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BASIC DEFINITIONS

» Definition of Thermodynamics

Thermodynamics is a branch of science ,phenomena of energy and related
properties of matter, especially of laws of transformation of heat into other forms of
energy and vice versa.

« Macroscopic Approach
* Microscopic Approach

» This approach considers that the system is made up of a very large

numbers of the discrete particles known as molecules.
« These molecules have different velocities and energies.

* The behaour of system is found by using statistical method as the number of
molecules is very large.

= The properties like velocity, momentum, impulse, kinetic energy etc, which
describes the molecule cannot be easily measured by instruments.

= Large number of variables is needed to describe such a system. So approach is
complicated.



Macroscopic Approach:

=In this approach, we do not follow the behavior of individual molecules but
study the properties of particular mass of the substances.

*The analysis of macroscopic system requires simple mathematical formulae.

=The values of the properties of system are their average values.
=Only few properties are needed to describe such a system.



Thermodynamic systems are defined by using a real or imaginary boundary.
Anything beyond ‘real or imaginary boundary is known as surroundings
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Definitions of thermodynamics terminology

Thermodynamic systems: A thermodynamic system may be defined as the
quantity of matter or definite region in space upon which some
thermodynamic process is taking place.

Thermodynamic system are defined by using a real or imaginary boundary
anything beyond real or imaginary boundary is known as surroundings.

SURROUNDINGS
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Surrounding: The space outside the thermodynamic system is known as
surrounding

Boundary: The line separating the system and surrounding is known as
boundary.

Universe: The combination of system, surrounding and boundary is known
as universe.

State of System:

A state is a macroscopic condition of a thermodynamic system as described
by its particular thermodynamic parameters.

Some thermodynamic parameters are pressure, temperature, density,
composition etc.



Classification of thermodynamic system

Thermodynamic systems may be broadly classified in three categories:
1. Open system

2. Closed system

3. lsolated system

Matter | (water vapor)

() ®) ©



THERMODYNAMIC EQUILIBRIUM



Chemical Equilibrium
Mechanical Equilibrium
Thermal Equilibrium

Equilibrium:
Equilibrium indicates the state of balance. In an equilibrium state there are no
unbalanced potentials with in the system. Equilibrium may be classified as



(i) Chemical Equilibrium: If there is no chemical reaction or diffusion of
matter from one part of the system to another, the system is said to be in

chemical equilibrium.

(i)Mechanical Equilibrium: If there are no unbalanced forces in the
system, the system is said to be in mechanical equilibrium.

(iii)Thermal Equilibrium: When a system is prevailing in chemical and
mechanical equilibrium is separated from its surroundings by a dia
thermic wall and if no spontaneous change in an%/ property of the system,
the system is said to be In state of thermal equilibrium.



Thermodynamic Properties of a system

Properties are those characteristics of the system which can be used for defining
the system. Such as volume, pressure, temperature, viscosity etc.

Classification of properties of a thermodynamic system

The thermodynamic properties may be classified into two categories:
1.Intensive property

2.Extensive property

1.Intensive property:

Intensive properties are those properties which have same value for any part of
the system or these are those properties that are independent of the mass of the
system. Such as temperature, pressure and density.

2.Extensive property:

Extensive properties are those properties which depend upon the mass of the
system and do not maintain the same value for any path of the system. Such as
mass, enthalpy, volume and energy etc.



« Path: If all the changes of states of the system are plotted, then line joining
the change of states of the system is known as path.

* Process: A process is a complete description of change of state of a
thermodynamic system through a specified path.

« cycle: A thermodynamic cycle is defined as the series of state of changes
such that the intial state is identical with the final state.



Quasi-Static Process

Consider a system which contained gas in a cylinder in fig. Initially it is in an
equilibrium state, represents the properties P1, v1, T1. The weight on the piston just
balance the force exerted by the gas. When weight is removed from the piston the
system become unbalanced. The unbalanced force is between the system and the
surrounding, and gas pressure will moves the piston in upward direction till it hits

the stop.
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The system again comes to an equilibrium states, being described by the properties
P2, v2, T2. But the immediate states passed through by the system are non-
equilibrium states which cannot be described by thermodynamic coordinates.
Figure shows the points 1 and 2 as the initial and final equilibrium states joined by
dotted line.

Now if the single weight on the piston is made up of many very small pieces of
weights and these weights are removed one by one very slowly, at any instant of the
upward travel of the piston, if the gas is isolated, the departure of the state of the
system from thermodynamic equilibrium state will be infinitesimally small. So

every state passed through by the system will be an equilibrium state.
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FORMS OF ENERGY

1.Work
2.Heat
Work

Work is one of the basic modes of energy transfer.

In mechanics the action of a force on a moving body is identified as work.
The work is done by a force as it acts upon a body moving in the
direction of force.

In thermodynamics, work transfer is considered as occurring between the
system and the surroundings. Work is said to be done by a system if the
sole effect on the things external to the system can be reduced to the
raising of a weight.

The work is done by a system, it is taken to be positive, and when work is
done on a system, it is taken to be negative.



w
Surrounding Surrounding
(a)Work is Positive (+ve) (b) Work is negative (-ve)

Power: The rate of energy transfer is known as power or the rate of work
transfer is known as power. The unit of power is J/s or Watt.

Heat

Heat is defined as the form of energy that is transferred across a boundary by virtue of a
temperature difference. The temperature difference is the potential or force and heat
transfer is the flux.

Heat flow into a system is taken to be positive, and heat flow out of a system is taken as
negative.
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A process in which no transfer of heat through boundary is known as adiabatic process.

Q
Q

Surrounding T _—

(a)Heat transfer is Positive (+ve) (b) Heat transfer is negative (-ve)

_ The symbol used for heat transfer is Q. The unit of heat transfer in Sl (System
international) system is Nm or Joule (J). The rate of heat transfer is given by W or kW.

Types of Heat

1. Specific Heat: Specific heat is defined as the amount of heat required to raise the

temperature of a unit mass (1kg) of the substance by unit degree (10C or 1K) change in
temperature.

The quantity of heat absorbed or rejected by a system during heating or cooling is
measured by the formula as given below:

Q=mxcx(T2-T1)

Where, Q= heat gainor loose by the system in kJ,

m= mass of the substance in kilograms (kg),

c= specific heat in kJ/kgK

(T2-T1)= Temperature rise or drop in degree Celsius or Kelvin



Types of specific heat: Basically there are two types of specific heats as given below:
(i)Specific heat at constant pressure (cp)
(if)Specific heat at constant volume (cv)

It is defined as the amount heat required to raise the temperature of a unit mass
(1kg) of the substance by unit degree(1oC or 1K) change in temperature when the
pressure is constant. It is represented by cp. Its unit is kJ/kgK.

(i)Specific heat at constant volume  (cv): It is defined as
The amount of heat required to raise the temperature of a unit mass (1kg)
of the substance by unit degree(1oC or 1K) change in temperature when the volume
IS constant. It is represented by cv. Its unit is kJ/kgK.

Specific heat of water: ¢=4.186 kJ/kgK

Specific heats of air: cp=1.005 kJ/kgK cv=1.005 kJ/kgK

2.Latent heat of vaporization: defined as the amount of  heat
required to evaporated one kilogram of water at its saturation temperature (boiling
point) without change of temperature. It is represented by hfg. Its unit is kJ/kg.
The latent heat of vaporization of water or latent heat of steam is 2257 kJ/Kkg.
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FIRST LAW OF THERMODYNAMICS

First law of thermodynamics also states that, “the energy can neither be created nor
be destroyed it can only be transformed from one form to another.” According
to this law, when a system undergoes a thermodynamic process, both heat and
work transfer takes place. The net energy is stored within the system and is termed
as stored energy or total energy of the system. Mathematically it is written as:

5Q-8W=dE

First law of thermodynamics for a cyclic process

A process is cyclic if the initial and final states of the
system are identical. A system represented b state 1, ! =
undergoes a process 1-r-2 and returns to the initial state
following the path 2-s-1. All the properties of the system
are restored, when the initial and final state isreached.

During the completion of these processes:

(a)Area 2-3-4-1-s-2 denotes the work done W1 by the system durir
process 2-s-1.

Pressure —»

— Volume —

(b)Area 4-3-1-s-4 denotes the work done W2 supplied to the syster
compression process 4-s-1.

(c)Area 1-r-2-s-1 denotes the net work done (W1-W2)
delivered by the system.



Note:
The total energy is the sum of potential energy, kinetic energy and internal energy
of the system. It is mathematically written as:

E=P.E.+K.E.+U

Where, P.E. = Potential energy,
K.E. = Kinetic energy, U = Internal Energy.

Internal Energy: Internal energy of steam is define as the energy stored in the
steam, above 0oC (freezing point) of water. It may be obtained by subtracting the
work done during evaporation to the enthalpy of steam. It is represented by U.
Mathematically it is written as,

Internal energy of steam=Enthalpy of steam-Workdone during evaporation

Enthalpy: It is defined as the amount of heat absorbed by water from 00C
(freezing point) to saturation point (sensible heat) plus heat absorbed during
evaporation (latent heat). It is represented by hg.

So that,
Enthalpy=sensible heat + latent heat



Joule’s Experiment

Thermometer |-

Paddle wheel

Insulated container
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TYPES OF PROCESSES

Isobaric: process done at constant pressure
Isochoric: process done at constant volume
Isothermal: process done at constant temperature
Adiabatic: process where g=0

Cyclic process :where initial state = final state



ISOBARIC PROCESS

An isobaric process is a thermodynamic process in which the pressure stays
constant.

« An example would be to have a movable piston in a cylinder, so that the
pressure inside the cylinder is always at atmospheric pressure, although it is
Isolated from the atmosphere.

In other words, the system is dynamically connected, by a movable
boundary.


http://en.wikipedia.org/wiki/Thermodynamic_process
http://en.wikipedia.org/wiki/Thermodynamic_process
http://en.wikipedia.org/wiki/Thermodynamic_process

ISOCHORIC PROCESS

« Also called a constant-volume process, an isovolumetric
process, or an iIsometric process

« Itisa process during which the volume of the closed
system undergoing such a process remains constant.

Volume=constant

« An isochoric process is exemplified by the heating or the cooling
of the contents of a sealed, inelastic container:


http://en.wikipedia.org/wiki/Thermodynamic_process
http://en.wikipedia.org/wiki/Volume_(thermodynamics)
http://en.wikipedia.org/wiki/Closed_system
http://en.wikipedia.org/wiki/Closed_system

EADY FLOW ENERGY EQUATION

CONTROL VOLUME ANALYSIS



STEADY FLOW ENERGY EQUATION (S.FE.E.)

« Assume the flow through a system as shown in figure.

« During a small time interval dt there occurs a flow of mass and energy into a fixed
control volume; entry is at point 1 and exit at point 2.

» The fluid enters the control volume at point 1 with a average velocity V,, pressure
P,, specific volume v, and internal energy U,.The fluid exit the control volume at
point 2 and the corresponding values are V,, P, v,, U,. During the fluid flow from
the two sections, heat Q and mechanical work W may also cross the control surface.

The following points are taken into consideration for energy balance equation:

(I) Internal energy

(if) Kinetic and potential energies. Control urface

(iii) Flow work SN, |

(iv) Heat and mechanical work which cross the O] seatyFowsysen %
| W.

RN S
| Control Volume i Ee
|

e control volume.

4y

Datum Line



From the law of conservation of energy, energy neither be created
nor be destroyed we can write,

Total energy flow rate into the control volume = Total energy flow rate out of
control volume

m(energy carried into the system)+m(flow work)+ rate of heat flow= m(energy
carried out of the  system)+m(flow work)+ rate of work transfer

m(l.E.+P.E.+K.E.),; +m(flow work), +Q = m(l.E.+P.E.+K.E.), +m(flow work), +W

_dW

Where, Q = —andW —

V2 V2
m (UH— gz1+ %) +m(Pvy) +Q=m (U2+gzg + ?2) +m(Pyv,) + W



Arrangingthe equation,
1?2 V2
m(UﬁPwﬁgz { +71 +(Q =m|U; +Pav; + gz, +2‘j +W

2 2
TH((U1+P11?1) +g31+71 +Q =m|(U; +Pyry) + gz, +§)+W

Sinceh = (U + Pv),so that 2):11 = (Uy+Pyvy)and hy= gUg + Pyvy)
V V
1 2

m(h1+gzl+ T)JrQ =m(hg + 91, +?)+W

This equation is known as steady flow energy equation (SFEE).

