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Infroduction

Thermodynamics is the science of energy transfer and its effect on the physical
properties of substances. It is based upon observations of common experience
which have been formulated into thermodynamic laws. These laws govern the
principles of energy conversion. The applications of the thermodynamic laws and
principles are found in all fields of energy technology, notably in steam and
nuclear power plants, internal combustion engines, gas turbines, air conditioning,
refrigeration, gas dynamics, jet propulsion, compressors, chemical process plants,
and direct energy conversion devices.

1.1 Macroscopic Vs Microscopic Viewpoint

There are two points of view from which the behaviour of matter can be studied:
the macroscopic and the microscopic. In the macroscopic approach, a certain
quantity of matter is considered, without the events occurring at the molecular
level being taken into account. From the microscopic point of view, matter is
composed of myriads of molecules. If it is a gas, each molecule at a given instant
has a certain position, velocity, and energy, and for each molecule these change
very frequently as a result of collisions. The behaviour of the gas is described by
summing up the behaviour of each molecule. Such a study is made in microscopic
or statistical thermodynamics. Macroscopic thermodynamics is only concerned
with the effects of the action of many molecules, and these effects can be
perceived by human senses. For example, the macroscopic quantity, pressure, is
the average rate of change of momentum due to all the molecular collisions made
on a unit area. The effects of pressure can be felt. The macroscopic point of view
is not concerned with the action of individual molecules, and the force on a given
unit area can be measured by using, e.g., a pressure gauge. These macroscopic
observations are completely independent of the assumptions regarding the nature
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of matter. All the results of classical or macroscopic thermodynamics can,
however, be derived from the microscopic and statistical study of matter.

1.2 Thermodynamic System and Control Volume

A thermodynamic system is defined as a quantity of matter or a region in space
upon which attention is concentrated in the analysis of a problem. Everything
external to the system is called the surroundings or the environment. The system
is separated from the surroundings by the system boundary (Fig. 1.1). The
boundary may be either fixed or moving. A system and its surroundings together
comprise a universe.

Boundary
Boundary Energy out
Surroundings
Energy in
S d
umoundings No mass transfer
Fig. 1.1 A thermodynamic system Fig. 1.2 A closed system

There are three classes of systems: (a) closed system, (b) open system and (c)
isolated system. The closed system (Fig. 1.2) is a system of fixed mass. There is
no mass transfer across the system boundary. There may be energy transfer into
or out of the system. A certain quantity of fluid in a cylinder bounded by a piston
constitutes a closed system. The open system (Fig. 1.3) is one in which matter
crosses the boundary of the system. There may be energy transfer also. Most of
the engineering devices are generally open systems, e.g., an air compressor in
which air enters at low pressure and leaves at high pressure and there are energy
transfers across the system boundary. The isolated system (Fig. 1.4) is one in
which there is no interaction between the system and the surrounding. It is of
fixed mass and energy, and there is no mass or energy transfer across the system

boundary.
Energyin [ Boundary

+ Mass out

Surroundings
% S.urmundings
Mass in Energy out No mass or energy transfer
Fig. 1.3 An open system Fig. 1.4 An isolated system

If a system is defined as a certain quantity of matter, then the system contains
the same matter and there can be no transfer of mass across its boundary.
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However, if a system is defined as a region of space within a prescribed boundary,
then matter can cross the system boundary. While the former is called a closed
system, the latter is an open system,

For thermodynamic analysis of an open system, such as an air compressor
(Fig. 1.5), attention is focussed on a certain volume in space surrounding the
compressor, known as the control volume, bounded by a surface called the
control surface. Matter as well as energy crosses the control surface.

Air out

{---t (Heal
Work /J
Control
Motor | .~ surface

I T Control volume
Airin
Fig. 1.5 Control volume and control surface

A closed system is a system closed to matter flow, though its volume can
change against a flexible boundary. When there is matter flow, then the system is
considered to be a volume of fixed identity, the control volume. There is thus no
difference between an open system and a control volume.

1.3 Thermodynamic Properties, Processes and Cycles

Every system has certain characteristics by which its physical condition may be
described, e.g., volume, temperature, pressure, etc. Such characteristics are called
properties of the system. These are all macroscopic in nature. When all the
properties of a system have definite values, the system is said to exist at a definite
state. Properties are the coordinates to describe the state of a system. They are the
state variables of the system. Any operation in which one or more of the properties
of a system changes is called a change of state. The succession of states passed
through during a change of state is called the path of the change of state. When
the path is completely specified, the change of state is called a process, e.g., a
constant pressure process. A thermodynamic cycle is defined as a series of state
changes such that the final state is identical with the initial state (Fig. 1.6)
Properties may be of two types. Intensive properties are independent of the
mass in the system, e.g., pressure, temperature, etc. Extensive properties are
related to mass, e.g., volume, energy, etc. If mass is increased, the values of the
extensive properties also increase. Specific extensive properties, i.e., extensive
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properties per unit mass, are intensive properties, e.g., specific volume, specific
energy, density, etc.

-

2

[ abA pr::u;ss
1-2-1 A cycle

Fig. 1.6 A process and a cycle

1.4 Homogeneous and Heterogeneous Systems

A quantity of matter homogeneous throughout in chemical composition and
physical structure is called a phase. Every substance can exist in any one of the
three phases, viz., solid, liquid and gas. A system consisting of a single phase is
called a homogeneous system, while a system consisting of more than one phase
is known as a heterogeneous system.

1.5 Thermodynamic Equilibrium

A system is said to exist in a state of thermodynamic equilibrium when no change
in any macroscopic property is registered, if the system is isolated from its
surroundings.

An isolated system always reaches in course of time a state of thermodynamic
equilibrium and can never depart from it spontaneously.

Therefore, there can be no spontaneous change in any macroscopic property
if the system exists in an equilibrium state. Thermodynamics studies mainly the
properties of physical systems that are found in equilibrium states.

A system will be in a state of thermodynamic equilibrium, if the conditions for
the following three types of equilibrium are satisfied:

(a) Mechanical equilibrium

(b) Chemical equilibrium

(c) Thermal equilibrium

In the absence of any unbalanced force within the system itself and also
between the system and the surroundings, the system is said to be in a state of
mechanical equilibrium. If an unbalanced force exists, either the system alone or
both the system and the surroundings will undergo a change of state till
mechanical equilibrium is attained.
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If there is no chemical reaction or transfer of matter from one part of the system
to another, such as diffusion or solution, the system is said to exist in a state of
chemical equilibrium.

When a system existing in mechanical and chemical equilibrium is separated
from its surroundings by a diathermic wall (diathermic means 'which allows heat
to flow") and if there is no spontaneous change in any property of the system, the
system is said to exist in a state of thermal equilibrium. When this is not satisfied,
the system will undergo a change of state till thermal equilibrium is restored.

When the conditions for any one of the three types of equilibrium are not
satisfied, a system is said to be in a nonequilibrium state. 1f the nonequilibrium
of the state is due to an unbalanced force in the interior of a system or between the
system and the surrounding, the pressure varies from one part of the system to
another. There is no single pressure that refers to the system as a whole. Similarly,
if the nonequilibrium is because of the temperature of the system being different
from that of its surroundings, there is a nonuniform temperature distribution set
up within the system and there is no single temperature that stands for the system
as a whole. It can thus be inferred that when the conditions for thermodynamic
equilibrium are not satisfied, the states passed through by a system cannot be
described by thermodynamic properties which represent the system as a whole.

Thermodynamic properties are the macroscopic coordinates defined for, and
significant to, only thermodynamic equilibrium states. Both classical and
statistical thermodynamics study mainly the equilibrium states of a system.

1.6 Quasi-Static Process

Let us consider a system of gas contained in a cylinder (Fig. 1.7). The system
initially is in equilibrium state, represented by the propertiesp,, v,, t;. The weight
on the piston just balances the upward force exerted by the gas. If the weight is
removed, there will be an unbalanced force between the system and the
surroundings, and under gas pressure, the piston will move up till it hits the stops.

Stops
[ e Final state
w I Weight

~—— Piston

e Initial state

{«—— System boundary

Fig. 1.7 Transition between two equilibrium states by an unbalanced force
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consideration, and 8F, is the component of force normal to 84 (Fig. 1.13), the
pressure p at a point on the wall is defined as

= 1im 95
P= saSen 64
A
Fqy
System

Fig. 1.13  Definition of pressure

The pressure p at a point in a fluid in equilibrium is the same in all directions.
The unit for pressure in the SI system is the pascal (Pa), which is the force of
one newton acting on an area of 1 m?.
1 Pa=1N/m?

The unit of pascal is very small. Very often kilo-pascal (kPa) or mega-pascal
(MPa) is used.

Two other units, not within the SI system of units, continue to be widely used.
These are the bar, where

1 bar = 10° Pa = 100 kPa = 0.1 MPa

and the standard atmosphere, where
1 atm = 101.325 kPa = 1.01325 bar

Most instruments indicate pressure relative to the atmospheric pressure,
whereas the pressure of a system is its pressure above zero, or relative to a perfect
vacuum. The pressure relative to the atmosphere is called gauge pressure. The
pressure relative to a perfect vacuum is called absolute pressure.

Absolute pressure = Gauge pressure + Atmospheric pressure

‘When the pressure in a system is less than atmospheric pressure, the gauge
pressure becomes negative, but is frequently designated by a positive number and
called vacuum. For example, 16 cm vacuum will be

76-16
76

Figure 1.14 shows a few pressure measuring devices. Figure (a) shows the
Bourdon gauge which measures the difference between the system pressure inside
the tube and atmospheric pressure. It relies on the deformation of a bent hollow
tube of suitable material which, when subjected to the pressure to be measured on
the inside (and atmospheric pressure on the outside), tends to unbend. This moves
a pointer through a suitable gear-and-lever mechanism against a calibrated scale.
Figure (b) shows an open U-tube indicating gauge pressure, and Fig. (c) shows an
open U-tube indicating vacuum. Figure (d) shows a closed U-tube indicating

% 1.013 = 0.08 bar
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absolute pressure. If p is atmospheric pressure, this is a barometer. These are
called U-tube manometers.

If Z is the difference in the heights of the fluid columns in the two limbs of the
U-tube [Fig. (b) and Fig.(c)], p the density of the fluid and g the acceleration due
to gravity, then from the elementary principle of hydrostatics, the gauge pressure

Pg is given by

Patm

Hg

(c) (d)
Fig. 1.14 Pressure gauges
(a) Bourdon gauge
(6) Open U-tube indicating gauge pressure
(c) Open U-tube indicating vacuum
(d) Closed U-tube indicating absolute pressure

_ kg m
pe=zps[m 8
= Zpg N/m?
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If the fluid is mercury having p = 13,616 kg/m’®, one metre head of mercury
column is equivalent to a pressure of 1.3366 bar, as shown below
ImHg=2Zpg=1x13616 x 9.81
=1.3366 x 10° N/m*
= 1.3366 bar

The manometer is a sensitive, accurate and simple device, but it is limited to
fairly small pressure differentials and, because of the inertia and friction of the
liquid, is not suitable for fluctuating pressures, unless the rate of pressure change
is small. A diaphragm-type pressure transducer along with a cathode ray
oscilloscope can be used to measure rapidly fluctuating pressures.

1.10.3 Specific Volume and Densily

Volume (V) is the space occupied by a substance and is measured in m’. The
specific volume (v) of a substance is defined as the volume per unit mass and is
measured in ms.-"kg. From continuum consideration the specific volume at a point
is defined as

_ o OV
= lim —
V=5V Om
where 8V is the smallest volume for which the system can be considered a
continuum. )
Density (p) is the mass per unit volume of a substance, which has been
discussed earlier, and is given in kg/m®.

=m
v
In addition to m, another commonly used unit of volume is the litre (1).
11=10"m’

The specific volume or density may be given either on the basis of mass or in
respect of mole. A mole of a substance has a mass numerically equally to the
molecular weight of the substance. One g mol of oxygen hasamassof 32 gand 1
kg mol (or kmol) of nitrogen has a mass of 28 kg. The symbol T is used for molar
specific volume (m*/kmol).

1.10.4 Energy

Energy is the capacity to exert a force through a distance, and manifests itself in
various forms. Engineering processes involve the conversion of energy from one
form to another, the transfer of energy from place to place, and the storage of
energy in various forms, utilizing a working substance.

The unit of energy in the SI system is Nm or J (joule). The energy per unit mass
is the specific energy, the unit of which is J/kg.
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1.10.5 Power

The rate of energy transfer or storage is called power. The unit of power is watt
(W), kilowatt (kW) or megawatt (MW).
1W =1Js=1Nms
1 kW = 1000 W

1.11 History of Thermodynamics

The latter half of the eighteenth century ushered man into the modern world of
machinery and manufacture, and brought about cataclysmic changes in the social,
economic and political life of the people. The historians have called it the
Industrial Revolution. It began in England due to a fortuitous combination of
many factors. There was bustling creative activity in science and technology
during this period in England, with the appearance of a galaxy of some brilliant
individuals. The invention of the steam engine gave an impetus to this activity,
and for the first time made man free from the forces of nature. The names of
Savery, Newcomen and notably James Watt are associated with this invention.
‘Watt brought about considerable improvement in the performance of the steam
engine, which began to be widely used in coal mines, iron metallurgy and textile
mills. George Stephenson introduced steam engine for rail transport, and Robert
Fulton used it in steam boats. A variety of industries grew up, and man gradually
entered into the modern machine age. The advent of steam engine also gave
stimulus to the birth of thermodynamics. Thermodynamics is said to be the
“daughter” of the steam engine.

There was once a young inventor who thought that he could produce energy out
of nothing. “It is well known”, said he, “that an electrical motor converts
electrical energy into mechanical energy and that an electric generator converts
mechanical energy into electrical energy. Why not then, use the motor to run the
generator and the generator to run the motor, and create thereby an endless supply
of energy”? But this is never to happen. A hypothetical device which creates
energy from nothing is called a perpetual motion machine of the first kind, a
PMMI. Like the proverbial touchstone which changes all metals into gold, man
attempted to find such a PMM1 for long long years, but it turned out to be a wild
goose chase, In fact, the development of the principle of conservation of energy
has been one of the most significant achievements in the evolution of physical
science. The first recognition of this principle was made by Leibnitz in 1693,
when he referred to the sum of kinetic energy and potential energy in a
gravitational force field. Energy is neither created nor destroyed. Energy
manifests in various forms and gets transformed from one form to another.
Through gentle metabolic processes, a day labourer gradually transforms the
chemical energy of the food he eats and the oxygen he breathes into heat, sound
and useful work. Work was always considered a form of energy. The concept of
heat was, however a very actively debated scientific topic. Until the middle of the
nineteenth century, heat was regarded as an invisible colourless, weightless,
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. odourless fluid that flowed from a body of higher caloric to a body of lower
caloric. This was known as the caloric theory of heat, first proposed in 1789 by
Antoine Lavoisier (1743-1794), the father of modern chemistry. When an object
became full of caloric, it was then said to be saturated with it. This was the origin
of the terms “saturated liquid”, “saturated vapour” etc. that we use in
thermodynamics today. The caloric was said to be conserved and it was
indestructible. The caloric theory was, however, refuted and heat was confirmed
as a form of energy in the middle of the nineteenth century leading to the
formulation of the first law of thermodynamics. The names which stand out in the
establishment of the first law were Benjamin Thompson (1753~1814), James
Prescott Joule (1818-1889) and Julius Robert Mayer (1814-1978).

Benjamin Thompson, an American born in Massachusetts, did not support the
revolt against the British during the American war of independence, and in 1775
he left for England where he took up government service. On a trip to Germany,
he met the prince of Bavaria who offered him a job. He introduced many reforms
in the government for which the title of Count von Rumford was conferred on
him. While boring brass cannon hole, Count Rumford noticed that there was a
continuous heat release. How could the caloric fluid be conserved, when it was
being produced continuously by mechanical friction? From the established
principle of conservation of mass, a true fluid can be neither created nor
destroyed, so heat could not be a fluid if it could be continuously created in an
object by mechanical friction. Rumford conceived that heat was “a kind of
motion” and the hotness of an object was due to the vibrating motion of the
particles in the object. On his return to England, he became a member of the
Royal Society, and later founded the Royal Institution for the Advancement of
Science. Rumford married the widow of Lavoisier and lived in Paris for the rest
of his eventful life.

In the early forties of the nineteenth century, James P. Joule and Julius R.
Mayer almost simultaneously set forth the idea that heat transfer and mechanical
work were simply different forms of the same quantity, which we now recognize
as energy in transit. In some modern treatments of engineering thermodynamics,
Joule’s name alone is attached to the establishment of the equivalence of “heat”
and “work”. The published record, however, shows that the idea of convertibility
of heat into work was published independently by Mayer in May, 1842 and Joule
in August, 1843. For an important aspect in the history of the first law, is the fact
that both Mayer and Joule had difficulty in getting their papers published and in
being taken seriously by their established contemporaries.

Robert Mayer was a doctor in a ship in the East Indies and from physiological
observations, he believed in a principle of conservation of energy. He derived
theoretically, the mechanical heat equivalent based on the calorimetric data of
Joseph Black of Glasgow University. Mayer tried to publish his paper but
remained unsuccessful for a long time. His despair was so great that he attempted
suicide by jumping from a window, but he only broke his two legs. He was placed
in an asylum for some time. In later years, however, he was given some measure
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or recognition and honoured equally with Joule in establishing the mechanical
theory of heat.

Mayer argued that an amount of gas needs to be heated more at constant
pressure than at constant volume, because at constant pressure it is free to dilate
and do work against the atmosphere, which in today’s notations becomes:

me, AT —me, AT = Py AV (1.2)

Using the ¢, and ¢;/c, constants that were known in his time, he estimated the
left-hand side of the equation in calories, while the right-hand side was known in
mechanical units. He thus established numerically the equivalence between these
units. If the relation

Po=RT (1.3)
isused in Eq. (1.2), Mayer’s argument reduces to
G-c,=R (1.4)

This classic relationship between the specific heats of an ideal gas is called
Mayer’s equation; while the ideal gas equation of state, Eq. (1.3), was first
derived by Clapeyron [Bejan, 1988].

Joule was the ultimate experimentalist. His experiments seem to be the direct
continuation of those of Rumford and the gap of some forty years between the two
investigations appeared puzzling to some authors. Joule’s first discovery from his
measurements was that the flow of current in a resistance, is accompanied by the
development of heat proportional to the resistance. He concluded that caloric was
indeed created by the flow of current. He was firmly convinced that there existed
some conservation law of a general nature and hence set out to investigate
whether the conversion of the various forms of energy is governed by definite
conversion factors. He considered the conversion of chemical, electric, caloric,
- and mechanical energy forms in all combinations. The determination of the
mechanical equivalent of heat forms the central part of his experiments, the results
of which can be summed up in the general relation:

W=Jg (1.5)
where J is the mechanical equivalent of heat. Joule’s experiments suggested that
this relation may have universal validity with the same numerical value of Junder
all conditions.

Joule communicated the results of his experiments to the British Association
for the Advancement of Science in 1843. It was received with entire incredulity
and general silence. In 1844 a paper by Joule on the same subject was rejected by
the Royal Society. To convince the skeptics, he produced a series of nakedly
simple experiments whose message proved impossible to refute. From the point
of view of mechanical engineers, the most memorable among these experiments
was the heating of a pool of water by an array of paddle wheels driven by falling

* Adrian Bejan, “Research into the Origins of Engineering Thermodynamics”, Int.
Comm. Heat Mass Transfer, Vol. 15, No. 5, 1988, pp 571-580.
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weights. He discussed in 1847, before the British Association at Oxford, his
experimental results in which he suggested that the water at the bottom of the
Niagara waterfall (160 feet high) should be warmer than at the top (by 0.2°F).
From the thermal expansion of gases Joule deduced that there should be a “zero
of temperature”, 480°F below the freezing point of ice. This was the first
suggestion of absolute zero. Although these results failed to provoke further
discussion, it created interest in a young man who only two years ago had passed
from the University of Cambridge with the highest honour. The young man was
William Thomson, who later became Lord Kelvin. He somewhere stated that it
was one of the most valuable recollections of his life. Michael Faraday was also
present in the 1844 Oxtford meeting, and he communicated Joule’s paper “On the
Mechanical Equivalent of Heat” to the Royal Society in 1849.

The paper ultimately appeared in its Philosphical Transactions in 1850.

Even while Joule was perfecting the experimental basis of the energy law now
called the Mayer-Joule principle, Herman Ludwig von Helmohltz (1821-1894)
published in 1847, his famous essay on the conservation of force. In this work, he
advanced the conservation of energy as a unifying principle extending over all
branches of physics. Helmholtz, like Mayer, was a physician by profession and
self-taught in Physics and Mathematics. He also faced great difficulties in getting
his paper published in professional journals.

In the history of classical thermodynamics, one thinks of only the closed system
formulations of the first law which were deliberated by the pioneers as stated
above. In engineering thermodynamics, however, open system formulations are
of prime interest. The first law for open systems was first stated by Gustave Zeu-
ner, as part of the analysis of flow systems that operate in the steady state.
Zeuner's formula for the heat transfer rate to a stream m in steady flow and
without shaft work in present notations is given to be:

dO/m =d (u+ P+ VY2 + gz) (1.6)

The reference of this formula is found in Stodola’s classic treatise on steam
turbines, first published in the German language in 1903.

The first person to invent a theory simultaneously involving the ideas of
conservation and conversion of energy was the young French military engineer
Nicolas Leonard Sadi Carnot (1796-1832). The strikingly original ideas of
Carnot’s work make it among the most brilliant new departures in theoretical
physics. Sadi Carnot was the son of Napoleon’s general, Lazare Carnot, and was
educated at the famous Ecole Polytechnique in Paris. Between 1794 znd 1830,
Ecole Polytechnique had such famous teachers as Lagrange, Fourier, Laplace,
Ampere, Cauchy, Coriolis, Poisson, Gay-Lussac, and Poiseuille. After his formal
education Carnot chose a career as an army officer. Britain was then a powerful
military force, primarily as a result of the industrial revolution brought about by
the steam engine. French technology was not developing as fast as Britain’s.
Carnot was convinced that France’s inadequate utilization of steam power had
made it militarily inferior. He began to study the fundamentals of steam engine
technology, and in 1824 he published the results of his study in the form of a
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brochure “Reflection on the Motive Power of Heat and on Machines Fitted to
Develop that Power”. Carnot was trained in the basic principles of hydraulics,
pumps and water wheels at the Ecole Polytechnique. During Carnot’s time,
caloric theory of heat was still persisting, and the water wheel as the major source
of mechanical power was gradually getting replaced by the steam engine. Carnot
conceived that the power of a steam engine was released, as the heat fluid or
caloric fell from the high temperature of the boiler to the lower temperature of the
condenser, in much the same way that water falls through a water wheel to
produce mechanical shaft work output. Carnot stated, “The motive power of a
water wheel depends on its height and the quantity of liquid. The motive power of
heat also depends on the quantity of caloric used and on the height of its fall, i.e.,
the difference of temperatures of the bodies between which the exchange of
caloric is made”.

Till Carnot’s time thermodynamics was developed primarily on an empricial
basis provided by chemistry. Carnot approached an engineering problem, the
efficiency of heat engines, in terms of entirely new concepts with the steam engine
serving as the stimulus. Carnot observed that the existence of temperature
differences is a necessary condition for producing mechanical work by means of a
heat engine. He simplified the problem to its bare essentials and stipulates, that
this system, consisting essentially of a working substance, should exchange heat
with its surroundings only at two fixed temperatures. In order to conceptualize
such a situation, he introduces the idea of heat reservoirs. Two important
conclusions emerged from Carnot’s work:

1. No one could build a water wheel that would produce a continuous work
output unless water actually entered and exited the wheel. If water with a certain
kinetic and potential energy entered the wheel, then the same amount of water
with a lower energy must also exit the wheel. It is thus impossible to make a water
wheel that converts all the energy of the inlet water into shaft work output. There
must be an outflow of water from the wheel.

If this idea is extended to a steam engine by replacing the water by heat fluid
caloric, it can be concluded that when caloric at a certain energy level
(temperature) enters a work producing heat engine, it must also exit the heat
engine at a low energy level (temperature). Thus a continuously operating heat
engine that converts all of its caloric (heat) input directly into work output is not
possible. This is very close to the Kelvin-Planck statement of second law as it is
known today.

2. The maximum efficiency of a water wheel was independent of the type of
the liquid and depended only on the inlet and outlet flow energies. The maximum
efficiency of the steam engine (or any heat engine) depends only on the
temperatures of the high and low temperature thermal reservoirs of the engine and
is independent of the working fluid. To achieve the maximum efficiency there
must not be any mechanical friction or other losses of any kind.

Only at the age of 36, Sadi Carnot died of cholera following an attack of scarlet
fever. The significance of Camnot’s work was not recognized until 1850, when
Rudolf Clausius (1822-1888) and William Thomson (1824-1907) worked out a
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clear formulation of the conservation of energy principle. Carnot’s first
conclusion was then called the second law of thermodynamics by Clausius, and
Thomson used Carnot’s second conclusion to develop the concept of absolute
temperature scale. Thermodynamics is thus said to have originated from- the
“clumsy puffing of the early steam engines” and is often called “the daughter of
steam engine”.

Carnot’s ideas were so revolutionary that they were largely ignored. Soon after
Carnot’s death, Emile Clapeyron (1799-1864), a French mining engineer,
strengthened Camot’s ideas by using more precise mathematical derivation.
Clapeyron constructed its thermodynamic cycle by deducing that it must be
composed of two reversible isothermal processes and two reversible adiabatic
processes. It is now known as Carnot’s cycle. It was the first heat engine cycle to
be conceptualized. No other heat engine can equal its efficiency.

Clapeyron was later able to derive a relation for the enthalpy change of the
liquid to vapour phase (/) in terms of pressure, temperature and specific volume.
This provided the first equation, now called the Clausius-Clapeyron equation,
representing the first order phase transition, which could be used to estimate a
property that is not directly measurable in terms of properties that are directly
measurable. Clapeyron’s equation is now most easily derived from one of
Maxwell’s equations.

William Thomson (1824-1907), who became a professor of natural
philosophy at the University of Glasgow in 1848 at the age of 24 only, rejected
the caloric theory of heat and for the first time used the terms “thermodynamics™
and “mechanical energy”. Apart from the deduction of the absolute temperature
scale, Thomson worked with Joule from 1852 to 1862 in a series of experiments
to measure the temperature of gas in a controlled expansion and propounded the
Joule-Thomson effect for real gases.

Rudolf Julius Emanuel Clausius (1822-1888) realised that there were two
distinct laws at work, the first law due to Joule and Mayer and the second law as
expounded by Carnot. He defined the internal energy U. Although both Kelvin
and Clausius used the function Q,,,/T for some years, Clausius recognized the
value of this function and to describe it he coined the word “entropy” from the
Greek word “tropee” meaning “transformation” and assigned it the symbol S.
Clausius in 1865, summarised the first and second laws of thermodynamics in the
following words:

“Die Energie der Welt ist konstant.

Die Entropie der Welt strebt einem Maximum zu"

which is translated as

“The energy of the world is constant.

The entropy of the world tends toward a maximum”.

The world here means the universe, the system and the surroundings together.

These statements made a strong impression upon a young student, Max Karl
Ernst Ludwig Planck (1858-1947). He was educated at the universities of
Munich and Berlin. In his autobiography he stated, “One day I happened to come
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across the treatises of Rudolf Clausius, whose lucid style and enlightening clarity
of reasoning made an enormous impression on me, and I became deeply absorbed
in his articles, with an ever increasing enthusiasm. 1 appreciated especially his
exact formulation of the two laws of thermodynamics, and the sharp distinction,
which he was the first to establish between them™. In 1897, Planck' demonstrated
the close connection between the second law and the concept of reversibility. He
stated the second law as the impossibility of a cyclic device which produces
positive work and exchanges heat with a single reservoir. Similar statement was
also made by Kelvin, and is now recognized as Kelvin-Planck statement of second
law. Poincare? in 1908, extended the work of Planck and prescribed a complete
structure of classical thermodynamics.

The property, entropy, plays a steller role in thermodynamics. It was
introduced via the concept of heat engines. In 1909, the Greek mathematician
Caratheodory proved the existence of entropy function mathematically without
the aid of Carnot engines and refrigerators. Caratheodory’s statement of second
law may be stated as: “In the neighbourhood of any arbitrary state Py of a physical
system, there exist neighbouring states which are not accessible from P, along
quasi-static adiabatic paths”. From the standpoint of the engineer and physicist it
is entirely mathematical in form and devoid of physical insight.

William John Macquorn Rankine (1820-1872) defined the thermodynamic
efficiency of a heat engine and showed the usefulness of p—v diagrams as related
to work, He wrote the first text book on thermodynamics®, and was the first to
work out the thermodynamic cycle for the adiabastic cylinder steam engine, now
known as Rankine cycle for a vapour power cycle.

In 1862, the cycle used in modem gasoline-powered I.C. engines was proposed
in a patent issued to Alphonse Beau de Rochas (1815-1893). The first practical
engine was, however, built by Nikolous August Otto (1832-1891) which was
demonstrated at the Paris Exposition in 1878. Otto fought many legal battles with
Beau de Rochas for production of these engines, but finally lost to him.

Captain John Ericsson (1803-1889) was a Swedish engineer who marketed
small solar-powered and coal-fired hot air engines. Rev. Robert Stirling
(1790-1879), an English parish minister, patented a practical heat engine in 1816
that used air as the working fluid. In theory, the cycle used in the Stirling engine
approaches the ideal cycle later proposed by Carnot (1824).

George Bailey Brayton (1830-1892), an American engineer, marketed an 1.C.
engine with a separate combustion chamber, where combustion of fuel occurred

1. M. Planck, Treatise on Thermodynamics (1897), translated by A. Ogg, Longman and
Green; London, 1927.

2. H. Poincare, Thermodynamique, Gauthier-Villars, Paris, 1908.

3 WM. Rankine, “Manual of the Steam Engine and other Prime Movers", 1859
going through 17 editions, as mentioned by Robert Balmer in “Thermodynamics”,
West Publishing Co., 1990, page 399.
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at about constant pressure. This cycle later formed the basis for modern gas
turbine plants.

Gottlieb Daimler (1834-1900) obtained a patent in 1879 for a multicylinder
automotive engine, which was commercially successful. Dr. Rudolf Christian
Karl Diesel (1858-1913) studied at Technische Hochschule in Munich. He
designed large steam engines and boilers. He later developed in 1897 an L.C.
engine with fuel injection which resembled the modern diesel engine. Failing
health, continuing criticism and serious financial setbacks beset Diesel who in
1913 disappeared from a boat crossing the English channel in a moonlit night.
Josiah Willard ‘Gibbs (1839-1903) is often regarded as the most brilliant
thermodynamicist produced in the USA. He received the first doctorate degree in
engineering in the USA (Yale University). He contributed significantly in many
areas of thermodynamics like heterogeneous systems, phase rule, physical
chemistry and statistical thermodynamics. Some of his very important papers
were published in obscure journals like Connecticut Academy of Sciences, and
remained unknown to most scientists. Only after his death, these were discovered.

SOLVED EXAMPLES

Example 1.1 The pressure of gas in a pipe line is measured with a mercury
manometer having one limb open to the atmosphere (Fig. Ex. 1.1). If the
difference in the height of mercury in the two limbs is 562 mm, calculate the gas
pressure. The barometer reads 761 mm Hg, the acceleration due to gravity is 9.79
m/s?, and the density of mercury is 13,640 kg/m’.

p
Po
el
A B
Fig. Ex. 1.1
Solution At the plane 4B, we have
P=pytpgz
Now
Po=PEZ
wherez, is the barometric height, p the density of mercury and p,, the atmospheric
pressure.
Therefore
pP=pga+z)

= 13,640 kg/m® x 9,79 m/s® (0.562 + 0.761) m
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=177 x 10* N/m? = 177 kPa
=1.77 bar = 1.746 atm Ans.

Example 1.2 A turbine is supplied with steam at a gauge pressure of 1.4 MPa.
After expansion in the turbine the steam flows into a condenser which is
maintained at a vacuum of 710 mm Hg. The barometric pressure is 772 mm Hg.
Express the inlet and exhaust steam Pressure in pascals (absolute). Take the
density of mercury as 13.6 x 10 kg/m’.
Solution The atmospheric pressure p,

= pgzy = 13.6 x 10° ke/m® x 9.81 m/s? x 0.772 m

=1.03 x 10° Pa
Inlet steam pressure

=[(1.4 x 10%) + (1.03 x 10%)] Pa

=15.03x 10° Pa

= 1.503 MPa Ans.
Condenser pressure

=(0.772 - 0.710) m x 9.81 m/s? x 13.6 x 10* kg/m’
=0.827 x 10* Pa
=8.27 kPa Ans.

REVIEW QUESTIONS

What do you understand by macroscopic and microscopic viewpoints?

Is thermodynamics a misnomer for the subject?

How does the subject of thermodynamics differ from the concept of heat

transfer?

1.4 What is the scope of classical thermodynamics?

1.5 What is a thermodynamic system?

1.6 What is the difference between a closed system and an open system?

1.7 Anopen system defined for a fixed region and a control volume are synonymous.
Explain,

1.8 Define an isolated system.

1.9  Distinguish between the terms ‘change of state’, ‘path’, and *process’.

1.10 What is a thermodynamic cycle?

1.11 What are intensive and extensive properties?

1.12 What do you mean by homogeneous and heterogencous systems?

1.13 Explain what you understand by thermodynamic equilibrium.

1.14 Explain mechanical, chemical and thermal equilibrium,

1.15 What is a quasi-static process/ What is its characteristic feature?

1.16 What is the concept of continuum? How will you define density and pressure
using this concept?

17 What is vacuum? How can it be measured?
8 What is a pressure transducer?

L
L.
L.

W b e
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PROBLEMS

1.1

1.2

1.3

A pump discharges a liquid into a drum at the rate of 0.0032 m*/s. The drum,
1.50 m in diameter and 4.20 m in length, can hold 3000 kg of the liquid. Find the
density of the liquid and the mass flow rate of the liquid handled by the pump,
The acceleration of gravity is given as a function of elevation above sea level by
£=980.6-3.086x 107 H
where g is in cm/s?, and H is in cm. If an aeroplane weighs 90,000 N at sea level,
what is the gravity force upon it at 10,000 m elevation? What is the percentage
difference from the sea-level weight?
Prove that the weight of a body at an clevation H above sea-level is given by
v i)
o d+2H
where d is the diameter of the earth.
The first artificial earth satellite is reported to have encircled the earth at a speed
of 28,840 kmv/h and its maximum height above the earth’s surface was stated to
be 916 km. Taking the mean diameter of the earth to be 12,680 km, and assuming
the orbit to be circular, evaluate the value of the gravitational acceleration at this
height.
The mass of the satellite is reported to have been 86 kg at sea-level. Estimate the
gravitational force acting on the satellite at the operational altitude.
Ans. 8.9 m/s%; 765 N
Convert the following readings of pressure to kPa, assuming that the barometer
reads 760 mm Hg:
(a) 90 cm Hg gauge, (b) 40 cm Hg vacuum, (c) 1.2 m H,0 gauge, (d) 3.1 bar.
A 30 m high vertical column of a fluid of density 1878 kg/m® exists in a place
where g = 9,65 m/s’. What is the pressure at the base of the column?
Ans. 544 kPa
Assume that the pressure p and the specific volume v of the atmosphere are
related according to the equation pv'* = 2.3 x 10°, where pisin N/m? abs and v
is in m*/kg. The acceleration due to gravity is constant at 9.81 m/s>. What is the
depth of atmosphere necessary to
produce a pressure of 1.0132 bar at
the earth’s surface? Consider the Steam at pressure, p
atmosphere as a fluid column.,
Ans. 64.8 km
The pressure of steam flowing in
a pipe line is measured with a
mercury manometer, shown in
Fig. P. 1.8. Some steam condenses
into water. Estimate the steam
pressure in kPa. Take the densi
of mercury as 13.6 x 10° k 'm”,
density of water as 10* kg/m’, the
barometer reading as 76.1 ¢cm Hg,
and g as 9.806 m/s’.

Fig. P.1.8
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1.9 A vacuum gauge mounted on a condenser reads 0.66 m Hg. What is the absolute
pressure in the condenser in kPa when the atmospheric pressure is 101.3 kPa?
i Ans, 8.8 kPa
1.10 The basic barometer can be used to measure the height of a building, If the
barometric readings at the top and at the bottom of a building are 730 and 760
mm Hg, respectively, determine the height of the building. Assume an average
air density of 1.18 kg/m’.



Temperature

2.1 Zeroth Law of Thermodynamics

The property which distinguishes thermodynamics from other sciences is tem-
perature. One might say that temperature bears as important a relation to ther-
modynamics as force does to statics or velocity does to dynamics. Tempera-
ture is associated with the ability to distinguish hot from cold. When two bodies
at different temperatures are brought into contact, after some time they attain a
common temperature and are then said to exist in thermal equilibrium.

When a body A is in thermal equilibrium with a body B, and also separately
with a body C, then B and C will be in thermal equilibrium with each other.

This is known as the zeroth law of thermodynamics. It is the basis of tem-
perature measurement.

In order to obtain a quantitative measure of temperature, a reference body is
used, and a certain physical characteristic of this body which changes with
temperature is selected. The changes in the selected characteristic may be taken
as an indication of change in temperature. The selected characteristic is called
the thermometric property, and the reference body which is used in the determi-
nation of temperature is called the thermometer. A very common thermometer
consists of a small amount of mercury in an evacuated capillary tube. In this
case the extension of the mercury in the tube is used as the thermometric prop-
erty.

There are five different kinds of thermometer, each with its own thermometric
property, as shown in Table 2.1.

2.2 Measurement of Temperature—the Reference Points

The temperature of a system is a property that determines whether or not a
system is in thermal equilibrium with other systems. If a body is at, say, 70°C,
it will be 70°C, whether measured by a mercury-in-glass thermometer, resist-
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ance thermometer or constant volume gas thermometer. If X is the thermomet-
ric property, let us arbitrarily choose for the temperature common to the ther-
mometer and fo all systems in thermal equilibrium with it the following linear
function of X:

Table 2.1 Thermometers and Thermometric Properties

Thermometer = 1 T_?lgl"mbnfeﬂ"fo‘,’: . Symbal
r ; : PLOPEPIY i il vl &
1. Constant volume gas thermometer Pressure P
2. Constant pressure gas thermometer Volume v
3. Electrical resistance thermometer Resistance R
4. Thermocouple Thermal e.m.f. €
5. Mercury-in-glass thermometer Length L

8 (X) = aX, where a is an arbitrary constant.
If X, corresponds to 6 (X;), then X, will correspond to
Q(X IJ . XZ
X
that is

X
(X, = A 1)-X2 (2.1)
X

Two temperatures on the linear X scale are to each other as the ratio of the
corresponding Xs.

2.2.1 Method in Use Before 1954

The thermometer is first placed in contact with the system whose temperature

6(X) is to be measured, and then in contact with an arbitrarily chosen standard
system in an easily reproducible state where the temperature is 6 (X;). Thus

ax) _ X

6x X

Then the thermometer at the temperature @ (X) is placed in contact with

another arbitrarily chosen standard system in another easily reprodumbls state
where the temperature is 8 (X;). It gives

6(x;) g _2_
o) X
From Egs (2.2) and (2.3)
0X)-0X,) _ X - X,
6(x) X

(2.2)

(2.3)
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6(X) - 6(X,)
= 201 s
or 6(x) X, ~ X, X (2.4)

If we assign an arbitrary number of degrees to the temperature interval
(X)) - 6(Xy), then 6(X) can be calculated from the measurements of X, X
and X,.

An easily reproducible state of an arbitrarily chosen standard system is called
a fixed point. Before 1954, there were two fixed points: (a) the ice point, the
temperature at which pure ice coexisted in equilibrium with air-saturated water
at one atmosphere pressure, and (b) the steam point, the temperature of equilib-
rium between pure water and pure steam at one atmosphere pressure. The
temperature interval, 8(X,) — 8(X;), between these two fixed points was cho-
sen to be 100 degrees.

The use of two fixed points was found unsatisfactory and later abandoned,
because of (a) the difficulty of achieving equilibrium between pure ice and air- -
saturated water (since when ice melts, it surrounds itself only with pure water -
and prevents intimate contact with air-saturated water), and (b) extreme °
sensitiveness of the steam point to the change in pressure.

2.2.2 Method in Use After 1954

Since 1954 only one fixed point has been in use, viz., the triple point of water,
the state at which ice, liquid water and water vapour coexist in equilibrium. The
temperature at which this state exists is arbitrarily assigned the value of 273.16
degrees Kelvin, or 273.16 K (the reason for using Kelvin’s name will be
explained later). Designating the triple point of water by 6, and with X| being
the value of the thermometric property when the body, whose temperature 6 is
to be measured, is placed in contact with water at its triple point, it follows that

6 = aX;
_6 _2m16
X, X,
Therefore
0= aXx
27316
= 21320 &
XT.
or 0=273.16-% 2.5)
X,

t
The temperature of the triple point of water, which is an easily reproducible
state, is now the standard fixed point of thermometry.

2.3 Comparison of Thermometers

Applying the above principle to the five thermometers listed in table 2.1, the
temperatures are given as
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(a) Constant volume gas thermometer 8(P) = 273. 16p£

1
(b) Constant pressure gas thermometer (V) = 273.16%
(c) Electric resistance thermometer 6(R) = 273. 16—:—‘
(d) Thermocouple o(e) = 273.16-:T
(e) Liquid-in-glass thermometer (L) = 2',;'3_16{‘T

If the temperature of a given system is measured simultaneously with each
of the five thermometers, it is, found that there is considerable difference among
the readings. The smallest variation is, however, observed among different gas
thermometers. That is why a gas is chosen as the standard thermometric sub-
stance.

2.4 Ideal Gas

It has been established from experimental observations that the p - v~ T
behaviour of gases at a low pressure is closely given by the following relation
pv =RT (2.6)
where R is the universal gas constant, 8.3143 J/mol K and 7 is the molar
specific volume, mjigmol. (see Sec. 10.3.). Dividing Eq. (2.6) by the molecular
weight o,
pv=RT 2.7
where v is specific volume, in m*/kg, and R is the characteristic gas constant.
Substituting R = R/u J/kg K, we get in terms of the total volume V of gas,
PV=nRT
PV =mRT (2.8)
where n is the number of moles and m is the mass of the gas. Equation (2.8) can
be written for two states of the gas,
at _ ph
LT
Equation (2.6), (2.7) or (2.8) is called the ideal gas equation of state. At very
low pressure or density, all gases and vapour approach ideal gas behaviour.

(2.9
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2.5 Gas Thermometers

A schematic diagram of a constant volume gas thermometer is given in Fig. 2.1.
A small amount of gas is enclosed in bulb B which is in communication via the
capillary tube C with one limb of the mercury manometer M. The other limb of
the mercury manometer is open to the atmosphere and can be moved vertically
to adjust the mercury levels so that the mercury just touches lip L of the
capillary. The pressure in the bulb is used as a thermometric property and is
given by

p=pytpmig
where p, is the atmospheric pressure and p,, is the density of mercury.

Flexible tubing

Fig. 2.1 Constant volume gas thermometer

When the bulb is brought in contact with the system whose temperature is to
be measured, the bulb, in course of time, comes in thermal equilibrium with the
system. The gas in the bulb expands, on being heated, pushing the mercury
downward, The flexible limb of the manometer is then adjusted so that the
mercury again touches the lip L. The difference in mercury level Z is recorded
and the pressure p of the gas in the bulb is estimated. Since the volume of the
trapped gas is constant, from the ideal gas equation,

v
AT= 24 2.10
AP (2.10)

i.e. the temperature increase is proportional to the pressure increase.

In a constant pressure gas thermometer, the mercury levels have to be
adjusted to keep Z constant, and the volume of gas ¥, which would vary with
the temperature of the system, becomes the thermometric property.

AT= %AV @.11)
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i.e. the temperature increase is proportional to the observed volume increase.
The constant volume gas thermometer is, however, mostly in use, since it is
simpler in construction and easier to operate.

2.6 Ideal Gas Temperature

Let us suppose that the bulb of a constant volume gas thermometer contains an
amount of gas such that when the bulb is surrounded by water at its triple point,
the pressure p, is 1000 mm Hg. Keeping the volume V constant, let the following
procedure be conducted:

(a) Surround the bulb with steam condensing at 1 atm, determine the gas
pressure p and calculate

6=273.16 £
1000

(b) Remove some gas from the bulb so that when it is surrounded by water
at its triple point, the pressure p, is 500 mm Hg. Determine the new values of p
and then @ for steam condensing at 1 atm.

6=273.16 -2
500

(c) Continue reducing the amount of gas in the bulb so that p, and p have
smaller and smaller values, e.g., p, having, say, 250 mm Hg, 100 mm Hg, and
so on. At each value of p, calculate the corresponding 6.

(d) Plot 8 vs. p, and extrapolate the curve to the axis where p, = 0. Read from
the graph

lim 8
n—0

The graph, as shown in Fig. 2.2, indicates that although the readings of a
constant volume gas thermometer depend upon the nature of the gas, all gases
indicate the same temperature as p, is lowered and made to approach zero.

A similar series of tests may be conducted with a constant pressure gas
thermometer. The constant pressure may first be taken to be 1000 mg Hg, then
500 mm Hg, etc. and at each value of p, the volumes of gas ¥ and ¥V, may be
recorded when the bulb is surrounded by steam condensing at 1 atm and the
triple point of water, respectively. The corresponding value of & may be calcu-
lated from

0=273.16 -
=

. .
and 6 vs. p may be plotted, similar to Fig. 2.2. It is found from the experiments
that all gases indicate the same value of  as p approach zero.

Since a real gas, as used in the bulb, behaves as an ideal gas as pressure
approaches zero (which would be explained later in Chapter 10), the ideal gas
temperature T is defined by either of the two equations
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373.15

8(K) N;

T =373.16K

8 (steam)

~

0 25 500 1000
= P, mm Hg

Fig. 2.2 [Ideal gas temperature for steam point

T=273.16 lim £
By
p—0

= 273.16 lim
v

t

p—0

where & has been replaced by T to denote this particular temperature scale, the
ideal gas temperature scale.

2.7 Celsius Temperature Scale

The Celsius temperature scale employs a degree of the same magnitude as that
of the ideal gas scale, but its zero point is shifted, so that the Celsius temperature
of the triple point of water is 0.01 degree Celsius or 0.01°C. If ¢ denotes the
Celsius temperature, then
t=T-273.15°
Thus the Celsius temperature ¢, at which steam condenses at 1 atm. pressure
t,=T,-273.15°
=373.15-273.15
= 100.00°C
Similar measurements for ice points show this temperature on the Celsius

scale to be 0.00°C. The only Celsius temperature which is fixed by definition is
that of the triple point.

2.8 Electrical Resistance Thermometer

In the resistance thermometer (Fig. 2.3) the change in resistance of a metal wire
due to its change in temperature is the thermometric property. The wire, fre-
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quently platinum, may be incorporated in a Wheatstone bridge circuit. The plati-
num resistance thermometer measures temperature to a high degree of accu-
racy and sensitivity, which makes it suitable as a standard for the calibration of
other thermometers.

In a restricted range, the following quadratic equation is often used

R =Ryl + At + B

where Rj is the resistance of the platinum wire when it is surrounded by melting
ice and A and B are constants.

>

7,[
|

)

Ty

] () ‘
o/ Wheatstone
\ ; bridge
Nt
VoG,

Fig. 2.3 Resistance thermometer

2.9 Thermocouple

A thermocouple circuit made up from joining two wires 4 and B made of
dissimilar metals is shown in Fig. 2.4. Due to the Seeback effect, a net e.m.f. is
generated in the circuit which depends on the difference in temperature between
the hot and cold junctions and is, therefore, a thermometric property of the
circuit. This e.m.f. can be measured by a mierovoltmeter to a high degree of

Wire A
1 e
|/ ——= To potentiometer
1 ¥

Wire B | A
L

Test junction L
j \ .-" H T
7

Reference junction
Fig. 2.4 Thermocouple
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accuracy. The choice of metals depends largely on the temperature range to be
investigated, and copper-constantan, chromel-alumel and platinum-platinum-
rhodium are typical combinations in use.

A thermocouple is calibrated by measuring the thermal e.m.f. at various
known temperatures, the reference junction being kept at 0°C. The results of
such measurements on most thermocouples can usually be represented by a
cubic.equation of the form

g=a+bt+cf +d

where £ is the thermal e.m.f. and the constants a, b, ¢ and d are different for
each thermocouple.

The advantage of a thermocouple is that it comes to thermal equilibrium with
the system, whose temperature is to be measured, quite rapidly, because its
mass is small.

2.10 International Practical Temperature Scale

An international temperature scale was adopted at the Seventh General
Conference on Weights and Measures held in 1927, It was not to replace the
Celsius or ideal gas scales, but to provide a scale that could be easily and rapidly
used to calibrate scientific and industrial instruments. Slight refinements were
incorporated into the scale in revisions adopted in 1948, 1954, 1960 and 1968.
The international practical scale agrees with the Celsius scale at the defining
fixed points listed in Table 2.2. The temperature interval from the oxygen point
to the gold point is divided into three main parts, as given below.

Table 2.2 Temperatures of Fixed Points

Normal boiling point of oxygen —-182.97
Triple point of water (standard) +0.01
Normal boiling point of water 100.00
Normal boiling point of sulphur 444,60
(Normal melting point of zinc-suggested

as an alternative to the sulphur point) 419.50
Normal melting point of antimony 630.50
Normal melting point of silver 960.80
Normal melting point ﬁ&ald 1063.00

(a) From 0 to 660°C A platinum resistance thermometer with a platinum wire
whose diameter must lie between 0.05 and 0.20 mm is used, and the tempera-
ture is given by the equation

R =Ry(1 + At + Bf)
where the constants Ry, 4, and B are computed by measurements at the ice
point, steam point, and sulphur point.
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(b) From — 190 to 0°C The same platinum resistance thermometer is used,
and the temperature is given by

R =Ry[1+ At+ B + C(t - 100) 7]
where Ry, A and B are the same as before, and C is determined from a
measurement at the oxygen point.

(c) From 660 to 1063°C A thermocouple, one wire of which is made of

platinum and the other of an alloy of 90% platinum and 10% rhodium, is used

with one junction at 0°C. The temperature is given by the formula
e=a+bt+cf

where a, b, and ¢ are computed from measurements at the antimony point,

silver point, and gold point. The diameter of each wire of the thermocouple

must lie between 0.35 to 0.65 mm.

An optical method is adopted for measuring temperatures higher than the
gold point. The intensity of radiation of any convenient wavelength is compared
with the intensity of radiation of the same wavelength emitted by a black body at
the gold point. The temperature is then determined with the help of Planck’s law
of thermal radiation.

SOLVED EXAMPLES

Example 2.1 Two mercury-in-glass thermometers are made of identical
materials and are accurately calibrated at 0°C and 100°C. One has a tube of
constant diameter, while the other has a tube of conical bore, ten per cent
greater in diameter at 100°C than at 0°C. Both thermometers have the length
between 0 and 100 subdivided uniformly. What will be the straight bore
thermometer read in a place where the conical bore thermometer reads 50°C?

Solution The volume of mercury in the tube at 1°C, ¥,, is given by
V=Vl + B (- 1]

where V), is the volume of mercury at 0°C, B is the coefficient of volume
expansion of mercury, and #; is the ice point temperature which is 0°C. The
volume change of glass is neglected.

Therefore Vi- V=BVt

The temperature ¢ is thus a linear function of volume change of mercury
V- Vo)

Therefore ﬂVo_]m = ﬁ Va - 100

AVy50= B V- 50
AVpso _ 1

AVoio 2

i.e., the 50°C, the volume of mercury will be half of that at 100°C, for the
straight bore thermometer (Fig. Ex. 2.1a).
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But if the bore is conical (Fig. Ex. 2.1b), mercury will fill up the volume
ACDB, which is less than half of the mercury volume at 100°C, i.e., volume
AEFB. Let 1 be the true temperature when mercury rises half the length of the
conical tube (the apparent temperature being 50°C). Let £4 and FB be extended
to meet at G. Let / represent the length of the thermometers and I the vertical
height of the cone 4BG, as shown in the figure. Now,

ro_.d _1
I+ 11d 11
r'=10
r+12  CD
=193 4= 1054
Again AVy_190= Yy B- 100
AVy, =V, Bt
Al _
. AV 100
or Volume ACDB -t
Volume AEFB 100
12 105ay x1051 <L E 2001
or 3.4 "T3% _ ot
17 g xiu-LE 2.0 100
34 34
o 105x1.05x10.5-10 _ ¢
LIxLIxI1-10 100
' ¢=138 L 100=47.7°C Ans.
31
i
|
50°C — | - 50°C
|
| |
orc V—rd—

(b)

Fig. Ex 2.1
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Example 2.2 The e.m.f. in a thermocouple with the test junction at #°C on gas
thermometer scale and reference junction at ice point is given by

e=020¢t-5x10"% A mv

The millivoltmeter is calibrated at ice and steam points. What will this
thermometer read in a place where the gas thermometer reads 50°C?
Solution At ice point, when 1 =0°C, e=0 mV

At steam point, when ¢ = 100°C, £=0.20 x 100 - 5 x 107 x (100)?

=15mV
Att=50°C, £=10.20 x 50 - 5 x 107 (50)* = 8.75 mV
When the gas thermometer reads 50°C, the thermocouple will read
% x 8.75, or 58.33°C Ans.

REVIEW QUESTIONS

210

211
212
213
2.14
215
216

What is the zeroth law of thermodynamics?

Define thermometric property.

What is a thermometer?

What is a fixed point?

How many fixed points were used prior to 19547 What are these?

What is the standard fixed point in thermometery? Define it.

Why is a gas chosen as the standard thermometric substance?

What is an ideal gas?

What is the difference between the universal gas constant and a characteristic
gas constant?

What is a constant volume gas thermometer? Why is it preferred to a constant
pressure gas thermometer?

What do you understand by the ideal gas temperature scale?

How can the ideal gas temperature for the steam point be measured?

What is the Celsius temperature scale?

What is the advantage of a thermocouple in temperature measurement?
How does the resistance thermometer measure temperature?

What is the need of the international practical temperature scale?

PROBLEMS

2.1 The limiting value of the ratio of the pressure of gas at the stcam point and at

the triple point of water when the gas is kept at constant volume is found to be
1.36605. What is the ideal gas temperature of the steam point?

22 In a constant volume gas thermometer the following pairs of pressures read-

ings were taken at the boiling point of water and the boiling point of sulphur,
respectively:

Water b.p. 50.0 100 200 300

Sulphur b.p. 964 193 387 582
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24

25

26

The numbers are the gas pressures, mm Hg, each pair being taken with the
same amount of gas in the thermometer, but the successive pairs being taken
with different amounts of gas in the thermometer. Plot the ratio of S, : H;0,,
against the reading at the water boiling point, and extrapolate the plot to zero
pressure at the water boiling point. This gives the ratio of S, ,: H,0,, on a
gas thermometer operating at zero gas pressure, i.c., an ideal gas thermometer.
What is the boiling point of sulphur on the gas scale, from your plot?

Ans,445°C
The resistance of a platinum wire is found to be 11,000 ohms at the ice point,
15.247 ohms at the steam point, and 28.887 ohms at the sulphur point. Find the
constants 4 and B in the equation

R =Ry(1+ At +BF)

and plot R against ¢ in the range 0 to 660°C.
When the reference junction of a thermocouple is kept at the ice point and the
test junction is the Celsius temperature ¢, and e.m.f. € of the thermocouple is
given by the equation

e=at+ br

where a = 0.20 mV/deg, and b = — 50 x 10~ mV/deg®

(a) Compute the e.m.f. when ¢ =— 100°C, 200°C, 400°C, and 500°C, and draw
graph of £ against ¢ in this range.

(b) Suppose the e.m.f. £ is taken as a thermometric property and that a
temperature scale (* is defined by the linear equation.

t*=a'eg+b

and that * = 0 at the ice point and * = 100 at the steam point. Find the
numerical values of a’ and »" and draw a graph of £ against 1*,

{(c) Find the values of r* whent =- 100°C, 200°C, 400°C, and 500°C, and draw
a graph of t* against r.

(d) Compare the Celsius scale with the * scale.

The temperature ¢ on a thermometric scale is defined in terms of a property K

by the relation

t=alnK+b

where a and b are constants.

The values of K are found to be 1.83 and 6.78 at the ice point and the steam
point, the temperatures of which are assigned the numbers 0 and 100
respectively. Determine the temperature corresponding to a reading of X equal
to 2.42 on the thermometer.

Ans. 21.346°C
The resistance of the windings in a certain motor is found to be 80 ohms at
room temperature (25°C). When operating at full load under steady state
conditions, the motor is switched off and the resistance of the windings,
immediately measured again, is found to be 93 chms. The windings are made
of copper whose resistance at temperature (°C is given by

R, =Ry [1+0.003937]
where Ry is the resistance at 0°C. Find the temperature attained by the coil

during full load.
Ans. 70.41°C



Work and Heat Transfer

A closed system and its surroundings can interact in two ways: (a) by work
transfer, and (b) by heat transfer. These may be called energy interactions and
these bring about changes in the properties of the system. Thermodynamics
mainly studies these energy interactions and the associated property changes of
the system.

3.1 Work Transfer

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. A force is a means of transmitting
an effect from one body to another. But a force itself never produces a physical
effect except when coupled with motion and hence it is not a form of energy. An
effect such as the raising of a weight through a certain distance can be performed
by using a small force through a large distance or a large force through a small
distance. The product of force and distance is the same to accomplish the same
effect. In mechanics work is defined as:

The work is done by a force as it acts upon a body moving in the direction of
the force.

The action of a force through a distance (or of a torque through an angle)
is called mechanical work since other forms of work can be identified, as
discussed later. The product of the force and the distance moved parallel to the
force is the magnitude of mechanical work.

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 things external to the system can be reduced to the raising of a weight.
The weight may not actually be raised, but the net effect external to the system
would be the raising of a weight. Let us consider the battery and the motor in
Fig. 3.1 as a system. The motor is driving a fan. The system is doing work upon
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the surroundings. When the fan is replaced by a pulley and a weight, as shown

in Fig. 3.2, the weight may be raised with the pulley driven by the motor. The
sole effect on things external to the system is then the raising of a weight.

B e
v

[+ | L w
™ o Surroundings
+ Battery
*
\ System boundary
Fig. 3.1 Battery-motor system driving a fan
Pulley
............. b \
e {1
R 1= f
| R |
| Battery | R
) | Weight

- System boundary
Fig. 3.2 Work tranfer from a system
When work is done by a system, it is arbitrarily taken to be positive, and

when work is done on a system, it is taken to be negative (Fig. 3.3.). The symbol
W is used for work transfer.

w
‘
- w System
Surroundings Surroundings
(a) Wis positive (b) Wis negative

Fig. 3.3 Work interaction between a system and the surroundings

The unit of work is N.m or Joule [1 Nm = 1 Joule]. The rate at which work is
done by, or upon, the system is known as power. The unit of power is J/s or watt.
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Work is one of the forms in which a system and its surroundings can interact
with each other. There are various types of work transfer which can get involved
between them.

3.2 pdV-Work or Displacement Work

Let the gas in the cylinder (Fig. 3.4) be a system having initially the pressure p,
and volume V. The system is in thermodynamic equilibrium, the state of which
is described by the coordinates p,, V. The piston is the only boundary which
moves due to gas pressure. Let the pis-

ton move out to a new final position 2, e Ga“ymm
which is also a thermodynamic equi- AR p, il |
librium state specified by pressure p, I S |
and volume V,. At any intermediate Vo 1T
point in the travel of the piston, letthe =~ = === ;
pressure be p and the volume V. This @ @
must also be an equilibrium state, Fig. 3.4 pdV work

since macroscopic properties p and V'

are significant only for equilibrium states. When the piston moves an
infinitestimal distance d/, and if ‘a’ be the area of the piston, the force F acting
on the piston F = p.a. and the infinitesimal amount of work done by the gas on
the piston

dW=F-dl = padl = pdV 3.1
where dV' = adl = infinitesimal displacement volume. The differential sign in
dW with the line drawn at the top of it will be explained later.

‘When the piston moves out from position 1 to position 2 with the volume
changing from ¥, to ¥, the amount of work # done by the system will be

¥

p ___Quasi-static
W= Ipdy A 2

/ process

Work

The magnitude of the work done is -
" transfer

given by the area under the path 1-2,
as shown in Fig. 3.5. Since p is at all | P2 |
times a thermodynamic coordinate, all [
the states passed through by the sys-
tem as the volume changes from V, to L4 | |_ﬂ" V2
¥, must be equilibrium states, and the )

path 1-2 must be guasi-static. The pis-
ton moves infinitely slowly so that

—p

Fig. 3.5 Quasi-static pdV work

every state passed through is an equilibrium state. The integration j pdV can
be performed only on a quasi-static path.
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3.2.1 Path Function and Point Function

With reference to Fig. 3.6, it is possible to take a system from state 1 to state 2
along many quasi-static paths, such as 4, B or C. Since the area under each -
curve represents the work for each process, the amount of work involved in
each case is not a function of the end states of the process, and it depends on the
path the system follows in going from state 1 to state 2. For this reason, work is
called a path function, and & W is an inexact or imperfect differential.

P1'

Vi Va
i |

Fig. 3.6 Work—a path function

Thermodynamic properties are point finctions, since for a given state, there
is a definite value for each property. The change in a thermodynamic property
of a system in a change of state is independent of the path the system follows
during the change of state, and depends only on the initial and final states of the
system. The differentials of point functions are exact or perfect differentials,
and the integration is simply

¥
f V="V, ¥,
4]
The change in volume thus depends only on the end states of the system
irrespective of the path the system follows.
On the other hand, work done in a quasi-static process between two given
states depends on the path followed.

2
[aw 2w, -w,
1

Rather,

2
IdW = WI_z or |W2
1

To distinguish an inexact differential 4 # from an exact differential d/ or dp
the differential sign is being cut by a line at its top.
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From Egq. (3.1),
av=Law (32)
P

Here, 1/p is called the integrating factor. Therefore, an inexact differential
& W when multiplied by an integrating factor 1/p becomes an exact differential
dv.

For a cyclic process, the initial and final states of the system are the same,
and hence, the change in any property is zero, i.e.

§dv=0,§dp=0,§dr=0 (3.3)

where the symbol f denotes the cyclic integral for the closed path. Therefore,
the cyclic integral of a property is always zero.

3.2.2 pdV-Work in Various Quasi-Static Processes

(a) Constant pressure process (Fig. 3.7) (isobaric or isopiestic process)

¥
W= f pdV=p(¥,- 1) (3.4)
W
(b) Constant volume process (Fig. 3.8) (isochoric process)
W= [ pdV=0 (35

—_—

Fig. 8.7 Constant pressure process Fig. 3.8 Constant volume process

(c) Process in which p¥' = C (Fig. 3.9)

¥,
Wi, = JipdV, pV=ph=C

=N V] In — (3.6)
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(d) Process in which p¥'" = C, where n is a constant (Fig. 3.10).
pVi=p, Vl=p, V'=C

(")
Vﬂ

l-n
n=1/n
_nhi-mh _pW [1_(&) } (X))
n-—1 n-=1 P

py !
a r pv=C
T l _ (Quasistatic)
.pz |- : i

e .

— m

—_—V

—_—y

Fig. 3.9 Process in which pV = constant ~ Fig. 3.10 Process in which pV" = constant
3.3 Indicator Diagram

An indicator diagram is a trace made by a recording pressure gauge, called the
indicator, attached to the cylinder of a reciprocating engine. This represents the
work done in one engine cycle. Figure 3.11 shows a typical engine indicator.
The same gas pressure acts on both the engine piston P and the indicator
piston /. The indicator piston is loaded by a spring and it moves in direct
proportion to the change in pressure. The motion of the indicator piston causes
a pencil held at the end of the linkage L to move upon a strip of paper wrapped
around drum D. The drum is rotated about its axis by cord C, which is
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Piston rod |.._ Stroke ..{
Fig. 3.11 Engine indicator

connected through a reducing motion R to the piston P of the engine. The
surface of drum D moves horizontally under the pencil while the pencil moves
vertically over the surface and a plot of pressure upon the piston vs. piston travel
is obtained.

Before tracing the final indicator diagram, a pressure reference line is
recorded by subjecting the indicator to the atmosphere and tracing a line at a
constant pressure of one atmosphere.

The area of the indicator diagram represents the magnitude of the net work
done by the system in one engine cycle. The area under the path 1-2 represents
work done by the system and the area under the path 2-1 represents work done
upon the system (Fig. 3.12). The area of the diagram, a,, is measured by means
of a planimeter, and the length of the diagram, /;, is also measured. The mean
effective pressure (m.e.p.) p,, is defined in the following way

where K is the indicator spring constant (N/cm? X ¢m travel). Work done in one
engine cycle

1 Represents work done
: in one engine cycle

Area, ay

—— Pressure

Lenqﬂi-!u‘-‘_"'l:z e

~<——= Piston travel
—— \olume

Fig. 3.12 Indicator diagram
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= (pm A) L
where A = cross-sectional area of the cylinder

= % D?, where D is the cylinder diameter

and L = stroke of piston, or length of cylinder.

Let N be the revolutions per minute (r.p.m.) of the crankshaft. In a two stroke
cycle, the engine cycle is completed in two strokes of the piston or in one
revolution of the crankshaft. In a four-stroke cycle, the engine cycle is
completed in four strokes of the piston or two revolutions of the crankshaft.

For a two-stroke engine, work done in one minute = p; ALN, and for a four-
stroke engine, work done in one minute = p, ALN/2,

The power developed inside the cylinder of the engine is called indicated
power (IP),

pmAL(N or i)n
Pes— 27
60

where p,, is in kPa and » is the number of cylinders in the engine.

The power available at the crankshaft is always less than this value (IP) due
to friction, etc. and is called the brake power (BP) or shaft power (SP). If w is
the angular velocity of the crankshaft in radian/sec, then

kW (3.8)

BP=Tw (3.9)
where T is the torque transmitted to the crankshaft in mN.
2R TN
BP = 3.10
0 (3.10)

where N is the number of revolutions per minute (rpm).

The mechanical efficiency of the engine, 1., is defined as

Mo = o @3.11)

An engine is said to be double-acting, if the working fluid is made to work on
both sides of the piston. Such an engine theoretically develops twice the amount
of work developed in a single-acting engine. Most reciprocating steam engines
are double-acting, and so are many marine diesel engines. Internal combustion
engines for road transport are always single-acting.

3.4 Other Types of Work Transfer

There are forms of work other than pdV or displacement work. The following
are the additional types of work transfer which may get involved in system-
surroundings interactions.

(a) Electrical Work When a current flows through a resistor (Fig. 3.13),
taken as a system, there is work transfer into the system. This is because the
current can drive a motor, the motor can drive a pulley and the pulley can raise
a weight.
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~ System boundary
Fig. 3.13  Electrical work

The current flow, I, in amperes, is given by
7= 4C
dt
where C is the charge in coulombs and 7 is time in seconds. Thus dC is the

charge crossing a boundary during time dr. If E is the voltage potential, the
work is

dW=E-dC
= Eldr
2
w= [ Eldt (3.12)
1
The electrical power will be
W= lim 9% =g (3.13)
dr=0 dr

This is the rate at which work is transferred.

(b) Shaft Work When a shaft, taken as the system (Fig. 3.14), is rotated by a
motor, there is work transfer into the system. This is because the shaft can rotate
a pulley which can raise a weight. If T'is the torque applied to the shaft and d@is
the angular displacement of the shaft, the shaft work is

2

w=|[ Tde (3.14)
1

and the shaft power is

2

; de

w=[r<=r 3.15
| T (3.15)

1
where @ is the angular velocity and T is considered a constant in this case.

System boundary
Motor

¥
N —Shaft
Fig. 3.14  Shaft work

(c) Paddle-Wheel Work or Stirring Work As the weight is lowered, and
the paddle wheel turns (Fig. 3.15), there is work transfer into the fluid system
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which gets stirred. Since the volume of the system remains constant, J pdV=0.

If m is the mass of the weight lowered through a distance dz and T is the torque
transmitted by the shaft in rotating through an angle d#, the differential work
transfer to the fluid is given by

dW = mgdz = Td@
and the total work transfer is

2 2 2
W=[ mgdz=[ Wdz= | Tde (3.15)
1 1 1

where W’ is the weight lowered.

——— System

Weight —n T
s 5
SRy a

Fig. 3.15 Paddle-wheel work

(d) Flow Work The flow work, significant only in a flow process or an open
system, represents the energy transferred across the system boundary as a
result of the energy imparted to the fluid by a pump, blower or compressor to
make the fluid flow across the control volume. Flow work is analogous to
displacement work. Let p be the fluid pressure in the plane of the imaginary
piston, which acts in a direction normal to it (Fig. 3.16). The work done on this
* imaginary piston by the external pressure as the piston moves forward is given
by

& Wyow = pdV, (3.16)
@J P1. V1, Ay

7T
ml—b—EE <||
-_!

Imaginary " "“ | Boundary
Piston 4 -
dv | ‘
i ,
. l@ P2, V2, Az
: —-:b- ma

Fig. 3.16 Flow work
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where dV is the volume of fluid element about to enter the system.

Wy =pv dm 3.17)
where dV'=v dm
Therefore, flow work at inlet (Fig. 3.16),
(dWgowlin = P10 1dm, (3.18)

Equation (3.18) can also be derived in a slightly different manner. If the
normal pressure p; is exerted against the area A, giving a total force (p, 4,)
against the piston, in time d7, this force moves a distance V,dt, where V', is the
velocity of flow (piston). The work in time dt is p; 4, V,dr, or the work per unit
time is p, 4, V,. Since the flow rate

L
L4 dt
the work done in time d7 becomes
(@ Whow)in =Py Uy dmy
Similarly, flow work of the fluid element leaving the system is

(@ Waowdow = P2 v, dmy (3.19)
The flow work per unit mass is thus

It is the displacement work done at the moving system boundary.

(e) Work Done in Stretching a Wire Let us consider a wire as the system.
If the length of the wire in which there is a tension ¥ is changed from L to
L + dL, the infinitesimal amount of work that is done is equal to
dW=-7dL
The minus sign is used because a positive value of dZ means an expansion of
the wire, for which work must be done on the wire, i.e., negative work. For a

finite change of length,
2
W=-[ FdL (3.21)
1

If we limit the problem to within the elastic limit, where E is the modulus of
elasticity, s is the stress, € is the strain, and A is the cross-sectional area, then

5f=sA=E£A,since-i-=E

de:d_L
L

dW=-FdL=-EeAL de
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2
W=-AeL | ede=-4EL (g3 _ g2) (22)
1

2

(f) Work Done in Changing the Area of a Surface Film A film on the
surface of a liquid has a surface tension, which is a property of the liquid and the
surroundings. The surface tension acts to make the surface area of the liquid a
minimum. It has the unit of force per unit length. The work done on a
homogeneous liquid film in changing its surface area by an infinitesimal amount
dd is
dW=-0d4
where o is the surface tension (N/m).
2
W=- | od4 (323)
1
(g) Magnetization of a Paramagnetic Solid The work done per unit volume
on a magnetic material through which the magnetic and magnetization fields are
uniform is
dW=-Hdl

1
and W ,=- j Hdr (3.29)
Iy

where H is the field strength, and [ is the component of the magnetization field
in the direction of the field. The minus sign provides that an increase in mag-
netization (positive df) involves negative work.

The following equations summarize the different forms of work transfer:
Displacement work

2
(compressible fluid) W= | pdV

3 2
Electrical work W= _[ EdC= j Eldt
1 1
2
Shaft work W= _[ Tde
1
2
Surface film W=~ [ odd (3.25)
1
Stretched wire w=-| 7dL
1
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Magnetised solid W=- J HdI

It may be noted in the above expressions that the work is equal to the integral
of the product of an intensive property and the change in its related extensive
property. These expressions are valid only for infinitesimally slow quasi-static
processes.

There are some other forms of work which can be identified in processes that
are not quasi-static, for example, the work done by shearing forces in a process
involving friction in a viscous fluid.

