigera

COP-

As can be seen, the better (more efficient) the refrigerator is when more heat Qcold can
beremovedfromtheinsideoftherefrigeratorforagivenamountofwork.Sincethefirstlawof
thermodynamics must be valid also in this case (Qcold +W = Qhot), we can rewrite
theaboveequation:

Perpetual motion machine of the second kind

The first law of thermodynamics does not stipulate any restriction on the thermal efficiency of a heat
engine. However, the second law restricts the thermal efficiency of a heat engine to less than one.
It stipulates that some portion of the energy absorbed as heat from a source must always be rejected
to a low temperature sink. Wilhelm Ostwald introduced the concept of Perpetual Motion Machine of
the Second Kind, that is, of a device which could perform work solely by absorbing energy as heat
from a single thermal reservoir (see Fig. 7.4). Clearly, such a device does not violate the first law of
thermodynamics because it would perform work at the expense of the internal energy of a body, A
Perpetual Motion Machine of the Second Kind (PMMSK) is a hypothetical device which, working
cyclically, receives energy as heat from a single thermal reservoir and delivers an equivalent amount of
work.

Thermal reservoir

W=g
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UNIT-III
Puresubstance

A substance that has a fixed chemical composition throughout the system is called a
puresubstance.Water, hydrogen, nitrogen, andcarbon monoxide, for example,areall
puresubstance. Apuresubstancecanalsobeamixtureofvariouschemicalelementsorcompounds as
longas the mixture is homogeneous. Air, a mixture of several compounds, isoften considered to
be a pure substance because it has a uniform chemical composition. “Amixtureof two or more
phases of a pure substance is still a pure substance as long as thechemical composition of all
phases is the same. A mixture of ice and liquid water, forexample,isapuresubstance
becausebothphaseshavethe samechemicalcomposition.”

PVTSurface

Pressurecanbeexpressedasafunctionoftemperatureandspecificvolume:p=p(T,v).Theplotofp=p(T,v)is a
surface called p-v-T surface. Figure 3.1 shows the p-v-T surface of a substance such
aswaterthatexpandsonfreezing.
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Figure3.1p-v-Tsurfaceandprojectionsforasubstancethatexpandsonfreezing.
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The location of a point on thep-v-T surface gives the values of pressure, specific volume,and
temperatureat equilibrium.Theregionsonthe p-v-T surfacelabeled solid, liquid, andvaporaresingle-
phase regions. The state of a single phase is determined by any two of theproperties: pressure,
temperature, and specific volume. The two-phase regions where twophases exist in equilibrium
separate the single-phase regions. The two-phase regions are:liquid-vapor, solid-liquid, and solid-
vapor. Temperature and pressure are dependent withinthe two-phase regions. Once the temperature
is specified, the pressure is determined andvice versa.The states within the two-phase regions canbe
fixed by specific volume andeithertemperatureorpressure.

The projection of the p-v-T surface onto the p-T plane is known as the phase
diagramasshown in Figure 3.1 (b). The two-phase regions of the p-v-T surface reduce to lines in
thephase diagram. A point on any of these lines can represent any two-phase mixture at
thatparticular temperature and pressure. The triple line of thep-v-T surface projects onto apoint on
the phase diagram called the triple point. Three phases coexist on the triple line orthetriplepoint.

The constant temperature lines of the p-v diagram are called the isotherms. For
anyspecified temperature less than the critical temperature, the pressure remains constantwithin
the two- phase region eventhough specific volumechanges. Inthe single-phase liquidandvapor
regions the pressure decreases at fixed temperature as specific volume increases.For temperature
greater than or equal to the critical temperature, there is no passage acrossthetwo-phaseliquid-

vaporregion.
obeh .MP/.M#//M" T = ) —

R S L4 30 1 I | | IIl|I|| | | I (51 I I
0.00100 0.0100 0.100 1.00

600.

500.

400.

300.

Temperature (°C)

200.

1 MPa

100.

|

Volume (m*kg)

Figure3.1-2T-vdiagramforwater(toscale).
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Figure 3.1-2 is a T-v diagram for water. For pressure greater than or equal to thecritical
pressure, temperature increases continously at fixed pressure as the specific volumeincreases and
there is no passage across the two-phase liquid-vapor region. The isobariccurve marked 50 MPa in
Figure 3.1-2 shows this behavior. For pressure less than the criticalvalue thereisatwo-
phaseregionwherethetemperatureremainsconstantatafixedpressure as the two- phase region is
traversed. The isobaric curve with values of 20 MPa orlessin Figure3.1-
2showstheconstanttemperatureduringthephase change.

At 100°C, the saturated volumes of liquid and vapor water are 1.0434 cm®/g
and1,673.6cm?/g, respectively. The quality of steam is the mass fraction of water vapor in
amixture of liquid and vapor water. The specific volume of 100°C steam with a quality of 0.65is
givenby

v=(1-0.65)v"+0.65v"=(0.35)(1.0434)+(0.65)(1,673.6)=1088.2cm?/g

PhaseBehavior:

We will consider a phase change of 1 kg of liquid water contained within apiston-
cycinder assembly as shown in Figure 3.2-1la. The water is at 20°C and 1.014bar

(orlatm)as indicatedbypoint(1) onFigure3.2-2.