[f the mass of fluid is taken as unity then steady flow energy equation is
reducesto,
Vi V2

Allthe terms represent energy flow per unit mass of fluid (] /kg).
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Applications of Steady flow energy equation

Steady flow energy equation is commonly used in flow processes in many
engineering plants. Some commonly used engineering systems which
works on steady flow energy equation (SFEE) are as follows:
(i)Compressor

(if)Condenser

(ili)Boiler

(iv)Turbine

(V)Nozzle and

(vi)Pump



(i) Compressor: Compressor is a device which is used to compress the fluid (may
be air) and deliver it at a high pressure and large flow rate. There are two types of
compressors as follows:

(a)Rotary compressor

(b)Reciprocating compressor

(a) Rotary compressor: Rotary compressors are the devices which are used to
develop high pressure and have a rotor as their primary element. The characteristic
features of flow through a rotary compressor are:

*Work is done on the system so that W is negative.
*Negligible change in Potential energy.
*Heat is lost from the system so that Q is negative



Steady flow energy equation may bgw ritten as follows: 2
Vi V;
(h1'|' ) Q m(hﬁ 2) -

V2 V2
—m(h1 + ) Q

Or

W=m (hﬁz

Alr In
Ifthe change In velocity 15 neglimble and the flow process s assumed as adiabatic (L&

0=0) duetovery high flow rates, then
W=m(hy- hs)
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Steady flow energy equation may be writtenas follows: e e

2 V? ANAY;
m(h1-|—?1)—Q:m( 2) W“ﬁé_j//;) D

Or WM%K}/"

V% Vg { (e
W=m (hg + j) ( ) T Q -

fthe changein velocityis negligible, then

W =m(hy—hy) + 0

34



Condenser: Condenser is a type of heat exchanger. It is used to transfer heat from one
fluid to another. The characteristic features of a condenser are as follows

« No mechanical work (i.e., W=0).
« No change in kinetic and potential energies.
» No external heat interaction (Since it is perfectly insulated).

» Heat is absorbed by the one fluid (Steam) to the another fluid (coolant), so that
heat is taken negative.

« Thus steady flow energy equation reduces to

Condensate out




Thussteady flow energy equation reducesto;

b /
(+gz1+ )+Q ( +gzz+2)+W

by -Q=h
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(iii) Boiler: Boiler is an equipment used for generation of steam. Thermal energy released by
combustion of fuel is transferred to water which vaporizes and gets converted into steam.

Steamn out |T|

Water in

The characteristic features of a boiler are as follows:
No mechanical work (i.e, W=0).

(ANo change in kinetic and potential energies

(Height change between inlet and exit point is negligible.
Thus steady flow energy equation reduces to;

T«”f UEE
m(h1+gz1+ ?)+Q =:rr1(.h2 + g9z, +T)+W
hi+Q = hz
Q=hz — h1
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(iv) Turbine: Turbine is a device which converts thermal energy into useful work In
turbine fluids expand from high pressure to a low pressure. The work output from the
turbine may be used to drive a generator to produce electricity. The characteristic
features of aturbine are as follows:

< Negligible change in velocity so that negligible change in kinetic energy.

< Negligible change in potential energy.

< Isentropic expansion takes place since the walls of turbine are thermally insulated.
Euntri:f fiiJ-ria-c-e} -------- ﬁ Alr out

e

e

] i
1 i
i 1
1 1
1

| W Tubine [ —»
i 1
i i
' To— ]
I S :

Alr im

Thus steady flow energy equation reduces to;

Vi V3
m| hy +g2z4 +? -I—sz(hg-l—gzg-l-? +W
W =m(h, — h1)
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(v) Nozzle: Nozzle is a device of varying cross-section used for increasing the velocity of a
flowing stream at the expense of its pressure drop. In nozzle pressure energy of the fluid is

converted into kinetic energy. Itis used in turbines, fuel pumpsand jet engines etc.

The characteristic features of a nozzle are as follows:

No mechanical work (i.e. W=0)

dFlowis isentropic (i.e. Q=0)

dChange in height between entry and exitis negligible. (i.e.z1=23)

Thus steady flow energy equation reduces to;
Vi V3
(h'l ‘I‘—) — (hg ‘I‘—)
2 2 / oty

Vs, = \/Z(hi —hy) +V3

bt
LetV;is knownthen, —iim - —
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(vi) Pump: Apump is a device which takes the fluid froma low level and delivers it toahigh level The

characteristic features of a pump are as follows:

d No change in internal energy.

 Work is done on the system, so that work is taken negative.
Thus steady flow energy equation reduces to;

U Flow is assumed to be adiabatic (i.e. Q=0)

V2 £
il’}i(hi+g.r;'1—|-T1 +Q@=m h2+g32+72 +W
2 [_.rE
1 2 Water Tank
mlgzi+—=|=m|gzr+—=|-W
[g42) =m(am+) |
cnnimISuria-:eil

Mator 1

:f.'.'.‘.‘.'.' .'.'.'_‘.'.'.:: l

11111111111111111

Water Sump
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LIMITATIONS OF FIRST LAW

Thermal Reservoir, Heat Engine, Heat pump, Parameters of performance, Second Law
of Thermodynamics, Kelvin Planck and Clausius Statements and their Equivalence /
Corollaries, PMM of Second kind, Carnot’s principle, Carnot cycle and its specialties,
Thermodynamic scale of Temperature, Clausius Inequality, Entropy, Principle of
Entropy Increase, Availability and Irreversibility, Thermodynamic Potentials, Gibbs and

Helmholtz Functions, Maxwell Relations, Elementary Treatment of the Third Law of
Thermodynamics
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PROBLEMS FROM 1°T LAW

 The first law of thermodynamics is simple, general, but does not constitute a
complete theory because certain processes it permits do not occur in nature!

The problems arise from:

1. Classical thermodynamics is connected with states of equilibrium and various
processes connecting them.

2. The exact process by which a system reaches the final state from its initial state is
Immaterial. i.e. the transition is independent of the particular path taken

3. The theory emphasizes reversible processes! Yet, real processes are irreversible!



Examples of processes which are not prohibited by the first law, but
cannot happen in a real world.

. Perfect machine Transfer heat from cold to hot subject

. Gas expansion



* [dentifies the direction of a process. (e.g.: Heat can only spontaneously
transfer from a hot object to a cold object, nof vice versa)

* Used to determine the “Quality” of energy. (e.g.: A high-temperature
energy source has a higher quality since it 1s easier to extract energy from
itto deliver useable work.)

. Used to exclude the possibility of constructing 100% efficient heat
engine and perpetual-motion machines. (violates the Kevin-Planck and
the Clausius statements of the second law)

+ Used to introduce concepts of reversible processes and irreversibilities.

* Determines the theoretical performance limits of engineering systems.
(e.g.: A Carnot engine 1s theoretically the most efficient heat engine; its
performance can be used as a standard for other practical engines)
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» A process can not happen unless it satisfies both the first and
second laws of thermodynamics. The first law characterizes the
balance of energy which defines the “quantity™ of energy. The
second law defines the direction which the process can take place

and its “quality™.

* Definea “ . A device that converts heat into work
while operating in a cycle.
AQ-W_ =AU (since AU=0 for a cycle)
= W= Qu-QL

QH Thermal efficiency. ng, is defined as
” Whet e~ Wae/ Qu~(Qu-Qu)/Qu
Heat engine [:> =1-(Qy/Qy)
QL Question: Can we produce an 100%

heat engine, i.e. a heat engine where

T Q=07
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Steam Power Plant

* A steam power plant 1s a good example of a heat engine where the
working fluid, water, undergoes a thermodynamic cycle

1""'l;"r:l:u_tt: 1"':""'-:-1.1': B 1"'1'“""1'.1:1 = Qi.u' Q-:-ut
Q.15 the heat transferred from the high temp. reservoir,

and is generally referred to as Qg
Q,.¢is the heat transferred to the low temp. reservoir, RA———

and 1s generally referred to as Q. “““-"' mace!

Thermal efficiency

MNin = 1"'1";1131‘":[1[-1: ([1[-1'@.}[1[-1= 1'(@.[1[-[} W,

Typical Efficiency of a large commercial steam power -"'.'{ _‘,'

piﬂ_tlt =40% J 1 |

Thermal Reservoir . .,..

A hypothetical body with a very large thermal capacity M“TL“F" %
(relative to the system beig examined) to/from which

heat can be transferred without changing its

temperature. E g the ocean, atmosphere, large lakes.
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Kevin-Planck Statement
* The Kelvin-Planck Statement is another expression of the second law of

thermodynamics. It states that:

It is impossible for any device that operates on a cycle to receive heat from
a single reservoir and produce net work.

*» This statement is without proof, however it has not been violated yet.

» Consequently, it is impossible to built a heat engine that is 100%:.

Heapfngine |

* A heat engine has to reject some
energy into a lower temperature sink
in order to complete the cycle.

*» Ty=T; in order to operate the
engine. Therefore, the higherthe
temperature, Ty, the higherthe
quality of the energy source and more
work is produced.

[mpossible because it violates the Kelvin-Planck Statement/Second Law
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Heat Pumps and Refrigerators

* A “heat pump” is defined as a device that transfers heat from a low-temperature
source to a high-temperature one. E.g. a heat pump is used to extract energy from
outside cold outdoorair into the warm indoors.

» A refrigerator performs the same function: the difference between the two is in
the type of heat transfer that needs to be optimized.

* The efficiencies of heat pumps and refrigerators are denoted by the Coefficient

of Performance (COP) where For a Heat Pump:

OPyp=Qu/W,emQu/(Qu-Qp) = 1/(1-Qp/Qy)

QH For a Refrigerator:
L ICOPR=Q/ W, =Q1/(Qs-Q1) = 1/(Qx/Q:-1)
Heat pump/ :: W Note: COPyp = COPg + 1
Refrigerator S net
] % Q *» COPyp=1, ex: a typical heat pump has a COP
L

in the order of 3

* Question: Can one build a heat pump
operating COP= =, thatis W .= 0 and Qg=Q?

48



Equivalence of the Two Statements

It can be shown that the violation of one statement leads to a violation
of the other statement, 1.e. they are equivalent.

A 100% efficient heat engine: violates K-P Statement

Heat transfer from low-temp body to
high-temp body without work: A
violation of the Clausius statement

49



Perpetual-Motion Machines (VAC: 5-5)

Imagine that we can extract energy from unlimited low-temperature energy sources
such as the ocean or the atmosphere (both can be thought of as thermal reservoirs).

i Ty i Itis against the Kevin-Planck
i Qu i statement: it is impossible to
i Qu 3 1| : build an 100% heat engine.
! Heat Heat ,
<f——— engine ;:L pump
Wae™ QL i Wi = Qu-Qr

° Qr

o

Perpetual Motion Machines. PMM. are classified into two types:

PMNM1- Perpetual Motion Machines of the First Kind: They violate the First Law
of Thermodynamics

PMM2 - Perpetual Motion Machines of the Second Kind : Violate the Second

Law of Thermodynamics

50



Reversible Processes and Irreversibilities

® Areversible process is one that can be executed in the reverse direction with no net
change in the system or the surroundings.
» At the end of a forwards and backwards reversible process, both system and the
surroundings are returned to their initial states.
» No real processes are reversible.
« However, reversible processes are theoretically the most efficient processes.
« All real processes are irreversible due to irreversibilities. Hence, real processes are less
efficient than reversible processes.
Common Sources of Irreversibility:
* Friction
e Sudden Expansion and compression
» Heat Transfer between bodies with a finite temperature difference.
* A quasi-equilibrium process, e.g. very slow, frictionless expansion or compression is a

reversible process.



Reversible Processes and Irreversibilities (cont’d)

e A work-producing device which employs quasi-equlibrium or reversible processes
produces the maximum amount of work theoretically possible.

A work-consuming device which employs quasi-equilibrium or reversible processes
requires the minimum amount of work theoretically possible.

 One of the most common idealized cycles that employs all reversible processes is called
the Carnot Cycle proposed in 1824 by Sadi Carnot.



The Carnot Cycle

French military engineer Nicolas Sadi Carnot (1769-1832)
was among the first to study the principles of the second law of
thermodynamics. Carnot was the first to introduce the concept
of cyclic operation and devised a reversible cycle that is

composed of four reversible processes, two isothermal and two
adiabatic.



The Carnot Cycle

Process 1-2:Reversible isothermal heat addition at high temperature, T, > T,, to the
working fluid in a piston-cylinder device that does some boundary work.

Process 2-3:Reversible adiabatic expansion during which the system does work as the
working fluid temperature decreases from T,,to T,.

Process 3-4:The system is brought in contact with a heat reservoir at T, < T, and a
reversible isothermal heat exchange takes place while work of compression IS
done on the system.

