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UNIT-I

Fundamental Concepts and Definitions

Introduction and definition of thermodynamics, Microscopic and
Macroscopic approaches, Concept of continuum .Systems, surroundings,
Control system, control volume and control surface, Properties, intensive
& extensive and state of Thermodynamic system. point and path
properties, process, cycle , Thermodynamic equilibrium, Reversibility and
irreversibility, Quasi static process, Energy and its forms, Work and heat,
Ideal & Real gas, Dalton’s law, Amagat’s law, Property of mixture of gases.

Zeroth law of thermodynamics
Zeroth law of thermodynamics, Temperature and its’ measurement.

First law of thermodynamics for closed system

Introduction of first law of thermodynamics, Calculation of work in

various processes and sign convention, work, Joules’ experiment, Internal
energy and enthalpy



DEFINITION OF THERMODYNAMICS

* Thermodynamics is an axiomatic science which
deals with the relations among heat, work and
properties of system which are in equilibrium. It
describes state and changes in state of physical
systems.

Or

* Thermodynamics is the science that deals with
the interaction between energy and material
systemes.



* “Thermodynamics is the branch of physical
science that deals with the various
phenomena of energy and related properties
of matter, especially of the Ilaws of
transformations of heat into other forms of
energy and vice-versa.”



Thermodynamics, basically entails four laws or axioms
known as Zeroth, Firstt Second and Third law of
thermodynamics.

» The First law throws light on concept of internal
energy.

» The Zeroth law deals with thermal equilibrium and
establishes a concept of temperature.

» The Second law indicates the limit of converting heat

into work and introduces the principle of increase of
entropy.

» The Third law defines the absolute zero of entropy.

These laws are based on experimental observations and
have no mathematical proof. Like all physical laws, these
laws are based on logical reasoning.



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 areca can be measured by using, e.g., a pressure gauge. These macroscopic
observations are completely independent of the assumptions regarding the nature

of matter. All the results of classical or macroscopic thermodynamics can,
howevwver, be derived from the microscopic and statistical study of matter.



Concept of Continuum

In Macroscopic approach of thermodynamics the
substance is considered to be continuous
whereas every matter actually comprises of
myriads of molecules with intermolecular spacing
amongst them. For analyzing a substance in
aggregate it shall be desired to use laws of
motion for individual molecules and study at
molecular level be put together statistically to get
the influence upon aggregate. In statistical
thermodynamics this microscopic approach is
followed, although it is often too cumbersome for
practical calculations.




In engineering thermodynamics where focus lies upon
the gross behaviour of the system and substance in it,
the statistical approach is to be kept aside and classical
thermodynamics approach be followed. In classical
thermodynamics, for analysis the atomic structure of
substance is considered to be continuous. For
facilitating the analysis this concept of continuum is
used in which the substance is treated free from any
kind of discontinuity. As this is an assumed state of
continuum in substance so the order of analysis or
scale of analysis becomes very important. Thus, in case
the scale of analysis is large enough and the
discontinuities are of the order of intermolecular
spacing or mean free path then due to relative order of

discontinuity being negligible it may be treated
continuous.




Thermodynamic systems, Boundary and
Surroundings

System

A system is a finite quantity of matter or a prescribed
region of space.

Boundary

The actual or hypothetical envelope enclosing the
system is the boundary of the system. The boundary
may be fixed or it may move. The boundary may be

real or imaginary.



In thermodynamics the ‘system’ is defined as the quantity of matter
or region in space upon which the attention is concentrated for the
sake of analysis. These systems are also referred to as
thermodynamic systems. For the study these systems are to be
clearly defined using a real or hypothetical boundary.

Every thing outside this real/hypothetical boundary is termed as the
‘surroundings’. Thus, the surroundings may be defined as every
thing surrounding the system.

System and surroundings when put together result in universe.
Universe = System + Surroundings

The system is also some times defined as the control system and
the boundary defined for separating it from surroundings is called
control boundary, the volume enclosed within the boundary is
control volume and the space enclosed within the boundary is
called control space.



Based on the energy and mass interactions of the
systems with the surrounding can be further classified
as the open, close, and isolated system.

The open system is one in which the energy and mass
interactions take place at the system boundary, for
example automobile engine etc.

Closed system is the system having only energy
interactions at its boundary, for example, boiling water
in a closed pan etc. The mass interactions in such
system are absent.

Isolated system refers to the system which neither has
mass interaction nor energy interaction across system
boundary for example Thermos Flask etc. Thus, the
isolated system does not interact with the
surroundings/systems in any way.



Boundary

Boundary Surroundings Surroundings

Mass Energy
Energy

(b) Mass interaction = 0

(@) Mass interaction # 0 Energy interaction = 0
Energy interaction # 0

Boundary
Surroundings

(c) Mass interaction = 0
Energy interaction = 0

Figure-1(a) Open system (b) Closed system (c) Isolated system



Homogeneous and Heterogeneous Systems

A quantity of matter homogeneous throughout In chemical composition and
physical structure 1s called a phase, Every substance can exist in any one of the
three phases, viz. solid, iquid and gas. A system consisting of a single phase s
called a homogemeous system, while a system consisting of more than one phase
1s known a5 a heterogeneous system,




Homogeneous and Heterogeneous
system

Homogeneous System

e A system which consists of a single phase is termed as
homogeneous system. Examples :Mixture of air and water vapour,
water plus nitric acid and octane plus heptane.

Heterogeneous System

A system which consists of two or more phases is called a
heterogeneous system. Examples :\WWater plus steam, ice plus
water and water plus oil.



Open, closed, adiabatic system

* Closed System :- If the
boundary of the system

is impervious to the \_ Togardioss vartation of
. . ' boundaries

flow of matter, it is N\

called a closed system. )

An example of this  Gas !

system is mass of gas or
vapour contained in an
engine

_______________

Eoquary

Figure-2 :Closed system

Cylinder.