3.5 Free Expansion with Zero Work Transfer

Work transfer is identified only at the boundaries of a system. It is a boundary
phenomenon, and a form of energy in transit crossing the boundary. Let us
consider a gas separated from the vacuum by a partidion (Fig. 3.17). Let the
partition be removed. The gas rushes to fill the entire volume. The expansion of
a gas against vacuum is called free expansion. If we neglect the work associated
with the removal of partition, and consider the gas and vacuum together as our
system (Fig. 3.17a), there is no work transfer involved here, since no work
crosses the system boundary, and hence

2 2
| @w=0,although [ pdr=0
| 1

If only the gas is taken as the system (Fig. 3.17), when the partition is
removed there is a change in the volume of the gas, and one is tempted to

2
calculate the work from the expression _[ p dV. However, this is not a quasistatic

1

process, although the initial and final end states are in equilibrium. Therefore,
the work cannot be calculated from this relation. The two end states can be
located on the p-V diagram and these are joined by a dotted line
(Fig. 3.17¢) to indicate that the process had occurred. However, if the vacuum
space is divided into a large number of small volumes by partitions and the
partitions are removed one by one slowly (Fig. 3.17d), then every state passed
through by the system is an equilibrium state and the work done can then be

2
estimated from the relation I pdV (Fig. 3.17¢), Yet, in free expansion of a gas,

1

there is no resistance to the fluid at the system boundary as the volume of the
gas increases to fill up the vacuum space. Work is done by a system to
overcome some resistance. Since vacuum does not offer any resistance, there
is no work transfer involved in free expansion.
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Fig. 3.17 Free expansion
3.6 Net Work Done by a System

Often different forms of a work transfer occur simultaneously during a process
executed by a system. When all these work interactions have been evaluated,
the total or net work done by the system would be equal to the algebraic sum of
these as given below

Wiotal = Watisplacement * Webear + Wetecticat + Watirring ¥ -+
3.7 Heat Transfer

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’.

The transfer of heat between two bodies in direct contact is called conduc-
tion. Heat may be transferred between two bodies separated by empty space or
gases by the mechanism of radiation through electromagnetic waves. A third
method of heat transfer is convection which refers to the transfer of heat be-
tween a wall and a fluid system in motion.

The direction of heat transfer is taken from the high temperature system to
the low temperature system. Heat flow into a system is taken to be positive, and
heat flow out of a system is taken as negative (Fig. 3.13). The symbol Q is used
for heat transfer, i.e., the quantity of heat transferred within a certain time.

Heat is a form of energy in transit (like work transfer). It is a boundary
phenomenon, since it occurs only at the boundary of a system. Energy transfer
by virtue of temperature difference only is called heat transfer. All other energy
interactions may be termed as work transfer.
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|1
[
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o L |
A
T A7
I
B ,
| %
— X
Area = Work transfer £ Area = Heal transfer
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Fig. 3.19 Representation of work transfer and heat transfer in quasi-static
processes on p-v and T-x coordinates

Just like displacement work, the heat transfer can also be written as the integral
of the product of the intensive property T and the differential change of an
extensive property, say X (Fig.3.19b).

2
012=] dQ=j’ Tax (3.26)
. 1

It must also be valid for a quasi-static process only, and the heat transfer
involved is represented by the area under the path 1-2 in T-X plot (Fig. 3.19b).
Heat transfer is, therefore, a path function, i.e., the amount of heat transferred
when a system changes from a state 1 to a state 2 depends on the path the system
follows (Fig. 3.19b). Therefore, & O is an inexact differential. Now,

d0=TdY
where X is an extensive property and dX is an exact differential.
dx = %ag (3.27)

To make & Q integrable, i.e., an exact differential, it must be multiplied by an
integrating factor which is, in this case, 1/T. The extensive property X is yet to
be defined. It has been introduced in Chapter 7 and it is called ‘entropy’.

3.9 Specific Heat and Latent Heat

The specific heat of a substance is defined as the amount of heat required to
raise a unit mass of the substance through a unit rise in temperature. The symbol
¢ will be used for specific heat.

-_9
=—=—JkgK
€ m-At .
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where Q is the amount of heat transfer (J), m, the mass of the substance (kg),
and At, the rise in temperature (K).

Since heat is not a property, as explained later, so the specific heat is qualified
with the process through which exchange of heat is made. For gases, if the
process is at constant pressure, it is c,, and if the process is at constant volume,
itis ¢,. For solids and liquids, however, the specific heat does not depend on the
process. An elegant manner of defining specific heats, ¢, and ¢, in terms of
properties is given in Secs 4.5 and 4.6.

The product of mass and specific heat (mc) is called the heat capacity of the
substance. The capital letter C, C,, or C,, is used for heat capacity.

The latent heat is the amount of heat transfer required to cause a phase change
in unit mass of a substance at a constant pressure and temperature. There are
three phases in which matter can exist: solid, liquid, and vapour or gas. The
latent heat of fusion (Ig,) is the amount of heat transferred to melt unit mass of
solid into liquid, or to freeze unit mass of liquid to solid. The latent heat of
vaporization (l,,) is the quantity of heat required to vaporize unit mass of liquid
into vapour, or condense unit mass of vapour into liquid. The latent heat of
sublimation (1) is the amount of heat transferred to convert unit mass of solid
to vapour or vice versa. Iy, is not much affected by pressure, whereas I, is
highly sensitive to pressure.

3.10 Points to Remember Regarding Heat
Transfer and Work Transfer

(a) Heat transfer and work transfer are the energy interactions. A closed
system and its surroundings can interact in two ways: by heat transfer
and by work transfer. Thermodynamics studies how these interactions
bring about property changes in a system.

(b) The same effect in a closed system can be brought about either by heat
transfer or by work transfer. Whether heat transfer or work transfer has
taken place depends on what constitutes the system.

(c) Both heat transfer and work transfer are boundary phenomena. Both are
observed at the boundaries of the system, and both represent energy
crossing the boundaries of the system.

(d) It is wrong to say ‘total heat’ or ‘heat content’ of a closed system,
because heat or work is not a property of the system. Heat, like work,
cannot be stored by the system. Both heat and work are the energy in
transit.

(e) Heat transfer is the energy interaction due to temperature difference only.
All other energy interactions may be termed as work transfer.

(f) Both heat and work are path functions and inexact differentials. The
magnitude of heat transfer or work transfer depends upon the path the
system follows during the change of state.
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SOLVED EXAMPLES

Example 3.1 Gas from a bottle of compressed helium is used to inflate an
inelastic flexible balloon, originally folded completely flat to a volume of 0.5
m’. If the barometer reads 760 mm Hg, what is the amount of work done upon
the atmosphere by the balloon? Sketch the system before and after the process.
Solution The firm line P, (Fig. Ex. 3.1) shows the boundary of the system
before the process, and the dotted line P, shows the boundary after the process.
The displacement work

Wo= | pav+ [ pdv=pav+o
Balloon Bottle

=101.325 N x 0.5 m*

m

=50.66 kJ

This is positive because work is done by the system. Work done by the
atmosphere is —50.66 kJ. Since the wall of the bottle is rigid, there is no p dV-
work involved in it.

It is assumed that the pressure in the balloon is atmospheric at all times, since
the balloon fabric is light, inelastic and unstressed. If the balloon were elastic
and stressed during the filling process, the work done by the gas would be
greater than 50.66 kJ by an amount equal to the work done in stretching the
balloon, although the displacement work done by the atmosphere is still
— 50.66 kJ. However, if the system includes both the gas and the balloon, the
displacement work would be 50.66 kJ, as estimated above.

P2
/ Final volume
7 of balloon = 0.5 m?

Balloon
initially fiat

P2
P

P=760mmHg || i ium bottle
= 101.325kPa - Helium

1
u
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Example 3.2 When the value of the evacuated bottle (Fig. Ex. 3.2) is opened,
atmosgheric air rushes into it. If the atmospheric pressure is 101.325 kPa, and
0.6 m” of air (measured at atmospheric conditions) enters into the bottle,
calculate the work done by air.

0.6 m*® of atm air

Initial boundary

! {L— Final boundary

] | Paim =101.325 kPa

Fig. Ex. 3.2

Solution The displacement work done by air

Wo= [ pav+ [ pdv
Botile Free-air
boundary

=0+pAV
=101.325 kN/m® x 0.6 m®
=60.8 kJ

Since the free-air boundary is contracting, the work done by the system is
negative (A¥ being negative), and the surroundings do positive work upon the
system.

Example 3.3 A piston and cylinder machine containing a fluid system has a
stirring device in the cylinder (Fig. Ex. 3.3). The piston is frictionless, and it is
held down against the fluid due to the atmospheric pressure of 101.325 kPa. The
stirring device is turned 10,000 revolutions with an average torque against the
fluid of 1.275 mN. Meanwhile the piston of 0.6 m diameter moves out
0.8 m. Find the net work transfer for the system.

Svet . 03m

I

p=101.32 kPa
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Solution Work done by the stirring device upon the system (Fig. Ex. 3.3).
W,=2n TN
=2x % 1.275 x 10,000 Nm
=80kJ
This is negative work for the system.
Work done by the system upon the surroundings
W,=(pd)-L
= 101,325 <
m
=229k

This is positive work for the system. Hence, the net work transfer for the
system

X l} (0.6)> m?x 0.80 m

W=W +W,=-80+229=-571k

Example 3.4 The following data refer to a 12-cylinder, single-acting, two-
stroke marine diesel engine:
Speed—150 rpm

Cylinder diameter—0.8 m

Stroke of piston—1.2 m

Area of indicator diagram—5.5 x 107* m?

Length of diagram—0.06 m

Spring value—147 MPa per m

Find the net rate of work transfer from the gas to the pistons in kW.

Solution Mean effective pressure, p_, is given by

Pm = j—" x spring constant

d
_55x107'm?
0.06
= 1.35 MPa

One engine cycle is completed in two strokes of the piston or one revolution
of the crank-shaft.
. Work done in one minute

=P LAN
=135x %(0.3)1 x 1.2 x 150 = 122 MJ

MPa

x 147

Since the engine is single-acting, and it has 12 cylinders, each contributing
an equal power, the rate of work transfer from the gas to the piston is given by
W =122 x 12 MJ/min
=244 MJ/s
=244 MW = 24,400 kW Ans.
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Example 3.5 It is required to melt 5 tonnes/h of iron from a charge at 15°C to
molten metal at 1650°C. The melting point is 1535°C, and the latent heat is 270
kJ/kg. The specific heat in solid state is 0.502 and in liquid state (29.93/atomic
weight) kJ’kg K. If an electric fumnace has 70% eﬂimency, find the kW rating
needed. If the density in molten state is 6900 kg/m® and the bath volume is three
times the hourly melting rate, find the dimensions of the cylindrical furnace if
the length to diameter ratio is 2. The atomic weight of iron is 56.
Solution Heat required to melt 1 kg of iron at 15°C to molten metal at 1650°C
= Heat required to raise the temperature from 15°C to 1535°C
+ Latent heat + Heat required to raise the temperature from
1535°C to 1650°C

=0.502 (1535 - 15) + 270 + 29.93 (1650 — 1535)/56
=763 +270 +61.5
=1094.5 kl/kg
Melting rate = 5 x 10° kg/h
So, the rate of heat supply required
= (5 x 10° x 1094.5) ki/h
Since the furnace has 70% efficiency, the rating of the furnace would be
_ Rate of heat supply per second
B Furnace effciency

_ 5x10° x1094.5
0.7 x 3600

3
Volume needed = 3x5x10° m*=2.18m’

6900
If d is the diameter and / the length of the furnace

=217 % 10° kW Ans,

X 21=218m’
4

or %d’de=218m3
i d=1.15m
and [=230m Ans.

Example 3.6 If it is desired to melt aluminium with solid state specific heat
0.9 kJJ'kgK, latent heat 390 kJ/kg, atomic weight 27, density in molten state
2400 kg/m’ and final temperature 700°C, find out how much metal can be
melted per hour with the above kW rating. Other data are as in the above
example. Also, find the mass of aluminium that the above furnace will hold. The
melting point of aluminium is 660°C.

Solution Heat required per kg of aluminium
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= 0.9 (660 — 15) + 390 + 2%—_?1(700 - 660)

=580.5+390 +44.3
=1014.8 kJ

1014.8
0.7
With the given power, the rate at which aluminium can be melted

_ 217x10° x 3600

Heat to be supplied = =1449.7 kl/kg

1449.7 ke/h
= 5.39 tonnes’h Ans.
Mass of aluminium that can be held in the above fumace
=2.18 x 2400 kg
= 5.23 tonnes Ans.

REVIEW QUFSHONS

3.1 How can aclosed system and is surroundings interact? What is the effect of such
interactions on the system?

3.2 When is work said to be done by a system?

3.3 What are positive and negative work interactions?

3.4 Whatis displacement work?

2
3.5 Under what conditions is the work done equal to _[ pdi?
1

3.6 What do you understand by path function and point function? What are exact
and inexact differentials?

3.7 Show that work is a path function, and not a property.

3.8 What is an indicator diagram?

3.9 What is mean effective pressure? How is it measured?

3.10 What are the indicated power and the brake power of an engine?

3.11 How does the current flowing through a resistor represent work transfer?

3.12 What do you understand by flow work? Is it different from displacement work?

3.13 Why does free expansion have zero work transfer?

3.14 What is heat transfer? What are its positive and negative directions?

3.15 What are adiabatic and diathermic walls?

3.16 What is an integrating factor?

3.17 Show that heat is a path function and not a property.

3.18 What is the difference between work transfer and heat transfer?

3.19 Does heat transfer inevitably cause a temperature rise?
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PROBLEMS

31

3.2

33

34

35

3.6

3.7

(a) A pump forces 1 m*/min of water horizontally from an open well to a closed
tank where the pressure is 0.9 MPa. Compute the work the pump must do
upon the water in an hour just to force the water into the tank against the
pressure. Sketch the system upon which the work is done before and after
the process.

Ans. 1331k

(b) If the work done as above upon the water had been used solely to raise the
same amount of water vertically against gravity without change of pressure,
how many meters would the water have been elevated?

(c) Ifthe work done in (a) upon the water had been used solely to accelerate the
water from zero velocity without change of pressure or elevation, what
velocity would the water have reached? If the work had been used to
accelerate the water from an initial velocity of 10 m/s, what would the final
velocity have been?

The piston of an oil engine, of area 0.0045 m?, moves downwards 75 mm,

drawing in 0.00028 m’® of fresh air from the atmosphere. The pressure in the

cylinder is uniform during the process at 80 kPa, while the atmospheric pressure
is 101.325 kPa, the difference being due to the flow resistance in the induction
pipe and the inlet valve. Estimate the displacement work done by the air finally
in the cylinder.

Ans. 271

An engine cylinder has a piston of area 0.12 m? and contains gas at a pressure of

1.5 MPa. The gas expands according to a process which is represented by a

straight line on a pressure-volume diagram. The final pressure is 0.15 MPa.

Calculate the work done by the gas on the piston if the stroke is 0.30 m.

Ans. 29.7TkJ.

A mass of 1.5 kg of air is compressed in a quasi-static process from 0.1 MPa to

0.7 MPa for whichpv = constant. The initial density of air is 1.16 kg/m’. Find the

work done by the piston to compress the air.

Ans, 251.62 kJ

A mass of gas is compressed in a quasi-static process from 80 kPa, 0.1 m to 0.4

MPa, 0.03 m’. Assuming that the pressure and volume are related by

pv" = constant, find the work done by the gas system.

Ans. - 11.83 kJ

A single-cylinder, double-acting, reciprocating water pump has an indicator

diagram which is a rectangle 0.075 m long and 0.05 m high. The indicator spring

constant is 147 MPa per m. The pump runs at 50 rpm. The pump cylinder
diameter is 0.15 m and the piston stroke is 0.20 m. Find the rate in kW at which
the piston does work on the water.

Ans. 433 kW

A single-cylinder, single-acting, 4 stroke engine of 0.15 m bore develops an

indicated power of 4 kW when running at 216 rpm. Calculate the area of the

indicator diagram that would be obtained with an indicator having a spring
constant of 25 x 10° N/m?. The length of the indicator diagram is 0.1 times the
length of the stroke of the engine.

Ans. 505 mm?
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38

39

310

kN

312

313

A six-cylinder, 4-stroke gasoline engine is run at a speed of 2520 RPM. The area
of the indicator card of one cylinder is 2.45 x 10° mm? and its length is
58.5 mm. The spring constant is 20 x 10% N/m®. The bore of the cylinders is
140 mm and the piston stroke is 150 mm. Determine the indicated power,
assuming that each cylinder contributes an equal power.
Ans, 243.57 kW
A closed cylinder of 0.25 m diameter is fitted with a light frictionless piston. The
piston is retained in position by a catch in the cylinder wall and the volume on
one side of the piston contains air at a pressure of 750 kN/m”, The volume on the
other side of the piston is evacuated. A helical spring is mounted coaxially with
the cylinder in this evacuated space to give a force of 120 N on the piston in this
position. The catch is released and the piston travels along the cylinder until it
comes to rest after a stroke of 1.2 m. The piston is then held in its position of
maximum travel by a ratchet mechanism. The spring force increases linearly with
the piston displacement to a final value of 5 kN. Calculate the work done by the
compressed air on the piston.
Ans. 307kl
A steam turbine drives a ship’s propeller through an 8 : 1 reduction gear. The
average resisting torque imposed by the water on the propeller is 750 x 10*Nand
the shaft power delivered by the turbine to the reduction gear is 15 MW. The
turbine speed is 1450 rpm. Determine (a) the torque developed by the turbine, (b)
the power delivered to the propeller shaft, and (c) the net rate of working of the
reduction gear.
Ans. (a) T=98.84 km N, (b) 14.235 MW, (c) 0.765 MW
A fluid, contained in a horizontal cylinder fitted with a frictionless leakproof
piston, is continuously agitated by means of a stirrer passing through the cylinder
cover. The cylinder diameter is 0.40 m. During the stirring process lasting 10
minutes, the piston slowly moves out a distance of 0.485m against the
atmosphere. The net work done by the fluid during the process is 2 kJ. The speed
of the electric motor driving the stirrer is 840 rpm. Determine the torque in the
shaft and the power output of the motor.
Ans. 0.08 mN, 6.92 W
At the beginning of the compression stroke of a two-cylinder internal combus-
tion engine the air is at a pressure of 101.325 kPa. Compression reduces the
volume to 1/5 of its original volume, and the law of compression is given by
pu'? = constant, If the bore and stroke of each cylinder is 0.15 m and 0.25 m,
respectively, determine the power absorbed in kW by compression strokes when
the engine speed is such that each cylinder undergoes 500 compression strokes
per minute.
Ans. 17.95 kW
Determine the total work done by a gas system following an expansion process
as shown in Fig. P. 3.13.
Ans. 2952 MJ
A B

—» p, bar g

02 |04
Fig. P. 3.13
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A system of volume I contains a mass m of gas at pressure p and temperature 7.
The macroscopic properties of the system obey the following relationship:

(p+-;—2)(V—b)=mRT

where a, b, and R are constants.
Obtain an expression for the displacement work done by the system during a
constant-temperature expansion from volume V) to volume ¥;. Calculate the
work done by a system which contains 10 kg of this gas expanding from 1 m® to
10 m® at a temperature of 293 K. Use the values a = 15.7 x 10* Nm®, b =
1.07 x 107 m®, and R = 0.278 kl/kg-K.
Ans. 174214 kJ
If a gas of volume 6000 cm® and at a pressure of 100 kPa is compressed
quasistatically according to plf2 = constant until the volume becomes
2000 cm®, determine the final pressure and the work transfer.
Ans. 900 kPa, 1.2 kJ
The flow energy of 0.124 m*/min of a fluid crossing a boundary to a system is 18
kW. Find the pressure at this point.
Ans. 764 kPa
A milk chilling unit can remove heat from the milk at the rate of 41.87 MJ/h.
Heat leaks into the milk from the surroundings at an average rate of
4.187 MJ/h. Find the time required for cooling a batch of 500 kg of milk from
45°C to 5°C. Take the p of milk to be 4.187 kJ/kgK.
680 kg of fish at 5°C are to be frozen and stored at-12°C. The specific heat of
fish above freezing point is 3.182, and below freezing point is 1.717 ki/kgK. The
freezing point is — 2°C. and the latent heat of fusion is 234.5 ki/kg. How much
heat must be removed to cool the fish, and what per cent of this is latent heat?
Ans. 186.28 MJ, 85.6%
A horizontal cylinder fitted with a sliding piston contains 0.1 m® of a gas at a
pressure of | atm. The piston is restrained by a linear spring. In the initial state,
the gas pressure inside the cylinder just balances the atmospheric pressure of 1
atm on the outside of the piston and the spring exerts no force on the piston. The
gas is then heated reversibly until its volume and pressure become 0.16 m’ and 2
atm, respectively. (a) Write the equation for the relation between the pressure
and volume of the gas. (b) Calculate the work done by the gas. (c) Of the total
work done by the gas, how much is done against the atmosphere? How much is
done against the spring?
Ans. (2) p (N/m?) =2.026 x 10°V - 1,013 x 10°
(b) 7,598 J, (c) 5,065 J, 2,533 J
An elastic sphere initially has a diameter of 1 m and contains a gas at a pressure
of 1 atm. Due to heat transfer the diameter of the sphere increases to 1.1 m.
During the heating process the gas pressure inside the sphere is proportional to
the sphere diameter. Calculate the work done by the gas.
Ans. 18.4 k]
A piston-cylinder device contains 0.05 m’ofa gas initially at 200 kPa. At this
state, a linear spring having a spring constant of 150 kN/m is touching the piston
but exerting no force on it. Now heat is transferred to the gas, causing the piston
to rise and to compress the spring until the volume inside the cylinder doubles. If
the cross-sectional area of the piston is 0.25 mz, determine (a) the final pressure
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inside the cylinder, (b) the total work done by the gas, and (c) the fraction of this
work done against the spring to compress it.
Ans. (a) 320 kPa, (b) 13 kJ, (c) 3kJ
3.22 A piston-cylinder device, whose piston is resting on a set of stops, initially
contains 3 kg of air at 200 kPa and 27°C. The mass of the piston is such that a
pressure of 400 kPa is required to move it. Heat is now transferred to the air until
its volume doubles. Determine the work done by the air and the total heat
transferred to the air.
Ans. 516 kJ, 2674 kJ




First Law of Thermodynamics

Energy can be in two forms: (a) energy in fransit, like heat and work transfer
observed at the boundaries of a system, and (b) energy in storage, where energy
is stored either macroscopically by virtue of motion, position or configuration of
the system, or microscopically in the molecules or atoms constituting the system.

4.1 First Law for a Closed System
Undergoing a Cycle

The transfer of heat and the performance of work may both cause the same effect
in a system. Heat and work are different forms of the same entity, called energy,
which is conserved. Energy which enters a system as heat may leave the system
as work, or energy which enters the system as work may leave as heat.

Let us consider a closed system which consists of a known mass of water
contained in an adiabatic vessel having a thermometer and a paddle wheel, as
shown in Fig. 4.1. Let a certain amount of work W|_, be done upon the system by
the paddle wheel. The quantity of work can be measured by the fall of weight
which drives the paddle wheel through a pulley. The system was initially at
temperature ¢,, the same as that of atmosphere, and after work transfer let the
temperature rise to f,. The pressure is always 1 atm. The process 1-2 undergone
by the system is shown in Fig. 4.2 in generalized thermodynamic coordinates X,
Y. Let the insulation now be removed. The system and the surroundings interact
by heat transfer till the system returns to the original temperature ¢, attaining the
condition of thermal equilibrium with the atmosphere. The amount of heat transfer
0, , from the system during this process, 2-1, shown in Fig. 4.2, can be
estimated. The system thus executes a cycle, which consists of a definite amount
of work input I¥,_, to the system followed by the transfer of an amount of heat
Q,_, from the system. It has been found that this I¥,_, is always proportional to
the heat O, |, and the constant of proportionality is called the Joule’s equivalent
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EW \:H/ Pulley
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Fig. 4.1 Adiabatic work

or the mechanical equivalent of heat. In the simple example given here, there are
only two energy transfer quantities as the system performs a thermodynamic
cycle. If the cycle involves many more heat and work quantities, the same result
will be found. Expressed algebraically.

(E W)cyl:lc =J (ZQ)cycIc (4- 1)
where J is the Joule’s equivalent. This is also expressed in the form

$aw =Jfdo

where the symbol § denotes the cyclic integral for the closed path. This is the first

law for a closed system undergoing a cycle. It is accepted as a general law of
nature, since no violation of it has ever been demonstrated.

In the S.I. system of units, both heat and work are measured in the derived
unit of energy, the Joule. The constant of proportionality, J, is therefore unity
(J=1Nm/J).

The first law of thermodynamics owes much to J.P. Joule who, during the
period 1840-1849, carried out a series of experiments to investigate the
equivalence of work and heat. In one of these experiments, Joule used an
apparatus similar to the one shown in Fig. 4.1. Work was transferred to the

(5]

N
|
[ | Wiz —= Qg

Fig. 4.2 Cycle completed by a system with two energy interactions:
adiabatic work transfer W, ; followed by heat transfer Q,.;
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measured mass of water by means of a paddle wheel driven by the falling weight.
The rise in the temperature of water was recorded. Joule also used mercury as the
fluid system, and later a solid system of metal blocks which absorbed work by
friction when rubbed against each other. Other experiments involved the
supplying of work in an electric current. In every case, he found the same ratio (J)
between the amount of work and the quantity of heat that would produce identical
effects in the system.

Prior to Joule, heat was considered to be an invisible fluid flowing from a body
of higher calorie to a body of lower calorie, and this was known as the caloric
theory of heat. It was Joule who first established that heat is a form of energy,
and thus laid the foundation of the first law of thermodynamics.

4.2 First Law for a Closed System Undergoing
a Change of State

The expression (ZW) .y . = (EQ)cyc (. applies only to systems undergoing cycles,
and the algebraic summation of all energy transfer across system boundaries is
zero. But if a system undergoes a change of state during which both heat transfer
and work transfer are involved, the ner energy transfer will be stored or
accumulated within the system. If O is the amount of heat transferred to the system
and W is the amount of work transferred from the system during the process
(Fig. 4.3), the net energy transfer (Q — W) will be stored in the system. Energy in
storage is neither heat nor work, and is given the name internal energy or simply,
the energy of the system.

Therefore Q-W=AE
where AE is the increase in the energy of the system
or O=AE+W (4.2)

Here Q, W, and AE are all expressed in the same units (in joules). Energy may be
stored by a system in different modes, as explained in Article 4.4.

If there are more energy transfer quantities involved in the process, as shown
in Fig. 4.4, the first law gives

(O +O3- Q) =AE+ (W, + Wy, - W - W)

& Q
LV
- —
Y [ syem 5 o
| >
O\ >
Q w, | W,
Surroundings W,
Surroundings
Fig. 43 Heat and work interactions of a Fig. 44 System-surroundings interaction in
system with its surroundings in a a process involving many energy

process ) Sluxes
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Energy is thus conserved in the operation. The first law is a particular
formulation of the principle of the conservation of energy. Equation (4.2) may
also be considered as the definition of energy. This definition does not give an
absolute value of energy E, but only the change of energy AE for the process. It
can, however, be shown that the energy has a definite value at every state of a
system and is, therefore, a property of the system.

4.3 Energy-A Property of the System

Consider a system which changes its state from state 1 to state 2 by following the
path 4, and returns from state 2 to state 1 by following the path B (Fig. 4.5). So
the system undergoes a cycle. Writing the first law for path 4

O =AE,+ Wy 4.3)
and for path B
Op=AEg + Wy (4.4)
The processes 4 and B together constitute a cycle, for which
(zw}cycle = (EQ)cy:Ie
or Wa+tWp=0Q,+ Qs
or Oa—Wa=Wg—0p (4.5)
From equations (4.3), (4.4), and (4.5), it yields
AEA = —AEB (46)

Similarly, had the system returned from state 2 to state 1 by following the path
C instead of path B

AE, =-AE¢ 4.7
From equations (4.6) and (4.7)
AEy = AE. (4.8)

Therefore, it is seen that the change in energy between two states of a system is
the same, whatever path the system may follow in undergoing that change of
state. If some arbitrary value of energy is assigned to state 2, the value of energy
at state 1 is fixed independent of the path the system follows. Therefore, energy
has a definite value for every state of the system. Hence, it is a point function and
a property of the system.

—

Fig. 4.5 Energy—a property of a system
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The energy E is an extensive property. The specific energy, e = E/m (J/kg), is
an intensive property.

The cyclic integral of any property is zero, because the final state is identical
with the initial state. §dE =0, §d¥ =0, etc. So for a cycle, the equation (4.2)
reduces to equation (4.1).

4.4 Different Forms of Stored Energy

The symbol E refers to the total energy stored in a system. Basically there are two
modes in which energy may be stored in a system:

(a) Macroscopic energy mode

(b) Microscopic energy mode

The macroscopic energy mode includes the macroscopic kinetic energy and
potential energy of a system. Let us consider a fluid element of mass m having
the centre of mass velocity ¥ (Fig. 4.6). The macroscopic kinetic energy Ey of
the fluid element by virtue of its motion is given by
mV?

2

If the elevation of the fluid element from an arbitrary datum is z, then the
macroscopic potential energy E, by virtue of its position is given by

EK=

E,=mgz
The microscopic energy mode refers to the energy stored in the molecular and
atomic structure of the system, which is called the molecular internal energy or
simply internal energy, customarily denoted by the symbol U. Matter is
composed of molecules. Molecules are in random thermal motion (for a gas) with
an average velocity T, constantly colliding with one another and with the walls
(Fig. 4.6). Due to a collision, the molecules may be subjected to rotation as well

Fig. 46 Macroscopic and microscopic energy
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as vibration. They can have translational kinetic energy, rotational kinetic en-
ergy, vibrational energy, electronic energy, chemical energy and nuclear energy
(Fig. 4.7). If e represents the energy of one molecule, then

€= Erans + Erot + Eyib + Echem + €clectronic + Enuclear (4'9)
If N is the total number of molecules in the system, then the total internal
energy

U= Ne (4.10)
2
Eﬂ: = 2 hx
&
&
Translational KE Rotational KE Vibrational Energy
. -
@ - @ : LEhclmn spin

\\ /4 /‘ and Rotation

Nuclear binding energy Electron energy

Fig. 4.7 Various components of internal energy stored in a molecule

In an ideal gas there are no intermolecular forces of attraction and repulsion,
and the internal energy depends only on temperature. Thus
U=f(T) only (4.11)
for an ideal gas
Other forms of energy which can also be possessed by a system are magnetic

energy, electrical energy and surface (tension) energy. In the absence of these
forms, the total energy E of a system is given by

E=E +Ep+ U 4.12)
Syt St
macro micro

where Ey, Ep, and U refer to the kinetic, potential and internal energy,
respectively. In the absence of motion and gravity

Eg=0,E,=0
E=U
and equation (4.2) becomes
OQ=AU+W (4.13)
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U'is an extensive property of the system. The specific internal energy « is equal to
U/m and its unit is Jkg.
In the differential forms, equations (4.2) and (4.13) become

40 =dE+ W (4.14)
do=aU+dw (4.15)
where dW:dedV+ dWShﬂﬂ+ dWml+...,

considering the different forms of work transfer which may be present. When
only pd¥ work is present, the equations become

¢Q = dE + pdV (4.16)
¢Q =dU+pdV (4.17)
or, in the integral form
Q=AE+J‘pdV (4.18)
Q=AU+ [pdv (4.19)

4.5 Specific Heat at Constant Volume

The specific heat of a substance at constant volume cy, is defined as the rate of
change of specific internal energy with respect to temperature when the volume is
held constant, i.e.

ey = (%) (4.20)

For a constant-volume process

T
(Au), = fc‘,-dT (4.21)

i
The first law may be written for a closed stationary system composed of a unit
mass of a pure substance
Q=Aut+W
or dQ=du+dWw
For a process in the absence of work other than pd ¥ work
dW=pdVv
. dQ =du+ pdv (4.22)
When the volume is held constant
(Q)y = (Au),

T
Qy= fc,, a7 (4.23)
4
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Heat transferred at constant volume increases the internal energy of the system.
If the specific heat of a substance is defined in terms of heat transfer, then

-(9¢2
«~(3),

Since Q is not a property, this definition does not imply thatc, is a property of
a substance. Therefore, this is not the appropriate method of defining the specific
heat, although (dQ), = du.

Since u, T, and v are properties, ¢, is a property of the system. The product
mc, = C, is called the heat capacity at constant volume (J/K).

4.6 Enthalpy

The enthalpy of a substance, A, is defined as
h=u+pv (4.249)
It is an intensive property of a system (kJ/kg).

Internal energy change is equal to the heat transferred in a constant volume
process involving no work other than pd} work. From equation (4.22), it is
possible to derive an expression for the heat transfer in a constant pressure
process involving no work other than pd¥ work. In such a process in a closed
stationary system of unit mass of a pure substance

d¢Q =du+pdv
At constant pressure
pdv = d(pv)
- (€Q), = du + d(pv)
or (dQ), =d(u + pv)
or (6¢Q), =dh (4.25)

where h = u + pv is the specific enthalpy, a property of the system.
Heat transferred at constant pressure increases the enthalpy of a system.
For an ideal gas, the enthalpy becomes
h=u+RT (4.26)
Since the internal energy of an ideal gas depends only on the temperature
(Eq. 4.11), the enthalpy of an ideal gas also depends on the temperature only, i.e.

h=/(T)only (4.27)
Total enthalpy H = mh
Also H=U+pV
and h=H/m (J/kg)

4.7 Specific Heat at Constant Pressure

The specific heat at constant pressure c, is defined as the rate of change of
enthalpy with respect to temperature when the pressure is held constant
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oh
¢ (?J?]p (4.28)

Since 4, T and p are properties, so c, is a property of the system. Like c,, ¢
should not be defined in terms of heat transfer of constant pressure, althou

(dQ), = dh.

For a constant pressure process

T
Ay, = f ¢p-dT (4.29)
7

The first law for a closed stationary system of unit mass

a0 =du+pdv
Again h=u+pv
dh =du+pdV+uvdp

=dQ@+vdp
dQ=dh-vdp (4.30)
(¢Q), = dh
or (Q), = (&h),
.. From equations (4.19) and (4.20)

T;
(0, = fc,, dT

T

¢, is a property of the system, just like c,. The heat capacity at constant pressure

C, is equal to mc, (J/K).
4.8 Energy of an Isolated System

An isolated system is one in which there is no interaction of the system with the
surroundings. For an isolated system, @ =0, dW=0.
The first law gives
dE=0
or E =constant
The energy of an isolated system is always constant.

4.9 Perpetual Motion Machine of the First Kind-PMM1

The first law states the general principle of the conservation of energy. Energy is
neither created nor destroyed, but only gets transformed from one form to
another. There can be no machine which would continuously supply mechanical
work without some other form of energy disappearing simultaneously (Fig. 4.8).
Such a fictitious machine is called a perpetual motion machine of the first kind,
or in brief, PMMI1. 4 PMM1 is thus impossible.
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The converse of the above statement is also true, i.e., there can be no machine
which would continuously consume work without some other form of energy
appearing simultaneously (Fig. 4.9).

Q Q

A

= |

Engine I - W Machine '~ — W
L | A

Fig. 4.8 A PMMI Fig. 4.9 The converse of PMMI

4.10 Limitations of the First Law

The first law deals with the amounts of energy of various forms transferred
between the system and its surroundings and with changes in the energy stored in
the system. It treats work and heat interactions as equivalent forms of energy in
transit and does not indicate the possibility of a spontaneous process proceeding
in a certain direction. It is the second law which assigns a quality to different
forms of energy, and also indicates the direction of any spontaneous process.

‘SOLVED EXAMPLES

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

Solution  First law for a stationary system in a process gives

Q=AU+W
or Q1=U,-U+ W, ()
Here
¥
Fia= J’PdV=P(PE -h)
4
=(.105 (0.15-0.30) MJ
=—15.75kJ
Q|_2 =-37.6kJ
.. Substituting in equation (1)

-37.6kI=U,- U, - 15.75KJ
Uy- U, =-2185K Ans.
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The internal energy of the gas decreases by 21.85 kJ in the process.

Example 42 When a system is taken from state a to state b, in Fig. Ex. 4.2,
along path ach, 84 kJ of heat flow into the system, and the system does 32 kJ of
work. (a) How much will the heat that flows into the system along pathadb be, if
the work done is 10.5 kJ? (b) When the system is returned from b to a along the
curved path, the work done on the system is 21 kJ. Does the system absorb or
liberate heat, and how much of the heat is absorbed or liberated? (¢) If U, = 0 and
Uy =42 kJ, find the heat absorbed in the processes ad and db.

—_—p

—

Fig. Ex. 4.2

Solution
Qlcb =84k

Wiy = 32 kJ

We have
Our = Up - U, + Wy

- Uy- U, =84-32=52KkJ Ans.
(a) Oup = Uy~ Uy + W

=52+10.5

=625kJ Ans.
(b) Oya=U,-Up+ Wy

=-52-21

=-73kJ Ans.

The system liberates 73 kJ of heat.

(©) Wy = Wog+ Way = Wog=10.5k]
: Qu=Us-U,+ Wy
=42-0+10.5=525k)
Now Oup=625kI=04+ 0y
’ 0y, =625-525=10KkJ Ans.
Example 4.3 A piston and cylinder machine contains a fluid system which

passes through a complete cycle of four processes. During a cycle, the sum of all
heat transfers is —170 kJ. The system completes 100 cycles per min. Complete the
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following table showing the method for each item, and compute the net rate of
work output in kW.

Process Q (kJ/min) W (&J/min) AE (kJ/min)
a-b 0 2,170 —
b-c 21,000 0 —
c-d 2,100 — -36,600
d-a — — —
Solution Process a-b:
Q=AE+W
0=AE +2170
AE =-2170 kJ/min
Process b—c:
O=AE+W
21,000 =AE+0
AE =21,000 kJ/min
Process c—d:
Q=AE+W
- 2100 = - 36,600 + ¥
W = 34,500 kJ/min
Process d—a:

Y0 =-170k

cycle

The system completes 100 cycles/min.
O + Oue + Qg+ Qua = — 17,000 ki/min
0 + 21,000 - 2,100 + Q4, = - 17,000
Qys =— 35,900 kJ/min
Now f dE = 0, since cyclic integral of any property is zero.
AE,+AE, +AE, 4+ AE; =0
-2,170 + 21,000 — 36,600 + AE; ,=0
AEy , =17,770 kJ/min

Waa=04a—AEs,
=-35,900-17,770

=— 53,670 kJ/min
The table becomes
Process Q (kJ/min) W (kJ/min) AE (kJ/min)
a-b 0 2,170 -2,170

b—c 21,000 0 21,000
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c-d -2,100 34,500 - 36,600
d-a - 35,900 - 53,670 17,770
Since
Rate of work output >0=YW
cycle
= - 17,000 kJ/min
=-2833 kW Ans.

Example 4.4 The internal energy of a certain substance is given by the
following equation

u=23.56pv+84
where u is given in kJ/kg, p is in kPa, and v is in m*/kg.

A system composed of 3 kg of this substance expands from an initial pressure
of 500 kPa and a volume of 0.22 m® to a final pressure 100 kPa in a process in
which pressure and volume are related by pv'? = constant.

(a) If the expansion is quasi-static, find @, AU, and W for the process.

(b) In another process the same system expands according to the same

pressure-volume relationship as in part (a), and from the same initial state
to the same final state as in part (a), but the heat transfer in this case is 30
kJ. Find the work transfer for this process.

(c) Explain the difference in work transfer in parts (a) and (b).

Solution
(a) u=356pv+84
Au= U= = 3.56 (pz [ Vl)
o AU=13.56 (pl Vz_pr])
Now ' =p,¥y'?

o= V,[ﬂ]m —0z(3)"
) 1
=0.22x3.83 =0.845 m’
AU=356(1%0.845-5x0.22) kI
=-356 x0.255=-91kJ Ans. (a)
For a quasi-static process

_ (1x0.845—-5x0.22)100
1-12

=127.5k]

O=AU+W
=-91+127.5=365kJ Ans. (a)
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(b) Here 0 =30kJ
Since the end states are the same, AU would remain the same as in (a).
W=0-AU
=30-(-91)
=121kJ Ans. (b)

(c) The work in (b) is not equal to I pdV since the process is not quasi-static.

Example 4.5 A fluid is confined in a cylinder by a spring-loaded, frictionless
piston so that the pressure in the fluid is a linear function of the volume
(p =a + bV). The internal energy of the fluid is given by the following equation
U=34+3.15pV
where U is in kJ, p in kPa, and V in cubic metre. If the fluid changes from an
initial state of 170 kPa, 0.03 m’ to a final state of 400 kPa, 0.06 m’, with no work
other than that done on the piston, find the direction and magnitude of the work
and heat transfer.
Solution The change in the internal energy of the fluid during the process.
U, - Uy =3.15 (p, V- p 1))
=315(4x0.06 - 1.7 x 0.03)
=315x0.189 =59.5kJ

Now
p=a+bV
170 =a+ b x0.03
400 =a+ bx0.06
From these two equations
a =~ 60 kN/m’
b =7667 kN/m’

Work transfer involved during the process
¥, ¥
Wi,= fpdV= f(a+bV)dV
h ]
2 _’VZ
=a(¥, = W) +bVZTl
_ b
= -R)|a+rS(H+ 1K)

=0.03 m’[-so KN/m? + % KN s 0.09 m’]
m

=855k
Work is done by the system, the magnitude being 8.55 kJ.
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-~ Heat transfer involved is given by

O1,=U,-U+ W,
=59.5+8.55
=68.05kJ

68.05 kJ of heat flow into the system during the process.

REVIEW QUESTIONS

4.1 State the first law for a closed system undergoing a cycle.
4.2 What was the contribution of J.P. Joule in establishing the first law?
4.3 What is the caloric theory of heat? Why was it rejected?
4.4  Which is the property introduced by the first law?
4.5 State the first law for a closed system undergoing a change of state.
4.6  Show that energy is a property of a system.
4.7 What are the modes in which energy is stored in a system?
4.8 Define internal energy. How is energy stored in molecules and atoms?
4.9 What is the difference between the standard symbols of E and U?
4.10 What is the difference between heat and internal energy?
4.11 Define enthalpy. Why does the enthalpy of an ideal gas depend only on
temperature?
4.12 Define the specific heats at constant volume and constant pressure.
4,13 Why should specific heat not be defined in terms of heat transfer?
4.14 Which property of a system increases when heat is transferred: (..) at constant
volume, (b) at constant pressure?
4.15 What is a PMM1? Why is it impossible?
PROBLEMS
4.1 Anengine is tested by means of a water brake at 1000 rpm. The measured torque
of the engine is 10000 mN and the water consumption of the brake is 0.5 m’s, its
inlet temperature being 20°C, Calculate the water temperature at exit, assuming
that the whole of the engine power is ultimately transformed into heat which is
absorbed by the cooling water.
Ans. 20.5°C
4.2 1In a cyclic process, heat wansfers are + 14.7 kJ, — 25.2 kJ, — 3.56 kJ and
+31.5 kJ. What is the net work for this cycle process?
Ans. 17.34 k)
4.3 A slow chemical reaction takes place in a fluid at the constant pressure of 0.1

MPa. The fluid is surrounded by a perfect heat insulator during the reaction which
begins at state 1 and ends at state 2. The insulation is then removed and 105 kJ of
heat flow to the surroundings as the fluid goes to state 3. The following data are
observed for the fluid at states 1, 2 and 3.

State V(m®) 1°C)
1 0.003 20
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44

4.5

4.6

4.7

4.3

4.9

4.10

411

4.12

2 03 370
3 0.06 20
For the fluid system, calculate E; and E,, if E; =0
Ans. E;=-29.7kJ, Ey=-110.7kJ
During one cycle the working fluid in an engine engages in two work
interactions: 15 kJ to the fluid and 44 kJ from the fluid, and three heat
interactions, two of which are known: 75 kJ to the fluid and 40 kJ from the fluid.
Evaluate the magnitude and direction of the third heat transfer.
Ans. -6k
A domestic refrigerator is loaded with food and the door closed. During a certain
period the machine consumes | kW h of energy and the internal energy of the
system drops by 5000 kJ. Find the net heat transfer for the system.
Ans. - 8.6 MJ
1.5 kg of liquid having a constant specific heat of 2.5 k)/kg K is stirred in a well-
insulated chamber causing the temperature to rise by 15°C. Find AE and W for
the process.
Ans. AE=56.25k], W=- 5625 kJ
The same liquid as in Problem 4.6 is stirred in a conducting chamber. During the
process 1.7 kJ of heat are transferred from the liquid to the surroundings, while
the temperature of the liquid is rising by 15°C. Find AE and W for the process.
Ans. AE=56.25k], W=5795k]
The properties of a certain fluid are related as follows
u =196+0.718¢
pv =0.287 (¢ +273)
where  is the specific internal energy (kJ/kg), ¢ is in °C, p is pressure (kN/m?),
and v is specific volume (m*/kg).
For this fluid, find ¢, and A
Ans. 0718, 1.005 kJ/kg K~
A system composed of 2 kg of the above fluid expands in a frictionless piston and
cylinder machine from an initial state of 1 MPa, 100°C to a final temperature of
30°C. If there is no heat transfer, find the net work for the process.
Ans. 100.52 kJ
If all the work in the expansion of Problem 4.9 is done on the moving piston,
show that the equation representing the path of the expansion in the pv-plane is
given by pv'* = constant.
A stationary system consisting of 2 kg of the fluid of Problem 4.8 expands in an
adiabatic process according to pv' = constant. The initial conditions are 1 MPa
and 200°C, and the final pressure is 0.1 MPa. Find # and AU for the process.

Why is the work transfer not equal to _[ pd¥?

Ans. W=216.83, AU=-216.83 kJ, IpdV =4344 k)

A mixture of gases expands at constant pressure from 1 MPa, 0.03 m® to 0.06 m*
with 84 kJ positive heat transfer. There is no work other than that done on a
piston. Find AE for the gaseous mixture.
Ans. 54 kJ
The same mixture expands through the same state path while a stirring device
does 21 kJ of work on the system, Find AE, W, and Q for the process.
Ans. 54kJ, - 21 kJ, 33kl
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A mass of 8 kg gas expands within a flexible container so that the p-v
relationship is of the form pv'? = const. The initial pressure is 1000 kPa and the
initial volume is 1 m®. The final pressure is 5 kPa, If specific internal energy of
the gas decreases by 40 kJ/kg, find the heat transfer in magnitude and direction.
Ans. +2615kJ
A gas of mass 1.5 kg undergoes a quasi-static expansion which follows a
relationship- p = a + bV, where a and b are constants. The initial and final
pressures are 1000 kPa and 200 kPa respectively and the corresponding volumes
are 0.20 m* and 1.20 m’. The specific internal energy of the gas is given by the
relation
u=15pv-85klkg

where p is in kPa and v is in mafkg. Calculate the net heat transfer and the
maximum internal energy of the gas attained during expansion.

Ans. 660 kJ, 503.3 kJ
The heat capacity at constant pressure of a certain system is a function of
temperature only and may be expressed as

41.87

C,=2.093+
t+100

JIK

where ¢ is the temperature of the system in °C. The system is heated while it
is maintained at a pressure of 1 atmosphere until its volume increases from
2000 cm?® to 2400 ecm? and its temperature increases from 0°C to 100°C. (a) Find
the magnitude of the heat interaction. (b) How much does the internal energy of
the system increase?
Ans. (a) 238.32] (b) 197.79 )
An imaginary engine receives heat and does work on a slowly moving piston at
such rates that the cycle of operation of | kg of working fluid can be represented
as a circle 10 cm in diameter on a p—v diagram on which 1 ¢m = 300 kPa and
lem=0.1 m’fkg. (a) How much work is done by each kg of working fluid for
each cycle of operation? (b) The thermal efficiency of an engine is defined as the
ratio of work done and heat input in a cycle. If the heat rejected by the engine in
a cycle is 1000 kJ per kg of working fluid, what would be its thermal efficiency?
Ans. (a) 2356.19 ki/kg, (b) 0.702

4.17 A gas undergoes a thermodynamic cycle consisting of three processes beginning

at an initial state where p, = 1 bar, ¥, = 1.5 m® and U, = 512 kJ. The processes
are as follows:
(i) Process 1-2: Compression withpV = constant top, = 2 bar, U, =690 kJ
(ii) Process 2-3: W,; =0, 0,3 =-150kJ, and
(iii) Process 3—1: W, =+ 50k]. Neglecting KE and PE changes, determine
the heat interactions 0|, and Qy,.
Ans. T4kJ, 22 k]

4.18 A gas undergoes a thermoynamic cycle consisting of the following processes:

(i) Process 1-2: Constant pressure p = 1.4 bar, ¥, = 0.028 m’, Wy =10.5 kJ,
(ii) Process 2-3: Compression with p}’ = constant, U; = U, (iii) Process 3-1:
Constant volume, U; - U; = - 26.4 kJ. There are no significant changes in KE
and PE. (a) Sketch the cycle on a p-V diagram. (b) Calculate the net work for the
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4.20

421

4.22

cycle in kl. (c) Calculate the heat transfer for process 1-2 (d) Show that
T0=LW.
cycle cycle Ans. (b) - 8.28 kJ, (¢) 36.9 kJ
A certain gas of mass 4 kg is contained within a piston cylinder assembly. The
gas undergoes a process for which p#'* = constant. The initial state is given
by 3 bar, 0.1 m’. The change in internal energy of the gas in the process is
u; — 1y = — 4.6 kl/kg. Find the net heat transfer for the process when the final
volume is 0.2 m®, Neglect the changes in KE and PE,
Ans. - 0.8 kJ
An electric generator coupled to a windmill produces an average electrical power
output of 5 kW. The power is used to charge a storage battery. Heat transfer from
the battery to the surroundings occurs at a constant rate of 0.6 kW. Determine the
total amount of energy stored in the battery in 8% of operation.
Ans. 1.27 x 10°kJ
A gas in a piston-cylinder assembly undergoes two processes in series. From
state 1 to state 2 there is energy transfer by heat to the gas of 500 kJ, and the gas
does work on the piston amounting 800 kJ. The second process, from state 2 to
state 3, is a constant pressure compression at 400 kPa, during which there is a
heat transfer from the gas amounting 450 kJ. The following data are also known:
U, = 2000 kJ and U; = 3500 kJ. Neglecting changes in KE and PE, calculate the
change in volume of the gas during process 2-3.
Ans. - 5.625 m*
Air is contained in a rigid well-insulated tank with a volume of 0.2 m’, The tank
is fitted with a paddle wheel which transfers energy to the air at a constant rate of
4 W for 20 min. The initial density of the airis 1.2 kgr‘m’. If no changes in KE or
PE occur, determine (a) the specific volume at the final state, (b) the change in
specific internal energy of the air.
Ans. (a) 0.833 m¥/kg, (b) 20 ki/kg



First Law Applied to
Flow Processes

5.1 Control Volume

For any system and in any process, the first law can be written as
QO=AE+W
where E represents all forms of energy stored in the system.
For a pure substance .
E=Eg+E+U
where Ey is the K.E,, Ep the P.E, and U the residual energy stored in the
molecular structure of the substance.
O=AE +AE,+AU+ W (5.1)

When there is mass transfer across the sytem boundary, the system is called an
open system. Most of the engineering devices are open systems involving the
flow of fluids through them.

Equation (5.1) refers to a system having a particular mass of substance, and is
free to move from place to place.

Consider a steam turbine (Fig. 5.1) in which steam enters at a high pressure,
does work upon the turbine rotor, and then leaves the turbine at low pressure
through the exhaust pipe.

If a certain mass of steam is considered as the thermodynamic system, then the
energy equation becomes

O=AEg +AEp+AU+ W
and in order to analyze the expansion process in turbine the moving system is to
be followed as it travels through the turbine, taking into account the work and

heat interactions all the way through. This method of analysis is similar to that of
Langrange in fluid mechanics.
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_ l Moving system
D, _

Control surface

/ -
Control volume = popT W
e B z
! | Turbine ) ‘_ﬁ
Shaft
~ i x
.
- 2
a “~—Exhaust pipe

Fig. 5.1 Flow process involving work and heat interactions

Although the system approach is quite valid, there is another approach which
is found to be highly convenient. Instead of concentrating attention upon a certain
quantity of fluid, which constitutes a moving system in flow process, attention is
focussed upon a certain fixed region in space called a control volume through
which the moving substance flows. This is similar to the analysis of Euler in fluid
mechanics.

To distinguish the two concepts, it may be noted that while the system (closed)
boundary usually changes shape, position and orientation relative to the observer,
the control volume boundary remains fixed and unaltered. Again, while matter
usually crosses the control volume boundary no such flow occurs across the
system boundary.

The broken line in Fig. 5.1 represents the surface of the control volume which
is known as the control surface. This is the same as the system boundary of the
open system. The method of analysis is to inspect the control surface and account
for all energy quantities transferred through this surface. Since there is mass
transfer across the control surface, a mass balance also has to be made. Sections
1 and 2 allow mass transfer to take place, and Q and W are the heat and work
interactions respectively.

5.2 Steady Flow Process

As a fluid flows through a certain control volume, its thermodynanic properties
may vary along the space coordinates as well as with time. If the rates of flow of
mass and energy through the control surface change with time, the mass and
energy within the control volume also would change with time.

‘Steady flow’” means that the rates of flow of mass and energy across the
control surface are constant.

In most engineering devices, there is a constant rate of flow of mass and energy
through the control surface, and the control volume in course of time attains a
steady state. At the steady state of a system, any thermodynamic property will
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have a fixed value at a particular location, and will not alter with time.
Thermodynamic properties may vary along space coordinates, but do not vary
with time. ‘Steady state” means that the state is steady or invariant with time.

5.3 Mass Balance and Energy Balance in a
Simple Steady Flow Process

In Fig. 5.2, a steady flow system has been shown in which one stream of fluid
enters and one stream leaves the control volume. There is no accumulation of
mass or energy within the control volume, and the properties at any location
within the control volume are steady with time. Sections 1.1 and 2.2 indicate,
respectively, the entrance and exit of the fluid across the control surface. The
following quantities are defined with reference to Fig. 5.2.

)
dr

Steady flow device ]
Flow in - _._
T"'%-- \ -

\—Conimlvolume \— cs.

Datum

/ PP PP 7777777 77777777 7 s

Fig. 52 Steady flow Process

Ay, A;—cross-section of stream, m?

wy, wy,—mass flow rate, kg/s

Py, Py—pressure, absolute, N/m?

v,, v,—specific volume, m*/kg

uy, uy—specific internal energy, J/kg

V,, V,—velocity, m/s

Z,, Z,—elevation above an arbitrary datum, m

d’dQ —net rate of heat transfer through the control surface, J/s

d d':" —net rate of work transfer through the control surface, J/s

exclusive of work done at sections 1 and 2 in transferring the fluid through the
control surface.
T—time, 5.

Subscripts 1 and 2 refer to the inlet and exit sections.
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5.3.1 Mass Balance

By the conservation of mass, if there is no accumulation of mass within the control
volume, the mass flow rate entering must equal the mass flow rate leaving, or

W =w,
or AV AV, (5.2)
v 2

This equation is known as the equation of continuity.

5.3.2 Energy Balance

In a flow process, the work transfer may be of two types: the external work and
the flow work. The external work refers to all the work transfer across the control
surface other than that due to normal fluid forces. In engineering thermodynamics
the only kinds of external work of importance are shear (shaft or stirring)work
and electrical work. In Fig. 5.2 the only external work occurs in the form of shaft
work, W,. The flow work, as discussed in Sec. 3.4, is the displacement work done
by the fluid of mass dm, at the inlet section 1 and that of mass dm, at the exit
section 2, which are (—p,v,dm,) and (+p,v,dm,) respectively. Therefore, the total
work transfer is given by

W =W, - p,v\dm, + p,v,dm, (5.3)
In the rate form,
aw _ aw, dm, dm,
LA - iidd WO —2
ar  ar P Tg TP g
aw _ aw, ;
or —=—X _wp U+ Wop,U 54
ar ar 1t 20202 (5.4)

Since there is no accumulation of energy, by the conservation of energy, the
total rate of flow of all energy streams entering the control volume must equal the
total rate of flow of all energy streams leaving the control volume. This may be °
expressed in the following equation.

aw
dr

d‘Q_
we + —= =w,e, +
=1 iT 252

Substituting for ‘—’;TK from Eq. (5.4)

a0 aw
+ == + —E —wyp T, + WapaD
wie; ar W€ ar WPy 202V

wiep +wipv, + %% =wye; + wyp,t, + (5.5)

X
dr
where e, and e, refer to the energy carried into or out of the control volume with
unit mass of fluid.
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The specific energy e is given by
e=ete,tu

2
=Y +Zgtu (5.6)
Substituting the expression for ¢ in Eq. (5.5)

\'A d
w, [T]+Z|8+”1) +w, py0y + 30

dr
=w v—22+Z +u, |+ w v+du’;
2{ 28t 2P202 dr
or w h+v—]2+Zg +—m
' W2 T ar
=w, h2+izz-+22 + (5.7)
2 2 %) ar i
where h=u+pv.
And, since wy=w,, letw=w, = wz—?l—’:
dm
Dividing Eq. (5.7) by—
v?
Y
o+ +Zg+—=
2 TAEt g,
\A aw, :
=h+ -2 +Zg+—2 8
TR A 58)

Equations (5.7) and (5.8) are known as steady flow energy equations
(S.F.E.E.), forasingle stream of fluid entering and a single stream of fluid leaving
the control volume. All the terms in Eq. (5.8) represent energy flow per unit mass
of fluid (J/kg) whereas all the terms in Eq. (5.7) represent energy flow per unit
time (J/kg). The basis of energy flow per unit mass is usually more convenient
when only a single stream of fluid enters and leaves a control volume., When more
than one fluid stream is involved the basis of energy flow per umt time is more
convenient. .

Equation (5.8) can be written in the following form,

O-W,=(h—hy) P/ /o 2 +g(2,-Z) (5.9

where Q and W, refer to energy transfer per unit mass. In the differential form,
the SFEE becomes
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a0 - dW, =dh+ VdV +gdZ (5.10)
When more than one stream of fluid enters or leaves the control volume
(Fig. 5.3), the mass balance and energy balance for steady flow are given below.

[ 1 i {3
Wi i T —= W
L ; 2 g
c\V. T M = dr
W= L =i
L S A
2 \_d U _cs W
dr
Fig. 5.3 Steady flow process involving two fluid streams at the
inlet and exit of the control volume
Mass balance
wptwy=wy+wy (5.11)
4V, i 4LV, _ A4V, 4 AdVYs .12)
Y V2 Uy Uy
Energy balance
\73 \4 a0
h+——+Zg|+ 2+ Zg |+ —=
Wl[ I 5 13] W [hz 2 28 ar
\A v} aw,
=w, h3+T+ng +wy h4+-—2-+Z4g + dtx (5.13)

The steady flow energy equation applies to a wide variety of processes like
pipe line flows, heat transfer processes, mechanical power generation in engines
and turbines, combustion processes, and flows through nozzles and diffusors. In
certain problems, some of the terms in steady flow energy equation may be
negligible or zero. But it is best to write the full equation first, and then eliminate
the terms which are unnecessary.

5.4 Some Examples of Steady Flow Processes

The following examples illustrate the applications of the steady flow energy
equation in some of the engineering systems.

5.4.1 Nozzle and Diffusor

A nozzle is a device which increases the velocity or K.E. of a fluid at the expense
of its pressure drop, whereas a diffusor increases the pressure of a fluid at the
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expense of its K.E. Figure 5.4 shows a nozzle which is insulated. The steady flow
energy equation of the control surface gives

2

& +VT+Z|8+—Q hy+ V’ +z,g+

dm

Fig. 5.4 Steady flow process involving one fluid stream at
the inlet and at exit of the control volume

Here Q =0, -a-JL = (), and the change in potential energy is zero.
The equanon redu::nes to
hy + vi =h, +‘;’2 (5.14)
The continuity equation gives
w= AV _ AV, (5.15)

Yy Uz
When the inlet velocity or the ‘velocity of approach’ V| is small compared to
the exit velocity V,, Eq. (5.14) becomes
2
By =h,+ —2
1=l
or V,=J2(h — hy) m/s
where (h; — h,) is in J/kg.
Equations (5.14) and (5.15) hold good for a diffusor as well.

5.4.2 Throttling Device

When a fluid flows through a constricted passage, like a partially opened valve,
an orifice, or a porous plug, there is an appreciable drop in pressure, and the flow
is said to be throttled. Figure 5.5 shows the process of throttling by a partially
opened valve on a fluid flowing in an insulated pipe. In the steady-flow energy
Eq. (5.8),



Fig. 5.5 Flow through a valve

and the changes in P.E. are very small and ignored. Thus the S.F.E.E. reduces to
A/
2

Often the pipe velocities in throttling are so low that the K.E.terms are also
negligible. So

2

or the enthalpy of the fluid before throttling is equal to the enthalpy of the fluid
after throttling.

5.4.3 Turbine and Compressor

Turbines and engines give positive power output, whereas compressors and
pumps require power input.

For a turbine (Fig. 5.6) which is well insulated, the flow velocities are often
small, and the K.E. terras can be neglected. The S.F.E.E. then becomes

Fig. 5.6 Flow through a turbine
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aw,

hy=h,+ —=

1 2 dm

or ..E’L:(hl_hz)
m

It is seen that work is done by the fluid at the expense of its enthalpy. .
Similarly, for an adiabatic pump or compressor, work is done upon the fluid
and W is negative. So the S.F.E.E. becomes

}h:hz___u."'_
m
or &:hz_}ll
m

The enthalpy of the fluid increases by the amount of work input.
5.4.4 Heat Exchanger

A heat exchanger is a device in which heat is transferred from one fluid to another.
Figure 5.7 shows a steam condenser, where steam condensers outside the tubes
and cooling water flows through the tubes. The S.F.E.E. for the C.S. gives

Fig. 5.7 Steam condenser

Wchl + Wshz = wchB + wsh‘i
or wyh, —h) =w.(hy—hy)

Here the K.E. and P.E. terms are considered small, there is no external work
done, and energy exchange in the form of heat is confined only between the two
fluids, i.e., there is no external heat interaction or heat loss.

Figure 5.8 shows a steam desuperheater where the temperature of the
superheated steam is reduced by spraying water. If w;, w,, and w, are the mass



90 — Basic and Applied Thermodynamics

flow rates of the injected water, of the steam entering, and of the steam leaving,
respectively, and /i, h,, and /1; are the corresponding enthalpies, and if K.E. and
P.E. terms are neglected as before, the S.F.E.E. becomes

Wlh| + W2h2 W]h}
and the mass balance gives

Wit Wy =Wy

High temperature steam
Wy
W|® .®
Water —= ; n !
@ Tw‘fj i.
NIV
e

Fig. 5.8 Steam desuperheater

5.5 Comparison of S.F.E.E. with Euler and
Bernoulli Equations

The steady flow energy Eq. (5.8) can be written as

g0 _ ar,
(hy=h)+ ———— +(Z,~ 2 am
In the differential form the S.F.E.E. becomes
dQ=dh+VdV +gdZ + dW, (5.17)

where @ Q and & ¥, refer to unit mass of the substance. Since 4 = u + pv and
dQ = du + pdv (for a quasi-static path involving only pdv-work), Eq. (5.17) can
be written as
du+pdV = du +pdV + Vdp + VdV + gdZ + W,
For an inviscid frictionless fluid flowing through a pipe
Vdp+VdV + gdZ=0 (5.18)
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This is the Euler equation. If we integrate between two sections 1 and 2 of the
pipe
2 2 2
[vdp+[Vav+[gdz =0
! 1 1

For an incompressible fluid, v = constant

vi ¥V}
V(pz"'p])+ ‘“—2‘2——"‘;— +g(22—2|)=0 (5.19)

Since the specific volume v is the reciprocal of the density p, we have

P Vlz _ P Vz2
A4l 4z2g=24,2 47 5.20
2 18 P 2 28 (5.20)
2
or %+ Lz— + Zg = constant (5.21)

This is known as the Bernoulli equation, which is valid for an inviscid
incompressible fluid. It can also be expressed in the following form

v2
A[ pyei+ gZ] =0 (5.22)

where v is constant and A (...) means ‘increase in...
The S.F.E.E. as given by Eq. (5.18) or Eq. (5.17) can be written with (1 + pv)
substituted for h, as follows:

2
Q—W*=A[u+pv+vT+gZ} (5.23)

A comparison of Eqs (5.22) and (5.23) shows that they have several terms in
common. However, while the Bernoulli equation is restricted to frictionless
incompressible fluids, the S.F.E.E. is not, and is valid for viscous compressible
fluids as well. The Bernoulli equation is, therefore, a special limiting case of the
more general steady flow energy equation.

5.6 Variable Flow Processes

Many flow processes, such as filling up and evacuating gas cylinders, are not
steady. Such processes can be analyzed by the control velume technique.
Consider a device through which a fluid is flowing under non-steady state
conditions (Fig. 5.9). The rate at which the mass of fluid within the control volume
is accumulated as equal to the net rate of mass flow across the control surface, as
given below

dmy, =wl—w2'= dmy  dm,

dt dt dt
where m, is the mass of fluid within the control volume at any instant.

(5.24)



92 ——— Basic and Applied Thermodynamics

Over any finite period of time
Am‘r = Ml - Am: (5-25)
da /— cs.
d
o~ |
@ cv. .
Wy— ; h‘\""h-. @
—1 g

dr

@ H
Fig. 5.9 Variable flow process

rate of accumulation of energy within the control volume is equal to the
net rate of energy flow across the control surface. If E, is the energy of fluid
within the control volume at any instant.
Rate of energy increase = Rate of energy inflow — Rate of energy outflow

dE Vi a
R R
b+ Y+ 26 - U (526)
my?
Now Ey= {U + + ng)
v
where m is the mass of fluid in the control volume at any instant.
2
& dﬂ=1(U+mV +ng)
dr dr v
4 40
+——+Z
(k‘ ’gJ dr  dr
dm
(kz +—+ Zzg] 2 % (527

Figure 5.10 shows all these energy flux quantities. For any finite time interval,
equation (5.27) becomes
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@ o al
oSl H ey |

e

cs.
Fig. 5.10 Energy fluxes in an unsteady system

vZ
AEy=Q-W,+ _[(h, + Tl + Zlg]d.ml

2
- j(;., + 2y z,g] dm, (5.28)
Equation (5.26) is the general energy equation. For steady flow,
B _
ar "

and the equation reduces to Eq. (5.7). For a closed system w; =0, w;, =0, then
from Eq. (5.26),

dEy _d0 4w,
dr  dr dr

or dEy =d0-dW, or, 8Q=dE+ &W,
as obtained earlier.

5.7 Example of a Variable Flow Problem

Variable flow processes may be analyzed either by the system technique or the
control volume technique, as illutrated below.

Consider a process in which a gas bottle is filled from a pipeline (Fig. 5.11). In
the beginning the bottle contains gas of mass m, at statep,, t,, v, b, and v, The
valve is opened and gas flows into the bottle till the mass of gas in the bottle is m,
at state p,, 15, ¥, h; and u,. The supply to the pipeline is very large so that the
state of gas in the pipeline is constant at py, f,, v, h;, 1, and ¥,,.

System Technique Assume an envelope (which is extensible) of gas in the
pipeline and the tube which would eventually enter the bottle, as shown in
Fig. 5.11.
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'ﬁ Envelope of System boundary

Fig. 5.11 Bottle-filling process

Energy of the gas before filling

2
E\ =muy +(my—my) [Tp+upJ

where (m; —m,) is the mass of gas in the pipeline and tube which would enter the
bottle.
Energy of the gas after filling

Ey = myu,
v2
AE = E;— E| = myu, - [mlul + (m, —m,)[T"up )] (5.29)

The P.E. terms are neglected: The gas in the bottle is not in motion, and so the
K_.E. terms have been omitted.

Now, there is a change in the volume of gas because of the collapse of the
envelope to zero volume. Then the work done

W=pp (VZ - V]) =Pp[0 - (m2 - ml)vp}
== (my—m) PpUp
. Using the first law for the process
Q=AE+W
2

Myt — mytty — (my — ml}[~—2£— + up] ~(my - ml)ppvp

v?
mytty — mytey — (m1y — my) -~23—+hIJ (5.30)

which gives the energy balance for the process.

Control Volume Technique Assume a control volume bounded by a control
surface, as shown in Fig. 5.11. Applying the energy Eq. (5.27) to this case, the
following energy balance may be written on a time rate basis
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2
dEy _ ag‘{h Y ]dm
p

dar  dr 2 Jdr

Since.fiand ¥, are constant, the equation is integrated to give for the total
process I '
2

AE =0+ | h Vo
V_Q p+7(m2_m])

Now AEy = U, — U} = mauty — myu,
2

V
O = myuy ~ myuy — [h‘p + —2p"}m2 —mp)

This equation is the same as Eq. (5.30).
If m; =0, i.e., the bottle is initially evacuated,

V:
Q =myu, - mz[hp + ——zp—-]

VZ
Again, if Q=0 and i, > T",

0 = myu; — myh,
or, ty = hy=uy+pv,
' Thus, flow work (p,v,) is converted to increase in molecular internal energy
Uy — 1),
( 2I['the gas is assumed ideal,
¢, h=¢T,
or, T,=vT,
If T, =27 + 273 = 300 K, then for air
T,=14x300=420K
or, t, = 147°C
Therefore, in adiabatically filling a bottle with air at 27°C, the gas temperature
rises to 147°C due to the flow work being converted to internal energy increase.

5.8 Discharging and Charging a Tank

Let us consider a tank discharging a fluid into a supply line (Fig. 5.12). Since

d W, =0 and dm, = 0, applying first law to the control volume,
dU\,-=dQ+(h+;'(Tz+gz]mdm‘,ut (5.31)

Assuming K.E. and P.E. of the fluid to be small and 8 0 =0



)
1
:

Fig. 5.12 Charging and discharging a tank

d(mu) = hdm
mdy + udm = udm + pv dm
dm du
—_— = 5.32
potidi (5.32)
Again ¥V =om = const.
vdm+mdo =0

or dm __dv (5.33)
m v

From Eqs (5.32) and (5.33),
du dv

pv v
d(u+pv) =0

or aQg=0
which shows that the process is adiabatic and quasi-static.
For charging the tank

J(kdm)m = AU\( = Mal; — My (534)
myh, = may — myu,
where the subscript p refers to the constant state of the fluid in the pipeline. If the
tank is initially empty, m; = 0.
moh, = myu,
Since
mp =my
hp =uy
Enthalpy is converted to internal energy.
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If the fluid is an ideal gas, the temperature of the gas in the tank after it is
charged is given by

ply=c,T;
or T,=7T, (5.35)
SOLVED EXAMPLES

Example 5.1 Air flows steadily at the rate of 0.5 kg/s through an air com-
pressor, entering at 7m/s velocity, 100 kPa pressure, and 0.95 m*/kg volume, and
leaving at 5 m/s, 700 kPa, and 0.19 m fkg The internal energy of the air leaving -
is 90 kJ/kg greater than that of the air entering. Cooling water in the compressor
jackets absorbs heat from the air at the rate of 58 kW. (a) Compute the rate of
shaft work input to the air in kW. (b) Find the ratio of the inlet pipe diameter to
outlet pipe diameter.

Solution Figure Ex. 5.1 shows the details of the problem.

