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Introduction and Review of fundamental concepts: Thermodynamic definition and scope,
Microscopic and Macroscopic approaches. Characteristics of system boundary and control surface,
examples. Thermodynamic properties; definition and units, intensive, extensive properties, specific
properties, pressure, specific volume, Thermodynamic state, state point, state diagram, path and process,
quasi-static process, cyclic and non-cyclic; processes; Thermodynamic equilibrium; definition,
mechanical equilibrium; diathermic wall, thermal equilibrium, chemical equilibrium (The topics are Only
for Self-study and not to be asked in SEE. However, may be asked for CIE)

Zeroth law of thermodynamics, Temperature; concepts, scales, international fixed points and
measurement of temperature. Constant volume gas thermometer, constant pressure gas thermometer,
mercury in glass thermometer, thermocouples, electrical resistance thermometer. Numerical.

Work and Heat: Mechanics, definition of work and its limitations. Thermodynamic definition of work;
examples, sign convention. Displacement work; as a part of a system boundary, as a whole of a system
boundary, expressions for displacement work in various processes through p-v diagrams. Shaft work;
Electrical work. Other types of work. Heat; definition, units and sign convention. Problems

Department of Mechanical Engineering
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MODULE 2

First Law of Thermodynamics: Joules experiments, equivalence of heat and work.
Statement of the First law of thermodynamics, extension of the First law to non - cyclic
processes, energy, energy as a property, modes of energy, Problems.

Extension of the First law to control volume; steady flow energy equation (SFEE),
Problems

Department of Mechanical Engineering



MODULE 3

Second Law of Thermodynamics: Limitations of first law of
thermodynamics, Thermal reservoir, heat engine and heat pump: Schematic
representation, efficiency and COP. Reversed heat engine. Kelvin - Planck
statement of the Second law of Thermodynamics; PMM | and PMM I,
Clausius statement of Second law of Thermodynamics, Equivalence of the
two statements; Carnot cycle, Carnot principles. Problems

Entropy: Clausius inequality, Statement- proof, Entropy- definition, a
property, change of entropy, entropy as a quantitative test for irreversibility,
principle of increase in entropy, entropy as a coordinate. Problems

Department of Mechanical Engineering



MODULE 4

Availability, Irreversibility and General Thermodynamic relations. Introduction,
Availability (Exergy), Unavailable energy, Relation between increase in unavailable
energy and increase in entropy. Maximum work, maximum useful work for a system
and control volume, irreversibility. Problems

Pure Substances: P-T and P-V diagrams, triple point and critical points. Sub-cooled
liquid, saturated liquid, mixture of saturated liquid and vapor, saturated vapor and
superheated vapor states of pure substance with water as example. Enthalpy of change
of phase (Latent heat). Dryness fraction (quality), T-S and H-S diagrams,
representation of various processes on these diagrams. Steam tables and its use.
Throttling calorimeter, separating and throttling calorimeter. Problems

Department of Mechanical Engineering



MODULE 5

Ideal gases: Ideal gas mixtures, Daltons law of partial pressures, Amagat’s law of
additive volumes, evaluation of properties of perfect and ideal gases, Air- Water
mixtures and related properties (Processes are not to be asked for SEE).

Real gases — Introduction, VVan-der Waal's Equation of state, Van-der Waal's constants iIn
terms of critical properties, Beattie-Bridgeman equation, Law of corresponding states,
compressibility factor; compressibility chart. Difference between Ideal and real gases.

Thermodynamic relations: Maxwell’s equations, TdS equation. Ratio of Heat
capacities and Energy equation, Joule-Kelvin effect, Clausius-Clapeyron equation.
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MODULE 1
FUNDAMENTAL CONCEPTS & DEFINITIONS

What is Thermodynamics?

Thermodynamics is the branch of physics that deals with the relationships between
heat and other forms of energy. In particular, it describes how thermal energy is
converted to and from other forms of energy and how it affects matter.

Thermod RCS

Therme Dynamics
(Heat) (Strenszth)

Department of Mechanical Engineering
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System, System boundary & Surroundings:

SYSTEM:

A Thermodynamics System is a prescribed region in space or a finite quantity of matter
considered for the study.

SPACE /,-—~\\
/ \

\
\

/

{ Region considered
\ for Study

\

Department of Mechanical Engineering
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SYSTEM BOUNDARY :

» Itis an real (that surrounds the matter considered for the study) or imaginary surface (that surrounds the
region considered for the study) which surrounds the system.