Example of open System

. . Out
* An open system Is one In — Mass non-necessarily

which matter fIOWS into or II'. constant
out of the system. [ Y

* Most of the engineering
systems are open.
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Examples :- Turbines, pumps
and nozzles etc.

il |

_______________

Boundary

Figure-3 : Open system



Isolated and adiabatic system

* |solated System * Adiabatic System

* An isolated system is that * An adiabatic system is one
system which exchanges which is thermally insulated
neither energy nor matter  from its surroundings. It can,
with any  however, exchange work with

e other system or with its surroundings. If it does not,

environment. it becomes an isolated system.



Control volume and control surface

[fa 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.

However, 1f a system 1s 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 1s an open system.

For thermodynamic analysis of an open system, such as an air compressor
(Fig. 1.5), attention 1s 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.



?
S - . fHeal
Work [ ;
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*
| \
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Adr in

Fig. 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.



Pure Substance

* A pure substance is one that has a homogeneous and
invariable chemical composition even though there is

a change of phase. In other words, it is a system
which is

(a) homogeneous in composition
* (b) homogeneous in chemical aggregation.

Examples : Liquid, water, mixture of liquid
water and steam, mixture of ice and water.
The mixture of liquid air and gaseous air is not
a pure substance.



THERMODYNAMIC EQUILIBRIUM

* A system is in state of thermodynamic equilibrium if it has
the following :

(1)The temperature and pressure at all points are same

(2) There should be no velocity gradient and chemical
reaction within a system.

(3) The chemical equilibrium is also necessary.

For attaining a state of thermodynamic equilibrium the
following three types of equilibrium states must be
achieved :



1.Thermal equilibrium:- The temperature of the system
does not change with time and has same value at all

points of the system.

2. Mechanical equilibrium:-There are no unbalanced forces
within the system or between the surroundings. The

pressure in the system is same at all points and does not
change with respect to time.

3. Chemical equilibrium:- No chemical reaction takes place
in the system and the chemical composition which is
same throughout the system does not vary with time.



PROPERTIES OF SYSTEMS

A property of a system is a characteristic of the system which
depends upon its state, but not upon how the state is reached.
There are two types of property :

(1). Intensive properties. These properties do not depend on the
mass of the system.

Examples : Temperature and pressure.

(2). Extensive properties. These properties depend on the mass
of the system.

Example :Volume , enthalpy and entropy

Extensive properties are often divided by mass associated with
them to obtain the intensive properties. For example, if the
volume of a system of mass m is V, then the specific volume of
matter within the system is V /m =v which is an intensive
property.



State and Property
» State is the condition of the system at an instant of
time as described or measured by its properties
or
each unique condition of a system is called a state.

* |t follows from the definition of state that each
property has a single value at each state.

* All properties are state or point functions. Therefore,
all properties are identical for identical states.



On the basis of the above discussion, we can
determine if a given variable is property or not

by applying the following tests :

(1) A variable is a property only if, it has a
single value at each equilibrium state.

(2) A variable is a property, if and only if, the
change in its value between any two
prescribed equilibrium states is single-valued.

Therefore, any variable whose change is fixed
by the end states is a property.



Path , Process and cycle

* A path is a locus of different states passed by
the system. When this path is specified is known
as process.

e A thermodynamic cycle is a combination of
different processes , which a system follows and
finally comes to initial state.



Process on a p-v diagram

Fig 3.5 Quasi-static pdV work
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Quasi-static process

* Quasi-static process: A quasi-static process is
an infinitely slow process and also called a
reversible process. This process is a succession
of equilibrium states and infinite slowness is
its characteristic feature.

* Quasistatic process passes through different
equilibrium points between the starting and
end states of a reversible process.



Let us consider the heating of gas in a container with certain mass ‘W’
kept on the top of lid (lid is such that it does not permit leakage across
its interface with vessel wall) of the vessel as shown in Fig. After certain
amount of heat being added to the gas it is found that the lid gets
raised up. Thermodynamic state change is shown in Fig. The “change in
state” is significant. During the change of state since the states could
not be considered to be in equilibrium, hence for unsteady state of
system thermodynamic analysis could not be extended.

Let us now assume that the total mass comprises of infinitesimal small
masses of ‘w’ such that all ‘w” masses put together become equal to W.
Now let us start heat addition to vessel and as soon as the lifting of lid
is observed put first fraction mass ‘w’ over the lid so as to counter the
lifting and estimate the state change. During this process it is found
that the state change is negligible. Let us further add heat to the vessel
and again put the second fraction mass‘w’ as soon as the lift is felt so as
to counter it. Again the state change is seen to be negligible. Continue
with the above process and at the end it shall be seen that all fraction
masses ‘w’ have been put over the lid, thus



amounting to mass ‘W’ kept over the lid of
vessel and the state change occurred is exactly
similar to the one which occurred when the
mass kept over the lid was ‘W’. In this way the
equilibrium nature of system can be
maintained and the thermodynamic analysis
can be carried out. p-v representation for the

series of infinitesimal state changes occurring
between states 1 and 2 is shown in Fig. 1.4.



( { = Inital state

2 = Final state
| 9. 9.9.9.9.%)
P :

Intermediate

equilibrium states

V—o

Figure-5 :- Quasistatic Process



Reversible and Irreversible processes

2.18. REVERSIBLE AND IRREVERSIBLE PROCESSES

Reversible process. A reversible process (also sometimes py
known as quasi-static process) is one which can be stopped at any
stage and reversed so that the system and surroundings are exactly 1
restored to their initial states. quilibrium

This process has the following characteristics : i

1. It must pass through the same states on the reversed path
as were initially visited on the forward path.

2. This process when undone will leave no history of events in .
the surroundings. V

3. It must pass through a continuous series of equilibrium
states.

Fig 2.20. Reversible process.
No real process is truely reversible but some processes may approach reversibility, to close

approximation.

Examples. Some examples of nearly reversible processes are :

(i) Frictionless relative motion.

(ii) Expansion and compression of spring.

(#ii) Frictionless adiabatic expansion or compression of fluid.

(iv) Polytropic expansion or compression of fluid.

(v) Isothermal expansion or compression.

(vi) Electrolysis.



Reversible processes

sochoric process ( V=Constant)
sobaric process (P = Constant)

sothermal Process (T = Constant ,PV=C)
Adiabatic Process (Heat transfer Q = 0)
Polytrophic Process



Irreversible Process

Irreversible process. An irreversible process 1s one in which heat is transferred through
a finite temperature.