............. e, @
7 : V,=5mis
0 Wx —1—  p;=T00kPa
Vy=7mis NrCarmmuar : @ m=019m’kg
py=100kPa —b=] :

v =095mikg  (7) T N \ ----- uz = (v +80) kJ/kg
cs. =-58
Fig. Ex. 5.1

(a) Writing the steady flow energy equation, we have

2
[u, +po +VT+Z!g] +£

dt

2
=w[uz+p2v2+v—2+ZZgJ+ LA

2 dr
dw, vi- d
3z =-W[(“z —w)+(pv, - puy) + ——— > +(Zz Z,}g] g
aw, kg [ KJ kJ
—X =—(05—=2|90 —+(7x0.19-1x0.95100—
- dt s [ kg ( x ) kg

2 _ 2 -3
$ BT X107 £+o]-58kw
2 kg

=-0.5 [90 + 38 - 0.012] kJ/s -58 kW
=-122 kW Ans. (a)
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Rate of work input is 122 kW.
- (b) From mass balance, we have

_4V, 4V,
41 CF)
A v Vi 0955 .o
Az Uz VI 019 7

j—' =357 =1.89 Ans. (b)
2

Example 5.2 In asteady flow apparatus, 135 kJ of work is done by each kg of
fluid. The specific volume of the fluid, pressure, and velocity at the inlet are
0.37 m¥/kg, 600 kPa, and 16 m/s. The inlet is 32 m above the floor, and the
discharge pipe is at floor level. The discharge conditions are 0.62 m’/kg, 100 kPa,
and 270 m/s. The total heat loss between the inlet and discharge is 9 kJ /kg of
fluid. In flowing through this apparatus, does the specific internal energy increase
or decrease, and by how much?

Solution Writing the steady flow energy equation for the control volume, as
shown in Fig. Ex. 5.2.

@ """""""""" e C.S.

{ W=135k)
vy = 0.37 m*/k |
P::GOOl;pa 9 ' [oATA i @ "'2=D-52ms."kg
§|=16rn.fa . ' 2 £z=100k?a
Z£=32m L -_3"" Vi = 270 mis

| Z=0
Q=-00k) —~TTTTTCT 4
Fig. Ex. 5.2

aw,

dm

V, d A
I*'1"'!’|'f"1""'2L "'zlg"'“cl—%:“z"'i’z”z"'Tz +Zg+

2 2
Uy =y = (P02 —pyo) + yjz—vL (2 -Z)g+ %’!‘ - %
(270% -16%) x 107
2
+(-32%9.81 x 1073 + 135 - (- 9.0)
=-160 +3645-0314+135+9 '
=20.136 kJ /kg
Specific internal energy decreases by 20.136 kJ.

=(1%0.62-6x037)x 10*+
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Example 5.3 In a steam power station, steam flows stedily through a 0.2 m
diameter pipeline from the boiler to the turbine. At the boiler end, the steam
conditions are found to be: p =4 MPa, 7=400°C, #=3213.6 kl/kg, andv=0.073
m’/kg. At the turbine end, the conditions are found to be: p= 3,5 MPa,r=392°C,
h=3202.6 kl/kg, and v = 0084 m*/kg. There is a heat loss of 8.5 kJ/ kg from the
pipeline. Calculate the steam flow rate.

Solution Writing the steady flow energy equation for the control volume as
shown in Fig. Ex. 5.3

d W,

2
h+1—+2g+£ h+v2 +Zgt —%
2 2 dm

©) /T cs. ©)

i —_— Turbine
= == - CV.— — — — — - -
e S ———————__

% =-85kl/kg
Fig. Ex. 5.3
Here, there is no change in datum, so change in potential energy will be zero.
Now A4V, _ 4V,
Y 7,
A]VI [ vz 0.084
V,= "L L2 =2y =22y =115,
: v A 0110073' :
and 4% o
dm
Vi | 40 Vi
b+ 2+ =% =ph,+ 2
Y2 dam P 2
2 _y2 -3 d
V3 =V)x107 g4 49
2 dm
=3213.6 —3202.6 + (-8.5)
=2.5kl/kg
Vi(.152 -1 =5x10}
V?=15,650 m¥s’
V,=125.1m/s
T 2 2
—x(0.2)"m* x 125.1 m/s
- Mass flow rate w=2Y _ 4 3
1) 0.073m" /kg

=538 kg/s Ans.
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Example 5.4 A certain water heater operates under steady flow conditions
receiving 4.2 kg/s of water at 75°C temperature, enthalpy 313.93 kl/kg. The
water is heated by mixing with steam which is supplied to the heater at
temperature 100.2°C and enthalpy 2676 kJ/kg. The mixture leaves the heater as
liquid water at temperature 100°C and enthalpy 419 kJ/kg. How much steam
must be supplied to the heater per hour?

Solution By mass balance across the control surface (Fig. Ex. 5.4)
w + Wy =Wy
wy

@
e— C.5.
s ;;“—?" Water heater

S

Mixture
Fig. Ex. 54

By energy balance
“12 Z d V;
W, ("'l + 2 + 18) + —-udf + Wy (kz + —22 + Zzg]

2
=w,(ﬁ, +~V7!-+Zlg]+%
By the nature of the process, there is no shaft work. Potential and kinetic
energy terms are assumed to balance zero. The heater is assumed to be insulated.
So the steady flow energy equation reduces to
wyhy + waohy = wihy
42x313.93 +w, X 2676 = (4.2 + w,) 419
RN =0.196 kg/s
=705 kg/h Ans.

Example 5.5 Air at a temperature of 15°C passes through a heat exchanger at
a velocity of 30 m/s where its temperature is raised to 800°C. It then enters a
turbine with the same velocity of 30 m/s and expands until the temperature falls to
650°C. On leaving the turbine, the air is taken at a velocity of 60 m/s to a nozzle
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where it expands until the temperature has fallen to 500°C. If the air flow rate is
2 kg/s, calculate (a) the rate of heat transfer to the air in the heat exchanger, (b)
the power output from the turbine assuming no heat loss, and (c) the velocity at
exit from the nozzle, assuming no heat loss. Take the enthalpy of air as h = cf,
where c, is the specific heat equal to 1.005 k¥/kg K and ¢ the temperature.

Solution As shown in Fig. Ex. 5.5, writing the S.F.E.E. for the heat exchanger
and eliminating the terms not relevant,

W{hl +_'+Zlg] +0, w[h2+“_+228)+wl-2

- why+ 0y, =why
012 =why = h)=wc, (1-1))
=2 x 1.005 (800 — 15)
=2.01 x 785
= 1580 kl/s Ans. (a).
Heat exchanger

P L ®
(LJ%:(J@ Wy

t,=15°C, ;=800 °C

V, = 30 mis, V, = 30 mis @ (@)
t,=850°C, V5= 60 m/s Nozzle
=500°C, V=7
tl 4 e o
Fig. Ex. 5.5

Energy equation for the turbine gives

\'A \A
“‘{_22""}’2] = why + w—- > + Wr

2 _ w2
VZ_z‘fL + (hy — hy) = Wylw
(302 - 60%)x 103
2
W o 135415075
w

= 149.4 k)/kg
Wy = 149.4 x 2 k)/s
=298.8 kW Ans. (b)

+1.005 (800 — 650) = Wy/w
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Writing the energy equation for the nozzle

3 2
V73 +hy = VT“ +hy
2 2
V7 -V =1.005 (650 — 500) x 2 x 10°
=301.50 x 10% m?/s?
Vi =30.15 x 10 +0.36 x 10°
=30,51 x 10° m%s’
.. Velocity at exit from the nozzle
V,=554m/s Ans. (c)

Example 5.6 The air speed of a turbojet engine in flight is 270 m/s. Ambient
air temperature is — 15°C. Gas temperature at outlet of nozzle is 600°C.
Corresponding enthalpy values for air and gas are respectively 260 and
912 kJ/kg. Fuel-air ratio is 0.0190. Chemical energy of the fuel is 44.5 MJ /kg.
Owing to incomplete combustion 5% of the chemical energy is not released in the
reaction. Heat loss from the engine is 21 kJ/kg of air. Calculate the veiacity of the
exhaust jet.

Solution Energy equation for the turbojet engine (Fig. Ex. 5.6) gives

Fuel

Fig. Ex. 5.6
A \A
LA ha‘F'-ZL +WrEf+Q=Ws k8+T+Eg

+0.0190 x 44500 — 21

2 -3
(260+z7o :10 J

V2 x107?
= 1.0190 [912 48 +0.052019 44500]

2 1019

Vix1073
260 +36.5 + 845 -21=1.019| 912 + % +42
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vz
T" = 156 x 10°> m?/s’
=312 x 100 m/s
Velocity of exhaust gas, V, = 560 m/s Ans.

Example 5.7 Inareciprocating engine, the mass of gas occuping the clearance
volume is m_kg at state p, u,, v, and h1. By opening the inlet valve, m kg of gas
is taken into the cylinder, and at the conclusion of the intake process the state of
the gas is given by p,, uz, vz, h,. The state of the gas in the supply pipe is constant
and is given by p,, pr ¥p- How much heat is transferred between the gas
and the cylinder walrs dunng the intake process?

Solution Let us consider the control volume as shown in Fig. Ex. 5.7. Writing
the energy balance on a time rate basis

4, _d9 _aw [, Y )dm
2 )dr

Fig. Ex. 5.7

Withh, and V,, being constant, the above equation can be integrated to give for
the total process

vz
AE,=Q-W+|h +—L
v Q [ P 2 )m!‘
Now AE, =Uy- U =(m,+ mg uy—ma,

vz
Q = (m, + mou, — mu, — {}: + —;;] W Ans.

Example 5.8 The internal energy of air is given by

u=uy+0.718¢
where u is in kJ/kg, u, is any arbitrary value of u at 0°C, kl/kg, and ¢ is the
temperature in °C. Also for air, p, = 0.287 (¢ + 273), where pisinkPa and v is in

m’/kg.
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A mass of air is stirred by a paddle wheel in an insulated constant volume tank.
The velocities due to stirring make a negligible contribution to the internal energy
of the air. Air flows out through a small valve in the tank at a rate controlled to
keep the temperature in the tank constant. At a certain instant the conditions are
as follows: tank volume 0.12 m®, pressure 1 MPa, temperature 150°C, and power
to paddle wheel 0.1 kW. Find the rate of flow of air out of the tank at this instant.
Solution Writing the energy balance for the control volume as shown in
Fig. Ex. 5.8

dr dt Pl dr

Tank Jx: !.

5
H
I

Fig. Ex. 5.8

Since there is no change in internal energy of air in the tank,

dm _ew
P dr  dr
where hy=u+po.
Let u=0att=0K=-273°C
u=uy+0.718¢

0 =1y +0.718 (- 273)
ug =0.718 x 273 kl/kg

AtreC
u=0.718x273+0.718 ¢
=0.718 x (t + 273) kl/kg
hy=0.718 (¢ +273) + 0.287 (1 +273)
or hy = 1.005 (¢ +273)
At 150°C
hp = 1.005 x 423
=425 kl/kg

dm _

1 4w
at  h, dr
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_ 01K/
425k)/kg
=0.845 kg/h
This is the rate at which air flows out of the tank.

Example 5.9 A well-insulated vessel of volume J contains a gas at pressurep;
and temperature #;. The gas from a main at a uniform temperature ¢, is pumped
into the vessel and the inflow rate decreases exponentially with time according to
1t = e ™", wherea is a constant. Determine the pressure and temperature of the
gas in the vessel as a function of time. Neglect the K.E. of the gas entering the
vessel and assume that the gas follows the relation
pv=RT, where T=1+273
and its specific heats are constant.
(i) Ifthe vessel was initially evacuated, show that the temperature inside the
vessel is independent of time.

(ii) Determine the charging time when the pressure inside the vessel reaches
that of the main.

=0.236 % 107 kg/s

Solution Since the vessel is well-insulated, O =0 and there is no external work
transfer, W = C. Therefore,
dEV = }l] d_m = hlmoe-“
dr T
where h, is the enthalpy of the gas in the main.
On integration,

hy

mﬂ _ 8T
— (1-¢™
where E; is the initial energy of the vessel at the beginning of the charging
process, i.e. E =E, at 1=0. Neglecting K.E. and P.E. changes, by energy balance

E=Ey+

Mu = Moty + = (1= &™) (u, + pivy) M
Again,
dm _ . _a
ar ¢
On integration,
5 (] — o=
,'.1=M.,+~———---”"'(lae ) @)

where M, is the initial mass of the gas. Eliminating M from Eqs (1) and (2),

{Ma + 2o - e‘“)} u— My
a

= ﬂl[l - &™) (4, +RT))
a
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Myey (T-Tp) = 0 (1 - ) (e (T, - )+ RT})
a

Mye, T + L’:;'l(l ~ e, Ty

T=— -
{M,) + T"(l - }}cv
R L -
p:.ﬂf?}: R {MvaTu"‘Tn(l‘e “)cp‘I[}
myR
=pot :V (1-e™NT,

The above two equations show the temperature and pressure of the gas in the
vessel as functions of time.
(i) ¥ M, =0, T= yT,, i.e, the temperature inside the vessel becomes
independent of time and is equal to ¥T, throughout the charging process.
(ii) The charging process will stop when pressure inside the vesel reaches that
of the main. The charging time can be found by setting p = p, in the

pressure relation
i RYT, myR
Pl‘Pusn_‘oag:—l‘a—c;,eﬁtgrl
By rearrangement,
- g RYL (aV)
mgR
(°—m)—(p1—po)
aV
1 aV
t=——In|l-(p - p)———
a [ ? "’“Jmokrn]

_REVIEW (,;UESTIONS

5.1 Explain the system approach and the control volume approach in the analysis of
a flow process.

5.2 What is a steady flow process? What is steady state?

53 Write the steady flow energy equation for a single stream entering and a single
stream leaving a control volume and explain the various terms in it.

54  Give the differential form of the S.F.E.E.

5.5 Under what conditions does the S.F.E.E. reduce to Euler’s equation?

5.6 How does Bernoulli's equation compare with S.F.E.E.?

5.7 What will be the velocity of a fluid leaving a nozzle, if the velocity of approach is
very small?

5.8 Show that the enthalpy of a fluid before throttling is equal to that after throttling.

5.9  Write the general energy equation for a variable flow process.

5.10 What is the system technique in a bottle-filling process?

5.11 Explain the control volume technique in a variable flow process.
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PROBLEMS

5.1 Ablower handles 1 kg/s of air at 20°C and consumes a power of 15 kW. The inlet
and outlet velocities of air are 100 m/s and 150 m/s respectively. Find the exit air
temperature, assuming adiabatic conditions. Take c,, of air as 1.005 kJ/kg-K.

Ans. 28.38°C

5.2 A turbine operates under steady flow conditions, receiving stéam at the following
state: pressure 1.2 MPa, temperature 188°C, enthalpy 2785 klJ/kg, velocity
33.3 m/s and elevation 3 m. The steam leaves the turbine at the following state:
pressure 20 kPa, enthalpy 2512 kJ/kg, velocity 100 m/s, and elevation 0 m. Heat
is lost to the surroundings at the rate of 0.29 kJ/s. If the rate of steam flow through
the turbine is 0.42 kg/s, what is the power output of the turbine in kW?

Ans. 112.51 kW

5.3 A nozzle is a device for increasing the velocity of a steadily flowing stream. At
the inlet to a certain nozzle, the enthalpy of the fluid passing is 3000 kJ/kg and
the velocity is 60 m/s. At the discharge end, the enthalpy is 2762 kl/kg. The
nozzle is horizontal and there is negligible heat loss from it. (a) Find the velocity
at exit from the nozzle. (b) If the inlet area is 0.1 m? and the specific volume at
inlet is 0.187 m3-"kg, find the mass flow rate. (c) If the specific volume at the
nozzle exit is 0.498 rh:fkg. find the exit area of the nozzle.

Ans. (a) 692.5 mvs, (b) 32.08 kg/s (c) 0.023 m*

5.4 In an oil cooler, oil flows steadily through a bundle of metal tubes submerged in
a steady steam of colling water. Under steady flow conditions, the oil enters at
90°C and leaves at 30°C, while the water enters at 25°C and leaves at 70°C. The
enthalpy of oil at t°C is given by

h=1.681¢+10.5x 10" 7 kl/kg
What is the cooling water flow required for cooling 2.78 kg/s of 0il?
Ans. 1.473 kg/s

5.5 A thermoelectric generator consists of a series of semiconductor elements
(Fig. P. 5.5), heated on one side and cooled on the other. Electric current flow is
produced as a result of energy transfer as heat. In a particular experiment the

Q ?1
o e |
: Hot I
P N P [ N P N )
o "I 1" 17 1Y K
AN, vrrrrr I rrrnssirrri s, 7727
G || EXNX\eld NN @
o) 1@ N e
/=
&§—-6
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5.6

57

5.8

59

5.10

current was measured to be 0.5 amp and the electrostatic potential at (1) was 0.8
volt above that at (2). Energy transfer as heat to the hot side of the generator was
taking place at a rate of 5.5 watts. Determine the rate of energy transfer as heat
from the cold side and the energy conversion efficiency.
Ans. @, = 5.1 watts, n = 0.073
A turbocompressor delivers 2.33 m?/s of air at 0.276 MPa, 43°C which is heated
at this pressure to 430°C and finally expanded in a turbine which delivers
1860 kW. During the expansion, there is a heat transfer of 0.09 Ml/s to the
surroundings. Calculate the turbine exhaust temperature if changes in Kinetic
and potential energy are negligible. Take = 1.005 kj/kgK
Ans. 157°C
A reciprocating air compressor takes in 2 m*/min at 0.11 MPa, 20°C which it
delivers at 1.5 MPa, 111°C to an aftercooler where the air is cooled at constant
pressure to 25°C. The power absorbed by the compressor is 4.15 kW. Determine
the heat transfer in (a) the compressor, and (b) the cooler. State your assumptions.
Ans. —0.17 kl/s, — 3.76 kl/s.
In a water cooling tower air enters at a height of 1 m above the ground level and
leaves at a height of 7 m. The inlet and outlet velocities are 20 m/s and 30 m/s
respectively. Water enters at a height of 8 m and leaves at a height of 0.8 m. The
velocity of water at entry and exit are 3 m/s and | m/s respectively. Water
temperatures are 80°C and 50°C at the entry and exit respectively. Air
temperatures are 30°C and 70°C at the entry and exit respectively. The colling
tower is well insulated and a fan of 2.25 kW drives the air through the cooler.
Find the amount of air per second required for 1 kg/s of water flow. The values of
¢, of air and water are 1.005 and 4.187/kg K respectively.
Ans. 3.16 kg
Air at 101.325 kPa, 20°C is taken into a gas turbine power plant at a velocity of
140 m/s through an opening of 0.15 m® cross-sectional area. The air is
compressed heated, expanded throu%h a turbine, and exhausted at 0.18 MPa,
150°C through an opening of 0.10 m*” cross-sectional arca. The power output is
375 kW. Calculate the net amount of heat added to the air in kJ/kg. Assume that
air obeys the law pv = 0.287 (f + 273) wheie p is the pressure in kPa v is the
specific volume in m3fkg, and/is the temperature in °C. Take ¢, = 1.005 kJ’kg K.
Ans. 150.23 kj/kg
A gas flows steadily through a rotary compressor. The gas enters the compressor
at a temperature of 16°C, a pressure of 100 kPa, and an enthalpy of 391.2 klikg.
The gas leaves the compressor at a temperature of 245°C, a pressure of 0.6 MPa,
and an enthalpy of 534.5 kJ/kg. There is no heat transfer to or from the gas as it
flows through the compressor. (a) Evaluate the external work done per unit mass
of gas assuming the gas velocities at entry and exit to be negligible. (b) Evaluate
the external work done per unit mass of gas when the gas velocity at entry is
80 m/s and that at exit is 160 m/s.
Ans. 143.3 kl/kg, 152.9 ki/kg
The steam supply to an engine comprises two streams which mix before entering
the engine. One stream is supplied at the rate of 0.01 kg/s with an enthalpy of
2952 kJ/kg and a velocity of 20 m/s. The other stream is supplied at the rate of
0.1 kg/s with an enthalpy of 2569 klJ/kg and a velocity of 120 m/s. At the exit
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from the engine the fluid leaves as two streams, one of water at the rate of 0.001
kg/s with an enthalpy of 420 kJ/kg and the other of steam; the fluid velocities at
the exit are negligible. The engine develops a shaft power of 25 kW. The heat
transfer is negligible. Evaluate the enthalpy of the second exit stream.
Ans. 2401 k)/kg
The stream of air and gasoline vapour, in the ratio of 14:1 by mass, enters a
gasoline engine at a temperature of 30°C and leaves as combustion products at a
temperature of 790°C. The engine has a specific fuel consumption of
0.3 kg/kWh. The net heat transfer rate from the fuel-air steam to the jacket
cooling water and to the surroundings is 35 kW. The shaft power delivered by the
engine is 26 kW. Compute the increase in the specific enthalpy of the fuel-air
stream, assuming the changes in kinetic energy and in elevation to be negligible.
Ans. - 1877 kJ/kg mixture
An air turbine forms part of an aircraft refrigerating plant. Air at a pressure of
295 kPa and a temperature of 58°C flows steadily into the turbine with a velocity
of 45 m/s. The air leaves the turbine at a pressure of 115 kPa, a temperature of
2°C, and a velocity of 150 m/s. The shaft work delivered by the turbine is
54 kl/kg of air. Neglecting changes in elevation, determine the magnitude and
sign of the heat transfer per unit mass of air flowing. For air, take ¢, =
1.005 kJ/kg K and the enthalpy 4 = et
Ans. +7.96 klikg
In a turbomachine handling an incompressible fluid with a density of 1000 kg/m®
the conditions of the fluid at the rotor entry and exit are as given below

Inlet Exit
Pressure 1.15 MPa 0.05 MPa
Velocity 30 m/s 15.5 m/s
Height above datum 10 m 2m

If the volume flow rate of the fluid is 40 mjfs. estimate the net energy transfer
from the fluid as work.
Ans. 60.3 MW
A room for four persons has two fans, each consuming 0.18 kW power, and three
100 W lamps. Ventilation air at the rate of 80 kg/h enters with an enthalpy of
84 kJ/kg and leaves with an enthalpy of 59 kl/kg. If each person puts out heat at
the rate of 630 kg/h determine the rate at which heat is to be removed by a room
cooler, so that a steady state is maintained in the room.
Ans. 1.92 kW
Air flows steadily at the rate of 0.4 kg/s through an air comgressor, entering at
6 m/s with a pressure of 1 bar and a specific volume of 0.85 m”/kg, and leaving at
4.5 m/s with a pressure of 6.9 bar and a specific volume of 0.16 m*kg. The
internal energy of the air leaving is 88 kJ/kg greater than that of the air entering.
Cooling water in a jacket, surrounding the cylinder absorbs heat from the air at
the rate of 59 W. Calculate the power required to drive the compressor and the
inlet and outlet cross-sectional areas.
(Ans. 45.4 kW, 0.057 m’, 0.0142 m?)
Steam flowing in a pipeline is at a steady state represented by Py, Iy iy, Tpy hy and
V- A small amount of the total flow is led through a small tube to an evacuated
chamber which is allowed to fill slowly until the pressure is equal to the pipeline
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5.18

5.19

5.20

5.21

5.22

pressure. If there is no heat transfer, derive an expression for the final specific

internal energy in the chamber, in terms of the properties in the pipeline.

The internal energy of air is given, at ordinary temperatures, by

u=uy,+0.7181¢

where u is in kl/kg, wu, is any arbitrary value of w at 0°C, kJ/kg, and ¢ is -

temperature in °C.

Also for air, pv = 0.287 (¢ + 273)

where p is in kPa and v is in m*/kg.

(a) An evacuated bottle is fitted with a valve through which air from the
atmosphere, at 760 mm Hg and 25°C, is allowed to flow slowly to fill the
bottle. If no heat is transferred to or from the air in the bottle, what will its
temperature be when the pressure in the bottle reaches 760 mm Hg?

Ans. 144.2°C

(b) If the bottle initially contains 0.03 m’® of air at 400 mm Hg and 25°C, what
will the temperature be when the pressure in the bottle reaches 760 mm Hg?

Ans. 71.6°C

A pressure cylinder of volume ¥ contains air at pressure p, and temperature T, It

is to be filled from a compressed air line maintained at constant pressure p, and

temperature T, Show that the temperature of the air in the cylinder after it has
been charged to the pressure of the line is given by

re—rh
1+ E‘L[yﬁ— - 1)
14 T

A small reciprocating vacuum pump having the rate of volume displacement ¥
is used to evacuate a large vessel of volume V. The air in the vessel is maintained
at a constant temperature 7 by energy transfer as heat. If the initial and final
pressures are p, and p, respectively, find the time taken for the pressure drop and
the necessary energy transfer as heat during evacuation. Assume that for air,
pV=mRT, where m is the mass and R is a constant, and u is a function of 7 only.

[Am‘t=~5~ln~@—;9=(pl 'Pz)V}
d P
[Hint: dm = - p(V-dn)/(RT) = V dp/(RT)].
A tank containing 45 kg of water initially at 45°C has one inlet and one exit with
equal mass flow rates, Liquid water enters at 45°C and a mass flow rate of 270
kg/h. A cooling coil immersed in the water removes energy at a rate of 7.6 kW.
The water is well mixed by a paddle wheel with a power input of 0.6 kW. The
pressures at inlet and exit are equal. Ignoring changes in KE and PE, find the
variation of water temperature with time.
Ans. T=318 - 22 [1 —exp (- 61)]
A rigid tank of volume 0.5 m' is initially evacuated. A tiny hole develops in the
wall, and air from the surroundings at | bar, 21°C lcaks in. Eventually, the
pressure in the tank reaches 1 bar. The process occurs slowly enough that heat
transfer between the tank and the surroundings keeps the temperature of the air
inside the tank constant at 21°C. Determine the amount of heat transfer.
Ans. = 50kJ



Second Law of
Thermodynamics

6.1 Qualitative Difference between Heat and Work

The first law of thermodynamics states that a certain energy balance will hold
when a system undergoes a change of state or a thermodynamic process. But it
does not give any information on whether that change of state or the process is at
all feasible or not. The first law cannot indicate whether a metallic bar of uniform
temperature can spontaneously become warmer at one end and cooler at the other.
All that the law can state is that if this process did occur, the energy gained by one
end would be exactly equal to that lost by the other. It is the second law of
thermodynamics which provides the criterion as to the probability of various
processes. ’

Spontaneous processes in nature occur only in one direction. Heat always
flows from a body at a higher temperature to a body at a lower temperature, water
always flows downward, time always flows in the forward direction. The reverse
of these never happens spontaneously. The spontaneity of the process is duetoa
finite driving potential, sometimes called the ‘force’ or the ‘cause’, and what
happens is called the ‘flux’, the ‘current’ or the ‘effect’. The typical forces like
temperature gradient, concentration gradient, and electric potential gradient, have
their respective conjugate fluxes of heat transfer, mass transfer, and flow of
electric current. These transfer processes can never spontaneously occur from a
lower to a higher potential. This directional law puts a limitation on energy
transformation other than that imposed by the first law.

Joule’s experiments (Article 4.1) amply demonstrate that energy, when
supplied to a system in the form of work, can be completely converted into heat
(work transfer — internal energy increase — heat transfer). But the complete
conversion of heat into work in a cycle is not possible. So heat and work are not
completely interchangeable forms of energy.
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When work is converted into heat, we always have

w30
but when heat is converted into work in a complete closed cycle process

>
oS W
The arrow indicates the direction of energy transformation. This is illustrated
in Fig. 6.1. As shown in Fig. 6.1(a), a system is taken from state 1 to state 2 by
work transfer W,_,, and then by heat transfer Q,_, the system is brought back
from state 2 to state 1 to complete a cycle. It is always found that W, , = G, ,.
But if the system is taken from state 1 to state 2 by heat transfer 0, _,, as shown in
Fig. 6.1(b), then the system canot be brought back from state 2 to state | by work
transfer ¥, _,. Hence, heat cannot be converted completely and continuously into
work in a cycle. Some heat has to be rejected. In Fig. 6.1(b), W,_; is the work
done and Q,_, is the heat rejected to complete the cycle. This underlies the work
of Sadi Carnot, a French military engineer, who first studied this aspect of energy
" transformation (1824). Work is said to be a high grade energy and heat a low
grade energy. The complete conversion of low grade energy into high grade
energy in a cycle is impossible.

e— L
::‘—-—-—-702- 1
62““1 ' \/ 1321 Wat

Wy_2=2Q_
Wy _2 1-2=Q2-1 Q-2 Q_p>Wp_y

(a) (b)
Fig. 6.1 Qualitative distinction between heat and work

6.2 Cyclic Heat Engine

For engineering purposes, the second law is best expressed in terms of the
conditions which govern the production of work by a thermodynamic system
operating in a cycle.

A heat engine cycle is a thermodynamic cycle in which there is a net heat
transfer fo the system and a net work transfer from the system. The system which
executes a heat engine cycle is called a heat engine.

A heat engine may be in the form of a mass of gas confined in a cylinder and
piston machine (Fig. 6.2a) or a mass of water moviug in a steady flow through a
steam power plant (Fig. 6.2b).

In the cyclic heat engine, as represented in Fig. 6.2(a), heat Q) is transferred to
the system, work ¥ is done by the system, work W, is done upon the system, and
then heat O, is rejected from the syster». The system is brought back to the initial
state through all these four successive processes which constitute a heat engine
cycle. In Fig. 6.2(b) heat Q, is transferred from the furnace to the water in the
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boiler to form steam which then works on the turbine rotor to produce work W,
then the steam is condensed to water in the condenser in which an amount 0, is
rejected from the system, and finally work W, is done on the system (water) to
pump it to the boiler. The system repeats the cycle.

Q; (a)
— ] B
[| H0 Vapour B L—
AN [ Turbine ——» Wr
Furnace ——b- ) Boiler ——
- [ Condenser* |
H,O
Al = J_OE,_,_ Sea, River or
L—-——| ) VF Armosphere
—— F Pump
(b) Wy

Fig. 6.2  Cyclic heat engine

(a) Heat engine cycle performed by a closed system undergoing four successive energy
interactions with the surroundings

(6) Heat engine cycle performed by a steady flow system interacting with the
surroundings as shown

The net heat transfer in a cycle to either of the heat engines

01 =01 -0, (6.1)
and the net work transfer in a cycle
Wm:l = WT_ Wp (6.2)

(OI’ Wnet = WE - WC}
By the first law of thermodynamics, we have

20=23W

cycle cy:le
Qnet net
or 0-0,= Wp (6.3)

Figure 6.3 represents a cychc heat engine in the form of a block diagram indi-
cating the various energy interactions during a cycle. Boiler (B), turbine (7), con-
denser (C), and pump (P), all four together constitute a heat engine. A heat engine
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is here a certain quantity of water un- Ho0() Q H,0(g)
dergoing the energy interactions, as

shown, in cyclic operations to produce L;f"‘sz |

net work from a certain heat input. Wp— %P T w;
The function of a heat engine cycle L}‘*: C‘_’:_

is to produce work continuously at the Hy0 H,0

expense of heat input to the system. So C"z

the net work W, and heat input Q,

referred to the cycle are of primary ~ Fig. 6.3 Cyclic heat engine with energy
interest, The efficiency of a heat engine interactions represnted in &
or a heat engine cycle is defined as L)

_ Net work output of the cycle
Total heat input to the cycle

= Do (6.4)

From Egs (6.1), (6.2), (6.3), and (6.4)

e _W-Wo _0-0
G o o}

- & (6.5)
o

This is also known as the thermal efficiency of a heat engine cycle. A heat

engine is very often called upon to extract as much work (net) as possible from a
certain heat input, i.e., to maximize the cycle efficiency.

n

]

n

6.3 Energy Reservoirs

A thermal energy reservoir (TER) is defined as a large body of infinite heat
capacity, which is capable of absorbing or rejecting an unlimited quantity of heat
without suffering appreciable changes in its thermodynamic coordinates. The
changes that do take place in the large body as heat enters or leaves are so very
slow and so very minute that all processes within it are quasi-static.

The thermal energy reservoir TERy; from which heat Q, is transferred to the
system operating in a heat engine cycle is called the source. The thermal energy
reservoir TER| to which heat O, is rejected from the system during a cycle is the
sink. A typical source is a constant temperature furnace where fuel is continuously
burnt, and a typical sink is a river or sea or the atmosphere itself.

A mechanical energy reservoir (MER) is a large body enclosed by an adiabatic
impermeable wall capable of storing work as potential energy (such as a raised
weight or wound spring) or kinetic energy (such as a rotating flywheel). All
processes of interest within an MER are essentially quasi-static. An MER
receives and delivers mechanical energy quasi-statically.
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Figure 6.4 shows a cyclic heat engine exchanging heat with a source and a sink
and delivering W, in a cycle to an MER.

TERy
{Source)
'a

Y ow

Fig. 6.4 Cyclic heat engine (CHE) with source and sink

6.4 Kelvin-Planck Statement of Second Law

The efficiency of a heat engine is given by

= H'Inel Q2
= _net _|_ X2
L) 0

Experience shows that W, < 0,, since heat O, transferred to a system cannot
be completely converted to work in a cycle (Article 6.1). Therefore, 17 is less than
unity. A heat engine can never be 100° efficient. Therefore, 0, > 0, i.e., there has
always to be a heat rejection. To produce net work in a thermodynamic cycle, a
heat engine has thus to exchange heat with two reservoirs, the source and the sink.

The Kelvin-Planck statement of the second law states: It is impossible for a
heat engine to produce net work in a complete cycle if it exchanges heat only
with bodies at a single fixed temperature.

If @, =0 (i.e., Wy, = Oy, or 1= 1.00), the heat engine will produce net work
in a complete cycle by exchanging heat with only one reservoir, thus violating the
Kelvin-Planck statement (Fig. 6.5). Such a heat engine is called a perperual
motion machine of the second kind, abbreviated to PMM2. A PMM2 is
impossible.

A heat engine has, therefore, to exchange heat with two thermal energy
reservoirs at two different temperatures to produce net work in a complete cycle
(Fig. 6.6). So long as there is a difference in temperature, motive power
(i.e. work) can be produced. If the bodies with which the heat engine exchanges
heat are of finite heat capacities, work will be produced by the heat engine till the
temperatures of the two bodies are equalized.
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i [
Source at t.
. | Sowestt |
L Q

Y Q Y
ooy |-
@ > Whet=
Q
l Y
Q=0 | Sinkatt, |

Fig. 6.5 A PMM2 Fig. 6.6 Heat engine producing net work in a
cycle by exchanging heat at two different
temperatures

If the second law were not true, it would be possible to drive a ship across the
ocean by extracting heat from the ocean or to run a power plant by extracting heat
from the surrounding air. Neither of these impossibilities violates the first law of
thermodynamics. Both the ocean and the surrounding air contain an enormous
store of internal energy, which, in principle, may be extracted in the form of a
flow of heat. There is nothing in the first law to preclude the possibility of
converting this heat completely into work. The second law is, therefore, a separate
law of nature, and not a deduction of the first law. The first law denies the
possibility of creating or destroying energy; the second denies the possibility of
utilizing energy in a particular way. The continual operation of a machine that
creates its own energy and thus violates the first law is called the PMMI. The
operation of a machine that utilizes the internal energy of only one TER, thus
violating the second law, is called the PMM2.

6.5 Clausius’ Statement of the Second Law

Heat always flows from a body at a higher temperature to a body at a lower
temperature. The reverse process never occurs spontaneously.

Clausius’ statement of the second law gives: It is impossible to construct a
device which, operating in a cycle, will produce no effect other than the transfer
of heat from a cooler to a hotter body.

Heat canot flow of itself from a body at a lower temperature to a body at a
higher temperature. Some work must be expended to achieve this,

6.6 Refrigerator and Heat Pump

A refrigerator is a device which, operating in a cycle, maintains a body at a
temperature lower than the temperature of the surroundings. Let the body 4
(Fig. 6.7) be maintained at t,, which is lower than the ambient temperature #,.
Even though A is insulated, there will always be heat leakage @, into the body
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from the surroundings by virtue of the temperature difference. In order to
maintain, body 4 at the constant temperature f,, heat has to be removed from the
body at the same rate at which heat is leaking into the body. This heat (Q,) is
absorbed by a working fluid, called the refrigerant, which evaporates in the
evaporator E, at a temperature lower than ¢, absorbing the latent heat of
vaporization from the body 4 which is cooled or refrigerated (Process 4-1). The
vapour is first compressed in the compressor C; driven by a motor which absorbs
work W (Process 1-2), and is then condensed in the condenser C, rejecting the
latent heat of condensation Q, at a temperature higher than that of the atmosphere
(att,) for heat transfer to take place (Process 2-3). The condensate then expands
adiabatically through an expander (an engine or turbine) producing work W,
when the temperature drops to a value lower than ¢, such that heat 0, flows from
the body A to make the refrigerant evaporate (Process 3—4). Such a cyclic device
of flow through E,~C,~C,—E, is called a refrigerator. In a refrigerator cycle,
attention is concentrated on the body 4. O, and W are of primary interest. Just
like efficiency in a heat engine cycle, there is a performance parameter in a
refrigerator cycle, called the coefficient of performance, abbreviated to COP,
which is defined as

Atmosphere
! t
3) G @ Atmotsghere
Pt 0
| —*—l—vV*ﬂ.-’\A-V—’—«—_L( . L o
Condenser =
" A q1 .
| Compressor | Rofrigarant

W™
a
Expander Evaporator \l\) C &t O
> VWA
@ & f ®
4& Body A
| Body A ] at fz

|Z ) QZ

We

Q
: (@ (6)
Fig. 6.7 A cyclic refrigeration plant
cop = Desired effect _ 2%
Work input 4
[COP = (6.6)

9 -0
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A heat pump is a device which, operating in a cycle, maintains a body, say B
(Fig. 6.8), at a temperature higher than the temperature of the surroundings. By
virtue of the temperature difference, there will be heat leakage O, from the body
to the surroundings. The body will be maintained at the constant temperature f,, if
heat is discharged into the body at the same rate at which heat leaks out of the
body. The heat is extracted from the low temperature reservoir, which is nothing
but the atmosphere, and discharged into the high temperature body B, with the
expenditure of work W in a cyclic device called a heat pump. The working fluid
operates in a cycle flowing through the evaporator E;, compressor C,, condenser
C, and expander E,, similar to a refrigerator, but the attention is here focussed on
the high temperature body B. Here O, and I are of primary interest, and the COP

is defined as
Q
B
@
| Refrigerant
[ Atmosphere
att,
Fig. 6.8 A oyclic heat pump
COP = 148
W
[COPlyp = ) ?’ o (6.7)
From equations (6.6) and (6.7), it is found that
[COP)yyp, = [COPs + 1 (6.8)

The COP of a heat pump is greater than the COP of a refrigerator by unity.
Equation (6.8) expresses a very interesting feature of a heat pump.

Since 0, =[COPJyp W
=[COP,+ 11W (6.9)
Q, is always greater than W.

For an electrical resistance heater, if W is the electrical energy consumption,
then the heat transferred to the space at steady state is W only, i.e., 0, = W.
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A 1 kW electric heater can give | KW of heat at steady state and nothing more.
In other words, 1 kW of work (high grade energy) dissipates to give 1 kW of heat
(low grade energy), which is thermodynamically inefficient.

However, if this electrical energy W is used to drive the compressor of a heat
pump, the heat supplied Q, will always be more than I, or Q; > W. Thus, a heat
pump provides a thermodynamic advantage over direct heating.

For heat to flow from a cooler to a hotter body, ¥ cannot be zero, and hence,
the COP (both for refrigerator and heat pump) canot be infinity. Therefore,
W >0, and COP <,

6.7 Equivalence of Kelvin-Planck and
Clausius Statements

At first sight, Kelvin-Planck’s and Clausius’ statements may appear to be
unconnected, but it can easily be shown that they are virtually two parallel
statements of the second law and are equivalent in all respects.

The equivalence of the two statements will be proved if it can be shown that
the violation of one statement implies the violation of the second, and vice versa.
(a) Let us first consider a cyclic heat pump P which transfers heat from a low
temperature reservoir (#,) to a high temperature reservoir (¢,) with no other effect,
i.e., with no expenditure of work, violating Clausius statement (Fig. 6.9).

‘ Hot Reservoir at 1, !
|
A YO
—/ |p
!
AQ Yo,
|
‘ Cold Reservoir at t,

Fig. 6.9 Violation of the Clausius statement

Let us assume a cyclic heat engine E operating between the same thermal
energy reservoirs, producing W, in one cycle. The rate of working of the heat
engine is such that it draws an amount of heat O, fror: the hot reservoir equal to
that discharged by the heat pump. Then the hot reservoir may be eliminated and
the heat O, discharged by the heat pump is fed to the heat engine. So we see that
the heat pump P and the heat engine E acting together constitute a heat engine
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operating in cycles and producing net work while exchanging heat only with one
body at a single fixed temperature. This violates the Kelvin-Planck statement.

(b) Let us now consider a perpetual motion machine of the second kind (E)
which produces net work in a cycle by exchanging heat with only one thermal
energy reservoir (atf,) and thus violates the Kelvin-Planck statement (Fig. 6.10).

Let us assume a cyclic heat pump (P) extracting heat @, from a low
temperature reservoir at t, and discharging heat to the high temperature reservoir
at t, with the expenditure of work W equal to what the PMM2 delivers in a
complete cycle. So £ and P together constitute a heat pump working in cycles and
producing the sole effect of transferring heat from a lower to a higher temperature
body, thus violating the Clausius statement.

+ 01 AQ+Qy
I
o 2o
(E) P
I
YQ,=0 AQy

Fig. 6.10 Violation of the Kelvin-Planck statement

6.8 Reversibility and Irreversibility

The second law of thermodynamics enables us to divide all processes into two
classes:

(a) Reversible or ideal process.

(b) Irreversible or natural process.

A reversible process is one which is performed in such a way that at the
conclusion of the process, both the system and the surroundings may be restored
to their initial states, without producing any changes in the rest of the universe.
Let the state of a system be represented by A (Fig. 6.11), and let the system be
taken to state B by following the path A-B. If the system and also the surroundings
are restored to their initial states and no change in the universe is produced, then
the process A-B will be a reversible process. In the reverse process, the system
has to be taken from state B to A by following the same path B-A. A reversible
process should not leave any trace or relic to show that the process had ever
occurred.
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(a) (b)
Fig. 6.11 Reversible process

A reversible process is carried out infinitely slowly with an infinitesimal
gradient, so that every state passed through by the system is an equilibrium
state. So a reversible process coincides with a quasi-static process.

Any natural process carried out with a finite gradient is an irreversible process.
A reversible process, which consists of a succession of equilibrium states, is an
idealized hypothetical process, approached only as a limit. It is said to be an
asymptote to reality. All spontaneous processes are irreversible.

6.9 Causes of Irreversibility

Broken eggs, spilt milk, burnt boats, the wasted years of indolence that the locusts
have eaten are merely proverbial metaphors for irreresibility.

The irreversibility of a process may be due to either one or both of the
following:

(a) Lack of equilibrium during the process.

(b) Involvement of dissipative effects.

6.9.1 [Irreversibilily due to Lack of Equilibrium

The lack of equilibrium (mechanical, thermal or chemical) between the system
and its surroundings, or between two systems, or two parts of the same system,
causes a spontaneous change which is irreversible. The following are specific
examples in this regard:

(a) Heat Transfer through a Finite Temperature Difference A heat
transfer process approaches reversibility as the temperature difference between
two bodies approaches zero. We define a reversible heat transfer process as one
in which heat is transferred through an infinitesimal temperature difference. So to
transfer a finite amount of heat through an infinitesimal temperature difference
would require an infinite amount of time, or infinite area. All actual heat transfer
processes are through a finite temperature difference and are, therefore,
irreversible, and the greater the temperature difference, the greater is the
irreversibility.

We can demonstrate by the second law that the heat transfer through a finite
temperature difference is irreversible. Let us assume that a source at#, and a sink
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atty (¢, > ty) are available, and let Q,,_g be the amount of heat flowing from 4 to
B (Fig. 6.12). Let us assume an engine operating between 4 and B, taking heat 0,
from A and discharging heat O, to B. Let the heat transfer process be reversed,
and Qp_, be the heat flowing from B to 4, and let the rate of working of the engine
be such that

0,=0pa
(Fig. 6.13). Then the sink B may be eliminated. The net result is that E
produces net work W in a cycle by exchanging heat only with 4, thus violating
the Kelvin-Planck statement. So the heat transfer process 0, _j is irreversible,
and @y _, is not possible.

Source A, t, Source A,
19, 1’ Q,
@_. Wi K Y
¥ r r
ran-a 1 Q; A Qs-a ! Q,
Sink B, t; Sink B, tg

Fig. 6.12 Heat transfer through a finite  Fig. 6,13 Heat transfer through a finite
temperature difference temperature difference is
irreversible

(b) Lack of Pressure Equilibrium within the Interior of the System or
between the System and the Surroundings When there exists a difference
in pressure between the system and the surroundings, or within the system itself,
then both the system and its surroundings or the system alone, will undergo a
change of state which will cease only when mechanical equilibrium is
eatablished. The revese of this process is not possible spontaneously without
producing any other effect. That the reverse process will violate the second law
becomes obvious from the following illustration.

(c) Free Expansion Let us consider an insulated container (Fig. 6.14) which
is divided into two compartments 4 and B by a thin diaphragm. Compartment 4
contains a mass of gas, while compartment B is completely evacuated. If the
diaphragm is punctured, the gas in 4 will expand into B until the pressures in 4
and B become equal. This is known as free or unrestrained expansion. We can
demonstrate by the second law, that the process of free expansion is irreversible.

To prove this, let us assume that free expansion is reversible, and that the gas
in B returns into 4 with an increase in pressure, and B becomes evacuated as
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before (Fig. 6.15). There is no other effect. Let us install an engine (a machine,
not a cyclic heat engine) between 4 and B, and permit the gas to expand through
the engine from 4 to B. The engine develops a work output /¥ at the expense of the
internal energy of the gas. The internal energy of the gas (system) in B can be
restored to its initial value by heat transfer O (= W) from a source. Now, by the
use of the reversed free expansion, the system can be restored to the initial state of
high pressure in A and vacuum in B. The net result is a cycle, in which we observe
that net work output W is accomplished by exchanging heat with a single
reservoir. This violates the Kelvin-Planck statement. Hence, free expansion is
irreversible.

The same argument will hold if the compartment B is not in vacuum but at a
pressure lower than that in compartment 4 (case b).
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Fig. 6.14 Free expansion Fig. 6.15 Second law demonstrates that
[ree expansion is irreversible

6.9.2 [Irreversibilily due to Dissipative Effects

The irreversibility of a process may be due to the dissipative effects in which
work is done without producing an equivalent increase in the kinetic or potential
energy of any system. The transformation of work into molecular internal energy
either of the system or of the reservoir takes place through the agency of such
phenomena as friction, viscosity, inelasticity, electrical resistance, and magnetic
hysteresis. These effects are known as dissipative effects, and work is said to be
dissipated. Dissipation of energy means the transition of ordered macroscopic
motion into chaotic molecular motion, the reverse of which is not possible without
violating second law.

(a) Friction Friction is always present in moving devices. Friction may be
reduced by suitable lubrication, but it can never be completely eliminated. If this
were possible, a movable device could be kept in continual motion without
violating either of the two laws of thermodynamics. The continual motion of a
movable device in the complete absence of friction is known as perpetual motion
of the third kind.

That friction makes a process irreversible can be demonstrated by the second
law. Let us consider a system consisting of a flywheel and a brake block
(Fig. 6.16). The flywheel was rotating with a certain rpm, and it was brought to
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rest by applying the friction brake. The distance moved by the brake block is very
small, so work transfer is very nearly equal to zero. If the braking process occurs
very rapidly, there is little heat transfer. Using suffix 2 after braking and suffix 1
before braking, and applying the first law, we have

Brake block

I

| ) JH
\— System boundary
Fig. 6.16 [Irreversibility due lo dissipative effect like friction
Q=5 -E+ W,
0= Ez - E] +0
. E,=E, (6.10)
The energy of the system (isolated) remains constant. Since the energy may

exist in the forms of kinetic, potential, and molecular internal energy, we have
2 2

Up+ ™Y 4 mzg=U, + .m:‘ +mZ,g

Since the wheel is brought to rest, V, = 0, and there is no change in P.E.
mv}
2

Therefore, the molecular internal energy of the system (i.e., of the brake and
the wheel) increases by the absorption of the K.E. of the wheel. The reverse
process, i.e., the conversion of this increase in molecular internal energy into
K_.E. within the system to cause the wheel to rotate is not possible. To prove it by
the second law, let us assume that it is possible, and imagine the following cycle
with three processes:

Process A: Initially, the wheel and the brake are at high temperature as a result of
the absorption of the K.E. of the wheel, and the flywheel is at rest. Let the
flywheel now start rotating at a particular rpm at the expense of the internal
energy of the wheel and brake, the temperature of which will then decrease.
Process B: Letthe flywheel be brought to rest by using its K.E. in raising weights,
with no change in temperature.

Process C: Now let heat be supplied from a source to the flywheel and the brake,
to restore the system to its initial state.

Therefore, the processes A4, B, and C together constitute a cycle producing
work by exchanging heat with a single reservoir. This violates the Kelvin-Planck
statement, and it will become a PMM2. So the braking process, i.e., the
transformation of K.E. into molecular internal energy. is irreversible.

U2=U]+

(6.11)
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(b) Paddle-Wheel Work Transfer < Insulation
Work may be transferred into a system 7 ;:Z(f 77

in an insulated container by means of a TR /
paddle wheel (Fig. 6.17) which is also
known as stirring work. Here work Ry - 7V
transferred is dissipated adiabatically EIITEIIIII S
into an increase in the molecular inter- \~System

nal energy of the system. To prove the Fig. 6.17 Adiabatic work transfer
irreversibility of the process, let us as-

sume that the same amount of work is delivered by the system at the expense of its
molecular internal energy, and the temperature of the system goes down
(Fig. 6.18). The system is brought back to its initial state by heat transfer from a
source. These two processes together constitute a cycle in which there is work
output and the system exchanges heat with a single reservoir. It becomes a
PMM2, and hence the dissipation of stirring work to internal energy is irrevers-
ible.

NANNNN

N

-

AN

—Adiabatic

Diathermic —.
\.

LA
L e

Heat
source

Fig. 6.18 [Irreversibility due to dissipation of strring work into internal energy

(c) Transfer of Electricity through a Resistor The flow of electric current
through a wire represents work transfer, because the current can drive a motor
which can raise a weight. Taking the wire or the resistor as the system (Fig. 6.19)
and writing the first law
Qi2=U, - U+ Wy,

Here both W,_, and Q,_, are negative.
] Wip=U-U+Q (6.12)

A part of the work transfer is stored as an increase in the internal energy of the
wire (to give an increase in its temperature), and the remainder leaves the system
as heat. At steady state, the internal energy and hence the temperature of the
resistor become constant with respect to time and

Wia=012 (6.13)

w — Resistor (system)

Fig. 6.19 [Irreversibility due to dissipation of electrical work into internal energy
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The reverse process, i.e., the conversion of heat O, , into electrical work
W,_, of the same magnitude is not possible. Let us assume that this is possible.
Then heat Q,_, will be absorbed and equal work W,_, will be delivered. But this
will become a PMM2. So the dissipation of electrical work into internal energy or
heat is irreversible.

6.10 Conditions for Reversibility

A natural process is irreversible because the conditions for mechanical, thermal
and chemical equilibrium are not satisfied, and the dissipative effects, in which
work is transformed into an increase in internal energy, are present. For a process
to be reversible, it must not possess these features. If a process is performed
quasi-statically, the system passes through states of thermodynamic equilibrium,
which may be traversed as well in one direction as in the opposite direction. If’
there are no dissipative effects, all the work done by the system during the
performance of a process in one direction can be returned to the system during
the reverse process.

A process will be reversible when it is performed in such a way that the system
is at all times infinitesimally near a state of thermodynamic equilibrium and in
the absence of dissipative effect of any form. Reversible processes are, therefore,
purely ideal, limiting cases of actual processes.

6.11 Carnot Cycle

A reversible cycle is an ideal hypothetical cycle in which all the processes
constituting the cycle are reversible. Carnot cycle is a reversible cycle. For a
stationary system, as in a piston and cylinder machine, the cycle consists of the
following four successive processes (Fig. 6.20):

o /—Diaihermic cover (A)
v

4
S
Adiabatic cover (B) \ : b
- W=
/g 7 X A
/ ' System ' Adiabatic
—
! Sink, tz ‘

Fig. 6.20 Carnot heat engine-stationary system
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(a) A reversible isothermal process in which heat O, enters the system at t,
reversibly from a constant temperature source at f; when the cylinder cover is in
contact with the diathermic cover 4. The internal energy of the system increases.

From First law,

0, =U,-Uj+ W, (6.14)

(for an ideal gas only, U, = U,)

(b) A reversible adiabatic process in which the diathermic cover A is replaced
by the adiabatic cover B, and work W is done by the system adiabatically and
reversibly at the expense of its internal energy, and the temperature of the system
decreases from ¢, to 1,.

Using the first law,

0=U;-U,+ Wy, (6.15)

(c) A reversible isothermal process in which B is replaced by 4 and heat Q,
leaves the system at t, to a constant temperature sink at ¢, reversibly, and the
internal energy of the system further decreases.

From the first law,

-0, =U,-Us— Wy, (6.16)
only for an ideal gas, U; = U,

(d) 4 reversible adiabatic process in which B again replaces 4, and work W,
is done upon the system reversibly and adiabatically, and the internal energy of
the system increases and the temperature rises from ¢, to f,.

Applying the first law,

0=U,-U;- Wy, (6.17)

Two reversible isotherms and two reversible adiabatics constitute a Carnot
cycle, which is represented in p-v coordinates in Fig. 6.21.

Summing up Eqs (6.14) to (6.17),

O -0 =(Wy+ W) - Wy + Wy )
or E Cper = Z Woer

eycle cycle
A cyclic heat engine operating on the Carnot cycle is called a Carnot heat

engine.
_—7— Rev. adiabatics
/7

Rev. isotherm (t1)

~ Rev. isotherm (t2)

—_——y

Fig. 6.21 Carnot cycle
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For a steady flow system, the Carnot cycle is represented as shown in
Fig. 6.22. Here heat Q, is transferred to the system reversibly and isothermally at
f; in the heat exchanger A, work Wy is done by the system reversibly and
adiabatically in the turbine (B), then heat Q, is transferred from the system
reversibly and isothermally at t, in the heat exchanger (C), and then work W} is
done upon the system reversibly and adiabatically by the pump (D). To satisfy the
conditions for the Carnot cycle, there must not be any friction or heat transfer in
the pipelines through which the working fluid flows.

@ H_ Source, i
. | B

Pump (D) Turbine (B)

@|

Fig. 6.22 Carnot heat engine—steady flow system

6.12 Reversed Heat Engine

Since all the processes of the Carnot cycle are reversible, it is possible to imagine
that the processes are individually reversed and carried out in reverse order. When
a reversible process is reversed, all the energy transfers associated with the
process are reversed in direction, but remain the same in magnitude. The reversed
Camot cycle for a steady flow system is shown in Fig. 6.23. The reversible heat
engine and the reversed Carnot heat engine are represented in block diagrams in
Fig. 6.24. If E is a reversible heat engine (Fig. 6.24a), and if it is reversed
(Fig. 6.24b), the quantities Q,, 0, and W remain the same in magnitude, and only
their directions are reversed. The reversed heat engine 3 takes heat from a low
temperature body, discharges heat to a high temperature body, and receives an
inward flow of network.

The names heat pump and refrigerator are applied to the reversed heat engine,
which have already been discussed in Sec. 6.6, where the working fluid flows
through the compressor (B), condenser (A), expander (D), and evaporator (C) to
complete the cycle.
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10 .

W~ Flow | _—System
_E1—]""“' : boundry

Heat exchanger (4)

ty l lL_ t4 ‘

Q1 a1
J AN [ VAN
We |D E B-—h-wr We=—| D 3/‘3 . Wr
—— o Whet = Wr-We
Co ) W= W~ Wo ¢ -
QY Q;
fa 1 ]
() (b)

Fig. 6.24 Carnot heat engine and reversed Carnot heat engine shown in block diagrams

6.13 Carnot’s Theorem

It states that of all heat engines operating between a given constant temperature
source and a given constant temperature sink, none has a higher efficiency
than a reversible engine.

Let two heat engines E, and Ejy operate between the given source at
temperature f, and the given sink at temperature t, as shown in Fig. 6.25.

Let E, be any heat engine and Ey be any reversible heat engine. We have to
prove that the efficiency of Ey is more than that of E,. Let us assume that this is
not true and 1, > 7. Let the rates of working of the engines be such that

Qia=0=0
Since 1, > N
L/ Y
Qi.& QIB



130 — Basic and Applied Thermodynamics

e

[ Qia *Q‘iB
(@ (@]

‘ Sink £ ‘

Fig. 6.25 Two cyclic heat engines E; and Ey operating between the
same source and sink, of which Eg is reversible

Now, let E be reversed. Since Ey; is a reversible heat engine, the magnitudes
of heat and work transfer quantities will remain the same, but their directions will

be reversed, as shown in Fig. 6.26. Since W, > Wy, some part of ¥, (equal to
W) may be fed to drive the reversed heat engine 35,

‘ Source, 1y ‘
Qua A Qi
Wy
E - -
(=
f Qaa A Qon

|

( " sk,

Fig. 6.26 Ep is reversed

Since 0,4 = 0,5 = 0, the heat discharged by I may be supplied to E,. The
source may, therefore, be eliminated (Fig. 6.27). The net result is that £, and 3
together constitute a heat engine which, operating in a cycle, produces net work
W, — Wg, while exchanging heat with a single reservoir at t,. This violates the
Kelvin-Planck statement of the second law. Hence the assumption that n, > ngis
wrong.

Therefore Mg 2 1A
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Qia=Qy Qe=0h

‘ Sink, t; i
Fig. 6.27 E, and 3y together violate the K-P statement

6.14 Corollary of Carnot’s Theorem

The efficiency of all reversible heat engines operating between the same
temperature levels is the same.

Let both the heat engines E, and Ey (Fig. 6.25) be reversible. Let us assume
1, > Ng. Similar to the procedure outlined in the preceding article, if Ey is
reversed to run, say, as a heat pump using some part of the work output (W,) of
engine E,, we see that the combined system of heat pump Ej and engine E,,
becomes a PMM2. So 1, cannot be greater than ng. Similarly, if we assume
g > 1, and reverse the engine E,, we observe that 1 cannot be greater than 1.
Therefore Na=1Ms

Since the efficiencies of all reversible heat engines operating between the same
heat reservoirs are the same, the efficiency of a reversible engine is independent
of the nature or amount of the working substance undergoing the cycle.

6.15 Absolute Thermodynamic Temperature Scale

The efficiency of any heat engine cycle receiving heat 0, and rejecting heat 0, is
givenby

o 0

By the second law, it is necessary to have a temperature difference (¢, — ;) to

obtain work of any cycle. We know that the efficiency of all heat engines

operating between the same temperature levels is the same, and it is independent

of the working substance. Therefore, for a reversible cycle (Carnot cycle), the

efficiency will depend solely upon the temperatures ¢, and ¢,, at which heat is
transferred, or

p=the 0-0 | O (6.18)
. _

Neew =S (11, 1) (6.19)
where f'signifies some function of the temperatures. From Egs (6.18) and (6.19)



132 — Basic and Applied Thermodynamics

- o _ [
Ql f( 1 I}
In terms of a new function F
Q‘- = F(t, t,) (6.20)

If some functional relanonslnp is assigned between ¢, t, and Q,!Qz, the
equation becomes the definition of a temperature scale.

Let us consider two reversible heat engines, £, receiving heat from the source
at 1|, and rejecting heat at #, to E, which, in turn, rejects heat to the sink at t,
(Fig. 6.28).

’ Heat resarvoir, b ‘

o

Q

— Wi Q- Q;

919

=Wy = Q- O

Qs
Heat reservoir, #3 |
Fig. 6.28 Three Carnot engines

Now & IHEI! IZ}; -Q_Z_ HtZI f})

0] O

£, and £, together constitute another heat engine E; operating between ¢, and ;.
o

S

=F(, 1)

Now

or —_— —F(fl, fz}_ F(rl’ fj)

) F(t, ;)

The temperatures 7,, £, and t; are arbitrarily chosen. The ratio Q,/Q, depends

only on, and t,, and is independent of 1;. So ¢; will drop out from the ratio on the

right in equation (6.21). After it has been cancelled, the numerator can be written

as ¢(r)), and the denominator as §(t;), where ¢ is another unknown function.
Thus

(6.21)
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1o =F(t,t)= Kr)
L&} o)

Since @(¢) is an arbitrary function, the simplest possible way to define the
absolute thermodynamic temperature T is to let ¢(1) = T, as proposed by Kelvin.
Then, by definition

Q =5 (6.22)
o o

The absolute thermodynamic temperature scale is also known as the Kelvin
scale. Two temperatures on the Kelvin scale bear the same relationship to each
other as do the heats absorbed and rejected respectively by a Carnot engine
operating between two reservoirs at these temperatures. The Kelvin temperature
scale is, therefore, independent of the peculiar characteristics of any particular
substance.

The heat absc*” *d Q, and the heat rejected Q, during the two reversible
isothermal processes bounded by two reversible adiabatics in a Carnot engine
. can be measured. In defining the Kelvin temperature scale also, the triple point of
water is taken as the standard reference point. For a Carnot engine operating
between reservoirs at temperatures 7 and T7;, T, being the triple point of water
(Fig. 6.29), arbitrarily assigned the value 273.16 K,

Q_T
o T
- Y%
T=273.16 £ (6.23)
)

If this equation is compared with the equations given in Article 2.3, it is seen
that in the Kelvin scale, Q plays the role of thermometric property. The amount
of heat supply Q changes with change in temperature, just like the thermal emfin
a thermocouple.

It follows from the Eq. (6.23),

r=273.16 <

-
that the heat transferred isothermally between the given adiabatics decreases as
the temperature decreases. Conversely, the smalier the value of Q, the lower the
corresponding T'. The smallest possible value of 0 is zero, and the corresponding
T is absolute zero. Thus, if a system undergoes a reversible isothermal process
without transfer of heat, the temperature at which this process takes place is called
the. absolute zero. Thus, at absolute zero, an isotherm and an adiabatic are

identical.

That the absolute thermodynamic temperature scale has a definite zero point
can be shown by imagining a series of reversible engines, extending from a source

at T to lower temperatures (Fig. 6.30).
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Since
L _9
L &
L
Q
(& f-weaa
T 1
, Q;
‘;T_l EEZ"—“' Wz=Q-Q;
¥Q Ly
~ T3 Ml
@—w Whet Qs
r (& o
14 Qe
f Ty=273.16K ’ To—m———
Q
Fig. 6.29 Carnot heat engine with Fig. 6.30 Heat engines operating in series
sink at triple point of water
L-7,_90-0
n o
or T-Ty=(Ci- 0) =
1~ 12 1 0
Similarly
T
hL-T,=(0- 03 aj
T
=(0,- Qa)‘Q'zL
T,-T,=(0,- 00 =
3~ 14 3 o
and so on.

IfT, -T,=T,-Ty=T, - T, =.., assuming equal temperature intervals
01-0=0,-0,=0;-0s=...
or W =W,=W;=..
Conversely, by making the work quantities performed by the engines in series
equal (W)= W, = W3 =...), we will get
T-Ty=T,~T3=T,~Ty=..
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at equal temperature intervals. A scale having one hundred equal intervals
between the steam point and the ice point could be realized by a series of one
hundred Camot engines operating as in Fig. 6.30. Such a scale would be
independent of the working substance.

If enough engines are placed in series to make the total work output equal to
Q,, then by the first law the heat rejected from the last engine will be zero. By the
second law, however, the operation of a cyclic heat engine with zero heat rejection
cannot be achieved, although it may be approached as a limit. When the heat
rejected approaches zero, the temperature of heat rejection also approaches zero
as a limit. Thus it appears that a definite zero point exists on the absolute
temperature scale but this point cannot be reached without a violation of the
second law.

Thus any attainable value of absolute temperature is always greater than zero.
This is also known as the Third Law of Thermodynamics which may be stated as
follows: It is impossible by any procedure, no matter how idealized, to reduce
any system to the absolute zero of temperature in a finite number of operations.

This is what is called the Fowler-Guggenheim statement of the third law. The
third law itself is an independent law of nature, and not an extension of the second
law. The concept of heat engine is not necessary to prove the non-attainability of
absolute zero of temperature by any system in a finite number of operations.

6.16 Efficiency of the Reversible Heat Engine

The efficiency of a reversible heat engine in which heat is received solely at T is

found to be
9, 5I
Meev =11 =l—[—3* =1-
!W QI rev "ﬁ
or nm=—L;T2
i

It is observed here that as T, decreases, and T increases, the efficiency of the
reversible cycle increases.

Since 7 is always less than unity, T, is always greater than zero and positive.
The COP of a refrigerator is given by

% __1
(COPes oQ-0 & -1
0

For a reversible refrigerator, using
o 4
g L
[COP. i)er = L
Lh-T

(6.24)
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Similarly, for a reversible heat pump
i
L-T

[COPy sl = 625) "

6.17 Equality of Ideal Gas Temperature and
Kelvin Temperature

Let us consider a Carnot cycle executed by an ideal gas, as shown in Fig. 6.31.

a Reversible
Adiabatics
Q
= w I
A|C | p,/ Reversible
Y /."{ Isotherms

in \r\\\c\
W ﬂz

—7
Fig. 6.31 Carnot cycle of an ideal gas

The two isothermal processes a~b and ¢—d are represented by equilateral
hyperbolas whose equations are respectively
pV =nR 9]
and pV=‘ H'R 82
For any infinitesimal reversible process of an ideal gas, the first law may be
written as
&0 =C,do+pdV
Applying this equation to the isothermal process a—b, the heat absorbed is
found to be

fpdV= T"Re‘ dV=nR0, lnL

K h a

Similarly, for the isothermal process c—d, the heat rejected is

Ve
Ql—nRﬁzand
0 8, [n%
1 _ a
=l - (6.26)
[
% g,;n--
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Since the process b—c is adiabatic, the first law gives

nRBdV
V

~C,d0=pdV =

1 ?c o _ ¥

ﬂRazve PL

Similarlv, for the adiabatic process d—a

. ..E =In _I:q_
8 A
A
h %
_— 6.27
or v, 7 (6.27)
Equation (6.26) thus reduces to
o i (6.28)
o 0
Kelvin temperature was defined by Eq. (6.22)
o _n
o L

If 8 and T refer to any temperature, and 6, and T, refer to the triple point of
water,

.1
6 T
Since 6, = I, = 273.16 K, it follows that
e=r1 (6.29)

The Kelvin temperature is, therefore, numerically equal to the ideal gas
temperature and may be measured by means of a gas thermometer.

6.18 Types of Irreversibility

It has been discussed in Sec. 6.9 that a process becomes irreversible if it occurs
due to a finite potential gradient like the gradient in temperature or pressure, or if
there is dissipative effect like friction, in which work is transformed into internal
energy increase of the system. Two types of irreversibility can be distinguished:

(a) Internal irreversibility
(b) External irreversibility
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The internal irreversibility is caused by the internal dissipative effects like
friction, turbulence, electrical resistance, magnetic hysteresis, etc. within the
system. The external irreversibility refers to the irreversibility occurring at the
system boundary like heat interaction with the surroundings due to a finite
temperature gradient.

Sometimes, it is useful to make other distinctions. If the irreversibility of a
process is due to the dissipation of work into the increase in internal energy of a
system, or due to a finite pressure gradient, it is called mechanical irreversibili-
ty. If the process occurs on account of a finite temperature gradient, it is thermal
irreversibility, and if it is due to a finite concentration gradient or a chemical
reaction, it is called chemical irreversibility.

A heat engine cycle in which there is a temperature difference (i) between the
source and the working fluid during heat supply, and (ii) between the working
fluid and the sink during heat rejection, exhibits external thermal irreversibility.
If the real source and sink are not considered and hypothetical reversible
processes for heat supply and heat rejection are assumed, the cycle can be
reversible. With the inclusion of the actual source and sink, however, the cycle
becomes externally irreversible.

SOLVED EXAMPLES

Example 6.1 A cyclic heat engine operates between a source temperature of
800°C and a sink temperature of 30°C. What is the least rate of heat rejection per
kW net output of the engine?

Solution For a reversible engine, the rate of heat rejection will be minimum

(Fig. Ex. 6.1).
T,=1073K |
Source |

Ya,
@—»— W= Q- Q, = kW

Yo,

Sink
T,=303K
Fig. Ex. 6.1
T
Mhnax = They = 1 = =
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_q_30+273
800 + 273

=1-0282=0.718

Now E‘!‘—=qm=0.'?18
e}
O = 0718 = 1.392 kW

Now Qz = Q[ - WM[ =1.392-1

=0.392 kW -

This is the least rate of heat rejection.

— 139

Example 6.2 A domestic food freezer maintains a temperature of -15°C. The
ambient air temperature is 30°C. If heat leaks into the freezer at the continuous
rate of 1.75 kl/s what is the least power necessary to pump this heat out

continuously?
Solution Freezer temperature,
T,=-15+273=258K
Ambient air temperature,
Ty =30+273=303K

The refrigerator cycle removes heat from the freezer at the same rate at which

heat leaks into it (Fig. Ex. 6.2).

‘ Ambient air T,= 303 K
F

e

Q
‘ |
w R Al

A 02

Freezer T, =258 K

]

Qy=175kdis
Fig. Ex. 62

For minimum power requirement

2 _9
L 7



140 —— Basic and Applied Thermodynamics

1.75
=—=x =2.06 kl/;
o 258 303 : *

W=0 -0,
=2.06-1.75=031kl/s
=031 kW

Example 6.3 A reversible heat engine operates between two reservoirs at
temperatures of 600°C and 40°C. The engine drives a reversible refrigerator
which operates between reservoirs at temperatures of 40°C and — 20°C. The heat
transfer to the heat engine is 2000 kJ and the net work output of the combined
engine refrigerator plant is 360 kJ.
(a) Evaluate the heat transfer to the refrigerant and the net heat transfer to the
reservoir at 40°C.
(b) Reconsider (a) given that the efficiency of the heat engine and the COP of
the refrigerator are each 40% of their maximum possible values.

Solution (a) Maximum efficiency of the heat engine cycle (Fig. Ex. 6.3) is given

by
T,=873K ‘ T3=253 KJ
N— S
Y@, =2000kJ Yo,
[ w. W, |
G P )
| + [l
Y9  w=360ks YQ3=Qu+ W,
‘ Tp=313K ’
Fig. Ex. 63
T, 313
=]l-—==1-=—=1-0.358=0.642
Mnax r 73
Agai i 0.642
dain - = U
& Q

. W, =0.642 x 2000 = 1284 kJ
Maximum COP of the refrigerator cycle

L __ 25 _4o;
L-7, 313-253

(COP)yyy =

Also COP = O 4.22
W,
Since W, W,=W=360kJ
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- Wy=W,— W=1284 -360=924kJ
0,=4.22x924=3899 k]
0,=0,+ W,=924 + 3899 = 4823 kJ
0;,=0,- W, =2000-1284=716kJ
Heat rejection to the 40°C reservoir
=0, + 0y =716+4823 = 5539 kJ Ans. (a)
(b) Efficiency of the actual heat engine cycle
N =04 Moy = 0.4 % 0.642
W, =0.4x0.642 x 2000
=513.6kJ
W,=1513.6 —360 = 153.6 kJ
COP of the actual refrigerator cycle

cop= —04x422=169
",

Therefore
Q,=153.6x1.69=259.6 k] Ans. (b)
0;=259.6+153.6=413.2 k]
0, =0, - W, =2000-513.6 = 1486.4 kJ
Heat rejected to the 40°C reservoir
=0, +0,=413.2+14864=1899.6 k]  Ans. (b)
Example 6.4 Which is the more effective way to increase the efficiency of a
Camot engine: to increase T, keeping T, constant; or to decrease T, keeping T
constant?
Solution The efficiency of a Camot engine is given by
-1_5b
n=1-3
If T, is constant

[a )T
! 2

As T, increases, 1] increases, and the slope ['a?IJ decreases (Fig. Ex. 6.4.1).
T.

2

~“2,|~"!

If T is constant,

( ﬂ] - L
CLY P ;

As T, decreases, 1 increases, but the slope [a—n) remains constant
(Fig. Ex. 6.4.2). 5
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1.0 f---
Slope =-1IT
X
!
° T2 >/
—T 1
Fig. Ex. 6.4.1 Fig. Ex. 6.4.2
m) % [ﬂ] e
Also [ar. L B R T
! o 21)
Since N,>T, ( oL, JTI > ( ar A

So, the more effective way to increase the efficiency is to decrease 7.
Alternatively, let T, be decreased by AT with T, remaining the same

T, - AT
i
If T is increased by the same A7, T, remaining the same

m=1-

ﬂ2=}. __TL..