D Water vapor

Water vapor

Liquid water Liquid water

(a) (h) {¢)

Figure3.2-1Phasechangeatconstantpressureforwater?

pe=22.09 MPa (3204 Ibf/in 2)

30 MPa

Critical
point

Liguid-vapor

10 MPa

Liquid

Vapor

1.014 bar (14.7 Ibf/in.")

A

Temperature

100°C (212°F)

20°C

/{Vr
(68°F) |

Specific volume

Figure3.2-2SketchofT-vdiagramforwater
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1.014 bar is 100°C. The liquid states along the line segment 1-f are calledsubcooled or
compressed liquid states. When the system is at the saturated liquidstate (point f in
Figure 3.2-2) any additional heat will cause the liquid to evaporate atconstant pressure as
shown in Figure 3.2-1b. When a mixture of liquid and vaporexists in equilibrium, the
liquid phase is a saturated liquid and the vapor phase is asaturatedvapor.

Liquidwater continuestoevaporatewithadditionalheat untilit becomesallsaturated
vapor at point (g). Any further heating will cause an increase in bothtemperature and
specific volume and the saturated vapor becomes superheatedvapor denoted by point (s)
in Figure 3.2-2. For a two-phase liquid-vapor mixture, thequality x isdefinedasthemass
fraction ofvaporinthemixture

X=
MyaporMvapo
rtMliquid

Whenasubstanceexistsaspartliquidandpartvaporatsaturationconditions,itsquality (x)isdefinedasthe
ratioofthemassofthevaportothetotalmassofboth vapor andliquid.

Enthalpy-EntropyChart Anenthalpy—entropychart,alsoknownastheH-
SchartorMollierdiagram,plotsthetotalheatagainst entropy, describingthe enthalpy of
athermodynamic system. A typical chartcovers apressure range

of 0.01-1000 bar, and temperatures up to 800 degrees  Celsius.
ItshowsenthalpyHintermsofinternalenergyU, pressurepandvolumeVusingtherelationshipH=U+pVor,
inte rmsofspecificenthalpy,specificentropyandspecificvolume.
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Onthediagram, linesofconstantpressure,constanttemperatureandvolumeareplotted,so in a two-
phase region, the lines of constant pressure and = temperature  coincide.
Thus,coordinatesonthediagramrepresententropyandheat.

Averticallineintheh—schartrepresentsanisentropicprocess. Theprocess3—
4inaRankinecycleisisentropicwhenthesteamturbineissaidtobeanidealone.Sotheexpansion process
in a turbine can be easily calculated using the h—s chart when the processis considered to be ideal
(whichisthecasenormallywhencalculatingenthalpies,entropies,etc.Laterthedeviationsfromtheideal
values and they can be calculated considering theisentropicefficiency ofthesteamturbineused.

Linesofconstantdrynessfraction(x),sometimescalledthequality,aredrawninthe
wetregionandlinesofconstanttemperaturearedrawninthesuperheatedregion. Xgivesthe
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fraction (by mass) of gaseous substance in the wet region, the remainder
being

colloidalliquiddroplets. Abovetheheavyline, thetemperatureisabovetheboilingpoint,andthedry(superh

eat ed)substanceis gasonly.

Characteristicsofthecriticalpoint:

Forsaturatedphaseoftenitsenthalpyisanimportantproperty.
Enthalpy-pressurechartsareusedforrefrigerationcycleanalysis.
Enthalpy-entropychartsforwaterareusedforsteamcycleanalysis.
Note:Unlikepressure,volumeandtemperaturewhichhavespecifiednumbersassociated
withit,inthecaseofinternalenergy,enthalpy(andentropy)onlychanges are required.
Consequently, a base (or datum) is defined -as you have seenin thecaseofwater.

Let V be total volume of liquid vapour mixture of quality x, Vfthe volume of saturated liquidand

\/g the volume of saturated vapour, the corresponding masses being m, mf and mgrespectively.

YVVYVY

Now,m=mf+mgV

=Vf+Vg

mv=mfvf+mgvg

SaturationStates

Whenaliquid anditsvapour arein equilibrium atcertain pressure and temperature,
onlythepressureorthetemperature iisssufficient toidentifythe saturation state.

If pressure is given, the temperature of the mixture gets fixed, which is known as
saturationtemperature,orifthetemperatureisgiven,thesaturationpressuregetsfixed.
Saturation liquid or saturated vapour has only on independent variable, i.e. only
onepropertyisrequiredtobknowntofixupthe state.

TypeofSteam

Wetsteam:
Wetsteamisdefinedassteamwhichispartlyvapourandpartlyliquidsuspendedinit.ltmeansthatevaporationof
waterisnotcomplete.

Drysaturatedsteam:

Whenthewetsteamisfurtherheated,anditdoesnotcontainanysuspendedparticlesofwater, i
tis knownasdrysaturated steam.

Superheatedsteam:Whenthedrysteamisfurther heatedat constant pressure, thus
raisingitstemperature, itiscalledsuperheated steam.