Process 4-1:A reversible adiabatic compression process increases the working fluid
temperature from T, to T,



1; =const.

cV

P-v diagram for Carnot heat engine P-v diagram for Carnot refrigerator

You may have observed that power cycles operate in the clockwise direction
when plotted on a process diagram. The Carnot cycle may be reversed, in
which it operates as a refrigerator. The refrigeration cycle operates in the
counterclockwise direction.
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Carnot Principles

The second law of thermodynamics puts limits on the operation of cyclic devices as expressed
by the Kelvin-Planck and Clausius statements. A heat engine cannot operate by exchanging
heat with a single heat reservoir, and a refrigerator cannot operate without net work input from
an external source.
Consider heat engines operating between two fixed temperature reservoirs at T, > T,. We
draw two conclusions about the thermal efficiency of reversible and irreversible heat engines,
known as the Carnot principles.
(@)The efficiency of an irreversible heat engine is always less than the
efficiency of a reversible one operating between the same two reservoirs.

nth < 77th, Carnot

(b) The efficiencies of all reversible heat engines operating between the
same two constant-temperature heat reservoirs have the same efficiency.
As the result of the above, Lord Kelvin in 1848 used energy as a thermodynamic property to

define temperature and devised a temperature scale that is independent of the thermodynamic
substance.



The following is Lord Kelvin's Carnot heat engine arrangement.

Thermal energy reservoir
at 7

Rev. HE Wy,

0,

Thermal energy reservoir
at 75

Since the thermal efficiency in general is

For the Carnot engine, this can be written as

Mmw = g(TL'TH) =1- f(TL’TH)
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Considering engines A, B, and C

This looks like
f(T,T,) = f(T,,T,)f (T, T,)
One way to define the f function is

6(T,) 6(T,) 6(T,)
o(T,) 0(T,) 0(T,)

f(T,,T,) =

The simplest form of 6 is the absolute temperature itself.

T3
f(T,,T,) = =

1

The Carnot thermal efficiency becomes

-1 - —=
T

H

77th, rev

This is the maximum possible efficiency of a heat engine operating between two heat
reservoirs at temperatures T,, and T,. Note that the temperatures are absolute temperatures.



These statements form the basis for establishing an absolute temperature scale, also called the
Kelvin scale, related to the heat transfers between a reversible device and the high- and low-
temperature heat reservoirs by
Q,
Qu

TL
-
Then the Q,,/Q, ratio can be replaced by T,/T, for reversible devices, where T, and T, are the
absolute temperatures of the high- and low-temperature heat reservoirs, respectively. This
result is only valid for heat exchange across a heat engine operating between two constant
temperature heat reservoirs. These results do not apply when the heat exchange is occurring
with heat sources and sinks that do not have constant temperature.

The thermal efficiencies of actual and reversible heat engines operating between the same
temperature limits compare as follows:

<1, .. lrreversible heat engine

N.,39= N, .. reversible heat engine

> 17, ., impossible heat engine



Reversed Carnot Device Coefficient of Performance

If the Carnot device is caused to operate in the reversed cycle, the reversible heat pump is
created. The COP of reversible refrigerators and heat pumps are given in a similar manner to
that of the Carnot heat engine as

Q 1 2
COP, = = — cop - Qu
_ Q HP — -
QH QL H _1 Q, —Q, QH—l
Q. Q,
o 1 Tu
TH_TL —H 1 = L = L
. TH_TL TH_]_
TL




Again, these are the maximum possible COPs for a refrigerator or a heat pump operating
between the temperature limits of T, and T,.

The coefficients of performance of actual and reversible (such as Carnot) refrigerators
operating between the same temperature limits compare as follows:

< COP

R.rev

COP{=COP

R.rev

>COP,

irreversible refrigerator

reversible refrigerator

impossible refrigerator

V

A similar relation can be obtained for heat pumps by replacing all values of COPg
by COP,, in the above relation.



Example
A Carnot heat engine receives 500 kJ of heat per cycle from a high-temperature heat reservoir
at 652°C and rejects heat to a low-temperature heat reservoir at 30°C. Determine

(a) The thermal efficiency of this Carnot engine.

(b) The amount of heat rejected to the low-temperature heat reservoir.

d.
b.
T, =652°C
‘ ‘ e, T,
T, =
nth,rev = 1_— QH TH
Qy Ty
| (30 + 273)K
(30 + 273)K = = 0.328
HE Wour =1- (652 + 273)K
(652 + 273)K
Q, = 500kJ(0.328)
Q, =0.672 or 67.2%

=164 kJ
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Example
An inventor claims to have invented a heat engine that develops a thermal efficiency of 80
percent when operating between two heat reservoirs at 1000 K and 300 K. Evaluate his claim.

T, = 1000 K
T

Uth,rev _

a, T
\ 4

Wy 300K
HE -1 —
1000K

! - 0.70 or 70%

A

‘ T,=300 K ‘

The claim is false since no heat engine may be more efficient than a Carnot engine operating
between the heat reservoirs.
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Example

An inventor claims to have developed a refrigerator that maintains the refrigerated space at
2°C while operating in a room where the temperature is 25°C and has a COP of 13.5. Is there
any truth to his claim?

o COP, = 2. __ L
T Q,-Q,. T,-T,
(2 +273)K
R "  (25-2)K
Q =11.96
T,=2°C

The claim is false since no refrigerator may have a COP larger than the COP for the reversed
Carnot device.
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Example

A heat pump is to be used to heat a building during the winter. The building is to be
maintained at 21°C at all times. The building is estimated to be losing heat at a rate of
135,000 kJ/h when the outside temperature drops to -5°C. Determine the minimum power
required to drive the heat pump unit for this outside temperature.

The heat lost by the building has to be supplied by the heat pump.
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Using the basic definition of the COP
: : kJ QH
Q-H - QLost - 135000? COPHP - Wnet’in
Q T | -
COPHP — : - : = - Wnet,in - QH
QH_QL TH_TL COPHP
(21+ 273)K 135,000kJ /h 1h 1 kW
T (21— (_5)K 1131 3600s kd /s
= 3.316 kW
=11.31




A ball bouncing on the floor

A ball resting on the warm surface.
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Spontaneous Non-spontaneous

L

P > >
o >
- @
@ <o —
e © <
>
o >

Entropy is measure of randomness/ chaosness.

Total entropy of the system and its surroundings
Increases Iin the course of a spontaneous change.



Irreversible Processes and Entropy:

Examples to show the arrow of time...

Changes in energy within a closed system do not set the direction of irreversible processes.
Calling for another state variable to account for the arrow of time...

Entropy Postulate:

If an irreversible process occurs in a closed system, the entropy S of the system always
increases; it never decreases.

FdQ

asz.s,—s,:ﬁ =

(change in entropy defined).

Here Q is the energy transferred as heat to or from the system during the (reversible)
process, and T is the temperature of the system in kelvins.
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free expansion

— Insulation

Entropy change of an irreversible process can
be found with a reversible one connecting the
initial and final states.
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Change in Entropy: Entropy is a State Function

Suppose that an ideal gas is taken through a reversible process, with the gas in an
equilibrium state at the end of each step.
For each small step, the energy transferred as heat to or from the gas is dQ, the work done

by the gas is dW., and the change in internal energy is dE;,.
dE, = dO — dW.

We have:
Since the process is reversihle dW =pdV and dE;, = nC, dT.
dQ = pdV + nCy dT.
Therefore, dQ % dT
= nR + nCy ——

V r

Using ideal gas law, we obtain:

T
) f
J dg Jnh J > [{; :

Integrating,

Ve ) Ty
] AS =8;— 8§, =nRIn V + nCy In T
Finally, : ;

The change in entropy DS between the initial and final states of an ideal gas
depends only on properties of the initial and final states; DS does not depend
on how the gas changes between the two states.



Clausius inequality theorm

ds [, + ds _,, =
dS sys = _dS surr
as . = 29

T
IT the system iIs
dg = O
— ds _,_ = O
The entropy of
INCreases iNn the
change.

Entropy change
dq sys - dq surr
ds = — dSs

sys surr

—> dSs + ds

sys surr

of a spontaneou

isolated,

an isolated system
course

for a reversible

process



Example, Change of Entropy, Free Expansion of Gas:

Suppose 1.0 mol of nitrogen gas is confined to the left side of Stopcock closed

. . System
the container of Fig. 20-1a. You open the stopcock, and the ’ ] _

. AR/ R TR N/ AEESN/LY)
volume of the gas doubles. What is the entropy change of the FLZEE ST A Z IS
gas for this irreversible process? Treat the gas as ideal. f_%é IOA R }’;ﬂ

- - i q = ] —
Calculations: the energy Q added as heat to the gas as it Lé. % %ae o4 5‘;
expands isothermally at temperature T from an initial volume 77 T 7 Vacuum “{:’,;_

- - # a Y -
V;to a final volume Vis iﬁ_- ceg® ﬁ‘f’-
e N o
M ® =/
B : 3B
i f : & I il <
p} Insulation

(a) Initial state ¢

= nRT In

-Lll_;-:-

Here n is the number of moles of gas present. The entropy change for this reversible
process in which the temperature is held constant is

_ v
as - @ _ MRTIV) o Y — pR1In—L = (1.00 mol)(8.31 J/mol -K)(In 2)
rev 'k T L’: I,f:
= +5.76 J/K.

T[S = A5 = 45T IK.
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The Second Law of Thermodynamics

If a process occurs in a closed system, the entropy of the system increases
for irreversible processes and remains constant for reversible processes. It

never decreases.

AS =0 (second law of thermodynamics)

Here the greater-than sign applies to irreversible processes and the equals sign to
reversible processes. This relation applies only to closed systems.

The reversible processes as dictated in a P-V diagram, however, can have any
signs of entropy change since they describe only part of a closed system, which
includes the environment.
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Entropy in the Real World: Engine Efficiency

An engine (or a refrigerator) is a system of some substance to
undergo a cycle between two thermal reservoirs of high and low

temperatures.
energy we get Wi | |
= £ = = (efficiency, any engine).
m_— energy we pay for 10y
} e
| o I K = what we want 10| (coefficient of performance,
C - - -
what we pay for W any refrigerator),
Schematic of
a refrigerator
%
Qu T !—Ieat
is lost.
- -
w = J
I\H——I-—
Work is done Heat is
on the engine. & T absorbed.
8 L) 75



Entropy in the Real World: Perfect Engines

To have a ‘prefect’ engine, i.¢., all the absorbed heat transferred to

Perfect engine: work, we require
fu_ ) fotalconversion 5 —q ith the engine entropy change being zero, and the
l , of heat to work environment entropy change being
<H
.f__."__“'\, Dsenv =- @<O
H
# W On) the total entropy change for such an engine to work will be negative,
<t violating the 2" law.
R
0, =0

The 2" law of thermodynamics can be stated as:
No perfect engine!

(The Kelvin-Planck statement)
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Isothermal process for an ideal gas

Reversible process
Cc._dT o
ds . = —_— ( P dv
T LaeT J
At constant T emperatur e,
o
ds _,. = P w dv
LeT Jy
NR
ds . = dv
\V4
V2
AS_,, = nNR In
Vl
v2
AS_,, = —nNR In
Vl
For an irreversib le process,
d \V4 — w
dSSySZ&ZnRIn 2 _ — YW rev
T Vo, T
T T T T



Adiabatic Processes for an ideal gas

adiabatic process,

— dq S s
dS surr - ~
T
Since, in an
dq Sy s — O
A S = O

surr

(a) Reversible

process

dq SysS rev dq S s
as sys - > - —= O
T T
(b)) Irreversib le process
dq sSys rev dq sSys
ds sys = LA - —
T T
For an ideal gas,
V T T T irrev
AS = R In —+ C_, = In -
V., ' L
T f ,rev
ASSyS = —C . In ———— + o om N
Ti
T irrev
AS _ . = C ., In
T

f

,irrev




Entropy changes in irreversible Processes

To obtain the change In entropy In an irreversible
process we have to calculate AS along a reversible
path between the initial state and the final state.

Freezing of water below its freezing point

lrrev ‘
H,O(1,-10 °C) " H,O(s,-10 °C)

H,O(1, 0°C) ~ H)O(s,0°C)

273 AH crys 263
AS:Cqu In + +Cice—
263 T 273




Absolute entropy of a substance

T, C© _(s)dT A H
S(T):S(O)—I—I —+
o T T,
T, C ,(1)dT A, H
—|—J' +
T T T

b

T Cp(g)dT

—+
T T

Third law of thermodynamics:

The entropy of each pure element or substance in a
perfectly crystalline form is zero at absolute zero.



Spontaneous process

ds s + ds _,,, = O
dS sys Z _dS surr
d
dS ays = i
T
dg — TdS = O
At constant v olume, Nno additional

dg , — Tds = O

du — Tds = O
ds , , = O or
du , , = O

At constant N/ and T
duU — Tds = dU — d (Ts )
= d (U — TS ) (@)

=
\

— d (A) o)

=
\

A is called helmholtz free energy.

wvv ork



ds

ds

ds

dq
At
dq
dH
ds

dH

pressure,

+ ds =
Sys surr
= —dSs
Sys surr
d
Sys Z q
4 T
— TdS = O
constant
o TdS = O
— TdS = O
H . p = O or
= O

S

)

At constant

dH

d (H

— TdS

- d(G)V,T

is called

=

Gibb’

Nno additional

P and T

dH

— TS )P,T

(@)

— d (TS )

= O

s free energy.

wwork



Some thermodynamic properties can be measured directly, but many others cannot. Therefore,
it is necessary to develop some relations between these two groups so that the properties that
cannot be measured directly can be evaluated. The derivations are based on the fact that
properties are point functions, and the state of a simple, compressible system is completely
spec-ified by any two independent, intensive properties.