T L +AT
Then
__n L -AT
h-m= L+AT 7
_ (T - 5,)AT +(AT)
- LG +AT)
Since I >0 (m-m)>0

The more effective way to increase the cycle efficiency is to decrease 7.

Example 6.5 Kelvin was the first to point out the thermodynamic wastefulness
of burning fuel for the direct heating of a house. It is much more economical to use
the high temperature heat produced by combustion in a heat engine and then to
use the work so developed to pump heat from outdoors up to the temperature
desired in the house. In Fig. Ex. 6.5 a boiler furnishes heat Q, at the high
temperature T,. This heat is absorbed by a heat engine, which extracts work W
and rejects the waste heat @, into the house at 7,. Work W is in turn used to
operate a mechanical refrigerator or heat pump, which extracts Q; from outdoors
at temperature T and rejects 0, (where 0", = O, + W) into the house. As a result
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of this cycle of operations, a total quantity of heat equal to O, + (", is liberated in
the house, against @, which would be provided directly by the ordinary
combustion of the fuel. Thus the ratio (Q, + (',)/Q, represents the heat
multiplication factor of this method. Determine this multiplication factor if
T,=473K,T,=293K,and T; =273 K.

Solution For the reversible heat engine (Fig. Ex. 6.5)

Outdoors
|73 ay
Fig. Ex. 6.5
8 _ 0
Q 1
-0 |
O, QI(?]]
w_ThL-T
Also n=—
o} T
T -T,
W= -1 2.
or 7 (o)

For the reversible heat pump

COP=25—=—'T2

WwoL-T,

T, T -T
=2 1 2.
125 L7, T, o)

.. Multiplication factor (M.F.)
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T T L -T
, Q|—2+Q-—2-#
_o+0 % T h-T, 1§
2} : ?)
or M_FIETZE"?}B+?ET[_EZ
LT, - T)
o M. < B -T)
LT -T)
Here N =473K, T,=293Kand T, =273 K
F = 293 (473 -273) = 2930 _ 63 Ans.

473(293-273) 473

which means that every kg of coal burned would deliver the heat equivalent to
over 6 kg. Of course, in an actual case, the efficiencies would be less than Carnot
efficiencies, but even with a reduction of 50%, the possible savings would be
quite significant.

Example 6.6 Itis proposed that solar energy be used to warm a large collector
plate. This energy would, in turn, be transferred as heat to a fluid within a heat
engine, and the engine would reject energy as heat to the atmosphere. Experiments
indicate that about 1880 kJ/m” h of energy can be collected when the plate is
operating at 90°C. Estimate the minimum collector area that would be required
for a plant producing 1 kW of useful shaft power. The atmospheric temperature
may be assumed to be 20°C.

Solution The maximum efficiency for the heat engine operating between the
collector plate temperature and the atmospheric temperature is

L 293
M = 1 — T —i—?‘E—O.IQZ

The efficiency of any actual heat engine operating between these temperatures
would be less than this efficiency.

__W_ _1Kklis
Onin = 3 —=0.102
= 18,800 kl/h
~. Minimum area required for the collector plate
_ 18,800
1880

=521kl/s

=10 m? Ans.

Example 6.7 A reversible heat engine in a satellite operates between a hot
reservoir at T) and a radiating panel at 7,. Radiation from the panel is
proportional to its area and to T5'. For a given work output and value of T} show

that the area of the panel will be minimum when =% =0.75.
1
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Determine the minimum area of the panel for an output of 1 kW if the constant
of proportionality is 5.67 x 10~ W/m*K* and T, is 1000 K.
Solution For the heat engine (Fig. Ex. 6.7), the heat rejected @, to the panel
(at T,) is equal to the energy emitted from the panel to the surroundings by
radiation. If 4 is the area of the panel, O, = AT, or O, = KAT;, where Kis a
constant.

Now n=——=——=

or

A=—- = 3 _ 4
K (L -T) K4 -T)
For a given W and T, A will be minimum when

d4 4 §
E =% G135 -4T)- (T3 -T) 2 =0
Since (T3 - Ty 2 #0,3T,TE = 4T3
£ =0.75 Proved.
i
Agin = 3 3W
K(0.75) (T, - 0.75T;)
W _ 256W
k2L 27KT
256
Here W=1kW, K=5.67x 10" W/m® K%, and 7, = 1000 K

4 = 256 x 1kW x m?K*
27 % 5.67 x 107°W x (1000)* K*
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256 x 10° 3
27%5.67 %1078 x 10"
=0.1672 m* Ans.

REVIEW QUESTIONS

6.1

6.2
6.3
6.4
6.5
6.6

6.7
6.8
6.9
6.10
6.11

6.12
6.13
6.14
6.15
6.16
6.17

6.18

6.19
6.20
6.21
6.22

6.23

6.24
6.25
6.26
6.27
6.28

6.29
6.30
6.31

What is the qualitative difference between heat and work? Why are heat and
work not completely interchangeable forms of energy?

What is a cyclic heat engine? .

Explain a heat engine cycle performed by a closed system.

Explain a heat engine cycle performed by a steady flow system.

Define the thermal efficiency of a heat engine cycle. Can this be 100%?

Draw a block diagram showing the four energy interactions of a cyclic heat
engine.

What is a thermal energy reservoir? Explain the terms ‘source’ and *sink’

What is a mechanical energy reservoir?

Why can all processes in a TER or an MER be assumed to be quasi-static?
Give the Kelvin-Planck statement of the second law.

To produce net work in a thermodynamic cycle, a heat engine has to exchange
heat with two thermal reservoirs. Explain.

What is a PMM2? Why is it impossible?

Give the Clausius’ statement of the second law.

Explain the operation of a cyclic refrigerator plant with a block diagram.

Define the COP of a refrigerator.

‘What is a heat pump? How does it differ from a refrigerator?

Can you use the same plant as a heat pump in winter and as a refrigerator in
summer? Explain.

Show that the COP of a heat pump is greater than the COP of a refrigerator by
unity.

Why is direct heating thermodynamically wasteful?

How can a heat pump upgrade low grade waste heat?

Establish the equivalence of Kelvin-Planck and Clausius statements.

‘What is a reversible process? A reversible process should not leave any evidence
to show that the process had ever occurred. Explain.

How is a reversible process only a limiting process, never to be attained in
practice?

All spontaneous processes are irreversible. Explain.

What are the causes of irreversibility of a process?

Show that heat transfer through a finite temperature difference is irreversible.
Demonstrate, using the second law, that free expansion is irreversible.

What do you understand by dissipative effects? When is work said to be
dissipated?

Explain perpetual motion of the third kind.

Demonstrate using the second law how friction makes a process irreversible.
When a rotating wheel is brought to rest by applying a brake, show that the
molecular internal energy of the system (of the brake and the wheel) increases.



6.32
6.33

6.34
6.35

6.36
6.37
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Show that the dissipation of stirring work to internal energy is irreversible.
Show by second law that the dissipation of electrical work into internal energy or
heat is irreversible.

What is a Carnot cycle? What are the four processes which constitute the cycle?
Explain the Camnot heat engine cycle executed by: (a) a stationary system, and (b)
a steady flow system.

What is a reversed heat engine?

Show that the efficiency of a reversible engine operating between two given
constant temperatures is the maximum.

6.38 Show that the efficiency of all reversible heat engines operating between the same
temperature levels is the same.

6.39 Show that the efficiency of a reversible engine is independent of the nature or
amount of the working substance going through the cycle.

6.40 How does the efficiency of a reversible cycle depend only on the two temperatures
at which heat is transferred?

6.41 What is the absolute thermodynamic temperature scale? Why is it called
absolute?

6.42 How is the absolute scale indepdent of the working substance?

6.43 How does Q play the role of thermometric property in the Kelvin Scale?

6.44 Show that a definite zero point exists on the absolute temperature scale but that
this point cannot be reached without a violation of the second law.

6.45 Give the Fowler-Guggenheim statement of the third law.

6.46 Is the third law an extension of the second law? Is it an independent law of
nature? Explain.

6.47 How does the efficiency of a reversible engine vary as the source and sink
temperatures are varied? When does the efficiency become 100%?

6.48 For a given T,, show that the COP of a refrigerator increases as T decreases.

6.49 Explain how the Kelvin temperature can be measured with a gas thermometer.

6.50 Establish the equality of ideal gas temperature and Kelvin temperature.

6.51 What do you understand by internal irreversibility and external irreversibility?

6.52 Explain mechanical, thermal and chemical irreversibilities.

6.53 A Carnot engine with a fuel bumning device as source and a heat sink cannot be
treated as a reversible plant. Explain,

PROBLEMS

6.1 An inventor claims to have developed an engine that takes in 105 MKJ at a
temperature of 400 K, rejects 42 MJ at a temperature of 200 K, and delivers
15 kWh of mechanical work. Would you advise investing money to put this
engine in the market?
6.2 If a refrigerator is used for heating purposes in winter so that the atmosphere

becomes the cold body and the room to be heated becomes the hot body, how
much heat would be available for heating for each kW input to the driving motor?
The COP of the refrigerator is 5, and the electromechanical efficiency of the motor
is 90%. How does this compare with resistance heating?

Ans, 5.4 kW, 1kW
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6.3

6.4

6.5

6.6

6.7

6.8

6.9

Using an engine of 30% thermal efficiency of drive a refrigerator having a COP
of 5, what is the heat inpuit into the engine for each MJ removed from the cold
body by the refrigerator?
Ans. 666.67 kJ
If this system is used as a heat pump, how many MJ of heat would be available
for heating for each MJ of heat input to the engine?
Ans. 1.8 MJ
An electric storage battery which can exchange heat only with a constant
temperature atmosphere goes through a complete cycle of two processes. In
process 1-2, 2.8 kWh of electrical work flow into the battery while 732 kJ of heat
flow out to the atmosphere. During process 2—1, 2.4 kWh of work flow out of the
battery. (a) Find the heat transfer in process 2-1. (b) If the process 1-2 has
occurred as above, does the first law or the second law limit the maximum
possible work of process 2—-1? What is the maximum possible work? (c) If the
maximum possible work were obtained in process 2-1, what will be the heat
transfer in the process?
(a) - 708 kJ (b) Second law, W,_, =9348kJ (¢) 05, =0
A houschold refrigerator is maintained at a temperature of 2°C. Every time the
door is opened, warm material is placed inside, introducing an average of 420 kJ,
but making only a small change in the temperature of the refrigerator. The door is
opened 20 times a day, and the refrigerator operates at 15% of the ideal COP. The
cost of work is 32 paise per kWh. What is the monthly bill for this refrigerator?
The atmosphere is at 30°C.
Ans. Rs. 15.20
A heat pump working on the Camot cycle takes in heat from a reservoir at 5°C
and delivers heat to a reservoir at 60°C. The heat pump is driven by a reversible
heat engine which takes in heat from a reservoir at 840°C and rejects heat to a
reservoir at 60°C. The reversible heat engine also drives a machine that absorbs
30 kW, If the heat pump extracts 17 kJ/s from the 5°C reservoir, determine (a)
the rate of heat supply from the 840°C source, and (b) the rate of heat rejection to
the 60°C sink.
Ans. (a) 47.61 kW; (b) 34.61 kW
A refrigeration plant for a food store operates with a COP which is 40% of the
ideal COP of a Carnot of refrigarator. The store is to be maintained at a
temperature of -5°C and the heat transfer from the store to the cycle is at the rate
of 5 kW. Ifheat is transferred from the cycle to the atmosphere at a temperature of
25°C, calculate the power required to drive the plant and the heat discharged to
the atmosphere.
Ans. 4.4 kW, 6.4 kW
A heat engine is used to drive a heat pump. The heat transfers from the heat
engine and from the heat pump are used to heat the water circulating through the
radiators of a building. The efficiency of the heat engine is 27% and the COP of
the heat pump is 4. Evaluate the ratio of the heat transfer to the circulating water
to the heat transfer to the heat engine.
Ans. 1.81
If 20 kJ are added to a Carnot cycle at a temperature of 100°C and 14.6 kJ are
rejected at 0°C, determine the location of absolute zero on the Celsius scale.
Ans. =270.37°C
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Two reversible heat engines 4 and B are arranged in series, 4 rejecting heat
directly to B. Engine A receives 200 kJ at a temperature of 421°C from a hot
source, while engine B is in communication with a cold sink at a temperature of
4.4°C. If the work output of A is twice that of B, find (a) the intermediate
temperature between 4 and B, (b) the efficiency of each engine, and (c) the heat
rejected to the cold sink.
Ans. 143.4°C, 40% & 33.5%, 80 kJ
A heat engine operates between the maximum and minimum temperatures of
671°C and 60°C respectively, with an efficiency of 50% of the appropriate Carnot
efficiency. It drives a heat pump which uses river water at 4.4°C to heat a block
of flats in which the temperature is to be maintained at 21.1°C. Assuming that a
temperature difference of 11.1°C exists between the working fluid and the river
water, on the one hand, and the required room temperature on the other, and
assuming the heat pump to operate on the reversed Camot cycle, but with a COP
of 50% of the ideal COP, find the heat input to the engine per unit heat output
from the heat pump. Why is direct heating thermodynamically more wasteful?
Ans. 0.79 kJ/k] heat input
An ice-making plant produces ice at atmospheric pressure and at 0°C from water
at 0°C. The mean temperature of the cooling water circulating through the
condenser of the refrigerating machine is 18°C. Evaluate the minimum electrical
work in kWh required to produce 1 tonne of ice. (The enthalpy of fusion of ice at
atmospheric pressure is 333.5 kl/kg).
Ans. 6.11 kWh
A reversible engine works between three thermal reservoirs, 4, B and C. The
engine absorbs an equal amount of heat from the thermal reservoirs 4 and B kept
at temperatures T, and Ty respectively, and rejects heat to the thermal reservoir C
kept at temperature 7. The efficiency of the engine is o times the efficiency of
the reversible engine, which works between the two reservoirs A and C. Prove
that

Tn Ta
| T Qa-1)+2(1-a) T
A reversible engine operates between temperatures T, and T(T, > 7). The energy
rejected from this engine is received by a second reversible engine at the same
temperature T. The second engine rejects energy at temperature 75 (T, <T). Show
that (a) temperature T is the arithmetic mean of temperatures T; and T; if the
engines produce the same amount of work output, and (b) temperature T is the
geometric mean of temperatures T, and T if the engines have the same cycle
efficiencies.
Two Camot engines A and B are connected in series between two thermal
reservoirs maintained at 1000 K and 100 K respectively. Engine A receives
1680 kJ of heat from the high-temperature reservoir and rejects heat to the Carnot
engine B. Engine B takes in heat rejected by engine A and rejects heat to the low-
temperature reservoir. If engines A and B have equal thermal efficiencies,
determine (a) the heat rejected by engine B, (b) th.. temperature at which heat is
rejected by engine 4, and (c) the work done during the process by engines A and
B respectively. If engines 4 and B deliver equal work, determine (d) the amount
of heat taken in by engine B, and (e) the efficiencies of engines 4 and B.
Ans. (a) 168 kJ, (b) 316.2 K, (c) 1148.7, 363.3 kJ,
(d) 924 kJ, (e) 45%, 81.8%.
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6.16

6.17

6.18

6.19

6.20

6.21

6.22

A heat pump is to be used to heat a house in winter and then reversed to cool the
house in summer. The interior temperature is to be maintained at 20°C. Heat
transfer through the walls and roof is estimated to be 0.525 kJ/s per degree
temperature difference between the inside and outside. (a) If the outside
temperature in winter is 5°C, what is the minimum power required to drive the
heat pump? (B) If the power output is the same as in part (a), what is the
maximum outer temperature for which the inside can be maintained at 20°C?
Ans. (a) 403 W, (b) 35°C.
Consider an engine in outer space which operates on the Camot cycle. The only
way in which heat can be transferred from the enging is by radiation. The rate at
which heat is radiated is proportional to the fourth power of the absolute
temperature T, and to the area of the radiating surface. Show that for a given
power output and a given T, the area of the radiator will be a minimum when

5 _3

n 4
It takes 10 kW to keep the interior of a certain house at 20°C when the outside
temperature is 0°C. This heat flow is usually obtained directly by burning gas or
oil. Calculate the power required if the 10 kW heat flow were supplied by
operating a reversible heat put with the house as the upper reservoir and the
outside surroundings as the lower reservoir.
Ans. 0.6826 kW
Prove that the COP of a reversible refrigerator operating between two given
temperatures is the maximum.
A house is to be maintained at a temperature of 20°C by means of a heat pump
pumping heat from the atmosphere. Heat losses through the walls of the house
are estimated at 0.65 kW per unit of temperature difference between the inside of
the house and the atmosphere. (a) If the atmospheric temperature is ~10°C, what
is the minimum power required to drive the pump? (b) It is proposed to use the
same heat pump to cool the house in summer. For the same room temperature,
the same heat loss rate, and the same power input to the pump, what is the
maximum permissible atmospheric temperature?
Ans. 2 kW, 50°C.
A solar-powered heat pump receives heat from a solar collector at T}, rejects heat
to the atmosphere at T, and pumps heat from a cold space at 7. The three heat
transfer rates are 0, Q,, and O, respectively. Derive an expression for the
minimum ratio Q,/Q,, in terms of the three temperatures.
If T, =400K, 7, = 300K, T, =200 K, Q. = 12 kW, what is the minimum 0,? If
the collector captures 0.2 kW/m?, what is the minimum collector area required?
Ans. 24 kW, 120 m?
A heat engine operating between two reservoirs at 1000 K and 300 K is used to
drive a heat pump which extracts heat from the reservoir at 300 K at a rate twice
that at which the engine rejects heat to it. If the efficiency of the engine is 40% of
the maximum possible and the COP of the heat pump is 50% of the maximum
possible, what is the temperaturc of the reservoir to which the heat pump rejects
heat? What is the rate of heat rejection from the heat pump if the rate of heat
supply to the engine is 50 kW?
Ans. 3265 K, 86 kW
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A reversible power cycle is used to drive a reversible heat pump cycle. The power
cycle takes in O, heat units at T, and rejects 0, at 75. The heat pump abstracts 0,
from the sink at T, and discharges Q, at T;. Develop an expression for the ratio
04/0, in terms of the four temperatures.
s, @0 - BT~ T3)
& NhnhL-T)
Prove that the following propositions are logically equivalent: (a) A PMM2 is
impossible, (b) A weight sliding at constant velocity down a frictional inclined
plane executes an irreversible process.
A heat engine receives half of its heat supply at 1000 K and half at 500 K while
rejecting heat to a sink at 300 K. What is the maximum possible thermal
efficiency of this heat engine?
Ans. 0.55

A heat pump provides 3 x 10* kJ/h to maintain a dwelling at 23°C on a day when
the outside temperature is 0°C. The power input to the heat pump is 4 kW,
Determine the COP of the heat pump and compare it with the COP of a reversible
heat pump operating between the reservoirs at the same two temperatures.

Ans. 2.08, 12.87
A reversible power cycle receiver energy 0, from a reservoir at temperature T}
and rejects 0, to a reservoir at temperature 75. The work developed by the power
cycle is used to drive a reversible heat pump that removes energy ', from a
reservoir at temperature T', and rejects energy () to a reservoir at temperature
T'). (a) Determine an expression for the ratio Q'\/Q, in terms of the four
temperatures. (b) What must be the relationship of the temperatures Ty, T, T";
and T, for \/Q, to exceed a value of unity?

g _TE-%) 5 T
a L(I'-n) A
When the outside temperature is — 10°C, a residential heat pump must provide
3.5 x 10° kJ per day to a dwelling to maintain its temperature at 20°C. If
electricity costs Rs, 2.10 per kWh, find the minimum theoretical operating cost

for each day of operation.

Ans. (a)

Ans. Rs. 208.83



7.1 Introduction

The first law of thermodynamics was stated in terms of cycles first and it was
shown that the cyclic integral of heat is equal to the cyclic integral of work. When
the first law was applied for thermodynamic processes, the existence of a
property, the internal energy, was found. Similarly, the second law was also first
stated in terms of cycles executed by systems. When applied to processes, the
second law also leads to the definition of a new property, known as entropy. If the
first law is said to be the law of internal energy, then second law may be stated to
be the law of entropy. In fact, thermodynamics is the study of three E's, namely,
energy, equilibrium and entropy.

72 Two Reversible Adiabatic Paths Cannot
Intersect Each Other

Let it be assumed that two reversible adiabatics AC and BC intersect each other at
point C (Fig. 7.1). Let a reversible isotherm 4B be drawn in such a way that it
intersects the reversible adiabatics at 4 and B. The three reversible processes AB,
BC, and CA together constitute a reversible cycle, and the area included
represents the net work output in a cycle. But such a cycle is impossible, since net
work is being produced in a cycle by a heat engine by exchanging heat with a
single reservoir in the process A B, which violates the Kelvin-Planck statement of
the second law. Therefore, the assumption of the intersection of the reversible
adiabatics is wrong. Through one point. there can pass only one reversible
adiabatic.

Since two constant property lines can never intersect each other, it is inferred
that a reversible adiabatic path must represent some property, which is yet to be
identified.
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P

Fig. 7.1 Assumption of two reversible adiabatics intersecting each other

7.3 Clausius’ Theorem

Let a system be taken from an equilibrium state i to another equilibrium state by
following the reversible path i-f (Fig. 7.2). Let a reversible adiabatic i~a be
drawn through i and another reversible adiabatic b—fbe drawn through /. Then a
reversible isotherm a-b is drawn in such a way that the area under i—a-b-fis
equal to the area under i—f. Applying the first law for

Rev. adiabatics

Fig. 7.2 Reversible path substituted by two reversible adiabatics and a reversible isotherm
Process i~f

Qi =U—Ui+ Wy a.n

Process i—a-b-f
Qiarr = Up— U+ Wigys (7.2)

Since

Wie= Wigpr
.. From Eqgs (7.1) and (7.2)

Oit = Qe

=0+ O+ Qus

Since 0., =0and Q=0
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Qif = Qah

Heat transferred in the process i—f is equal to the heat transferred in the
isothermal process a-b.

Thus any reversible path may be substituted by a reversible zigzag path,
between the same end states, consisting of a reversible adiabatic followed by a
reversible isotherm and then by a reversible adiabatic, such that the heat
transferred during the isothermal process is the same as that transferred during
the original process.

Let a smooth closed curve representing a reversible cycle (Fig. 7.3) be
considered. Let the closed cycle be divided into a large number of strips by means
of reversible adiabatics. Each strip may be closed at the top and bottom by
reversible isotherms. The original closed cycle is thus replaced by a zigzag closed
path consisting of alternate adiabatic and isothermal processes, such that the
heat transferred during all the isothermal processes is equal to the heat
transferred in the original cycle. Thus the original cycle is replaced by a large
number of Carnot cycles. If the adiabatics are close to one another and the
number of Carnot cycles is large, the saw-toothed zigzag line will coincide with
the original cycle.

For the elemental cycle abcd, @ Q| heat is absorbed reversibly at T, and & 0,
heat is rejected reversibly at T,

- Original reversible
circle

|
|
|
[ |
|
i
i
.
.
|
i

e ——

Fig. 7.3 A reversible cycle split into a large number of Carnot cycles

40, _ 40,
4 L
If heat supplied is taken as positive and heat rejected as negative
d0, , 40, _,
Ul )
Similarly, for the elemental cycle efgh
a0, , 40, _,

T
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If similar equations are written for all the elemental Carnot cycles, then for
the whole original cycle

ﬁ+%+£.g_3_+ig“_+...=o
L L LT

or §42 -0 1.3)
R T

The cyclic integral of dQ/T for a reversible cycle is equal to zero. This is

known as Clausius' theorem. The letter R emphasizes the fact that the equation

is valid only for a reversible cycle.

7.4 The Property of Entropy

Let a system be taken from an initial equilibrium state 7 to a final equilibrium
state f by following the reversible path R, (Fig. 7.4). The system is brought

Rz

Fig. 7.4  Two reversible paths R, and R, between two equilibrium states i and f

back from f'to i by following another reversible path R,. Then the two paths R,
and R, together constitute a reversible cycle. From Clausius’ theorem

j 920

RiR; T

The above integral may be replaced as the sum of two integrals, one for path
R, and the other for path R,

aQ  a
2.
‘{l Ry
£ a L
- jeo-- 2
RI| R;
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Since R, is a reversible path

. T

Ry

rdQ_rd'Q
[42-j
R

f
Since R and R, represent any two reversible paths, I%.Q is independent of
i

R
the reversible path connecting i and f. Therefore, there exists a property of a
system whose value at the final state fminus its value at the initial state i is equal

f
to IETQ- This property is called entropy, and is denoted by S. If ; is the entropy
i
R

at the initial state i, and S; is the entropy at the final state f, then

f
JF =5 (74)
R

When the two equilibrium states are infinitesimally near
40
— = 7.5
T (1.5)

where dS is an exact differential because S is a point function and a property.
The subscript R in & Q indicates that heat & Q is transferred reversibly.

The word ‘entropy’ was first used by Clausius, taken from the Greek word
‘tropee’ meaning ‘transformation’. It is an extensive property, and has the unit
J/K. The specific entropy

s=5 kg
m

If the system is taken from an initial equilibrium state i to a final equilibrium
state f'by an irreversible path, since entropy is a point or state function, and the
entropy change is independent of the path followed, the non-reversible path is to
be replaced by a reversible path to integrate for the evaluation of entropy change
in the irreversible process (Fig. 7.5).

—T

s &

Fig. 7.5 Integration can be done only on a reversible path
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f
a
5-5=] % = (AS)irev path (7.6)
i
Integration can be performed only on a reversible path.

7.4.1 Temperature-Entropy Plot

The infinitesimal change in entropy dS due to reversible heat transfer d4Q at
temperature T is

as= 3%
T
If 8Q,., =0, i.e., the process is reversible and adiabatic
ds=0
and S = constant

A reversible adiabatic process is, therefore, an isentropic process.
Now

dQ,., = TdS
f
or O = | TdS
The system is taken from i to f reversibly (Fig. 7.6). The area under the

f
curve ‘[ T dS is equal to the heat transferred in the process.

i
For reversible isothermal heat transfer (Fig. 7.7), T = constant.

- i ’ T i f
=
t 3 \
d T \\
o= Td f Q
1 1\ \Qr\}q i N
ds 5
— 5 ~s S
Fig. 7.6  Area under a reversible path on Fig. 7.7 Reversibie isothermal heat transfer
the T-s plot represents heat transfer

f
QM=TIdS=HSf—SJ

For a reversible adiabatic process, dS' = 0, §= C (Fig. 7.8).

The Carnot cycle comprising two reversible isotherms and two reversible
adiabatics forms a rectangle in the 7-S plane (Fig. 7.9). Process 41 represents
reversible isothermal heat addition Q) to the system at T; from an external
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/ 4 SR |
= =~ + 1 1
T T We Ve
k| IR SRR -

f T2
L i
—5 E—

Fig. 7.8  Reversible adiabatic is Fig. 7.9 Carnot cycle
isentropic

source, process 1-2 is the reversible adiabatic expansion of the system
producing Wg amount of work, process 2-3 is the reversible isothermal heat
rejection from the system to an external sink at T,, and process 3—4 represents
reversible adiabatic compression of the system consuming ¥, amount of work.
Area 1 2 3 4 represents the net work output per cycle and the area under 4-1
indicates the quantity of heat added to the system Q,.

_9-0 TS -S)-T(S5 - S5)
Q T(S - S)
-5 _,_ %
?i 4
and Woar Qz (T -T) (5 -5)

7.5 Principle of Ca.ra,theodory

The property “entropy” was here introduced through the historical route as
initiated by the engineer Carnot and elaborated by the physicists Kelvin and
Clausius. Starting with the statement expressing the impossibility of converting
heat completely into work, or the impossibility of spontaneous heat flow from a
colder to a hotter body, an ideal heat engine of maximum efficiency was
described. With the aid of this ideal engine, an absolute temperature scale was
defined and the Clausius theorem proved. On the basis of the Clausius theorem,
the existence of an entropy function was inferred.

In 1909, the Greek mathematician Caratheodory proved the existence of an
entropy function without the aid of Carnot engines and refrigerators, but only
by mathematical deduction. Let us consider a system whose states are
determined by three thermodynamic coordinates x, y and z. Then the first law in
differential form may be written as

40 = Adx + Bdy + Cdz,

where 4, B, and C are functions ofx, y and z. The adiabatic, reversible transition
of this system is subject to the condition

40 = Adx + Bdy + Cdz = 0
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which leads to the mathematical statement of the second law as:

In the neighbourhood of any arbitrary initial state Py of a physical system
there exist neighbouring states which are not accessible from P, along quasi-
static adiabatic paths.

It follows from Caratheodory’s theorem that this is possible if and only if
there exist functions T and S such that:

40 = Adx + Bdy + Cdz = TdS
Thus, by stating the second law in terms of the inaccessibility of certain
states by adiabatic paths, and by using a mathematical theorem (for the proof

see Hsieh), Caratheodory inferred the existence of an entropy function and an
integrating factor connected with the Kelvin temperature.

7.6 The Inequality of Clausius

Let us consider a cycle ABCD (Fig. 7.10). Let AB be a general process, either
reversible or irreversible, while the other processes in the cycle are reversible.
Let the cycle be divided into a number of elementary cycles, as shown. For one
of these elementary cycles

Rev. adiabatics

e

where @@ is the heat supplied at T, and &0, the heat rejected at Ts.
Now, the efficiency of a general cycle will be equal to or less than the
efficiency of a reversible cycle.

aQ, _40
l—d—QS[ HQJ
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a0, | 40,
==, | =2
or ) 2[ &0 1“
dQ a9
or aQ, <| g, -
a0 T
Si —_— = —
- (‘Qz L. 7
. 9 r
A ﬁgz < '-1-;-‘
or GTQ < —TQ'Z- for any process AB, reversible or irreversible.
2
For a reversible process
o= 8 _ 80,
r T
Hence, for any process AB
40 < 45
T
Then for any cycle
49 < fds
T

.7

(7.8)

Since entropy is a property and the cyclic integral of any property is zero

}ETQSU

(7.9)

This equation is known as the inequality of Clausius. It provides the criterion

of the reversibility of a cycle.

If f%_g— = 0, the cycle is reversible,

§ 49 . 0, the cycle is irreversible and possible
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d—f > 0, the cycle is impossible, since it violates the second law.

7.7 Entropy Change in an Irreversible Process
For any process undergone by a system, we have from Eq. (7.8)

a9
== <ds
T

or a2 L2 (7.10)
This is further clarified if we consider the cycles as shown in Fig. 7.11,

Fig. 7.11 Entropy change in an irreversible process

where A and B are reversible processes and C is an irreversible process. For the
reversible cycle consisting of 4 and B

1
or jﬂb_!i'f_ 7.11)

For the irreversible cycle consisting of 4 and C, by the inequality of Clausius,
2 1
92192, 192 (1.12)
r {17 ;T

A c
From Eqgs (7.11) and (7.12),
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=

1 1
_J’Q"‘J‘_Q <
T T
B c
jig j__.Q. (1.13)
T T
B c
Since the path B is reversible,
1 a0 _ 1
[=£=]ds (7.14)
2 r
B

Since entropy is a property,entropy changes for the paths B and C would be
the same. Therefore,

1 1
[ds=[as (7.15)
2 2
B c
From Egs (7.13) to (7.15),
1 1
[as> | aQ
2 y T
c C
Thus, for any irreversible process,
as> 32
T
whereas for a reversible process

ds= a0,
T
Therefore, for the general case, we can write

as> 92
r

2
or sz-s,aj Q (7.16)

The equality sign holds good fora reverstble process and the inequality sign
for an irreversible process.
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7.8 Entropy Principle

For any infinitesimal process undergone by a system, we have from Eq. (7.10)
for the total mass

as> 92
T

For an isolated system which does not undergo any energy interaction with
the surroundings, d 0 = 0.
Therefore, for an isolated system

S, 20 (7.17)
For a reversible process,
ds,, =0
or § = constant
For an irreversible process
ds;,, >0

It is thus proved that the entropy of an isolated system can never decrease. It
always increases and remains constant only when the process is reversible.
This is known as the principle of increase of entropy, or simply the entropy
principle. 1t is the quantitative general statement of second law from the
macroscopic viewpoint.

An isolated system can always be formed by including any system and its
surroundings within a single boundary (Fig. 7.12). Sometimes the original
system which is then only a part of the isolated system is called a ‘subsystein’.

- System

Surroundings isolated
(composite) system

Fig. 7.12  Isolated system

The system and the surroundings together (the universe or the isolated
system) include everything which is affected by the process. For all possible
processes that a sysiem in the given surroundings can undergo

dS,,;v 20

u
or dS,, +dS,, 20 (7.18)

Entropy may decrease locally at some region within the isolated system, but
it must be compensated by a greater increase of entropy somewhere within the
system so that the net effect of an irreversible process is an entropy increase of
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the whole system. The entropy increase of an isolated system is a measure of
the extent of irreversibility of the process undergone by the system.

Rudolf Clausius summarized the first and second laws of thermodynamics in
the following words:

(a) Die Energie der Welt ist Constant.

(b) Die Entropie der Welt strebt einem Maximum zu.

[(a) The energy of the world (universe) is constant.

(b) The entropy of the world tends towards a maximum.]

The entropy of an isolated system always increases and becomes a maximum
at the state of equilibrium. If the entropy of an isolated system varies with some
parameter x, then there is a certain value of x, which maximizes the entropy

(when % = 0) and represents the equilibrium state (Fig. 7.13). The system is

then said to exist at the peak of the entropy hill, and dS = 0. When the system is
at equilibrium, any conceivable change in entropy would be zero.

Smax

Equilibrium
state

7

—Siso

Xe

e X

Fig. 7.13  Eguilibrium state of an isolated system

7.9 Applications of Entropy Prlnciplé

The principle of increase of entropy is one of the most important laws of
physical science. It is the quantitative statement of the second law of
thermodynamics. Every irreversible process is accompanied by entropy
increase of the universe, and this entropy increase quantifies the extent of
irreversibility of the process. The higher the entropy increase of the universe,
the higher will be the irreversibility of the process. A few applications of the
entropy principle are illustrated in the following:

7.9.1 Transfer of heat through a Finite Temperature Difference

Let Q be the rate of heat transfer from reservoir 4 at T, to reservoir B at T,
T, > T, (Fig. 7.14).

For reservoir 4, AS, =— Q/T). It is negative because heat O flows out of the
reservoir. For reservoir B, ASy =+ Q/T,. It is positive because heat flows into
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Fig. 7.14 Heat transfer through a finite temperature difference

the reservoir. The rod connecting the reservoirs suffers no entropy change
because, once in the steady state, its coordinates do not change.

Therefore, for the isolated system comprising the reservoirs and the rod, and
since entropy is an additive property

S=8,+5g
A'S'\r
MI=ASA+ASB
__9,0_,%-%
AS. -
- wiv =Tt ot o

Since T, > T,, AS,,;, is positive, and the process is irreversible and possible.
If T, = T,, ASy,;, is zero, and the process is reversible. If T} < T, AS;, is
negative and the process is impossible.

7.9.2 Mixing of Two Fluids

Subsystem 1 having a fluid of mass m,, specific heat |, and temperature r,, and
subsystem 2 consisting of a fluid of mass m,, specific heat c,, and temperature
t,, comprise a composite system in an adiabatic enclosure (Fig. 7.15). When the
partition is removed, the two fluids mix together, and at

Partition
L L

A o] S o .. I, Adiabatic
Sam Tl /0 Tt 'f/endasum

0 Lt m 7

oy ¢ A E:E

g V) wet,

Sy ; t b

-. FEIe - v

¥

TTTTTTTTTRITTTITTTTTTTTT TR
Subsystem 1 — Subsystem 2

Fig. 7.15 Mixing of two fluids
equilibrium let7;be the final temperature, and t, <#;<t,. Since energy interaction
is exclusively confined to the two fluids, the system being isolated
myc\(ty =t =myey (t;— 1)
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_ mot + mot
mc; + mye;
Entropy change for the fluid in subsystem 1

T, T
AS, = J(-———dQ"" = f—mlcldr =mc, In 5
T T T T Ii
tr +273
= In
ST
This will be negative, since T, > T}
Entropy change for the fluid in subsystem 2
T,
m2C2dT T te +273
AS, = JI = | il S In gTe
2 ;i T *"’fz"—'znlri mycy 1, +273

This will be positive, since T, < T}
ASyiv = AS) + AS,

T; T;
=mc In ?if- +myc, In F:
AS,.iv Will be positive definite, and the mixing process is irreversible.
Although the mixing process is irreversible, to evaluate the entropy change
for the subsystems, the irreversible path was replaced by a reversible path on
which the integration was performed.
Ifm=my=mandc,=c,=c.

2
AS iy =mcIn Ty
IR
and T.= meli +me,, T +0
f mc, +m2C2 2

Aslmi\f =2 meln M
VI T,

This is always positive, since the arithmetic mean of any two numbers is
always greater than their geometric mean. This can also be proved geometri-
cally. Let a semi-circle be drawn with (T, + T5) as diameter (Fig. 7.16).

Here, AB= T, BC= T, and OE = (T} + T,)/2. It is known that
(DBY = AB - BC=T\T,.

DB=TT,

Now, OE > DB

I+ T,
LS
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Fig. 7.16  Geometrical proof to show that g.m < a.m.

7.9.3 Maximum Work Obtainable from Two Finite Bodies

at Temperatures T, and T,
Let us consider two identical finite bodies of constant heat capacity at
temperatures T, and T, respectively, T, being higher than T;. If the two bodies
are merely brought together into thermal contact, delivering no work, the final
temperature Ty reached would be the maximum

_hi+h
e T
. P T1=Ty
If a heat engine is operated between ' j
the two bodies acting as thermal en- {0 4
ergy reservoirs (Fig. 7.17), part of the 1l
heat withdrawn from body 1 is con- HE. — ,J__ W=0y-0p
verted to work W by the heat engine, L~
and the remainder is rejected to body ‘s
2. The lowest attainable final tempera-
ture T} corresponds to the delivery of Body 2
the largest possible amount of work, T2 Tt
and is associated with a reversible
process. Fig. 7.17 Maximum work obtainable
As work is delivered by the heat from tiwa finite bodies

engine, the temperature of body 1 will
be decreasing and that of body 2 will be increasing. When both the bodies attain
the final temperature 7T}, the heat engine will stop operating. Let the bodies
remain at constant pressure and undergo no change of phase.

Total heat withdrawn from body 1

0,=GCG (N -TY

where C, is the heat capacity of the two bodies at constant pressure.

Total heat rejected to body 2

szcp (TF'TZ)
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. Amount of total work delivered by the heat engine
W=0,-0
=C(T\+T,-2Ty (7.19)

For given values of Cp, T, and T;, the magnitude of work W depends on T
Work obtainable will be maximum when T} is minimum,
Now, for body 1, entropy change AS) is given by

T
- dT (f
As,=fc{,——=cp1n—'

For body 2, entropy change AS, would be
T,
AS; = GC%z:Cp ln-;r—
T 2
Since the working fluid operating in the heat engine cycle does not undergo
any entropy change, AS of the working fluid in heat engine = § d§S=0.
Applying the entropy principle

ASyy 20
T T;
Cln-f+Ccmm-L=z0
L TR
7?
C,In 20 7.20
T 20
From equation (7.20), for T, to be a minimum
1}2
C,in =0
PULn
Since C,,# 0,
2
Ini=0=lnl
LT
L=+%-T (7.21)

For W to be a maximum, T will be /T} 7; . From equation (7.19)

e 2
szcp(rl"- TZ"Z IITZ ch(ﬁﬁ\ffzﬂ)
The final temperatures of the two bodies, initially at 7| and T, can range
from (T, + T,)/2 with no delivery of work to /7, 7, with maximum delivery of
work.

7.9.4 Maximum Work Obtainable from a Finite Body and a TER

Let one of the bodies considered in the previous section be a thermal energy
reservoir. The finite body has a thermal capacity C, and is at temperature T and
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the TER is at temperature T}, such that
T> T, Let a heat engine operate be-
tween the two (Fig. 7.18). As heat is
withdrawn from the body, its tem-
perature decreases, The temperature
of the TER would, however, remain
unchanged at T,. The engine would
stop working, when the temperature
of the body reaches 7. During that
period, the amount of work delivered
is ¥, and the heat rejected to the TER
is (Q - W). Then

dT

T
Aoy = f‘37=

ASyp=§ ds=0

o-W
L

AStpg =

AS,

univ

—Cln
T

By the entropy principle,

+2-W

—169

Fig. 7.18 Maximum work obtainable
when one of the bodies is a TER

Coln
T

w
L

AS,,H-,‘, 20

o-w
Cin 4
P

T,
Coln-2L2
T

or

or
)

or

W<Q+T,C,

¥ 20

L]

W-0

Ty

ugcplnﬁ

In -2

T
Woax =0 + Tncpln?"

or,

m=cp[(r— %) -

T, In j’H (1.22)

]

7.9.5 Processes Exhibiting External Mechanical Irreversibility

(i) Isothermal Dissipation of Work Let us consider the isothermal
dissipation of work through a system into the internal energy of a reservoir, as
in the flow of an electric current [ through a resistor in contact with a reservoir
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(Fig. 7.19). At steady state, the internal energy of the resistor and hence its
temperature is constant. So, by first law

Fig. 7.19 External mechanical irreversibility

The flow of current represents work transfer. At steady state the work is
dissipated isothermally into heat transfer to the surroundings. Since the
surroundings absorb O units of heat at temperature T,

W
As QW
weror
At steady state, AS, =0
AS iy = ASgys + AS . = T (7.23)

The irreversible process is thus accompanied by an entropy increase of the

universe.

(ii) Adiabatic Dissipation of Work Let W be the stirring work supplied to a
viscous thermally insulated liquid, which is dissipated adiabatically into internal
energy increase of the liquid, the temperature of which increases from T; to T}
(Fig. 7.20). Since there is no flow of heat to or from the surroundings,
AS,r=0
To calculate the entropy change of the system, the original irreversible path
(dotted line) must be replaced by a reversible one between the same end states,

—_—T

Insulation

(a) (b)
Fig. 7.20 Adiabatic dissipation of work
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i and f. Let us replace the irreversible performance of work by a reversible
isobaric flow of heat from a series of reservoirs ranging from T; to T; to cause
the same change in the state of the system. The entropy change of the system
will be

s [T o X

i
R R

where CP is the heat capacity of the liquid.

AS iy = ASyyy + ASr = Cy In (7.24)

Ay
T
which is positive.

7.10 Entropy Transfer Mechanisms

Entropy can be transferred to or from a system in two forms: heat transfer and
mass flow. In contrast, energy is transferred by work also. Entropy transfer is
recognised at the system boundary as entropy crosses the boundary, and it
represents the entropy gained or lost by a system during a process. The only
form of entropy interaction associated with a fixed mass or closed system is
heat transfer, and thus the entropy transfer for an adiabatic closed system is
zero. It is being explained below in more details:

(a) Heat Transfer Since dS = d%“ , when heat is added to a system & 0 is

positive, and the entropy of the system increases. When heat is removed from
the system, dQ is negative, and the entropy of the system decreases.

Heat transferred to the system of fixed mass increases the internal energy of
the system, as a result of which the molecules (of a gas) move with higher
kinetic energy and collide more frequently, and so the disorder in the system
increases. Heat is thus regarded as disorganised or disordered energy transfer
which increases molecular chaos (see Sec. 7.16). If heat Q flows reversibly
from the system to the surroundings at T, (Fig. 7.21), the entropy increase of
the surroundings is

AS. = 2
n
The entropy of the system is reduced by
-_9
AS, =- =
sYS T;J

The temperature of the boundary where heat transfer occurs is the constant
temperature 7T, It may be said that the system has lost entropy to the
surroundings. Alternatively, one may state that the surroundings have gained
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entropy from the system. Therefore, there is entropy transfer from the system
to the surroundings along with heat flow. In other words, since the heat inflow
increases the molecular disorder, there is flow of disorder along with heat. The
sign of entropy transfer is the same as the sign of heat transfer: positive, if into
the system, and negative, if out of the system.

Rl

Fig. 7.21 Entropy transfer along with heat flow

On the other hand, there is no entropy transfer associated with work. In
Fig. 7.22, the system delivers work to a flywheel, where energy is stored in a
fully recoverable form. The flywheel molecules are simply put into rotation
around the axis in a perfectly organised manner, and there is no dissipation and
hence no entropy increase of the flywheel. The same can be said about work
transfer in the compression of a spring or in the raising of a weight by a certain
height. There is thus no entropy transfer along with work. If work is dissipated
adiabatically into internal energy increase of the system (Subsection 7.9.5),
there is an entropy increase in the system, but there is as such no entropy
transfer to it.

Work is thus entropy-free, and no entropy is transferred with work. Energy
is transferred with both heat and work, whereas entropy is transferred only
with heat. The first law of thermodynamics makes no distinction between heat
transfer and work. It considers them as equals. The distinction between heat
transfer and work is brought about by the second law: an energy interaction
which is accompanied by entropy transfer is heat transfer, and an energy
interaction which is not accompanied by entropy transfer is work. Thus, only
energy is exchanged during work interaction, whereas both ene-gy and entropy
are exchanged during heat transfer.

(b) Mass Flow Mass contains entropy as well as energy, and the entropy and
energy of a system are proportional to the mass. When the mass of a system is
doubled, so are the entropy and energy of the system. Both entropy and energy
are carried into or out of a system by streams of matter, and the rates of entropy
and energy transport into or out of a system are proportional to the mass flow
rate. Closed systems do not involve any mass flow and thus any entropy
transport. When an amount of mass m enters or leaves a system, an entropy of
amount ms, s being the specific entropy, accompanies it. Therefore, the entropy
of a system increases by ms when the mass of amount m enters it, and decreases
by the same amount when it leaves it at the same state.
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Flywheel

Fig. 7.22 No entropy transfer aItmg wu!a work transfer
7.11 Entropy Generation in a Closed System

The entropy of any closed system can increase in two ways:

(a) by heat interaction in which there is entropy transfer
(b) internal irreversibilities or dissipative effects in which work (or K.E.) is
dissipated into internal energy increase.

If & Q is the infinitesimal amount of heat transferred to the system through
its boundary at temperature T, the same as that of the surroundings, the entropy
increase dS of the system can be expressed as

dS=d.S+dS
a0

= ? + dls (7-25)

where d_§ is the entropy increase due to external heat interaction and d, S is the
entropy increase due to internal irreversibility. From Eq. (7.25),
dgQ
ds = T
dS=0 (7.26)
The entropy increase due to internal irreversibility is also called entropy
production or entropy generation, S
In other words, the entropy change of a system during a process is greater
than the entropy transfer (& Q/T) by an amount equal to the entropy generated
during the process within the system (dS), so that the entropy balance gives:
Entropy change = Entropy transfer + Entropy generation
ASysem = AStranser + ASgen
which is a verbal statement of Eq. (7.25) and illustrated in Fig. 7.23.
It may so happen that in a process (e.g., the expansion of a hot fluid in a
turbine) the entropy decrease of the system due to heat loss to the surroundings

—I% is equal to the entropy increase of the system due to internal
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This portion of the boundary
Is at temperature T,

Entropy change of system
= Entropy transfer (with Q)
3 + Entropy generation
{by W, due to dissipation

Y

Fig. 7.23  [lustration of the entropy transfer and entropy production concepts.

irreversibilities such as friction, etc. ([d;S), in which case the entropy of the

system before and after the process will remain the same U dS= 0). Therefore,
an isentropic process need not be adiabatic or reversible.

But if the isentropic process is reversible, it must be adiabatic. Also, if the
isentropic process is adiabatic, it cannot but be reversible. An adiabatic process
need not be isentropic, since entropy can also increase due to friction etc. But if
the process is adiabatic and reversible, it must be isentropic.

For an infinitesimal reversible process by a closed system,

d Qg = dUy + pdV
If the process is irreversible,

do=al+aw
Since U is a property,
d0g —pdV=40,-aW
or {ﬂ} =(£) y 2OV -4 (7.27)
T T T

The difference (pdV - dW) indicates the work that is lost due to
irreversibility, and is called the lost work & (LW), which approaches zero as the
process approaches reversibility as a limit. Equation (7.27) can be expressed in
the form

ds=d.S+dS

Thus the entropy of a closed system increases due to heat addition (d.S) and

internal dissipation (d,S).
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In any process executed by a system, energy is always conserved, but
entropy is produced internally. For any process between equilibrium states 1
and 2 (Fig. 7.24), the first law can be written as

2 2
[a0-[ aw=E,-E,
1 1

Energy Energy

transfer change

or Qu=E,-E + W,

T

\\Surruundings
/ System \

RJ%X

Boundary

’ ! (Heat Trans i
(Boundary eat Transfer)  (wWork Transfer)
Temperature)
-‘!19_ (Entropy Transfer)
Fig. 7.24 Schematic of a closed system interacting with its surroundings

By the second law,

——

80
T

It is only the transfer of energy as heat which is accompanied by entropy
transfer, both of which occur at the boundary where the temperature is T.
Work interaction is not accompanied by any entropy transfer. The entropy

2 40
change of the system (S, - ;) exceeds the entropy transfer I—T— The

1
difference is produced internally due to irreveersibility. The amount of entropy
generation S, is given by

S, -8~ jﬂ =5 (7.28)

Entropy Entropy  Entropy
I - g

Sgen 20
The second law states that, in general, any thermodynamic process is
accompanied by entropy generation.
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Process 1-2, which does not generate any entropy (S, = 0), is a reversible
process (Fig. 7.25). Paths for which S, > 0 are considered irreversible. Like
heat transfer and work transfer during the process 1-2, the entropy generation
also depends on the path the system follows. Sy, is, therefore, not a thermody-
namic property and d S, is an inexact differential, although (S, - S)) depends
only on the end states. In the differential form, Eq. (7.28) can be written as

_‘_T

E—]

Fig. 7.25 Entropy generation depends on the path

&
dSyey = a5 - 2 (7.29)

The amount of entropy generation quantifies the intrinsic irreversibility
of the process. If the path A causes more entropy generation than path B
(Fig. 7.25), i.e.

(Sgenda > (Sgen)s
the path A is more irreversible than path B and involves more ‘lost work’.
If heat transfer occurs at several locations on the boundary of a system, the
entropy transfer term can be expressed as a sum, so Eq. (7.28) takes the form

5-8= Z% + Spen (7.30)
]

where Q/T; is the amount of entropy transferred through the portion of the

boundary at temperature T
On a time rate basis, the entropy balance can be written as

s <9 |
—=) =+ 7.31
dr 2;‘ T gen @31)
where dS/d7 is the rate of change of entropy of the system, Qj!'f} is the rate of
entropy transfer through the portion of the boundary whese instantaneous

temperature is T}, and S, is the rate of entropy generation due to irreversibilities
within the system.
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7.12 Entropy Generation in an Open System

In an open system, there is transfer of three quantities: mass, energy and
entropy. The control surface can have one or more openings for mass transfer
(Fig. 7.26). It is rigid, and there is shaft work transfer across it.

. Surroundings .
\ e

\ 2
Control
volume —_—

C.s.
a I (Shaft Work
(Entropy Transfer ——» ? {Heal Transfer Transfer Rate)
Rate) Rate)

Fig. 7.26 Schematic of an open system and its interaction with surroundings

The continuity equation gives

. .M
; iy ); e = 5 (1.32)
net mass rate of mass
transfer rate  accumulation
inthe CV

The energy equation gives

Zml(h%zsz Em [h+!;-+gz) +Q-Wy 3‘3 (7.33)

i

net rate of energy rate of ene
t ansfer accumulation in the CV
The second law inequality or the entropy principle gives
Q as
Ligsi = Lhese + S50 (7.34)
net rate of entmpy rate of increase of
1 py of the CV

Here Q represents the rate of heat transfer at the location of the boundary

where the instantaneous temperature is 7. The ratio Q/T accounts for the
entropy transfer along with heat. The terms 7irs; and 7i1s, account, respectively,
for rates of entropy transfer into and out of the CV accompanying mass flow.
The rate of entropy increase of the control volume exceds, or is equal to, the net
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rate of entropy transfer into it. The difference is the entropy generated within
the control volume due to irreversibility. Hence, the rate of entropy generation is
given by

. _0S . . )
Sgen = 37 ~ Zmisi + X, - % (7.35)
1 e
By the second law,
Sgen 20
If the process is reversible, Sy, = 0. For an irreversible process, Sge, > 0.
The magnitude of S, quantifies the irreversibility of the process. If systems
A and B operate so that (Ssen)!\ > (.S‘m}i| it can be said that the system A

operates more irreversibly than system B. The unit of | gen 18 W/K.
At steady state, the continuity equation gives

3o =, (7.36)
the energy equation becomes

o=Q-rir,,,+2mi( +-—‘§-+g2] Zm( +—+gz] (1.37)

and the entropy equation reduces to
- -‘% + Y, = s, +Syen (7.38)
1 e

These equations often must be solved simultaneously, together with
appropriate property relations.

Mass and energy are conserved quantities, but entropy is not generally
conserved. The rate at which entropy is transferred out must exceed the rate at
which entropy enters the CV, the difference being the rate of entropy generated
within the CV owing to irreversibilities.

For one-inlet and one-exit control volumes, the entropy equation becomes

0= % + (s, —s,) + S'w'
)~ (139)
m\ T m
7.13 First and Second Laws Combined

By the second law
40, =TdS
and by the first law, for a closed non-flow system,
dQ=dU+ pdV
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TdS = dU + pdV (740)
Again, the enthalpy
H=U+pV
dH = dU + pdV + Vdp
=TdS+ Vdp
TdS=dH - Vdp (7.41)

Equations (7.40) and (7.41) are the thermodynamic equations relating the
properties of the system.

Let us now examine the following equations as obtained from the first and
second laws:

(a) dQ=dE+ & W—This equation holds good for any process, reversible

or irreversible, and for any system.

(b) d Q=dU+ pd W—This equation holds good for any process undergone
by a closed stationary system.

(¢) @Q=dU + pd V—This equation holds good for a closed system when
only pd P-work is present. This is true only for a reversible (quasi-static)
process.

(d) & Q= Td5—This equation is true only for a reversible process.

(e) 7dS= dU + pdV—This equation holds good for any process reversible
or irreversible, undergone by a closed system, since it is a relation among
properties which are independent of the path.

(f) TdS = dH - Vdp-This equation also relates only the properties of a
system. There is no path function term in the equation. Hence the
equation holds good for any process.

The use of the term ‘irreversible process’ is doubtful, since no irreversible
path or process can be plotted on thermodynamic coordinates. It is more logical
to state that ‘the change of state is irreversible, rather than say ‘it is an
irreversible process’. A natural process which is inherently irreversible is
indicated by a dotted line connecting the initial and final states, both of which
are in equilibrium. The dotted line has no other meaning, since it can be drawn
in any way. To determine the entropy change for a real process, a known
reversible path is made to connect the two end states, and integration is
performed on this path using either equation (e) or equation (f), as given above.
Therefore, the entropy change of a system between two identifiable equilibrium
states is the same whether the intervening process is reversible or the change of
state is irreversible.

7.14 Reversible Adiabatic Work in a Steady
Flow System

In the differential form, the steady flow energy equation per unit mass is given
by Eq. (5.11),
aQ =dh+ VdV + gdZ + d W,
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For a reversible process, & Q = Tds
Tds=dh + VdV + gdZ + dW,
Using the property relation, Eq. (7.41), per unit mass,
Tds = dh - vdp
in Eq. (7.42), we have
—vdp = VdV + gdZ + 4 W,
On intergration
2 2
- [op=a¥ s w,
1 2
If the changes in K.E and P.E. are neglected, Eq. (7.44) reduces to
2
W, = —I vdp
I

If @ Q = 0, implying ds = 0, the property relation gives
dk =vdp

2
or h-z - hl = I UdP
1
From Eqgs (7.45) and (7.46),

2
Wy=hy—hy=- | odp
1

(7.42)

(7.43)

(7.44)

(7.45)

(7.46)

(747)

2
The integral —j vdp represents an area on the p—v plane (Fig. 7.27). To make
1

the integration, one must have a relation between p and v such as pv” = constant.

Fig. 7.27 Reversible steady flow work interaction
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2
Wia=h-h=-[vip
1

=area 12 ab 1
Equation (7.47) holds good for a steady flow work-producing machine like an
engine or turbine as well as for a work-absorbing machine like a pump or a

compressor, when the fluid undergoes reversible adiabatic expansion or
compression.

It may be noted that for a closed stationary system like a gas confined in a
piston-cylinder machine (Fig. 7.28a), the reversible work done would be

2
W2= [ pdV=Area 12 cd |
1

%@ f{;— cs.

cv

(&)
(a)
Fig. 7.28  Reversible work transfer in (a) a closed system and (b) a steady flow system

The reversible work done by a steady flow system (Fig. 7.28b) would be

2
W,,=- [ vdp=Areal2ab1
|
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7.15 Entropy and Direction: The Second Law—A
Directional Law of Nature

Since the entropy of an isolated system can never decrease, it follows that only
those processes are possible in nature which would give an entropy increase for
the system and the surroundings together (the universe). All spontaneous
processes in nature occur only in one direction from a higher to a lower
potential, and these are accompanied by an entropy increase of the universe.
‘When the potential gradient is infinitesimal (or zero in the limit), the entropy
change of the universe is zero, and the process is reversible. The second law
indicates the direction in which a process takes place. A process always occurs
in such a direction as to cause an increase in the entropy of the universe. The
macroscopic change ceases only when the potential gradient disappears and the
equilibrium is reached when the entropy of the universe assumes 2 maximum
value. To determine the equilibrium state of an isolated system it is necessary to
express the entropy as a function of certain properties of the system and then
render the function a maximum. At equilibrium, the system (isolated) exists at
the peak of the entropy-hill, and dS = 0 (Fig. 7.13).

The natural direction of events in which entropy increases indicates the
‘arrow of time' which results from the universe not being in thermodynamic
equilibrium. It undergoes a natural evolution and inexorably approaches the
state of equilibrium.

7.16 Entropy and disorder

Work is a macroscopic concept. Work involves order or the orderly motion of
molecules, as in the expansion or compression of a gas. The kinetic energy and
potential energy of a system represent orderly forms of energy. The kinetic
energy of a gas is due to the coordinated motion of all the molecules with the
same average velocity in the same direction. The potential energy is due to the
vantage position taken by the molecules or displacements of molecules from
their normal positions. Heat or thermal energy is due to the random thermal
motion of molecules in a completely disorderly fashion and the average velocity
is zero. Orderly energy can be readily converted into disorderly energy, e.g.,
mechanical and electrical energies into internal energy (and then heat) by
friction and Joule effect. Orderly energy can also be converted into one another.
But there are natural limitations on the conversion of disorderly energy into
orderly energy, as delineated by the second law. When work is dissipated into
internal energy, the disorderly motion of molecules is increased. Two gases,
when mixed, represent a higher degree of disorder than when they are separated.
An irreversible process always tends to take the system (isolated) to a state of
greater disorder. It is a tendency on the part of nature to proceed to a state of
greater disorder. An isolated system always tends to a state of greater entropy.
So there is a close link between entropy and disorder. It may be stated roughly
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that the entropy of a system is a measure of the degree of molecular disorder
existing in the system. When heat is imparted to a system, the disorderly motion
of molecules increases, and so the entropy of the system increases. The reverse
occurs when heat is removed from the system.

Ludwig Boltzmann (1877) introduced statistical concepts to define disorder
by attaching to each state a thermodynamic probability, expressed by the
quantity W, which is greater the more disordered the state is. The increase of
entropy implies that the system proceeds by itself from one state to another
with a higher thermodynamic probability (or disorder number). An irreversible
process goes on until the most probable state (equilibrium state when W is
maximum) corresponding to the maximum value of entropy is reached.
Boltzmann assumed a functional relation between S and W. While entropy is
additive, probability is multiplicative. If the two parts A4 and B of a system in
equilibrium are considered, the entropy is the sum

S5=8,+5g
and the thermodynamic probability is the product
W=W, Wy
Agajn, S=5§(W), S5 =S(W,), and Sy = S(Wp)

S(W) = S(W,Wy) = S(W) + S(W)
which is a well-known functional equaton for the logarithm. Thus the famous
relation is reached
S=KInW (7.48)
where X is a constant, known as Boltzmann constant. This is engraved upon
Boltzmann’s tombstone in Vienna.

When W = 1, which represents the greatest order, S = 0. This occurs only at
T=0K. This state cannot be reached in a finite number of operations. This is the
Nernst-Simon statement of third law of thermodynamics. In the case of a gas,
W increases due to an increase in volume ¥ or temperature 7. In the reversible
adiabatic expansion of a gas the increase in disorder due to an increase in volume
is just compensated by the decrease in disorder due to a decrease in temperature,
so that the disorder number or entropy remains constant.

7.17 Absolute Entropy

It is important to note that one is interested only in the amount by which the
entropy of the system changes in going from an initial to a final state, and not in
the value of absolute entropy. In cases where it is necessary, a zero value of
entropy of the system at an arbitrarily chosen standard state is assigned, and the
entropy changes are calculated with reference to this standard state.

7.18 Entropy and Information Theory

The starting point of information theory is the concept of uncertainty. Let us
define an event as an occurrence which can result in one of the many possible
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outcomes. The outcome of the event is known only after it has occurred, and
before its occurrence we do not know which one of the several possible
outcomes will actually result. We are thus uncertain with regard to the outcome
before the occurrence of the event. After the event has occurred, we are no
longer uncertain about it. If we know or can assign a probability to each one of
the outcomes, then we will have some information as to which one of the
outcomes is most likely to occur.

For example, let us consider the throwing of a dice and try to guess the
result. Each event of turning 1, 2, 3, 4, 5 and 6 has a probability of 1/6. If it is
told that the result is odd, the probability of a correct guess is 1/3. If it is told
further that the number is not a 3, the probability of the correct guess becomes
1/2. It is thus seen that the smaller the probability, greater is the uncertainty.

The amount of information conveyed by a message increases as the amount
of uncertainty regarding the message becomes greater. The more it is known
about the message a source will produce, the less the uncertainty, and less the
information conveyed. The entropy of communication theory is a measure of
this uncertainty conveyed by a message from a source.

As stated earlier, in information theory a value of uncertainty is associated
with each outcome of an event. Let us denote the uncertainty about an outcome
whose probability is p. The knowledge of this uncertainty depends on certain
characteristics given below:

1. The uncertainty v about an event 4 with possible outcomes N;, N, ...
depends upon the probabilities p;, p,, ... of these outcomes, or:

u=f(py, py )
If p, is the probability of the i-th outcome:
u=f(p)

2. The uncertainty « is a monotonic function of the probability of the
outcome p and it decreases with increasing probability, or:
du/dp <0

. When the probability p = 1, the uncertainty u = 0.

4. The uncertainty about two independent events 4 and B taken together as
one should be the sum of the uncertainties about 4 and B taken
separately,

u(d, By=u, +up
In other words, uncertainty is an additive property. In the case of
probabilities, however,

L

p(AJ B) =PaPs
The functional relationship between u and p can be derived, as in
Eq. (7.48),

u=-Klnp=KlnL (7.49)
P
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where K is a constant. Since p is always less than 1, u is always positive.
5. If the event has a very large number of outcomes, an average value of
uncertainty for the outcomes of the event is significant.

If py, ps P3, ... be the probabilities of the outcomes of an event with
uncertainties u,, 1, 5, ..., then the average value of the uncertainty for the
event as a whole is given by the expectation value of the uncertainty <u>,
which is written as:

<w> =3 pi
i
Since p;'s are probabilities,
z pi=1
i
Again, since 4;=—Kln p,,
therefore, <u>=Y piu=-KY plnp; (7.50)

The measure of uncertainty can be used to define the amount of information
contained in a message. The information in a message has the effect of reducing
or eliminating uncertainties. We, therefore, define the information I in a
message as the decrease in uncertainty as a result of receiving the message, or

I=u—u, (7.51)
where u; and u, are the uncertainties before and after receiving the message

respectively about the outcome with which the message is concerned. Using
Eq. (7.49),

I=Kmf2 (7.52)
14
where p, and p, are the probabilities before and after receiving the message
respectively.
- If the message removes the uncertainty completely giving complete
information about the outcome, u, = 0 and /= u,. In general, information is
equal to the uncertainty. When we are dealing with many outcomes with their
associated uncertainties, we can define the average or expected value of the
information,

<> =<u>=-KY p/inp, (7.53)

The expected value of information is also called entropy in information theory
and is designated by the symbol S, so that

S=-KY p;Inp; (1.54)
i

This is known as Shannon's formula.
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7.18.1 Statistical Formalism

Let V|, V,, ... V, are the values of the various outcomes, and py, p,, ..., p are

the probabilities associated. Let ¥ is known as the average value of all the
outcomes, which is the same as the expected value. The equations of constraint
are:

=1
Spp=<V>=V (7.55)

If p;’s are given, then ¥ can be estimated from the above equation. But if V'
is given and p’; s are required, then we have c unknowns, viz., p;, p,, ..., p, and
only two equations. If ¢ > 2, the problem is indeterminate. If one set of p’;s is
chosen arbitrarily, some outcomes are certainly overemphasized. The problem
is then how to avoid bias in selecting a certain set of p’; s. The answer according
to E.T. Jaynes is to assign that set of values of p’; s which is consistent with the
given information and which maximizes the uncertainty. This is the principle of
minimum prejudice, enunciated by Jaynes in the following words:

“The least prejudiced or most unbiased estimate of probabilities is that
assignment which maximizes the entropy S, subject to the given information”.

The entropy S represents the uncertainty of an event, which is to be
maximized:

§=-KZp;Inp, (7.54)
subject to the two constraints of Eq. (7.55). Lagrange’s method of undeter-
mined multipliers (see Chap. 21) will be used for the solution. Differentiating
Egs (7.54) and (7.55)

Zdp, =0 (7.56)

ZV,dp; =0 (7.57)
dS=-K[ZInp;dp;+ Zdp] =0

or, Zlnp,dp;=0 (7.58)

where Vs are held constant and dS = 0 for S to be maximum. Multiplying
Eq. (7.56) by A and Eq. (7.57) by f and adding to Eq. (7.58).

X[ln p, + A+ B¥] dp, = 0 (7.59)
where A and J are the Lagrange’s multipliers. Since dp;’s are non-zero,
Inp;+A+pV;=0
or pi=e*ePi (7.60)
The Eq. (7.60) represents a set of ¢ equations:
= ere VI
= e V2
(7.61)
P.= e"‘ e"ﬂ V

The above equations are the desired unbiased set of p'; s.
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Again,
C
Zpi = Ee'le"l&vi =1
i=1
A 1
or A=In Y e PV (7.62)
From Eq. (7.60),
-V
e
i = = 7.63
P Ze_.ﬂvi ( )
Thus, A has been estimated. Using Eq. (7.55)
2 2ie g (7.64)
s v T .
- LI Ze ﬂ\l’l

Since ¥ is known, § can be determined. The entropy can be expressed
in terms of A and f as:

=-KZIp[-4-pV]
=KiIp + KBZp V,
S=KA+KB<V> (7.65)
The above procedure is referred to as the Jaynes' formalism.

7.18.2 Information Theory Applied to a System of Particles

Let us consider a system having a large number of particles. According to the
quantum theory (see Chap. 19), the energy that the system can have is discretely
distributed. The system cannot have any energy, but only certain values of
energy levels. Let us denote by p; the probability of the energy level €. A high
probability signifies that the corresponding energy level is more frequently
attained by the system, i.e., the system can be found for longer durations of
time in that energy level. The problem is to determine the most probable state of
the system subject to the constraints imposed by the nature of the system.
Usually, the average energy of the system, which is also the expectation cnergy
<E> is known by physical measurements.
Therefore,
<E>=XIp€&=E
and Ip=1

In statistical thermodynamics, one proceeds to determine the number of
microstates corresponding to the most probable macrostate of the system
(see Chap. 19), corresponding to the thermodynamic equilibrium state when W
is maximized to yield § = K In W. The entropy signifies the uncertainty inherent
in the system.
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Jaynes’ formalism can be applied here. The outcomes are the various possible
energy levels corresponding to the various macrostates of the system. The
probabilities p; of the energy levels are to be determined according to the
principle of minimum prejudice, subject to the constraints,

Ip=1
Ipg
=<E>
Maximizing the uncertainty or the entropy:

§=-KZp;Inp;
we get the probability distribution, as obtained earlier in Eq. (7.60)

pi=etePs (7.66)
where ¢* = Ze P4 which is the partition function (z) of the system (as explained
in Chap. 19). The maximum value of the entropy is then (as in Eq. 7.65),

S=K\+ kB <E> (7.67)

By considering the ideal distribution of an ideal gas, we can identify B as
VKT (Chap. 19), where K is the Boltzmann constant. Thus, the probability
distribution of energy levels is temperature dependent (Eq. 7.66).

7.18.3 Information Theory and Classical Thermodynamics

Classical thermodynamics usually treats the concepts of heat and work as
primitive. The information theory, however, considers heat and work as derived
quantities. The expectation energy is given by:
<E>= Zpisi
Differentiating,
d<E>=Zg dp, + Lp, dg (7.68)

Thus, the observable energy of the system can be charged by changing
“either the probabilities, p;, or the permissible states, & or both.
The entropy =-KZIp;lnp,
shows that a change in the system’s energy of the p;-type will change the
entropy as well, the change in the energy of the g-type not affecting the entropy.

Let us consider changes of the g-type. If a force F; acts on a system at the
quantum state { and produces a small displacement dx, the internal energy of the
system changes by dg;, so that

_ 9
iy
If the probability that the system is in state i is p;, the expectation force is:
<F>=ZIp F
- 0€;
Therefore, <F>=-1Lp; (7.69)

ox
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By analogy for a fluid, the pressure is:

p=-%p, 3“;', (7.70)
Work done in a reversible process:
dW, =pdV
From Eq. (7.70),
adW, =-Zp, de (7.71)

Thus, the reversible work does not produce any change in the entropy of the

system.
From Egs (7.68) and (7.71)

d<E> = X6 dp, - 4 W,
or dQ-dW=2X¢ dp;— & W,

or dQ+(dW -aW) =Zgdp, (7.72)

Thus, the heat transferred, dQ, and the lost work, (AW, — dW) are responsible
Jor changes in p, and therefore, the entropy of the system. It is shown that
entropy of a system changes due to external interaction by heat transfer (d.s)
and due to internal dissipative effect (d;s). In absence of any dissipative effect,

a0, =Xg dp, (1.73)
Substituting p; = ¢ ¢ in Eq. (7.69),

<F> =_£e'l e-.sei %

X
Again, since i[e‘-"%i} =—Be P 9,
dx ox
Therefore,
B i
<F>= P EM—
B ox
Now, &* = Ze'f
1 JxePe
<F>= e
ﬁZe‘aEi ox
- 1 dA
== |lnFe Be; - 1 04
ﬁ ox [ ] ﬁ dx
By analogy for a fluid, the pressure is:
1 94

P (1.74)
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It is noted that A depends on f§ as well as &, and hence on volume V.
Now, S=KA+KB<E>
dS = KdA + K<E> dp + KP d<E>

K[(aﬁJ d5+( ) dV]+K<E>dﬁ+K,Bd<E>

Now, <E>=3p g=ZetePu. g
Zech o
e Fhi ap Iy
Therefore,

ds = K[aa] dﬁ+[az] av

)
dp + Kp d<k>
3,000
= KBp dV + KBd<E> " [From Eq. 7.74]
. 1
S _——
ince B 7
a5- 4V, dE
T T
or, TdS=dE + pdV (7.75)

which is a well-known equation of classical thermodynamics. For a reversible
process,

W, = pdv
and from first law,
dQ=dE+daW
40, =dE + pdV (7.76)
From Egs (7.75) and (7.76),
ds= d?’ (7.77)

This is in conformity with the classical formula for entropy. However, the
entropy is a fundamental concept in information theory and not a derived
Sunction as in classical thermodynamics.

7.19 Postulatory Thermodynamics

The property ‘entropy’ plays the central role in thermodynamics. In the
classical approach, as followed in this book, entropy is introduced via the
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concept of the heat engine. It follows the way in which the subject of
thermodynamics developed historically mainly through the contributions of Sadi
Camot, James Prescott Joule, William Thomson (Lord Kelvin), Rudolf Clausius,
Max Planck and Josiah Willard Gibbs.