MeasurementofSteamQuality:

Thestateofapuresubstancegetsfixediftwoindependentpropertiesaregiven. Apuresubstanceisthussaidtoha
vetwodegreesoffreedom.Ofallthermodynamicproperties, it
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is easiest to measure the pressure and temperature ofa substance. Therefore, wheneverpressureand
temperature are independent properties, it is the practice to measure them
todeterminethatstateofthesubstance.

TypesofCalorimetersusedformeasurementofSteamQuality

» BarrelCalorimeter

» SeparatingCalorimeter

» ThrottlingCalorimeter

» CombinedSeparatingand Throttlingcalorimeter

BarrelCalorimeter

Drynessfractionof steam canbefoundoutveryconveniently by barrelcalorimeterasshownin
figure. A vessel contains a measured quantity of water. Also water equivalent
ofthevesselisdeterminedexperimentallyandstampedplatform ofweighingmachine.
Sampleof steamispassedthroughthesamplingtubeintofineexit holesfor dischargeofsteam
inthecoldwater.

Thesteamgetscondensedandthetemperatureofwaterrises. Theweighingmachine
givesthesteamcondensed.

HeatlLost=HeatGain

mixh +(t—t,)}=C,  MIt,
CAMm(t,—t)—(t—t,)}

hfg

X =

Fromthelawofconservationofenergy,

Where, X = quantity of steam in the main

pipehfg=latentheatofvaporizationatpressure

P
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Cp=specificheatofwateratconstantpressurepm
=massofsteamcondensed

M =Equivalent mass of water at
commencementtS=Sat.temperature;
t1=temperatureofWater atcommencement

t2=finaltemperatureaftersteamhascondensed

SeparatingCalorimeter

Steam in

— Dry steam out

[rmme— to condenser
‘\\J\Jfl
. — S—~“~4—t—— Perforated cup

Calibrated ~+— Collector tank
gauge glass

5 ————-—=+—Separated water

Drain valve

I

The wetsteamenters atthe top from the main steam pipe through holes in the samplingpipefacing
up stream which should be as far as possible downstream from elbows andvalves to ensure
representative sample of steam when in operation the wet steam enteringpasses down the central
passage and undergoes a sudden reversal of direction of motionwhenstrikesperforatedcup.
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Itleadstoinaccuracyduetoincompleteseparationofwater

Drynessfractioncalculatedisalwaysgreaterthanactualdrynessfractio

Cp=specificheatofwateratconstantpressurepm
=massofsteamcondensed

M =Equivalent mass of water at
commencementtS=Sat.temperature;
tl=temperatureof\Water atcommencement

t2=finaltemperatureaftersteamhascondensed
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ThrottlingCalorimeter

Steam main Sampling tube

Insulation

T,

R

_——Condenser

Cooling water in

Condensate out

Inthethrottlingcalorimeter,asampleof wet steam ofmassm andat pressurePlistakenfrom the
steam main through a perforated sampling tube. Then it is throttled by thepartially-
openedvalve(ororifice)toapressureP2measured by  mercury
manometer,andtemperature t2, sothatafterthrottlingthe steam isinthesuperheated region.

The steady flow energy equation gives the enthalpy after throttling as equal to enthalpybefore
throttling. The initial and final equilibrium states 1 and 2 are joined by a dotted linesince
throttling is irreversible (adiabatic but not isentropic) and the intermediate states arenon-
equilibriumstatesnotdescribablebythermodynamiccoordinates. Theinitialstate(wet)is  given by
Plandx1 andthefinal statebyP2 andt2.

Advantages:
Drynessfractionofverydrysteamcanbefoundouteasily.

Disadvantages:
Itisnotpossibletofinddrynessfractionofverywetsteam.
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CombinedSeparatingandThrottlingcalorimeter

Stop valve Throttling valve  Thermometer
P4 . ‘ | Insulation
e @ | G
EO_EOO o S MOy o Hg
1308 g g manometer
\
1 P2
Sampling '
tube
_ Separating —> C.W. out
Steam main  calorimeter
U_] ) Condenser
=N i»-
S cooling
----- \———3 watar —
Separated ;;:::::::: Qondensate (iz)
moisture (m) =1

Whenthe steam isvery wet and the pressure after throttlingisnot lowenough to take thesteam tothe
superheated region, then a combined separating and throttling calorimeter
isusedforthemeasurementofquality.

Steam from themainisfirst passedthrough a separator wheresomepartof the
moistureseparatesoutduetothesuddenchangeindirectionandfallsbygravity,andthepartiallydryvapouris
then throttledandtaken tothesuperheatedregion.
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Critical point

h

P4

— s

Separating and throttling processes on h-s plot

In Fig. process 1-2 represents the moisture separation from the wet sample of steam atconstant
pressure Plandprocess 2-3 represents throttling to pressure P2. With
P2andt3beingmeasured,h3 canbe foundout fromthe superheatedsteam table.