Some Mathematical Preliminaries

Thermodynamic properties are continuous point functions and have exact differentials. A
property of a single component system may be written as general mathematical function z =
Z(x,y). For instance, this function may be the pressure P = P(T,v). The total differential of z is
written as

dz:(%) dx + o dy
ox ), oy )

dz= Mdx+ Ndy



where

0z - (éz
M=|— and N =|—
ox )., ).

Taking the partial derivative of M with respect to y and of N with respect to x yields
( aMJ &’z _ ( .5;\-*') &z
— =— and - =—
ayv ). oxoy ox ), Oyox
Since properties are continuous point functions and have exact differentials, the following is

true
oM\ ( ON )
oy ). ox ),

The equations that relate the partial derivatives of properties P, v, T, and s of a simple
compressible substance to each other are called the Maxwell relations. They are obtained from
the four Gibbs equations. The first two of the Gibbs equations are those resulting from the
internal energy u and the enthalpy h.

du =T ds — P dv
dh = T ds+ vdP



The second two Gibbs equations result from the definitions of the Helmholtz function a and
the Gibbs function g defined as

a = u — Ts

da = du — T ds — sdT
da = —sdT — P dv

g = h — Ts

dg = dh — T ds — sdT

dg = —sdT + vdP

Setting the second mixed partial derivatives equal for these four functions yields the Maxwell

relations o -
) {2)
\ OV J, - os v
(eTy ( ﬁJ
oP ). \os /),

),
cs J B [ oP J
~, | A

ov J, o1 J,

Os ) B (& )
k_OP_I .OT.P




Now we develop two more important relations for partial derivatives—the reciprocity and the
cyclic relations. Consider the function z = z(x,y) expressed as x = x(y,z). The total differential
of x is

Rearranging,



Since y and z are independent of each other, the terms in each bracket must be zero. Thus, we
obtain the reciprocity relation that shows that the inverse of a partial derivative is equal to its

reciprocal.
| ox oz
0z ), \0x )/,

ox 1
~ — 7 AN
oz ), ( Oz j

h

—
X

or

The second relation is called the cyclic relation.

-~ -~ -~
oz \ [ ox oz
— + =0
A O A
ox )\ 0y ). \ 0y




Another way to write this last result is

( 6z )

-~
Ox \ OV )

dy)  (0z)

\ Ox /.
The Clapeyron Equation

The Clapeyron equation enables us to determine the enthalpy change asso-ciated with a
phase change, hfg, from knowledge of P, v, and T data alone.

P £

LIQUID

SOLID I

VAPOR
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Consider the third Maxwell relation

)

CRE:
oV, T E‘:T v

During phase change, the pressure is the saturation pressure, which depends on the
temperature only and is independent of the specific volume. That is P, = f(T_,). Therefore,
the partial derivative can (6P/eT) -essed as a total derivative (dP/dT)sat, which is the
slope of the saturation curve on a P-T diagram at a specified state. This slope is independent
of the specific volume, and thus it can be treated as a constant during the integration of the
third Maxwell relation between two saturation states at the same temperature. For an
iIsothermal liquid-vapor phase-change process, the integration yields

“ds= " E‘_P dv
=15

S, =S —(d—P] (v, =v,)
g °f dT g f

sat

5}



During the phase-change process, the pressure also remains constant. Therefore, from the
enthalpy relation

dh = TdS+ v dP
J‘: dh = IdeS = TJ; ds

he —hy =hy =1Isg,

Now we obtain the Clapeyron equation expressed as

hy, (dP)
e _ v,
I \dr), =

7)™
dar),, vag




Example 12-1
Using only P-v-T data, estimate the enthalpy of vaporization of water at 45°C.

The enthalpy of vaporization is given by the Clapeyron equation as

dP
h.fg = Tv@(ﬂJ

Using the P-v-T data for water from Tables

3

m
= (15.251-0.001010) —

vfgz(vg—vf)@wc "
3
m
=15.250 —
kg
(d_P\ - (AP \ _ Psat@so"c B Psat@4o°c
LdT Jsat B LAT Jsat,45°C 500(: - 400C
(12.35-7.385)kPa kPa
= =0.4965 ——

10° K K



hfg =Tv,, (j—ij
sat

3

m kP a kJ
= (40+ 273.15)K (15.250—)(0.4965 )—;
kg K m'kPa
kJ
=2371.1—
kg

The actual value of h, is 2394.0 kd/kg. The Clapeyron equation approximation is low by
about 1 percent due to the approximation of the slope of the saturation curve at 45°C.

Clapeyron-Clausius Equation
For liquid-vapor and solid-vapor phase-change processes at low pressures, an approximation
to the Clapeyron equation can be obtained by treating the vapor phase as an ideal gas and

neglecting the specific volume of the saturated liquid or solid phase compared to that of the
vapor phase. At low pressures



(5%
dr).,  Tv N

_ hg, _ Ph,,
TE RT"
P

5] el
P, R\1*),

For small temperature intervals, hg, can be treated as a constant at some average value. Then
integrating this equation between two saturation states yields

P, h, (T -T
111( = J ~ % [ = 1)
1Pl sar R ]1]; sat




General Relations for du, dh, ds, C,, and C,

The changes in internal energy, enthalpy, and entropy of a simple, compress-ible substance
can be expressed in terms of pressure, specific volume, tem-perature, and specific heats alone.

Consider internal energy expressed as a function of T and v.

oul o
i = (—] dT+(—] dv
or ), ov);
Recall the definition of the specific heat at constant volume

. o
oT ),

3/
du = C, dT+(wJ dv
T

OV

Then du becomes



Now let’s see if we can evaluate  (éu/év)2rms of P-v-T data only.

function of T and v; that is,
s=s(1,v)

» -
ds=(("§) du(”) dv
or ). ),
Now substitute ds into the T ds relation for u.
diu=T [(S ) dT+(2J dv}—Pdv
\oT' ), ov )y
Os

Os
=T )dT—l— T(— — P |dv
oT ), oV )7

C

Comparing these two results for du, we see

Os e v
c, —T( ) o ((,.SJ _ C,
0T or), T
) o) -
o), ),

Consider the entropy as a



Using the third Maxwell’s relation

as) (P )

o ), ot ),

ou (0P
EJT :TLG_TJV_P

&u/ év) A function of P-v-T only. Thus the total differential for u

Notice that the derivative (&
= u(T,v) is written as
du=C, dT+{7(aP) - P}dv
T ),

Example 12-2

Do you remember that we agreed that the internal energy of an ideal gas depended only on
temperature? Let’s evaluate the following partial derivative for an ideal gas.

=)o)
v ) ol ),



For ideal gases

p_ &I
%
o) R
or), v
o
(H) 2 _p_p_p_o
0oV ) v

This result helps to show that the internal energy of an ideal gas does not depend upon
specific volume. To completely show that internal energy of an ideal gas is independent of
specific volume, we need to show that the specific heats of ideal gases are functions of
temperature only. We will do this later.

We could also find the following relations for dh and ds where h = h(T,P) and s =s(T,v) ors
=s(T,P)

dh = C'p dT +|v— T(—) }dp
P

C. oP
ds =—2dT + (—) dv
T T ),

C ov

ds =—LdT - —) dP
T . P




Example 12-3

Determine an expression for the entropy change of an ideal gas when temperature and
pressure data are known and the specific heats are constant.
s=s(1,P)

C v
ds = —2 dT—(i—1) dP
T ol ),

r, C 2 Oy
As=["—tdr- (él)dp
L T R\ 0T ),

For an ideal gas

P
YV =—-

RT
5%
ol ), R
For constant specific heat this becomes

. dT A R

As=C, [ " Zap
L T Jap

P,

/) _
=(C,In| = |- RlIn| 2
T R




Avallable and unavailable energy

« There are many forms in which an energy can exist. But even under ideal conditions all these

forms cannot be converted completely into work. This indicates that energy has two parts :

- Available part
- Unavailable part

« ‘Available energy’ or ‘Exergy’: is the maximum portion of energy which could be converted

into useful work by ideal processes which reduce the system to a dead state (a state in

equilibrium with the earth and its atmosphere).

- There can be only one value for maximum work which the system alone could do while

descending to its dead state, therefore 'Available energy’is a property

* ‘Unavailable energy’ or Anergy’: is the portion of energy which could not be converted into

useful work and is rejected to the surroundings
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A system which has a pressure difference from that of surroundings, work can be obtained
from an expansion process, and if the system has a different temperature, heat can be
transferred to a cycle and work can be obtained. But when the temperature and pressure
becomes equal to that of the earth, transfer of energy ceases, and although the system contains
internal energy, this energy is unavailable

Summarily available energy denote, the latent capability of energy to do work, and in this
sense it can be applied to energy in the system or in the surroundings.

The theoretical maximum amount of work which can be obtained from a system at any state p;
and T,when operating with a reservoir at the constant pressure and temperature ppand Tgis

called ‘availability’.
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« For stability of any system it is necessary and sufficient that, in all possible variations
of the state of the system which do not alter its energy, the variation of entropy shall

be negative

 This can be stated mathematically as AS <0

* |t can be seen that the statements of equilibrium based on energy and entropy, namely

AE>0 and AS<0



System A, whichis a general system of constant composition in which the work output, 5 can|

be either shaft or displacement work, or a combination of both

System B

Figure b, the workoutput is displacement work, p &V

System A

DE;> ;

6@

Thermal Reservoir T,

» W

102



For a specified change of state these  quantities, which are changes
inproperties, wouldbe independent of the process or work done. Applying the First Law of

Thermodynamics to System A
SW= -dE§+Q

If the heat engine (Eg,) and System A are considered to constitute another system, System B,

then, applying the First Law of Thermodynamics to System B gives

6Wnet = 6W + 5WR



« The change in Helmholtz energy is the maximum work that can be obtained from a closed
system undergoing a reversible process whilst remaining in temperature equilibrium with its
surroundings

» A decrease in Helmholtz energy corresponds to an increase in entropy, hence the minimum
value of the function signifies the equilibrium condition

» A decrease in entropy corresponds to an increase in F; hence the criterion dF > 0 is that for
stability

-This criterion corresponds to work being done on the system

- For a constant volume system in which W =0, dF =0

» For reversible processes, F; = F,; for all other processes there is a decrease in Helmholtz
energy

« The minimum value of Helmholtz energy corresponds to the equilibrium condition



Gibbs energy (Gibbs Function)

System A could change its volume by 6V, and while it is doing this it must perform work on the
atmosphere equivalent to p, 8V, where p, is the pressure of the atmosphere. This work detracts from the
work previously calculated and gives the maximum useful work, as W, = Wt - P,dV
if the system is in pressure equilibrium with surroundings.
SW, = -d(E- T,S) — podV
=-d(E + p,V - T,S) because po= constant Hence 6W, =-d(H - T,S)
*The quantity H - TS is called the Gibbs energy, Gibbs potential, or the Gibbs function, G
Hence G=H-TS
- Gibbs energy is a property which has the units of energy
- Indicates the maximum useful work that can be obtained from a system

- It can be seen that this is less than the enthalpy



Hence the work done by the system is not all converted into useful work, but some of it is used to

do displacement work against the surroundings, i.e.