In the postulatory approach, as developed by H.B Callen (see Reference),
entropy is introduced at the beginning. The development of the subject has been
based on four postulates. Postulate [ defines the equilibrium state. Postulate 11
introduces the property ‘entropy’ which is rendered maximum at the final equi-
librium state. Postulate 1II refers to the additive nature of entropy which is a
monotonically increasing function of energy. Postulate 1V mentions that the
entropy of any system vanishes at the absolute zero of temperatue. With the
help of these postulates the conditions of equilibrium under different constraints
have been developed.

SOLVED EXAMPLES

Example 7.1 Water flows through a turbine in which friction causes the water
temperature to rise from 35°C to 37°C. If there is no heat transfer, how much
does the entropy of the water change in passing through the turbine? (Water is
incompressible and the process can be taken to be a constant volume.)

Soiution The presence of friction makes the process irreversible and causes an
entropy increase for the system. The flow process is indicated by the dotted line
joining the equilibrium states 1 and 2 (Fig. Ex. 7.1). Since entropy is a state
property and the entropy change depends only on the two end states and is
independent of the path the system follows, to find the entropy change, the
irreversible path has to be replaced by a reversible path, as shown in the figure,
because no integration can be made on a path other than a reversible path.

— Imeversible
0K \

. Reversible path
- connecting the initial
and final equilibrium
states

T,=37+273=310K
T,=35+273=308K
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We have

a0, =TdS
me, dT

T
§5,-8, =mc‘,1n£2—
L

ds =

310
=1x4.187 In —
x 4.187 308

=0.0243 kVK Ans.

Example 7.2 (a) One kg of water at 273 K is brought into contact with a heat
reservoir at 373 K. When the water has reached 373 K, find the entropy change
of the water, of the heat reservoir, and of the universe.

(b) If water is heated from 273 K to 373 K by first bringing it in contact with
a reservoir at 323 K and then with a reservoir at 373 K, what will the entropy
change of the universe be?

(c) Explain how water might be heated from 273 K to 373 K with almost no
change in the entropy of the universe.
Solution (a) Water is being heated through a finite temperature difference
(Fig. Ex. 7.2). The entropy of water would increase and that of the reservoir
would decrease so that the net entropy change of the water (system) and the
resevoir together would be positive definite. Water is being heated irreversibly,
and to find the entropy change of water, we have to assume a reversible path
between the end states which are at equilibrium.

Reservoir
373K

System
| 273K

Fig. Ex. 7.2

a0 _ fmcdrﬁmc]n}é_
Ul

BS)er = [

=1x4.1871 = 1.305 KI/K
x “273
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The reservoir temperature remains constant irrespective of the amount of
heat withdrawn from it.
- Amount of heat absorbed by the system from the reservoir,
Q=1x4.187 x (373 - 273) =418.7kJ

.. Entropy change of the reservoir

0 418.7
=-E=-"- =_1122kJ/K
(e T 373
. Entropy change of the universe
(AS) iy = (A5)system + (AS)res
=1.305-1.122 = 0.183 kJ/K Ans.(a)

(b) Water is being heated in two stages, first from 273 K to 323 K by bringing
it in contact with a reservoir at 323 K, and then from 323 K to 373 K by bringing
it in contact of a second reservoir at 373 K.

WK WK
(AS)yiater = mcgz- + Jmc—d—T-
MK mr T

323 373)
=4, == +In—] =(0.1673 + 0.1441) 4.187
4.187 [ln > +1In 33 ( )

= 1.305 kI/K

_ 1x4187x(323-273) _
(A T

_ 1x4187x(373-323) _
(A8) s 73

(AS)uni v = (AS8)yater + (AS)es | + (AS)resm
= 1.305 - 0.647 - 0.56
=0.098 kI/K Ans.(b)

(c) The entropy change of the universe would be less and less if the water is
heated in more and more stages, by bringing the water in contact successively
with more and more heat reservoirs, each succeeding reservoir being at a higher
temperature than the preceding one.

When water is heated in infinite steps, by bringing it in contact with an
infinite number of reservoirs in succession, so that at any instant the tempera-
ture difference between the water and the reservoir in contact is infinitesimally
small, then the net entropy change of the universe would be zero, and the water
would be reversibly heated.

—0.647 kJ/K

-0.56 kKJ/K

Example 7.3 One kg of ice at -5°C is exposed to the atmosphere which is at
20°C. The ice melts and comes into thermal equilibrium with the atmosphere.
(a) Determine the entropy increase of the universe. (b) What is the minimum
amount of work necessary to convert the water back into ice at -5°C? ¢, of ice
is 2.093 kJ/kg K and the latent heat of fusion of ice is 333.3 kl/kg.
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Solution Heat absorbed by ice Q from the atmosphere (Fig. Ex. 7.3.1)

Fig. Ex. 7.3.1

= Heat absorbed in solid phase + Latent heat
+ Heat absorbed in liquid phase
=1x2093 x[0-(5)]+1x3333+1x4.187 x(20-0)
=427.5 kJ
Entropy change of the atmospher.

__0 4275 _
A =-==—-——= =146 kI/K
(A)am = =7 =703
Entropy change of the system (ice) as it gets heated from —5°C to 0°C

273

a7 273
(ASDsystem = j me, = =1x 2093 In 22 =2.093 x 0.0186
- 0.0389 kI/K
Entropy change of the system as ice melts at 0°C to become water at 0°C
3333
AS, === = 1.22kl/K
( ll)syslrrn 273

Entropy change of water as it gets heated from 0°C to 20°C

(ASy),

sem = Im p7— 1 x4.187 In % = 0.296 kUK

Total entropy change of ice as it melts into water
(AS)giay = A8y + ASpy + ASyy
=0.0389 + 1.22 + 0.296
=1.5549 kI/K
The entropy-temperature diagram for the system as ice at —5°C converts to
water at 20°C is shown in Fig. Ex. 7.3.2
.. Entropy increase of the universe
(As}univ = (ﬁs)synem + (A'S)nlm
= 1.5549 — 1.46 = 0.0949 kJ/K Ans. (a)
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293K 4
=
T 273K 2 iam 3
| ’///
268K / N
1H0.465 kit~ 333.3 k74 83.7kJ
=] S
S s s
I
—_——5
Fig. Ex. 7.3.2
(b) To convert 1 kg of water at 20°C Atmosphere
to ice at—5°C, 427.5 kJ of heat have to MB K
be removed from it, and the system has Q+w

to be brought from state 4 to state 1 1
(Fig. Ex. 7.3.2). A refrigerator cycle, as | “
shown in Fig. Ex. 7.3.3, is assumed to W_H@
accomplish this.

The entropy change of the system ]
would be the same, i.e. S, — §;, with
the only difference that its sign will be 1kg Waterat 20°C| System
negative, because heat is removed toice at - 5°C
from the system (Fig. Ex. 7.3.2).
Fig. Ex. 7.3.3

Gls)anvnn = SI“Sh

(negative)

The entropy change of the working fluid in the refrigerator would be zero,
since it is operating in a cycle, i.e.,
(AS)e;=0
The entropy change of the atmosphere (positive)

- o+W
(AS)stm T

.. Entropy change of the universe
(As)un.iv = (As}syslem + (AS)ref + (As)mm

—f(C _ o+W
(51— 8y + T

By the principle of increase of entropy
{a'S)mjv or isolated system 20

[(31 -5+ Q;W] >0
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Q+W
E=——2(5-S
T (S4—8y)
W2 T(S,-5)- 0
Wminy = TS5 - ) - Q
Here Q=4275KkJ
T=293K
S, -8, = 1.5549 kI/K
Wiminy = 293 x 1.5549 — 427.5
=285kJ Ans. (b)
Example 7.4 Two identical bodies of constant heat capacity are at the same
initial temperature T;. A refrigerator operates between these two bodies until
one body is cooled to temperature 7. If the bodies remain at constant pressure

and undergo no change of phase, show that the minimum amount of work
needed to do this is

T!
W(min)=cp[Tz‘*' n ‘ZTi]
Solution Both the finite bodies 4 and B are initially at the same temperature T,

Body A is to be cooled to temperature T, by operating the refrigerator cycle, as
shown in Fig. Ex. 7.4. Let T, be the final temperature of body B.

| BodyB | T»T;
Q+W

w—(r)
A Q

Body A | Tj-»Tz

Fig. Ex. 7.4

Heat removed from body A to cool it from T to T,
0=C,(T,;-Ty
where C;, is the constant pressure heat capacity of the identical bodies 4 and B.
Heat discharged to body B
=Q+W=C,(I3-T)
Work input, #
=G -T)-G((T;-T)
=G (T3 + T, -2T) (7.4.1)
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Now, the entropy change of body A

‘(Cp C,ln 2 (negatwe)

The entropy change of budy B
T
d7
85,- &5
T

Entropy change (cycle) of refrigerant = 0
.. Entropy change of the universe

(AS)yniy = ASy + ﬂSB

=C, In I (positive)
T

T
=G, ln
7 T
By the entropy principle
(AS) iy 20
G, 1|1£+CPII|£) 20
7 7
Tz
Cpln 20 (7.4.2)

In equation {7.4.1) with Cp, T,, and T, being given, W will be a minimum
when T’ is a minimum. From Eq. (7.4.2), the minimum value of 77
would correspond to

L
—=£ =
T?

Gn =Inl
I:Z
o o=
‘on
From equation (7.4.1)
2
W(min}ch(?2+T2—ZT;] Proved.

Example 7.5 Three identical finite bodies of constant heat capacity are at
temperatures 300, 300 and 100 K. If no work or heat is supplied from outside,
what is the highest temperature to which any one of the bodies can be raised by
the operation of heat engines or refrigerators?

Solution Let the three identical bodies 4, B, and C having the same heat
capacity C be respectively at 300 K, 100 K and 300 K initially, and let us operate
a heat engine and a refrigerator, as shown in Fig. Ex. 7.5. Let T be the final
temperature of bodies 4 and B, and 7} be the final temperature of body C. Now
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T; A | c ,
AS), = - =Ty T
(AS),=CIn 300 :mfm’ 300 K
TQ-] Q4
(AS)s =CIn I ~N w [
M e (")
T =
(@S)c=Cln < fo Loy
B |
(8 =0 [10dk ==,
(ASker =0 Fig. Ex. 7.5
where C is the heat capacity of each of the three bodies.
[C!ni+CIni+Cln—Tf—) 20
300 100 300
I TY
Cln—LL >0
9,000,000
iy
For minimum value of 7, Cln —£~L- =0=In1
9x10
T? T; = 9,000,000 (1.5.1)
Now
0, =C(300-Tp
0, = C(T;- 100)
0, = C(T's—300)
Again
©, = Heat removed from body 4
= Heat discharged to bodies B and C
=0+ 0
C(300 - Tp = C(Ty— 100) + C (T7 - 300)
T; =700 - 2T, (7.5.2)

T, will be the highest value when T is the minimum.
From equations (7.5.1) and (7.5.2)
17 (700 — 2T = 9,000,000
277 - 700 T + 9,000,000 = 0
or I;=150K
From Egq. (7.5.2)
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=(700 -2 x 150)K
=400K Ans.

Example 7.6 A system has a capacity at constant volume
Cy=AT
where A = 0,042J/K>.

The system is originally at 200 K,
and a thermal reservoir at 100 K is
available. What is the maximum
amount of work that can be recovered
as the system is cooled down to the
temperature of the reservoir?

Solution Heat removed from the 100%
system (Fig. Ex. 7.6) Fig. Ex. 7.6
T T3=100 K
0= fC\,dT= Jo.042 72T
T T, =200 K
3 7100 K
=0.042 [ T }
3 200 K
- % VK (100° = 200%)K? = —98 x 10° J
100 K 100 K
dr dr
(A'S)system = J Cy—= I 004272 —
200 K 200 K
= 2242 55 [100% - 200°K”
=630 VK
O -W _98x10°-W
K
(8 = =5 00

(A‘g)worluns fluid in HE. =0

(As)unw (As)symm + (mm

6304 38X10°-W
100
Since (AS) iy 2 0
k}
304 BBXI0°-W
100
W

980 - —— - 63020
100
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/4
100 <350

W mary = 35,000 1 =35 kJ Ans.

Example 7.7 A fluid undergoes a reversible adiabatic compression from
0.5 MPa, 0.2 m* to 0.05 m® according to the law, pv'> = constant. Determine

the change in enthalpy, internal energy and entropy, and the heat transfer and
work transfer during the process.

Solution
TdS = dH - Vdp
For the reversible adiabatic process (Fig. Ex. 7.7)
2
PV!3 = Const
T
1
—_—
Fig. Ex. 7.7

dH = Vdp
p1=0.5MPa, ¥, =02 m’
¥y =0.05 m’, p, V", = p, V3

) (A
o ;"zi’lp5

0.20 ]‘-3
=05x (22017 mp
x ( 0.05 2

=10.5 % 6.061 MPa
= 3,0305 MPa

v =pv"

(o)

TdH = TVdp
H, Pl

p n y/n
P1 P
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1-1/n 1-n/n
pml Py iy |
@) ( = 1/n

= ¥y —pih)
n-=1
_ 1.3(3030.5 x 0.05 — 500 x 0.2)
13-1

2233 kJ

Hy-Hy=U+p, V) -(U +p V)
=(U,-Up+(p h—p V)

U, - Uy=(H, - H) - (p,V2 - pi¥D)

=2233-51.53
=171.77 kJ Ans.
5,-8,=0 Ans.
0,,=0 Ans.
Qi2a=U,- U+ Wy,
Wyy=U -U=-171.7TK Ans.

Example 7.8 Air is flowing steadily in an insulated duct. The pressure and
temperature measurements of the air at two stations 4 and B are given below.
Establish the direction of the flow of air in the duct. Assume that for air, specific
heat c, is constant at 1.005 kI/kg K, h =c, 7, and = = 2257, where p, o and
P

T are pressure (in kPa), volume (in m3fkg) and temperature (in K) rcspgctively.

Station A Station B
Pressure 130 kPa 100 kPa
Temperature 50°C 13°C
Solution From property relation
Tds = dk — vdp
_ dh dp
de=—-v3

For two states at 4 and B the entropy change of the system

8| T p
ds = fc"dT - fo.:as?d—"
T P

Sa Ta Pa
s5-5x = 1.005 In -2 _ 0,287 In P2
Ty Pa
=1.0051n 2313 8715 100

273+ 50 130
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=-0.1223 + 0.0753
=-0.047 kl/kg K
(AS)system =—0.047 kT kg K
Since the duct is insulated (AS)g,, =0
(AS) iy = —0.047 kl/kg K
This is impossible. So the flow must be from B to 4.
Example 7.9 A hypothetical device is supplied with 2 kg/s of air at 4 bar,
300 K. Two separate streams of air leave the device, as shown in figure below.
Each stream is at an ambient pressure of 1 bar, and the mass flow rate is the
same for both streams. One of the exit streams is said to be at 330 K while the

other is at 270 K. The ambient temperature is at 300 K. Determine whether such
a device is possible.

Solution The entropy generation rate for the control volume (Fig. Ex. 7.9) is
Sm = Z?ﬁ‘.s, — Zﬂ"isi
= Fitgsy + Hilysy — My,

= Miysy + Hysy — (i + 7ing)s,
= riny(sy = 59) + rity(s3— 5)

Now, sz—s,=cpln£—Rln&
I p
=1.0051n 3% 2871 L
00 4
= 0.494 kJ/kgK

33—s|=cpln%—Rln&
t Py

270 1
=1.005In =~ - 0.287 In —
300 4
=0.292 ki/kgK
Sgen =1 X 0.494 + 1 x 0.292
=0.786 kW/K

Since S, > 0, the device is possible. Such devices actually exist and are
called vortex tubes. Although they have low efficiencies, they are suitable for
certain applications like rapid cooling of soldered parts, electronic component
cooling, cooling of machining operations and so on. The vortex tube is
essentially a passive device with no moving parts. It is relatively maintenance
free and durable.
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Airin

Cold air
1kgls

1 bar, 270K

Fig. Ex. 7.9

Example 7.10 A room is maintained at 27°C while the surroundings are
at 2°C. The temperatures of the inner and outer surfaces of the wall (k =
0.71 W/mK) are measured to be 21°C and 6°C, respectively. Heat flows steadily
through the wall 5 m X 7 m in cross-section and 0.32 m in thickness. Determine
(a) the rate of heat transfer through the wall, (b) the rate of entropy generation
in the wall, and (c) the rate of total entropy generation- with this heat transfer

process.
Solution
: AT w 2 (21-6)K
=kAd— =071 — x (5 x T)m" x ——
Q=kd= mK X G m
=1164.84 W Ans. (a)
Taking the wall as the system, the entropy balance in rate form gives:
ds, : :
d\:nll = Otransfer + Ssen.wall
0= Z-g‘ + S‘gen.wall
1164.84 1164.84 | -
0=——-—"—""""4+5
294 279 genwal
Rate of entropy generation in the wall
Sgenwal = 4175 ~ 3.962 = 0.213 W/K Ans. (b)

The entropy change of the wall is zero during this process, since the state
and hence the entropy of the wall does not change anywhere in the wall.

To determine the rate of total entropy generation during this heat transfer
process, we extend the system to include the regions on both sides of the wall,

d“;m = Syranster T Sgen.mlal

0= z% + Sgen,lmal
116484 1164.84 :
=+ S
300 275 genfotal
Sgen ot = 4236 — 3.883 = 0.353 WK Ans. (c)

0



204—— Basic and Applied Thermodynamics
REVIEW QUESTIONS

77
78

79
7.10

7.11
712
7.13

7.14
7.15

7.16
717

7.18
7.19

720
721

Show that through one point there can pass only one reversible adiabatic.
State and prove Clausius’ Theroem.
Show that entropy is a property of a system.
How is the entropy change of a reversible process estimated? Will it be
different for an irreversible process between the same end states?
Why is the Camot cycle on T-s plot a rectangle?
State the principle of Caratheodory. How is the existence of entropy function
inferred?
Establish the inequality of Clausius.
Give the criteria of reversibility, irreversiblility and impossibility of a thermo-
dynamic cycle.
What do you understand by the entropy principle?
When the system is at equilibrium, why would any conceivable change in
entropy be zero?
Why is the entropy increase of an isolated system a measure of the extent of
irreversibility of the process undergone by the system?
How did Rudolf Clausius summarize the first and second laws of thermody-
namics?
Show that the transfer of heat through a finite temperature difference is
irreversible.
Show that the a diabatic mixing of two fluids is irreversible.
What is the maxmium work obtainable from two finite bodies at temperatures
T, and T,?
Determine the maximum work obtainable by using one finite body at
temperature T and a thermal energy reservoir at temperature T, T > T,
What are the causes of entropy increase?
Why is an isentropic process not necessarily an adiabatic process?
What is the reversible adiabatic work for a steady flow system when K.E. and
P.E. changes are negligibly small? How is it different from that for a closed
stationary system?
Under what conditions is the work done equal to (a) J pdo, (b) - _[ v dp?
Why are the equations

TdS =dU +pdV

TdS = dH - Vdp
valid for any process between two equilibrium end states?
Why is the second law called a directional law of nature?
How is entropy related to molecular disorder in a system?
Show that entropy varies logarithmically with the disorder number.
What do you understand by perfect order?
Give the Nernst-Simon statement of the third law of thermodynamics.
Why does entropy remain constant in a reversible adiabatic process?
What do you understand by the postulatory approach of thermodynamics?
What do you understand by ‘lost work’?
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7.30 The amount of entropy generation quantifies the intrinsic irreversiblity of a
process. Explain.
731 Show that S, is not a thermodynamic property.
7.32 Give the expression for the entropy generation rate for a control volume of a
steady flow system.
7.33 What is the entropy generation in the isothermal dissipation of work?
7.34 What is the entropy generation in the adiabatic dissipation of work?
7.35 What do you understand by entropy transfer? Why is entropy transfer
associated with heat transfer and not with work transfer?
736 What is the relation between probability and uncertainty of an event? How is
entropy defined in communication theory?
7.37 State the five characteristics on which the uncertainty of an event depends.
What is the expectation value of uncertainty?
7.38 Define information and explain its relation with entropy. What is Shannon’s
formula?
7.39 What is bias? State and explain the principle of minimum prejudice.
740 Explain the procedure of Jaynes’ formalism to prove:
S=KA+KB<i>
7.41 Explain how information theory is applied to a system of particles. What is
partition- function?
742 Explain the relation of information theory and classical thermodynamics.
743 How do the heat transfer and the lost work affect changes in p; and hence the
entropy of a system?
744 Since information theory considers heat and work as derived guantities, show
that for a reversible process:
(@) ¢W,=-Zpdg=pdV
(b) dQ+[dW -dW)=Zgdp
{c) ¢0Q,=TdS
7.45 Explain how entropy is a fundamental concept in information theory and not a
derived function as in classical thermodynamics.
PROBLEMS
7.1 On the basis of the first law fill in the blank spaces in the following table of
imaginary heat engine cycles. On the basis of the second law classify each
cycle as reversible, irreversible, or impossible.
Cycle Temperature Rate of Heat Flow Rate of work Efficiency
Source Sink Supply  Rejection output
(a) 327°C 27C 420kd/s  230kd/s kW
(b) 1000°C  100°C  ..kJmin 4.2 MJ/min kW 65%
(c) 750K 300K .klis .klis 26 kW 60%
(d) TOOK 300K 3 kW kW 2 kW
7.2 The latent heat of fusion of water at 0°C is 335 kJ/kg. How much does the

entropy of 1 kg of ice change as it melts into water in each of the following
ways:
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73

74

7.5

76

17

7.8

(a) Heat is supplied reversibly to a mixture of ice and water at 0°C. (b) A
mixture of ice and water at 0°C is stirred by a paddle wheel.
Two kg of water at 80°C are mixed adiabatically with 3 kg of water at 30°C
in a constant pressure process of 1 atmosphere. Find the increase in the
entropy of the total mass of water due to the mixing process (c, of water =
4.187 kJ/kgK).
Ans. 0.0592 kI/K
In a Camot cycle, heat is supplied at 350°C and rejected at 27°C. The working
fluid is water which, while receiving heat, evaporates from liquid at 350°C to
steam at 350°C. The associated entropy change is 1.44 k)/kg K. (a) If the cycle
operates on a stationary mass of 1 kg of water, how much is the work done per
cycle, and how much is the heat supplied? (b) If the cycle operates in steady
flow with a power output of 20kW, what is the steam flow rate?
Ans. (a) 465.12, 897.12 kJ/kg, (b) 0.043 kg/s
A heat engine receives reversibly 420 kl/cycle of heat from a source at 327°C,
and rejects heat reversibly to sink at 27°C. There are no other heat transfers,
For each of the three hypothetical amounts of heat rejected, in (a), (b), and (c)
below, compute the cyclic integral of & (/7. From these results show which
case is irreversible, which reversible, and which impossible: (a) 210 kl/cycle
rejected, (b) 105 kl/cycle rejected, (c) 315 kl/cycle rejected.
Ans. (a) Reversible, (b) Impossible, (¢) Irreversible
In Fig. P.7.6, abed represents a Carnot cycle bounded by two reversible
adiabatics and two reversible isotherms at temperatures T, and T, (T, > T)).
The oval figure is a reversible cycle, where heat is absorbed at temperatures
less than, or equal to, T}, and rejected at temperatures greater than, or equal to,
T,. Prove that the efficiency of the oval cycle is less than that of the Camot
cycle.

Fig. P. 7.6

Water is heated at a constant pressure of 0.7 MPa. The boling pointis
164.97°C. The initial temperature of water is 0°C. The latent heat of evaporation
is 2066.3 kJ/kg. Find the increase of entropy of water, if the final state is steam.
Ans. 6.6967 klkg K
One kg of air initially at 0.7 MPa, 20°C changes to 0.35 MPa, 60°C by the three _
reversible non-flow processes, as shown in Fig. P. 7.8. Process 1-a-2 consists
of a constant pressure expansion followed by a constant volume cooling,
process 1-b-2 an isothermal expansion followed by a constant pressure
expansion, and process l-c-2 an adiabatic expansion followed by a constant
volume heating. Determine the changes of internal energy, enthalpy, and
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7.10

7.11

712
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entropy for each process, and find the work transfer and heat transfer for each
process. Takes = 1.005 and ¢, = 0.718 k¥kg, K and assume the specific
heats to be constant. Also assume for air pv = 0.287 T, where p is the pressure
in kPa, v the specific volume in m’!kg, and T the temperature in K.

Rev. adiabatic

——

Fig. P. 7.8

Ten grammes of water at 20°C is converted into ice at =10°C at constant
atmospheric pressure. Assuming the specific heat of liquid water to remain
constant at 4.2 J/gK and that of ice to be half of this value, and taking the
latent heat of fusion of ice at 0°C to be 335 J/g, calculate the total entropy
change of the system.
Ans. 16.02 JJIK
Calculate the entropy change of the universe as a result of the following
processes:
(a) A copper block of 600 g mass and with Cj, of 150 J/K at 100°C is placed in
a lake at 8°C.

(b) The same block, at 8°C, is dropped from a height of 100 m into the lake.
(c) Two such blocks, at 100 and 0°C, are joined together.

Ans. () 6.63 J/K, (b) 2.095 J/K, (c) 3.64 J/K
A system maintained at constant volume is initially at temperature T, and a
heat reservoir at the lower temperature T is available. Show that the maximum
work recoverable as the system is cooled to Ty is

W=C, [(T, —Tu)—Tn!ni}
T
A body of finite mass is originally at temperature T, which is higher than that
of a reservoir at temperature T,. Suppose an engine operates in a cycle
between the body and the reservoir until it lowers the temperature of the body
from T to T, thus extracting heat O from the body. If the engine does work W,
then it will reject heat Q-W to the reservoir at T,. Applying the entropy
principle, prove that the maximum work obtainable from the engine is
W{mu] =0- Tz(S| - Sz)
where S; — S, is the entropy decrease of the body.
If the body is maintained at constant volume having constant volume heat
capacity C, = 8.4 kJ/K which is independent of temperature, and if T, =373 K
and T, = 303 K, determine the maximum work obtainable.
Ans. 58.96 kl
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7.13

7.14

715

7.16

Each of three identical bodies satisfies the equation U/ = CT, where C is the
heat capacity of each of the bodies. Their initial temperatures are 200 K, 250 K,
and 540 K. If C = 8.4 kI/K, what is the maximum amount of work that can be
extracted in a process in which these bodies are brought to a final common
temperature?

Ans. 756 kI
In the temperature range between 0°C and 100°C a particular system
maintained at constant volume has a heat capacity.

C,=A+2BT

with 4=0.014 J/K and B=4.2 x 107 J/K2.
A heat reservoir at 0°C and a reversible work source are available, What is the
maximum amount of work that can be transferred to the reversible work source
as the system is cooled from 100°C to the temperature of the reservoir?

Ans. 4.508
A reversible engine, as shown in Fig. P. 7.15, during a cycle of operation
draws 5 MJ from the 400 K reservoir and does 840 kJ of work. Find the amount
and direction of heat interaction with other reservoirs.

Ans. O, =+4.98MI @, =-0.82MJ

[ 200K @'EJF! | 200K

Q3 Q; r Q1 =smy

Y w=840kJ
Fig. P. 7.15

For a fluid for which pv/T is a constant quantity equal to R, show that the
change in specific entropy between two states 4 and B is given by

Pa

A fluid for which R is a constant and equal to 0.287 kJ/’kg K, flows steadily
through an adiabatic machine, entering and leaving through two adiabatic
pipes. In one of these pipes the pressure and temperature are 5 bar and 450 K
and in the other pipe the pressure and temperature are 1 bar and 300 K
respectively. Determine which pressure and temperature refer to the inlet pipe.
For the given temperature range, ¢, is given by

cp=alnT+b

where T is the numerical value of the absolute temperature and a = 0.026
kl/kg K, b= 0.86 kl/kg K.

1
Sg= Sy = 504t - RIn P
T
Ta

Ans. sy =5, =0.0509 kl/kg K, 4 is the inlet pipe
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7.19

7.20

7.21
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Two vessels, 4 and B, each of volume 3 m® may be connected by a tube

of negligible volume. Vessel A contains air at 0.7 MPa, 95°C, while vessel

B contains air at 0.35 MPa, 205°C. Find the change of entropy when A

is connected to B by working from the first principles and assuming the

mixing to be complete and adiabatic. For air take the relations as given in

Examples. 7.8.

Ans. 0.947 kJ/K

(a) An aluminium block (c, = 400 J/kg K) with a mass of 5 kg is initially at 40°C
in room air at 20°C. It is cooled reversibly by transferring heat to a completely
reversible cyclic heat engine until the block reaches 20°C. The 20°C room air
serves as a constant temperature sink for the engine. Compute (i) the change
in entropy for the block, (ii) the change in entropy for the room air, (iii) the
work done by the engine.

(b) If the aluminium block is allowed to cool by natural convention to room
air, compute (i) the change in entropy for the block, (ii) the change in
entropy for the room air (iii) the net change in entropy for the universe.

Ans. (a)— 134.2 /K, + 132 J/K, 1306 J, (b) - 132 /K, + 136.5 J/K, 4.5 /K

Two bodies of equal heat capacities C and temperatures T; and T, form an

adiabatically closed system. What will the final temperature be if one lets this

system come to equilibrium (a) freely? (b) reversibly? (c) What is the maximum
work which can be obtained from this system?

A resistor of 30 ohms is maintained at a constant temperature of 27°C while a

current of 10 amperes is allowed to flow for | sec. Determine the entropy

change of the resistor and the universe.
Ans. (AS) g0 = Os (AS) i, = 10 VK

If the resistor initially at 27°C is now insulated and the same current is passed

for the same time, determine the entropy change of the resistor and the

universe. The specific heat of the resistor is 0.9 kJ/kg K and the mass of the

resistor is 10 g.

Ans. (AS)y, = 6.72 VK

An adiabatic vessel contains 2 kg of water at 25°C. By paddle-wheel work

transfer, the temperature of water is increased to 30°C. If the specific heat of

water is assumed constant at 4.187 kJ/kg K, find the entropy change of the
universe.
Ans. 0.139 kIVK

A copper rod is of length | m and diameter 0.01 m. One end of the rod is at

100°C, and the other at 0°C, The rod is perfectly insulated along its length and

the thermal conductivity of copper is 380 W/mK. Calculate the rate of heat
transfer along the rod and the rate of entropy production due to irreversibility
of this heat transfer.

Ans. 2985 W, 0.00293 W/K

A body of constant heat capacity C,, and at a temperature 7} is put in contact

with a reservoir at a higher temperature 7. The pressure remains constant

while the body comes to equilibrium with the reservoir, Show that the entropy
change of the universe is equal to

T - T T, - T,
'y i LI []+l f]
"{ . I,
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724

7.25

7.26

727

728

729

730

Prove that this entropy change is positive.

2 3 4
Given: In(l+x)=x-2—+ 2 X 4.
o al+n=x-+5 -7

where x < 1.
An insulated 0.75 kg copper calorimeter can containing 0.2 kg water is in
equilibrium at a temperature of 20°C. An experimenter now places 0,05 kg of
ice at 0°C in the calorimeter and encloses the latter with a heat insulating
shield. (2) When all the ice has melted and equilibr:um has been reached, what
will be the temperature of water and the can? The specific heat of copper is
0.418 kl/kg K and the latent heat of fusion of ice is 333 kl/kg. (b) Compute the
entropy increase of the universe resulting from the process. (c) What will be
the minimum work needed by a stirrer to bring back the temperature of water to
20°C?

Ans. (a)4.68°C, (b) 0.00276 kJ/K, (c) 20.84 kJ
Show that if two bodies of thermal capacities C, and C; at temperatures T, and
T, are brought to the same temperature T by means of a reversible heat engine,
then

Chnh+CnT,

C+G
Two blocks of metal, each having a mass of 10 kg and a specific heat of 0.4 kJ/
kg K, are at a temperature of 40°C. A reversible refrigerator receives heat from
one block and rejects heat to the other. Calculate the work required to cause a
temperature difference of 100°C between the two blocks.

InT=

Ans. 32k

A block of iron weighing 100 kg and having a temperature of 100°C is

immersed in 50 kg of water at a temperature of 20°C. What will be the change

of entropy of the combined system of iron and water? Specific heats of iron
and water are (.45 and 4.18 kJ/kg K respectively.

Ans. 1.24 kJ/K

36 g of water at 30°C are converted into steam at 250°C at constant

atmospheric pressure. The specific heat of water is assumed constant at 4.2 J/

gK and the latent heat of vaporization at 100°C is 2260 J/g. For water vapour,
assume pF = mRT where R = 0.4619 kl/kg K, and

%’ =a+bT+cTP, where a = 3.634,

b=1.195x10°K andc=0.135%x 10°° K™

Calculate the entropy change of the system.
Ans. 273.1 JIK
A 50 ohm resistor carrying a constant current of 1 A is kept at a constant
temperature of 27°C by a stream of cooling water. In a time interval of 1 s,
(a) what is the change in entropy of the resistor? (b) What is the change in
entropy of the universe?
Ans. (2) 0, (b) 0.167 /K
A lump of ice with a mass of 1.5 kg at an initial temperature of 260 K melts at the
pressure of 1 bar as a result of heat transfer from the environment. After some



731

132

733

734

735

736

Entropy —=111

time has elapsed the resulting water attains the temperature of the
environment, 293 K. Calculate the entropy production associated with this
process. The latent heat of fusion of ice is 333.4 ki/kg, the specific heats of ice
and water are 2.07 and 4.2 kJ/kg K respectively, and ice melts at 273.15 K.
Ans. 0.1514kJ/K
An ideal gas is compressed reversibly and adiabatically from state a to state
b. It is then heated reversibly at constant volume to state ¢. After expanding
reversibly and adiabatically to state d such that T, = T, the gas is again
reversibly heated at constant pressure to state e such that T, = T,. Heat is then
rejected reversibly from the gas at constant volume till it retumns to state a.
Express T, in terms of T and T,.. If T, = 555 K and 7, = 835 K, estimate T,. Take
r=14
T‘pl
Ans. T,= -2 313.29K
T!
Liquid water of mass 10 kg and temperature 20°C is mixed with 2 kg of ice at -
5°C till equilibrium is reached at 1 atm pressure. Find the entropy change of
the system. Given: ¢, of water =4.18 kJ/kg K, ¢, of ice = 2.09 kJ/kg K and latent
heat of fusion of ice = 334 kl/kg.
Ans. 104.9 /K
A thermally insulated 50-chm resistor carries a current of 1 A for 1 5. The initial
temperature of the resistor is 10°C. Its mass is 5 g and its specific heat is
0.85 J/g K. (a) What is the change in entropy of the resistor? (b) What is the
change in entropy of the universe?
Ans. () 0.173 YK (b) 0.173 /K
The value of c, for a certain substance can be represented by ¢, = a + bT. (a)
Determine the heat absorbed and the increase in entropy of a mass m of the
substance when its temperature is increased at constant pressure from T, to
T,. (b) Find the increase in the molal specific entropy of copper, when
the temperature is increased at constant pressure from 500 to 1200 K.
Given for copper: when T'=500 K, ¢, =252 x 10* and when T = 1200 K,
cp=30.1x 10° J/k mol K.

Ans. @ m{ (T - T)+ 273 - 1) m[atn%wm - m]
1

(b) 23.9kI/k mol K
An iron block of unknown mass at 85°C is dropped into an insulated tank that
contains 0.1m* of water at 20°C. At the same time a paddle-wheel driven by a
200 W motor is activated to stir the water. Thermal equilibrium is established
after 20 min when the final temperature is 24°C. Determine the mass of the iron
block and the entropy generated during the process.
Ans. 52.2kg, 1.285 kJ/K
A piston-cylinder device contains 1.2 kg of nitrogen gas at 120 kPa and 27°C.
The gas is now compressed slowly in a polytropic process during which
p¥'? = constant. The process ends when the volume is reduced by one-half.
Determine the entropy change of nitrogen during this process.
Ans. - 0.0615 kI/K.
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Air enters a compressor at ambient conditions of 96 kPa and 17°C with a low
velocity and exits at 1 MPa, 327°C, and 120 m/s. The compressor is cooled by
the ambient air at 17°C at a rate of 1500 kJ/min. The power input to the
compressor is 300 kW. Determine (a) the mass flow rate of air and (b) the rate
of entropy generation.
Ans. (a) 0.851 kg/s, (b) 0.144 kW/K
A gearbox operating at steady state receives 0.1 kW along the input shaft and
delivers 0.095 kW along the output shaft. The outer surface of the gearbox is
at 50°C. For the gearbox, determine (a) the rate of heat transfer, (b) the rate at
which entropy is produced.
Ans. (a) - 0.005 kW, (b) 1.54 x 107° kW/K
At steady state, an electric motor develops power along its output shaft at the
rate of 2 kW while drawing 20 amperes at 120 volts. The outer surface of the
motor is at 50°C. For the motor, determine the rate of heat transfer and the rate
of entropy generation.
Ans. - 0.4 kW, 1.24 x 107 kKW/K
Show that the minimum theoretical work input required by a refrigeration
cycle to bring two finite bodies from the same initial temperature to the final
temperatures of T\ and T, (T, < T)) is given by
Wi =me [2T\T)" - T, - Ty)

A rigid tank contains an ideal gas at 40°C that is being stirred by a paddle
wheel. The paddie wheel does 200 kJ of work on the ideal gas. It is observed
that the temperature of the ideal gas remains constant during this process as
a result of heat transfer between the system and the surroundings at 25°C.
Determine (a) the entropy change of the ideal gas and (b) the total entropy
generation.

Ans. ()0, (b) 0.671 KV/K
A cylindrical rod of length L insulated on its lateral surface is initially in
contact at one end with a wall at temperature T, and at the other end with a
wall at a lower temperature T,. The temperature within the rod initially varies
linearly with position x according to:

T=T,-0-h«
L
The rod is insulated on its ends and eventually comes to a final equilibrium

state where the temperature is T Evaluate T; and in terms of 7, and T, and
show that the amount of entropy generated is:

5 5
Suen-m[l+lan+ T-T, In7, - T-T, lnfi]

where ¢ is the specific heat of the rod.

Ans. Te=[T, + T5)2
Air flowing through a horizontal, insulated duct was studied by students in a
laboratory. One student group measured the pressure, temperature, and
velocity at a location in the duct as 0.95 bar, 67°C, 75 m/s. At another location
the respective values were found to be 0.8 bar, 22°C, 310 m/s. The group
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neglected to note the direction of flow, however. Using the known data, deter-
mine the direction.
: Ans. Flow is from right to left
Nitrogen gas at 6 bar, 21°C enters an insulated control volume operating at
steady state for which W = 0. Half of the nitrogen exits the device at 1 bar,
82°C and the other half exits at 1 bar, — 40°C, The effects of KE and PE are
negligible. Employing the ideal gas model, decide whether the device can
operate as described.
Ans. Yes, the device can operate as described



Available Energy, Exergy
and Irreversibility

8.1 Available Energy

The sources of energy can be divided into two groups, viz. high grade energy and
low grade energy. The conversion of high grade energy to shaft work is exempted
from the limitations of the second law, while conversion of low grade energy is
subject to them.

The examples of two kinds of energy are:

High grade energy Low grade energy
(a) Mechanical work (a) Heat or thermal energy
(b) Electrical energy (b) Heat derived from nuclear fission or
fusion
(c) Water power (c) Heat derived from combustion of fossil
fuels

(d) Wind power

(e) Kinetic energy of a jet

(f) Tidal power

The bulk of the high grade energy in the form of mechanical work or electrical
energy is obtained from sources of low grade energy, such as fuels, through the
medium of the cyclic heat engine. The complete conversion of low grade energy,
heat, into high grade energy, shaft-work, is impossible by virtue of the second law
of thermodynamics. That part of the low grade energy which is available for
conversion is referred to as available energy, while the part which, according to
the second law, must be rejected, is known as unavailable energy.

Josiah Willard Gibbs is accredited with being the originator of the availability
concept. He indicated that environment plays an important part in evaluating the
available energy.
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8.2 Available Energy Referred to a Cycle

The maximum work output obtainable from a certain heat input in a cyclic heat
engine (Fig. 8.1) is called the available energy (A.E.), or the available part of the
energy supplied. The minimum energy that has to be rejected to the sink by the
second law is called the unavailable energy (U.E), or the unavailable part of the
energy supplied.

Therefore, Q,=AE.+UE.
or Woe =AE. =0, -UE.
For the given T and 75,
h
Ty =1~ ?

1 .

For a given T, 7, will increase with the decrease of T,. The lowest
practicable temperature of heat rejection is the temperature of the surroundings,
To

T,
=]-2
qmlx 7;
T
and W =|1-2
max ( J,I)QI

Let us consider a finite process x—y, in which heat is supplied reversibly to a

heat engine (Fig. 8.2). Taking an elementary cycle, if & 0, is the heat received by
the engine reversibly at T, then
aw,, = IL-% a0, =dQ,- idQl =AE.
I 4

| /4
Y_T_'_| ;’ a1 -
‘I'Q W~ v or
il | -
W g = AE | AN
@ ' <N
A R
Q,=UE. ™
T,
Fig. 8.1 Available and unavailable Fig. 8.2 Availability of energy
energy in a cycle

For the heat engine receiving heat for the whole prucessx—y, and rejecting heat
at Tn



216 —— Basic and Applied Thermodynamics

Y y Y T—
!dwm ={dQ. —!?‘l’dQ.

Waa = ALE.
= Qxy - TO (S), - s;) (8-2)
or UE. =0, — Wi
or UE. = Tofsy — 55)

The unavailable energy is thus the product of the lowest temperature of heat
rejection, and the change of entropy of the system during the process of supplying
heat (Fig. 8.3). The available energy is also known as exergy and the unavailable
energy as energy, the words first coined by Rant (1956).

y
- Oy
A Available
[ Y 1 energy,or
x :fnm =Wy
7 e
o =To(sy-5,)

Fig. 8.3 Unavailable energy by the second law

8.2.1 Decrease in Available Energy when He;lt is
Transferred through a Finite Temperature Difference

Whenever heat is transferred through a finite temperature difference, there is a
decrease in the availability of energy so transferred.
Let us consider a reversible heat engine operating between T, and T
(Fig. 8.4). Then
Q=T As, O, =TyAs,and W= AE. = (T, - T) As

?1
~ T
T —-We —WE
o |
. Y As 0
: :
—»5

Fig. 8.4 Camnot cycle

Let us now assume that heat Q, is transferred through a finite temperature
difference from the reservoir or source at T) to the engine absorbing heat at T,
lower than T, (Fig. 8.5). The availability of Q, as received by the engine at T}
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lower than T, (Fig. 8.5). The availability of Q, as received by the engine at T
can be found by allowing the engine to operate reversibly in a cycle between T,
and T, receiving (0 and rejecting Q,.

2/
| as i— Increase in
N “"/A unavailable

f As’ energy
o~
—>5
Fig. 8.5 Increase in unavailable energy due to heat transfer
through a finite temperature difference
Now QI=T|AS=T"1A§J
since Tl > T’], oA > As
Q=T As
0 =TAs
Since As'>As o Oh> (O
e W_;QI_Q’?.:TlAS’—ToA‘Y’
and W=0,-0,=T As~TyAs

. W < W, because 0, > @,

Available energy or exergy lost due to irreversible heat transfer through finite
temperature difference between the source and the working fluid during the heat
addition process is given by

W-Ww=0,-0
=Ty (A5 - As)
or, decrease in A.E. = T,y (As” — As)

The decrease in available energy or exergy is thus the product of the lowest
feasible temperature of heat rejection and the additional entropy change in the
system while receiving heat irreversibly, compared to the case of reversible heat
transfer from the same source.

The greater is the temperature difference (T, — T")), the greater is the heat
rejection &', and the greater will be the unavailable part of the energy supplied or
anergy (Fig. 8.5). Energy is said to be degraded each time it flows through a finite
temperature difference.
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8.2.2 Available Energy from a Finite Energy Source

Let us consider a hot gas of mass m, at temperature 7 when the environmental
temperature is T} (Fig. 8.6). Let the gas be cooled at constant pressure from state
1 at temperature T to state 3 at temperature T and the heat given up by the gas,
©,, be utilized in heating up reversibly a working fluid of mass m, ¢ from state 3 to
state 1 along the same path so that the temperature difference between the gas and
the working fluid at any instant is zero and hence, the entropy increase of the
universe is also zero. The working fluid expands reversibly and adiabatically in
an engine or turbine from state I to state 2 doing work W, and then rejects heat
Q, reversibly and isothermally to return to the initial state 3 to complete a heat
engine cycle.

1
[
T g
S
L o y  ETE
3 l - 3 To
uE %
5 NP

Fig. 8.6 Available energy of a finite energy source
Here,

Q,=my cr.(T_ Ty) =myec, (T-To)
= Area 1-4-5-3-1

Mg Cp, = MygCp o

T,
dr T; .
ASg = ! Mg Coy o = MgCp, In —}“— (negative)

t dr
AS, = J m,ﬂ-cMT = MyeCoy
Ty

ASuni\r =Ass;a + 6S\wl’= 0

In I (positive)
Ty

T
0y = Ty AS,= Tymyecy,, In A = Area 2-4-5-3

Available energy = W,
=0-0
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_ T
=mgcy, (T-Ty - Tﬂms"p; In Fo
= Area 1-2-3-1
Therefore, the available energy or exergy of a gas of mass m_ at temperature T’
is given by

AE=mgc, [(T— T)-Tyln H (8.4)

0
This is similar to Eq. (7.22) derived from the entropy principle.

8.3 Quality of Energy

Let us assume that a hot gas is flowing through a pipeline (Fig. 8.7). Due to heat
loss to the surroundings, the temperature of the gas decreases continuously from
inlet at state a to the exit at state b. Although the process is irreversible, let us
assume a reversible isobaric path between the inlet and exit states of the gas
(Fig. 8.8). For an infinitesimal reversible process at constant pressure,

mcpdT
ds =
T
Ty T T2 ™ T Ta
m -—— : ; -<——m
= - =N
a“ T, T, “a

Fig. 8.7 Heat loss from a hot gas flowing through a pipeline

a
LK
L1
- T 17 T
m
7
T
ot B %
] 7 a
b| Q A
E 75
I / s To
I z// %Y
e as, > > a8, [<
— g

Fig. 8.8 Energy quality at state 1 is superior to that at state 2
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ar _ 1
ds mc,,

where m is the mass of gas flowing and ¢, is its specific heat. The slope d7/dS
depends on the gas temperature T. As T increases, the slope increases, and if T
decreases the slope decreases.

Let us assume that Q units of heat are lost to the surroundings as the
temperature of the gas decreases from I", to T}, T being the average of the two.
Then,

or

(8.5)

Heat loss Q=me, (T\ =T
=T, AS, (8.6)
Exergy lost with this heat loss at temperature T| is
W, =0-T,AS, (8.7)

When the gas temperature has reached T,(T, < T), let us assume that the same
heat loss @ occurs as the gas temperature decreases from T? to 7%, T, being the
average temperature of the gas. Then

Heat loss Q=me, (T, - T =T, AS, (8.8)
Exergy lost with this heat loss at temperature T, is
Wy=0-Ty AS, (8.9)
From Eqs (8.6) and (8.8), since T} > T,
AS| <AS,
Therefore, from Egs (8.7) and (8.9),
W, > W, (8.10)

The loss of exergy is more, when heat loss occurs at a higher temperature T,
than when the same heat loss occurs at a lower temperature T,. Therefore, a heat
loss of 1 kJ at, say, 1000°C is more harmful than the same heat loss of 1 kJ at,
say, 100°C. Adequate insulation must be provided for high temperature fluids
(T>>Ty) to prevent the precious heat loss. This many not be so important for low
temperature fluids (7 ~ T), since the loss of available energy from such fluids
would be low. (Similarly, insulation must be provided adequately for very low
temperature fluids (7 << T};) to prevent heat gain from surroundings and preserve
available energy.)

The available energy or exergy of a fluid at a higher temperature 7 is more
than that at a lower temperature T, and decreases as the temperature decreases.
When the fluid reaches the ambient temperature, its exergy is zero.

The second law, therefore, affixes a quality to energy of a system at any state.
The quality of energy of a gas at, say, 1000°C is superior to that at, say, 100°C,
since the gas at 1000°C has the capacity of doing more work than the gas at
100°C, under the same environmental conditions. An awareness of this energy
quality as of energy quantity is essential for the efficient use of our energy
resources and for energy conservation. The concept of available energy or exergy
provides a useful measure of this energy quality.
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8.3.1 Law of Degradation of Energy

The available energy of a system decreases as its temperature or pressure
decreases and approaches that of the surroundings. When heat is transferred from
a system, its temperature decreases and hence the quality of its energy
deteriorates. The degradation is more for energy loss at a higher temperature than
that at a lower temperature. Quantity-wise the energy loss may be the same, but
quality-wise the losses are different. While the first law states that energy is
always conserved quantity-wise, the second law emphasizes that energy always
degrades quality-wise. When a gas is throttled adiabatically from a high to a low
pressure, the enthalpy (or energy per unit mass) remains the same, but there is a
degradation of energy or available work. The same ho'ds good for pressure drop
due to friction of a fluid flowing through an insulated pipe. If the first law is the
law of conservation of energy, the second law is called the law of degradation of
energy. Energy is always conserved, but its quality is always degraded.

Article 8.2.1 which shows how energy gets degraded by thermal irreversibility
and produces less useful work can be explained in a little different way. Let two
bodies 1 and 2 of constant heat capacities C, and C, be at temperatures T, and T,
(T > T,). These are connected by a rod and a small quanmy of heat Q flows from
1 to 2. The total change of entropy is:

AS = AS, +AS;=Q[L——1-1|>0 (since T, > T5)
L 7

The entropy will continue to increase till thermal equilibrium is reached.

Let us now suppose that instead of allowing heat Q to flow from 1 to 2, we
used it to operate a Carnot engine and obtain mechanical work, with T;; as the sink
temperature. The maximum work obtainable is:

sofih
v-oli-]

If, however, we first allow Q to flow from 1 to 2 and then use it to operate the
Carnot engine, we obtain:

Ty
W, = Q[l I ] <W
Thus, in the course of the irreversible heat conduction the energy has become
degraded to the extent that the useful work has been decreased by
AW=W,-W,=T,AS
The increase in entropy in an irreversible change is thus a measure of the extent
to which energy becomes degraded in that change. Conversely, in order to extract
the maximum work from a system, changes must be performed in a reversible
manner so that total entropy (AS,,, + AS, ;) is conserved.
It is worth pointing that if the two bodies were allowed to reach thermal
equilibrium (a) by heat conduction and (b) by operating a Carnot engine between
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them and extracting work, the final equilibrium temperatures would be different
in the two cases. In the first, U, + U, is conserved and the final temperature is:

TV = GhL +GT,
G+G
In the second case, S, + 5, is conserved and W= - AU (- AU, + U,) ("~ dW=
& Q- dU, <TdS-dU so that & W, =—dU). In the isentropic process, the final
temperature is given by:
T = TEIC1+C) OAC+CD) ¢ 7 O)

If C;=C=CTV= and T® = (1,12

T +T;
2
The difference in final temperature is due to the lower value of the total internal
energy which results from work having been done at the expense of internal
energy (see Art. 7.9.3).
Similarly, it can be shown that due to mechanical irreversibility also, energy
gets degraded so that the degradation of energy quality is a universal principle.

8.4 Maximum Work in a Reversible Process

Let us consider a closed stationary system undergoing a reversible process R from
state 1 to state 2 by interacting with the surroundings at p,, T, (Fig. 8.9). Then by
the first law,

Og=U,~- U+ W (8.11)

5
Fig. 8.9 Maximum work done by a closed system

If the process were irreversible, as represented by the dotted line I, connecting
the same equilibrium end states,

o, =U,-U + W, (8.12)
Therefore, from Eqs (8.11) and (8.12),
Or-C=Wp-W (8.13)
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Now,
ASS},, = Sz - Sl
9
and AS =— T,
By the second law,
AS v 20

For a reversible process,
ASiv =5, - 8, s =0
Ty
Or =Ty (525
For an irreversible process,
ASunjv >0
S$-8- G >0
Ty
- 0,<Tp(S:-5)
From Egqs (8.14) and (8.15),
Or> 0
Therefore, from Eqs (8.13) and (8.16),
Wy > W,

(8.14)

(8.15)

(8.16)

(8.17)

Therefore, the work done by a closed system by interacting only with the
surroundings at pg, T} in a reversible process is always more than that done by it

in an irreversible process between the same end states.

8.4.1 Work done in all Reversible Processes is the Same

Let us assume two reversible processes R, and R, between the same end states 1
and 2 undergone by a closed system by exchanging energy only with the

surroundings (Fig. 8.10). Let one of the processes be reversed.

Surroundings
A Por To
System
1-»2
=
A

—5

Fig. 8.10 Equal work done in all reversible processes between the same end states
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Then the system would execute a cycle 1-2-1 and produce network
represented by the area enclosed by exchanging energy with only one reservoir,
i.e. the surroundings. This violates the Kelvin-Planck statement. Therefore, the
two reversible processes must coincide and produce equal amounts of work.

8.5 Reversible Work by an Open System
Exchanging Heat only with the Surroundings

Let us consider an open system exchanging energy only with the surroundings at
constant temperature T, and at constant pressure p, (Fig. 8.11). A mass dm,
enters the system at state 1, a mass dm, leaves the system at state 2, an amount of
heat ¢Q is absorbed by the system, an amount of work d W is delivered by the
system, and the energy of the system (control volume) changes by an amount
d(E),. Applying the first law, we have

AW, = AW + W,
|

Surroundings | @V
PaTo

2 aw

2

4

S A
; dm?|\h2+T+gZ,)

V‘I. ‘

dmy(hy + —=+gz,) |
' mv?

ﬂ»:i d(U+T+mgz) F&
| cv. |
S S Ycs.o

Fig. 8.11 Reversible work done by an open system while exchanging heat only

with the surroundings

\%3 \4
a0 +dm, (h, +T'+gz,)—dmz(h2 +~—23—+gzz)—d‘w

2

mV
=d£u=d[U+ +mgz) (8.18)

a

For the maximum work, the process must be entirely reversible. There is a
temperature difference between the control volume and the surroundings. To
make the heat transfer process reversible, let us assume a reversible heat engine £
operating between the two. Again, the temperature of the fluid in the control
volume may be different at different points. It is assumed that heat transfer occurs
at points of the control surface ¢ where the temperature is 7. Thus in an
infinitesimal reversible process an amount of heat ¢ @, is absorbed by the engine
E from the surroundings at temperature T, an amount of heat d @ is rejected by
the engine reversibly to the system where the temperature is 7, and an amount of
work d ¥, is done by the engine. For a reversible engine,



Available Energy, Exergy and Irreversibility —1225

a9, _ a0
T, T

W, =40, 4Q=dQ 2 - aQ

or dWcde(%— ) (8.19)

The work & W, is always positive and is independent of the direction of heat
flow. When T, > T, heat will flow from the surroundings to the system, d Q is
positive and hence & W, in Eq. (8.19) would be positive. Again, when T, <7, heat
will flow from the system surroundings, d Q is negative, and hence d W, would
be positive.

Now, since the process is reversible, the entropy change of the system will be
equal to the net entropy transfer, and S, = 0. Therefore,

ag
EgS = - + dmys, — dm,s,
change. Batropy transes e s
% =dS - dm]sl + d’ﬂ}gz (8'20)

Now, the maximum work is equal to the sum of the system work dW and the
work dW, of the reversible engine E,

AWy =AW, = d W+ dW, (8.21)
From Eq. (8.19),

dWm=dW+dQ[1;—l) (8.22)

Substituting Eq. (8.18) for ¢ W in Eq. (8.22),

v} v}
aW,, = a0 +dm, h,+—i—+gzl - dm, k2+—2—+3z2

2
-d[U + "‘; + mgz] + ag(%”— - l)

2 2
=dm, (h1+v71+331]—dm2 [hz +sz+gzz)

mv?

—d[U + + mgz} + %TG (8.23)

a
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On substituting the value of @ O/T from Eq. (8.20),
2 2

mv?

—d[U + + mgz] + To (dS — dms) + dm,s,)

g
\' Vi
& Wige = dmy "'1‘7051*'7*821 ~dm, 52‘7652*'—2—"'822

mv?

—d[U -TS+ + mgz] (8.24)
L3
Equation (8.24) is the general expression for the maximum work of an open

system which exchanges heat only with the surroundings at Tj;, p;.

8.5.1 Reversible Work in a Steady Flow Process
For a steady flow process

2
and d[U—TDS+ﬂ-‘i——+mgz] =0
2 a
Equation (8.24) reduces to

Vi \A
AW =dm Il,-i’as,+-—2—+gz, - !rz—i’bsz-!-ﬁz—-igzz (8.25)
For total mass flow, the integral form of Eq. (8.25) becomes

mv?: mv;

W = [H, ~ TS, + + mgzl} - [32 —T,S, + + mgzz) (8.26)

The expression (H — T,S) is called the Keenan function, B.

2 2
Wm=[B, + m;f, -Hngz,]—(Bz + Yy +mgzzJ
=wv-v (8.27)
where yis called the availability function of a steady flow process given by
vz
y=B+ + mgz

On a unit mass basis,

i

2 2
! Wm=[h1—7ﬁl+v71+gz|]‘[hz‘ﬁi‘z +V_22+322]
|
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2 2
=(b,+v7'+gz=]-(bz+v7’+gzzJ (8.28)
If K.E. and P.E. changes are neglected, Eqs (8.27) and (8.28) reduce to
Woax =B, — B,
= (H, - ToS)) - (H, - TyS)
=(H, - H)) - Ty(8, - Sp) (8.29)
and per unit mass
Wonax = by — b
= =h) =Ty (s~ 59) (8.30)

8.5.2 Reversible Work in a Closed System

For a closed system,

dm, =dm, =0
Equation (8.24) then becomes
AW, =-d[U— s+ MY, mgz]
=~ d(E - TS, i
where E=U+ ™Y § e

For a change of state of the system from the initial state 1 to the final state 2,
Winax = Ey = E2 = Ty (8, - S3)

=(Ey ~ ToS)) — (E; - ToSh) (8.31)
If the K.E. and P.E. changes are neglected, Eq. (8.31) reduces to
Wi = (Uy = ToS) = (Uy ~ T)S,) (832)
For unit mass of fluid,
Wanax = (1= 1) = T (5 = 52)
= (uy = Tosy) = (42 = Tosy) (8.33)

8.6 Useful Work

All of the work W of the system with a flexible boundary would not be available
for delivery, since a certain portion of it would be spent in pushing out the
atmosphere (Fig. 8.12). The useful work is defined as the actual work delivered
by a system less the work performed on the atmosphere. If ¥] and ¥, are the
initial and final volume of the system and p, is the atmospheric pressure, then the
work done on the atmosphere is p, (V3 — ¥;). Therefore, the useful work W,
becomes

Wy=Wy—po (V2 V) (8.34)
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Fig. 8.12  Work done by a closed system in pushing out the atmosphere

Similarly, the maximum useful work will be

(Wmax = Wax —Po (V2= V) (8.35)
In differential form
(AW pax = AWy — Po AV (8.36)

In a steady flow system, the volume of the system does not change. Hence, the
maximum useful work would remain the same, i.e., no work is done on the
atmosphere, or

(@) = A (837

But in the case of an unsteady-flow open system or a closed system, the volume
of the system changes. Hence, when a system exchanges heat only with the
atmosphere, the maximum useful work becomes

(ﬁ Wu)nwr. =d Wmu =Py dv
Substituting dW,,,, from Eq. (8.24),

\'A A\
(AW ) = dm, (kl - Tys, +T+gzlJ - dm, ("2 - Tys, +Tz+822)

mv?

—d[U + poV - TS+ + mgz] (8.38)
o
This is the maximum useful work for an unsteady open system.

For the closed system, Eq. (8.38) reduces to

mv?
(AW Dmax =—d[U+ poV — TS+ + mgz]
g
=—d [E+py V- TySl, (8.39)
(Wpax =E|—Ey+py (V= V) - T4 (8, - 53) (8.40)
IfK.E. and P.E. changes are neglected, Eq. (8.40) becomes
(Wdmax = Uy = Uy +pg (V) = F2) - T (5, - S3) (8.41)

This can also be written in the following form
(W max = Uy +po V= To8)) — (Uy + poVy - T,S;)  (8.42)
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=¢-¢

where ¢ is called the availability function for a closed system given by
¢=U+pV-TS
The useful work per unit mass becomes
(Wmax = (y + povy — Tosy) — (uy + pv2 — Tgs) (8.43)

8.6.1 Maximum Useful Work Obtainable when the System
Exchanges Heat with a Thermal Reservoir in Addition
to the Atmosphere

If the open system discussed in Sec. 8.5 exchanges heat with a thermal energy
reservoir at temperature 7y in addition to the atmosphere, the maximum useful

workwill be increased by & Qg {1 - }Tl"—) , where d O is the heat received by the
R
system. For a steady flow process,

2
AN (Hl -7+ PV mgz.]
2
(H-ms e M gz |0 (1- 2
2 T
- )
=Vi-Vt Ol l-—- (8.44)
Ty
For a closed system
I
(Wu)max = Wmu“Pn(Vz“ Vl)"" QR 1- _T_'
R
T
or (Womax = Ey— Ey + po (V1= V3) = Ty(S) - S)) + Op [ - T_OJ (8.45)
R
If K.E. and P.E. changes are neglected, then for a steady flow pracess:
T
(WumnZ(Hl_Hz)"Tn(Sl‘Sz)"’QR(l_}g‘) (8.46)
R
and for a closed systen:
T
(Wdmax = Uy = Uy + py(Vy — V2) = Ty(S) - 5) + Og ( - T_n) (8.47)
R

8.7 Dead State

If the state of a system departs from that of the surroundings, an opportunity
exists for producing work (Fig. 8.13). However, as the system changes its state
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towards that of the surroundings, this opportunity diminishes, and it ceases to
exist when the two are in equilibrium with each other. When the system is in
equilibrium with the surroundings, it must be in pressure and temperature
equilibrium with the surroundings, i.e., at py and T}, It must also be in chemical
equilibrium with the surroundings, i.e., there should not be any chemical reaction
or mass transfer. The system must have zero velocity and minimum potential
energy. This state of the system is known as the dead srate, which is designated
by affixing subscript ‘0" to the properties. Any change in the state of the system
from the dead state is a measure of the available work that can be extracted from
it. Farther the initial point of the system from the dead state in terms of p, 1 either
above or below it, higher will be the available energy or exergy of the system
(Fig. 8.13). All spontaneous processes terminate at the dead state.

1

\
\& Avaﬂibllty 1 ”
0 + T
A

(=%
Po Dead State
T Dead Availabilty <‘ — T,
i Isotherm 1
1’ & at To s
—_—T
(a) (b}

Fig. 8.13  Available work of a system decreases as ils state approaches Py, T,

8.8 Availability

Whenever useful work is obtained during a process in which a finite system
undergoes a change of state, the process must terminate when the pressure and
temperature of the system have become equal to the pressure and temperature of
the surroundings, p, and Ty, i.e., when the system has reached the dead state. An
air engine operating with compressed air taken from a cylinder will continue to
deliver work till the pressure of air in the cylinder becomes equal to that of the
surroundings, p,. A certain quantity of exhaust gases from an internal combustion
engine used as the high temperature source of a heat engine will deliver work
until the temperature of the gas becomes equal to that of the surroundings, T,

The availability (A) of a given system is defined as the maximum useful work
(total work minus pdV work) that is obtainable in a process in which the system
comes to equilibrium with its surroundings. Availability is thus a composite
property depending on the state of both the system and surroundings.

8.8.1 Availablility in a Steady Flow Process

The reversible (maximum) work associated with a steady flow process for a single
flow is given by Eq. (8.26)
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2
m:', +mgz|]—(H2 -8 +

With a given state for the mass entering the control volume, the maximum
useful work obtainable (i.e., the availability) would be when this mass leaves the
control volume in equilibrium with the surroundings (i.e., at the dead state). Since
there is no change in volume, no work will be done on the atmosphere. Let us
designate the initial state of the mass entering the C.V. with parameters having no
subscript and the final dead state of the mass leaving the C.V. with parameters
having subscript 0. The maximum work or availability, 4, would be

2
2 +mgzzJ

Wrﬂ-':[HI _II'JSI +

2
Aﬂ[H— TOS+E~3—’-+mgz)—(Hu—TD.S'0+mgzﬂ)=w-% (8.48)

where  is called the availability function for a steady flow system and V= 0.
This is the availability of a system at any state as it enters a C.V. in a steady flow
process. The availability per unit mass would be

2
“(h-mos+ Lorga) - GoToorgd=y-vo  (849)

If subscripts 1 and 2 denote the states of a system entering and leavinga C.V.,
the decrease in availability or maximum work obtainable for the given system-
surroundings combination would be

Woax =01 —@= Y — ¥,

2
=|:[h, -Ts +VT'+gzlJ—(hD —?},so+gzo):|

VZ
—[(hz—nso+72+gzz]~(ho~roso+gza)]

2
= ()= Ty (5, =5 + ~-—2- L 4oy -2) (8.50)

IfK.E. and P.E. changes are neglected,
Wmu = (hl - To-’)) - ("2 - Tﬂsl)
=b-b,

where b is the specific Keenan function.
If more than one flow into and out of the C.V. is involved.

Wm = zmi V- zmc Ve

8.8.2 Availability in a Nonflow Process

Let us consider a closed system and denote its initial state by parameters without
any subscript and the final dead state with subscript ‘0°. The availability of the
system 4, i.e., the maximum useful work obtainable as the system reaches the
dead state, is given by Eq. (8.40).
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A=(W)pa =E—Ey+ poy (V= ¥) = To(S - Sp)

2
= (U+ ’":' + mgz] — (Uy + mgzg) + poV = Vo)~ Ty(S = S (8.51)

If K.E. and P.E. changes are neglected and for unit mass, the availability
becomes
a=u-—uy+ py(v - vp) - Ty (s — 5p)
= (u+ pgv — Tys) — (1t — Pa¥p —~To%o)
=¢-¢ (8.52)
where ¢ is the availability function of the closed system.
If the system undergoes a change of state from 1 to 2, the decrease in
availability will be
a=(¢~ ) - (92— ¢)
=0~ ¢
= (1) — tz) + po (V) — Vy) — T, - 53) (8.53)
This is the maximum useful work obtainable under the given surroundings.

8.9 Availability in Chemical Reactions

In many chemical reactions the reactants are often in pressure and temperature
equilibrium with the surroundings (before the reaction takes place) and so are the
products after the reaction. An internal combustion engine can be cited as an
example of such a process if we visualize the products being cooled to
atmospheric temperature T}, before being discharged from the engine.

(a) Let us first consider a system which is in temperature equilibrium with the
surroundings before and after the process. The maximum work obtainable during
a change of state is given by Eq. (8.31),

2
= (Ul + mVi + mgz,}—(Uz +

IfK.E. and P.E. changes are neglected,
Wiax = Uy = Uh = Ty (S, - S3)
Since the initial and final temperatures of the system are the same as that of the
surroundings, T, = T, = Ty = T, say, then

2
mV + ngz) = To(S, - 53)

(W max = (Uy = Uy = TS, = Spr (3-54)
Let a property called Helmholtz function F be defined by the relation
F=U-TS (8.55)

Then for two equilibrium states 1 and 2 at the same temperature T,
=Fpr=(U - U - TS, - S (8.56)
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From Egs (8.54) and (8.56),
(Wpmax = (Fy - Fa)y (8.57)
or Wy < (F, - Fy)y (8.58)

The work done by a system in any process between two equilibrium states at
the same temperature during which the system exchanges heat only with the
environment is equal to or less than the decrease in the Helmholtz function of the
system during the process. The maximum work is done when the process is
reversible and the equality sign holds. If the process is irreversible, the work is
less than the maximum.

(b) Let us now consider a system which is in both pressure and temperature
equilibrium with the surroundings before and after the process. When the volume
of the system increases some work is done by the system against the surroundings
(pd¥ work), and this is not available for doing useful work. The availability of the
system, as defined by Eq. (8.51), neglecting the K.E. and P.E. changes, can be
expressed in the form

A= (Wma = (U+ po¥ = ToS) = (Uy + po¥y — ToSp)
=0-%
The maximum work obtainable during a change of state is the decrease in
availability of the system, as given by Eq.(8.53) for unit mass.
(Wmax =41 = 42= 91~ ¢
= (U= Uy +po(Vy = Vo) = To(S; - 55)
If the initial and final equilibrium states of the system are at the same pressure
and temperature of the surroundings, say p, =p, =py=p,and T\ = I, =T =T.
Then,

(Womax = (U = Upp 1+ (V= Va)p 17— T(S) = Sy 1 (8.59)
The Gibbs functions G is defined as
G=H-TS
=U+pV-TS (8.60)

Then for two equilibrium states at the same pressure p and temperature T
(G =Gy, 1= (U = Uy 1+ p(Vy = Vo) 7 = TS = Sy, 1 (8.61)
From Eqs (8.59) and (8.61)

(W)max = (G~ Gy, 1 (8.62)
T
(W1 S (G- Gy, 1 (8.63)

The decrease in the Gibbs function of a system sets an upper limit to the work
that can be performed, exclusive of pdV work, in any process between two
equilibrium states at the same temperature and pressure, provided the system
exchanges heat only with the environment which is at the same temperature and
pressure as the end states of the system. If the process is irreversible, the useful
work is less than the maximum.
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8.10 Irreversibility and Gouy-Stodola Theorem

The actual work done by a system is always less than the idealized reversible
work, and the difference between the two is called the irreversibility of the
process.
I1=Wopp - W (8.64)
This is also sometimes referred to as ‘degradation’ or ‘dissipation’.

For a non-flow process between the equilibrium states, when the system
exchanges heat only with the environment

I=[(U, - U) - To(S, - SN - (U, - U + 2]
=T (5;-5)-Q
= To(AS)system + To(AS)gure
= T{(AS) e + (A5) ] (8.65)
120
Similarly, for the steady flow process
I=W . -W

[ mvlz mvl
= (Bl+ 3 +ng,)— B+ 3 +ngz]

2 2
- [[h’l + m:‘ +ngl)—[H2 + m;G +ngz]+Q:|
=Ty(S;-5)-Q
= TO(AS)Iym + TD(AS)M
= To(AS ysem + Ssur) = ToAS iy (8.66)
The same expression for irreversibility applies to both flow and non-flow
processes. The quantity T (AS, e, +AS,,,) represents an increase in unavailable

energy (or anergy).

The Gouy-Stodola theorem states that the rate of loss of available energy or
exergy in a process is proportional to the rate of entropy generation, Sy, If
Eqs (8.65) and (8.66) are written in the rate form,

This is known as the Gouy-Stodola equation. A thermodynamically efficient
process would involve minimum exergy loss with minimum rate of entropy
generation.

8.10.1 Applications of Gouy-Stodola Equation

(a) Heat Transfer through a Finite Temperature Difference If heat

transfer Q occurs from the hot reservoir at temperature T, to the cold reservoir at
temperature T, (Fig. 8.14a)
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(@)
Fig. 8.14 Destruction of available work or exergy by heat transfer
through a finite temperature difference

-0 _ 0 _phi-0
Sl R

i (1) phiob
and W._.=01-2 =012
S AWLE
" ﬁ?imt = TZSs;en

If the heat transfer Q_from T, to T, takes place through a reversible engine E,
the entire work output W is dissipated in the brake, from which an equal amount
of heat is rejected to the reservoir at T, (Fig. 8.14b). Heat transfer through a finite

temperature difference is equivalent to the destruction of its exergy.

(b) Flow with Friction Let us consider the steady and adiabatic flow of an
ideal gas through the segment of a pipe (Fig. 8.15a).