Examples.

(i) Relative motion with friction (it) Combustion
(¢i) Diffusion (iv) Free expansion

(v) Throttling (vi) Electricity flow through a resistance
(vii) Heat transfer (vidi) Plastic deformation.

An irreversible process is usually represented by a dotted (or  py

discontinuous) line joining the end states to indicate that the inter-
mediate states are indeterminate (Fig. 2.30).

Irreversibilities are of two types : , Nonequilibrium
1. External irreversibilities. These are associated with 7 states
dissipating effects outside the working fluid. "

Example. Mechanical friction occurring during a process S
due to some external source. “--al

2. Internal irreversibilities. These are associated with ’V
dissipating effects within the working fluid. Fig. 2.30, Ireversible process.
Example. Unrestricted expansion of gas, viscosity and
inertia of the gas.




ENERGY AND ITS FORMS

“Energy is usually defined as the ability to do
mechanical work”. It is indeed quite difficult to
precisely define the “energy”. We feel energy
at every moment and can sense it very
oftenly.

Another broader definition of energy says that
“energy refers to the capacity for producing
effects.”



Energy can be classified in the following general categories;

(a) Energy in transition: It refers to the energy that is in process of transition between
substances or regions because of some driving potential, such as difference or gradient of
force, or of temperature, or of electrical potential etc. For example heat, work etc.

(b) Energy stored in particular mass: It refers to the potential and kinetic energy
associated with masses that are elevated or moving with respect to the earth.

Apart from above broad classification the energy can also be categorised into various
forms.

(i) Macroscopic energy: It refers to the energy possessed by a system considered at
macroscopic level such as kinetic energy, potential energy etc.

(ii) Microscopic energy: It refers to the energy defined at molecular level. Summation of
energy at molecular level or microscopic energy results in internal energy.

Some of the popular forms of energy are described below :

Potential energy: This type of energy is based on relative position of bodies in a system,
i.e.

elevation in a gravitational field. Potential energy for a mass m at elevation z is given as :
P.E.=m.g.z

Here g is the gravitational acceleration and elevation is measured from some reference
point.

Kinetic energy: It is based on the relative movement of bodies. For a mass m moving with
certain

velocity c it could be mathematically expressed as;

K.E.=(1/2) m.c2

Internal enerav: Internal eneray of a svstem is the enerqv associated with the molecular



HEAT AND WORK

When two systems at different temperatures are brought into contact there are
observable changes in some of their properties and changes continue till the two
don’t attain the same temperature if contact is prolonged. Thus, there is some kind
of energy interaction at the boundary which causes change in temperatures. This
form of energy interaction is called heat. Thus ‘heat’ may be termed as the energy
interaction at the system boundary which occurs due to temperature difference
only. Heat is observable in transit at the interface i.e. boundary, it can not be
contained in a system. In general the heat transfer to the system is assigned with
positive (+) sign while the heat transfer from the system is assigned with negative
(=) sign. Its units are Calories.

In thermodynamics the work can be defined as follows:
“Work shall be done by the system if the total effect outside the system is
equivalent to the raising of weight and this work shall be positive work”.

In above definition the work has been defined as positive work and says that
there need not be actual raising of weight but the effect of the system behaviour
must be reducible to the raising of a weight and nothing else. Its units are N. m or
Joule. Heat and work are two transient forms of energy.



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



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.
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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
o R
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 = | 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.

Work and Heat Transfer —

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,, ¥,. 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 7/.:- G“”‘E‘L
which is also a thermodynamic equi- .{P. g £l
librium state specified by pressure p, L 3 T 3
and volume V,. At any intermediate el | Ve 2T
point in the travel of the piston, let the s —ard
pressure be p and the volume V. This @ @
must also be an equilibrium state, Fig. 3.4 pdVwerk

since macroscopic properties p and V
are significant only for ecquilibrium 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
aW = F-di = 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 | to position 2 with the volume
changing from V; to ¥, the amount of work ¥ done by the system will be

The magnitude of the work done is
given by the area under the path 1-2,
as shown in Fig. 3.5. Since p is at all
times a thermodynamic coordinate, all
the states passed through by the sys-
tem as the volume changes from V, to
¥V, must be equilibrium states, and the
path 1-2 must be guasi-static. The pis-
ton moves infinitely slowly so that i BB T

every state passed through is an equilibrium state. The integration I pdV can
be performed only on a quasi-static path.




Displacement work in different thermodynamic processes

Table 3.1 Thermodynamic processes

SI Process Governing Heatr Displacement
No. equations interaciion waork or non flow
work during state
change from ! to 2
w= | pdv
1
1. Isobanc p = constant W=p(V,—V,)
L%
process FI-—T,' q=cpx(T2_Tl)
index 7 =0
2. Isochoric " = constant W=0
7,
process T—'Z% g=c = (T,—T))
in:icx, :; = oo
3. Isothermal T = constant W=pP ¥V In 7?‘
process PV, = p.V, g=pF, <In [T""
index, 7 = 1
_— ,  pVi—pibs
4. Adiabatic p T = p VT qg=0 W= > —1
B_(wY
process T = V.
1 2




x Polytsopéc PV = pabT g= c.,( == ) =
PR T
Lo = (T, - T,
3 (27553 » A
process A i 7 x )
¢ e
L (e ]‘ 2
Lo\~
2 e y—n
C m_Cy 1—m q = ¥ =31
where C_ is = work
specific heat for
polytropic process,
-
6. Hypa‘bolic pl' = constant qg=c, (Tl"' T,) W= er In ,_’_
1
L=
process but not +RT, In| 3=
1
neccessanly
7 = constant
7- Free Unresisted g=0 W=0
cxpansion in cxpanswoon
admabatic
conditions

3.3 NON-FLOW WORK AND FLOW WORK
Work mteraction taking place in a system can be classified as flow work or non-flow work based on the

naturc of process.