éVVsym = Wyse + Wy

which can be rearranged to
glve OW e = évvsys' MWy



All the displacement work done by a system is available to do useful work

This concept will now be generalized fo consider all the possible work outputs from a system that is not in

thermodynamic and mechanical equilibrium with its surroundings (i.e. not at the ambient, or dead state,

conditions) System B

. _ System A
The maximum work that can be obtained from a constant
volume, closed system

SWs+ SWhs= - (dU - TdS) D{’> e
Hence, the maximum usefu/ workwhich can be achieved from a
closed system is  JWs+ JWa= -(dU +FdV - TdS) l 5Q
This work is given the symboldA B * oW
Since the surroundings are af fixed pressure and tfemperature -
(i.e. p.and Toare constant) dA canbe integrated to give Q0
A=U+p, V- Tod Thermal Reservoir T,
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« Ais called the non-flow availability function

- It is a combination of properties

- Alis not itself a property because it is defined in relation to the arbitrary datum values of p,and

To

- It is not possible to tabulate values of A without defining both these datum levels

- The datum levels are what differentiates A from Gibbs energy G

- The maximum useful work achievable from a system changing state from 1 to 2 is given by

Winax = AA= -(Ay- A) = A - A,

- The specific availability, a , i.e. the availability per unitmassis a=u+ pgv- Tgs

- If the value of a were based on unit amount of substance (i.e. kmol) it would be referred to as
the molar availability

» The change of specific (or molar) availability is

Aa =ay-a;= (U + PoV2- ToSp)- (U1 + PoVi-ToS1)

= (ha+ Vy(Po-P2) - (hi+ V1(Po—P1)) -To(Sz2 - S1)



Availability of a Steady Flow System

» Consider a steady flow system and let it be assumed that the flowing fluid has the following properties
and characteristics; Internal energy u, specific volume v, specific enthalpy h, pressure p, velocity ¢ and
location z

System delivers a work output W units

Inlet ( Control ]Ou‘rle‘r
. \Volume

Pl , vl , L J PZ P v2 '
T T2
Q units of heat be rejected by the
system
Carnot Weng
Engine ine
To(sl - 52)

Normally, P, &T, ambient or state dead
condition



v,? v,?
U+ pios + 71+g31 —Q=Us+pavz+ TE-I-gEE-I-WS

Neglecting the kinetic and potential energy changes
Ui+ pvi— Q=Uz+ pav2 + Ws
Hi —Q=Hz+ Ws
Shaftwork Ws = (H; —H2)—-Q
Heat Q rejected by the system may be made to runa reversible heat engine, the output froi

engine equals ,
walgilm - Q {1 _r—&}

C

:Q— TD(S]._SE}

Maximum available useful work or net work Wi ei= W+ Wengine

=(H1—H2}—Q+Q'Tﬂ[51-52)
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=(Hi —H:) —Q+ Q- To (51 5;)
=(Hy = To 51) - (Ha-T,52)

=B;-B;  Steady flow availability function H - To5 or Darrieus function
and the Keenam function

dB= (B1' Bg)_(BE- Bﬂ)= B1'Bg

Clearly, the availability B is a state functionin the strictest mathematical sense so the maximum
(or minimum) work associated with any steady state process is also independent of the path

Availability: Yields the maximum work producing potential or the minimum work requirement of a

process

- Allows evaluation and quantitative comparison of options in a sustainability context
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EXERGY

« Ifacertain portion of energy is available then obviously another part is unavailable
- the unavailable part is that which must be thrown away

- Diagram indicates an internally reversible process from ato b
- This can be considered to be made up of an infinite number of strips 1-m-n-4-1 where the temperature of

energy transfer is essentially constant

6Q = heat transferred to system and
6Qo= heat rejected from system,
As in an engine (Egr) undergoing an infinitesimal Carnot cycle

- In reality 6Qo is the minimum amount of heat that can be rejected because processes 1 to 2 and 3 to 4 are both
isentropic, i.e. adiabatic and reversible

Temperature, T

4! T,=T=T

Entropy, S
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Graphical Representation of Available Energy, and Irreversibility

Consider the energy transfer from a high temperature reservoir at Ty through a heat engine (not

necessarily reversible)

Thermal Reservoir T

The available energy flow
from the hot reservoir is
EH = QH —Ta ﬂSH

The work done by the engine is
W= Qu- Qo

QH

Temperatur

=

ASy

AS,

Entropy
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IRREVERSIBILITY

» The entropy of a system plus its surroundings (i.e. an isolated system) can never decrease (2nd law).

*  The second law states: ASgystem + ASgyr. = 0
where, A= final - initial > 0 irreversible (real world)

= 0 reversible (frictionless, ideal)

* Inanideal case if Q is the heat supplied from a source at T, its availability or the maximum work it can

deliver is Q(1-To/T,) where Ty is the temperature of the surroundings.

- Invariably it will be less than this value.

- The difference is termed as irreversibility.

- Availability = Maximum possible work - Irreversibility wuseful =wrev -1



 Irreversible Processes increase the entropy of the universe

» Reversible Processes do not effect the entropy of the universe
» Impossible Processes decrease the entropy of the universe

AS universe =0

» Entropy Generation in the universe is a measure of lost work

asUniverse =AsSystem +asSurroundings

» The losses will keep increasing
« The sin keeps accumulating and damage to environment keeps increasing

* When the entropy of the universe goes so high, then some one has to come and set it
right



Irreversibility can also be construed as the amount of work to be done to restore the system

to the original state.

Eg: If air at 10 bar is throttled to 1 bar, the irreversibility will be p.v In (10) which is the
work required to get 10 bar back.

- Here p is 1 bar and v is the specific volume at this condition.
- Note that the system has been restored to the original state but not the surroundings

- Therefore increase in entropy will be R In 10.
Combining first & second laws TdS>Au + 6 W

It implies that the amount of heat energy to be supplied in a real process is larger than the

thermodynamic limit



Heat Transfer from a Finite Source

Consider certain quantity of heat Q is transferred from a system at constant temperature T to

another system at constant temperature T (T> T2)

Initial available energy :g
v
O
" " ! E
Final availableenergy £ -q(1-& g ASy b
5 T 5 n
. f
Change in the availableenergy = £.; - &, e
=Q(l-3)-Q@-35) C g
c g T, 7
0
(- D)
5 C
= To (dS1+dSz)

This total change is called :
entropy of universe or =T, (d5)es 7S,
entropy production

Entropy

Increase in unavailable energy
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PROPERTIES OF PURE SUBSTANCES

Phase Transformations, T-S and h-s diagrams, P-V-T- surfaces,
Triple point at critical state properties during change of phase,
Dryness Fraction, Mollier charts, Various Thermodynamic
processes and energy Transfer, Steam Calorimeter



State Postulate

Again, the state postulate for a simple, pure substance states that the equilibrium state can be
determined by specifying any two independent intensive properties.

The P-V-T Surface for a Real Substance

¢ P-V-T Surface for a Substance that contracts upon freezing

Pressure




¢ P-V-T Surface for a Substance that expands upon freezing

Pressure

Real substances that readily change phase from solid to liquid to gas such as water,
refrigerant-134a, and ammonia cannot be treated as ideal gases in general. The pressure,
volume, temperature relation, or equation of state for these substances is generally very
complicated, and the thermodynamic properties are given in table form. The properties of
these substances may be illustrated by the functional relation F(P,v,T)=0, called an equation
of state. The above two figures illustrate the function for a substance that contracts on
freezing and a substance that expands on freezing. Constant pressure curves on a temperature-

volume diagram are shown .



These figures show three regions where a substance like water may exist as a solid, liquid or
gas (or vapor). Also these figures show that a substance may exist as a mixture of two phases
during phase change, solid-vapor, solid-liquid, and liquid-vapor.

Water may exist in the compressed liquid region, a region where saturated liquid water and
saturated water vapor are in equilibrium (called the saturation region), and the superheated
vapor region (the solid or ice region is not shown).

Let's consider the results of heating liquid water from 20°C, 1 atm while keeping the pressure
constant. We will follow the constant pressure process shown in Figure 3-11. First place
liquid water in a piston-cylinder device where a fixed weight is placed on the piston to keep
the pressure of the water constant at all times. As liquid water is heated while the pressure is
held constant, the following events occur.

Process 1-2:

The temperature and specific volume will STATE 1
increase from the compressed liquid, or
subcooled liquid, state 1, to the saturated
liquid state 2. In the compressed liquid
region, the properties of the liquid are
approximately equal to the properties of
the saturated liquid state at the Heat
temperature. b




Process 2-3:

At state 2 the liquid has reached the temperature at which it begins to boil, called the
saturation temperature, and is said to exist as a saturated liquid. Properties at the saturated
liquid state are noted by the subscript f and v, = v;. During the phase change both the
temperature and pressure remain constant (according to the International Temperature Scale of
1990, ITS-90, water boils at 99.975°C = 100°C when the pressure is 1 atm or 101.325 kPa).
At state 3 the liquid and vapor phase are in equilibrium and any point on the line between
states 2 and 3 has the same temperature and pressure.

STATE 2 STATE 3
FP=1 atm P=1 atm
T=100°C T=100°C




300

2 Saturated 3

mixture

99.975 = 100

20

Figure 3-11

Consider repeating this process for other constant pressure lines as shown below.
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The region to the left of the saturated liquid line and below the critical temperature is called
the compressed liquid region. The region to the right of the saturated vapor line and above the
critical temperature is called the superheated region. See Table A-1 for the critical point data
for selected substances.

Review the P-v diagrams for substances that contract on freezing and those that expand on
freezing given in Figure 3-21 and Figure 3-22.

At temperatures and pressures above the critical point, the phase transition from liquid to

vapor is no longer discrete.
T

L Critical 4%
point &
| Phase

change




Figure shows the P-T diagram, often called the phase diagram, for pure substances that

contract and expand upon freezing.
P
Substances Substances
, that expand that contract
\\on freezing on freezing
\\/ -
\\ Critical
A oint
% &fLIQUID P
\\ 7("?
5 = &oo
\ av
«‘:’ﬂo

3OLID
Triple point
VAPOR

5
>

The triple point of water is 0.01°C, 0.6117 kPa
The critical point of water is 373.95°C, 22.064 MPa



Plot the following processes on the P-T diagram for water (expands on freezing)
and give examples of these processes from your personal experiences.

1. process a-b: liquid to vapor transition

2. process c-d: solid to liquid transition

3. process e-f: solid to vapor transition
Substances

that contract

on freezing

P
Substances
, that expand
\\on freezing
Y
w4 -~
\\ Critical
\ oint
% P
NS 2o LIQUID
) -
\ =
, 3
5 = o
\ g
i
Q”‘Qo

3OLID
Triple point
VAPOR

5
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Property Tables

In addition to the temperature, pressure, and volume data, Tables A-4 through A-8 contain the
data for the specific internal energy u the specific enthalpy h and the specific entropy s. The
enthalpy is a convenient grouping of the internal energy, pressure, and volume and is given by

H=U + PV

The enthalpy per unit mass is

h=u+ Pv

We will find that the enthalpy h is quite useful in calculating the energy of mass streams
flowing into and out of control volumes. The enthalpy is also useful in the energy balance
during a constant pressure process for a substance contained in a closed piston-cylinder
device. The enthalpy has units of energy per unit mass, kJ/kg. The entropy s is a property
defined by the second law of thermodynamics and is related to the heat transfer to a system
divided by the system temperature; thus, the entropy has units of energy divided by
temperature.



Quality and Saturated Liquid-Vapor Mixture

Now, let’s review the constant pressure heat addition process for water shown in Figure 3-11.
Since state 3 is a mixture of saturated liquid and saturated vapor, how do we locate it on the T-

v diagram? To establish the location of state 3 a new parameter called the quality x is defined

as

m a‘Sssaturated vapor m g

mass, .., m, + mg

The quality is zero for the saturated liquid and one for the saturated vapor (0 < x <1). The
average specific volume at any state 3 is given in terms of the quality as follows. Consider a
mixture of saturated liquid and saturated vapor. The liquid has a mass mf and occupies a

volume V;. The vapor has a mass mg and occupies a volume V.

C.P.

Saturated vapor
U Uy

4
Saturated
vy liquid-vapor
o mixture
Saturated liquid

Sat. vapor

Sat. liquid

(5



We note

mef mv
g
S +
m m
Recall the definition of quality x
mg mg
X = =
m mf +mg
Then
m m-m
. L =1-x
m m

Note, quantity 1- x is often given the name moisture. The specific volume of the saturated
mixture becomes

V= (1-x)v, + XV,



The form that we use most often is

v:vf+x(vg—vf)

It is noted that the value of any extensive property per unit mass in the saturation region is
calculated from an equation having a form similar to that of the above equation. Let Y be
any extensive property and let y be the corresponding intensive property, Y/m, then

Y

y=—=Y,+x(y, - VY;)
m

=Yt XYy

where y, =Yy, -V,

The term y, is the difference between the saturated vapor and the saturated liquid values of
the property y; y may be replaced by any of the variables v, u, h, or s.

We often use the above equation to determine the quality x of a saturated liquid-vapor state.

The following application is called the Lever Rule:



Equations of State

The relationship among the state variables, temperature, pressure, and specific volume is
called the equation of state. We now consider the equation of state for the vapor or gaseous
phase of simple compressible substances.