By the first law,
hy=h,
and by the second law,
Tds = dh vdp
2 2
dh v v
ds=|——|—=dp=~|—d
Jo=lT-frar=-frer
@ Insulation %)
\
Y y/ Y B, B,
R —p (mb) out
‘. 77 (mb)in
Py Ap=p-p; P ';"'Losr
(a) (b)

Fig. 8.15 [rreversibility in a duct due to fluid friction
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P
mds=— | mR =—-mRIn—=
Sgen '[ !1 P P
S ( )= 2)
= mR (8.68)
Pl
where ln(l —ﬁ) = —Q-, sinccﬂﬂl
. P B B
and higher terms are neglected.
Wlm = 31 - Bz
= nit[(hy — Tosy) = (hy — Tos,)
= mTy(s; ~51)
=TSy = RT, 2P (8.69)
P

The decrease in availability or lost work is proportional to the pressure drop
(Ap) and the mass flow rate (7). It is shown on the right (Fig. 8.15b) by the
Grassmann diagram, the width being proportional to the availability (or exergy)
of the stream. It is an adaptation of the Sankey diagram used for energy transfer
in a plant.

(c) Mixing of Two Fluids Two streams 1 and 2 of an incompressible fluid or
an ideal gas mix adiabatically at constant pressure (Fig. 8.16).

O,

| U L

——>= iy (rhble {mb;

A ’ @ Wios
my @ Insulation

(a) (b)
Fig. 8.16 [Irreversibility due to mixing

Here, my + iy = iy = n(say)
my
niy + 1ty

Let x=
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By the first law,
it hy + ringhy = (it + ritg)hy
or xhy + (1 = x)hy = by
The preceding equation may be written in the following form, since enthalpy is
a function of temperature.
T +(1-x)T,=T,

B =x+(l-x)1 (8.70)
I
where 7= i
T

By the second law,

Sgen = M3S3— MS) = MyS;
= tsy —xms; — (1 —x)ms,

Sgen
" = (53-8 + x5, - 59)
=cpln£+xcpln£
1 1
S X
S S
niic, L)\ T
1-x
or Ns—]n[i Tll_
L)
or N;=In T;f"[}l (8.71)
(/7)) ~*

where N, is a dimensionless quantity, called the entropy generation number,
givenby § gen! MCpe
Substituting Ty/T, from Eq. (8.70) in Eq. (8.71),
x+T(l-x)
=
Ifx=1ort=1, N, becomes zero in each case. The magnitude of N, depends on
x and 7. The rate of loss of energy due to mixing would be

x+ T(l —x)

fl-x

N,=In (8.72)

Wion = I = Tytic, In (8.73)

8.11 Availability or Exergy Balance

The availability or exergy is the maximum useful work obtainable from a system
as it reaches the dead state (p,, #,). Conversely, availability or exergy can be
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regarded as the minimum work required to bring the closed system from the dead
state to the given state. The value of exergy cannot be negative. If a closed system
were at any state other than the dead state, the system would be able to change its
state spontaneously toward the dead state. This tendency would stop when the
dead state is reached. No work is done to effect such a spontaneous change. Since
any change in state of the closed system to the dead state can be accomplished
with zero work, the maximum work (or exergy) cannot be negative.

‘While energy is always conserved, exergy is not generally conserved, but is
destroyed by irreversibilities. When the closed system is allowed to undergo a
spontaneous change from the given state to the dead state, its exergy is completely
destroyed without producing any useful work. The potential to develop work that
exists originally at the given state is thus completely wasted in such a spontaneous
process. Therefore, at steady state:

1. Energy in— Energy out=0
2. Exergy in — Exergy out = Exergy destroyed

8.11.1 Exergy Balance for a Closed System

For a closed system, availability or exergy transfer occurs through heat and work
interactions (Fig. 8.17).

Q
TU
Boundary W, _,
Fig. 8.17 Exergy balance for a closed system
2
1st law: E,-E = [¢Q-W,, (8.74)
1
2 a0
2nd law: Sz—S,—J == | = Sgen
1l
2 1)
o TS-S)-T, 7| =708 (8.75)
l g

Subtracting Eq. (8.75) from Eq. (8.74),

2 2 o)
B~ Ey - TyS,~5) = [4Q = Wiy = T [| =5 | = Ty Syen
1 1
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a

o
= j[l - T—“]dg - Wy 2~ ToSgen
1

Since,
Ay~ Ay =Ey—E\ + py(V2 - V) - Ty($, - 5))
2
T
Ay— Ay = j( - ?'JJGQ = [Wi2 = po(Va = VD] = ToSpen (8.76)
1 a
Change  Exergy transfer Exergy transfer Exergy
in exergy with heat with work destruction
In the form of the rate equation,
dA T |x [ dv ] :
a4 = -Llo - |W-p,—| - I 8.77
i ;[ 7 ]Q, Po g (8.77)
Rate of Rate of exergy Rate of exergy Rate of exergy
change of transfer with heat transfer as work loss due to
exergy 0, at the boundary where d¥/dt is irreversibilities
where the instantaneous the rate of (= TOS‘W)
temperature is T change of system
volume
For an isolated system, the exergy balance, Eq. (8.77), gives
Ad=-1 (8.78)

Since /> 0, the only processes allowed by the second law are those for which
the exergy of the isolated system decreases. In other words,

The exergy of an isolated system can never increase.

It is the counterpart of the entropy principle which states that the entropy of
an isolated system can never decrease.

The exergy balance of a system can be used to determine the locations, types
and magnitudes of losses (waste) of the potential of energy resources (fuels) and
find ways and means to reduce these losses for making the system more energy
efficient and for more effective use of fuel.

8.11.2 Exergy Balance for a Steady Flow System

2
Ist law: H, + mh +mgZ, + 0,
mV:
=Hy+ —2'}— +mgZy+ W, (8.78)
2 d,Q
2nd law: 5+ [ T | 752= S
1

%)
or TyS ~S)+ T J| = | =ToSgn=1 (8.79)
! a
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W_, C.S.
ol

@)T‘E\ @

—— C-V.

m ; — m
Ts Q.2

Fig. 8.18 Exergy balance for a steady flow system

From Eqs (8.78) and (8.79),

-
Hy— Hy ~ Ty(S; - §)) + ?”—ZTL +mg(Z, - Z))

HE
= [1-—“)59— Wy ,—1 (8.80)
A
oo
or Az—A,=I( —ﬁ}dg—ﬁ’,_z—! (8.81)
1 a

In the form of rate equation at steady state:

). . . .
E[l - _TCLJQ,' - Wey, +mlag —ag,)—Icy =0 (8.82)
J ]

- .
where ay, —ag, = (it —hy) = To(s, — 53) ""‘I—E'“'L +8(Z,-Zy) and [1 -TYT]Q,

= time rate of exergy transfer along with heat Qj occurring at the location on the
boundary where the instantaneous temperature is T,

For a single stream entering and leaving, the exergy balance gives

o W i
-0 =244 - _4 =2 2.83
[ r,,]m T TR TG (8.83)

Exergyin  Exergy out Exergy loss

8.12 Second Law Efficiency

A common measure on energy use efficiency is the first law efficiency, 1;. The
first law efficiency is defined as the ratio of the output energy of a device to the
input energy of the device. The first law is concerned only with the quantities of
energy, and disregards the forms in which the energy exists. It does not also
discriminate between the energies available at different temperatures. It is the
second law of thermodynamics which provides a means of assigning a quality
index to energy. The concept of available energy or exergy provides a useful
measure of energy quality (Sec. 8.3).
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With this concept it is possible to analyze means of minimizing the
consumption of available energy to perform a given process, thereby ensuring the
most efficient possible conversion of energy for the required task.

The second law efficiency, ny, of a process is defined as the ratio of the
minimum available energy (or exergy) which must be consumed to do a task
divided by the actual amount of available energy (or exergy) consumed in
performing the task.

minimum exergy intake to perform the given task

= actual exergy intake to perform the same task
or My = ﬁf‘-‘— (8.84)

where A is the availability or exergy.
A power plant converts a fraction of available energy 4 or W, to useful work
W. For the desired output of W, A, = Wand 4 = W,,,,. Here,

=W, — Wand ny = —— (8.85)
Fonax
Now
e W W
! QI Wmax Ql
= Ny Ncamot (8.86)
iy = —— (8.87)
Ncamot
Since Wy, = Ql( - LT“). Eq. (8.87) can also be obtained directly as follows
W L
My = =
(- ) Mo
T
If work is involved, A, = W(desired) and if heat is involved, A, =
7)
I-—
o1-3

If solar energy Q, is available at a reservoir storage temperature T, and if
quantity of heat Q, is transferred by the solar collector at temperature T,
then

-4
O

_ exergy output
exergy input

U

and



(heat pump)

(solar water heater)
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T,
| — R
_o(-#)
T;
-2
o(-%)
1~ B
T,
=m— (8.88)
-2
Table 8.1 shows availabilities, and both 1; and 1, expressions for several
common thermal tasks.
Table 8.1 T,>T,>T,>T,
Task Energy input
Input shaft work, W; Q, from reservoir at T,
Produce work, ¥, A=W, A= Q,[l - __T;_)
Amin = Wl} ‘4|||i|| = WO
W W
h= ?': = Q_c:
i 1
M= —;A:L M Ty
L
M=m
(electric motor) (heat engine)
" Add heat Q, to .
reservoir at T, A=W, A=Q{l -—TP—]
{1 {13
= -2 =0|1-=2
fd) o)
m= %: h= g_:
.
o1 T L
Mu=Th T, M= Ty
T,
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Extract heat O, from cold -
reservior at T, (below A=W, A= Qr(l - ?ﬂ]
r
ambient) A= Qc[i _ 1) Ay = Qc[i _ 1)
T, T.
Q 2
*p o= =€ * 3
m=-—== ==
LW )
T, % -
= 0 _ - c
*Mi= '?I[T: ]) M= . T
I
(Refrigerator-electric (Refrigerator-heat
motor driven) operated)

*Strictly speaking, it is COP.

In the case of a heat pump, the task is to add heat @, to a reservoir to be
maintained at temperature T, and the input shaft work is .

COP = "Q': =1, say

(COP)p = —1t =L _ &
=T, W Au
= —T“—n
A Q.(l T.)
_ 5L
' =Aman_Q‘(l I;J
- = =5 = m
M =n1( —%) (8.89)

Similarly, expressions of 1; and ny; can be obtained for other thermal tasks.

8.12.1 Matching End Use to Source

Combustion of a fuel releases the necessary energy for the tasks, such as space
heating, process steam generation and heating in industrial furnaces. When the
products of combustion are at a temperature much greater than that required by a
given task, the end use is not well matched to the source and results in inefficient
utilization of the fuel burned. To illustrate this, let us consider a closed system
receiving a heat transfer O, at a source temperature T, and delivering Q, at a use
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temperature T, (Fig. 8.19). Energy is lost to the surroundings by heat transfer ata

rate O, across a portion of the surface at 7). At steady state the enerzy and
availability rate balances become.

2]
e J'k _______ o h
r H
o ——>» e Q,
T,—/ -------------- f """"""" \—~ Ta
Surroundings System Boundary

Fig. B.19  Efficient energy utilization from second law viewpoint

0,=0,+0 (8.90)

(-3)-0(-1)-0(-1)-

-2 = -2 -2 8.91

0[1-%)=0[1-B )+ 0(1-F )+ ®91)

Equation (8.90) indicates that the energy carried in by heat transfer Q', is either
used, Q,, or lost to the surroundings, 0,. Then

(2
=3t 8.92
™ 0. (8.92)

The value of 1, can be increased by increasing insulation to reduce the loss.
The limiting value, when @, =0, is ;= 1 (100%).

Equation (8.91) shows that the availability or exergy carried into the system
accompanying the heat transfer Q, is either transferred from the system
accompanying the heat transfers O, and Q, or destroyed by irreversibilities
within the system, j. Therefore,

Q. {] - IQ_J 1- 5

- L)_ A
My = - T, =T _ i
(=)

r

(8.93)

Both 17, and n;; indicate how effectively the input is converted into the product.
The parameter 1; does this on energy basis, whereas 1);; does it on an availability
or exergy basis.

For proper utilization of exergy, it is desirable to make 1, as close to unity as
practical and also a good match between the source and use temperatures, 7, and
T,. Figure 8.20 demonstrates the second law efficiency against the use tempera-
ture 7, for an assumed source temperature 7, = 2200 K. It shows that n;; tends to
unity (100%) as T, approaches T,. The lower the T, the lower becomes the value -
of 1y, Efficiencies for three applications, viz., space heating at T, =320 K, proc-
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ess steam generation at T, = 480K, and heating in industrial furnaces at T, = 700
K, are indicated on the figure. It suggests that fuel is used far more effectively in
the high temperature use. An excessive temperatures gap between T, and T,
causes a low 1;; and an inefficient energy utilization. A fuel or any energy source
is consumed efficiently when the first user temperature approaches the fuel tem-
perature. This means that the fuel should first be used for high temperature ap-
plications. The heat rejected from these applications can then be cascaded to ap-
plications at lower temperatures, eventually to the task of, say, keeping a building
warm. This is called energy cascading and ensures more efficient energy utiliza-
tion.

1.0 oommm
//_/‘H_._- Ny~ 1
= _///’ As Ta"b T;
L D.ﬁ%« Heating in Furnace
A05
i 0.434 /0‘/(7 - Process Steam Generation |
//
0.072 s=<— Space Heating
1] L
0 300 500 1000 1500 2000

> T,(inK)
Fig. 8.20 Effect of use temperature T, on the second law efficiency
(T, = 2200 K, Ty =300 K, n; = 100%)
8.12.2 Further Illustrations of Second Law Efficiencies

Second law efficiency of different components can be expressed in different
forms. It is derived by using the exergy balance rate, as given below:

(a) Turbines The steady state exergy balance (Fig. 8.21) gives:

o[, _ % W i
gl:l“?o—} +a,~l=;+afz +;

a

m

Fig. 8.21 Exergy balance of a turbine
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If there is not heat loss,

Wi
afl - a& = ? + _r}' (894}
The second law efficiency, n;= Wim_ (8.95)
ag —4ayg

(b) Compressor and Pump  Similarly, for a compressor or a pump,

- i
T Tt
dg, = ay,
and M= :W' ,:,;.,I (8.96)

(c) Heat Exchanger Writing the exergy balance for the heat exchanger,
(Fig. 8.22)

2[1 _%]Qj - Wey. +[mh ag + 1, afj] - [mh ag, +m an,]" ey, =0
i

If there is no heat transfer and work transfer, .
vy lag, — ag) = mc|ag, —ag |+ 1 (8.97)
= k% %61 [2 - 2] (8.98)

ity [afr ~ ]

® LY oa
o, F’"“ %F

Fn‘,lh

Fig. 8.22 Exergy balance of a heat exch

51

(d) Mixing of Two Fluids Exergy balance for the mixer (Fig. 8.23) gives:

Ty |~ . ; .
[l - Tz}g +mag +myag, = Wey, +mag +Icy,
If the mixing is adiabatic and since Wy =0 and rit) + rir, = rity.

iy [ag, - ag) = mylag, - ag) + 1 (8.99)
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Hot stream (1)
my

%/az:///.{ LLLl
> my

<

Fig. 8.23 Exergy loss due to mixing

and

- mz[af! _afz]

= 8.100
! y [afl - afs] ( )

8.13 Comments on Exergy

The energy of the universe, like its mass, is constant. Yet at times, we are
bombarded with speeches and articles on how to “conserve” energy. As
engineers, we know that energy is always conserved. What is not conserved is the
exergy, i.e., the useful work potential of the energy. Once the exergy is wasted, it
can never be recovered. When we use energy (electricity) to heat our homes, we
are not destroying any energy, we are merely converting it to a less useful form, a
form of less exergy value.

The maximum useful work potential of a system at the specified state is called
exergy which is a composite property depending on the state of the system and the
surroundings. A system which is in equilibrium with its surroundings is said to be
at the dead state having zero exergy.

The mechanical forms of energy such as KE and PE are entirely available
energy or exergy. The exergy (#) of thermal energy (Q) of reservoirs (TER) is
equivalent to the work output of a Carnot heat engine operating between the

reservoir at temperature T and environment at Ty, i.e., W= Q[l - —?—]

The actual work ¥ during a process can be determined from the first law. If the
volume of the system changes during a process, part of this work (W) is used to
push the surrounding medium at constant pressure p, and it cannot be used for any
useful purpose. The difference between the actual work and the surrounding work
is called useful work, W,

Wy=W=Wayq=W-po(V- V)
W, is zero for cyclic devices, for steady flow devices, and for system with fixed
boundaries (rigid walls).
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The maximum amount of useful work that can be obtained from a system as it
undergoes a process between two specified states is called reversible work, W,
If the final state of the system is the dead state, the reversible work and the exergy
become identical.

The difference between the reversible work and useful work for a process is
called irreversibility.

I= Wwv - Wu =T 0
l‘ =T 0 S&“

For a total reversible process, W, = W, and /=0.

The first law efficiency alone is not a realistic measure of performance for
engineering devices. Consider two heat engines, having e.g., a thermal efficiency
of, say, 30%. One of the engines (4) is supplied with heat Q from a source at
600 K and the other engine (B) is supplied with the same amount of heat Q from
a source at 1000 K. Both the engines reject heat to the surroundings at 300 K.

Sgen

AT Q(l - %) =0.50, while (W), = 0.30
Similarly,
(W= 01~ 200} = 0.7, and (W) = 030

At first glance, both engines seem to convert the same fraction of heat, that
they receive, to work, thus performing equally well from the viewpoint of the first
law. However, in the light of second law, the engine B has a greater work potential
(0.7Q) available to it and thus should do a lot better than engine 4. Therefore, it
can be said that engine B is performing poorly relative to engine 4, even though
both have the same thermal efficiency.

To overcome the deficiency of the first law efficiency, a second law efficiency
Ny can be defined as the ratio of actual thermal efficiency to the maximum
possible thermal efficiency under the same conditions:

M
M Neer
So, for engine 4, 1y = 0.3/0.5 = 0.60
and for engine B, 1;;=0.3/0.7=0.43
Therefore, the engine A is converting 60% of the available work potential
(exergy) to useful work. This is only 43% for the engine B. Therefore,

M = -::i = LA (for heat engines and other work producing devices)
rev ey
_ _CoP Weev

= for refrigerators, heat pumps and other work
M CoP,, W, ( £ pump:

absorbing devices)
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The exergies of a closed system (¢) and a flowing fluid stream () are given on
unit mass basis:
¢ = (u— ug) — To(s - 5q) + po(v ~ Vo) ki/kg
2
V= (=) - Tos -50) + L= + gz llkg
Reversible Work Expressions

(a) Cyclic Devices
Wiev = Moy @y (Heat engines)
[}

- W,,, = ——=—— (Refrigerators
m {COPuv)hf. ( & )
2
— Wy = ———=*—— (Heat pumps)
(COPrw )HP
(b) Closed System
Wiew = Uy = Uy = To(S) = 52) + po(F1 - )

=m(¢, ~ ¢;)
(c) Steady Flow System (single stream)

y2 V2
Wre\r:m[(hl +2¢+82| —7651)‘("2 +Tz+822 —Tnsz]]

=m(y, - y2)
When the <vstem exchanges heat with another reservoir at temperature 7 other
than the atmosphere,

Wyey = (Y — Vz)"'Q.l{l _;_n)
k

The first law efficiency is defined as the ratio of energy output and energy
input, while their difference is the energy loss. Likewise, the second law
efficiency is defined as the ratio of exergy output and exergy input and their
difference is irreversibility. By reducing energy loss, first law efficiency can be
improved. Similarly, by reducing irreversibilities, the second law efficiency can
be enhanced.

SOLVED EXAMPLES

Example 8.1 Ina certain process, a vapour, while condensing at 420°C, trans-
fers heat to water evaporating at 250°C. The resulting steam is used in a power
cycle which rejects heat at 35°C. What is the fraction of the available energy in
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the heat transferred from the process vapour at 420°C that is lost due to the
irreversible heat transfer at 250°C?

Solution ABCD (Fig. Ex. 8.1) would have been the power cycle, if there was no
temperature difference between the vapour condensing and the water evaporating
and the area under CD would have been the unavailable energy. EFGD is the
power cycle when the vapour condenses at 420°C and the water evaporates at
250°C. The unavailable energy becomes the area under DG. Therefore, the
increase in unavailable energy due to irreversible heat transfer is represented by
the area under CG.

Q
A e T,=420+273=693K
T Q F
E A - T4 =250 + 273 =523 K
A Y Y
D ™ € _ 16 7,235+273=308K -
%k Increase in unavailable
c As” - energy
—_—
Fig. Ex. 8.1
Now Ql '=TIAS=T]AAS'
AS T
As T
W = work done in cycle ABCD
=(T) - TgaS
W = Work done in cycle EFGD

The fraction of energy that becomes unavailable due to irreversible heat
transfer

n( 45 1)
_W-w _TAS'-As) _ "\ AS
W@ -T)AS  (G-T)
L(T - T) _ 308(693 - 523)
(L -T,) 523(693-308)
0.26 Ans.
Example 8.2 In a steam boiler, hot gases from a fire transfer heat to water

which vaporizes at constant temperature. In a certain case, the gases are cooled
from 1100°C to 550°C while the water evaporates at 220°C. The specific heat of
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gases is 1.005kJ/kgK, and the latent heat of water at 220°C, is 1858.5 kl/kg. All
the heat transferred from the gases goes to the water. How much does the total
entropy of the combined system of gas and water increase as a result of the
irreversible heat transfer? Obtain the result on the basis of 1 kg of water
evaporated.

If the temperature of the surroundings is 30°C, find the increase in unavailable
energy due to irreversible heat transfer.

Solution Gas (ni1p) is cooled from state | to state 2 (Fig. Ex. 8.2). Forreversible
heat transfer, the working fluid (w.f.) in the heat engine having the same ¢, would
have been heated along 2-1, so that at any instant, the temperature difference
between gas and the working fluid is zero. Then 1-b would have been the
expansion of the working fluid down to the lowest possible temperature T}, and
the amount of heat rejection would have been given by the area abed.

LA 1100°C

Increa_.'.e in
[ unavailable
energy

ity

@ Te=30+273

v
| =303K
L ff?.f__-z' %;/.2 f

When water evaporates at 220°C as the gas gets cooled from 1100°C to 550°C,
the resulting power cycle has an unavailable energy represented by the arcaaefd.
The increase in unavailable energy due to irreversible heat transfer is thus given
by area befc.

Entropy increase of 1 kg water

_ Latent heat absorbed _  1858.5

(B hwmer T (273 +220)
0, = Heat transferred from the gas
= Heat absorbed by water during evaporation
=my cps(l 100 - 550)
=1x1858.5kJ
_ 1858.5

0

=3.77 kl/kg-K

Mty =3.38kJ/°C
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Ty T,
i dg_j!‘. dr
AS, _IT_ g Cp -
TB]

'gas
T
=g, In ~2 =338 1n 2=
T, 1373
=-338x051
=- 1725 KK

ASita1 = (AS)yarer + (A'S)gu
=3.77-1.725=2.045 kJ/K
Increase in unavailale energy
= To(AS) 0 = 303 x 2.045
=620 kJ

Ans.

Ans.

Example 8.3 Calculate the available energy in 40 kg of water at 75°C with

respect to the surroundings at 5°C, the pressure of water being 1 atm.

Solution  If the water is cooled at a constant pressure of 1 atm from 75°C to 5°C
(Fig. Ex. 8.3) the heat given up may be used as a source for a series of Carnot
engines each using the surroundings as a sink. It is assumed that the amount of
energy received by any engine is small relative to that in the source and the
temperature of the source does not change while heat is being exchanged with the

~ engine.

Let us consider that the source has fallen to temperature 7, at which level there
. operates a Carnot engine which takes in heat at this temperature and rejects heat

at T, = 278 K. If 8s is the entropy change of water, the work obtainable is

SW=-m(T - T,)ds

— 273+ 75=348K
b=
T T
*
A

ps/? Z AE

: st UE

E ~1 “‘is

- 1

Fig. Ex. 8.3
where 8s is negative.
or
SW=—40(T-T,) c"T

- L)
=40, (1- 2 )67

Tp=278K
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With a very great number of engines in the series, the total work (maximum)
obtainable when the water is cooled from 348 K to 278 K would be

oW . T,
W) = A.E. =~ lim Z4ocp[1 - ?)Sr
348
348
= | 40cp( -T—"]dr
278 T

= 40c, [{343 ~278)-278In ﬁ]
278

=40x 4.2 (70 - 62)

=1340kJ Ans.
Q,=40x4.2 (348 - 278)
= 11,760 kJ
UE. = Q) ~ Wiguy

=11,760 - 1340 = 10,420 kJ

Example 8.4 Calculate the decrease in available energy when 25 kg of water
at 95°C mix with 35 kg of water at 35°C, the pressure being taken as constant and
the temperature of the surroundings being 15°C (¢, of water = 4.2 kl/kg K).

Solution The available energy of a system of mass m, specific heat ¢, and at
temperature T, is given by

oy
AE.=mc, | (1 - T"]dT
To

(A.E.),5 = Available energy of 25 kg of water at 95°C

273+ 95
=25x42 | (1 -ﬁ)dr
273 +15 T

368
=105 | (368 - 288) - 288 In 258
[( ) n zsa]

=987.49 kJ
(A.E.);5 = Available energy of 35 kg of water at 35°C

=147 [(308 —288) - 2881In ﬁ:]

288
=97.59kJ
Total available energy
(AE)m = (AE)ys + (AE.)yq
=987.49 +97.59
= 1085.08 kJ
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After mixing, ift is the final temperature
25x4.2(95—1) =35x4.2(t-35)
(= 25 x95x35%35
25435
=60°C
Total mass after mixing = 25 + 35 = 60 kg
(A.E.)go = Available energy of 60 kg of water at 60°C

| 333 |
=42%60 — - —_—
(333 288) 2881In

=803.27KJ]
.. Decrease in available energy due to mixing
= Total available energy before mixing
- Total available energy after mixing
= 1085.08 — 803.27
=281.81kJ Ans.

Example 8.5 The moment of inertia of a flywheel is 0.54 kg-m? and it rotates
at a speed 3000 RPM in a large heat insulated system, the temperature of which is
15°C. If the kinetic energy of the flywheel is dissipated as frictional heat at the
shaft bearings which have a water equivalent of 2 kg, find the rise in the
temperature of the bearings when the flywheel has come to rest. Calculate the
greatest possible amount of this heat which may be returned to the flywheel as
high-grade energy, showing how much of the original kinetic energy is now
unavailable. What would be the final RPM of the flywheel, if it is set in motion
with this available energy?

Solution Initial angular velocity of the flywheel
_ 27N, _ 27 x3000

@, = =314.2 rad/s
60 60
Initial available energy of the flywheel
1
= (K-Eipitia1 = EI o

2
= 0.54 kg m? x (314.22 B4
§

=2.66 x 10* Nm = 26.6 kJ
‘When this K.E. is dissipated as frictional heat, if At is the temperature rise of
the bearings, we have
water equivalent of the bearings x rise in temperature = 26.6 kJ
26.6

At=———"——=13,19°C Ans.
2x4.187 .
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.. Final temperature of the bearings

tr=15+319=18.19°C
The maximum amount of energy which may be returned to the flywheel as
high-grade energy is

291.19
AE.=2x4187 | (l—l;sjdr

288

=2x 4.187[(291.19 —288)- 288 In %]

=0.1459 kJ
The amount of energy rendered unavailable is
UE. = (A'E'}inilial - (A'E'Jretumnble as high energy
=26.6 — 0.1459
=26.454]1 k]

Since the amount of energy returnable to the flywheel is 0.146 kJ, if w, is the
final angular velocity, and the flywheel is set in motion with this energy

0.146 x 10 = -;— x 0.54 w?

2 146
=146 _ 5408
©r= 027

o @, = 23.246 rad/s
If N, is the final RPM of the flywheel

or N, = 23246X60 _5y) roM Ans,
2xXT

Example 8.6 Two kg ofair at 500 kPa, 80°C expands adiabatically in a closed
system until its volume is doubled and its temperature becomes equal to that of
the surroundings which is at 100 kPa, 5°C. For this process, determine (a) the
maximum work, (b) the change in availability, and (c) the irreversibility. For air,
take ¢, = 0.718kl/kg K, u = ¢,T where c, is constant, and p¥ = mRT where p is
pressure in kPa, ¥ volume in m®, m mass in kg, R a constant equal to 0.287 kl/kg
K, and T temperature in K.
Solution  From the property relation

TdS = dU + pdV
the entropy change of air between the initial and final states is

2 _2 me,dT .t mRdV
fo-fospr o
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or SZ—S|=mchn—;?—+len%
From Eq. (8.32),
Waax = (U = Up) = T (S5, - 5)
=m[c.(f. —mw[c‘,mﬁmmﬁ)]
S0 h
= ' 278
=2 [0.7]8(80 -5)+278(0.718 ]nﬁ
=2[53.85+278 (-0.172 + 0.199)]
=2(53.85+7.51)
=122.72k) Ans. (a)
From Eg. (8.42), the change in availability
)
=(U - U - TS, - S + po(V, - V)
= W+ DotV ~ V)
= 12272 + po(V; - 2Vy)
2 x0.287 x 353
500
=822kl Ans. (b)

+0.2871n %]

=122.72-100 %

The irreversibility
I'= Wax, usefil = Wacy
From the first law,
Wou=Q-AU==-AU=U,-U,

. I=U = Uy=TyS, - 8)- U + U

=Ty(S; - 5))

= TD(AS}W
For adiabatic process, (48)g,, =0

T ¥
I=T, In-2+mRIn =
D[mcv ;’; m n I’;}

=278 x2 [0.713 In %+ 0.287 In 2}

=278 x 2 (-0.172 + 0.199)

=152kJ Ans. (c)
Example 8.7 Air expands through a turbine from 500 kPa, 520°C to 100 kPa,
300°C. During expansion 10 kJ/kg of heat is lost to the surroundings which is at
98 kPa, 20°C. Neglecting the K.E. and P.E. changes, determine per kg of air (a)
the decrease in availability, (b) the maximum work, and (c) the irreversibility.
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For air, take c, = 1.005 ki/kg K, & = ¢, T where c,, is constant, and the p, Vand T
relation as in Example 8.6.
Solution From the property relation
TdS=dH-Vdp
the entropy change of air in the expansion process is

2 2 2
dr
[as =I%_jm
1 1 1 P
or S, -8, =me,In L rin P2
T P
For 1 kg of air,
T p
53-8 =c,In =% —~RIn 2
275 4 14
From Eq. (8.30), the change in availability
Vi—y,=b-b
= (hy = Tosy) = (hy = Tysy)
=(h—h)-Ty(s;~5)

= . P2 12
=¢, (T~ T,)-T, [Rln——c In—-)
pLiil 2 0 : p TE

= 1.005 (520 ~300) —293(0.287 In -;- - 1,005 In ﬁ)

793
= 1.005 x 220 — 293 (0.3267 - 0.4619)
=221.1+139.6
=260.7 kl/kg Ans. (a)
The maximum work is
W,ex = change in availability = v, - y,
=260.7 kl/kg Ans. (b)
FromS.F.EE.,
Q+h=W+th
W=h-h)+Q
=¢(N-TY+Q
= 1.005 (520 — 300) - 10
=211.1kJ/kg
The irreversibility
=W, -W
=260.7-211.1
=49.6 kikg Ans. (c)



258 —— Basic and Applied Thermodynamics

Alternatively,
1= To(ASyygem * ASeur)

=293 [1.005 in37 _ 0287 L+ ﬂ]
793

5 293

=293 x0.1352 + 10

=49.6 kl/kg Ans. (d)
Example 8.8 An air preheater is used to cool the products of combustion from
a furnace while heating the air to be used for combustion. The rate of flow of
products is 12.5 kg/s and the products are cooled from 300 to 200°C, and for the
products at this temperature ¢, = 1.09 kJ/kg K. The rate of air flow is 11.5 kg/s,
the initial air temperature is 40°C, and for the airc, = 1.005 kl/kg K. (a) Estimate
the initial and final availability of the products. (b) What is the irreversibility for
the process? (c) If the heat transfer from the products occurs reversibly through
heat engines, what is the final temperature of the air? What is the power developed
by the heat engine? Take Tj, = 300 K and neglect pressure drop for both the fluids
and heat transfer to the surroundings.
Solution

(a) y, = initial availability of the products
= (hy - hg) — To(S, — Sp)

- Ty
= cp,(Tm e R Cp, In To

= 1.09(573 — 300) — 300 x 1.09 In 21>
300

=297.57-211.6 = 39.68 kl/kg
, = final availability of the products
= (hy = hg) — To(s2 — 50)
= 1.09 (473 - 300) - 300 x 1.09 In A
300

= 188.57 — 148.89 = 39.68 kl/kg
(b) Decrease in availability of the products
=V -y
=(h = hy) - Tolsy - 55)
573

=1.09 (573 -473)-300x 1.09 In —=
473

=109 - 62.72 = 46.28 kl/kg
By making an energy balance for the air preheater [Fig. Ex. 8.8(a)].
Cpy (T, =T = rity &p, (T, = Tyy)
12.5 x 1.09(573 - 473) = 11.15 x 1.005(T, - 313)
_ 12.5%109

= ———— +313=430.
2115 % 1.005 313=43089K
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Increase in availability for air

=¥-¥
=(hy—h) = Ty(s; - 51)
Products
of Combustion
A i
73 mg
F
u
n Air
a | Tg| Preheater
c S hdd L LS
Fuel e ! T, Exhaust (rhg)
T ——— = | AP - <
Preheated Ta B g AT
Air o
Insulation
Fig. Ex. 8.8(a)

Tl
=¢p, (Toy = To) ~ Tocp, In Tz

ay
= 1.005 x (430.89 — 313) — 300 x 1.005 In %
= 11848 —96.37 =22.11 kJ /kg
- Irreversibility of the process
=12.5x46.28 - 11.5 x 22.11
= 578.50 — 254.27
=324.23 kKW

(c) Let us assume that heat transfer from the products to air occurred through
heat engines reversibly as shown in Fig. Ex. 8.8(b).
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For reversible heat transfer,

ASyy =0

ASy +ASer =0

ASg+AS,; =0
ASg=-AS,

ehpy “abp, T

473 To
12, . — =-11l. B —_—
25x1.09In 573 11.5x 1.005 In 313
T,=39241K
Rate of heat supply from the gas to the working fluid in the heat engine,

Oy =mge, (T -Tp)
=12.5x 1.09 (573 - 473)
= 1362.50 kW
Rate of heat rejection from the working fluid in the heat engine to the air,
Qz =y cp (Tg— Ty)
=11.5 x 1.005 (392.41 - 313)
=917.78 kW

Total power developed by the heat engine

W =0, - 0,=1362.50-917.78
=444.72 kW

Example 8.9 A gas is flowing through a pipe at the rate of 2 kg/s. Because of
inadequate insulation the gas temperature decreases from 800 to 790°C between
two sections in the pipe. Neglecting pressure losses, calculate the irreversibility
rate (or rate of energy degradation) due to this heat loss. Take T =300 K and a
constant ¢, = 1.1 kl/kg K.

For the same temperature drop of 10°C when the gas cools from 80°C to 70°C
due to heat loss, what is the rate of energy degradation? Take the same values of
Ty and ¢, What is the inference you can draw from this example?

Solution Sgcu = Ssys 2
T
m Cp (TZ B Ti )
Ty

Irreversibility rate = rate of energy degradation
= rate of exergy loss

=nm(sy—s) -
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[=TyS g
= mTy(s; = 8y} = rirey (T~ Ty)

. T
=mc{(r. “Ty-7, In;;]

=2x1.1 [(1073 ~1063) - 300 In ﬂ}

1063
=15.818 kW
When the same heat loss occurs at lower temperature

P=2x11 [(353~343}~3001nﬁ:l

343
=3.036 kW

It is thus seen that irreversibility rate of exergy destruction is more when the same
heat loss occurs at higher temperature. Irreversibility rate decreases as the
temperature of the gas decreases. Quantitatively, the heat loss may be the same,
but qualitatively, it is different.

Example 8.10 An ideal gas is flowing through an insulated pipe at the rate of
3 kg/s. There is a 10% pressure drop from inlet to exit of the pipe. What is the rate
of exergy loss because of the pressure drop due to friction? Take R =0.287 kl/kg
Kand T, =300 K.

Solution Rate of entropy generation from Eq. (8.68),

: . Ap
S .. = mMR——
= 14

0.10 p,

4
=0.0861 kW/K

=3x0.287

Rate of exergy loss
i=T1,8

gen

=300 x 0.0861

=25.83 kW
Example 8.11 Water at 90°C flowing at the rate of 2 kg/s mixes adiabatically
with another stream of water at 30°C flowing at the rate of 1 kg/s. Estimate the
entropy generation rate and the rate of exergy loss due to mixing. Take T, =
300 K.
Solution

W=+ oy =2+ 1=3kg/s

Here .T:—_:?:O.é?
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5L _303
T, 363

=0.835

From Eq. (8.76),
X+ T(l- x)
,rl -Xx
0.67 + 0.835 % 0.33
0.835%%

0.94555
0.94223

= 0.0442 kW/K
Rate of exergy loss due to mixing

j = TU Sm
=300 x 0.0442
=13.26 kW

S‘sm= ey In
=3x4.187In

=12.561 In

Alternatively,
Equilibrium temperature after mixing,
mty + myty
ﬂl| + mz
_2x90+1x30 _
2+1

=

70°C

B8 iy = Syen -2x4137[nﬁ+1x4137lnﬁ
363 303

=0.0447 kW/K

I=300x0.0447 = 13.41 kW

Example 8.12 By burning a fuel the rate of heat release is 500 kW at 2000 K.
What would be the first law and the second law efficiencies if (a) energy is
absorbed in a metallurgical furnace at the rate of 480 kW at 1000 K, (b) energy is
absorbed at the rate of 450 kW for generation of steam at 500 K, and (c) energy
is absorbed in a chemical process at the rate of 300 kW at 320 K? Take T, =
300K, (d) Had the energy absorption rate been equal to 450 kW in all these three
cases, what would have been the second law efficiences? What is the inference
that you can draw from this example?

Solution If Q, is the rate of heat release at temperature T, and @, the rate of
heat absorption at temperature T, then
0 '
= =2 and =
U 0, M= _h
L
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(a) Metallurgical furnace

=220 100 = 96%
00
| 300
- 1000 -
g = 0.96 30 x 100 = 79%
2000
(b) Steam generation
450 .
- = 04
m 00 x 100 =90%
1300
= —500 =
7y =0.90 30 x 100 = 42.3%
2000
(c) Chemical process
=22 %100 = 60%
500
1300
320
=060 ;-390 x100=441%

(d) In all the three cases, 1; would remain the same, where

=350 % 100=0.90
500

It is seen that as the energy loss (Q, - Q,} i

x100=74.11%

——— % 100 = 42.3%
1

% 100=6.61 %

ncreases, the first law efficiency

decreases. For the same heat loss, however, as the tempeature difference between
the source and the use temperature increases, the second law efficiency decreases,
or in other words, the rate of exergy loss increases.
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Example 8.13 A system undergoes a power cycle while receiving energy 0, at
temperature T, and discharging energy Q, at temperature T,. There are no other
heat transfers.

(a) Show that the thermal efficiency of the cycle can be expressed as:

peio B L
L LG

where T, is the ambient temperature
and [ is the irreversibility of the cycle. l T, |

(b) Obtain an expression for the N
maximum theoretical value for the [ Q4
thermal efficiency. )l

(c) Derive an expression for the |w=0q,-0q,
irreversibility for which no network is fo.
developed by the cycle. What
conclusion do you derive from it? [ Ty 1
Solution An availability balance for
the cycle gives (Fig. Ex. 8.13), Fig. Ex. 8.13

(M)m.e=0=( —%—)Q, —[1——;)9, -W-1

since each property is restored to its initial state.
Since 0,=0,-

(- Ea-m-v-

1

- 2){-Ho-2
To U L To

T, T

=X =1- Proved.
o L hLho
(b) When I=0,
T,
Mmax = -2
1
(c) When W=10
n= 1L _ 5L
L o
1 [Qu Q]]
I=T)|—-— Tl = — 7 | =T, S
O[TZ 1]91 o7, T 09gen

The heat transfer Q) from T to T, takes place through a reversible engine, and
the entire work is dissipated in the brake, from which an equal amount of heat is
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rejected to the reservoir at T,. Heat transfer through a finite temperature
difference is thus equivalent to the destruction of its exergy. (See Art. 8.10.1(a)).

Example 8.14 A compressor operating at steady state takes in 1 kg/s of air at
1 bar and 25°C and compresses it to 8 bar and 160°C. Heat transfer from the
compressor to its surroundings occurs at a rate of 100 kW. (a) Determine the
power input in kW. (b) Evaluate the second law efficiency for the compressor.
Neglect KE and PE changes. Take T, = 25°C and P, = 1 bar.

Solution SFEE for the compressor (Fig. Ex. 8.14) gives:

W =0 + ir(h, - hy) =~ 100 + 1 x 1.005 (25 — 160)
=-2357kW Ans.(a)

N
2

[
w | /
o
o
Air
Fig. Ex. 8.14

Exergy balance for the compressor gives:
. : Ty s
mag + Q(l—T)— W —mag,=1

- . Y.
—W—m(afz—aﬁ)—Q(l—-—F)+[

LY
t W

ag, — a5, = hy — by — Tys, - 51)

=c(T,-T))- Tu(cp In % ~RIn i’i}
1

P
_ 433
= 1.005 (160 ~25)- 298 (1005 In 22— 0287 In 8
=200.95 kl/kg
20095
= ~0.853 or, 85.3% .
M= 2357 o Ans. (0)

Example 8,15 Determine the exergy of 1 m® of complete vacuum.
Solution

o=U-Uy+py(V-Vy)—Ty(S- Sp)
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=H - Hy— V(p - po) — To(S - Sp)
Since a vacuum has zero mass,
U=0,H=0,and §=0
If the vacuum were reduced to the dead state,
Uy=0,H,=0,5,=0and ¥, =0.
The pressure p for the vacuum is zero.
But pp=1bar=100kPaand ¥=1m>

¢=pDV=100%xlm3=100kJ

Ans.

If an air motor operates between the atmosphere and the vacuum, this is the
maximum useful work obtainable. Therefore, the vacuum has an exergy or work

potential.

Example 8.16 A mass of 1000 kg of fish initially at 1 bar, 300K is to be
cooled to — 20°C. The freezing point of fish is — 2.2°C, and the specific heats of
fish below and above the freezing point are 1.7 and 3.2 kJ/kg K respectively. The
latent heat of fusion for the fish can be taken as 235 kJ/kg. Calculate the exergy

produced in the chilling process. Take T, =300 K and p, = 1 bar.

Solution
Exergy produced = H, — H) — Iy(8; - )
With reference to Fig. Ex. 8.16,

Fig. Ex. 8.16

H\, - H,=1000 [1.7 (270.8 — 253) + 235 + 3.2(300 — 270.8)]

=1000[1.7x 17.8 +235+ 3.2 x 29.2]

= 1000 [30.26 + 235 + 93.44] = 358.7 MJ

Hy— H,=-3587MJ

2708 | 235

1000 [1.7 In + +32In
253 270.8

=- 1000 [0.1156 + 0.8678 + 0.3277]

§-5,
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= 1.311 MJ/K
8, -8 =- 1311 MI/K
Exergy produced = — 358.7 + 300 x 1.311
=_-3587+3933
=34.6 MJ or 9.54 kWh Ans.

Example 8.17 A quantity of air initially at 1 bar, 300 K undergoes two types
of interactions: (a) it is brought to a final temperature of 500 K adiabatically by
paddle-wheel work transfer, (b) the same temperature rise is brought about by
heat transfer from a thermal reservoir at 600 K. Take T, = 300 K, p, = 1 atm,
Determine the irreversibility (in kJ/kg) in each case and comment on the results.

B e T _/
2 A e} ‘“ Q=i Resanvl
--------------------- \

Fig. Ex. 8.17

Solution Case (a): As shown in the above figures (Fig. Ex. 8.17),
L o718 30
T 300
=0.367 kl/kg K
I=300x0.367=110.1 ki’kg Ans.
Case (b): Q=mc(l,-T)
=1x0.718 (500 - 300) = 143.6 kl/kg

143.6
Asml-,zsz—sl - % =0.367 - W
=0.1277 kl’kg K

1=300x 0.1277 = 38.31 ki/kg

ASypiy = Sgen = Cy In

Comment:
The irreversibility in case (b) is less than in case (a).
I, = Tolsy —59), Iy = To(s, - 1) — %

!I._Ibu_g_

The irreversibility in case (b) is always less than in case (a) and the two values
would approach each other only at high reservoir temperature, i.e.,
ILohasT—oee
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Example 8.18 Steam enters a turbine at 30 bar, 400°C (h = 3230 kl/kg, s =
6.9212 kJ/kg K) and with a velocity of 160 m/s. Steam leaves as saturated vapour
at 100°C (h =2676.1 kl/kg, s = 7.3549 kJ/kg K) with a velocity of 100 m/s. At
steady state the turbine develops work at a rate of 540 kJ/kg. Heat transfer
between the turbine and its surroundings occurs at an average outer surface
temperature of 500 K. Determine the irreversibility per unit mass. Give an exergy
balance and estimate the second law efficiency of the turbine. Take p,=1 atm,
Ty =298 K and neglect PE effect.

Solution By exergy balance of the control volume (Fig. Ex. 8.18),

ag =W+ Q(l—;_oJ tag+1
B

where a; is the exergy transfer per unit mass.

!=ﬂ'r|—afz—

2 _ 2
= (hy — hy) = Tsy - 5p) + L—12 —W—Q(r—ﬁ)

2 _ 1002
=(3230.9 - 2676.1) - 298{6{9212 -7.3549) + M

x 107 - 540 Q(! - ﬁ)
500

= 151.84 — 0(0.404) (1)
By SFEE,
vt v:
hy+ 1 =W+h,+0+ 2
17 ,+ 0 2

2 2
—h-hy+ A=V
=)+ =

2z _ 2
= (32309 - 2676.1) + me x 1073 = 540

= 22.6 ki/kg.



Available Energy, Exergy and Irreversibility —= 269

From Eq. (1),
I=151.84 -22.6 x0.404
=42.71 kl/kg Ans.
Net exergy transferred to turbine
ag, —ag, = 691.84 kl/kg
Work = 540 kl/kg
Exergy destroyed = /= 142.71 kl/kg
Exergy transferred out accompanying heat transfer
=22.6x%0.404=9.13 kl/kg
Exergy Balance
Exergy transferred Exergy utilized
691.84 kl/kg Work = 540 kJ/kg (78%)
Destroyed = 142.71 kl/kg (20.6%)
Transferred with heat = 9.13 kJ/kg (1.3%)
691.84 kl/kg
Second law efficiency, ;= —;-‘1}—2—4— =0.78 or 78% Ans.

Example 8.19 A furnace is heated by an electrical resistor. At steady state,
electrical power is supplied to the resistor at a rate of 8.5 kW per metre length to
maintain it at 1500 K when the furnace walls are at 500 K. Let T, = 300 K (a) For
the resistor as the system, determine the rate of availability transfer
accompanying heat and the irreversibility rate, (b) For the space between the
resistor and the walls as the system, evaluate the irreversibility rate.

Solution Case (a): At steady state for the resistor (Fig. Ex. 8.19),

Q=AU+ W=W =85kW

Raslslor\at 500 K Space

A

£ Fumace walls at 500 K
Fig. Ex. 8.19

Auvailability rate balance gives

(- )er(Won )0
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I =Rate of irreversibility

=[ _lro)g+ﬁr=(1 -ﬂ)(—s.sns.s

1500
=1.7kW Ans. (a)
Rate of availability transfer with heat
- -i);( __...300)_ _
(l T Q 1 1500 (-8.5) 6.8 kW Ans. (a)

Case (b): Steady state,
44 =(1-—TL)Q’~(1-iJQ-W-i =0

ar T T,
- 300 300
i-= (1 - —)s.s - (1 ——)s.s
1500 500
~68-34=34kW Ans. (b)

Example 8.20 Air enters a compressor at | bar, 30°C, which is also the state
of the environment. It leaves at 3.5 bar, 141°C and 90 m/s. Neglecting inlet
velocity and P.E. effect, determine (a) whether the compression is adiabatic or
polytropic, (b) if not adiabatic, the polytropic index, (c) the isothermal efficiency,
(d) the minimum work input and irreversibility, and (d) the second law efficiency.
Take c,, of air = 1.0035 kJ/kgK.

(a) After isentropic compression
-1y
-Tﬁ _ I:P_z:lw ny
L Py

T =303 (3.5)"2% = 4336 K = 160.6°C
Since this temperature is higher than the given temperature of 141°C, there is
heat loss to the surroundings. The compression cannot be adiabatic. It must be
polytropic.

n—1)/n
(b) ﬁ. = l.&]
L Lp
{n=1)/n
414273 _ a0 (2)
30+273

log 1366 = =L 1og 3.5
n

n=132978=1.33 Ans.
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(c) Actual work of compression

2 2
W,=h,—hz——V22—= 1.0035 (30—141)—9% x 107

=-115.7 kl/kg
Isothermal work
2 2 2
WT=IUdP"V—2=‘RTi wPe_ Yo
1 2 n 2
2
=_0.287x 303 In (3.5) - i’g— x 1073
=113 ki/kg
Isothermal efficiency:
Wo 113
=—=—"— =0.977 or 97.7% Ans.
fr W 1157 or b ns
(d) Decrease in availability or exergy:
VZ — VZ
Yi— ¥y =h == Tyls; —s) + '—2‘“2'
= P2 h sz
=c (T} -T)-Ty|RIn=—=-¢_ In = |- =
=793 R 2 |-
= 1.0035 (30 - 141)
2
~303 [0.287 In 3.5 - 10035 In ﬁ] .
303 2000
=-101.8 ki/kg
Minimum work input = - 101.8 kl/kg Ans.
Irreversibility, I=W.. -W,
=-101.8 - (- 115.7)
=139 kl/kg Ans.
(¢) Second law efficiency,
= Minimum work input _ 1018
" Actual work input 1157
= (.88 or 88% Ans.

REVIEW QUESTIONS

8.1 What do you understand by high grade energy and low grade energy?
8.2  What is available energy and unavailable energy?
8.3  Who propounded the concept of availability?
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8.4
8.5

8.6
8.7
8.8
8.9
8.10
8.11
8.12
8.13
8.14
8.15

8.16
8.17

8.18

8.19

8.20
8.21
8.22
8.23

8.24
8.25

8.26
8.27

8.28
8.29

8.30
8.31

8.32
8.33

What is the available energy referred to a cycle?

Show that there is a decrease in available energy when heat is transferred through
a finite temperature difference.

Deduce the expression for available energy from a finite energy source at
temperature 7 when the environmental temperature is 7.

What do you understand by exergy and energy?

What is meant by quality of energy?

Why is exergy of a fluid at a higher temperature more than that at a lower
temperature?

How does the exergy value provide a useful measure of the quality of energy?
Why is the second law called the law of degradation of energy?

Energy is always conserved, but its quality is always degraded. Explain.

Why is the work done by a closed system in a reversible process by interacting
only with the surroundings the maximum?

Show that equal work is done in all reversible processes between the same end
states of a system if it exchanges energy only with the surroundings.

Give the general expression for the maximum work of an open system which
exchanges heat only with the surroundings.

What do you understand by Keenan function?

Give the expression for reversible work in a steady flow process under a given
environment.

Give the expression for reversible work done by a closed system if it interacts
only with the surroundings.

What do you understand by ‘useful work'? Derive expressions for useful work
for a closed system and a steady flow system which interact only with the
surroundings.

What are the availability functions for a: (a) clossed system, (b) steady flow
system?

What do you understand by the dead state?

What is meant by availability?

Give expressions for availabilities of a closed system and a steady flow open
system.

What are Helmholtz function and Gibbs function?

What is the availability in a chemical reaction if the temperature before and after
the reaction is the same and equal to the temperature of the surroundings?
When is the availability of a chemical reaction equal to the decrease in the Gibbs
function?

Derive the expression for irreversibility or exergy loss in a process executed by:
(a) a closed system, (b) a steady flow system, in a given environment.

State and explain the Gouy-Stodola theorem.

How is heat transfer through a finite temperature difference equivalent to the
destruction of its availability?

Considering the steady and adiabatic flow of an ideal gas through a pipe, show
that the rate of decrease in availability or lost work is proportional to the pressure
drop and the mass flow rate.

What do you understand by Grassman diagram?

What is entropy generation number?

Why is exergy always a positive value? Why cannot it be negative?
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Why and when is exergy completely destroyed?

Give the exergy balance for a closed system.

Explain the statement: The exergy of an isolated system can never increase. How
is it related to the principle of increase of entropy?

Give the exergy balance of a steady flow system.

Define the second law efficiency. How is it different from the first law efficiency
in the case of a simple power plant?

Derive the second law efficiency for: (a) a solar water heater, and (b) a heat pump.
What is meant by energy cascading? How is it thermodynamicaliy efficient?
Derive expressions for the irreversibility and second law efficiency of a:

(a) steam turbine, (b) compressor, (c) heat exchanger, and (d) mixer.

What is the deficiency of the first law efficiency? How does the second law
efficiency make up this deficiency?

How can you improve the first law efficiency and the second law efficiency?

PROBLEMS

8.1

8.2

8.3

84

8.5

What is the maximum useful work which can be obtained when 100 kJ are
abstracted from a heat reservoir at 675 K in an environment at 288 K? What is the
loss of useful work if (a) a temperature drop of 50°C is introduced between the
heat source and the heat engine, on the one hand, and the heat engine and the heat
sink, on the other, (b) the source temperature drops by 50°C and the sink
temperature rises by 50°C during the heat transfer process according to the linear

a0 _

law —= = % constant?
dr

Ans. 57.38 kJ, (a) 11.46 kJ, (b) 5.5 kJ
In a steam generator, water is evaporated at 260°C, while the combustion gas (cp
= 1.08 kJ/kg K) is cooled from 1300°C to 320°C. The surroundings are at 30°C.
Determine the loss in available energy due to the above heat transfer per kg of
water evaporated. (Latent heat of vaporization of water at 260°C = 1662.5 kJ/
kg.)
Ans. 443.6 kJ
Exhaust gases leave an internal combustion engine at 800°C and 1 atm, after
having done 1050 kJ of work per kg of gas in the engine (¢, of gas = 1.1 kI/kg K).
The temperature of the surroundings is 30°C. (a) How much available energy
per kg of gas is lost by throwing away the exhaust gases? (b) What is the ratio of
the lost available energy to the engine work?
Ans. (a) 425.58 kI, (b) 0.405
A hot spring produces water at a temperature of 56°C. The water flows into a
large lake, with a mean temperature of 14°C, at a rate of 0.1m* of water per min,
What is the rate of working of an ideal heat engine which uses all the available
energy?
Ans. 19.5 kW
0.2 kg of air at 300°C is heated reversibly at constant pressure to 2066 K. Find
the available and unavailable energies of the heat added. Take 7, =30°C and ¢,
= 1.0047 ki/kg K.
Ans. 211.9 and 78.1 kJ
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8.6

8.7

8.8

8.9

8.10

8.12

Eighty kg of water at 100°C are mixed with 50 kg of water at 60°C, while the
temperature of the surroundings is 15°C. Determine the decrease in available
energy due to mixing.
Ans. 240 kJ

A lead storage battery used in an automobile is able to deliver 5.2 MJ of electrical
cnergy. This energy is available for starting the car.
Let compressed air be considered for doing an equivalent amount of work in
starting the car. The compressed air is to be stored at 7 MPa, 25°C. What is the
volume of the tank that would be required to let the compressed air have an
availability of 5.2 MJ? For air, pv = 0.287 T, where T'is in K, p in kPa, and v in
m3fkg.

Ans. 0228 m?
Ice is to be made from water supplied at 15°C by the process shown in Fig. P 8.8.
The final temperature of the ice is — 10°C, and the final temperature of the water
that is used as cooling water in the condenser is 30°C. Determine the minimum
work required to produce 1000 kg of ice. Take ¢, for water =4.187 ki/kgK, ¢, for
ice = 2.093 kJ/kgK, and latent heat of fusion of ice = 334 kl/kg.

o1
AN Water 30°C
L@y

Water 15°C ——> @ W,
4&1
A

i Ice, -10°C
Fig. P8.8

Ans. 31.92 MJ
A pressure vessel has a volume of 1m’® and contains air at 1.4 MPa, 175 °C. The
air is cooled to 25°C by heat transfer to the surroundings at 25°C. Calculate the
availability in the initial and final states and the irreversibility of this process.
Take p, = 100 kPa.
Ans. 135 kl/kg, 114.6 kl/kg, 223 k)
Air Flows through an adiabatic compressor at 2 kg/s. The inlet conditions are 1
bar and 310 K and the exit conditions are 7 bar and 560 K. Compute the net rate
of availability transfer and the irreversibility. Take 7;,= 298 K.
Ans. 481.1 kW and 21.2 kW
An adiabatic turbine receives a gas (¢, = 1.09 and ¢, = 0.838 kl/kg K) at 7 bar
and 1000°C and discharges at 1.5 bar and 665°C. Determine the second law and
isentropic efficiencies of the turbine. Take T, = 298 K.
Ans. 0.956, 0.879
Air enters an adiabatic compressor at atmospheric conditions of 1 bar, 15°C and
leaves at 5.5 bar. The mass flow rate is 0.01 kg/s and the efficiency of the
compressor is 75%. After leaving the compressor, the air is cooled to 40°C in an



8.13

8.14

8.15

8.16

8.17

8.18
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aftercooler. Calculate (a) the power required to drive the compressor, and (b) the
rate of irreversibility for the overall process (compressor and cooler).
Ans. (a) 2.42 KW, (b) 1 kW
In a rotary compressor, air enters at 1.1 bar, 21°C where it is compressed
adiabatically to 6.6 bar, 250°C. Calculate the irreversibility and the entropy
production for unit mass flow rate. The atmosphere is at 1.03 bar, 20°C. Neglect
the K.E. changes.
Ans. 19 kl/kg, 0.064 kl/kg K
In a steam boiler, the hot gases from a fire transfer heat to water which vaporizes
at a constant temperature of 242.6°C (3.5 MPa). The gases are cooled from 1100
to 430°C and have an average specific heat, ¢, = 1.046 ki/kg K over this
temperature range. The latent heat of vaporization of steam at 3.5 MPa is
1753.7 kJ/kg. If the steam generation rate is 12.6 kg/s and there is negligible heat
loss from the boiler, calculate: (a) the rate of heat transfer, (b) the rate of loss of
exergy of the gas, (c) the rate of gain of exergy of the steam, and (d) the rate of
entropy generation, Take 7, =21°C.
Ans. (a) 22096 kW, (b) 15605.4 kW (c) 9501.0 kW, (d) 20.76 kW/K
An economizer, a gas-to-water finned tube heat exchanger, receives 67.5 kg/s of
gasc, = 1.0046 kJ/’kg K, and 51.1 kg/s of water, €y = 4.186 kl/kg K. The water
rises in temperature from 402 to 469 K, where the gas falls in temperature from
682 to 470 K. There are no changes of kinetic energy, and p, = 1.03 bar and T;;=
289 K. Determine: (a) rate of change of availability of the water, (b) the rate of
change of availability of the gas, and (c) the rate of entropy generation.
Ans. (a) 4802.2 kW, (b) 7079.8 kW, (c) 7.73 kW/K
The exhaust gases from a gas turbine are used to heat water in an adiabatic
counterflow heat exchanger. The gases are cooled from 260 to 120°C, while
water enters at 65°C, The flow rates of the gas and water are 0.38 kg/s and
0.50 kg/s respectively. The constant pressure specific heats for the gas and water
are 1.09 and 4.186 kJ/kg K respectively. Calculate the rate of exergy loss due to
heat transfer. Take T, = 35°C.
Ans. 11.92 kW
The exhaust from a gas turbine at 1.12 bar, 800 K flows steadily into a heat
exchanger which cools the gas to 700 K without significant pressure drop. The
heat transfer from the gas heats an air flow at constant pressure, which enters the
heat exchanger at 470 K. The mass flow rate of air is twice that of the gas and the
surroundings are at 1.03 bar, 20°C. Determine: (a) the decrease in availability of
the exhaust gases, and (b) the total entropy production per kg of gas. (c) What
arrangement would be necessary to make the heat transfer reversible and how
much would this increase the power output of the plant per kg of turbine gas?
Take c, for exhaust gas as 1.08 and for air as 1.05 kl/kg K. Neglect heat transfer
to the surroundings and the changes in kinetic and potential energy.
Ans. (a) 66 kJ/kg, (b) 0.0731 ki/kg K, (c) 38.7 kl/kg
An air preheater is used to heat up the air used for combustion by cooling the
outgoing products of combustion from a furnace. The rate of flow of the products
is 10 kg/s, and the products are cooled from 300°C to 200°C, and for the products
at this temperature ¢, = 1.09 kl/kg K. The rate of air flow is 9 kg/s, the initial air
temperature is 40°C, and for the air ¢, = 1.005 ki/kg K.
(a) What is the initial and final availability of the products?
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8.19

8.20

8.21

8.22

8.23

8.24

8.25

8.26

8.27

(b) What is the irreversibility for this process?

(c) If the heat transfer from the products were to take place reversibly through
heat engines, what would be the finally temperature of the air? What power
would be developed by the heat engines? Take 7, = 300 K.

Ans (a) 85.97, 39.68 kJ/kg, (b) 256.5 kW, (c) 394.41 K, 353.65 kW

A mass of 2 kg of air in a vessel expands from 3 bar, 70°C to 1 bar, 40°C, while

receiving 1.2 kJ of heat from a reservoir at 120°C. The environment is at 0.98

bar, 27°C. Calculate the maximum work and the work done on the atmosphere.

Ans. 177 KJ, 1125 K]

Air enters the compressor of a gas turbine at 1 bar, 30°C and leaves the

compressor at 4 bar. The compressor has an efficiency of 82%. calculate per kg of

air (a) the work of compression, (b) the reversible work of compression, and

(c) the irreversibility. [For air, use

Ty _ (P_z)"'"’
I 4
where T, is the temperature of air after isentropic compression and y= 1.4. The
compressor efficiency is defined as (7, — T)AT, - T)), where T; is the actual
temperature of air after compressional.}
Ans. (a) 180.5 ki/kg, (b) 159.5 ki/kg (c) 21 kl/kg
A mass of 6.98 kg of air is in a vessel at 200 kPa, 27°C. Heat is transferred to the
air from a reservoir at 727°C until the temperature of air rises to 327°C. The
environment is at 100kPa, 17°C. Determine (a) the initial and final availability of
air, (b) the maximum useful work associated with the process.
Ans. (a) 103.5, 621.9 kJ (b) 582 kJ
Air enters an adiabatic compressor in steady flow at 140 kPa, 17°C and 70 m/s
and leaves it at 350 kPa, 127°C and 110 m/s. The environment is at 100 kPa,
7°C. Calculate per kg of air (a) the actual amount of work required, (b) the
minimum work required, and (c) the irreversibility of the process.
Ans. (a) 114.4 kJ, (b) 97.3kJ, (c) 17.1 KJ
Air expands in a turbine adiabatically from 500 kPa, 400 K and 150 m/s to
100 kPa, 300 K and 70 m/s. The environment is at 100 kPa, 17°C. Calculate per
kg of air (a) the maximum work output, (b) the actual work output, and (c) the
irreversibility.
Ans. (a) 159 kJ, (b) 109 kJ, (c) SO0 kJ
Calculate the specific exergy of air for a state at 2 bar, 393.15 K when the
surroundings are at | bar, 293.15 K. Take ¢, = I and R = 0.287 kJ/kg K.
Ans. 72.31 kl/kg
Calculate the specific exergy of CO, (¢, = 0.8659 and R = 0.1889 kJ/kg K) for a
state at 0,7 bar, 268.15 K and for the environment at 1.0 bar and 293.15 K.
Ans. - 18,77 klkg
A pipe carries a stream of brine with a mass flow rate of 5 kg/s. Because of poor
thermal insulation the brine temperature increases from 250 K at the pipe inlet to
253 K at the exit. Neglecting pressure losses, calculate the irreversibility rate (or
rate of energy degradation) associated with the heat leakage. Take 7, =293 K
and ¢, = 2.85 ki/kg K.
Ans. 7.05 kW
In an adiabatic throttling process, energy per unit mass or enthalpy remains the
same. However, there is a loss of exergy. An ideal gas flowing at the rate m is
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throttled from pressure p, to pressure p, when the environment is at temperature
Ty- What is the rate of exergy loss due to throttling?

Ans. [ =mRT,In £L
P
Air at 5 bar and 20°C flows into an evacuated tank until the pressure in the tank
is 5 bar. Assume that the process is adiabatic and the temperature of the
surroundings is 20°C. (a) What is the final temperature of the air? (b) What is the
reversible work produced between the initial and final states of the air? (C) What
is the net entropy change of the air entering the tank? (d) Calculate the
irreversibility of the process.
Ans. (a) 410.2 K, (b) 98.9 kJ/kg, (c) 0.3376 kl/kg K, (d) 98.9 kl/kg
A Camot cycle engine receives and rejects heat with a 20°C temperature
differential between itself and the thermal energy reservoirs. The expansion and
compression processes have a pressure ratio of 50. For 1 kg of air as the working
substance, cycle temperature limits of 1000 K and 300 K and T, = 280 K,
determine the second law efficiency.
Ans. 0.965
Energy is received by a solar collector at the rate of 300 kW from a source
temperature of 2400 K. If 60 kW of this energy is lost to the surroundings at
steady state and if the user temperature remains constant at 600 K, what are the
first law and the second law efficiencies? Take 7; = 300 K.
Ans. 0.80, 0.457
For flow of an ideal gas through an insulated pipeline, the pressure drops from
100 bar to 95 bar. If the gas flows at the rate of 1.5 kg/s and has ¢, = 1.005 and
¢, =0.718 kJ/kg K and if T, = 300 K, find the rate of entropy gencration and rate
of loss of exergy.
Ans. 0.0215 kW/K, 6.46 kW
The cylinder of an internal combustion engine contains gases at 2500°C, 58 bar.
Expansion takes place through a volume ratio of 9 according to pvus = const.
The surroundings are at 20°C, 1.1 bar. Determine the loss of availability, the
work transfer and the heat transfer per unit mass. Treat the gases as ideal having
R=0.26 k)/kg K and ¢, = 0.82 kl/kg-K.
Ans. 1144 kJ/kg, 1074 kl/kg, —213kJ/kg
In a counterflow heat exchanger, oil (¢, = 2.1 kJ/kg-K) is cooled from 440 to 320
K, while water (¢, = 4.2 kl/kg K) is heated from 290 K to temperature 7. The
respective mass flow rates of oil and water are 800 and 3200 kg/h. Neglecting
pressure drop, KE and PE effects and heat loss, determine (a) the temperature T,
(b) the rate of exergy destruction, (c) the second law efficiency. Take 7, = 17°C
and p; = | atm.
Ans. (a) 305 K, (b) 41.4 MJ/h, (c) 10.9%
Oxygen enters a nozzle operating at steady state at 3.8 MPa, 387°C and 10 nvs.
At the nozzle exit the conditions are 150 kPa, 37°C and 750 m/s. Determine (a)
the heat transfer per kg and (b) the irreversibility. Assume oxygen as an ideal gas,
and take Tj; = 20°C, p, =1 atm.
Ans. (a) - 37.06 kJ/kg, (b) 81.72 ki/kg
Argon gas expands adiabatically in a turbine from 2 MPa, 1000°C to 350 kPa.
The mass flow rate is 0.5 kg/s and the turbine develops power at the rate of
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120 kW, Determine (a) the temperature of argon at the turbine exit, (b) the
irreversibility rate, and (c) the second law efficiency. Neglect KE and PE effects
and take T = 20°C, p, = | atm,
Ans. (a) 538.1°C, (b) 18.78 kW, (c) 86.5%
In the boiler of a power plant are tubes through which water flows as it is brought
from 0.8 MPa, 150°C (h = 632.6 kl/kg, s = 1.8418 ki/kg K) to 0.8 MPa, 250°C
(h =2950 kJ/kg, s = 7.0384 kJ/kg K). Combustion gases passing over the tubes
cool from 1067°C to 547°C. These gases may be considered as air (ideal gas)
having ¢, = 1.005 kJ/kg K. Assuming steady state and neglecting any heat loss,
and KE and PE effects, determine (a) the mass flow rate of combustion gases per
kg of steam, (b) the loss of exergy per kg steam, and (c) the second law efficiency.
Take T, = 25°C, p, = 1 atm.
Ans. (a) m/m,, = 4.434, (b) 802.29 kl/kg steam, (c) 48.9%
Air enters a hair dryer at 22°C, 1 bar with a velocity of 3.7 m/s and exits at 83°C,
1 bar with a velocity of 9.1 m/s through an area of 18.7 cm’. Neglecting any heat
loss and PE effect and taking T, = 22°C, (a) evaluate the power required in kW,
and (b) devise and evaluate a second law efficiency.
Ans. (a) - 1.02 kW, (b) 9%
An isolated system consists of two solid blocks. One block has a mass of 5 kg
and is initially at 300°C. The other block has a mass of 10 kg and is initially at
—50°C. The blocks are allowed to come into thermal equilibrium. Assuming the
blocks are incompressible with constant specific heats of 1 and 0.4 kl/kgK,
respectively, determine (a) the final temperature, (b) the irreversibility. Take Ty =
300 K.
Ans. (a) 4174 K, (b) 277 kJ
Air flows into a heat engine at ambient conditions 100 kPa, 300 K. Energy is
supplied as 1200 kJ per kg air from a 1500 K source and in some part of the
process, a heat loss of 300 kJ/kg air happens at 750 K. The air leaves the engine
at 100 kPa, 800K. Find the first and the second law efficiencies.
Ans. 0.315, 0.672
Consider two rigid containers each of volume 1 m’ containing air at 100 kPa,
400K. An internally reversible Camot heat pump is then thermally connected
between them so that it heats one up and cools the other down. In order to transfer
heat at a reasonable rate, the temperature difference between the working fluid
inside the heat pump and the air in the containers is set to 20°C. The process
stops when the air in the coldest tank reaches 300K. Find the final temperature of
the air that is heated up, the work input to the heat pump, and the overall second
law efficiency.
Ans. 550K, 31.2 kJ, 0.816



Properties of Pure
Substances

A pure substance is a substance of constant chemical composition throughout its
mass. It is a one-component system. It may exist in one or more phases.

9.1 p-v Diagram for a Pure Substance

Assume a unit mass of ice (solid water) at—10°C and1 atm contained in a cylinder
and piston machine (Fig. 9.1) . Let the ice be heated slowly so that its temperature
is always uniform. The changes which occur in the mass of water would be traced
as the temperature is increased while the pressure is held constant. Let the state
changes of water be plotted on p—v coordinates. The distinct regimes of heating,
as shown in Fig. 9.2, are:

1 atm

1

Fig. 9.1 Heating of H,0 at a constant pressure of 1 atm

1-2 The temperature of ice increases from —10°C to 0°C. The volume of ice
would increase, as would be the case for any solid upon heating. At state 2, i.e.
0°C, the ice would start melting.

2-3 Ice melts into water at a constant temperature of 0°C. At state 3, the
melting process ends. There is a decrease in volume, which is a peculiarity of
water.
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3-4 The temperature of water increases, upon heating, from 0°C to 100°C.
The volume of water increases because of thermal expansion.

4-5 The water starts boiling at state 4 and boiling ends at state 5. This phase
change from liquid to vapour occurs at a constant temperature of 100°C (the
pressure being constant at 1 atm). There is a large increase in volume.

J-6 The vapour is heated to, say, 250°C (state 6). The volume of vapour
increases from v to vg.

Water existed in the solid phase between 1 and 2, in the liquid phase between
3 and 4, and in the gas phase beyond 5. Between 2 and 3, the solid changed into’
the liquid phase by absorbing the latent heat of fusion and between 4 and 5, the
liquid changed into the vapour phase by absorbing the latent heat of vaporization,
both at constant temperature and pressure.

The states 2, 3, 4 and 5 are known as saturation states. A saturation state is a
state from which a change of phase may occur without a change of pressure or
temperature. State 2 is a saturated solid state because a solid can change into
liquid at constant pressure and temperature from state 2. States 3 and 4 are both
saturated liquid states. In state 3, the liquid is saturated with respect to
solidification, whereas in state 4, the liquid is saturated with respect to
vaporization. State 5 is asaturated vapour state, because from state 5, the vapour
can condense into liquid without a change of pressure or temperature.