» The System Boundary may be Fixed (Rigid Walls of cylinder) or Movable (Piston head reciprocating motion)

F Real Boundary
\
MOVABLE !
Piston «__~—BOUNDARY !
9 e 80 ee® ol FIXED : :
.o... © .' .‘.: ..’ ‘ / BOUNDARY : > : >
...oo...o.o.." ' :
o.oo.o o o: P llA : ) ‘{{
*eo *, SYStem PR AAA /
o .:.. : .... ..... [ ] :
Imaginary Boundary
Piston Cylinder Arrangement Compressor / Turbine

Department of Mechanical Engineering
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The region or matter outside the system is called as surroundings or Environment.

SURROUNDING
4=BOUNDARY Piston
Surroundings

SURROUNDING

Surroundings

/

7 Boundary

Surroundings

Surroundings

Universe = System + Surroundings

Department of Mechanical Engineering
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Types of Systems:

OPEN SYSTEM CLOSED SYSTEM ISOLATED SYSTEM

ENERGY TRANSFER YES NO

MASS TRANSFER YES NO NO

Pumps , Compressors , Sealed Tank ,Piston Universe , Hot coffee in a
EXAMPLES turbine , Valves and Heat | cylinder devices without | well insulated flask
Exchanger etc. valves etc. Thermo flask

surrounding surrounding surrounding
ST energy //’\ energy 7N\
t | system
|\ Sysiem )matter system ]
! A7 A / }
\\\__,/ \\v/
OPEN CLOSED ISOLATED

Department of Mechanical Engineering
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Control volume & Control surface:

CONTROL VOLUME:

» Control volume in thermodynamics is basically defined as one fixed area in space upon which the study will be focused
» A mass or matter will enter in to the system and will leave the system continuously. Example Turbine , Compressor etc.
» Control volume system will interact with its surrounding in terms of heat energy and work energy.

» Hence Open System is also termed as Control volume System ( Mass transfer )

CONTROL SURFACE:

» The real or imaginary surface that is fixed in shape, position and orientation Surrounding the Control Volume is called as Control
Surface
» Boundary of OPEN SYSTEM is usually called as Control surface

Surroundings Imaginary Real boundary
— _— boundary —
' R Mass Flow ——»
Piston T |™ ‘_/7 Boundary : CDHTID]. vﬂ].m-ﬂﬂ
. ViRl e 7 | CV ﬂ
S ‘| A : (a nozzle) : f-‘ﬁl |
Surroundings > e SySTEm st ' — _.
RSO SIS Surroundings :, Wﬂl'k I:W:l U i e
Surroundings A control volume with real and Enﬂlg?‘ F]ﬂw HEHT- I:Q:I

imaginary boundaries

Department of Mechanical Engineering
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Microscopic & Macroscopic Approach

Microscopic Approach :

» This approach considers that matter is composed of molecules.

» Each of these molecules have definite velocity & energy at a given instant.

» Thus Microscopic viewpoint focus on molecules , atoms of even an electron and nucleus individually.

In Microscopic approach:

*Molecular theory of matter is assumed.
*Many parameters are required to specify the state of a system.
For every molecule,3-position Coordinates & 3-velocity Coordinates are required.

*For 1 mole of a gas,(6*6.023*10723) coordinates are required.
*They can’t be easily measured. ﬁ —9 ‘/.

*They can’t be felt by sense perceptions.

- S L [N
/;\ /b
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Mlicroscopic World ‘/ \f

P o - L \
i M
Position l_ -
Velocity 4*———4.

Department of Mechanical Engineering
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Macroscopic Approach:
It considers the effect of the action of many molecules instead of single molecules.

In Macroscopic approach:
*No assumptions are to be made regarding the structure of matter.
*\ery few parameters are required to specify the STATE of a system like Pressure & Volume, Volume & Temp, Temperature &

Pressure.
*They can be easily measured.
*They can be felt by sense perceptions.

Macroscopic World

e P, V, T, n
Pressure .
# moles

Volume Temperature

Department of Mechanical Engineering
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mMarcoscopic quantities = pressure, temperature

T, P

3%2

} N

microscoplc quantities = kinetic motion
of atoms

= velocity, momenium

Department of Mechanical Engineering
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Difference between Microscopic and Macroscopic Approach

m Microscopic Approach Macroscopic Approach

This approach considers that the system is In this approach, the behaviour of individual

made up of avery large numbers of the discrete
particles known as molecules. These molecules
have different velocities and energies.

The behaviour of system is found by using

statistical method as the number of molecules is
very large.

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

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

Department of Mechanical Engineering

molecules is not considered but studies the

properties of particular mass of the
substances.

The analysis of macroscopic system requires
simple mathematical formulae.

The properties like temperature and

pressure are required to describe the system
can be easily measured.