. +xh
h3 _hZ_h f 2 fa,

Therefore x2, the quality of steam after partial moisture separation can be evaluated If m kgof
steam,is taken through the sampling tube in t's, m1 kg of it is separated, and m2 kg isthrottled and
then condensed to water and collected, then m = ml + m2 and at state 2, themassofdry
vapourwillbex2m?2.Therefore,thequality ofthe

sampleofsteamatstatel,x1isgivenby..

massofdryvapourstatel

X=
' massofliquid—vapourmixtureatstatelx

my
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Mass of water (m¢) = 1.5
kgMassofsteam(mg)=50kg

Required:Drynessfraction(x)Solution

m
«Drynessfraction(x)=-
_______ mg+mi50
= s =0.971------- Ans
501.5
Eg.Steamis generated at8barfromwaterat32°C. Determine the
heatrequiredtoproducelkgofsteam(a)whenthedrynessfractionis0.85(b)whensteamisdrysaturatedand

(
c¢) whenthesteamissuperheatedto305°C. Thespecificheatofsuperheatedsteammaybetakenas2.093kJ/k

g-K.

Given:
Steampressure(p) =8bar
Initialtemperatureofwater(T;)=32°CMassofsteam(m) =1kg

Required:Heatrequiredwhen(a)x=

0.85(b)x=1(c) Twp=305°C

Solution:(a)

A
A
\ 4

______ SH LH
T170.4
32°C
- Heatadded
| q
Heat required = Sensible heat addition

+ Latentheataddition
Sensibleheataddition=mCyu(ts—

T.1)ts=saturationtemperature=170.4°Cat8bar
from steam table C, = Specific heat at
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constantpressure=4.186kJ/kg (Taken)

SensibleHeataddition=1x4.186x(170.4-32)
=79.34kJ/kg

Latentheataddition/kg=xhy,
Latentheat(hr)
=2046.5kJ/kgfromsteamtableat8barL ate
nt heatadditionfor‘m’kg=m xhsg

=1x0.85x(2046.5)
=1739.525kJ/kg
Totalheatrequired =579.34+1739.525

=2318.865kJ/kg---Ans
(b) (b)

A
(%2
.

\ 4

LH

170.4°C
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SensibleHeataddition=1x4.186x(170.4-32)
=79.34kJ/kg

Latentheataddition/kg=xhg

Latentheat(hrg)
=2046.5kJ/kgfromsteamtableat8barLate

nt heatadditionfor‘m’kg=m xhsg
=1x0.85x(2046.5)
=1739.525kJ/kg

Totalheatrequired =579.34+1739.525

=2318.865kJ/kg---Ans

© (b)

LH

A
(%2
.

A4

170.4°C

Heat required= Sensibleheat addition+Latent heataddition Latent heataddition/ kg=xhsg

Latentheat(hr) @ €2046.5 k/kg from
steamtableat8barLatentheatadditionfor‘m’kg=mthg
=1x1x(2046.5)
=2046.5kJ/kgTotalhe
atrequired =579.34+2046.5
=2625.84k]/kg---Ans

Heatrequired=Sensibleheataddition+L atentheataddition+SensibleHeat

additionSensibleheat addition to superheatedsteam

=MCpy(Tsup—ts)
=1x2.093x(305-170.4)
=281.72 kJ/kg
Latentheataddition/kg=hs

9
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Latentheat(h) =2046.5kJ/kgfrom steamtableat8
barTotalheatrequired =579.34+2046.5+ 281.72

=2907.56k]/kg---Ans
IdealGas:

Perfectgas,alsocalledidealgas,agasthatconforms,inphysicalbehaviour,toaparticular,idealizedrelationbet
weenpressure,volume,andtemperaturecalledthegeneralgaslaw.

GasLaws:

Boyle’sLaw

Boyle’s Law Pressure is inversely proportional to volume: peo 1/v Robert Boyle noticed thatwhen
the volume of a container holding an amount of gas is increased, pressure
decreases,andviceversa(whilethetemperatureisheld constant).Notethatthisisnotalinearrelationship
betweenpandV.

Charles’Law:

Charles’ Law Volume is directly proportional to temperature: V = cT, where ¢ > 0 is
constant.Scientist Jacque Charles noticed that if air in a balloon is heated, the balloon expands.
For anidealgas,thisrelationshipbetweenVandTshouldbelinear(aslongaspressureisconstant).
Charles’andBoyle’sLawscombined

Combine thetwo lawsabove: pV/T=Kwhere Kk isa constant,

=pV=mRTThelndividual GasConstant-R

The Individual Gas Constant depends on the particular gas and is related to the molecularweight
ofthe gas. The value is independent of temperature. The induvidual gas constant, R,for a gas
canbe calculatedfrom the universal gas constant, Ru (givenin several unitsbelow),andthegas
molecularweight,Mgas:

R=Ru/Mgas

IntheSIsystemunitsareJ/kgK.

TheUniversalGasConstant-Ru

The Universal Gas Constant - Ru - appears in the ideal gas law and can be expressed as
theproduct between the Individual Gas Constant - R - for the particular gas - and the
MolecularWeight-Mgas- forthegas, andisthesameforall idealorperfectgases:

Ru = Mgas R, kJ/(kmol.K)
:8.3144598TheMolecularweightofaGasMixt

ure
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The average molecular weight of a gas mixture is equal to the sum of the mole fractions ofeach
gas multiplied bythe molecularweight ofthat particulargas:

Mmixture=2xi*Mi=(x1*M1+............ +Xn*Mn)
where

xi = mole fractions of each
gasMi=themolarmassofeach

gasThrottlingProcess:

The porous plug experiment was designed to measure temperature changes when a
fluidflowssteadily through a porous plug which is inserted in a thermally insulated,
horizontalpipe.TheapparatususedbyJoule andThomsonis shown inFigure

s Thermomele )
<+ ] .