If the heating of ice at —10°C to steamn at 250°C were done at a constant
pressure of 2 atm, similar regimes of heating would have been obtained with
similar saturation states 2, 3, 4 and 5, as shown in Fig. 9.2. All the state changes
of the system can similarly be plotted on the p-v coordinates, when it is heated at
different constant pressures. All the saturated solid states 2 at various pressures
are joined by a line, as shown in Fig. 9.3.

z atm L - - ) ) - -

o, 1 2> -5 6
| 1atm Large volume change

3 12 ) 5 6

05atm — | . .

3 4 1 2 ( ( 5 6

—

Fig. 9.2 Changes in the volume of water during heating at constant pressure

Similarly, all the saturated liquid states 3 with respect to solidification, all the
saturated liquid states 4 with respect to vaporization, and all the saturated vapour
states 5, are joined together.

Figure 9.4 shows state changes of a pure substance other than water whose
volume increases on melting.

The line passing through all the saturated solid states 2 (Figs 9.3 and 9.4) is
called the saturated solid line. The lines passing through all the saturated liquid
states 3 and 4 with respect to solidification and vaporization respectively are
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known as the sarurated liquid lines, and the line passing through all the saturated
vapour states 5, is the saturated vapour line. The saturated liquid line with
respect to vaporization and the saturated vapour line incline towards each other
and form what is known as the saturation or vapour dome. The two lines meet at
the critical state.

— Saturated vapour line

Saturated 1"'//:V y 5% Triple point line
liquid lines ™| L L+V \

s
S+V

—_—

Fig. 9.3 p-v diagram of water, whose volume decreases on melting

Saturated liquid lines

Viwreee
z\ 3\ _\Je 1®

T 2\ 3\ ] 4 5\«——VSaIuraled vapour line
\ 4L+V 5\ 8
4 Trlpla point line
Saturated

s / T

—_—

Fig. 9.4 p-v diagram of a pure substance other than water, whose volume

increases on melting

To the left of the saturated solid line is the solid (5) region (Fig. 9.4). Between
the saturated solid line and saturated liquid line with respect to solidification
there exists the solid-liquid mixture (S + L) region. Between the two saturated
liquid lines is the compressed liquid region. The liquid-vapour mixture region
(L + V) exists within the vapour dome between the saturated liquid and saturated
vapour lines. To the right of the saturated vapour line is the vapour region. The
triple point is a line on the p—v diagram, where all the three phases, solid, liquid
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and gas, exit in equilibrium. At a pressure below the triple point line, the
substance cannot exist in the liquid phase, and the substance, when heated,
transforms from solid to vapour (known as sublimation) by absorbing the latent
heat of sublimation from the surroundings. The region below the triple point line
is, therefore, the solid-vapour (S + V) mixture region. Table 9.1 gives the triple
point data for a number of substances.

Table 9.1  Triple-Point Data

Substance Temperature, K Pressure, mm Hg
Acetylene, C,H, 1924 962
Ammonia, NH, 19542 45.58
Argon, A 83.78 515.7
Carbon dioxide, CO, 216.55 3885.1
Carbon monoxide, CO 68.14 115.14
Methane, C,H, 89.88 0.006
Ethylene, CH, 104.00 0.9
Hydrogen, H, 13.84 52.8
Methane, CH, 90.67 87.7
Nitrogen, N, 63.15 94.01
Oxygen, O, 5435 1.14
Water, H,0 273.16 4.587

Liquid is, most often, the working fluid in power cycles, etc. and interest is
often confined to the liquid-vapour regions only. So to locate the state points, the
solid regions from Figs 9.3 and 9.4 can be omitted. The p—v diagram then
becomes as shown in Fig. 9.5. If the vapour at state 4 is compressed slowly and
isothermally, the pressure will rise until there is saturated vapour at point B. If the
compression is continued, condensation takes place, the pressure remaining
constant so long as the temperature remains constant. At any point between B and
C, the liquid and vapour are in equilibrium. Since a very large increase in pressure
is needed to compress the liquid, line CD is almost vertical. ABCD is a typical
isotherm of a pure substance on a p—v diagram. Some isotherms are shown in
Fig. 9.5. As the temperature increases, the liquid-vapour transition, as represented
by BC, decreases, and becomes zero at the critical point. Below the critical point
only, there is a liquid-vapour transition zone, where a saturated liquid, on heating,
absorbs the latent heat of vaporization, and becomes saturated vapour at a
constant pressure and temperature. Similarly, a saturated vapour, on cooling,
releases the latent heat of condensation at constant pressure and temperature to
become saturated liquid. Above the critical point, however, a liquid, upon heating,
suddenly flashes into vapour, or a vapour, upon cooling, suddenly condenses into
liquid. There is no distinct transition zone from liquid to vapour and vice versa.
The isotherm passing through the critical point is called the critical isotherm, and
the corresponding temperature is known as the critical temperature (t,). The
pressure and volume at the critical point are known as the critical pressure (p.)
and the critical volume (v,) respectively. For water




Properties of Pure Substances — 283

P =221.2 bar
1. =374.15°C
v, =0.00317 m’/kg
\ Critical point
Po}--B Gas phase
fc\
N Vapour phase
1‘ Tincreasing
L 4
| ¢ 8 / Sauraed
; - vapour line
L+V g /
5—— Saturated liquid line w

Ve — - V
Fig. 9.5 Saturation curve on p-v diagram

The critical point data of certain substances are given in Appendix F. Above
the critical point, the isotherms are continuous curves that at large volumes and
low pressures approach equilateral hyperbolas.

When a liquid or solid is in equilibrium with its vapour at a given temperature,
the vapour exerts a pressure that depends only on the temperature (Fig. 9.6). In
general, the greater the temperature, the higher is the vapour pressure. The
temperature at which the vapour pressure is equal to 760 mm Hg is called the
normal boiling point.

Vapour

-\ _
apour L~ pressure

Temperature i

Fig. 9.6 Vapour pressure

/4~ Solid or liquid

Phase change occurs at constant pressure and temperature. A pure liquid at a
given pressure will transform into vapour only at a particular temperature, known
as saturation temperature, which is a function of pressure. Similarly, if the
temperature is fixed, the liquid will boil (or condense) only at a particular
pressure, called the saturation pressure, which is a function of temperature. In
Fig. 9.7, if p, is the pressure, the corresponding saturation temperature is (f,),,
or if t, is the given temperature, the saturation pressure is (p,,),. As the pressure
increases, the saturation temperature increases. Saturation states exist up to the
critical point. At point A, the liquid starts boiling, and at point B, the boiling gets
complered. AtA, it is all liquid (saturated) and there is no vapour, while at B, it is
all vapour (saturated) and there is no liquid. Vapour content progressively
increases as the liquid changes its state from A towards B.
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If u, is the specific volume of the saturated liquid at a given pressure, and v,
the specific volume of the saturated vapour, then (v — v¢) or vy is the change in
specific volume during phase transition (boiling or condensation) at that pressure.
As pressure increases, vy, decreases, and at the critical point vy, becomes zero.

Critical point

Fig. 9.7 Saturation pressure and temperature

9.2 p-T Diagram for a Pure Substance

The state changes of a pure substance, upon slow heating at different constant
pressures, are shown on the p—v plane, in Figs 9.2, 9.3, and 9.4. If these state
changes are plotted on p—T coordinates, the diagram, as shown in Fig. 9.8, will be
obtained. If the heating of ice at—10°C to steam at 250°C at the constant pressure
of 1 atm is considered, 1-2 is the solid (ice) heating, 2-3 is the melting of ice at
0°C, 3—4 is the liquid heating, 4-5 is the vaporization of water at 100°C, and
5-6 is the heating in the vapour phase. The process will be reversed from state 6
to state 1 upon cooling. The curve passing through the 2, 3 points is called the
fusion curve, and the curve passing through the 4, 5 points (which indicate the
vaporization or condensation at different temperatures and pressures) is called

Vaporizaton
Fusion e

curve :
-~ Critical point
1 2,3 4.5 6
a |1atm|q 2, 3 Liquid /
6
I 1 |2.3Region ~%*®
Solid 4.5 \ 6
Sublimation region < Triple Vapour “—- Continuous
curve ﬁm% point  region line
I

-10°C 0°C 100°C 250°C

== T

Fig. 9.8 Phase equilibrium diagram on p-T coordinates
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the vaporization curve. If the vapour pressure of a solid is measured at different
temperatures, and these are plotted, the sublimation curve will be obtained. The
fusion curve, the vaporization curve, and the sublimation curve meet at triple
point.

The slopes of the sublimation and vaporization curves for all substances are
positive. The slope of the fusion curve for most substances is positive, but for
water, it is negative. The temperature at which a liquid boils is very sensitive to
pressure, as indicated by the vaporization curve which gives the saturation
temperatures at different pressures, but the temperature at which a solid melts is
not such a strong function of pressure, as indicated by the small slope of the
fusion curve.

The triple point of water is at 4.58 mm Hg and 273.16 K, whereas that of CO,
is at 3885 mm Hg (about 5 atm) and 216.55 K. So when solid CO, (‘dry ice’) is
exposed to 1 atm pressure, it gets transformed into vapour directly, absorbing the
latent heat of sublimation from the surroundings, which gets cooled or ‘refrige-
rated’.

9.3 p-v-T Surface

The relationships between pressure, specific volume, and temperature can be
clearly understood with the aid of a three-dimensional p-v—T surface. Figure 9.9
illustrates a substance like water that expands upon freezing and Fig. 9.10
illustrates substances other than water which contract upon freezing. The
projections on the p—T and p—v planes are also shown in these figures. Any point
on the p—v-T surface represents an equilibrium state of the substance. The triple
point line when projected to the p—T plane becomes a point. The critical isotherm
has a point of inflection at the critical point.

94 T-s Diagram for a Pure Substance

The heating of the system of 1 kg of ice at —5°C to steam at 250°C is again
considered, the pressure being maintained constant at 1 atm. The entropy
increases of the system in different regimes of heating are given below.

1. The entropy increase of ice as it is heated from —5°C to 0°C at 1 atm. (€p,ce
=2.093 kJ/kg K).

=c [n_213.
P 268

T =273 dTr
ag ey
As, =58, -8, = |—===
15%:-5% IT j T

=2.093 In 272 = 0.0398 kikg K.
268

2. The entropy increase of ice as it rhelts into water at 0°C (latent heat of
fusion of ice = 334.96 kJ/kg)

Mz LS B 5 it
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Fig. 9.9 p-v-T surface and projections for a substance that expands on freezing
(a) Three-dimensional view (b) Phase diagram (c) p-v diagram

3. The entropy increase of water as it is heated from 0°C to 100°C
(€p water = 4187 kI/kg K)
- _ Lo_ 373
AS3—54“53 =c In ?2 =4.187 In —2"_}5-
=1.305kl/kgK

4. The entropy increase of water as it is vaporized at 100°C, absorbing the
latent heat of vaporization (2257 kJ/kg)

As,=s5—5,= 32:%3 = 6.05 kl/kg K

5. The entropy increase of vapour as it is heated from 100°C to 250°C at
I atm
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Fig. 9.10 p-v-T surface and projections for a substance that contracts on freezing

(a) Three-dimensional view (b) Phase diagram (c) p-v diagram
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assuming the average specific heat of steam in the temperature range of

100°C to 250°C as 2.093 kJ/kg K.

These entropy changes are shown in Fig. 9.11. The curve 1-2-3-4-5-6 is the
isobar of 1 atm. If, during the heating process, the pressure had been maintained
constant at 2 atm, a similar curve would be obtained. The states 2, 3, 4, and 5 are
saturation states. If these states for different pressures are joined, as in Figs 9.3
and 9.4, the phase equilibrium diagram of a pure substance on the T-s coordinates,
as shown in Fig. 9.12, would be obtained.
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Fig. 9.11 Isobars on T-s plot
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Fig. 9.12 Phase equilibrium diagram on T-s coordinates

Most often, liquid-vapour transformations only are of interest, and Fig. 9.13
shows the liquid, the vapour, and the transition zones only. At a particular
pressure, sgis the specific entropy of saturated water, and s, is that of saturated
vapour. The entropy change of the system during the phase change from liquid to
vapour at that pressure is g, (=, — 7). The value of g, decreases as the pressure
increases, and becomes zero at the critical point.

9.5 h-s Diagram or Mollier Diagram for a
Pure Substance

From the first and second laws of thermodynamics, the following property
relation was obtained.
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Fig. 9.13  Saturation (or vapour) dome for water

Tds = dh—vdp

oh\) _
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This equation forms the basis of the s—s diagram of a pure substance, also
called the Mollier diagram. The slope of an isobar on the s coordinates is equal
to the absolute saturation temperature (r, + 273) at that pressure. If the
temperature remains constant the slope will remain constant. If the temperature
increases, the slope of the isobar will increase.

Consider the heating of a system of ice at— 5°C to steam at 250°C, the pressure
being maintained constant at 1 atm. The slope of the isobar of 1 atm on the A—s
coordinates (Fig. 9.14) first increases as the temperature of the ice increases from
~5°C to 0°C (1-2). Its slope then remains constant as ice melts into water at the

1 atm

Increasing slope

Slope constant

- Increasing slope
Slope constant
Increasing slope

-5

Fig. 9.14 [fsobars on h~s plot
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constant temperature of 0°C (2-3). The slope of the isobar again increases as the
temperature of water rises from 0°C to 100°C (3—4). The slope again remains
constant as water vaporizes into steam at the constant temperature of 100°C
(4-5). Finally, the slope of the isobar continues to increase as the temperature of
steam increases to 250°C (5-6) and beyond. Similarly, the isobars of different
pressures can be drawn on the i—s diagram as shown in Figs 9.14 and 9.15. States
2,3, 4, and 5 are saturation states. Figure 9.15 shows the phase equilibrium
diagram of a pure substance on the i—s coordinates, indicating the saturated solid
line, saturated liquid lines and saturated vapour line, the various phases, and the
transition (mixture) zones.

Critical point ]
N,

Saturated vapour line

\
s + v Triple point line

= h

Y,
— Saturated liquid line

Fig. 9.15 Phase equilibrium diagram on h-s coordinates (Mollier diagram)

Figure 9.16 is the si—s or the Mollier diagram indicating only the liquid and
vapour phases. As the pressure increases, the saturation temperature increases,
and so the slope of the isobar also increases. Hence, the constant pressure lines
diverge from one another, and the critical isobar is a tangent at the critical point,
as shown. In the vapour region, the states of equal slopes at various pressures are
joined by lines, as shown, which are the constant temperature lines. Although
the slope of an isobar remains continuous beyond the saturated vapour line, the
isotherm bends towards the right and its slope decreases asymptotically to zero,
because in the ideal gas region it becomes horizontal and the constant enthalpy

implies constant temperature. [(Q-J =T+ u[a—p-J =T- v[gz) , by
T T P

s ds dv
s . . dh T
Maxwell’s relation, chapter | 1. For an ideal gas, s =T-v—=0.ForT=c,
s v v

h =c] At a particular pressure, h¢is the specific enthalpy of saturated water, A, is
that of saturated vapour, and hg, (= /4, — hy) is the latent heat of vaporization at
that pressure. As the pressure increases Ay, decreases, and at the critical pressure,
hygy becomes zero.
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Per = 221.2 bar

Saturated
vapour line

5 L EX
Fig. 9.16 Enthalpy-entropy diagram of water

9.6 Quality or Dryness Fraction

Ifin 1 kg of liquid-vapour mixture, x kg is the mass of vapour and (1 —x) kg is the
mass of liquid, then x is known as the guality or dryness fraction of the liquid-
vapour mixture. Therefore, quality indicates the mass fraction of vapour in a
liquid vapour mixture, or

my

x=—27r—
m, +m,

where m, and m, are the masses of vapour and liquid respectively in the mixture.
The value of x varies between 0 and 1. For saturated water, when water just starts
boiling, x =0, and for saturated vapour, when vaporization is complete, x = 1, for
which the vapour is said to be dry saturated.

Points m in Fig. 9.17 (a), (b), and (c) indicate the saturated liquid states with x
= 0, and points n indicate the saturated vapour states with x = 1, the lines mn
indicating the transition from liquid to vapour, Points a, b, and ¢ at various
pressures indicate the situations when the masses of vapour reached 25%, 50%,
and 75% of the total mass, i.e. at points a, the mass of liquid is 75% and the mass
of vapour is 25% of the total mass, at point b, the mixture consists of 50% liquid
and 50% vapour by mass, and at points ¢, the mixture consists of 75% vapour and
25% liquid by mass. The lines passing through points a, b and ¢ are the constant
quality lines of 0.25, 0.50, and 0.75 respectively. Constant quality lines start
from the critical point.

Let Vbe the total volume of a liquid vapour mixture of quality x, V; the volume
of the saturated liquid, and V, the volume of the saturated vapour, the
corresponding masses being m, my, and m, respectively.

Now m=mg+ mg
and V=Vi+V,
mv = mg U+ mg Uy
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Critical point

m-J i N
x=025 x=050 x=075 x=10
— > §

(b)

Saturated vapour line

(c)
Fig. 9.17  Constant quality lines on p-v, T-s and h-s diagrams

=(m—mg) ve+my v,

m m
v [ m JU{ - s
v=(1-x) vs+xv, (9.2)
m
where x = —£ | ;= specific volume of saturated liquid, v, = specific volume of
m

saturated vapour, and v = specific volume of the mixture of quality x.
Similarly

5=(1—x) 5p+ x5, (9.3)
h=(1 -x) he+ xhy 9.4)
u=(1-x)uc+xu, (9.5)

where s, h, and u refer to the mixture of quality x, the suffix fand suffix g indicate
the conditions of saturated liquid and saturated vapour respectively.
From Eq. (9.2)
v=(1 -'I) f?f+xvs
=uvpt X(Us - vf)
= 'D,- +x, Ufg
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or V=0p+ X Vg 9.6)
Similarly
h=he+x hy 9.7
5 =spt xS (9.8)
U=+ x g 9.9
However, P#Prtx Py
Volume fraction of vapour or voidage, & =v/v
m=mg+ myg
pv:pfof"-ps g=pf(v"vg)+ps Uy
p=(1-a)p+ ap, (9.92)

9.7 Steam Tables

The properties of water are arranged in the steam tables as functions of pressure
and temperature. Separate tables are provided to give the properties of water in
the saturation states and in the liquid and vapour phases. The internal energy of
saturated water at the triple point (t = 0.01°C) is arbitrarily chosen to be zero.
Since h = u + pv, the enthalpy of saturated water at 0.01°C is slightly positive
because of the small value of (pv) term. The entropy of saturated water is also
chosen to be zero at the triple point.

9.7.1 Saturation States

When a liquid and its vapour are in equilibrium at a certain pressure and
temperature, only the pressure or the temperature is sufficient to identify the
saturation state. If the pressure is given, the temperature of the mixture gets fixed,
which is known as the saturation temperature, or if the temperature is given, the
saturation pressure gets fixed. Saturated liquid or the saturated vapour has only
one independent variable, i.e. only one property is required to be known to fix up
the state. Tables A.1(a) and A.1(b) in the appendix give the properties of saturat-
ed liquid and saturated vapour. In Table A.1(a), the independent variable is
temperature. At a particular temperature, the values of saturation pressure p, and
Vg, Uy, hy, By, hy, spand s, are given, where vy, Ay, and s, refer to the saturated
liquid states; vy, hg and s, refer to the saturated vapour state; and vy, kg, and sg
refer to the changes in the property values during svaporation (or condensation)
at that temperature, where vy, = v, — vyand sg, = 5, - 5

In Table A.1(b), the independent variable is pressure. Ata part:cular pressure,
the values of saturation temperature #, and vy, v, kg, higg, by, 55, and 5, are given.
Depending upon whether the pressure or the temperature is given, either Table
A.1(a) or Table A.1(b) can be conveniently used for computing the properties of
saturation states.

If data are required for intermediate temperatures or pressures, linear
interpolation is normally accurate. The reason for the two tables is to reduce the
amount of interpolation required.
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9.7.2 Ligquid-vapour Mixtures

Let us consider a mixture of saturated liquid water and water vapour in
equilibrium at pressure p and temperature f. The composition of the mixture by
mass will be given by its quality x, and its state will be within the vapour dome
(Fig. 9.18). The properties of the mixture are as given in Article 9.6, i.e.

T?=Uf+.\'vfg
u =uf+.tufs
h =hf+th8
5 =sf+.tsrs

where v g, U, gy, By, by, spand sg are the saturation properties at the given
pressure and temperature.

—aT

Fig. 9.18 Property in two phase region

If p or t and the quality of the mixture are given, the properties of the mixture
(v, u, h, and 5) can be evaluated from the above equations. Sometimes, instead of
quality, one of the above properties, say, specific volume v, and pressure or
temperature are given. In that case, the quality of the mixture x has to be
calculated from the given v and p or ¢ and then x being known, other properties
are evaluated.

9.7.3 Superheated Vapour

‘When the temperature of the vapour is greater than the saturation temperature
corresponding to the given pressure, the vapour is said to be superheated (state 1
in Fig. 9.19). The difference between the temperature of the superheated vapour
and the saturation temperature at that pressure is called the superheat or the
degree of superheat. As shown in Fig. 9.19, the difference (1] - ¢,) is the
superheat.

In a superheated vapour at a given pressure, the temperature may have different
values greater than the saturation temperature. Table A.2 in the appendix gives
the values of the properties (volume, enthalpy, and entropy) of superheated vapour
for each tabulated pair of values of pressure and temperature, both of which are
now independent. Interpolation or extrapolation is to be used for pairs of values
of pressure and temperature not given.
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Fig. 9.19 Superheat and subcoling

9.7.4 Compressed Liguid

When the temperature of a liquid is less than the saturation temperature at the
given pressure, the liquid is called compressed liquid (state 2 in Fig. 9.19). The
pressure and temperature of compressed liquid may vary independently, and a
table of properties like the superheated vapour table could be arranged to give the
properties at any p and t. However, the properties of liquids vary little with
pressure. Hence the properties are taken from the saturation tables at the
temperature of the compressed liquid. When a liquid is cooled below its saturation
temperature at a certain pressure it is said to be subcooled. The difference in
saturation temperature and the actual liquid temperature is known as the degree
of subcooling, or simply, subcooling (Fig. 9.17).

9.8 Charts of Thermodynamic Properties

The presentation of properties of substances in the form of a chart has certain
obvious advantages. The manner of variation of properties is clearly demonstrated
in the chart and there is no problem of interpolation. However, the precision is not
as much as in steam tables.

The temperature-entropy plot and enthalpy-entropy plot (Fig. 9.20a) are
commonly used. The temperature-entropy plot shows the vapour dome and the
lines of constant pressure, constant volume, constant enthalpy, constant quality,
and constant superheat. However, its scale is small and limited in use. The
enthalpy-entropy plot or Mollier chart, has a larger scale to provide data suitable
for many computations. It contains the same data as does the 7—s chart. The
Mollier chart for water is given in Appendix F.I. The Mollier diagram for steam
with data taken from Keenan et al. Steam Tables (John Willey, N. Y., 1969 is
given in Fig. 9.21.)

9.9 Measurement of Steam Quality

The state of a pure substance gets fixed if two independent properties are given. A
pure substance is thus said to have two degrees of freedom. Of all thermodynamic
properties, it is easiest to measure the pressure and temperature of a substance.
Therefore, whenever pressure and temperature are independent properties, it is
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Fig. 9.20 (b) Constant property lines on Mollier diagram

the practice to measure them to determine that state of the substance. This is done
in the compressed liquid region or the superheated vapour region (Fig. 9.22),
where the measured values of pressure and temperature would fix up the state.
But when the substance is in the saturation state or two-phase region (Fig. 9.22),
the measured values of pressure and temperature could apply equally well to
saturated liquid point f, saturated vapour point g, or to mixtures of any quality,
points x;, x, or x;. Of the two properties, p and ¢, only one is independent; the
other is a dependent property. If pressure is given, the saturation temperature gets
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Fig. 9.21 Mollier diagram for steam (Data taken from Keenan, J.H., F.G. Keyes,
P.C. Hill and J.g. Moore, Steam Tables, John Wiley, N.Y., 1969)
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automatically fixed for the substance. In order to fix up the state of the mixture,
apart from either pressure or temperature, one more property, such as specific
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—_— 8

Fig. 9.22 Quality of liguid-vapour mixture

volume, enthalpy or composition of the mixture (quality) is required to be known.
Since it is relatively difficult to measure the specific volume of a mixture, devices
such as calorimeters are used for determining the quality or the enthalpy of the
mixture.

In the measurement of quality, the object is always to bring the state of the
substance from the two-phase region to the single-phase or superheated region,
where both pressure and temperature are independent, and measured to fix the
state, either by adiabatic throttling or electric heating.

In the throttling calorimeter, a sample of wet steam of mass m and at pressure
p, is taken from the steam main through a perforated sampling tube (Fig. 9.23).
Then it is throttled by the partially-opened valve (or orifice) to a pressure p,,
measured by mercury manometer, and temperature #,, so that after throttling the
steam is in the superheated region. The process is shown on the T—s and h—s

Steam main / Sampling tuba

/ Insulation

Cooling water in

Condensate out
Fig. 9.23  Throttling calorimeter
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Fig. 9.24 Throttling process on T-s and h-s plois

diagrams in Fig. 9.24. The steady flow energy equation gives the enthalpy after
throttling as equal to enthalpy before throttling. The initial and final equilibrium
states 1 and 2 are joined by a dotted line since throttling is irreversible (adiabatic
but not isentropic) and the intermediate states are non-equilibrium states not
describable by thermodynamic coordinates. The initial state (wet) is given by p,
and x;, and the final state by p, and 1, (superheated). Now

since hy=hy
hpy + Xhgg = hy

hy — h

kfﬂpl

With p, and ¢, being known, /, can be found out from the superheated steam
table. The values of A and hg, are taken from the saturated steam table
corresponding to pressure p,. Therefore, the quality of the wet steam x; can be
calculated.

To be sure that steam after throttling is in the single-phase or superheated
region, a minimum of 5°C superheat is desired. So if the pressure after throttling
is given and the minimum 5°C superheat is prescribed, then there is the minimum
quality of steam (or the maximum moisture content) at the given pressure p,
which can be measured by the throttling calorimeter. For example, ifp, = 1 atm.,
then ¢, = 105°C and the state 2 after throttling gets fixed as shown in Fig. 9.25.
From state 2, the constant enthalpy line intersects the constant pressure p, line at
1. Therefore, the quality x; is the minimum quality that can be measured simply
by throttling. If the quality is, say, x) less than x;, then after throttling to p, = 1
atm., the superheat after throttling is less than 5°C. If the quality is x"), then
throttling to 1 atm. does not give any superheat at all.

‘When the steam is very wet and the pressure after throtling is not low enough
to take the steam to the superheated region, then a combined separating and
throttling calorimeter is used for the measurement of quality. Steam from the
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Fig. 9.25 Minimum quality that can be measured only by throttling

main is first passed through a separator (Fig. 9.26), where some part of the
moisture separates out due to the sudden change in direction and falls by gravity,
and the partially dry vapour is then throttled and taken to the superheated region.
InFig. 9.27, process 1-2 represents the moisture separation from the wet sample
of steam at constant pressure p; and process 2-3 represents throttling to pressure
p,. With p, and #; being measured, A; can be found out from the superheated
steam table.

Now,
}!3 L hz - hfpl + xzhfgpl
f Stop valve Throttling valve ~ Thermometer

.1:. \I-, fL(.Pp‘ Cz)l @)Tz 4'”/ ?Iaﬁm
i M i nt _
- |

:‘ .MHE :

i

Y

1

&

AR08

m.-cm

4 . Condenser
./‘-;;E/
jravives)
¥
Y |
Separated | Condensate (m3)
moisture (m,)

- .
Fig. 9.26 Separating and throttling calorimeter

Therefore, x,, the quality of steam after partial moisture separation, can be
evaluated. If m kg of steam is taken through the sampling tube in f secs, m, kg of
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Fig. 9.27 Separating and throttling processes on h-s plot

itis separated, and m, kg is throttled and then condensed to water and collected,
then m =m, + m,, and at state 2, the mass of dry vapour will be x, m,. Therefore,
the quality of the sample of steam at state 1, x, is given by

= mass of dry vapour at state |
' mass of liquid-vapour mixture at state |
= _Xallz
ml + m2

The quality of wet steam can also be measured by an electric calorimeter
(Fig. 9.28). The sample of steam is passed in steady flow through an electric
heater, as shown. The electrical energy input Q should be sufficient to take the
steam to the superheated region where pressure p, and temperature ¢, are
measured. If / is the current flowing through the heater in amperes and ¥ is the
voltage across the coil, then at steady state @ = VI x 107> kW. If m is the mass of
steam taken in/ seconds under steady flow condition, then the steady flow energy
equation for the heater (as control volume) gives

Sampling tube cs.

LT

OO

Exhaust condensed and
collected (m kg in { secs, say)

Fig. 9.28 Electrical calorimeter
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wih+0=wh,
where w, is the steam flow rate in kg/s (w, = % kgfs)

o+ L =h,
Wy

With &, Q and w; being known, k, can be computed. Now
hy = hpy + xphggy,
Hence x, can be evaluated.

SOLVED EXAMPLES

Example 9.1 Find the saturation temperature, the changes in specific volume
and entropy during evaporation, and the latent heat of vaporization of steam at
1 MPa.

Solution At 1 MPa, from Table A.1(b) in the Appendix
t = 179.91°C
v;=0.001127 m’/kg Ans.
v, = 0.19444 m’/kg
0 = v, - 0p=0.1933 m’/kg
sp=2.1387 ki/kg K
5, =6.5865 kJ/kg K
Sp = 5= 5;= 4.4478 kI/kg K Ans.
hgg = hy — he=2015.3 ki/kg Ans.

Example 9.2 Saturated steam has an entropy of 6.76 kl/kg K. What are its
pressure, temperature, specific volume, and enthalpy?
Solution In Table A.1(b), when s, = 6.76 kl’kg K

p=0.6MPa, r=158.85°C

v, =0.3156 m’/kg, and hy = 2756.8 kJ/kg Ans.

Example 9.3 Find the enthalpy and cntropy of steam when the pressure is
2 MPa and the specific volume is 0.09 m kg,

Solution In Table A.1(b), when p = 2 MPa, v; = 0.001177 mlfkg and v,
0.09963 m*/kg. Since the given volume lics between vrand vy, the substance wlll
be a mixture of liquid and vapour, and the state will be within the vapour dome.
When in the two-phase region, the composition of the mixture or its quality has to
be evaluated first. Now
=0+ X gy
0.09 =0.001177 + x (0.09963 — 0.001177)
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or x =10.904 or 90.4%
At 2 MPa, he=908.79 and g, = 1890.7 kl/kg
§;=2.4474 and 5 =3.8935kl/kg K
h = hr"‘ X hfs
=908.79 + 0.904 x 1890.7 = 2618.79 kl/kg Ans.
s =8¢+ X 5g
=2.4474 + 0.904 x 3.8935
=5.9534 kl/kg K Ans.

Example 9.4 Find the enthalpy, entropy, and volume of steam at 1.4 MPa,
380°C.
Solution Atp=1.4MPa, in Table A.1(b), t,,, = 195.07°C. Therefore, the state
of steam must be in the superheated region. In Table A.2, for properties of
superheated steam,
at 1.4 MPa, 350°C v =0.2003 m¥/kg

h=3149.5 kl/kg

s=7.1360kl/kg K
and at 1.4 MPa, 400°C v =0.2178 m’/kg

h=3257.5kl/kg

§=7.3026 kl’kg K

.. By interpolation
at 1.4 MPa, 380°C  ©=0.2108 m*/kg
h=3214.3 kl/kg
s=7.2360 klkg K Ans.

Example 9.5 A vessel of volume 0.04 m® contains a mixture of saturated water

and saturated steam at a temperature of 250°C. The mass of the liquid present is

9 kg. Find the pressure, the mass, the specific volume, the enthalpy, the entropy,

and the internal energy.

Solution From Table A.1(a), at 250°C Pear = 3.973 MPa
v;=0.0012512 m’/kg, v, =0.05013 m*/kg
he=1085.36 kl/kg, hg =1716.2 kl/kg
se=27927kikg K,  s;=3.2802klkg K

Volume of liquid, Vi=mgvg
=9x0.0012512
=0.01126 m’
Volume of vapour, V,=0.04-0.01126
=0.02874 m*
.. Mass of vapour
= Ve _ 002874 _ 0.575 ke



304 ——

Basic and Applied Thermodynamics

.. Total mass of mixture,

Quality of mixture,

Also, at 250°C,

m=mg+my=9+0575=9575kg

mg 0575 _

= 0.06
me+m, 9.575

x=
]
V=0t xvg,
=0.0012512 + 0.06 (0.05013 - 0.0012512)
=0.00418 m'/kg
h=hg+xhg
= 1085.36 + 0.06 x 1716.2
=1188.32 kl/kg
5 =5p+ X5p,
=2.7927 + 0.06 x 3.2802
=2.9895 kl/kg K
u=h-pv
=1188.32 - 3.973 x 10° x 0.00418
=1171.72 kl/kg
ug=1080.39 and ug, = 1522.0 kl/kg

U= ug+ xig,

=1080.39 + 0.06 x 1522
=1071.71 kl/kg

Ans.

Ans.

Ans.

Ans.

Ans.

Ans.

Example 9.6 Steam initially at 0.3 MPa, 250°C is cooled at constant volume.
(a) At what temperature will the steam become saturated vapour? (b) What is the
quality at 80°C? What is the heat transferred per kg of steam in cooling from

250°C to 80°C?

Solution At 0.3 MPa, t,, = 133.55°C

Since ¢ > 1, the state would be in the superheated region (Fig. Ex. 9.6). From
Table A.2, for properties of superheated steam, at 0.3 MPa, 250°C

—p

v =0.7964 m’/kg
h =2967.6 kl/kg

1

0.3 MPa
3\
t=250C

80C 2 t=17
t=80C

—_— 0

Fig. Ex. 9.6
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v, =v; = vy = 0.7964 m¥/kg
. InTable A.1

when v, = 0.8919, 1, = 120°C

when Vg = 0.7706, t,, = 125°C
Therefore, when v, = 0.7964, 1,,,, by linear interpolation, would be 123.9°.
Steam would become saturated vapour at ¢ = 123.9°C Ans. (a)

At 80°C, v;=0.001029 m*/kg, v, = 3.407 m’/kg,
hg=334.91 kV/kg, hg, = 2308.8 kl/kg, p,,, = 47.39 kPa
v, =v,=0.7964 msfkg = Ugggec + X2Uggs0ec
= 0.001029 + x, (3.407 - 0.001029)
0.79539
. Xy = 340597 0.234 Ans. (b)
hy=334.91 + 0.234 x 2308.8 = 875.9 kl/kg
hy, =2967.6 kl/kg
From the first law of thermodynamics
a0 =du+ pdv
: (40), = du
or Qra=uy—ity = (hy=py v) ~ (hy —p, V)
=(hy— b)) +v(p, - p)
= 875.9 — 2967.6) + 0.7964 (300 — 47.39)
=2091.7 +201.5
=-1890.2 kl/kg Ans. (c)

Example 9.7 Steam initially at 1.5 MPa, 300°C expands reversibly and
adiabatically in a steam turbine to 40°C. Determine the ideal work output of the
turbine per kg of steam.
Solution The steady flow energy equation for the control volume, as shown in
Fig. Ex. 9.7.1, gives (other energy terms being neglected)

hy=hy+ W

W=h-h,
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‘Work is done by steam at the expense of a fal in its enthalpy value. The process
is reversible and adiabatic, so it is isentropic. The process is shown on the T—s
and h-s diagrams in Fig. Ex. 9.7.2. ’
From Table A.1(a), at 40°C
Pox = 7.384 kPa, 5= 0.5725, and s, = 7.6845 k/kg K
h¢=167.57, and kg, = 2406.7 kl/kg
Atp=1.5 MPa, t=300°C, from the tabulated propeties of superheated steam
(Table A.2)
5, =6.9189 kl/kg K
h, =3037.6 ki/kg

300°C

1.5 MPa

Fig. Ex. 9.7.2
Since 5] =5,
6.9189 = s+ x; 54 400c
=0.5725 + x, x 7.6845
x= g:z“&‘:‘s‘ = 0.826 or 82.6%
hy = hesgec + X3 hgagec
=167.57 + 0.826 x 2406.7
=2152.57 ki/kg
W=h; - hy=3037.6 - 2152.57
= 885.03 kl/kg Ans.

Example 9.8 Steam at 0.8 MPa, 250°C and flowing at the rate of 1 kg/s passes
into a pipe carrying wet steam at 0.8 MPa, 0.95 dry. After adiabatic mixing the
flow rate is 2.3 kg/s. Determine the condition of steam after mixing.

The mixture is now expanded in a frictionless nozzle isentropically to a
pressure of 0.4 MPa. Determine the velocity of the steam leaving the nozzle.
Neglect the velocity of steam in the pipeline.

Solution . Figure Ex. 9.8.1 gives the flow diagram.
Wy =Wy — W =23-10=13 kga“s
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py=0.8MPa
t, = 250 °C
My=1kgs TR
—‘\h‘___,.--”""_"____—

> — = — 7
ps=08MPa~"» @ my = 2.3 kgls ® Py = 0.4 MPa
:Yg=ﬁ.95
m; = 1kgls

Fig. Ex. 9.8.1

The energy equation for the adiabatic mixing of the two streams gives
wy hy + wy by = wy by (9.8.1)
At 0.8 MPa, 250°C, h; = 2950.0 kl/kg
At 0.8 MPa, 0.95 dry
hy=hg+0.95 hy,
=721.11 + 0.95 x 2048.0

=2666.71 kl/kg
=~ From Eq. (9.8.1)
1 %2950 + 1.3 x 2666.71 =2.3 x hy
hy = 2790 ki/kg
Since (Hg)o.s mpa = 2769.1 ki/kg

and hy > hy, the state must be in the superheated region. From the steam tables,
when p= 0.8 MPa, = 200°C
h=2839.3 klkg

‘When P
=0.8 MPa, t,,, = 170.43°C

h, =2769.1 k/kg
By linear interpolation
t;=179°C
» Degree of superheat = 179 - 170.33 = 8.57°C
.. Condition of steam after mixing = 0.8 MPa, 179°C Ans.
The energy equation for the nozzle gives

’Iszfl"l'—

since V3 = — velocity of steam in the pipeline =0
Steam expands isentropically in the nozzle to 0.4 MPa. By interpolation,
53 =6.7087kl/kg K =,
6.7087 = 1.7766 + x4 x 5.1193
x, =0.964
hy=604.74 + 0.964 x 2133.8 = 2660 kl/kg
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Vi x 1072 =2 (hy - hy) =2 x 130 = 260

V,=+/26 x100=509.9 m/s Ans.
The processes are shown on the h—s and T-s diagrams in Fig. Ex. 9.8.2.

Fig. Ex. 9.8.2

Example 9.9 Steam flows in a pipeline at 1.5 MPa. After expanding to
* 0.1 MPa in a throttling calorimeter, the temperature is found to be 120°C. Find
the quality of steam in the pipeline. What is the maximum moisture at 1.5 MPa
that can be determined with this set-up if at least 5°C of superheat is required
after throttling for accurate readings? i

Solution At state 2 (Fig. Ex. 9.9), when p = 0.1 MPa, ¢ = 120°C by inter-
polation

h

hy =2716.2 kJ/kg, and at p = 1.5 MPa
hg=844.89 and hg, = 1947.3 kl/kg

Now kl = hz
or ha smea + Xifigg) smpa = 12
844.89 +x, x 1947.3 = 2716.2
x = 18713 — 0,963 Ans.
19473

When p=0.1 MPa and ¢t =99.63 + 5 = 104.63°C
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' hy =2685.5 kl/kg

Since hy=h,
2685.5 = 844.89 + x4 x 1947.3
x,= 18406 _ 948
1947.3
The maximum moisture that can be determined with this set-up is only 5.2%.

Ans.

Example 9.10 The following data were obtained with a separating and

throttling calorimeter: '
Pressure in pipeline 1.5 MPa
Condition after throttling 0.1 MPa, 110°C
During 5 min moisture collected in the separator  0.150 litre at 70°C
Steam condensed after throttling during 5 min 3.24 kg
Find the quality of steam in the pipeline

Solution As shown in Fig. Ex. 9.10,

at 0.1 MPa, 110°C  hy =2696.2 kl’kg

Now Iy = Iy = hyy svpa + XaPiggsmpa

or 2696.2 = 844.89 + x, x 1947.3

_ 185131
xz -_——
1947.3
If m) = mass of moisture collected in separator in 5 min and m, = mass of
steam condensed after throttling in 5 min.

=0.955

then L T
H‘l] + m:
At 70°C, ,=0.001023 m*/kg
150 x 107 m?

' 1023107 m?/kg
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=0.1462 kg

m, =324 kg

g 0955x324 _ 31
0.1462 +324 33862

Example 9.11 A steam boiler initially contains 5 m® of steam and 5 m> of
water at | MPa. Steam is taken out at constant pressure until 4 m> of water is left.
What is the heat transferred during the process?
Solution At 1 MPa,

v;=0.001127, and v, = 0.1944 m3/kg

hg =2778.1 kl/kg

ug=761.68, u, = 2583.6 kl/kg

=0.915 Ans.

ug = 1822 k/kg
The initial mass of saturated water and steam in the boiler (Fig. Ex. 9.11).
o 5

5
-+ 2, 0001127 * 01942 = (445 x10° +25.70)kg

Vg

Vi=4m®

Q Initial
{a)

Fig. Ex. 9.11

where suffix f refers to saturated water and suffix g refers to saturated vapour.
Final mass of saturated water and steam
= ; 4 6
0.001127  0.1944
. Mass of steam taken out of the boiler (m,)
= (4.45 x 10° +25.70) - (3.55 x 10° + 30.80)
=0.90x 10° - 5.1 =894.9 kg
Making an energy balance, we have: Initial energy stored in saturated water

and steam + Heat transferred from the external source = Final energy stored in
saturated water and steam + Energy leaving with the steam.

or U+ @=Ust+mgh,

=(3.55 x 10° + 30.80)kg
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assuming that the steam taken out is dry (x=1)
or 4.45 x 10° x 761.68 + 25.70 x 2583.6 + 0
=3.55 x 10° x 761.68 + 30.8 x 2583.6 + 894.9 x 2778.1
or  QO=894.9x2778.1 - (0.90 x 10*) x 761.68 + 5.1 x 2583.6
= 2425000 - 685500 + 13176
=1752,676 kJ = 1752.676 MJ Ans.

Example 9.12 A 280 mm diameter cylinder fitted with a frictionless leakproof
piston contains 0.02 kg of steam at a pressure of 0.6 MPa and a temperature of
200°C. As the piston moves slowly outwards through a distance of 305 mm, the
steam undergoes a fully-resisted expansion during which the steam pressure p
and the steam volume V are related by p¥'" = constant, where z is a constant. The
final pressure of the steam is 0.12 MPa. Determine (a) the value of n, (b) the work
done by the steam, and (c) the magnitude and sign of heat transfer.

Solution Since the path of expansion (Fig. Ex. 9.12) follows the equation

pyi=c
1214l 2143
1
| =
a pVh=¢
Tl
| 2
- v
Fig. Ex. 9.12

Taking logarithms and arranging the terms

log %
= 2
! log 173
"
Now, at 0.7 MPa, 200°C, from Tables A.2
v; =0.352 m¥/kg
hy =2850.1 kl’kg

. Total volume, ¥,, at state 1 = 0.352 x 0.02 = 000704 m’

Displaced volume = % a v
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= % x (0.28)? x 0.305

=0.0188 m*
- Total volume ¥, after expansion = 0.0188 + 0.00704 = 0.02584 m’
0.6
log ——
- 0.12 log5 _
n= = =1.24 Ans. (a
log 202582 ~log 368 . (&)
0.00704

Work done by steam in the expansion process

w, 2-?pdV= - Pl

Y n—1
_ 6x10° N/m® x 0.00704 m* — 1.2 X 10° N/m’ x 0.02584 m’
124 -1
- 4224-31008
024
=4680 N m=4.68 kJ Ans. (b)

Now  ¥,=0.02584 m’
v, = 0.02584 _ 1.292 m*/kg

0.02
Again U2 = Ug.iampa + %2 Urgo.12mpa
or 1.292 = 0.0010476 + x, x 1.4271
1.291
Xy = W =0.906

At0.12 MPa, e = 439.3 kI/kg, ug = 2512.0 kl/kg
- u; =439.3 + 0.906 (2512 - 439.3)

=2314.3 kl/kg
Again hy = 2850.1 ki/kg

0.6 x 10° x 0.00704 x 10~
0.02

u; =h —pv,=2850.1 -

=2850.1-211.2=2638.9 ki/kg
By the first law
O12=U,-U+ Wy,
=m(uy— 1)+ Wy,
=10.02 (2314.3 - 2638.5) + 4.68
=-6.484 +4.68 =— 1.804 kJ Ans. (c)

Example 9.13 A large insulated vessel is divided into two chambers, one
containing 5 kg of dry saturated steam at 0.2 MPa and the other 10 kg of steam,
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0.8 quality at 0.5 MPa. If the partition between the chambers is removed and the
steam is mixed thoroughly and allowed to settle, find the final pressure, steam
quality, and entropy change in the process.
Solution The vessel is divided into chambers, as shown in Fig. Ex. 9.13.1.
At 0.2 MPa, 0, = v, = 0.8857 m’/kg
V,=m, =5 x 0.8857
=4.4285 m’
Partition
VIV VI IIIIY.
L~

my=5kg my=10kg
X% =10 %=08
py=0.2MPa P2 =0.5MPa

ORI NS
AR R AR RS

I T 777777
Fig. Ex. 9.13.1

At 0.5 MPa, vy = Up+ X0
=0.001093 + 0.8 x 0.3749
=0.30101 m'/kg
V,=m,v,= 10 x 0.30101 = 3.0101 m®
. Total volume, V., =V, + V,=17.4386 m’ (of mixture)
Total mass of mixture, m,=m, +m,=5+10=15kg
., Specific volume of mixture

o = Vm _ 74386
" omg 15
=0.496 m*/kg
By energy balance
my Uyt my Uy = my Uy
At 0.2 MPa, hy = h; =2706.7 kJ/kg
u, =h —pv, = 2706.7 kl/kg
At 0.5 MPa, hz = h[+ X2 hft
=640.23 + 0.8 x 2108.5
=2327.03 kl/kg
Uy =hy— p, vy = hy =2327.03 klkg
he=h 5% 2706.7 +10 x 2327.03
3=y =
15
=2453.6 kl/kg = u,
Now for the mixture

hy = 2453.6 kikg = u;
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vy =0.496 m*/kg
From the Mollier diagram, with the given values of & and v, point 3 after
mixing is fixed (Fig. Ex. 9.13.2).
x;=0.870 Ans.
53=629kl/kgK

Va = 0.496 m3/kg

L] 53 5

Fig. Ex. 9.13.2

p3=3.5bar Ans.
54 Isso_m =17.1271 k.lvrkg K
$3 = S smpa T 0-85550 smpa
= 1.8607 + 0.8 x 4.9606 = 5.8292 kl/kg K
Entropy change during the process
=my 53— (m s)+my s;)
=15%x6.298 —(5x7.1271 + 10 x 5.8292)
=0.43 ki/kg Ans.

Example 9.14 Steam generated at a pressure of 6 MPa and a temperature of
400°C is supplied to a turbine via a throttle valve which reduces the pressure to
5 MPa. Expansion in the turbine is adiabatic to a pressure of 0.2 MPa, the
isentropic efficiency (actual enthalpy drop/isentropic enthalpy drop) being 82%.
The surroundings are at 0.1 MPa, 20°C. Determine the availability of steam
before and after the throttle valve and at the turbine exhaust, and calculate the
specific work output from the turbine. The K.E. and P.E. changes are negligible.
Solution  Steady flow availability y is given by

w=(h—hn)—To(s—so)+%Vf+g(Z -Zy

where subscript 0 refers to the surroundings. Since the K.E. and P.E. changes are
negligible
¥, = Availability of steam before throttling
= (hl - hn) - To(sl el So)
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At 6 MPa, 400°C (Fig. Ex. 9.14)
hy =3177.2 ki/kg
s, = 6.5408 kl/kg K

6 MPa, 400°C

SMPa sz~ Throttle valve

0.2 MPa
(a)

Fig. Ex. 9.14

At 20°C
hy = 83.96 ki/kg
5o =0.2966 kl/kg K
W, =(3177.2 - 83.96) — 293 (6.5408 — 0.2966)
=3093.24 - 1829.54 = 1263.7 kl/kg Ans.
Now h, = h,, for throttling
At h=3177.2 kJ/kg and p = 5 MPa, from the superheated steam table
' t, =390°C
5, =6.63 kllkg K }by linear interpolation
Y, = Availability of steam after throttling
= (hy = hy) — Ty(s — o)
=(3177.2 - 83.96) — 293 (6.63 — 0.2966)
=3093.24 - 1855.69
=1237.55 kl/kg
Decrease in availability due to throttling
=y — ¥, = 1263.7 - 1237.55 = 26.15 kl/kg
Now
53 = 53, = 6.63 = 1.5301 + x5, (7.1271 — 1.5301)

510
=2 =09112
7 55970

hy = 504.7+0.9112 x 2201.9 = 2511.07 ki/kg
hy — hyy=3177.2-2511.07 = 666.13 ki/kg
hy—hy = hy(h) — hy) = 0.82 % 666.13 = 546.2 kl/kg
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hy =2631 kl/kg = 504.7 + x, X 2201.7

2126.3
= 21263 _ 966
= 017

53 = 1.5301 + 0.966 x 5.597 = 6.9368
¥, = Availability of steam at turbine exhaust
= (3 — ho) — To(s3 — So)
=(2631 - 83.96) — 293 (6.9368 — 0.2966)
=2547.04 — 1945.58
= 601.46 ki/kg
Specific work output from the turbine
=hy—hy=3177.2 2631 = 546.2 ki/kg Ans.
The work done is less than the loss of availability of steam between states 2
and 3, because of the irreversibility accounted for by the isentropic efficiency.

Example 9.15 A steam turbine receives 600 kg/h of steam at 25 bar, 350°C.
At a certain stage of the turbine, steam at the rate of 150 kg/h is extracted at 3 bar,
200°C. The remaining steam leaves the turbine at 0.2 bar, 0.92 dry. During the
expansion process, there is heat transfer from the turbine to the surroundings at
the rate of 10 kJ/s. Evaluate per kg of steam entering the turbine (a) the
availability of steam entering and leaving the turbine, (b) the maximum work,
and (c) the irreversibility. The atmosphere is at 30°C.
Solution At 25 bar, 350°C
hy =3125.87 kl/kg
5, =6.8481 kJ/kg K
At 30°C, hy=125.79 kl’kg
5= Spgec = 0.4369 kl/kg K
At 3 bar, 200°C hy =2865.5 klkg
s, =173115k/kg K
At 0.2 bar (0.92 dry) he=251.4kl/kg
hg, =~2358.3 kl/kg
5;=0.8320 kJ/kg K
5, = 7.9085 kI/kg K
hy=251.4+0.92 x 2358.3 = 2421.04 ki/kg
s, =0.8320 +0.92 x 7.0765 = 7.3424 kl/kg K
The states of steam are shown in Fig. Ex. 9.15.
(a) Availability of steam entering the turbine
¥y = (hy = hg) — Ty (s, — 5o)
=(3125.87 - 125.79) — 303 (6.8481 — 0.4369)
= 3000.08 - 1942.60 = 1057.48 kJ/kg Ans.

Availability of steam leaving the turbine at state 2,
¥y = (hy — hy) — Ty(s2 — 5p)
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iy = 600 kg/h Q=10kW
p1 = 25 bar, t; = 350°C p

- —~
1kg ‘ { 1//

S B iy =450 kgh
. _ ~— | —3) py=0.2bar
firg = 150 kg < ] =
Pz=3bar ‘2\ 0.?‘5'09 x3=°-92
tz = 200°C 1
0.25kg
Fig. Ex. 9.15

=(2865.5 — 125.79) — 303 (7.3115 — 0.4369)
=2739.71 - 2083.00 = 656.71 kl/kg
Auvailability of steam leaving the turbine at state 3,
Wy = (hy — hy) — Ty (55 — 50) = (2421.04 — 125.79) — 303 (7.3524 — 0.4369)
= 199.85 kl/kg
(b) Maximum work per kg of steam entering the turbine

m
W =W, ——¥,— 23 @, =1057.48 — 0.25 x 656.71 — 0.75 x 199.85
m ml

=1743.41 kl/kg Ans.
(c) Irreversibility
I=Ty(w; s+ wys3—w5)) -0
=303 (150 % 7.3115 + 450 x 7.3424 - 600 x 6.8481) — (- 10 x 3600)
=303 (1096.73 + 3304.08 — 4108.86) = 36000
= 124,460.85 kJ/h
124.461 X 103

= 124.461 MJ/h = ——— =207.44 kl/kg Ans.
600

Example 9.16 Determine the exergy of (a) 3 kg of water at 1 bar and 90°C,

(b) 0.2 kg of steam at 4 MPa, 500°C and (c) 0.4 kg of wet steam at 0.1 bar and
0.85 quality, (d) 3 kg of ice at 1 bar— 10°C. Assume a dead state of 1 bar and 300
K

Solution At the dead state of 1 bar, 300 K,
ug = 113.1 kl’kg, hy= 113.2 kl/’kg K.
vp = 0.001005 m*/kg, s, = 0.395 kl/kg
Exergy of the system:
¢ =m[(u + pyv — Ty 5) — (g + pyvp — T 5)]
Now, g+ povg— ToSg=hy— Tys
=113.2-300x 0.395
=-53klkg



318 —— Basic and Applied Thermodynamics

(a) For water at 1 bar, 90°C
u =376.9 ki/kg, h = 377 kl/kg, v = 0.001035 m*/kg
s=1.193 kikg K.
Since P = Pos
utpw—-Tyw=u+pv-Tys=h-Tys
=377-300x 1.193
=19.1 kl/kg
Hence, ¢=3[19.1-(-53)]=3x244
=732kl Ans,
(b) At p =4 MPa, = 500°C
u =3099.8, h = 3446.3 kl/kg, v = 0.08637 m/kg

s =7.090 kJ/kgK
u+ pav — Tos = 3099.8 + 100 x 0.08637 — 300 x 7.090
=981.4 ki/kg
$=02[981.4-(-5.3)] = 197.34 kJ Ans.

(c) At 0.1 bar, 0.85 quality,
u =192+ 0.85 x 2245 = 2100.25 kl/kg
h =192 +0.85x 2392 =2225.2 kl/kg
5 =0.649 + 0.85 x 7.499 = 7.023 kl/’kg K
v =0,001010 + 0.85 x 14.67 = 12.47 m¥/kg
u+ pov — Tos = 2100.25 + 100 x 12.47 - 300 x 7.023
= 1240.4 kJ/kg
¢ =10.4[12404 - (- 5.3)] =498.3 kJ Ans.
(d) Since p = py,
o=U=-Uy+pyV-Vy) - To(S-Sp)
. =H-Hy—Vip-pg) - To(S - So)
- =m[(h = hg) = Ty(s - 5)]
At 100 kPa, — 10°C,
h=-354.1 kJ/kg and s = - 1.298 kl/kg K
¢=3[-354.1-113.2-300 (- 1.298 - 0.0395)]
=81.2kl. Ans.

Example 9.17 A flow of hot water at 90°C is used to heat relatively cold water
at 25°C to a temperature of 50°C ina heat exchanger. The cold water flows at the
rate of 1 kg/s. When the heat exchanger is operated in the parallel mode, the exit
temperature of the hot water stream. must not be less than 60°C. In the counterflow
operation, the exit temperature of hot water can be as low as 35°C. Compare the
second law efficiency and the rate of exergy destruction in the two modes of
‘operation. Take T;; = 300 K.

Solution  Given: f, =90°C, 1, =25°C, ,, = 60°C,
m,=1kgfs, T,=300 K.
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The two modes of operation of (a) parallel flow and (b) counterflow are shown
in Fig. Ex. 9.17.

i D @ iy @ 9'_2 i
——TH— AW — ] H VAN
—— A A —— AN
S Al b
h i
\ k_‘,| Mpy
!T by ] tng
I by
I L
— A — 4
@) (b)
Fig. Ex. 9.17

In parallel flow mode (a), #,,, = 60°C. Neglecting any heat loss,
filh Ch(fhl ) 'rhz) = fhc Cc(fc: - rci)
rity, (90 — 60) = 1(50 - 25)
iy, = 0.833 kg/s
In counterflow mode, 1, = 35°C,
riry (90 —35) = 1(50 - 25)
. 25
=22 =0.454
"7 ss k/s

Thus, the counterflow arrangement uses significantly less hot water.

Assuming that the hot water stream on exit from the heat exchanger is simply
dumped into the drain, the exergy flow rate of the hot water stream at entry is -
considered as the exergy input rate to the process.

ag = my((hy — hg) = To(s) —5o)]
At 300 K or 27°C, hy = 113.2 kl/kg and 54 = 0.395 kJ/kg K
At 90°C, i = 376.92 kl/kg, s, = 1.1925 kJ/kgK
ag, = 0.833 [(376.92 — 113.2) - 300 (1.1925 - 0.395)]
=10.833 (263.72 - 239.25) = 20.38 kW
Parallel flow:

At 60°C, hy=251.13ki/kg, s,=0.8312kl/kgK
At 25°C, hy=10489 kl/kg, s, =0.3674 ki/kg K
At 50°C, hy=20933kI/kg, s,=0.7038 ki/kg K

Rate of exergy gain:
= [(hy = hy) — To(sy ~53))
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= 1[(209.33 - 104.89) — 300(0.7038 — 0.3674)]
= 104.44 - 100.92 = 3.52 kW

_ 352
(M 20.38

Rate of exergy loss by hot water:
= ity [(hy — hy) - Tolsy = 5)]
=0.833 [(376.92 - 251.13) — 300(1.1925 - 0.8312)]
=0.833 (125.79 - 108.39) = 14.494 kW
Rate of irreversibility or exergy destruction:
=14,494 -3.52=10.974 kW
If the hot water stream is not dumped to the drain,

=0.172 or 17.2%

e = % =0.243 or 24.3% Ans.
Counterflow:
At 35°C, hy = 146.68 kl/kg, 5, = 0.5053 kl’kg K
Rate of exergy gain of cold water = rity, [(h; — h3) — To(s5—53)] = 3.52 kW
(same as in parallel flow)

Rate of exergy input (if exiting hot water is dumped to the surroundings)
= 0.454 (263.72 - 239.25) = 11.11 kW

352
= 352 _ 3168 or 31.68%
Mwe= 1 o ’

Rate of exergy loss of hot water:

= ty[(h) = hy) ~ To(s) = 5))]
=10.454 [(376.92 — 146.68) — 300(1.1925 - 0.5053)]
=0.454 (230.24 — 206.16) = 10.94 kW

Mi.c= % =0.3217 or 32.17% Ans.

Rate of irreversibility or exergy destruction:
=10.94 -3.52 =742 kW Ans.
The second law efficiency for the counterflow arrangement is significantly

higher and the rate of irreversibility is substantially lower compared to the
parallel flow arrangement.

Example 9.18 A small geothermal well in a remote desert area produces
50 kg/h of saturated steam vapour at 150°C. The environment temperature is
45°C. This geothermal steam will be suitably used to produce cooling for homes
at 23°C. The steam will emerge from this system as saturated liquid at 1 atm.
Estimate the maximum cooling rate that could be provided by such a system.
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Solution The energy balance of the control volume as shown in Fig. Ex. 9.18
gives:
0 +why = Qo+ why
The entropy balance is:
S‘W=|:%;' + wsz]—[%+ ws,]
where T is the temperature maintained in the homes.

(&) ()
Fig. Ex. 9.18

Solving for 0,

w(hy — Tys)) — (hy — Ty53)]— TySpen

e= (Ty/T) -1

By second law, Sw >0.
Therefore, for a given discharge state 2, the maximum Q would be
5 Wb —b)
O = 7y -1
State-1: T, = 150°C =423 K, saturated vapour
hy =2746.4 kl/kg
=6.8387 kl/kgK
State-2: T, - 100°C =373 K, saturated liquid
h, =419.0 klkg
s, =1.3071 kl/kg K
. So, since T,=318K,
by = hy — Tos, = 2746.4 — 318 x 6.8387
=571.7 kikg
by = hy — Tys, = 419.0 - 318 x 1.3071 = 3.3 kl/kg
s _ 50x%(571.7-33)
Ornax (318/296) -1
= 106 kW Ans,

=382 x 10°kJ/h
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REVIEW QUESTIONS

9.1 What is a pure substance?

9.2 What are saturation states?

9.3 What do you understand by triple point?

Give the pressureand temperature of water at its triple point.

9.4 What is the critical state? Explain the terms critical pressure, critical temperature
and critical volume of water?

9.5 What is normal boiling point.

9.6 Draw the phase equilibrium diagram on p-v coordinates for a substance which
shrinks in volume on melting and then for a substance which expands in volume
on melting. Indicate thereon the relevant constant property lines.

9.7 Draw the phase equilibrium diagram for a pure substance on p-T coordinates.
Why does the fusion line for water have negative slope?

9.8 Draw the phase equilibrium diagram for a pure substance on 7-s plot with
relevant constant property lines.

9.9 Draw the phase equilibrium diagram for a pure substance on h-s plot with
relevant constant property lines.

9.10 Why do the isobars on Mollier diagram diverge from one another?

9.11 Why do isotherms on Mollier diagram become horizontal in the superheated
region at low pressures?

9.12 What do you understand by the degree of superheat and the degree of subcooling?

9.13 What is quality of steam? What are the different methods of measurement of
quality?

9.14 Why cannot a throttling calorimeter measure the quality if the steam is very wet?
How is the quality measured then?

9.15 What is the principle of operation of an electrical calorimeter?

PROBLEMS

9.1 Complete the following table of properties for 1 kg of water (liquid, vapour
or mixture).
P t v x Super- h s
(bar) °C) (m’/kg) (%) heat (°C) (klkg) (klkg K)
(a) - 35 25.22 - - - -
by - - 0.001044 - - 419.04 -
© - 212.42 - 90 - = -
(d) 1 - - - - - 6.104
(e) 10 320 - Lo - - -
" 5 = 0.4646 = = = =
(8 4 = 0.4400 - - " -
h) - 500 = = = 34453 =
@ 20 - - = 50 = =
G 15 = = = = = 7.2690
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(a) A rigid vessel of volume 0.86 m? contains 1 kg of steam at a pressure of
2 bar. Evaluate the specific volume, temperature, dryness fraction, internal
energy, enthalpy, and entropy of steam.

(b) The steam is heated to raise its temperature to 150°C. Show the process on a
sketch of the p—v diagram, and evaluate the pressure, increase in enthalpy,
increase in internal energy, increase in entropy of steam, and the heat
transfer. Evaluate also the pressure at which the steam becomes dry
saturated.

Ans. () 0.86 m/kg, 120.23°C, 0.97, 2468.54 kl/kg,
2640.54 kl/kg, 6.9592 klkg K
(b) 2.3 bar, 126 kJ/kg, 106.6 kJ/kg, 0.2598 kl/kg K, 106.6 kJ/K

Ten kg of water at 45°C is heated at a constant pressure of 10 bar until it becomes

superheated vapour at 300°C. Find the changes in volume, enthalpy, internal

energy and entropy.
Ans. 2.569 m®, 28627.5 kJ, 26047.6 kJ, 64.842 kI/K

Water at 40°C is continuously sprayed into a pipeline carrying 5 tonnes of steam

at 5 bar, 300°C per hour. At a section downstream where the pressure is 3 bar,

the quality is to be 95%. Find the rate of water spray in kg/h.
Ans. 912.67 kg/h

A rigid vessel contains 1 kg of a mixture of saturated water and saturated steam

at a pressure of 0.15 MPa. When the mixture is heated, the state passes through

the critical point. Determine (a) the volume of vessel (b) the mass of liquid and

of vapour in the vessel initially, (c) the temperature of the mixture when the

pressure has risen to 3 MPa, and (d) the heat transfer required to produce the final
state (¢).

Ans. (a) 0.003155 m3, (b) 0.9982 kg, 0.0018 kg,

{c) 233.9°C, (d) 581.46 kl/kg

A rigid closed tank of volume 3 m* contains 5 kg of wet steam at a pressure of

200 kPa. The tank is heated until the steam becomes dry saturated. Determine the

final pressure and the heat transfer to the tank.

Ans. 304 kPa, 3346 kJ

Steam flows through a small turbine at the rate of 5000 kg/h entering at 15 bar,

300°C and leaving at 0.1 bar with 4% moisture. The steam enters at 80 m/s at a

point 3 m above the discharge and leaves at 40 m/s. Compute the shaft power

assuming that the device is adiabatic but considering kinetic and potential energy
changes. How much error would be made if these terms were neglected?

Calculate the diameters of the inlet and discharge tubes.

Ans. 765.6 kW, 0.44%, 6.11 cm, 78.9 cm

A sample of stecam from a boiler drum at 3 MPa is put through a throttling

calorimeter in which the pressure and temperature are found to be 0.1 MPa,

120°C. Find the quality of the sample taken from the boiler.
Ans. 0.951

It is desired to measure the quality of wet steam at 0.5 MPa. The quality of steam

is expected to be not more than 0.9.

(a) Explain why a throttling calorimeter to atmospheric pressure will not serve
the purpose.

(b) Will the use of a separating calorimeter, ahead of the throttling calorimeter,
serve the purpose, if at best 5 C degree of superheat is desirable at the end of
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9.10

9.1

© 9.2

9.13

9.14

9.15

9.16

throttling? What is the minimum dryness fraction required at the exit of the
separating calorimeter to satisfy this condition?
The following observations were recorded in an experiment with a combined

: separahngandthron]mgmlomneter

Pressure in the steam main —135 bar
Mass of water drained from the separator —0.55 kg
Mass of steam condensed after passing through the throttle valve —4.20 kg
Pressure and temperature after throttling —1 bar, 120°C
Evaluate the dryness fraction of the steam in the main, and state with reasons,
whether the throttling calorimeter alone could have been used for this test.
Ans. 0.85

Steam from an engine exhaust at 1.25 bar flows steadily through an electric
calorimeter and comes out at 1 bar, 130°C, The calorimeter has two 1 kW heaters
and the flow is measured to be 3.4 kg in 5 min. Find the quality in the engine
exhaust. For the same mass flow and pressures, what is the maximum moisture
that can be determined if the outlet temperature is at least 105°C?

Ans. 0,944, 0.921
Steam expands isentropically in a nozzle from 1 MPa, 250°C to 10 kPa. The
steam flow rate is 1 kg/s. Find the velocity of steam at the exit from the nozzle,
and the exit area of the nozzle. Neglect the velocity of steam at the inlet to the
nozzle.

The exhaust steam from the nozzle flows into a condenser and flows out as
saturated water. The cooling water enters the condenser at 25°C and leaves at
35°C. Determine the mass flow rate of cooling water.

Ans. 1224 m/s, 0.0101 m?, 47.81 kg/s
A reversible polytropic process, begins with steam atp, = 10 bar, t, = 200°C, and
ends with p, = 1 bar. The exponent n has the value 1.15. Find the final specific
volume, the final temperature, and the heat transferred per kg of fluid.
Two streams of steam, one at 2 MPa, 300°C and the other at 2 MPa, 400°C, mix
in a steady flow adiabatic process. The rates of flow of the two streams are
3 kg/min and 2 kg/min respectively. Evaluate the final temperature of the
emerging stream, if there is no pressure drop due to the mixing process. What
would be the rate of increase in the entropy of the universe? This stream with a
negligible velocity now expands adiabatically in a nozzle to a pressure of | kPa.
Determine the exit velocity of the stream and the exit area of the nozzle.
Ans. 340°C, 0.042 kJ/K min, 1530 m’s, 53.77 cm®
Boiler steam at 8 bar, 250°C, reaches the engine control valve through a pipeline
at 7 bar, 200°C. It is throttled to 5 bar before expanding in the engine to 0.1 bar,
0.9 dry. Determine per kg of steam (a) the heat loss in the pipeline, (b) the
temperature drop in passing through the throttle valve, (c) the work output of the
engine, (d) the entropy change due to throttling and (e) the entropy change in
passing through the engine.
Ans. (a) 105.3 kJ/kg, (b) 5°C, (c) 499.35 kl/kg, -
(d) 0.1433 kl/kg K, (e) 0.3657 kikg K
Tank A (Fig. P 9.16) has a volume of 0.1 m® and contains steam at 200°C, 10%
liquid and 90% vapour by volume, while tank B is evacuated. The valve is then
opened, and the tanks eventually come to the same pressure, which is found to be
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| e

A B

Fig. P 9.16

4 bar. During this process, heat is transferred such that the steam remains at

200°C. What is the volume of tank B?

Ans. 4.89 m?

Calculate the amount of heat which enters or leaves 1 kg of steam initially at

0.5 MPa and 250°C, when it undergoes the following processes:

(a) It is confined by a piston in a cylinder and is compressed to 1 MPa and
300°C as the piston does 200 kJ of work on the steam.

(b) It passes in steady flow through a device and leaves at 1 MPa and 300°C
while, per kg of steam flowing through it, a shaft puts in 200 kJ of work.
Changes in K.E. and P.E. are negligible.

(c) It flows into an evacuated rigid container from a large source which is
maintained at the initial condition of the steam. Then 200 kJ of shaft work is
transferred to the steam, so that its final condition is 1 MPa and 300°C.

Ans. (a) - 130 kJ-(b) - 109 kJ, and (c) — 367 kJ

A sample of wet steam from a steam main flows steadily through a partially open

valve into a pipeline in which is fitted an electric coil. The valve and the pipeline

are well insulated. The steam mass flow rates 0.008 kg/s while the coil takes

3.91 amperes at 230 volts. The main pressure is 4 bar, and the pressure and

temperature of the steam downstream of the coil are 2 bar and 160°C respec-

tively. Steam velocities may be assumed to be negligible. .

(a) -Evaluate the quality of steam in the main.

(b) State, with reasons, whether an insulated throttling calorimeter could be
used for this test.

Ans. (a) 0.97, (b) not suitable

Two insulated tanks, 4 and B, are connected by a valve. Tank A has a volume of

0.70 m? and contains steam at 1.5 bar, 200°C. Tank B has a volume of 0.35 m?

and contains steam at 6 bar with a quality of 90%. The valve is then opened, and

the two tanks come to a uniform state. If there is no heat transfer during the
process, what is the final pressure? Compute the entropy change of the universe.
Ans. 322.6 kPa, 0.1985 kI/K

A spherical aluminium vessel has an inside diameter of 0.3 m and a 0.62 cm

thick wall. The vessel contains water at 25°C with a quality of 1%. The vessel is

then heated until the water inside is saturated vapour. Considering the vessel and
water together as a system, calculate the heat transfer during this process. The

density of aluminium is 2.7 g/cm* and its specific heat is 0.896 ki/kg K.