F(P,T,v)=0
Ideal Gas

Based on our experience in chemistry and physics we recall that the combination of Boyle’s
and Charles’ laws for gases at low pressure result in the equation of state for the ideal gas as

p=grlL
v

where R is the constant of proportionality and is called the gas constant and takes on a
different value for each gas. If a gas obeys this relation, it is called an ideal gas. We often
write this equation as

Pv =RT



The gas constant for ideal gases is related to the universal gas constant valid for all substances
through the molar mass (or molecular weight). Let R, be the universal gas constant. Then,

The mass, m, is related to the moles, N, of substance through the molecular weight or molar
mass, M, see Table A-1. The molar mass is the ratio of mass to moles and has the same value
regardless of the system of units.

g kg Ibm
= 28.97 = 28.97
gmol kmol Ilbmol

M. =28.97

al

Since 1 kmol = 1000 gmol or 1000 gram-mole and 1 kg = 1000 g, 1 kmol of air has a mass of
28.97 kg or 28,970 grams.
m=NM

The ideal gas equation of state may be written several ways.
Pv=RT

v
P—=RT
m

PV =mRT



PV =~ (MR)T
M

PV = NR,T

pl_grr
N

Py =RT

Here

P = absolute pressure in MPa, or kPa
v = molar specific volume in m3/kmol
T = absolute temperature in K

R, =8.314 kl/(kmol-K)

Some values of the universal gas constant are

Universal Gas Constant, R,
8.314 kJ/(kmol-K)

8.314 kPa-m3/(kmol-K)
1.986 Btu/(lbmol-R)

1545 ft-Ibf/(lbmol-R)
10.73 psia-ft3/(lbmol-R)



The ideal gas equation of state can be derived from basic principles if
one assumes
1. Intermolecular forces are small.
2. Volume occupied by the particles is small.

Example 2-5

Determine the particular gas constant for air and hydrogen.

R — u
M
8314
KJ
R = kmok' — K _0.287
28.97 9 kg - K
kmol
8314 ——
_ kJ
hydrogen = kmoklg K = 4124 k K
2016 9-

kmol



The ideal gas equation of state is used when (1) the pressure is small compared to the critical
pressure or (2) when the temperature is twice the critical temperature and the pressure is less
than 10 times the critical pressure. The critical point is that state where there is an

instantaneous change from the liquid phase to the vapor phase for a substance. Critical point
data are given in Table A-1.

Compressibility Factor

To understand the above criteria and to determine how much the ideal gas equation of state
deviates from the actual gas behavior, we introduce the compressibility factor Z as follows.

or




Useful Ideal Gas Relation: The Combined Gas Law

By writing the ideal gas equation twice for a fixed mass and simplifying, the properties of an
ideal gas at two different states are related by

m, = m,

or

P1V1 _ szz

RT, RT,
But, the gas constant is (fill in the blank), so

P1V1 _ szz

Tl ) T2
Example 2-7

An ideal gas having an initial temperature of 25°C under goes the two processes described
below. Determine the final temperature of the gas.

Process 1-2: The volume is held constant while the pressure doubles.
Process 2-3: The pressure is held constant while the volume is reduced to
one-third of the original volume.



Other Equations of State

Many attempts have been made to keep the simplicity of the ideal gas equation of state but
yet account for the intermolecular forces and volume occupied by the particles. Three of
these are

van der Waals:
a
(P+—)(v-b)=RT
\Y
where

27R'T] RT.,
a=——— and b =
64P_ 8P

cr

Extra Assignment

When plotted on the P-v diagram, the critical isotherm has a point of inflection at the critical
point. Use this information to verify the equations for van der Waals’ constants a and b.



Beattie-Bridgeman:

where
A= A{)(l_g) and B= B{l—é)
1% v
The constants a, b, ¢, A,, B, for various substances are found in.

Benedict-Webb-Rubin:

RT "Y1 bBRT-
p=tu +(BOR”T—AO—(§)_2 v 2
v 1 v v
+a_a+_fz(l+£)e”

v v T v

The constants for various substances appearing in the Benedict-Webb--Rubin equation are
given in Table .



Compare the results from the ideal gas equation, the Beattie-Bridgeman equation, and the
EES software for nitrogen at 1000 kPa. The following is an EES solution to that problem.

Nitrogen, T vs v for P=1000 kPa

. —+=—I|deal Gas

150 | ——Beattie-Bridgeman

160

[ ]
140
| ® EES Table Value /
130 + °

120

T[K]

110
100

90

80 |

70 '
107 107 107

v [m3/kg]

Notice that the results from the Beattie-Bridgeman equation compare well with the actual
nitrogen data provided by EES in the gaseous or superheated region. However, neither the
Beattie-Bridgeman equation nor the ideal gas equation provides adequate results in the two-
phase region, where the gas (ideal or otherwise) assumption fails.



GAS LAWS

Equation of State, Specific and Universal Gas constants, Throttling and Free Expansion

Processes, Deviations from perfect Gas Model, Vander Waals Equation of State.
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Boyle's Law: For a fixed amount of gas and constant temperature, PV =

constant.



Charles'’s Law: at constant pressure the volume is linearly
proportional to temperature. V/T = constant



Gay-Lussac’s Law

Old man Lussac studied the direct relationship between temperature and pressure of a
gas.

As the temperature increases the pressure a gas exerts on its container increases.
During his experiments volume of the system and amount of gas were held constant.



Dalton's Law = the sum of the partial pressures of the gases in a
mixture = the total pressure or P = P, + Pg + P + ...where P; = the
partial pressure of component i.



Avagadro’s law for a fixed pressure and temperature, the volume of a gas is
directly proportional to the number of moles of that gas. V/n =k = constant.



Avogadro's Law - EQUAL VOLUMES OF DIFFERENT GASES CONTAIN EQUAL
NUMBERS OF MOLECULES WHEN MEASURED AT THE SAME
TERMPERATURE AND PRESSURE.



Ideal gas law the functional relationship between the pressure, volume, temperature and
moles of a gas. PV = nRT; all gases are ideal at low pressure. V =nRT. Each of the
individual laws is contained in this equation.



GAS MIXTURES

Mole Fraction, Mass friction, Gravimetric and volumetric Analysis, Volume
fraction, Dalton’s Law of partial pressure, Avogadro’s Laws of additive volumes,
and partial pressure, Equivalent Gas constant, Internal Energy, Enthalpy, sp.
Heats and Entropy of Mixture of perfect Gases
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COMPOSITION OF A GAS MIXTURE: MASS AND MOLE
FRACTIONS

To determine the properties of a mixture, we need to know the composition of the
mixture as well as the properties of the individual components. There are two ways to
describe the composition of a mixture:

=5 N O - SRR Molar analysis: specifying the
6 ke 32 kg 38 ko number of moles of each
component
FIGURE 13—1 Gravimetric analysis:
. : specifying the mass of each
The mass of a mixture is equal to the
. .. component
sum of the masses of its components.
k k
H 0 H,+0 m, = 2m N, = >N,
2 N 2 o 2+ Y =1 =
3 kmol 1 kmol 4 kmol . i Mass
P - mf; = _
m,, fraction
FIGURE 13-2
The number of moles of a nonreacting N Mole
mixture is equal to the sum of the Vi~ N fraction

L e . " 150
number of moles of its components.



COMPOSITION OF A GAS MIXTURE: MASS

AND MOLE FRACTIONS

To determine the properties of a mixture, we need to know the composition of the
mixture as well as the properties of the individual components. There are two ways

to describe the composition of a mixture:

H, 0, H, + O,
+ —
6 ke 32 kg 38 kg
FIGURE 13-1

The mass of a mixture is equal to the
sum of the masses of its components.

H, 0, H, + O,
+ —
3 kmol 1 kmol 4 kmol
L~ L~
FIGURE 13-2

The number of moles of a nonreacting
mixture is equal to the sum of the
number of moles of its components.

Molar analysis: specifying the
number of moles of each
component

Gravimetric analysis:
specifying the mass of each
component

A.

r!\.
m,, = E m; N, = E N,
i=1

i=1

: M Mass
mf, = — _
m,, fraction
.
v, = j\r Mole
' N _ fraction

m
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Apparent (or average) molar mass

M My, Em i EN"M{ i M
m p— p— p— p— *\_Tr. ;
j\[m j\[m j\[m =1

m = NM

Gas constant
. RH
1 M

m

The molar mass of a mixture

m,, m,,

Mass and mole fractions of a
mixture are related by

\ m; N;M;
mf;, = = =y,
H?Hf j\ m Mm M

m

M.

!

]
N, Zm /M, zm / m,, M) ‘ mf;

The sum of the mass and mole

fractions of a mixture is equal
to 1.

H, + O,
YH, = 0.75
Yo, = 0.25

1.00

FIGURE 13-3

The sum of the mole fractions of a
mixture is equal to 1.
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P-v-T BEHAVIOR OF GAS MIXTURES: IDEAL

AND REAL GASES

Gas A Gas B Gﬂﬁ
VT V. T mixture
+ =| A+B
T
i - P, + Py
FIGURE 13-5

Dalton’s law of additive pressures for

a mixture of two ideal gases.

Gas A Gas B mgﬁm
P. T P.T _| A+B

T P.T
Va Ve Vy+ Vg
FIGURE 13-6

Amagat’s law of additive volumes for

a mixture of two ideal gases.

The prediction of the P-v-T behavior of
gas mixtures is usually based on two
models:

Dalton’s law of additive pressures: The
pressure of a gas mixture is equal to the
sum of the pressures each gas would
exert if it existed alone at the mixture
temperature and volume.

Amagat’s law of additive volumes: The
volume of a gas mixture is equal to the
sum of the volumes each gas would
occupy if it existed alone at the mixture
temperature and pressure.
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Dalton’s law:

Amagat’s law:

k
P, = ZPE(Tms Vm) exact for ideal gases,

. ¢ approximate
v = 2 V(T,. P,) for real gases

For ideal gases, Dalton’s and
Amagad’s laws are identical
and give identical results.

FIGURE 13-7

The volume a component would
occupy if it existed alone at the
mixture 7 and P is called the
component volume (for ideal gases, it
is equal to the partial volume y,V/ ).

0, +N,
100 kPa
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Ideal-Gas Mixtures

Pi(Tme Vm) . NfRuTm/ Vm N

— — i — -vi
P m N mRuTm/ Vm N m ) P. V N.
— Lo P P V.
Vi(Tme Pm) NERHTJH/PJH Ni m Vm jvm f
— = == ‘\_,-*.;
Vm N mRu Tm/ P m N m )

This equation is only valid for ideal-gas mixtures as it is derived by assuming ideal-
gas behavior for the gas mixture and each of its components.

The quantity y,P.. is called the partial pressure (identical to the component
pressure for ideal gases), and the quantity y,V, is called the partial volume
(identical to the component volume for ideal gases).

Note that for an ideal-gas mixture, the mole fraction, the pressure fraction, and the
volume fraction of a component are identical.

The composition of an ideal-gas mixture (such as the exhaust gases leaving a
combustion chamber) is frequently determined by a volumetric analysis (Orsat
Analysis).



PSYCHROMETRY

Psychrometric properties-Dry bulb temperature, wet bulb temperature, specific
humidity, Relative humidity, saturated air, Degree of saturation-adiabatic saturation,
carrier equation, psychrometric chart,
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Psychrometric chart

Moisture -
Content

~ Specific Humidity; @~

Dry-bulb. Temperature, ¢t «——s

f(co)_“%-w*‘

Water Vapour Pressure. i



0.35

T.s Wet Buld temperature °C —==—-—-
@ Relative Humidity

(O] Reference Circle 125 0.40
(Tgp =25°0ond #=50%)
v Specific Volume m3/kg of dry air 120 b
.45
© Specific Humidity
gm/kg of dry air
110 0.50
0.55
100 ;:; 0.60
~ ZHo.ss
0.70
S0 0.7%
0.80
0.85
0.90
80
1.00
70
10
‘:E_; 60
= 0
0 20 25 30
Dry—Bulb Temperature (Tg ), "C 50
0 5 10 15 20 25 30 35 40 45

h, Enthophy, (ki/kg of dry oir)

Fig. 4.1. Psychrometric chart on T — @ plane.
at 1.01325 bar
or 760 mm of Hg.




e Psychrometric chart is prepared to represent graphically all the necessary
moist air properties




It gives
Specific humidity.
RH
Specific volume of the air-vapour mixture.
Enthalpy of air-vapour mixture (with datum O degree C)
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Adlabatic saturation
PDrocess.