"=—— Porous Plug

-'I'II'-'IT-'IT-'IT-'IT-'ITI'I'I
e e e e e i e el e ey

Agasatpressureandtemperatureflowscontinuouslythroughaporousplugina
tubeandemergesintoaspacewhichismaintainedataconstantpressure. Thedeviceisthermallyinsulatedand
kepthorizontal. Considerthedottedportionascontrolvolume.

O=0 W, =0

By =,

Theseresultsin

Therefore, whenever a fluid expands from a region of high pressure to a region of
lowpressurethroughaporousplug,partiallyopenedvalveorsomeobstruction,withoutexchanging  any
energy as heat and work with the surrounding (neglecting, the changes in
PEandKE),theenthalpyofthefluidremainsconstant,andthefluidissaidtohaveundergoneathrottlingproce
ss

DepartmentofMechanicalEngineering, NRCM Page34



Free expansion (or unresisted expansion) process. A free expansion occurs when a fluid isallowed
to expand suddenly into a vaccum chamber through an orifice of large dimensions.In this process,
no heat is supplied or rejected and no external work is done. Hence the totalheat of the fluid
remains constant. This type of expansion may also be called as constanttotalheatexpansion.It is
thusobvious,thatina free expansionprocess,

Q1-2=0,W1-2=0anddU=0.
vanderWaalsEquationofState:

The ideal gas law treats the molecules of a gas as point particles with perfectly elasticcollisions.
This works well for dilute gases in many experimental circumstances. But gasmolecules are not
point  masses, and there are circumstances where the  properties  of
themoleculeshaveanexperimentallymeasurableeffect. Amodificationoftheidealgaslawwas proposed
by Johannes D. van der Waals in 1873 to take into account molecular size
andmolecularinteractionforces. Itisusuallyreferredtoasthevander Waalsequationof state.

2
Pral N ¥ B)=kr
V

n

The constants a and b have positive values and are characteristic of the individual gas.The
van der Waals equation of state approaches the ideal gas law PV=nRT as the values ofthese
constants approach zero. The constant a provides a correction for the intermolecularforces.
Constant b is a correction for finite molecular size and its value is the volume of onemole
oftheatoms ormolecules.

Since the constant bis an indication of molecular volume, it could be used to estimate theradius of
an atom ormolecule, modeled asa sphere. Fishbane et al. give thevalue of
bfornitrogengasas39.4x10- 6m3/mol.
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Problem 12-30
P-v-T BEHAVIOR OF GAS MIXTURES

A rigid tank contains 8 kmol of O, and 10 kmol of CO, gases at 290 K
and 150 kPa. Estimate the volume of the tank.

Gas A ‘ Gas muixture
P T P A+ B

VP

Vs | Vi V4 Vg

V., = Zl Conil )

(ISEmolMS 314 kPa -m Amol- K290 K)

150 KPa

"

2893 m”

Answer: 289 m’
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Problem 12-32
P-v-T BEHAVIOR OF GAS MIXTURES

A rigid tank contains 0.5 kmol of Ar and 2 kmol of N, at 250 kPa and
280 K. The mixture is now heated to 400 K. Determine the volume of
the tank and the final pressure of the mixture.

Gas A Gus B Gas mixture
A BN Pl - AsB
P

Va Vi Vi + Vp

S PLS)
. 253m?

4

Vo= 1, TP

Gas A Gas B Gas
v, T v T mixture

= A+ B
VT

) Py P+ Py

I,‘“:ZIP(Z:'_I"") 1
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Example 0.3 m’ of helium at 20 bar and 30°C is mixed with 0.7 m’ of oxygen at 5 bar and
5°C by opening the valve between two tanks. Calculate the heat transfer, if the final temperature of
the mixture is 25°C.

Solution.

Given: Volume of helum, v, =03 m’

Pressure of helium, =20bar=20 = 10° KN/m?

Temperature of helium, I, =30°C=30+273=303K

Volume of oxvgen, ' =0.7m?

Pressure of oxygen. ~=5bar=5x 10°kN/m’

Temperature of oxygen, I =5C=5+273=278K

lemperature of the mixture,

. =252C=25+273=208 K

First of all, let us find the mass and specific heat at constant volume for helium (He) and oxygen
(O,).

We know that gas constant for helium,

5 R, 8314
"* Molecular mass of helium (M) T4
=20785k)/kg K
R, 8314

and gas constant for oxygen, R ”" S 0.26 kJ/kg K
© My ez

From the charactenistic equation of gas, pv=mRT, we have

Piie - Ve _ 20X10% X 0.3
" Ry T 2.0785%x303

Mass of helium, m =0.9527 kg
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Example ' . Find the increase in entropy when 2 kg of oxvgen at 60°C are mixed with 6 kg
of nitrogen at the same temperature. The initial pressure of each constituent is 103 kPa and is same
as that of the mixture.