Only few properties are needed to describe
such a system.

o y ISO
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i
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Phase: A quantity of matter which is homogeneous in chemical composition and in physical structure.

Gas
Liquid
State : Condition of system defined by certain set of properties is called State of a system. H
m=2ke
.. i m = 2 kg T,=25°C
Property: Any characteristic of a system is called Property. T, =25°C V,=3m
. . .. Vi=1m®
Example:Pressure,Volume, Temperature Viscosity, Thermal Conductivity etc.

STATE 1 STATE 2

Property is Classified into 3 types:

1) Intensive Property: Any thermodynamic property of a system that is INdependent of the system mass. Ex. Pressure
Temperature , Density etc (p = m/V both mass and volume are extensive property) .

i) Extensive Property: Any thermodynamic property of a system that is dependent on the system mass. Ex. Mass, Volume,
Kinetic energy and Potential Energy etc.

1) Specific Property : Any thermodynamic property obtained by dividing Extensive Property by unit mass is called
specific property. Ex. Specific Volume, Specific enthalpy, Specific energy etc.

Department of Mechanical Engineering
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Path: A thermodynamic process path is the series of states through which a system passes from an initial equilibrium state to

a final equilibrium state

v
H | | i
) ) &
°
~ 4

@ ] .

° ° P

. ® el a Final State
® ¢ 0
e ® * o

1 Initial State

s

States

X

2 Final State

) Initial State

Path

Final State
2

X

Process: Thermodynamic process is a passage of a thermodynamic system from an initial to a final state of thermodynamic

equilibrium OR the path through which the system reaches the final state from its initial state.

v Constant Pressure or Isobaric Process

v Constant Volume or Isochoric Process

v" Constant temperature or Isothermal Process

v Adiabatic Process or isentropic process, Q = 0
v" Polytropic process or general process

Department of Mechanical Engineering

State

Quasi-Static
Process Path

State 2

Volume

I_

NOTE : Process Path is a
CONTINUOUS line only if it is
having Quasi-Static Process.

Non-Quasi-Static Process is
denoted by a DASHED line.

.\ Non-Quasi-Static
“ Process Path

\
\
\
\
N
~

‘\_'

State 1

Volume

State 2

Process 1 B
A
Initial Final X
State State
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Reversible & Irreversible Process

REVERSIBLE PROCESS IRREVERSIBLE PROCESS

A Reversible process is a process that can be As irreversible process is a thermodynamic process
reversed in order to obtain the initial state of a that cannot be reversed in order to obtain the initial
system without leaving any traces either in system state of a system

or surrounding

Can be reversed Cannot be Reversed

Infinite (very small) changes occurs in the system  Finite changes occur in the system

There is an equilibrium between the initial state There is no equilibrium in the system
and the final state of the system

N
v
Initial State
Initial State
\ Irreversible
\ Process
Final State - -
~,, Final State
>

Department of Mechanical Engineering
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Thermodynamic cycle:

A thermodynamic cycle consists of a linked sequence of thermodynamic processes that involve transfer of heat

and work into and out of the system, while varying pressure, temperature, and other state variables within the system,
and that eventually returns the system to its initial state.

v
Initil & Final State F A 1 W1, Qp,
: Wy3 Qs
A WA W34 Q34
W
QA 41 Q41
Wa
2
Qn 4
-
}: W

Department of Mechanical Engineering
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Thermodynamic Equilibrium:

» A system is said to be in Thermodynamic equilibrium if it does not have the
capacity to spontaneously change its state after it has been isolated.

» There should not be any unbalanced potential which trigger the change of

state.
The unbalanced potential may be
Mechanical
Thermal
Chemical
Electrostatic or any combination of these conditions

Department of Mechanical Engineering
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Mechanical Equilibrium

There is no UNBALANCED FORCE within the system and between the system and the surroundings (nor at
the boundaries) the system is said to be in Mechanical Equilibrium

"

External Internal
Pressure Pressure
(hands) (gas)

-

Department of Mechanical Engineering
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" Chemical Equilibrium

There is no CHEMICAL REACTION or a Process such as DIFFUSION within the system or between the
system and the surroundings (nor at the boundaries) the system is said to be in Chemical Equilibrium

1.

Reaction begins.

+ No products yet

formed.

= High rate of

collisions

between A & B.
Rate of forward
reaction HIGH.

2 & 3 Products formed

« Collisions
between reactants
decrease.

« Rate of forward
reaction
DECREASES

* Reverse reaction
begins.

Department of Mechanical Engineering

4. Rate of forward
reaction EQUAL to
rate of reverse
reaction.

* Dynamic
equilibrium

established.
« Concentrations
constant.