Two basic types of processes are

(f) Flow process

{i1) Non flow process




Ideal and Real gases

— At temperatures that are considerably in excess of critical temperature of a fluid, and
also at very low pressure, the vapour of fluid tends to obey the equation

%:mnstant:R

In practice, no gas obeys this law rigidly, but many gases tend towards it.
An imaginary 1deal gas which obeys this law 1s called a perfect gas, and the equation

%.2 = R, 18 called the characteristic equation of a state of a perfect gas. The constant R ig called
the gas constant. Each perfect gas has a different gas constant.

Units of R are Nm/kg K or kJ/kg K.
Usually, the characteristic equation is written as
pv = RT .(4.11)
or for m kg, occupying V m®
pV= mRT w(4.12)

— The characteristic equation in another form, can be derived by using kilogram-mole as
a unit.



The kilagram-mole is defined as a quantity of a gas equivalent to M kg of the gas, where M
is the molecular weight of the gas (e.g., since the molecular weight of oxygen is 32, then 1 kg mole
of oxygen is equivalent to 32 kg of oxygen).

As per definition of the kilogram-mole, for m kg of a gas. we have

m =nM ...(4.13)
where n = number of moles.

Note. Since the standard of mass is the kg, kilogram-mole will be written simply as mole.

Substituting for m from eqn. (4.13) in eqn. (4.12) gives

pV = nMRT
pVv
or MR =

According to Avogadro’s hypothesis the volume of 1 mole of any gas is the same as the
volume of 1 mole of any other gas, when the gases are at the same temperature and pressure.

'l'berefore.%isﬂ:esameforallgasesatthesamevalueofpandT.Thatisthequantity %Vr s a
constant for all gases. This constant is called universal gas constant, and is given the symbol. K.

i.e., MR=R,= ﬁ;,r
or pV = nR T ...(4.14)
Since MR = R, then
R= % ...(4.15)

It has been found experimentally that the volume of 1 mole of any perfect gas at 1 bar and
0°C is approximately 22.71 m?3.
Therefore from eqn. (4.14),
V _ 1x10°x2271
Bo= T = —Txo315
= 8314.3 Nm/mole K

Using eqn. (4.15). the gas constant for any gas can be found when the molecular weight is
known

Example. For oxygen which has a molecular weight of 32, the gas constant

8314
= % = g =259.8lekgl(.




4.8.3. Joule's Law
Joule’s law states as follows :
“The internal energy of a perfect gas is a function of the absolute temperature only.™
i.e., u= A7
To evaluate this function let 1 kg of a perfect gas be heated at constant volume.
According to non-flow energy equation,
dQ = du + dW
dW = 0, since volume remains constant

1 d@ = du
At constant volume for a perfect gas, from egn. (4.17), for 1 kg
dQ = ¢ dT
o dQ = du = ¢ dT
and integrating u=c¢, T+ K, K being constant.

According to Joules law u = fiT). which means that internal energy varies linearly with
absolute temperature. Internal energy can be made zero at any arbitrary reference temperature.
For a perfect gas it can be assumed that ¥ = 0 when 7' = 0, hence constant K is zero.

i.e., Internal energy. u = ¢ T for a perfect gas ...(4.20)
or For mass m, of a perfect gas
Internal energy, U=me, T -..(4.21)

For a perfect gas, in any process between states 1 and 2, we have from Eqn. (4.21)
Gain in internal energy,
Us,-Uy=me (T,-T)) .--(4.22)

Eqn. (4.22) gives the gains of internal energy for a perfect gas between two states for any
process, reversible or irreversible.

4.8.4. Relationship Between Two Specific Heats
Consider a perfect gas being heated at constant pressure from 7T, to T,
According to non-flow equation,
R=WU,—- U+ W
Also for a perfect gas.
U, —U; = me_ (T, —T,)
Q@Q=mc (T, —-T,)+ W



In a constant pressure process, the work done by the fluid,
W=plV,-V)

..' pr‘ =mRTl
=mR(T,-T) Vo =mRT,

Py = p; = p in this case

On substituting

Q=me, (T,-T)+mR(T,-T)=mle, +R)(T,-T)

But for a constant pressure process,
Q=me, (T,-T))
By equating the two expressions, we have
mic, + RXTy— T)) = me (T, - T))
Q+R=%

or 6, —¢, =R

Dividing both sides by ¢ , we get
¢ R

e ] 2
6 i
B
s €= Y-l
(where = ¢ Jc)

Similarly, dividing both sides by ¢,, we get
B

G=¥=1

R

...(4.23)

1423 (a)]

-14.23 (b))

YR

In M.KS.units: ¢, -¢, = g—;c‘,

In SI units the value of J is unity.

= yOu'=
Joy-0"F (y-1d



Dalton’s law of partial pressures states that the “total pressure of a mixture of gases 1s equal to the sum
of partial pressures of constituent gases.” Partial pressure of each constituent can be defined as the

pressure exerted by the gas if it alone occupied the volume at the same temperature.
Thus, for any mixture of gases having ‘j” gases in it, the mathematical statement of Dalton’s law says,

P=p\tPTpPyt ... tp
if V=Vi=h=V=..= Ly

and r=r=rL=%=,..1
Dalton’s law can be applied to both mixture of real gases and ideal gases.
m, | |M:P; m,p m | |maus m,V
@lyr|*|vr| 2 rr G P58l I Bl P

constituent gases  Mixture
Fig. 1.11 (a) Dalton’s law of partial pressures, (b) Amagat’s law

Let us take mixture of any three, perfect gases, say, 1, 2, 3 in a container having volume 'V’ and
temperature 7.

Equation of state for these gases shall be,
pV=mRT . p,V=m, R, -T,pV=m;-R,-T
The partial pressures of three gases shall be,

MIR’T. "’2 'Rz 'T m3 T R3 ’7.
P = V > p2 = | > P3 = V

From Dalton’s law;
r
P=py+pytpy = (mR +mBRy +myRy) - 7
or, it can be given in general form as,
p¥ =T ﬁiml R,
=

where 7 refers to constituent gases



Amagat’s law of additive volumes states that volume of a gas mixture 1s equal to the sum o
volumes each gas would occupy at the mixture pressure and temperature.