Solution.
Given: Mass of oxygen, m 2kg

L0

Temperature of oxygen, I' =60°C=60+273=333K

iy
Mass of nitrogen, m, = 6kg
Initial pressure of each constituent,
Po. = Py, = 103 kPa
We know that number of moles of oxygen,
Mass of oxygen (mg_ ) 2
= - - = =0.0625
Molecular mass of oxygen (M, ) 32

and number of moles of nitrogen,

my. 6
N = 2 =02143
My 28

Total number of moles in the mixture,
n=n, +n,

= 0.0625+0.2143 = 0.2768
We know that mole fraction of oxygen,

o, Po, 0.0623
x, =—4= =
oo p 02768

=(.2258

and mole fraction of nitrogen,
N, P, 02143
=== =0.7742
i P 0.2768
We know that increase in entropy,

Po, P
ds=-23n, R log| — |-23n, R log
=4 P e p
= —2.3x0.0625 > 3x02143 x 8314 log (0.7742)
0.7724 - 0.4555 = 1.2279 k) /kg Ans.
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THERMODYNAMICS (ME2105PC)

Example 11.9. 4 mixture of gases has the following volumetric composition:
CO,= 12%; 0,= 4%; N, = 82%; CO = 2%
Calculate: 1. Gravimetriccomposition; 2. Molecularmassofthemixture; and 3. Gas constantfor the

mixture.
Solution.
Given: Volume of carbon dioxide (CO,) in I m’ of the mixture = 12% = (.12
Volume of oxygen (0,) =4%=0.04
Volume of nitrogen (N,) = 82%=0.82
Volume of carbon monoxide (CO) = 2%=10.02

I. Gravimetric composition

We have already discussed in Art. 11.4 that the volume fraction (z) is equal to the mole fraction (x).

We also know that *mass of the constituent per mole of the mixture
=x * M, where M is the molecular mass of the constituent.

Using these relations, the results may be tabulated as follows:

Constituent | % by volume | Volume fraction | Molecular | Mass of the | % Mass
or or mole fraction | mass (M) | constituent (d) 100
—_— X
% by mole (x) permole of | X (d)
the mixture
m=xxM
(a) (b) (c) (d)
, 6.16
CO, 14 0.14 44 6.16 - % 100 =202
g 30.44
0 5 0.05 32 1.6 L0 100=523
’ ‘ w ” v 3044 ”
22.68
N, 81 0.81 28 22.68 —— x 100=745
. 3543 =T
Total 100 1.00 S(d) = 30.44 100
Partial pressure of the gases in the mixiure
We know that volume fraction is equal to the mole fraction.
.~ Partial pressure of carbon dioxide,
Peo. = Xco, % P=0.14 x 4 =0.56 bar Ans,
Partial pressure of oxygen.,
Py, =X, *p=0.05x4=0.20 bar Ans.
Page40
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THERMODYNAMICS (ME2105PC)

Relative humidity is normally expressed as a percentage. When @ is 100
percent, the air is saturated.

Humidity ratio (W): The humidity ratio (or specific humidity) W is the mass of water
associated with each kilogram of dry air'. Assuming both water vapour and dry air to
be perfect gases?, the humidity ratio is given by:

_ kg of water vapour p,V/R,T _ p,/R,
kg of dry air PaV/RaT (Pt —py)/R;

Substituting the values of gas constants of water vapour and air R, and R, in
the above equation; the humidity ratio is given by:

W=0622—Pv
Pt =Py

For a given barometric pressure p,, given the DBT, we can find the saturated vapour

pressure psat from the thermodynamic property tables on steam. Then using the
above equation, we can find the humidity ratio at saturated conditions, Wsa;.

It is to be noted that, W is a function of both total barometric pressure and
vapor pressure of water.

Dew-point temperature: If unsaturated moist air is cooled at constant pressure, then
the temperature at which the moisture in the air begins to condense is known as
dew-point temperature (DPT) of air. An approximate equation for dew-point
temperature is given by:

___4030(DBT +235)

4030 - (DBT +235)In¢
where @ is the relative humidity (in fraction). DBT & DPT are in °C. Of course, since
from its definition, the dew point temperature is the saturation temperature

corresponding to the vapour pressure of water vapour, it can be obtained from steam
tables

DPT
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THERMODYNAMICS (ME2105PC)
UNIT-V

Gas Power CYCLES

Forthepurposeofthermodynamicanalysisoftheinternalcombustionengines, thefollowingapproxim
atio ns aremade:

» Theengine isassumedtooperateonaclosedcyclewithafixedmassofair
whichdoesnotundergoany chemical change.

» Thecombustionprocessisreplacedbyanequivalentenergyadditionprocess
froman externalsource.

» The exhaust process is replaced by an equivalent energy rejection process
toexternalsurroundingsbymeansofwhichtheworkingfluidisrestoredtothe
initialstate.

» Theairisassumedtobehavelikeanidealgaswithconstantspecificheat. Thesecycles
areusuallyreferredtoasairstandardcycle.

OttoCycle

The Air Standard Otto cycle is named after its inventor Nikolaus A. Otto . Figures 5.1 (a),
(b)and (c) illustrate the working principles of an Otto cycle. The Otto cycle consists of
thefollowingprocesses.