1T ‘ _ 2
OO NSO S NS NS SO S U N N NS NN NN N NN RN
t1, wq, Vi > |, W, V2
| Unsaturated \_ .
- air : Saturated
- : > air
N \\\. \\ - \\\ | &f\' \ﬁ'\.\ SNNYNNN
» ' N 2
\ ‘
- - Circulating
NG pump

‘[ Make-up water
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Partial pressure of water vapour

(v, -T )

{F; _{E:-s ) db whb

whbt

1547 -1.44 T
wio

{103- 00378 }(40 -28

P= 00378 -
1547 -1.44 *28

PV =0.0299 =0.03 Bar




P
Specific humidity = 0.622 v

Specific humidity = 0.622 0.03

1.03 - 0.03

= 0.01866 kg/kg of dry air




P
v
Relative humidity ¢ -

0

va at 40 C

Relative humidity ¢' _0.03



» Due point temperature is the saturation temperature of the water vapour at the
existing pressure of water vapour.

e From the steam table, the saturation temperature at 0.03038 bar is 25 degree
C

e DPT=25 degree C (table 2.1 page 2.1)




h=1.005 (T4 O) + w { 4.18 po-!- (hfg )db" 1.88( Ty, - po) }

h=1.005 ( a0 )+ o.01866{ 4.18 * 25 + (2442) +1.88(40 - 25 )}

h= 88.24 kJ /kg of dry air




to find specific volume/ Kg of dry air

R.TpBT

BV =mR. ThBT
A
m

a p

a

R.TpBT

(% 8)

287 * (40 + 273)

- 5 =0.898 m3/kg of dry air
a (1.03-0.03) * 10




The Carnot cycle was introduced as the most efficient heat engine that operate
between two fixed temperatures T,;and T,. The thermal efficiency of Carnot cycle is given

by

T
T]th,Carnot -

TH
Upon  derivation the performance of the real ~cycle is often

measured in terms of its thermal efficiency

=

net

N =




The Au and Ah of 1deal gases can be expressed as

Au=u2 — Uy :Cv(Tz _Tl)

Ah=h, —h, =C.(T, -T,)

Au - constant volume process
Ah - constant pressure process




Accordingto a lawot F V" =constant

Process

Lsochoric

isobaric

isothermal

polytropic

Isentropic

Description
constant volume (V,=V)

constant pressure (P, =
P)

constant temperature
(T,=Ty)

-none-

constant entropy (3,=3.)

Result of IGL
B P
L T
ni_n
L T

P1y1 — PJV:

H

N e
I_l |I” 1

lx T‘-JI

e

izl'/V:T_?

P___'!' l"x V]_J.II
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where

I Vo V I VYV

Properties of Air

R =0.2871 ki/kg.K
C,= 1.005 kJ/kg.K
C,=0.718 ki/kg.Kk=1.4

R =1deal gas constant
C,= specific heat at constant pressure
C, = specific heat at constant volume

k = specific heat ratio



UNIT -V

POWER CYCLES: Otto, Diesel, Dual Combustion cycles, Description and
representation on P-V and T-S diagram, Thermal Efficiency, Mean Effective
Pressures on Air standard basis, comparison of Cycles, Introduction to
Brayton cycle and Bell Coleman cycle
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AIRSTANDARD ASSUMPTIONS

Air continuously circulates in a closed loop.
« Always behaves as an ideal gas.
All the processes that make up the cycle are internally reversible.

*The combustion process is replaced by a heat-addition

eprocess from an external source.

HEAT
ATR TR b/ - ATES
——- =
Combuntion COMBUSTION Heat.lng
chamber PRODUCTS section
FUEL




Air-Standard Assumptions

A heat rejection process that restores the working fluid to its initial state
replaces the exhaust process.
The cold-air-standard assumptions apply when the working fluid is air and has

constant specific heat

evaluated at room temperature (25°C or 77°F). No chemical reaction takes place
in the engine.



TERMINOLOGY

TDC,BDC,Stroke,bore, intake valve, exhaust valve, clearance volume,
displacement volume, compression ratio, and mean effective pressure

Intakel Exhaustl
valve valve

s g ra = THE

Stroke

———1__BDC

(a) Displacement[] (b) Clearancel
volume volume 177



P
The compression ratio r of an W oo™ MERQ o~ Vo)
engine is defined as
r— V-max _ Vgpc |
. |
vmin V. | |
T e T —— |
|
The mean effective pressure i |
(MEP) is a fictitious pressure that, if it an v

operated on the piston during the entire
power stroke,

Vmin

max 178



P
Exhaustl  |eccacas
valvel NSS! ¥ I
I
. opens e
Intake! %y, Air-fuel! 1
valtopcm ‘ mixture
an s —p ‘ I
Intake ey
) . Compression:
e BDC v stroke

Power (¢expansion)’)
stroke

(a) Actual four-stroke spark-ignition engine

1 (2)
i |
Il:ﬂ: ()

4 : Isentropicl)
TDC BDC o compression
() Ideal Otto cycle

e

i

(2)-(3)

228

U eonst, L
heat addition

Exhaust!

Exhaust!
stroke

AIR

[F

i.--,-'_-.q

w
Isentropic”
expansion

3)

(4)

Air-fuel!
mixture

=i

Intake!
stroke

AIR

I:f___

U= const, L
heat rejection

i

(4)-(1)
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PROCESSES

Process Description Related formula

P _(VaY (T

1-2 Isentropic compression _1
M) 1)
=i Constant volume heat addition Q,,.=mC, (T3— T2)
n \ N
) . . P, _(V ( T, )t
3-4 Isentropic expansion L= _2\| = 2]

R, M) 1)

4-1 Constant volume heat rejection Q,, = MC, (T4— Tl)



Ny = Wnet — Qnet — Qin - Qout 41— Qout
" Qin Qin Qin Qin

Apply first law closed system to process 2-3, V = constant.

Qnet 23 _Wnet 23— AU23

3
Wret,23=Wotner 23 +Wp 25 =0+ I PdV =0
2

Thus, for constant specific heats

Qnet, 23:AU23
Qnet, 23~ Qin: va (T3 - Tz)




Apply first law closed system to process 4-1, V = constant.
Qret 41 Wit 41— AU,

Woet 41= Wotner 41 tWp 41 =0 + _[ PdV=0

Thus, for constant specific heats,

Qnet 41 — AU41

Qnet, 1="Qout = mC, (Tl_ T4)
Qout — _va (Tl_ T4) — va (T4_T1)

The thermal efficiency becomes

— QOU

N, otto — 1- Qint
—1— va (T4_ Tl)
mC, (T;— T,)

16



T,—Th)

— 1_( 4 1

MNth, otto (T,—T)

_ (T, /T,-1)
T,(T3/ T, -1)

=1

Recall processes 1-2 and 3-4 are 1sentropic, so

(v 7 (v 7
LZ | L and L= |4
T (V) T \Vy)
Since V,= V,and V,=V,,
LT T
T, T, T, T,

17



The Otto cycle efficiency becomes

L
T

2

Nin, oo = 1-

Since process 1-2 1s isentropic,

where the compression ratio is

r=V,/V, and

1

MNith, otto =1- r K

-1

0.7

TypicalC
& compression
ratios for

gasolinel
engines

| | | s

6 8 10 12 14

Compression ratio, r
18
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An Otto cycle having a compression ratio of 9:1 uses air as the working fluid. Initially P
=95 kPa, T;=17°C, and V; = 3.8 liters. During the heat addition process, 7.5 kJ of heat
are added. Determine all T's, P's, [, the back work ratio and the mean effective pressure.

Solution:
Data given:
P
A0, 3 T, =290K
e
4
2
Q,,= 7.5kJ
Ou P, =95kPa
" V, =3.8Litres




Process1- 2 (isentropic compression)

T (v )7

_2:|_1;

=T,=290(9)" =698.4K

LORNCY

(v 7
L 1. =P =95 (9)1'4 =2059kPa
h V%)

Process 2 — 3( Const.volume heat addition)
1% law:Q,, —%0: AU

Qz=mC, (Ts_ Tz)
0.2871( 290)

IGL: Pyv=RT,=v,=

Q

5 _ Q23\% — 1727
1

= 0.875%

q =
23 m

20



Example 5.1

Backto IGL : But V,=
Va2 Ps
=C,(T;—-T — =
Uas ( 3 2) P, T,
=0.718(T,—698.4) P=9.15MPa
T,=3103.7K
Process 3— 4 (isentropic exp ansion)
(v 7
L3t 1 o1 (1/9) =1288.8K
T, \V,)
k
v
B |(—3+\ =P, =P,(1/9)" = 422kPa
P, \V,)

21



‘Pr ocess 4 —1( Const.volume heat rejection) Q,,=

mC,( T,—T,)

Ua1= Cv( T4_ Tl)

— 0.718(1288.8 — 290)
=717.1¢

Then:

net qln _qou
= O3~
~1009.6 2

nth,Otto o Wnet =0. 585(58 5%)

in

22



Example 5.1

What else?
MEP= e _ Vo
Vinax =V Vimax— Vimin
o Wyt Wiet
vV, (-, /vy)
W 1009.6

== =1298kP
v,(1-1) 0.875(1-1/9) -

r _ Wcompr _ Aulz _ %(TZ_ Tl)
" Wexpans —AU34 %(TB - T4)

= 0.225(22.5%)




Cycle

The processes in the Diesel cycle are as per following:

Spark Fuel
P Spark S
plug Injector
. . =]
Process Description 7 AIR
1-2 Isentropic compression Air—fuel
mixture Fuel spra
9.3 Constant pressure heat P
- addition I
3-4 Isentropic expansion
e Constant volume heat
i rejection
Gasoline engine Diesel engine

190



T i

Tin in

(a) P-vdiagram (b) 7-s diagram

Vv
1

V2

. . V :
= Compression ratio,r, and — = Cut-off ratio,r,
V2

191



Related formula based on basic thermodynamics:

Process

1-2

Lo
1
A

4-1

Description

Isentropic compression

Constant pressure heat
addition

Isentropic expansion

Constant volume heat
rejection

Related formula

P (VLY (T

R M) T,

Qin=mCp (T3_ T, )

P _(VaY (T

R\ 1)

Q.. =MC,(T,—T,)



0 Thermal efficiency of the Diesel cycle
— Wnet 41— Qout

T]th, Diesel Qin Qin

0  Apply the first law closed system to process 2-3, P = constant.
Qret 23 Wi 237 AU,

3

Woet 23= Wother 23+ Wh25=0 + _[ PdV =0

2

— Pz ( V3 _Vz)

© Thus, for constant specific heats
Quet, 23= AU+ P, (V5-V,)
et 23= Qin=mMC, (T3~ T,) + MR(T,—T,)
Qin: me (T3_T2)




O Apply the first law closed system to process 4-1, V = constant
Qret 41 ~Wiet 41 =AU,

Wnet,41 =W

0

1
ther 41+ Wp a1 =0+ j PdV =0
4

O Thus, for constant specific heats

Qret 417 AU,
Qnet 41— _Qout - va (Tl_ T4)
Qout — _va (Tl_ T4) — va (T4_T1)

0 The thermal efficiency becomes

_1_Quu

nth, Diesel
Qin

_ va (T4_T1)
me (T3_ T2)

=1

29



PV, PV,
T, T
L _P

T, P

where V,=V,

Recall processes 1-2 and 3-4 are 1sentropic, so

PVK=PV¥* and PV* =PV¥
11 2 2

4 4 33

0 Since V,= V,and P,;= P,, we
divide the second equation by the first
equatign ggd\vobtra}(in
S
Therefore,
.1 k-1
1’]th,DieseI o rk_l k(rc _1)
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Example 5.2

An air-standard Diesel cycle has a compression ratio of 18 and

a cut-off ratio of 2.5. The state at the beginning of compression
1s fixed by P = 0.9 bar ant T = 300K. Calculate:

1.the thermal efficiency of the cycle,

nd

11.the maximum pressure, P

max, a

111.The mean effective pressure.

Solution: PO
A
Data given: 2 ?“\“\, 3
V
1 =18
Vv,
Vv
=25
\Z




Example 5.2

Process1- 2 (isentropic compression)

(v Y7
Lol T o1~ 30018 ) =953.3K
LIRNY

Process 2—3( Const. pressure heat addition)

p=P=Ye=YoT -7, (\Qg 2383.3K
T v

2 3 2

Process 3 — 4 (isentropic exp ansion)

V.V, V,
Vv, VY,V

L_ (ey \k—l
T, \V,)

~18(1/25) =7.2

=T, =23833(/7.2)" =1082K

197
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Example 5.2

Q, =Qy; =mC, (T,-T,)= q, =C,(T,-T,)=1437.15 ¢
Q=Qu=mC;o(T,~T)= Gou=C, (T,~T,)=561.484
out
w = G o = 875.674

Whst we need?

(I )n th,diesel ant 0. 6093( 60. 93%)

(i Pro=P=

(pz\/mf—l

Ry L
Wnet 875.67
EP = =
(M V;(1-1/r) 0.9566(1-1/18)

= P, =5148kPa(P,, )

=969.1kPa




Supplementary Problems 5.2

An 1deal diesel engine has a compression ratio of 20 and uses air as
the working fluid. The state of air at the beginning of the
compression process 1s 95 kPa and 20°C. If the maximum
temperature in the cycle is not to exceed 2200 K, determine (a) the
thermal efficiency and (b) the mean effective pressure. Assume
constant specific heats for air at room temperature.

[ (a) 63.5 percent, (b) 933 kPa]

2.

An 1deal diesel cycle has a compression ratio of 16 to 1. The
maximum cycle temperature is 1700°C and the minimum cycle
temperature is 15°C. Calculate:

1.  the specific heat transfer to the cycle
1. the specific work of the cycle
111. the thermal efficiency of the cycle



[
-

© Dual cycle gives a better approximation to a real engine. The
heat addition process is partly done at a constant volume and
partly at constant pressure. From the P-v diagram, it looks like
the heat addition process is a combination of both Otto and
Diesel cycles.