V=Vt Vo s + ¥
P=P\=Pr=P3 e P;
| S e Rl e T,

Mass balance upon mixture yields m =m_ +m, + m,

J
or m= Zmi
=l

From above the gas constant for the mixture can be given as;
my Ry +my Ry +my Ry
(my +my + )

gmt R

N = S—
= ﬁmf
=l

or, in general form,

Mole fraction x, of a constituent gas can be defined as the ratio of number of moles of tha
constituent to the total number of moles of all constituents.
Thus mole fractions of three gases, if number of moles of three gases are n,, n, and n;

ny
e &
L om+n,+ng
n;
x =

2 mp+n,+ng
s
3 m+n+ng



",'
or, in general  x, = E‘

n

Total no. of moles,

J
n=nt Rt onn= o,
3 i=]

Sum of mole fractions of all constituent equals to 1,

Z”l
X = —— =
PR = I

Number of moles of any constituent gas,
no=n-x,

For M, being the molecular weight of a constituent gas, the mass m. of that constituent shall be
m=n-M

or, m=n-xM

and the total mass m, shall be

m=3m =n Ly M
Molecular weight of mixture shall be:

M=%"=Zx,-M,



1.16 REAL GAS

When a gas 1s found to disobey the perfect gas law, 1.e. the equation of state for ideal gas, then it is called
‘real gas’. Real gas behaviour can also be shown by a perfect gas at the changed thermodynamic states
such as high pressure etc.

Deviation of real gas from 1deal gas necessitates the suitable equation of state which can be used
for interrelating the thermodynamic properties P, V, and 7.

From the kinetic theory of gases it is obvious that the ideal gas equation of state suits the gas
behaviour when intermolecular attraction and volume occupied by the molecules themselves is negligibly
small in reference to gas volume. At high pressures intermolecular forces and volume of molecules both
increase and so the gas behaviour deviates from ideal gas to real gas.

A number of mathematical equations of state suggested by Van der-Waals, Berthelot, Dieterici,
Redlich-Kwong, Beattie-Bridgeman and Martin-Hou etc. are available for analysing the real gas behaviour.

Dalton’s law and Amagat’s law can also be used for real gases with reasonable accuracy m
conjunction with modified equations of state.

As the 1deal gas equation does not conform to the real gas behaviour in certain ranges of pressures
and temperatures, so the perfect gas equation should be modified using compressibility factor for the
gas at given pressure and temperature.

Such modified form of equations shall be;

Py =Z-R-T
Here Z 1s the compressibility factor, a function of pressure and temperature.
Thus, compressibility factor is like a correction factor introduced in ideal equation of state for

suiting the real gas behaviour. Compressibility factor is an indication of deviation of a gas from ideal gas
behaviour and can be mathematically given as;



Z=fET

"'
or P,
Videal
RT . 5 2 :
Here, v, = - e Z =1 for 1deal gases while Z can be greater than or less than unity.

Individual graphical representations are available for getting the compressibility factor as shown
in Fig 1.12. Compressibility factor charts are available for different substances. Compressibility factors
for various substances can also be shown on a generalized compressibility chart using reduced properties.
Reduced properties are non-dimensional properties given as ratio of existing property to critical property
of substance. Such as reduced pressure is ratio of pressure of gas to critical pressure of gas. Similarly,
reduced temperature can be given by ratio of temperature of gas to critical temperature of gas.

Reduced pressure, Pr =

Reduced temperature, 7, =

SN P s

1.17 VANDER’ WAALS AND OTHER EQUATIONS OF STATE FOR REAL GAS

Vander® Waals suggested the equation of state for real gas in 1873. The equation has been obtained
applying the laws of mechanics at molecular level and introducing certain constants in the equation of
state for ideal gas. This equation agrees with real gas behaviour in large range of gas pressures and
temperatures.

Vander®™ Waals equation of state for real gas is as follows,

(p+:_f—2](\_r—b)=k7‘

a
where “a’ is the constant to take care of the mutual attraction amongst the molecules and thus (;'.2 )
accounts for cohesion forces.

Table 1.6 Vander® Waals constant

Gas Constant a, N.m*/(kg. mol)° Constant b, m’/kg.mol
Helium 341762 = 107 228 < 1072
Hydrogen 251.05 = 107 262 x 102
Oxygen 13925 = 102 3.14 = 102
Aar 135522 = 10° 362 = 102
Carbon dioxide 362850 = 107 3.14 = 102




Constant *b' accounts for the volumes of molecules which are neglected m perfect gas equation, thus o
denotes “co-volume”, Mathematically,

MRT |
a-T. b-(k?}). (8}1‘.)

Here, p_, T_are enitical point pressures and temperatures havang values as given in appendu.
Thus these constants ‘o’ & °b" are determined from belaviour of substance at the cnitical pomt.

n geneeal 1t 18 not possible 1o have a single equation of state which conforms to the real gas
behaviour & all pressures and temperatures.



Zeroth ‘Law of thermodynamics

Zeroth law of thermodynamics states that if the bodies A and B are in thermal
equilibrium with a third body C separately then the two bodies A and B shall also be in
thermal equilibrium with each other. This is the principle of temperature

measurement. Block diagram shown in Fig. 2.1a and 2.1b show the zeroth law of
thermodynamics and its application for temperature measurement.

Thermal
Body A equilibrium by Zeroth law Body B
Thermal Thermal
equilibrium equilibrium
Body C

Fig. Zeroth law of thermodynamics

Body whosg Reference body
temperature is and states
to be measured
Thermal Thermal
equilibrium equilibrium
(for temperature (for caliberation)
measurement) Thermometers

Fig. Application of Zeroth law of thermodynamics



Temperature:- Temperature is a property of a system, which tells the hotness and
coldness of a system.

Temperatures scales
There are different types of scales of temperature
(1). Celsius scale or centigrade scale (2C)

Anders Celsius gave this Celsius or Centigrade scale using ice point of 0°C as the lower
fixed point and steam point of 1002C as upper fixed point for developing the scale. It is
denoted by letter C.

(2). Fahrenheit Scale (F)

Fahrenheit gave another temperature scale known as Fahrenheit scale and has the
lower fixed point as 32 F and the upper fixed point as 212 F. The interval between these
two is equally divided into 180 part. It is denoted by letter F. Each part represents 1 F.