Fuel air mixture

— +—— [nlet valve 4
I
- T
&
[
.‘——-
Exhaust 0 1
valve
Combustion products v A
(a) (b} (c)
Figure5.1

0-1:Constantpressuresuctionduringwhichamixtureoffuelvapourandairisdrawn
intothecylinderasthepistonexecutesanoutward stroke.

1-2:Themixtureiscompressedisentropically duetotheinwardmotionofthepiston.Becauseofthe
isentropiccompression,thetemperatureofthegasincreases.
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2-3: The hot fuel vapour-air mixture is ignited by means of an electric spark. Since thecombustion
is instantaneous, there is not enough time for the piston o move outward.
Thisprocessisapproximatedasaconstantvolumeenergyadditionprocess.

3-4:Thehotcombustionproductsundergoisentropicexpansionandthepistonexecutes
anoutwardmotion.

4-
1:Theexhaustportopensandthecombustionproductsareexhaustedintotheatmosphere.Thepro
cessisconvenientlyapproximatedasa constant-volumeenergyrejection process.

1-0: The remaining combustion products are exhausted by an inward motion of the piston
atconstantpressure.

Effectively there are four strokes in the cycle. These are suction, compression,
expression,andexhaust strokes, respectively. From the P-V diagram it can be observed that the
workdone during the processO-1 isexactly balanced by the work done during 1-0. Hence for
thepurpose of thermtza/nag S analysis we need to consider only the cycle 1-2-3-4, which is air-
standardg)tto

Q) )
(5.1)
Where and
denot%heenergyabsorbedandenergyrejectedlntheformofheat Applicationofthefirstlawoft
he
rmodynamicstoprocess2-3and4-1gives:
O =Us =y =mluy—uy)=me, (T,-T) (5.2)
Qz:U4—U1:m{u4—u1]:mv[ﬂ—ﬂ] (5.3)
Therefore,
-1
=1- 4 1
7 -1, (5.4)

1-2and3-4areisentropicprocessesforwhich Tl _

constant

Therefore,
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or

T (nY (1Y
R .

DepartmentofMechanicalEngineering, NRCM

(5.6)

(5.7)

(5.8)

(5.9)
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(5.11)
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1-7-4-
5:Dieselcycle 1-2-

3-45Dualcycle

ForthesameQ:,thehighertheQs,thehigheristhecycleefficiency

Powe  Poaat # 7 Diesel

Forthesamemaximumpressureandtemperature(Figures5.6(a)and(b))

Figure5.6(a)and(b)

1-6-4-5:0Ottocycle
1-7-4-

5:Dieselcycle 1-2-
3-45 Dual
cycleQ:isrepresentedb

y.

Area  under6-4 — for  Otto cycle
area under7-4 for Dieselcycle
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and
areaunder2-3-4  —forDualcycle andQ:issamefor allthe cycles

T Diesel = Moo * ¥ oo
Where

"

o = 7 Compressionratio (5.14)

Since ¥;! the efficiency of the Otto cycle increases with increasing compression
ratio.However,inanactualengine,thecompressionratiocannotbeincreasedindefinitelysince

highercompressionratiosgivehighervaluesofandthisleadsto spontaneou@ and uncontrolled
combustionof the gasoline-air mixturein the cylinder.Suchaconditionisusually calledknocking.

0.8 T
0.6 + ¥=14 -
Mos L ﬁ,f--“'"'_____ i ST B -
B S ] D
0.2 + s B
1 t | 1 | r —»
3 4 5 6 7 g 0 10 r,
Figure5.2

Performance ofan engine is evaluated in terms ofthe efficiency (see Figure 5.2).
However,sometime it is convenient to describe the performance in terms of mean effective
pressure,an imaginarypressure obtained by equating the cycle work to the work evaluated by
thefollowingtherelation

F,=BldV=R(-T)

Themeaneffectivepressureisdefinedasthenetworkdividedbythedisplacementvolume. Thatis
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Where

(5.14)

.?"D:

SR

~ Compressionratio

Since ¥;! the efficiency of the Otto cycle increases with increasing compression
ratio.However,inanactualengine,thecompressionratiocannotbeincreasedindefinitelysince

highercompressionratiosgivehighervaluesofandthisleadsto spontaneou@ and uncontrolled
combustionof the gasoline-air mixturein the cylinder.Suchaconditionisusually calledknocking.

0.8 1
0.6 + y=1.4 >
Mog 1 o I
o =12
0.2+ —
1 + | 1 | t —
3 4 5 6 7 g 0 10 r,

Figure5.2

Performance ofan engine is evaluated in terms ofthe efficiency (see Figure 5.2).
However,sometime it is convenient to describe the performance in terms of mean effective
pressure,an imaginarypressure obtained by equating the cycle work to the work evaluated by
thefollowingtherelation

(5.15)

1

Themeaneffectivepressureisdefinedasthenetworkdividedbythedisplacementvolume.Thatis

W =P [dr=p -V,
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Waet
a4 I e—
(V1 -73)
DIESELCYCLE
i P=constant
Alr—» ::— Inlet valve
— | 2 3 ) l
Fuel—h::ﬁ;:l- — 10 5 4
T 4
..5_—') Exhaust - 1 v=constant
Combustion valve 0 1
products - -
(@) (b) (c)

Figure5.3(a),(b)and(c)

TheDieselcyclewasdevelopedbyRudolfDieselinGermany.Figures5.3(a),(b)and
(d) explaintheworking principleofanAirStandardDieselcycle. Thefollowingare
theprocesses.