Process
1-2
2-3
3-4
4-5

5-1

Dugl.Gysle

Isentropic compression
Constant volume heat addition
Constant pressure heat addition
Isentropic expansion

Constant volume heat rejection

® The same procedure as to Otto and Diesel cycles can be applied to

Dual cycle. Upon substitutions, the thermal efficiency of Dual

cycle becomes

N

G ke, @l

K
rr. -1




LW AN S R lrll

e5.3

At the beginning of the compression process of an air-standard
dual cycle with a compression ratio of 18, the temperature is
300 K and the pressure i1s 1 bar. The pressure ratio for the
constant volume part of the heating process is 1.5 to 1. The
volume ratio for the constant pressure part of the heating

process 1s 1.2 to 1. Determine (a) the thermal efficiency and (b)
the mean effective pressure. (WRONG SOLUTION!!)

Solution:
Data given: o
Vi _1g Ly
V, P,
vV,
T, =300K 1212
Vv,
P=1bar .




Process1- 2 (isentropic compression)

Tz_ (1\/ \k—l
T, V)

Process 2—3( Const. pressure heat addition)

—T,=300(18)" = 953.3K

p=P=Ye=YoT -7, (\Qg 2383.3K
T2 3 V2

Process3—4 (isentropic exp ansion)

Ve Vi Vo _15(1/25) =72
V3 V2 V3
(v 7
L2 o7, -23833(1/7.2)" =1082K
T V)

38
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Process 4 — 5( isentropic exp ansion)

k-1

E: [—4\/—\ _ =>T.= T4|(—Y+\ _ = T4[(X+ —BQIGV

T, Vs \Vs) (Vs \ V5|
=1715.94f (L.2)(3)]”
= 584.85K

Information needed?
Qout = Qsy = MC, (T —T,)=204.52 u

Qin= Q3+ Qs=mC, (Ts_ T2)+ Cp (T4_ Ts)
= 629.65%

204



Answer the questions ?

(a)n = Wnet — Qin_Qout —1— Qout —1— 204.52 _ 0675( 675%)
Q.. Q.. Q.. 629.65

W

net

Vi (1_ %)
42513
- 0.8613(1- £

=522.63kPa

(b) MEP =

205



Real Case

.LANN

Engine type:
Displacement:
Bore x stroke:

Compression ratio:

Maximun power:

Maximunm torque:

Liquid-cooled, 4-stroke, single cylinder, 4-valve, SOHC
124,66 cc

22,0 x 28,6 mm

11.2: 1

11.0 kW (15 PS) @ 9,000 rprm

12,24 Mrn (1,25 kg-m) @ 2,000 rprn
206



AIR STANDARD EFFICIENCY

* The efficiency of engine using air as the working
medium Is known as Air Standard Efficiency

* The actual gas power cycles are rather complex.
To reduce the analysis to a manageable level, we
utilize the following approximations, commonly
known as the air-standard assumptions



AIR STANDARD ASSUMPTIONS

The working fluid is air
In the cycle, all the processes are reversible

Mass of working fluid remains
constant  through entire cycle

The working fluid 1s homogenous throughout the
cycle and no chemical reaction takes place

The alr  behaves as an ideal gas
and Its  specific heat Is constant at all
temperatures

The cycle Is considered closed with the same ‘air’
always remaining in the cylinder to repeat the
cycle



CARNOT CYCLE

 This cycle is a hypothetical cycle having
highest possible efficiency

* Consists of four simple operations namely:
1.1sothermal expansion

2.Adiabatic expansion

3.Isothermal compression

4.Adiabatic compression



ASSUMPTIONS MADE IN CARNOT CYCLE

* The piston moving In the cylinder does not
produce any friction during motion

* The cylinder head is arranged such a way that it
can be perfect heat conductor or insulator

* The walls of cylinder and piston are considered as
perfect insulators of heat

 Heat transferdoes  notaffect ~  the
temperature of source or sink

 Compressionand expansion:
processes are reversible

* Working medium is a perfect gas and has constant
specific heat



T, 4
@ Isothermal expansion
/T
_ S
£ | O Adiabatic— T I
% compression B © Adiabatic expansion
& _
A Th
7 y/
7 . °
T : Q Isothermal , C
% | | ' compression |
Va Vb Ve Ve

Volume, V

Copyright © 2007 Pearson Education, Inc., publishing as Pearson Addison-Wesley.
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OTTO CYCLE(CONSTANT VOLUME CYCLE)

Process 1-2: Reversible
adiabatic compression
Process 2-3: Addition of
heat at constant volume
Process 3-4: Reversible
adiabatic expansion
Process 4-1: Rejection of
heat at constant volume

213



DIESEL CYCLE(CONSTANT PRESSURE CYCLE)

Process 1-2: Reversible
adiabatic compression
Process 2-3: Addition of
heat at constant pressure
Process 3-4: Reversible
adiabatic expansion
Process 4-1: Rejection of
heat at constant volume

Point 3: Cut-off point

214



DUAL CYCLE

Process 1-2: Reversible
adiabatic  compression
Process 2-3: Addition of
heat at constant volume
Process 3-4: Addition of
heat at constant pressure
Process 4-5: Reversible
adiabatic expansion
Process 5-1: Rejection of
heat at constant volume

; L 1 ar’ —1 .l
i r T (=D +ak(r, —1)

215



COMPARISON OF OTTO, DIESEL AND DUAL
CYCLES

» Following are the important variable factors
which are used for comparison of these cycles:

Compression ratio
Maximum pressure
Heat supplied

Heat rejected

g A W e

Net work



Efficiency versus compression ratio

For a given compression ratio, Otto cycle is the most efficient while the diesel cycle is
the least efficient

2. For the same compression ratio and the same heat input

A 2 A
. o Constant Pressure 3
2 3 : 3"
: o 2 3
[ 2 3 3 2
5 4 © LY —
@ 4" 5
4 Q. "
: ) : 2
1 A 1 A%
Isentropic Process constant Volume
T

Volume 5 Entropy 6 6"6’



For constant maximum pressure and heat supplied

Temperature

>

(e
—_y
rant P
con®
(=3
\ao“°“““
S
co® 1
4

const?”

S Entropy

Pressure

Volume
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For the same maximum pressure and maximum temperature

2 3" 3 3

T | A g 4
el 2N 4 -1; 2
2 2A
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The vapor compression refrigeration cycle is a common method for transferring heat from a
low temperature to a high temperature.

WARM

environment

Qyp = desired output

W pet. in = required input W et in = required input

Oy = desired output

COLD
refrigerated COLD
space environment

(a) Refrigerator (b) Heat pump

The above figure shows the objectives of refrigerators and heat pumps. The purpose of a
refrigerator is the removal of heat, called the cooling load, from a low-temperature medium.
The purpose of a heat pump is the transfer of heat to a high-temperature medium, called the
heating load. When we are interested in the heat energy removed from a low-temperature
space, the device is called a refrigerator. When we are interested in the heat energy supplied
to the high-temperature space, the device is called a heat pump.



Refrigeration systems are also rated in terms of tons of refrigeration. One ton of
refrigeration is equivalent to 12,000 Btu/hr or 211 kJ/min. How did the term “ton of
cooling” originate?

Reversed Carnot Refrigerator and Heat Pump

Shown below are the cyclic refrigeration device operating between two constant temperature
reservoirs and the T-s diagram for the working fluid when the reversed Carnot cycle is used.
Recall that in the Carnot cycle heat transfers take place at constant temperature. If our interest
IS the cooling load, the cycle is called the Carnot refrigerator. If our interest is the heat load,
the cycle is called the Carnot heat pump.

WARM medium
at Ty

Evaporator
Ir,

7

COLD mediumC
at TL




The standard of comparison for refrigeration cycles is the reversed Carnot cycle. A
refrigerator or heat pump that operates on the reversed Carnot cycle is called a Carnot
refrigerator or a Carnot heat pump, and their COPs are

1 TL
CC)F)R,Carnot = =
T, /T -1 T,-T,
COP L T
HP.Carnot =
1-T /T, T,6-T,

Notice that a turbine is used for the expansion process between the high and low-
temperatures. While the work interactions for the cycle are not indicated on the figure, the
work produced by the turbine helps supply some of the work required by the compressor from
external sources.

Why not use the reversed Carnot refrigeration cycle?
Easier to compress vapor only and not liquid-vapor mixture.
*Cheaper to have irreversible expansion through an expansion valve.

What problems result from using the turbine instead of the expansion valve?



The Vapor-Compression Refrigeration Cycle

The vapor-compression refrigeration cycle has four components: evaporator, compressor,
condenser, and expansion (or throttle) valve. The most widely used refrigeration cycle is the
vapor-compression refriger-ation cycle. In an ideal vapor-compression refrigeration cycle, the
refrigerant enters the compressor as a saturated vapor and is cooled to the saturated liquid
state in the condenser. It is then throttled to the evaporator pressure and vaporizes as it absorbs
heat from the refrigerated space.

The ideal vapor-compression cycle consists of four processes.

Ideal Vapor-Compression Refrigeration Cycle

Process Description

1-2 Isentropic compression

2-3 Constant pressure heat rejection in the condenser
3-4 Throttling in an expansion valve

4-1 Constant pressure heat addition in the evaporator



WARM[D
environment

Z-

Condenser |«

Y

X

Expansion
valve

Compressor

\

Evaporator

Y &

COLD refrigerated
space

Wiy,

T A

Saturated
liquid

N

4 N //

Saturated vapor -~

The P-h diagram is another convenient diagram often used to illustrate the refrigeration

cycle.

Pl

3

ool
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The ordinary household refrigerator is a good example of the application of this cycle.

- Evaporator
( coils
Freezer ‘

compartment

\
\
¥

3°C

e

_— Capillary

tube

Kitchen air
25°C

On

.
Condenser
coils

Compressor

Results of First and Second Law Analysis for Steady-Flow

Component
Compressor

Condenser

Throttle Valve

Evaporator

CO

COP

P

HP

Process

s = const.
P = const.
As >0

,, =0

0, =0

P = const.

QL h1 B h4
net,in 2 1

QH hz_hs

W h

net,in 2 1

First Law Result

W,, =m(h, —h)
QH = 11(h, — hy)
h, = h,

O, =m(h —h,)
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Example 11-1

Refrigerant-134a is the working fluid in an ideal compression refrigeration cycle. The
refrigerant leaves the evaporator at -20°C and has a condenser pressure of 0.9 MPa. The mass
flow rate is 3 kg/min. Find COPg and COPg ¢y fOr the same T, and T, , and the tons

of refrigeration.

Using the Refrigerant-134a Tables, we have

Statel ] ( kJ
h =238.41—

Compressor inletU kg
To=-2006 ['1s, = 0.9456
x, =1.0 } L kg - K
State 3 1

h,=101.61—
Condenser exit J kg
P, =900kPa .

s, =0.3738
X, = 0.0 [ kg - K

State 2

Compressor exit

2

S,, =8, = 0.9456

2s

State 4 ]

Throttle exit

T,=T,=-20°C

h, = h,

P, =P, =900kPa

]
‘( 3
h, =278.23—
| s
} {TZS =43.79°C
kg - K |
(x, =0.358
Js“ = 0.4053
{ kg - K



Q.|_ m(hl_h4)_h1_h4

cop, = —t—-
W m(h,—h) h,—h

net,in

kJ
(238.41-101.61) —
kg

kJ
(278.23 - 238.41) —
kg

= 3.44

The tons of refrigeration, often called the cooling load or refrigeration effect, are

Q,

=m(h —h
m( ' 4) COPR,Carnot -
kg kJ 1Ton
=3 _ (238.41-101.61)
min kg 211
min
=1.94Ton

T

L

T, -T,
(=20 + 273) K

(43.79 — (=20))K
3.97
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Terminologies of Refrigeration

Refrigerating Effect (N): It is defined as the quantity of heat extracted from a cold body or
space to be cooled in a given time.

N= Heat extracted from the cold space
Time taken

Specific Heat of water and ice : It is the quantity of heat required to raise or lower the
temperature of one kg of water (or ice), through one kelvin or (1° ¢) in one second.

Specific heat of water, C,, =4.19 k/kg K
Specific heat of ice,  C;,, =2.1 kJ/kg K.




Terminologies of Refrigeration

Capacity of a Refrigeration Unit :
« Capacity of a refrigerating machines are expressed by their cooling capacity.

« The standard unit used for expressing the capacity of refrigerating machine is ton of
refrigeration.

* One ton of refrigeration is defined as, “the quantity of heat abstracted (refrigerating
effect) to freeze one ton of water into one ton of ice in a duration of 24 hours at 0° ¢”.

Heat extracted from at 0° ¢ = latent heat of ice
Latent heat of ice =336 kJ/kg
I.e., 336 kJ of heat should be extracted from one kg of water at 0° C to convert it into ice.
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