(3). Rankine scale (R)

Rankine scale was developed by William John MacQuorn Rankine, a Scottish engineer.

It is denoted by letter R. It is related to Fahrenheit scale as given below.
TR = TF + 459.67
(4). Kelvin scale (K)

Kelvin scale proposed by Lord Kelvin is very commonly used in thermodynamic
analysis. It also defines the absolute zero temperature. Zero degree Kelvin or absolute
zero temperature is taken as —273.159C. It is denoted by letter K.



Different temperature scales

n
K+~ 6T o °R B oF

o o) - N
L) o B e s

~ - Steam point
e 8 N
(2] pomy - 4

o - .

K = 2 & — Triple point
2 3 5 o
2’ P 5 S Ice point
N 0 o ¥ 2 [~

c 4 . S % ©

£ ) b (4] X o - O)‘

2 o 2 g % o -tCu Ty}

21 (s e R x[d|o e |Y

— Absolute zero

Fig. 2.2 Different temperature scales
Detailed discussion on Kelvin scale has been done i chapter 4 along with absolute thermodynamic
temperature scale. Mathematically. it 1s related to the different temperature scales as follows,

To _Tp-32 _Tg-27315 _ T —49167

100 180 100 180
e Ty

100 180



Temperature measurement
Thermometers are generally used to measure the temperature of a
system. Different types of thermometers are given below:
(1). Liguid Thermometer
(2). Gas Thermometers
(i) . Constant volume gas thermometer
(ii). Constant pressure gas thermometer

(3). Electrical resistance thermometer

(4). Thermoelectric Thermometer



Application of first law of
thermodynamic to different processes

(a). Constant volume processes or isochoric process
(b). Constant pressure process or isobaric process
(c). Isothermal process

(d). Adiabatic process
(e). Polytrophic process



First law of thermodynamics for
closed system

First law of thermodynamic for close
system can be classified in to two
parts

(1). Closed system following a
process

(2). Closed system following a cycle



First law for a cyclic process

B

or the mechamical eguivalernt of hca?. In the simple example given here, thore are
omly two energy transfer quantities as the systemn performs a thermodymamsc
cycle. If the cycle involves many more beat and work gaantaties, the same resalt
will be found. Expressed algebraically.

(EW) g = T EO ) e 2.1
where J is the Joule™s equivalent. This is also expressced in the form

$aw - s faQ

wihere the symbol § denotes the cyclic imcgral for the closed path. This is the firsy
law for a closed sysrem undergoing a cycle. It is accepaed as a geweral law of
marere, since no violstion of it has ever boen demoastrated.

In the S_I. systemn of units, both heat and work are measured in the derived
umit of energy, the Joule. The constant of propoctiomality, J, is therofore umity
= I Ny

The first law of thermodynamucs owes much to J.P. Joule who, dunng the
period 1840--1849, carried out a scrics of experimments o investigate the
eqguivalence of work and heat. In one of these experniments, Joule used an
apparatas similar o the ome shown m Fig. 4.1, Work was transferred to the

mMig- 4.1 Asssdanic oork

=
¢ Wy o - -

———
Fig. 4.2 Cycle completed by o mysteve soabh 05 emergy imtevactions.
adisbanic soerk trensfer W, . fallswed by Roat trensfer @, ,



measured mass of water by means of a paddie wheel driven by the falling weighs.
The rise in the temperature of water was recorded. Joule also used mercary as the
fluid system, and laser & solid systermn of metal blocks which absorbed work by
friction when rubbed against cach other. Other experiments involved the
supplying of work in an electric curremt. In every case, he found the same ratio (J)
between the amount of work and the gquamtity of beat that would produce sdentical
cffects in the system.

Prior 1o Joule, heat was considered to be an invisible fluid flowing from a body
of higher calomic to a body of lower caloric, and this was kmown &s the caforic
theary af heat. It was Joule who first established that heat is a form of energy,
and thus laid the foundation of the first law of thermodynamacs.

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

The expression (EW),, . = (EQ), . spplics only to systems undergoing cycles,
and the algebraic summation of all encrgy transfer across system boundaries is
zero. But if a system undergoes a change of stase during which both heat transfer
and work transfer are involved, the mer energy transfer will be stored or
accumulated within the system. IfQ = the amount of heat trans ferred to the system
and W is the amoumt of work transferred from the systemn during the process
(Fig. 4.3), the net encrgy transfer (Q — W) will be ssored im the system. Encrgy in
storage is neither heat nor work, and is given the name incernal emergy or simply,
the energy of the system.

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

Here O, W, and AFE are all expressed in the samne unsts (in joules). Encrgy may be
stored by a system in dafferent modes, as explained in Article 4.4,

If there are moge energy transfer quantities mvolved in the process, as shown
in Fig. 4.4, the first Iaw gives

(O + O, — QU= AE+ (W, W, - W, - W,

=8 o
;"’\-_-_“\-l
&> - e
, N N
a w' - Y/‘
Surrcundings w5
Surmroundings
Fig- 43 Heat exd werk intevactises of e Fig. 4.4 Sputemvaurrsusdings isteractivn én
syt itk 23 smryonndingr in a & process ivcolsing mesy energy

process Sexes



Encrgy is thus comscrved in the opematiom. The first Iaw is a particualar
formmulation of the principic of the comscrvation of encrgy. Equation (4.2) may
absolute valuc of cacrgy £, bat caly the change of cncrgy AFE for the process. In
can, however, be shown that the cocrgy bas 8 definite value af cvery statc of a
systeon and is, therefore, a property of the sysicm

43 Energy—A FProperty of the System

Coosider 2 system which changes ics state from ssatc 1 o state 2 by following the
path 4, and returns from state 2 10 staie 1| by following the path B (Fig. 4.5). So
the system undergoces a cycle. Writing che first law for pach 4

and for path &
On ™ AE, = W, (4.4)
The processes 4 and 8 together constitate a2 cycle, for whach
(EW)Y e ™ (EO e
bl Wo+ Wy =Q4+Cn
or Qo — W, = WO (4+.5)
From eguations (4 _3) {(4.4) and (4.5), 2t yeclds

Similariy, bad the system returmed from state 2 to state 1 by following the path
C imstead of path 8

AFE, = - AF 4.7
From eguations (4.6) and (4.7}
AE,, — AE, (4.8)

Therefore, it 1= scen thar the change in energy boetween two stases of a systemn is
the same, whatever path the system may follow in undergoing that change of
state. If sorme arbitrary valuc of ceocrgy is assigned vo state 2, the valuce of encrggy
at state | s fOGxed independoent of the path the sysiem follows, Thercfoce, enorgy
has a definite value for every state of the system. Hence, it 15 a poiml fiomclion and
@ property of the systfem.