0-1: Constant pressure suction during which fresh air is drawn into the cylinder as the
pistonexecutestheoutwardmaotion.

1-2: The air is compressed isentropically. Usually the compression ratio in the Diesel cycle
ismuchhigherthemthatofOttocycle.Becauseofthehighcompressionratio,thetemperature  of
the gasat the end of isentropic compression is so high that when fuel isinjected,itgets
ignitedimmediately.

2-3:Thefuelisinjectedintothehotcompressedairatstate2andthefuelundergoes

achemicalreaction. ThecombustionofDieseloilinairisnotasspontaneousasthecombustionofgasolineandt

hecombustionisrelativelyslow.Hencethepistonstartsmovingoutwardascombustiontakeplace. Thecombu
stionprocessesisconvenientlyapproximated asaconstant pressureenergyadditionprocess.

3-4: The combustion products undergo isentropic expansion and the pistonexecutes
anoutwardmotion.
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4-
1:Thecombustionproductsareexhaustedatconstantvolumewhenthedischargeportopens.Thisisreplaced
by aconstant-volumeenergyrejectionprocess.

1-0:Theremainingcombustionproductsareexhaustedatconstantpressurebytheinwardmotion ofthepiston.

IntheanalysisofaDieselcycle,twoimportantparametersare:compression

ratiofn =F/¥,)Jand  the cut-off ratidz, The cut-off ratio is defined as the ratio
of thevolumeattheendofconstant-
pressureenergyadditionprocesstothevolumeatthebeginningoftheenergyaddition process.

v, (5.16)

(5.17)
Energyadded =@;=#c, (% -7)

=0, =me, (T, - T,
Energyrejected ? T~ %) (5.18)

_Ql_Qz_ B T;_?I
7= T @) (5.19)

or

(5.20)

1-ZisIsentropic:
-1 il
L_(m) (1Y
1 " Fa

4-1isConstantvolume:
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Butz = fZHence

2]
Il

St |
H

S [

Since1 —2and3—4areisentropicprocesses(P = C)

¥ ¥
5[3} &{ﬂ]
E WK and H W

Hence
(5.21)
¥ ¥ ¥
L_(BY(AY <(BY <y
T\ ) \m)
(5.22)
o A
r(n) " {n-1)
(5.23)
LAV,
Alsotobenote ~ o e
SOto eal;) PEVE P;

ThecompressionratiosnormallyintheDieselenginesvarybetweenl4andl

AIRSTANDARDDUALCYCLE

Figures 5.4 (a) and (b) shows the working principles of a Dual cycle. In the dual cycle, theenergy
additionis accomplished in two stages: Part of the energy is added at constantvolume and part of
the energy is added at constant pressure. The remaining processes aresimilar to those of the Otto
cycle and the Diesel cycle. The efficiency of the cycle can beestimatedinthefollowing way
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3 4 4
3
T
2
P 5 2 D
1 1
v A
Figure5.4.1(a)and(b)
Energyadded
a1 =c,(G-T)+c, (L -F) (5.24)
Energyrejected
(5.25)

(5.25)
_ 5 (% -1)
p=1-
C'r {T; - 2}+cp {?1_?;}
(5.26)
or
B (%-7)
=1~
(E-B)+¥%-T)
Theefficiencyofthecyclecanbeexpressedintermsofthefollowingratio
S
. . = =
Compressionratio, [ (5.27)
(5.28)

Cut-offratio, ro=

Selhe
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ST
Expansionrat,= -
Py

Constantvolumepressureratio,

1 rp (7)) -1
{rn}r_l (rw - 1) +¥n, {’} - 1]

7 rwar = 1—

If
Fo = 1, Toual — Poteo

f Fop = L #pual = Ppiesel

ComparisonofOtto,Diesel&DualCycles

Forsamecompressionratioandheatrejection(Figures5.5(a)and(b))

_ (a)
Figure5.5(a)and(b)
1-6-4-5:0ttocycle
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EXAMPLE 9.1

A steam power plant operates between a boiler pressure
of 4 MPa and 300°C and a condenser pressure of 50 kPa.
Determine the thermal efficiency of the cycle, the work
ratio, and the specific steam flow rate, assuming (a) the
cycle to be a Camot cycle, and (b) a simple ideal Rankine
cycle.

Solution

(a) The T-s diagram of a Camot cycle is shown in the
adjacent figure.

Process 1-2 is reversible and isothermal heating of water
in the boiler.

Process 2-3 is isentropic expansion of steam at state 2 in the turbine.

Process 3-4 is reversible and isothermal condensation of steam in the condenser.
Process 4-1 is isentropic compression of steam to initial state.

At state 1: P, =4 MPa, T, = 300°C

At state 2: P, = 50 kPa, the steam is in a saturated state.

From the saturated water-pressure table (Table 4 of the Appendix), at 50 kPa, we get 75, =
Toin = T = 81.33°C
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