Ans, 2682.82 kJ

Steam at 10 bar, 250°C flowing with negligible velocity at the rate of 3 kg/min

mixes adiabatically with steam at 10 Bar, 0.75 quality, flowing also with

negligible velocity at the rate of 5 kg/min. The combined stream of steam is
throttled to 5 bar and then expanded isentropically in a nozzle to 2 bar. Determine

(a) the state of steam after mixing, (b) the steam after throttling, (c) the increase
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in entropy due to throttling, (d) the velocity of steam at the exit from the nozzle,
and (e) the exit area of the nozzle. Neglect the K.E. of steam at the inlet to the
nozzle.
Ans. (a) 10 bar, 0.975 dry, (b) 5 bar, 0.894 dry,
(c) 0.2669 kI/kg K, (d) 540 mis, (e) 1.864 cm®
Steam of 65 bar, 400°C leaves the boiler to enter a steam turbine fitted with a
throttle governor. At a reduced load, as the governor takes action, the pressure of
steam is reduced to 59 bar by throttling before it is admitted to the turbine.
Evaluate the availabilities of steam before and after the throttling process and the
irreversibility due to it. ‘
A mass of wet steam at temperature 165°C is expanded at constant quality 0.8 to
pressure 3 bar. It is then heated at constant pressure to a degree of superheat of
66.5°C. Find the enthalpy and entropy changes during expansion and during
heating. Draw the 7-s and /i—s diagrams.
Ans. — 59 kl/kg, 0.163 kJ/kg K during expansion and 676 kJ/kg,
1.588 kJ/kg K during heating
Steam enters a turbine at a pressure of 100 bar and a temperature of 400°C. At
the exit of the turbine the pressure is 1 bar and the entropy is 0.6 J/g K greater
than that at inlet. The process is adiabatic and changes in KE and PE may be
neglected. Find the work done by the steam in J/g. What is the mass flow rate of
steam required to produce a power output of 1 kW?
Ans. 625 g, 1.6 kg/s
One kg of steam in a closed system undergoes a thermodynamic cycle composed
the following reversible processes: (1-2) The steam initially at 10 bar, 40%
quality is heated at constant volume until the pressure rises to 35 bar; (2-3). Itis
then expanded isothermally to 10 bar; (3-1) It is finally cooled at constant
pressure back to its initial state. Sketch the cycle on 7-s coordinates, and
calculate the work done, the heat transferred, and the change of entropy for each
of the three processes. What is the thermal efficiency of the cycle?
Ans. 0; 1364 kJ; 2.781 kJ/K, 367.5 kJ; 404.6 kJ; 0.639 kJ/K;
~209.1 kJ; - 1611 kJ; - 3.419 kJ/K 8.93%
Determine the exergy per unit mass for the steady flow of each of the following:
(a) steam at 1.5 MPa, 500°C
(b) air at 1.5 MPa, 500°C
(c) water at 4 MPa, 300 K
(d) air at 4 MPa, 300 K
(e) airat 1.5 MPa, 300K
Ans. (a) 1220 kJ/kg, (b) 424 kJ/kg, (c) 3.85 kl/kg;
(d) 316 kJ/kg, (e) 232 kl/kg
A liquid (c, = 6 kJ/kg K) is heated at an approximately constant pressure from
298 K to 90°C by passing it through tubes immersed in a furnace. The mass flow
rate is 0.2 kg/s. Determine (a) the heating load in kW, (b) the exergy production

“rate in kW corresponding to the temperature rise of the fluid.

Ans. (a) 78 kW, (b) 7.44 kW
A flow of hot water at B0°C is used to heat cold water from 20°C to 45°C ina
heat exchanger. The cold water flows at the rate of 2 kg/s. When operated in
parallel mode, the exit temperature of hot water stream cannot be less than 55°C,
while in the counterflow mode, it can be as low as 30°C. Assuming the
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surroundings are at 300 K, compare the second law efficiencies for the two modes
of operation.
Water at 90°C is flowing in a pipe. The pressure of the water is 3 bar, the mass
flow rate is 10 kg/s, the velocity is 0.5 m/s and the elevation of the pipe is 200 m
above the exit plane of the pipeline (ground level). Compute (a) the thermal
exergy flux, (b) the pressure exergy flux, {c) the exergy flux from KE, (d) the
exergy flux from PE, (e) total exergy flux of the stream.
Ans, (a) 260 kW, (b) 2.07 kW, (c) 1.25 x 10 kW,
(d) 19.6 kW, (e) 282 kW
A cylinder fitted with a piston contains 2 kg steam at 500 kPa, 400°C. Find the
entropy change and the work done when the steam expands to a final pressure of
200 kPa in each of the following ways: (a) adiabatically and reversibly,
(b) adiabatically and irreversibly to an equilibrium temperature of 300°C.
Ans. (a) 0, 386.7 kJ, (b) 0.1976 kJ/K, 309.4 kJ
Steam expands isentropically in a nozzle from | MPa, 250°C to 10 kPa. The
steam flow rate is 1 kg/s. Neglecting the KE of steam at inlet to the nozzle, find
the velocity of steam at exit from the nozzle and the exit area of the nozzle.
Ans. 1223 m/s, 100 cm?
Hot helium gas at 800°C is supplied to a steam generator and is cooled to 450°C
while serving as a heat source for the generation of steam. Water enters the steam
generator at 200 bar, 250°C and leaves as superheated steam at 200 bar, 500°C.
The temperature of the surroundings is 27°C. For | kg helium, determine (a) the
maximum work that could be produced by the heat removed from helium, (b) the
mass of steam generated per kg of helium, (c) the actual work done in the steam
cycle per kg of helium, (d) the net change for entropy of the universe, and (¢) the
irreversibility. Take the average c,, for helium as 5.1926 kl/kg K and the
properties of water at inlet to the steam generator as those of saturated water at
250°C.
Ans. (a) 1202.4 kJ/kg He, (b) 0.844 kg H,0/kg He (c) 969.9 kJ/kg He,
(d) 0.775 kJ/(kg He-K), (¢) 232.5 k/kg He



Properties of Gases and
Gas Mixtures

10.1 Avogadro’s Law

A mole of a substance has a mass numerically equal to the molecular weight of
the substance.

One g mol of oxygen has a mass of 32 g, 1 kgmol of oxygen has a mass of
32 kg, 1 kgmol of nitrogen has a mass of 28 kg, and so on.

Avogadro’s law states that the volume of a g mol of all gases at the pressure of
760 mm Hg and temperature of 0°C is the same, and is equal to 22.4 litres.
Therefore, 1 g mol ofa gas has a volume of 22.4x 10° cm® and 1 kgmole of a gas
has a volume of 22.4 m" at normal temperature and pressure (N.T.P.).

For a certain gas, if m is its mass in kg, and g its molecular weight, then the
number of kg moles of the gas, n, would be given by

_ mkg _ m
n p ke T kgmoles
kgmol
The molar volume, v, is given by
=¥ m*/kg mol

where V is the total volume of the gas in m’.

10.2 Equation of State of a Gas

The functional relationship among the properties, pressure p, molar or specific
volume v, and temperature T, is known as an equation of state, which may be
expressed in the form,

flp,v, T)=0
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If two of these properties of a gas are known, the third can be evaluated from
the equation of state.

It was discussed in Chapter 2 that gas is the best-behaved thermometric
substance because of the fact that the ratio jof pressure p of a gas at any
temperature to pressure p, of the same gas at the triple point, as both p and p,
approach zero, approaches a value independent of the nature of the gas. The ideal
gas temperature T of the system at whose temf;erattm: the gas exerts pressure p
(Article 2.5) was defined as

+ T=273.16 lim £~ (Const. V)
20 p,

T=273.16 lim - (Const. p)
pp—)(I t

The relation between pv and p of a gas may be expressed by means of a power
series of the form

pv=A(1+Bp+Cp*+..) (10.1)
where 4, B’, C', etc., depend on the temperature and nature of the gas.
A fundamental property of gases is that: Iin}} (pv) is independent of the nature
‘ p—

of the gas and depends only on T". This is shown in Fig. 10.1, where the productpv
is plotted against p for four different gases in the bulb (nitrogen, air, hydrogen,
and oxygen) at the boiling point of sulphur, at steam point and at the triple point
of water. In each case, it is seen that as p — 0, pv approaches the same value for
all gases at the same temperature. From Eq. (10.1)

limpv=4A

p—0

Therefore, the constant 4 is a function of temperature only and independent of
the nature of the gas.

pV lim pv A
lim -2 (Const. ) =lim £°- = " PY__ £
P pV  lim(po), A4

lim -(Const.p) = lim £ V__lmpy _4
V pV,  lim(pv), A,
The ideal gas temperature 7, is thus
_lim po_
lim (pv),
. ; _ [ lim (pv),
- tim () _[ 27316 ]T
The term within bracket is called the universal gas constant and is denoted by

R.Thus

T=273.16

R= lim (pv),

10.2
273.16 (102)
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Fig. 10.1 For any gas Jm:] (pv)y is independent of the nature of the
P_’

The value obtained for ’imu (pv),is 22.4
P
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gas and depends only on T

litre-atm
gmol

224 _ 0.083 litre-atm

E = =
273.16 gmol K

The equation of state of a gas is thus

lim p? =RT
p—0

where ? is the molar volume.

(10.3)
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10.3 Ideal Gas

A hypothetical gas which obeys the law pT = RT at all pressures and
temperatures is called in ideal gas.
Real gases do not conform to this equation of state with complete accuracy. As

P — 0, or T— oo, the real gas approaches the ideal gas behaviour. In the equation

p? =RT,as T—0,ie., t——273.15°C, if T remains constant, p — 0, or if p

remains constant, ¥ — 0. Since negative volume or negative pressure is

inconceivable, the lowest possible temperature is 0 K or — 273.15°C. T is,

therefore, known as the absolute temperature.

There is no permanent or perfect gas. At atmospheric condition only, these
gases exist in the gaseous state. They are subject to liquefication or solidification,
as the temperatures and pressures are sufficiently lowered.

From Avogadro’s law, when p = 760 mm Hg = 1.013 x 10° N/m%, T =
273.15K, and 7 =22.4 m*/kgmol

R = L013x10° x 224
273.15
=8314.3 Nm/kgmol K
= 8.3143 kl/kgmol K

Since U = V/n, where ¥ is the total volume and n the number of moles of the
gas, the equation of state for an ideal gas may be written as

pV=nRT (10.4)
Al m
50 n=—
u
where it is the molecular weight
R
pV=m-—T
H
or pV=mRT (10.5)
where R = characteristic gas constant = % (10.6)

Foroxygen, e.g.,

R, = 33193 _ (2508 kikg K
32
For air,
83143
Ry = o0 = 0287 kg K

There are 6,023 x 10%* molecules in a g mol of a substance,
This is known as Avogadro’s number (A).

A =6.023 x 10% molecules/kgmol
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In n kg moles of gas, the total number of molecules, N, are
N=n4d
or n=NiA
pV=N~§—T (10.7)

=NKT
where K = Boltzmann constant
_R__ 83143
A 6023x10%
Therefore, the equation of state of an ideal gas is given by
pV=mRT
=nRT
=NKT

10.3.1 Specific Heats, Internal Energy, and Enthalpy
of an Ideal Gas

An ideal gas not only satisfies the equation of state pv = RT, but its specific heats
are constant also. For real gases, these vary appreciably with temperature, and
little with pressure.

The properties of a substance are related by

=1.38 x 10°2 J/molecule K

Tds = du + pdv
or ds=34 P24 (10.8)
r T
The internal energy u is assumed to be a function of Tand v, i.e.
u=f(T,v)
du Ou
or du = (ar) ar + (avJTdv (10.9)
From Eqs (10.8) and (10.9)
ou 1| ou
ds = _(ﬁ] dT + ?[[g)-r + p]dD (10.10)
Again, let
s=f(T,v) _
Os Os
ds= [BT) dT+(a—) dv (10.11)

Comparing Eqs (10.10) and (10.11)

d d
(ﬁ) =%(3~;—J (10.12)



Properties of Gases and Gas Mixtures — 333

ds) _ 1[(0u .
| (EL = T[[av)T + p] (10.13)
Differentiating Eq. (10.12) with respect to v when T is constant
s _ 1 0%
oTdv T 9Tdv (1014
Differentiating Eq. (10.13) with respect to T when v is constant
s _1 w1 Eg) _L(_a_z] _P
AT - T ovaT r[ar U\ ), T T (0.15)

From Egs (10.14) and (10.15)
1 % 1 +L(3_PJ _L(a_"} _r
ToTdv T dvdl T\dT), T*\dv); T?

v
du _(dp
« (%) ()

For an ideal gas

9| _R_p
( l i _ (10.17)

From Egs (10.16) and (10.17)
[i) =0 (10.18)
v J;
Therefore, u does not change when v changes at constant temperature.
Similarly, if # = (T, p), it can be shown that (g—“) = (. Therefore, u does
P/
not change with p either, when T’ remains constant.
u does not change unless T changes.
Then u=f(T) (10.19)
only for an ideal gas. This is known as Joule’s law.
If u=f(T,v)

_(ou ou
du= [ﬁl dT + {g]rdv

Since the last term is zero by Eq. (10.18), and by definition
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(%)
Y \ar),

du = dT

(10.20)

The equation du = ¢, dT holds good for an ideal gas for any process, whereas

for any other substance it is true for a constant volume process only.

Since ¢, is constant for an ideal gas,

Au=¢c, AT
The enthalpy of any substance is given by
h=u+pv
For an ideal gas
h=u+RT
Therefore
h=£(D
* .only for an ideal gas
Now dh =du +RdT
Since R is a constant
Ah = Au+ RAT
=c¢, AT+ RAT
=(c, + R) AT
Since & is a function of T only, and by definition
o= (3)
Po\ar ),
dh =¢,dT
or Ah=c, AT
From Eqs (10.22) and (10.23)
p=c,+ R
or G-y =R

(10.21)

(10.22)

(10.23)
(10.24)

(10.25)

The Eq. di = ¢, dT holds good for an ideal gas, even when pressure changes,
but for any other substance, this is true only for a constant pressure change.
The ratio of ¢, /c, is of importance in ideal gas computations, and is designated

by the symbol ¥, i.e.

23 |vn
I

Y

or Al
From Eq. (10.25)
(7- 1) o= R
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and cv..—-.i
-1 | gk (10.26)
y-1

IfR= % is substituted in Eq. (10.26)

¢y =pey =€) = Ll
and Y -.;_i kJ/(kgmol) (K) (10.27)
Cp = Hp = (Cplmal = 3,%
¢ and ¢, are the molar or molal specific heats at constant volume and at constant
pressure respectively.

It can be shown by the classical kinetic theory of gases that the values of y
are 5/3 for monatomic gases and 7/5 for diatomic gases. When the gas molecule
contains more than two atoms (i.e. for polyatomic gases) the value of y may
be taken approximately as 4/3. The minimum value of yis thus 1 and the
maximum is 1.67.

The value of y thus depends only on the molecular structure of the gas, i.e.,
whether the gas is monatomic, diatomic or polyatomic having one, two or more
atoms in a molecule. It may be noted that ¢, and ¢, of an ideal gas depend only on
Y and R, i.e., the number of atoms in a molecule and the molecular weight of the
gas. They are independent of temperature or pressure of the gas.

10.3.2 Entropy Change of an Ideal Gas
From the general property relations
Tds = du + pdv
Tds = dh—vdp
and for an ideal gas, du = ¢, dT, dh = ¢, dT, and pv = RT, the entropy change
between any two states | and 2 may be computed as given below

d.v=£+£dv

T T

a7 | ,dv

= —— + R

“T v

T v
sz—sl=c\,1n?: +Rmv—f (10.28)

dh v
Also ds=—-—
T T

= 4T _pdp
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or sy-s,=¢,In-Z ~Rln 22 (10.29)
5 P
Since R=c, -c,, Eq. (10.29) may be written as
sz—sl=cpln—§——cpln& +c‘,ln‘p—2
1 Py Py
or s1-s1=¢yIn 2 +¢,In P2 (10.30)
4 b

Any one of the three Eqs (10.28), (10.29), and (10.30), may be used for
computing the entropy change between any two states of an ideal gas.

10.3.3 Reversible Adiabatic Process

The general property relations for an ideal gas may be written as
Tds =du + pdv =, dT + pdv

and Tds =dh-vdp=c,dT-vdp
For a reversible adiabatic change, ds =0
¢, dT =—pdv (10.31)
and cp,dT=vdp (10.32)
By division
p vdp
o T hw
or B, 7-9-‘5- =0
P v
or d(lnp)+yd(lnv)=d(lnc)
where ¢ is a constant.
Inp+ylnv=Inc
pr=c (10.33)
Between any two states 1 and 2
no=p
ox 2 =[ﬂ]’
P Uy
For an ideal gas
pv=RT

From Eq. (10.33)
p= c.v"f
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cv v =RT
co™=RT

Tv?'™! = constant (10.34)

Between any two states 1 and 2, for a reversible adiabatic process in the case

of an ideal gas
T]Ur] = Tz v{vl

¥-1
or L. [ELJ (10.35)
h Uy

Similarly, substituting from Eq. (10.33)

1y
v= [iJ in the equation pv =RT
P

'

c__

prM . =RT
T = constant (10.36)

Between any two states | and 2
Tp (-1 = T, pi-0r

Y-y
/3 =(&) (10.37)
L \p

Equations (10.33). (10.34), and (10.36) give the relations amongp, v, and T'in
a reversible adiabatic process for an ideal gas.

The internal energy change of an ideal gas for a reversible adiabatic process
is given by

Tds = du + pdv = 0

2 2 2

or du=- [ pdo=-[S-dv

Joum=l =I5
where P =ppl=poi=c
o e BT ol ad = gl ol

Y-1 Y -1
— U — Y
y-1

_RG-T) _ [Tz-,)
y-1  7-I\7

Y-y
- _JRT_[[J?J,J - 1] (10.38)
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The enthalpy change of an ideal gas for a reversible adiabatic process may be
similarly derived.

Tds = dh —vdp =0
2 2 2 Wy
- ()
or [dn=[odp = [ 5 dp
1 1 1 P
where pvi=ppl=c

hy—hy = _?;}E_l_cm[pgﬂn_p]u-m]

(Y-1/y
=L (PI”F)UT‘(Pl)”_lm[(%) ‘1}

|
o2 7]
y-1 P

(y=1r
_ YR, [&J 1 (10.39)
-1 P

The work done by an ideal gas in a reversible adiabatic process is given by
d0=dU=aw=0
or aw=-dU
i.e. work is done at the expense of the internal energy.
Wia=U-Uy=mu -u)

: (y=1¥
- m(py, - pv,) - MR, - 1) _ mRT, [1_(1’_:] B (10.40)
y-1 r-1 r-1 I_ Py
where m is the mass of gas.
In a steady flow process, where both flow work and external work are
involved, we have from S.F.E.E.,

? R(T - T,
Wor aLo s ghe=hy - hy=gy (- = TR
- (v-0iy
- Y(Pl";_lpzl’z) - T?_'lp,ul[l-(%) } (10.41)

IfK.E. and P.E. changes are neglected,

Y-y
=1 —[ 2 10.4
W, 71 plv,[l (PI J ] (10.42)
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10.3.4 Reversible Isothermal Process

When an ideal gas of mass m undergoes a reversible isothermal process from
state 1 to state 2, the work done is given by

2 V.
Jaw= fpdV
1 2
Y mRT ,
or W ,= | 22l dy=mRTIn -2
w v h
1
=mRTIn £ (10.43)
P

The heat transfer involved in the process
Q2= - U+ W,
=W, =mRTIn V,/V, =TS, - 5,) (10.44)

10.3.5 Polytropic Process

An equation of the form pv" = constant, where n is a constant can be used
approximately to describe many processes which occur in practice. Such a
process is called a polytropic process. It is not adiabatic, but it can be reversible.
It may be noted that ¥ is a property of the gas, whereas #n is not. The value of n
depends upon the process. It is possible to find the value of n which more or less
fits the experimental results. For two states on the process,

pvf = pyos (10.45)
n
o [_) _n
o P2
n= Ingl _'IOgPZ (10.46)
log v, —log v;

For known values of py, p;, v| and v,, n can be estimated from the above
relation.

Two other relations of a polytropic process, corresponding to Eqs (10.35) and

(10.37), are
n-1
L (n
7 (U: ) (10.47)
Tz -_(pz Jl‘l—]fﬂ
flar S I o 3 (10.48
I P )

(i) Entropy Change in a Polytropic Process In a reversible adiabatic
process, the entropy remains constant. But in a reversible polytropic process, the
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entropy changes. Substituting Eqs (10.45), (10.47) and (10.48) in Eqs (10.28),
(10.29) and (10.30), we have three expressions for entropy change as given below
.sz—.'.'|=r:‘,ln£+A'|'!Irl-t'l .
I Y
=R L/ +—2 1y 5
y-1' 1, a-1"%
=—"Y rnm I (10.49)
(Y-D@n-1 T
Relations in terms of pressure and specific volume can be similarly derived.
These are

sp-5,=— Y R P2 (10.50)
n(y-1) P
n-— v
and S5y =~ ?_fmnv—f (10.51)

It can be noted that when n = 7, the entropy change becomes zero. If p, > p,,
for n < ¥, the entropy of the gas decreases, and for n > ¥, the entropy of the gas
increases. The increase of entropy may result from reversible heat transfer to the
system from the surroundings. Entropy decrease is also possible if the gas is
cooled.

(ii) Heat and Work in a Polytropic Process Using the first law to unit mass
of an ideal gas,

Q-W=u-u
R(L,-T,
=c,(T2—T|}=——-—~————-(;_1 1)
= U — P
rY-1

n=1/n n-1
_pw (" =£1"_I[i) _1] o5
7-1[[,;,) ] ‘r—l[ 2, (10:52)

For a steady flow system of unit mass of ideal gas, the S.F.E.E. Eq. (5.10),
gives

172
Q=W,—A[£2-+gz]=h,—h,

=cp(T1_ T1)= W
= 57 @) 105y
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For a polytropic process,

2 y-1

(a)

Py

e fE el

— 341

(10.54)

Equations (10.52) and (10.54) can be used to determine heat and work

quantities for a closed and a steady flow system respectively.

(ili) Integral Property Relations in a Polytropic Process Ina pv" =

constant process,
2

27

_i,,d,, -y 1_(1’_;)""]

n-1 v,

[ n-1/n
=nP% |, _[ﬁ
n=1| (p
The integral of Tds is obtained from the property relation
Tds = du + pdv

1 U,

Similarly,

2 . 2 2
[ Tds= [ du+ | pdo
1 1 12
=u2-—ul+_|-pdv
1

Substituting from Egs (10.50) and (10.53)

2 n=1/n
- Y—n P
Tds=—2L—" _ pol1-[P2
{ (r—l)(n—l)"'”‘[ {p.J ]

n-1
= Y-n_ [P
(y—l)(n—l)‘”""[l (v;] ]

= —’LR(T] -Ty)
F-D(»-1

2 n n-1
[pdv = [Pl do= B2 [1 - (3J ]
T v 1

(10.55)

(10.56)

(10.57)
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Since R/(y- 1) = c,, and putting AT = T, - T\, the reversible heat transfer

2 -n
On= [ Tas=c, L= AT
1 n-1

=¢, AT (10.58)

Where ¢, = ¢, (¥y— n)/(1 — n) is called the polytropic specific heat. For n > y

there will be positive heat transfer and gain in entropy. For n < ¥,. heat transfer
will be negative and entropy of the gas would decrease.

Ordinarily both heat and work are involved in a polytropic process. To

evaluate the heat transfer during such a process, it is necessary to first evaluate

the work via either j pdvor— _[ vdp, depending on whether it is a closed or an

open steady flow system. The application of the first law will then yield the heat
transfer.

The polytropic processes for various values of n are shown in Fig. 10.2 on the
p-vand T-s diagrams.

pv°=C
On differentiation,
v"dp+pnv" ' do=0
dr __,» (10.59)
do v

The slope of the curve increases in the negative direction with increase of n.
The values of n for some familiar processes are given below
Isobaric process (p=c),n=0

nEEs =0
n=-2 - n=te(v=c
n=7y =1
n=-1
n=-05
a [ n=0(p=c¢)
T n=0 T n=1
n=1(T=C)
n=y(s=c)
—_— —— 5

Fig. 10.2  Process in which po* = constant

Isothermal process (T=¢),n=1
Isentropic process (s =¢), n =y
Isometric or isochoric process (v =c), n = oo,
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.10.4 Gas Compression

A gas compressor is a device in which work is done on the gas to raise its pressure,
with an appreciable increase in its density. Being a steady flow device the external
work done, in absence of K.E. and P.E. changes, would be
2
We=-[vdp=h—h,
1
For a reversible polytropic compression process, pv" = ¢

{n=1)/n
W= n P:UJ[(p_ZJ - 1]
n-1 2

For reversible adiabatic compression, n is substituted by . For reversible
isothermal compression, the work of compression becomes

= Py
W, "'pl 'Ll'] In =
* 14l

Figure 10.3 shows the three reversible compression processes. From
Eq. (10.59), the slope at state 1 is given by
‘1‘9_ - Hﬂ
dv 7
For y>n > 1 and for the same pressure ratio p,/p,, the isothermal compression
needs the minimum work, whereas adiabatic compression needs the maximum
work, while the polytropic compression needing work in between the two. It may
be noted in Fig. 10.3, that in process 0-1 the gas is sucked in a reciprocating
compressor, in process 1-2 (2, 2, or 2, as the case may be) the gas is
compressed, and in process 2-3 the gas is discharged. The clearance volume is
here neglected. The work of compression is the area included in the diagram as
shown.

P

—— —_—5

Fig. 10.3 Reversible compression processes
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10.4.1 Multistage Compression
By staging the compression process with intermediate cooling, the work of
compression can be reduced. In an ideal two-stage compressor, as shown in
Fig. 10.4, the gas is first compressed isentropically in the low pressure (L.P.)
cylinder, process 1-2, it is cooled in the intercooler at constant pressure to its
original temperature (called perfect intercooling), process 2-3, and it is then
compressed isentropically in the high pressure (H.P.) cylinder, process 3—-4.
The total work of compression per unit mass in the two adiabatic cylinders is
We=(hy— b))+ (hy— h3) (10.60)
If the working fluid is an ideal gas with constant specific heats,
We=cp(I,-T)+c(Ty-Ty)

(© (d)

Fig. 10.4 Tiwo-stage compression with intercooling
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T T,
=c, r,(?: - 1] + cpr,(?: - 1)
(y-1iy (y-1vy
=T, (ﬁ) - 1] + cprs[("—‘) - 1]
P Py

with perfect intercooling, ) = T and p, = p,
(Y=Y Y-y
W, =cpr,[(£1-J + [P—‘) - 2] (10.61)
P Py
For minimum work

LLA y-1 p"" [1‘]’] 12/ w-m]
=c, 0y = + P p. =0
ot I + ()

PRV = (p p DY

p2=pPps (10.62)
Thus, for minimum work the intermediate pressure p, (or p,) is the geometric
mean of the suction and discharge pressures.
From Eq. (10.62) it follows that

ﬂ=.p_4=£‘.. (10.63)
pn P2 P
(v-1 (y=1)
Si _TL_[&]T ¥y i_[p‘]‘f wY
ince T = , =|—
1 P L Lps
and T,=Ty, ~Ty=T,
Also, P _ps
A pp

2 _[p 2
A Lp

For a 3 stage compressor, the pressure ratio per stage is:

2 [P_q]m
Py P

Thus, the intermediate pressure that produces minimum work will also result
in equal pressure ratios in the two stages of compression, equal discharge
temperatures, and equal work for the two stages.

For ideal two-stage adiabatic compression, the minimum work, using
Eqs (10.61) and (10.63), becomes

y=1yy
W, = m[[p_] _ l] (10.64)
Y-1 P
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Similarly, for reversible polytropic compression, pv" = ¢, with perfect
intercooling, the same expressions given by Egs (10.61) and (10.62) can be
obtained by substituting n for ¥, and the minimum work becomes

n-l/n
W, = m[[&] - 1] (10.65)
n=1|\p
The heat rejected in the intercooler is
0y 3=¢,(TI,-Ty)

If there are N stages of compression, the pressure ratio in each stage can be
shown to be

P, _( discharge pressure VN
£ | TEer PR (10.66)

n suction pressure
The total work of compression for N stages is

- (n =1)/Nn
w, = 2N RT, [(p' ) - 1] (10.67)

n=1 Psuction

In the case of gas compression, the desirable idealized process is often a

reversible isothermal process. The isothermal efficiency, 7, of a compressor is
defined as

W ,F‘l"?llnp_2
]‘,l:--t-:....._-.-.-._....p.—!-'._
A W

10.42 Volumetric Efficiency

The ratio of the actual volume of gas taken into the cylinder during suction stroke
to the piston displacement volume is called volumetric efficiency. If m is the
mass flow rate of gas and v, is the specific volume of gas at inlet to the
compressor, and PD is the piston displacement per cycle, then volumetric
efficiency is given by
= ﬁ
Mol PD
Let us imagine an idealized reciprocator in which there are no pressure losses
and the processes 3—-0 and 1-2 are reversible polytropic processes (Fig. 10.5),
with equal value of n. The clearance volume (C¥) is the volume V; of the cylinder
and the process 3-0 represents the expansion of the air in the CV. The volumetric
efficiency is then given by

_h-%
Mval pi_lﬁ

(10.68)

i
1

4
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Fig. 10.5 Processes in an idealized reciprocating compressor

kK
=1-3 (10.69)
Clearance C is defined as

Clearance volume

C=
PD
¥
= 10.70
V-7, ( )
1in
Now 1) =v—"=(£2—} (10.71)
Kov Py
ln
Gl
P
nvcl =1- c
&

I'n
=1+ c-c{p—z) (10.72)
P

Equation (10.72) is plotted in Fig. 10.6. Noting that (p,/p,)""™ is always greater
than unity, it is evident that the volumetric efficiency decreases as the clearance
increases and as the pressure ratio increases.

In order to get maximum flow capacity, compressors are built with the
minimum clearance. Sometimes, however, the clearance is deliberately increased
as a means of controlling the flow through the compressor driven by a constant
speed motor.

It is evident from Fig. 10.6 that as the pressure ratio is increased, the
volumetric efficiency of a compressor of fixed clearance decreases, eventually
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becoming zero. This can also be seen in an indicator diagram, Fig. 10.7. As the
discharge pressure is increased, the volume ¥}, taken in atp,, decreases. At some
pressure p,_ the compression line intersects the line of clearance volume and there
is no discharge of gas. An attempt to pump to p,. (or any higher pressure) would
result in compression and re-expansion of the same gas repeatedly, with no flow
in or out. The maximum pressure ratio attainable with a reciprocating compressor
is thus limited by the clearance. The clearance cannot be reduced beyond a certain
value, then to attain the desired discharge pressure, multistage compression is to
be used, where the overall pressure ratio is the product of the pressure ratios of
the stages.
The mass flow rate of gas from Eq. (10.68) then becomes

l/n
o ='f£nvol=£'9' 1+c_c[£2_J (10.73)
o Ly P
1.0
e,
P1

mT %"‘ \ (:2_”"?‘:
\ <

0 a b ‘e d CL—=
Fig. 10.6  Effect of clearance on volumetric efficiency

Pl kb2

v P2

P1

|
—Vp
Via

PD) - —
(PD) v

CL (PD)
Fig. 10.7  Effect of pressure ratio on capacity
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10.5 Equations of State

The ideal gas equation of state p7 = R T can be established from the positulates
of the kinetic theory of gases developed by Clerk Maxwell, with two important
assumptions that there is little or no attraction between the molecules of the gas
and that the volume occupied by the molecules themselves is negligibly small
compared to the volume of the gas. When pressure is very small or temperature
very large, the intermolecular attraction and the volume of the molecules
compared to the total volume of the gas are not of much significance, and the real
gas obeys very closely the ideal gas equation. But as pressure increases, the
intermolecular forces of attraction and repulsion increase, and also the volume of
the molecules becomes appreciable compared to the gas volume. So then the real
gases deviate considerably from the ideal gas equation. van der Waals, by
applying the laws of mechanics to individual molecules, introduced two
correction terms in the equation of ideal gas, and his equation is given below.

(p +—;’2~](u-b)= RT (10.74)

The coefficient a was introduced to account for the existence of mutual
attraction between the molecules. The term a/o” is called the force of cohesion.
The coefficient b was intorduced to account for the volumes of the molecules, and
is known as co-volume.

Real gases conform more closely with the van der Waals equation of state than
the ideal gas equation of state, particularly at higher pressures. But it is not
obeyed by a real gas in all ranges of pressures and temperatures. Many more
equations of state were later introduced, and notable among these are the
equations developed by Berthelot, Dieterici, Beattie-Bridgeman, Kammerlingh
Onnes, Hirshfelder-Bird-Spotz-McGee-Sutton, Wohl, Redlich-Kwong, and
Martin-Hou,

Apart from the van der Waals equation, three two-constant equations of state
are those of Berthelot, Dieterici, and Redlich-Kwong, as given below:

RT a
Berthelot: = -— 10.75
elo Py T e ( )
Dieterici: p=-RL_ garry (10.76)
v-b
Redlich-Kwong; p=-2L a (10.77)

v-b T"v(v+b)

The constants, @ and b are evaluated from the critical data, as shown for van
der Waals equation in article 10.7. The Berthelot and Dieterici equations of state,
like the van der Waals equation, are of limited accuracy. But the Redlich-Kwong
equation gives good results at high pressures and is fairly accurate for
temperatures above the critical value.

Another two-constant equation which is again of limited accuracy is the Saha-
Bose equation of state given as follows.
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RT _artv ( v-2b )
=——¢ In{—— 10.78
T . (10.78)
It is, however, quite accurate for densities less than about 0.8 times the critical

density.
One more widely used equation of state with good accuracy is the Beattie-
Bridgeman equation:
= M@ +B) - %_ (10.79)
v v

where

b c
T
There are five constants, 4, By, a, b, and ¢, which have to the determined
experimentally for each gas. The Beattie-Bridgeman equation does not give
satisfactory results in the critical point region.
All these equations mentioned above reduce to the ideal gas equation for large
volumes and temperatures and for very small pressures. '

10.6 Virial Expansions

The relation betweenp? andp in the form of power series, as given in Eq (10.1),
may be expressed as

pU=A(l+Bp+CpP+Dp'+..)
For any gas, from equation (10.3)

lim pT =A=RT

p—=0

—gr =1+Bp+Cp+Dp*+... (10.80)
An alternative expression is
po B, C_ D
L =l ===t 10.81
RT g v v ( )

Both expressions in Eqs (10.80) and (10.81) are known as virial expansions or
virial equations of state, first introduced by the Dutch physicist, Kammerlingh
Onnes, B', C', B, C, etc. are called virial coefficients. B’ and B are called second
virial coefficients, C’ and C are called thrid virial coefficients, and so on. For a
given gas, these coefficients are functions of temperature only.

The ratiopT /R Tis called the compressibility factor, Z. For an ideal gasZ=1.
The magnitude of Z for a certain gas at a particular pressure and temperature
gives an indication of the extent of deviation of the gas from the ideal gas
behaviour. The virial expansions become
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Z=1 +B‘p+C"p2+D’p3+... (10.82)
and z=1+2, 5.0, (10.83)
v v v

The relations between B’, C', and B, C, ... can be derived as given below

LY s Bp+ O DP
= p+Cp*+Dp

=1 +3’[-"§§(i+£+_—ﬂ+---ﬂ
7 77

RTY(,, B, C 2
+C[(?‘)[l+§+ﬁ—2+-"+)]+

B'RT B’BRT+C/(RT)
Y OF 2

+ BRIC+CRD!+ DRTY - (10.84)
v
Comparing this equation with Eq. (10.81) and rearranging
B o-C-F
RT’ (RT)*’
,_ D-3BC +2B°
(RT)*

=1

B!

, and so on

Therefore

P (10.85)

The terms B/, C/5 2 etc. of the virial expansion arise on account of molecular
inteactions. If no such interactions exist (at very low pressures) B=0, C=0,

etc.}Z=1andpd = RT.
10.7 Law of Corresponding States

For a certain gas, the compressibility factor Z is a function of pand T
[Eq.;(10.85)], and so a plot can be made of lines of constant temperature on
cooxdinates of p and Z (Fig. 10.8). From this plot Z can be obtained for any value
of p and T, and the volume can then be obtained from the equationpv = ZRT. The
advantage of using Z instead of a direct plot of v is a smaller range of values in
plotting.

For each substance, there is a compressibility factor chart. It would be very
convenient if one chart could be used for all substances. The general shapes of the
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p (atm)
Fig. 10.8  Variation of the compressibility factor of hydrogen with
- [pressure at constant temperature

vapour dome and of the constant temperature lines on the p-v plane are similar
for all substances, although the scales may be different. This similarity can be
exploited by using dimensionless properties called reduced properties.The
reduced pressure is the ratio of the existing pressure to the critical pressure of the
substance, and similarly for reduced temperature and reduced volume. Then

_p _ T v
=X Tel p=—
L AL
where subscript r denotes the reduced property, and subscript ¢ denotes the
property at the critical state.

At the same pressure and temperature the specific or molal volumes of different
gases are different. However, it is found from experimental data that at the same
reduced pressure and reduced temperature, the reduced volumes of different gases
are approximately the same. Therefore, for all substances

2. =f(p, T} (10.86)
Now,

(10.87)

where Z, = J;;—;:‘. This is called the critical compressibility factor. Therefore
c
from Eqgs (10.86) and (10.87),
Z=f(p,T,Z) (10.88)

Experimental values of Z for most substances fall within a narrow range
0.20-0.30. Therefore, Z, may be taken to be a constant and Eq. (10.88) reduces
to
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Z=f(p.T) (10.89)

When T is plotted as a function of reduced pressure and Z, a single plot, known

as the generalized compressibility chart, is found to be satisfactory for a great

variety of substances. Although necessarily approximate, the plots are extremely

useful in situtions where detailed data on a particular gas are lacking but its
critical properties are available.

The relation among the reduced properties, p,, T;, and v,, is known as the law

of corresponding states. It can be derived from the various equations of state,

such as those of van der Waals, Berthelot, and Dieterici. For a van der Waals gas,

(p+25)o-ty=rT
v
where a, b, and R are the characteristic constants of the particular gas.

p=2L__.2
v—-b
3 -
or pv*—(pb+RD v’ +av—-ab=0

It is therefore a cubic in v and for given values of p and T has three roots of
which only one need be real. For low temperatures, three positive real roots exists
for a certain range of pressure. As the temperature increases the three real roots
approach one another and at the critical temperature they become equal. Above
this temperature only one real root exists for all values ofp. The critical isotherm
T, at the critical state on the p—v plane (Fig. 10.9), where the three real roots of
the van der Waals equation coincide, not only has a zero slope, but also its slope
changes at the critical state (point of inflection), so that the first and second
derivatives of p with respect to v at T'= T, are each equal to zero. Therefore

= R

—_——

Fig. 10.9 Critical properties on p-v diagram
dp RT, 2a
-_— =——t—t+—=0 (10.90)

2 .
[Ehgj __2RT, _6a _, 1 (10.91)
T
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From these two equations, by rearranging and dividing, b = %v:‘
Substituting the value of b in Eq. (10.90)
__8a
910,
Substituting the values of b and R in Eq. (10.74)
a\2,).-34 1
[P° +37)( 3 ”‘) 9o, ¢

4

a=3pv;
Therefore, the value of R becomes
_ 8 p.v,
R=2fcc
3T

The values of a, b and R have thus been expressed in terms of critical
. properties. Substituting these in the van der Waals equation of state

2
o) 125

3°) 31,
or »p  3v 1_L)=§1
' p. v Nv, 3) 3T,
Using the reduced parameters,
(pr +—v37)(30, - 1) =87, (10.92)
r

In the reduced equation of state (10.92) the individual coefficients a, b and R

for a particular gas have disappeared. So this equation is an expression of the law
“of corresponding states becaues it reduces the properties of all gases to one
formula, It is a *law’ to the extent that real gases obey van der Waals equation.
Two different substances are considered to be in ‘corresponding states’, if their
pressures, volumes and temperatures are of the same fractions (or multiples) of
the critical pressure, volume and temperatures are of two substances. The
generalized compressibility chart in terms of reduced properties is shown in
Fig. 10.10. It is very useful in prediciting the properties of substances for which
more precise data are not available. The value of Z at the critical state for a

van der Waals gas is 0.375 (sinceR=%£;7U-°—]. At very low pressures Z
c

approaches unity, as a real gas approaches the ideal gas behaviour. Equation
(10.92) can also be written in the following form

[ P, + —3—](30,— 1) =87,
z’l'
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Fig. 10.10 (B) Generalized compressibility chart

8Tv, 3
3v,-1 o,
Figure 10.11 shows the law of corresponding states in reduced coordinates,
(p,v,) vs. p,. Differentiating Eq. (10.93) with respect to p, and making it equal to
zero, it is possible to determine the minima of the isotherms as shown below.

_8_[ 87,0, __1] -0
T

P = (10.93)

ap, [ 3v, -1 v,
) [sr,v, 3] [30,]
or =t 2] i2r| =9
o, [30, -1 o | [dp )y
Since [E'f—] #0
apr T,
d [8Tv, 3
- —r— =0
dv, [3v, -1 o, T,
. 87 3
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<<« minima of the isotherms
o Te= 1.7
A
T=15

T=12

——-
rY Pevy

Fig. 10.11 Law of corresponding states in reduced coordinates

33y, -1’ 3
or —-—‘v'?——‘=8Tr='|:pr+‘g:|(3U,—l)

(prvr)z - g(szr) + ﬁpr =0
This is the equation of a parabola passing through the minima of the isotherms
(Fig. 10.9).

When p.=0, :
pv,=0,9
. 9peve) = (Pv,)’
Again p=—HeE
dp

—rr _=9_2 (prv')—_—o

d(p;v;)
P, =45

_ 9x4.5% (4.5 _
e " 3.375

The parabola has the vertex at p.v, = 4.5 and p, = 3.375, and it intersects the
ordinate at 0 and 9.

Each isotherm up to that marked Ty has a minimum (Fig. 10.11). The Ty
isotherm has an initial horizontal portion (p,v, = constant) so that Boyle's law is
obeyed fairly accurately up to moderate pressures. Hence, the corresponding
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temperature is called the Boyle temperature for that gas. The Boyle temperature
Ty can be determined by making

[a(prv,)
op,

Above the Boyle temperature, the isotherms slope upward and show no
L
As T, is reduced below the critical (i.e. for T, < 1), the gas becomes liquefied,
and during phase transition isotherms are vertical. The minima of all these
isotherms lie in the liquid zone.
Van der Waals equation of state can be expressed in the virial form as given
below

] =0 whenp, =0
Ty=Tp

(p+%)(v-—b)=RT

2 3
=Rr[l+i+b_2+b—3+---:| (whcrcj’--:l)
vv v v
1,5 b
=R 1+[b_i)_+_+_+...] 10.94
pe T[ RT /v ¢ ¥ ( )

.~ The second virial coefficient B = b — a/RT, the third virial coefficient
C=b, etc.

From Eq. (10.85), on mass basis
B c-B , )

=RT(1+- B ps 28 2y
w ( ke’ TRE P

To determine Boyle temperature, Ty

-t

dp i RT
B=0
Ty=-2 b B=p--9_
o BT R eeAse RT

The point at which B is equal to zero gives the Boyle temperature. The second

virial coefficient is the most important. Since [%“;ﬂ] =B, when B is known,
p=0

the behaviour of the gas at moderate pressures is completely determined. The



Properties of Gases and Gas Mixtures —359

terms which contain higher power (C/v%, D/t’, etc.) become significant only at
very high pressures.

10.8 Other Equations of State

van der Waals equation is one of the oldest equations of state introduced in 1899,
where the constants a and b are related to the critical state properties as found
earlier,

22
a:spcvzzz_T R Tc 'bz.l.v'::.l.RI;
64 pe 3 8 p

The Beattie-Bridgeman equation developed in 1928 is given in Eq. 10.79,
which has five constants. It is essentially an empirical curve fit of data, and is
reasonably accurate when values of specific volume are greater than v,.

Benedict, Webb, and Rubin extended the Beattie-Bridgeman equation of state
to cover a broader range of states as given below:

RT (p% ¢c\1 ,(bBRT-a)  a
P+ (BRT- A=) e BT

"t ) ee(-5F)

It has eight constants and is quite successful in predicting the p-v-T behaviour
of light hydrocarbons.

The Redlich-Kwong equation proposed in 1949 and given by Eq. 10.77 has
the constants a and b in terms of critical properties as follows:

2 25
R T , b=10.0867 RT.
Pe Pe

The values of the constants for the van der Waals, Redlich-Kwong and
Benedict-Webb-Rubin equations of state are given in Table 10.1.1, while those
for the Beattie-Bridgeman equation of state are given in Table 10.1.2. Apart from
these, many other multi-constant equations of state have been proposed. With the
advent of high speed computers, equations having 50 or more constants have been
developed for representing the p—~v—T behaviour of different substances.

a=0.4275

10.9 Properties of Mixtures of Gases-Dalton’s Law
of Partial Pressures

Let us imagine a homogeneous mixture
of inert ideal gases at a temperature T,
a pressure p, and a volume V. Let us
suppose there are n; moles of gas 4,,
ny moles of gas 4,, ... and upto n, moles
of gas 4_ (Fig. 10.12). Since there is no

Fig. 10.12  Mixture of gases
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Table 10.1.1  Constants for the van der Waals, Redlich-Kwong, and
Benedici-Webb-Rubin Equations of State

1. van der Waals and Redlich-Kwong: Constants for pressure in bars, specific volume

in m’fh:nol, and temperature in K

van der Waals Redlich-Kwong
a b a b
3 3 1 \2 3
Substance bar( m ) m bar (_’;“_,..] Ki7oom
kmol kmol kmol kmol
Air 1.368 0.0367 15.989 0.02541
Butane (C,H ;) 13.86 0.1162 289.55 0.08060
Carbon dioxide (CO,) 3.647 0.0428 64.43 0.02963
Carbon monoxide (CO) 1474 0.0395 17.22 0.02737
Methane (CH,) 2.293 0.0428 32.11 0.02965
Nitrogen (N,) 1.366 0.0386 15.53 0.02677
Oxygen (0;) 1.369 0.0317 17.22 0.02197
Propane (C;Hg) 9.349 0.0901 182.23 0.06242
Refrigerant 12 10.49 0.0971 208.59 0.06731
Sulfur dioxide (SO,) 6.883 0.0569 144.80 0.03945
Water (H,0) 5.531 0.0305 142.59 0.02111

Source: Calculated from critical data.
2. Benedict-Webb-Rubin: Constants for pressure in bars, specific volume in m3/k mol,

and temperature in K

Substance a A b

B

[

C [ Y

CH, 19073 10.218 0.039998 0.12436 3.206x 10° 1.006x 10° 1.101 x 10° 0.0340
co, 0.1386 2.7737 0.007210 0.04991 1.512x 10° 1.404x 10° 8.47x 10~ 0.00539

co 0.0371 1.3590 0.002632 0.05454 1.054x 10° 8.676x 10° 1.350x 10™* 0.0060
CH, 0.0501 1.8796 0.003380 0.04260 2.579 x 10° 2.287 x 10* 1.244x 107 0.0060
N, 0.0254 1.0676 0002328 0.04074 7.381 x 10° 8.166x 10' 1.272x 10~ 0.0053
Source: H.W. Cooper, and J.C. Goldfrank, Hydrocarbon Processing, 45 (12); 141 (1967).

Table 10.1.2

(a) The Beattie-Bridgeman equation of state is

P-R‘_'—f(l - \5+B- 4,whereA=Ao(l—%)audB=so(1- b)
v v v

or?

v

When P is in kPa, 7 is in m*k mol, Tis in K, and R, = 8.314 kPa-m*/(kmol K), the
five constants in the Beattie-Bridgeman equation are as follows:

Gas A4y a By b c
Air 131.8441 0.01931 0.04611 -0.001101 434 x10*
Argon, Ar 130.7802 0.02328 0.03931 0.0 5.99 x 10*
Carbon dioxide, CO, 507.2836 0.07132 0.10476  0.07235 6.60 x 10°
Helium, He 2.1886 0.05984 0.01400. 0.0 40
Hydrogen, H, 20.0117 -0.00506 0.02096 -0.04359 504
Nitrogen, N, 136.2315 0.02617  0.05046 -0.00691 420 x10*
Oxygen, O, 151.0857 0.02562  0.04624  0.004208  4.80 x 10°

Source: Gordon J. Van Wylen and Richard E. Sonntag, Fundamentals of Classical
Thermodynamics, English/SI Version, 3d ed., Wiley New York, 1986, p. 46. Table 3.3.
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chemical reaction, the mixture is in a state of equilibrium with the equation of
state

pV=(n+m+..n)RT

where R =8.3143 kJ/kg mol K
mRT n,RT n.RT
= + PR
vV Vv Vv
The expression nRT represents the pressure that the Kth gas would exert if

it occupied the volume V alone at temperature 7. This is called the partial
pressure of the Kth gas and is denoted by pg. Thus

_mRT _ mRT _ nRT
P % s P2 7 » Pe %
and
P=pitprt..tp (10.95)

This is known as Dalton's law of partial pressures which states that the total
pressure of a mixture of ideal gases is equal to the sum of the partial pressures.

Now V=(n +ny+ ___+,,c)£
P
=n, RL
and the partial pressure of the Kth gas is
nRT
pe= 2L
Substituting the value of V'
_ HKET'p _ hg .
Px ERK ‘ET Eﬂx 4
Now Ing=n +np+..+n
= Total number of moles of gas
The ratio Zﬂ K_ is called the mole fraction of the Kth gas, and is denoted by
Ny
Xy
Thus
- - M n
T T T e T

and PIEX P Pr= XDy s P =X P
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or PR=XgP (10.96)
Also X tx . tx =1 (10.97)
In a mixture of gases, if all but one mole fraction is determined, the last can be
calculated from the above equation. Again, in terms of masses
pV=mRT
P2V = myRyT
. pV=mR.T
Adding, and using Dalton's law
pV=(mR,+mRy+ ... + mR)IT (10.98)
where P=ptpt ... tp;
For the gas mixture
pV=(my+my+ ... +m) R, T (10.99)
where R, is the gas constant for the mixture. From Eqs (10.98) and (10.99)
I _ mR +mBRy 4+ m R,
- mo+my 4t m,
The gas constant of the mixture is thus the weighted mean, on a mass basis, of

the gas constants of the components.
The total mass of gas mixture m is

R

(10.100)

m=m+..+tm
If u denotes the equivalent molecular weight of the mixture having n total
number of moles.
Ny = ng gy F oy gl
- H=xgly F Xy + o+ Xl
or u=Zxgpy (10.101)
A quantity called the partial volume of a component of a mixture is the volume

that the component alone would occupy at the pressure and temperature of the
mixture, Designating the partial volumes by V|, V5, etc.

pVy=mRT,pV,=mR.T, ..., p¥o = mR.T

or pVy+ Vy+ o+ V)= (mRy + mRy + ... + mR)T (10.102)
From Egs (10.98), (10.99) and (10.102)
V=V, + W+ .. +V, (10.103)

The total volume is thus equal to the sum of the partial volumes.
The specific volume of the mixture, v, is given by

V V

vr=s—_rrt———————
m m +mg -t m
_my +my +ee-tmg

1
or -
4 Vv
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P T
4 4
1 1

I R (10.104)
1 U2 e

m

V

or 1_1
v v

where v,, U5, ... denote specific volumes of the components, each component

occupying the total volume.
Therefore, the density of the mixture p=p, +p, + ... + p, (10.105)

10.10 Internal Energy, Enthalpy and Specific
Heats of Gas Mixtures

When gases at equal pressures and temperatures are mixed adiabatically without
work, as by inter-diffusion in a constant volume container, the first law requires
. that the internal energy of the gaseous system remains constant, and experiments
show that the temperature remains constant. Hence the internal energy of a
mixture of gases is equal to the sum of the internal energies of the individual
components, each taken at the temperature and volume of the mixture (i.e. sum of
the ‘partial’ internal energies). This is also true for any of the thermodynamic
properties like H, C,, C,,, S, F and G and is known as Gibbs theorem. Therefore,
on a mass basis '

My, = myiy + Mty ot Ml
_ muy + Myliy + -+ m U,
m+m; +--+m

1y, (10.106)
which is the average specific internal energy of the mixture.
Similarly, the total enthalpy of a gas mixture is the sum of the ‘partial’
enthalpies
mhm = mlh| + mzhz +...+ m,_.hc
and b = mby +myhy +---+ mh, (10.107)
mtmy 4 +mg

From the definitions of specific heats, it follows that

o = MiCy, + maCy, + -+ meC, (10.108)
wm my+my + -+ m, )

myc, + e, +---+me
and Com = — B < (10.109)
my+my +ee-+m,

10.11 Entropy of Gas Mixtures

Gibbs theorem states that the total entropy of a mixture of gases is the sum of the
partial entropies. The partial entropy of one of the gases of a mixture is the entropy
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that the gas would have if it occupied the whole volume alone at the same
temperature. Let us imaginge a number of inert ideal gases separated from one
another by suitable partitions, all the gases being at the same temperature T and
pressure p. The total entropy (initial)

S;=ms;+ns;+ ...+ ns,

= ZI'IKSK
From property relation
Tdv=dh—vdp=cpd1'—vdp
ds =¢, 4ar _ R Eﬂ
T

The entropy of 1 mole of the Kth gas at Tandp

Sk = IPK Rl.ﬂp+$0K

where sy is the constant of integration.

=7 0K
Si—REnK( ju T T—lnp]
. Sox
Let cr,(—ﬁjcp‘ T + R

then S;=RZIng(Ox —Inp) (10.110)

After the partitions are removed, the gases diffuse into one another at the same
temperature and pressure, and by Gibbs theorem, the entropy of the mixture, S, is
the sum of the partial entropies, with each gas exerting its respective partial pres-
sure. Thus

S;= RIng(og - Inpy)

Since P =XxP
S;= RIng(ox - Inxyg —Inp) (10.111)
A change in entropy due to the diffusion of any number of inert ideal gases is
Sg-8;=-REngInxg (10.112)
or S;~8=-R(mInx,+nmylnx,+...+a.nx)

Since the mole fractions are less than unity, (S;— §;) is always positive,
conforming to the Second Law.
Again

Sp-8,=- E(ni In % +n,In %’ +otn, In ”—;] (10.113)

which indicates that each gas undergoes in the diffusion process afree expansion
from total pressure p to the respective partial pressure at constant temperature.



Properties of Gases and Gas Mixtures —= 365

Similarly, on a mass basis, the entropy change due to diffusion

Sy~ 8, ==Zmy Ry In 2K
2
——(mlR, In 24 mR, n 22 44 m R In ﬂ)
p » p

10.12 Gibbs Function of a Mixture of Inert

Ideal Gases
From the equations
dik =¢ dT
PO L2

PT p

the enthalpy and entropy of 1 mole of an ideal gas at temperature T and pressure
p are

=

A +jc dT

I
q_..,

—+sa—RInp

Therefore, the molar Gibbs function

=h-T5
=ho+ [c,dT-T[z, ——Tso RTInp
Now | dwo) = [ udo + [ vdu=wv
Let u=—.v=[cdr
Then L f ear=| % 6T + [eyd1{ -7 Jar

lc,,dr-jlcr"frdr

[epdT - rjcp a7 . Tjjc d

Therefore

Jear _
s—dT7 —Tss + RT In p



366 —— Basic and Applied Thermodynamics

chT 5
=R -L -2+
Ll a2
Let
o1 jEpdT 5 .
=0 _Lpd%77 yr_ S0 10.114
¢ RT Rj T? R ( )
Thus E=RT(9+Inp) (10.115)

where ¢ is a function of temperature only.
Let us consider a number of inert ideal gases separated from one another at the
same T and p

G; =Zng gk
=RTEng (¢ +Inp)
After the partitions are removed, the gases will diffuse, and the partial Gibbs

function of a particular gas is the value of G, if that gas occupies the same volume
at the same temperature exerting a partial pressure py. Thus

Gy= RTIng (¢ +Inpy)
= RT Eng(¢y + Inp +In xy)
Therefore
Gy-G;= RT ZngInxy (10.116)

Since xi < 1, (Gy— G;) is negative becauese G decreases due to diffusion.
Gibbs function of a mixture of ideal gases at T and p is thus

G=RTZng(§g+Inp+Inxg) (10.117)

SOLVED EXAMPLES

Example 10.1 Two vessels, 4 and B, both containing nitrogen, are connected
by a valve which is opened to allow the contents to mix and achieve an
equilibrium temperature of 27°C. Before mixing the following information is -
known about the gases in the two vessels. :

Vessel A Vessel B
p =1.5MPa p =0.6 MPa

t =50°C t =20°C
Contents = 0.5 kgmol Contents = 2.5 kg

Calculate the final equilibrium pressure, and the amount of heat transferred to
the surroundings. If the vessel had been perfectly insulated, calculate the final
temperature and pressure which would have been reached. Take y = 1.4.

Solution For the gas in vessel 4 (Fig. Ex. 10.1)
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Fig. Ex. 10.1

PyVy=n, R T,
where ¥, is the volume of vessel 4
1.5 % 10° x Va=0.5x%x83143 % 323
Va=0.895 m’
The mass of gas in vessel 4
Mp=RpHp
= (0.5 kg mol x 28 kg/kgmol
=14kg
Characteristic gas constant R of nitrogen

_ 83143
28

R =0.297 kikg K

For the vessel B
PeVp =mg RTy
0.6 x 10* x Vg =2.5x0.297 x 293
Vg =0.363 m’
Total volume of A and B
V=V, + Vy=0.895+0.363

=1258m’
Total mass of gas S
m=my+mg=14+25=165kg
Final temperature after mixing
T=27+273=300K
For the final condition after mixing
pV=mRT

where p is the final equilibrium pressure
p %1258 =16.5x0.297 x 300
_ 16.5% 0.297 x 300

1.258
= 1168.6 kPa

=1.168 MPa

— 367
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e —_R__0297
Yoy-1 04
=0.743 kl/kg K

Since there is no work transfer, the amount of heat transfer
Q = change of internal energy
=U,-U
Measuring the internal energy above the datum of absolute zero (at T=0K,
u=0klkg)
Initial internal energy U, (before mixing)
=mpc, Ty +mpe, Ty
=(14 %323 +2.5x293)x0.743
=3904.1 kJ
Final internal energy U, (after mixing)
=me,T
=16.5x%0.743 x 300
=3677.9kJ
0=3677.9-3904.1 =-226.2kJ Ans.
If the vesels were insulated
u=0,
Myc,Ty + mge,Ty = me,T
where T would have been the final temperature.
my Ty +mply

T=
m
14x323+2.5%293
= =3185K
16.5

or 1=45.5°C Ans.
The final pressure

- mRT _ 16.5x0.297 x 318.5

v 1.258
= 1240.7 kPa
=1.24 MPa

Example 10.2 A certain gas has ¢, = 1.968 and c, = 1.507 kl/kg K. Find its
molecular weight and the gas constant

A constant volume chamber of 0.3 m? capacity contains 2 kg of this gas at 5°C.
Heat is transferred to the gas until the temperature is 100°C. Find the work done,
the heat transferred, and the changes in internal energy, enthalpy and entropy.

Solution Gas constant,
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R=c,—c,= 1968 -1.507

=0.461 kl’kg K Ans.
Molecular weight,
u=%=% = 18.04 ke/kgmol Ans.
At constant volume
Q1 =mey(t;— 1)
=2x1.507 (100 - 5)
=286.33kJ Ans.
Change in internal energy
2
Wia=[ pdo=0 Ans.
1
Uy- U, =0,,=286.33 kI Ans.
Change in enthalpy
Hy-Hy =mec,(t;- 1)) _
=2x1.968 (100 ~ 5)=373.92 kJ “Ans.
Change in entropy

T
Sy~ 8, =me,In -& =2x 1.507 In 222
Ul 278

=0.886 kI/K Ans.
Example 10.3 (a) The specific heats of a gas are given by ¢, = a + kT and
¢, = b + kT, where a, b, and k are constants and T is in K. Show that for an
isentropic expansion of this gas

7% &7 = constant

(b) 1.5 kg of this gas occupying a volume of 0.06 m® at 5.6 MPa expands

isentropically until the temperature is 240°C. If a = 0.946, b = 0.662, and
k=107, calculate the work done in the expansion.

Solution
(a) c—¢c,=a+kT-b-kT

=a-b=R
Now ds=c, 3L , pdv

T v
=0+ (-0 =p T sk ar+ @-p)
T v T v

For an isentropic process

bInT+kT+ (a - b) In v = constant )
T.0*® &T = constant (QE.D.)
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(b R=a-b=0946-0.662=0.284 ki/kg K
T,=240+273=513K
. =2V _ 56x10° x0.06
" mR  15x0284
TdS=dU+ &W=0
-T;
W= Imc\,dT
T

=T88.73K=789K

89
=1.5 [ (0.662 +0.00017)dT
513
= 1.5 [0.662 (789 — 513) + 107 x 0.5 {(789)* - (513)*}]
= 1.5 (182.71 + 19.97)
=304 k] Ans,

Example 10.4 Show that for an ideal gas, the slope of the constant volume line
on the T—s diagram is more than that of the constant pressure line.

v=C

p=c

T

— 8

Fig. Ex. 10.4

Solution We have, for 1 kg of ideal gas
Tds = du + pdv
=¢,dT+ pdv

(3_1'} -r
ds ), ¢,

Also Tds = dh - vdp
=c,dT-vdp
" Os o %
T T

Since ¢, >e, — > —

P ¥
€ ¢
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(&) >(Z)
os ), \ds),
This is shown in Fig. Ex. 10.4. The slope of the constant volume line passing

through point A4 is steeper than that of the constant pressure line passing through
the same point. (Q.ED)

Example 10.5 0.5 kg of air is compressed reversibly and adiabatically from
80 kPa, 60°C to 0.4 MPa, and is then expanded at constant pressure to the original
volume. Sketch these processes on the p—v and T—s planes. Compute the heat
transfer and work transfer for the whole path.

Solution The processes have been shown on the p-v and T-s planes in
Fig. Ex. 10.5. At state 1

p1Vy=mRT,

_‘.p

Fig. Ex. 10.5

¥V, = volume of air at state 1

_ mRT, _ 1x0.287 x333
T p 2x80

Since the process 1-2 is reversible and adiabatic

(y=1)
=[P_z) !
P

T 400 (l.4=1)/1.4
7w o

T,=333x (5" =527K
For process 1-2, work done
W, .= ph-pVs _ mRT-1)
-2 =
Y-l r-1
_ 172 x 0.287(333 - 527)
0.4

=0.597 m’

2|

=
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=-69.6kJ
Again vl =p]

For process 2-3, work done
W,y =py (V; - ¥3) = 400 (0.597 - 0.189)

=163.2kJ
.. Total work transfer
W=W_+ Wy,
=-69.6+163.2=93.6kJ Ans.
For states 2 and 3
Y _ b
L T

T3=T2-E =527x3.162 = 1667 K
2
Total heat transfer
Q=012+ 0,3=0p3=mc, (T3-T)
=1/2 x 1.005 (1667 — 52?)
=527.85k] Ans.

Example 10.6 A mass of air is initially at 260°C and 700 kPa, and occupies
0.028 m’. The air is expanded at constant pressure to 0.084 m. A polytropic
process with n = 1.50 is then carried out, followed by a constant temperature
process which completes a cycle. All the processes are reversible. (a) Sketch the
cycle in the p—v and T—-s planes. (b) Find the heat received and heat rejected in the
cycle. (c) Find the efficiency of the cycle.

Solution (a) The cycle is sketched on the p—v and T—s planes in Fig. Ex. 10.6.

Given p; =700 kPa, T, =260 +273=533K=T,
=0.028 m’
=0.084 m’
From the ideal gas equation of state
PV, =mRT,
_ 700 % 0.028

=0.128 kg
0.287x 533
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.

Fig. Ex. 10.6

Now 5L - PV _ 00084 =3
L mh 0028

T, =3x533=159K
] p T, n/(n-1) 1599 \5/05 -
Agi n(F) () e
Heat transfer in process 1-2
0\, =mc,(T,-T))
=0.128 x 1.005 (1599 - 533)
=137.13kJ

Heat transfer in process 2-3
0.3 =AU+ [ pdv

=me, (T;-Ty) + mR(T, - T;)

n-—1

=mc,-”;11 (Ty-Ty)
n—

1.5-14
1.5-1

=0.128 x 0.718 x (533 - 1599)

=0.128 % 0.718 x %(- 1066)

==-19.59kJ

For process 3-1
dQ=dU+dW=aw

1
Oy, = W3-| = _[de= mRT, In ﬁ
3 K

=mRT,In 22 =0.128 x 0.287x 533 In [L)
P 27
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=-10.128 x 0.287 x 533 x 3.2959

=-64.53kJ
(b) Heat received in the cycle
0,=137.13kJ
Heat rejected in the cycle
0, =19.59+64.53 =84.12kJ Ans.
(c) The efficiency of the cycle
q¢“h=1-&=1-%=1-0.61
=0.39, or 39% Ans.

Example 10.7 A mass of 0.25 kg of an ideal gas has a pressure of 300 kPa, a
temperature of 80°C, and a volume of 0.07 m®, The gas undergoes an irreversible
adiabatic process to a final pressure of 300 kPa and final volume of 0.10 m?,
during which the work done on the gas is 25 kJ. Evaluate the ¢, and ¢, of the gas
and the increase in entropy of the gas.
Solution From
iV =mRT,
R=—0X007___ o3 4ikgK
0.25x (273 + 80)
Final temperature
pVa _ 300x0.1

mR - 025x0238 oK

T,=

Now
2=(-U)+W=me,(T;-T)+W
0=0.25 ¢, (505 -353)-25
25
= ————
0.25x152
Now c,—¢, =R

P
¢, =0.658 +0.238 = 0.896 kl/kg K

=0.658 ki/kg K

Entropy change

v
Sz—Sl=ﬂ'=r:,,Inp—z-I*nw:],ln—2
P L

=me, m—l-ozsxoss»sln 0.10
0.07

022403569 = 0.08 KI/kg K Ans.

Example 10.8 A two-stage air compressor with perfect intercooling takes m
airat 1 bar pressure and 27°C. The law of compression in both the stages ispo'™
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= constant. The compressed air is delivered at 9 bar from the H.P. cylinder to an
air receiver. Calculate, per kilogram of air, (a) the minimum work done and (b)
the heat rejected to the intercooler.

Solution The minimum work required in a two-stage compressor is given by

Eq. (10.65),
b 2nRE [(py (n-1)/n »
C n-1|\p

2x1.3x0.287 % 300
= 03 [(3}0.3“.3 - l]

=26x0.287x 100 x 0.287 =214.16 kl’kg Ans.(a)

Pr=pp3 =41x9 =3 bar

T. n=-1/n
2= ("—2) = 30313 = 1 28856
L \p
T, = 386.56 K
Heat rejected to the intercooler
= 1.005 (386.56 — 300)

= 86.99 kl/kg Ans.(b)

Example 10.9 A single-acting two-stage air compressor deals with 4 m/min
of air at 1.013 bar and 15°C with a speed of 250 rpm. The delivery pressure is 80
bar. Assuming complete intercooling, find the minimum power required by the
compressor and the bore and stroke of the compressor. Assume a pistong speed of
3 m/s, mechanical efficiency of 75% and volumetric efficiency of 80% per stage.-
Assume the polytropic index of compression in both the stages to ben=1.25 and
neglect clearance.

Solution

P2 =pps = 1013 X80 =9 bar
Minimum power required by the compressor

. 2 n-1/n 1
Ww=—"_p¥, (&) ~1|x
n-1 I4 Mhaech

0.25/1.25
_2x125 1013x100 4[( 9 } —1]

0.25 0.75 60|\ 1.013
= J013%4 4 548 = 49.34 kW Ans.
If L be the stroke length of the piston,

2L%=3m}’s
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90 x 100
Lo = A
250 36 cm Ans

Effective LP swept volume = 4/250 = 0,016 m>
%(1:'1‘,,)2 % 0.36 X 1, = 0.016

Do~ [ 00164
LP T VT x036x%08

=0.266 m = 26.6 cm Ans.
¥ = 214
T L
B _pn
Vi P
n
TDE“’L _ 1013
Tl °
4
Dyyp = 0.266 “"3
=0.0892m= 8.92 cm Ans.

Example 10.10 A single cylinder reciprocating compressor has a bore of
120 mm and a stroke of 150 mm, and is driven at a speed of 1200 rpm. It is
compressing CO, from a pressure of 120 kPa and a temperature of 25°C to a
temperature of 215°C. Assuming polytropic compression with n = 1.3, no
clearance and a volumetric efficiency of 100%, calculate (a) the pressure ratio,
(b) indicated power, (c) shaft power, with a mechanical efficiency of 80%,
(d) mass flow rate.

If a second stage of equal pressure ratio were added, calculate (e) the overall
pressure ratio and (f) bore of the second stage, if the same stroke was maintained.

Solution (a) With respect to Fig. Ex. 10.10,

ot 488 1.3/0.3
polpy = (LT = (—) =843 Ans. ()
298
() V1=Vs=£(0.12)2x0.15=0.0017 m’

W= n_1P1V1 [(Pz"P:) -1]

(‘}i x 120 x 10°  0.0017 [(8.48)°" — 1] = 563.6 J

Indicated power = 563.6 x % 11.27 kW Ans. (b)
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3 2
pv'=c
p
- 1
a— Ve= V4 —4
v
Fig. Ex. 10.10
(c) Shaft power = % =14.1 kW Ans. (c)

(d) Volumetric flow rate = 0.0017 x % =0.034 m¥s

= pV; 120 x10° x 0.034
RT, ~ (8314/44)x 298

(e) If a second stage were added with the same pressure ratio, the overall pressure
ratio would be

=0.0725 kg/s Ans. (d)

n
[&J - ["’—ZJ =(8.48)° =719 Ans. (€)
P J overall P
() Volumetric delivery per cycle is V.
Since Vi =pby,
Un 1/1.3
V= {21-] x V= [L] x 0.0017
P 8.48
= 0.00033 m’,

If the second stage would have a swept volume of 0.00033 m?, with the same
stroke,

§d2 x 0.15 = 0.00033

d=353 mm Ans. (f)

Example 10.11 A mixture of ideal gases consists of 3 kg of nitrogen and 5 kg
of carbon dioxide at a pressure of 300 kPa and a temperature of 20°C. Find (a) the
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mole fraction of each constituent, (b) the equivalent molecular weight of the
mixture, (c) the equivalent gas constant of the mixture, (d) the partial pressures
and the partial volumes, (e) the volume and density of the mixture, and (f) the Cp
and ¢, of the mixture.

If the mixture is heated at constant volume to 40°C, find the changes in intemal
energy, enthalpy and entropy of the mixture. Find the changes in internal energy,
enthalpy and entropy of the mixture if the heating is done at constant pressure.
Take yfor CO, and N, to be 1.286 and 1.4 respectively.

Solution
(a) Since mole fraction x; = =i
ZHi
3
xy, = 28— = 0485
P
28 44
3
%00, = 5 =0.515 Ans.
28 44
(b) Equivalent molecular weight of the mixture
M=xp + x4y
=0.485x28 +0.515 x 44
=36.25 kg/kg mol Ans.

(c) Total mass,
m=my, +me,=3+5=8kg
Equivalent gas constant of the mixture

_ Iy, Ry, +meo, Reo,

R
m
8.3143 8.3143
= 3% 28 +3x 44 _089+0.94
8 8
=0.229 kl/kg K Ans.
(d) Py, =Xy, P = 0.485 x 300 = 145.5 kPa
Pco, =Xco, P = 0.515 X 300 = 154.5 kPa
my Ry T 3 X0t X293 3
Vg = —3—2— = =087 m
P 300
83143
X ——x293
m T
Vo, = o0, %o, T 44 =0923m’  Ans.

r 300
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(e) Total volume of the mixture
mRT _ mhl;RN:T - mcochozr
P Pn, Pco,
_ 8x0.229 x 293
300

V=

v =1.79m°

Density of the mixture

=4.46 kg/m’ Ans.
® CoN, ~ Cyn, = Ry,
= __ 83143

Ny 17T 28x(14-1)
=0.742 kl/kg K
oy, = 1.4 x0.742

= 1.039 kl/kg K

For CO,, 7=1.286

I
vy

Reo, 83143
=0 8B 66 kikg K
€0 = T T 44 %0286 £

Cpco, = 1.286 x 0.661 = 0.85 kl/kg K
For the mixture

P Ny €pNy * Mco, Cpco,
P muz + mcoz
=3/8 x1.039 + 5/8 x 0.85

=092 klkg K

- mNz c\"Nz + mm; c\'cﬂz
v m
=3/8x0.742 + 5/8 x 0.661 = 0.69 kJ/kg K Ans.
If the mixture is heated at constant volume
U,-Uy=mec,(T,-T))
=8 % 0.69 x (40 - 20)
=1104kJ
Hz‘Hl =mcp(T2—Tl]
=8x0.92x20=1472kJ
85,-8, =mc\,ln£ +mRIn 143
5 g

=mc\,ln£ E8x0.69x1n£

L 293
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=0.368 kl’kgK Ans.

If the mixture is hea