T c

-

e '

Fig. 4.5 Esengy—a property of & systesn



The cncrgy £ is an extensive property. The spectfic energy. ¢ = Elm (JVkg). is
an istensive property.

The cyclic imtegral of any property is zero, because the final state is idemtical
with the initial state. §dE = 0, §d¥ = 0, cic. So for a cycle, the equation (4.2)

rediaces to cquation (4.1).
4.4 Different Forms of Stored Energy

The symbaol £ refers to the total encrgy stored in a system. Basically there arc two
modes in which encrgy may be stored in & systemn:

{a) Macroscopac energy mode

(b) Maicrascopec energy mode

The macroscopic eocrgy mode includes the macroscopic kinetic cncrgy and
potential encrgy of & system. Let us consider a Mluid clement of mass »~ baving

the centre of mass velocity ¥ (Fig. 4.6). The macroscopic kinetic energy £, of
the fluid clement by virtue of s motion s given by

P o

If the clevation of the flusd clemsent from an arbatrary datam s =, then the

macroscopic potential energy £ by virtue of its position is given by
E, = mg=

atommic structure of the system, whach is called the moldocwiar internal energy or
simply imtermal energy, customarily denoted by the symbol U, Matter is
compoased of molecules. Molecules are in random thermal motion ( for a gas) with
an avernage velocity T, coastantly colliding with one another and with the walls
(Fig. 4.6). Duc to a collision, the modccules may be subjected 10 rotation as well




as vibration. They can have transiational kinetic encrgy, rowational kimetic en-
ergy, vibeational encrgy, electromic encrgy, chemical energy and pucicar encrgy
(Fig. 4.7). If £ represents the energy of one molecule, then

E= Eyum ¥ G ¥ Ep * Eppeen * Ecbocrvaie ¥ Enucton (4.9)
If N is the total number of molecules in the system, then the total intermal

Em g 1w &-—@Q
‘\x h
@ i E} @,

Transiational KE
o /"_
® = @ ,,\}%f_m...
- | <) ' and Rotaton
\\ A/ L A )
® e
Nudiear binding onergy Becton energy

Fig. 4.7 Varisw components of intensd energy steved in & malecwle

In an ideal gas there are no intermolecular forces of attraction and repulsion,
and the internal energy depends only on temperatuge. Thus
U = f(T) only (4.11)
for an ideal gas

Other forms of encrgy whach can also be posscssed by & Sysiem arc magnetic
energy, electrical energy and surface (tension) emergy. In the absence of these

forms, the total energy £ of a system is given by

E-E‘ '.'8'0 (43 (‘.'2)
———— —

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

s‘no.s'ao

E=U
and equation (4.2) boecomes

Q=AU+ W (4.13)



U is an exiensive property of the system. The specific internal energy w is equal to

Ulime and s unit is J'kg.
In the differential forms, equations (4.2) and (4.13) become
dQ=dE+ aw (4.14)
daQ=aqU+eWw (4.15)
where AW =W,y + QW 4+ CW et * -

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

0 = dE + pdV (4.16)
dQ =duU +pdV (4.17)
or, in the integral form
Q= AE + [pav (4.18)
Q=AU+ [pav (4.19)

4.5 Specific Heat at Constant Volume

The specific heat of a substance &t constant volume ¢y is defined as the rate of
change of specific internal energy with respect Lo temperature when the volume is
held constant, ie.

() w2
For a constant-volume process

7-
(Au), = fc,-ar (4.21)
n

The first law may be written for a closed stationary system composed of a unit
mass of a pare substance

Q~Au+ W
or A =du+adw
For a process in the absence of work other than pd ¥ work
awW=pdav
e Q ~ du + pdv (422)
When the volume is held comstamt
(D), =~ (Aw),

5
(O, - f c ar (4.23)
5



Heat tramsferred at constant volume increases the intermal energy of the system.
If the specific heat of a substance is defined in terms of heat transfer, then

«=(5%),

Since Q is not a property, this definition does not imply that ¢, s a property of
a substance. Thercfare, this is pot the appropriate method of defining the specific
beat, although (dQ), = du.

Since w, T, and v are propertics, ¢, is 8 propemy of the system. The product
mc, = C, is called the Aeat capacity ar constant valwme (1K),

4.6 Enthalpy

The enthalpy of a sshstance, A, is defined as
ko= u+po (4.24)

It as an intensive property of a system (kJ/’kg).
Internal energy change is equal 10 the beat transferred in a coastant volume
process involving no work other than pdF” work., From equation (4.22), i is
m&wwnmwmmww«namm
process involving no work other than pd ) work. In such s process in a closed

stationary system of unil mass of a pure substance

a0 = du + pdv
Al constant pressure
pde = dipv)
~ A (GQ),-dH‘D-M)
or (@), = diu + pv)
or (4 Q), = dh (4.25)

where h = u + pv is the specific enthalpy, a property of the system.
Heat transferred at constant pressure (ncreases the enthalpy of 8 system.
For an sdeal gas, the enthalpy becomes
hk=u+RT (4.26)
Since the internal energy of an ideal gas depends only an the temperature
(Eq. 4.11), the enthalpy of an idead gas also depends on the semperature only, i.c.

& = f(7)only 4.27)
Total enthalpy M = mk
Also H=U<+pV
and & = Him (Jkg)

4.7 Specific Heat at Constant Pressure

The specific beat al constant pressure ¢, is defined as the rate of change of
enthalpy with respect to temperature when the pressare is held constant



- (g_';). (4.28)

Since &, T and p are properties, so ¢, is a property of the system. Like ¢, ¢
Mmbcdcﬁmdhmotbmmdmm.w
(dQ), = dh.

For a constant pressane proocss

(Ak), = ?c, -ar (4.29)
5

The first law for a closed stationary system of unit mass

aQ ~ du + pdo
Agamn h=u+pv
LB dk = du + pd¥V + »dp

- de + vdp

X dQ = db —vdp (4.30)
2 (¢Q), ~ah
or (Q), = (aR),
. From eguations (4.19) and (4.20)

T
o), -~ !c, ar
T

€, is a propesty of the system, just like c. The hear capacity ar constant pressure
G, is equal to mc, (VK).
4.8 Energy of an Isolated System
An isolated system s ome in which there s no interaction of the system with the
surroundings. For an isolated system, 4O =0, 4 W = 0.

The first law gives

dE -« 0

or £ = constant
The energy of an isolated system is afways constant.

4.9 PFPerpetual Motion Machine of the First Kind-PMM]1

The first law states the general principle of the conservation of encrgy. Energy iy
reither created mor destroyed., bur only gets ransformed from owne form 1o
work without somne other form of energy disappearing simultancously (Fig. 4.8).
Such a ficririows mockine i3 called & perpetual motion mackine of the first kind,
or in brief, PMM 1. 4 PMAS] is thus impossible.



Example 42 When a system is taken from state a to state b, in Fig, Ex, 4.2,
along path ach, 84 kJ of beat flow into the system, and the system does 32 kJ of
work. (2) How much will the beat that flows into the system zlong pathadb be, if
the work dome is 10,5 kJ? (b) When the system is retarned from b to @ aloag the
curved path, the work done om the system is 21 kJ. Does the systcm absord or
liberate heat, and how much of the heat is sbsorbed or liberated? (¢) 1f U, ~ 0 and
Uy = 42 k3, find the heat sbhsorbed in the processes ad and db.

m
l

Fig. Ex. 4.2

Solurion
Ca~84kd
Wi =32 kJ
We bave
Qua=W-U+ W,
Uy U, =84 -32=52k Ans,
(a) Cun =L -U, ¢+ Wy
=52+105
=625k Ans.
(®) Q.U -U,+ W,
- 52 ~ 21

=73 k) Ans.
The syssem liberates 73 kJ of heat.

© Wogy = Wt Wa = Way= 10.5 k)
- Qu=Us-U,+ W,
42 -0+ 105=525K)
Now Oy =625k~ 0+ 04
- Ou = 62.5-52.5= 10K Ans.

Example 43 A piston and cylinder machine contains a flusd system which

passes through a complete cycle of four processes, Duning & eycle, the sum of all
heat transfers is - 170 kJ. The system compleses 100 cycles per min. Complete the



following table showing the method for cach item, and compute the net rate of
work output in kK'W.

Process Q kiimin) W ktimin) AE (Kifmin)
~—h ) 2,170 —
b-c 21,000 v] -

c-d -2 100 f— ~36,600
d-a - — —_

Solunion Process a-b:
Q=-AE~ W
0=AE+ 2170
e AE = ~2170 kl/man

OC=AE+ W
21,000~ AE+ O
% AE = 21,000 k¥Nmin

O=AE+ W
- 2100 = — 36,600 + W
~ 8 W = 34 500 kNVmin

3O =-170kJ
cycte

The system compiletes 100 cycles/min.

" Qo+ O+ O+ OfF =~ 17,000 kl/min
0+ 21,000 ~ 2,100 + O, ~ ~ 17,000

= i = — 35,900 kK)/min

Now § dE = 0, since cyclic integral of any property is zero.
NS AEH* AE.,_‘ -> AEH - AE‘_‘ -0
—2,I70 + 21,000 - 36,600 + AL, =0
AE, = 17,770 kWmin
- Weo=Qs.—AE,,
= - 35900 - 17,770
- — 53670 k1'min

The table becomes
Procexs QO (&J/man) B (ki mnin) ALE (k)/min)
a-b o 2,170 - 2,170
b-< 21,000 o 21,000



. — —— g —————— —_— - —

" -— 2 100 24 500 — S G000
d-a - 335,900 — S3.670 17,770
Sincec
Rae of work owtpat S>So= 3> W
<ycic cypcie
o T OO0 3 imnan
—_—— 2RI 3 KW A

Example 4.4 The imtoermal cncrgy of a ocoriain substance is given by the
- s -

= = 3 56 po + B4
where w is given in klkg, o is in kPa, and © is in m/ksg.

A systemm composced of 3 kg of this substance oxpands from an imitial pressure
of S00 kPa and a volume of 0.22 m” 10 & final pressure 100 kPa in & process in
which pressure and volume arc reiated by o' = = comstant.

(=) If the expamnsion is guass-static, fimd O, A L7, and W for the process.

) In anothcr process the same systom cxpands accordimg to the same

pressarce-wolusne relationship &s in part {a), and froon the same imitial stasc
1o the same final state as in part (a), ban the heas transfor in this casc is 30
kJ. Fand the work tramssfor for thus process.

(c) Explain the dafTerence im work tramsfeor in pares (a) sand (b))

Sofuriorn
(=) M = 3.56 po + BS
B =y ~ wy = 3.56 g 3 — 7y Vy)
=~ AU = 3 S6 ey V3 — o, V)
Now PP e PR

- —_— K(—:‘T)vuz . 0‘22(%)3.:2

- D22 % 3 B3 = O0.B4S o=
- AL = 356 (1 = 0.8B45 — S = 0.22) &3

- 356 % D255 =~ 91 kI Ans. (a)
For a gquasi-static procoess
- v — b
W= [ pay = o
- 13 < 0.845.— 51.; 0223100 127.5 %3

S O~ AU+ W
-_——0L 4+ 127 S =365 kJ Ans. {(a)



(b)Here O =30 KJ
Since the end states are the same, AU would remain the same as in (a).
- W=0 AU
- 30 - (-91)
“ 121k Ansz. (b)

(c)'l‘hewotkia(‘b)isnotemnllolpdl’ since the process is not quas:-static.