®-0-0-© ®0—0-0

Moleoulo?\of dye /Membrane (cross section)
ol\e/ /
R \/ S
®. % watEr sl TSl
o. e/ o / :
0..‘| e .. I
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There is no TEMPERATURE GRADIANT within the system or between the system and the surroundings
(nor at the boundaries) the system is said to be in Thermal Equilibrium

o
A B 0°C
Block A has a higher temperature heat flow The two blocks are the same S
than block B. temperature and heat flow stops. 50°c 50°c

Heat is transferred from the
warmer block to the cooler block.

Department of Mechanical Engineering
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Electrical Equilibrium

There is no ELECTRICAL POTENTIAL within the system or between the system and the surroundings (nor
at the boundaries) the system is said to be in Electrical Equilibrium

Voltmeter
(V)
L P

A%ter
A F—> AAAAYAYA
N Resistance

Y
<—Connecting wire

A
A

Department of Mechanical Engineering
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Thermodynamic Equilibrium

~ y'
External Internal 0°C
oty it “When all the Conditions of Mechanical
Equilibrium , Thermal Equilibrium, =
Electrical Equilibrium & Chemical
Equilibrium then the system is said to be in s0°C | s0°C

Thermodynamic Equilibrium”

Molecules of dye Y Membrane (cross section)

‘.ixl/ I ® .Ol..
® ® ‘watrr | = ::‘\ e s o \o )
..:I ..I .‘ ® .I ..
IO.. ...I S I..

Department of Mechanical Engineering Equilibrium
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» Homogeneous System: A system is called as Homogeneous system if it consists of a single phase. Example water
inside a container,

§ o
S 9001:2015

One phase

singie iquid phase

» Heterogeneous System: A system consisting of more than one phase is called Heterogeneous System. Example: Ice

in liquid water.
Two phases

lquid phasco

sulid phase

Department of Mechanical Engineering
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EQUALITY OF TEMPERATURE
Tg>Ty, Ta=Ts /

Ty Ty
-
L L

1 2

A
v
A
v

L, L,

* L;& L,Becomes Constant after some time when the system reaches equilibrium state.
 In THERMOMETER the length of mercury column remains same and the physical properties of the substance will not
change furture then one can say that the two objects are at same Temperature.

H L H L H L

Different temperatures Contact Thermal equilibrium

b
Department of Mechanical Engineering @) (b) (c)
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EQUALITY OF TEMPERATURE

“When two systems at different temperatures are perfectly insulated from the
surroundings and brought into contact their will be changes in their physical properties.
After some period of time both physical properties and temperature of the system remains

constant. This concept is called Equality of Temperature.”

Department of Mechanical Engineering
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Quasi-static process

PISTON

\

e

SYSTEM

Department of Mechanical Engineering

4 Initial State
i 5 Pl 14

No Intermediate equilibrium state points
Hence Path Cant be defined



nd

WEIGHTS

E ATME
atime ) College of Engineering

SYSTEM

A

P

Initial State

19

V,

A

1

Initial State

p ]

»
>

Initial State P lr
10
2 '
30
v

Initial State
20
30
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Pt Initial State
1

4 Final State
5

v

»

—>

\Y

“In thermodynamics, a quasi-static process (also known as quasi-equilibrium) is a thermodynamic process that happens slowly enough for the
system to remain in internal equilibrium” OR “When a process proceeds in such a manner that the system remains infinitesimally close to an
equilibrium state at all times is called a Quasi-static Process”

Example: Quasi-static Expansion or Compression, where the volume of a system changes at a slow rate enough to allow the pressure to remain
uniform and constant throughout the system.

Department of Mechanical Engineering
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Thermometer

B4

“The zeroth law states that if two systems are in
thermal equilibrium with a third system, they are
also in thermal equilibrium with each other!

>

TEMPERATURE

It is the measure of the average heat or thermal energy of the particles in a substance (OR) it is a measure of
degree of hotness and coldness of the body.

Department of Mechanical Engineering
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TEMRMOMETRIC PROPERTY

The characteristics or physical properties of a reference body which changes with temperature is called
thermometric property.

The reference body which is used in the determination of temperature is called Thermometer.

Type of thermometer Thermometric Property Symbol
P

Constant Volume Gas Thermometer Pressure

Constant Pressure Gas Thermometer Volume \Y%
Electrical Resistance Thermometer Resistance R
Thermocouple Thermal emf €

Liquid in Glass Thermometer Length L

Department of Mechanical Engineering
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TEMPERATURE SCALE

=  While using a thermometer, we need to mark a scale on the tube wall with numbers on it.

= \We have to define a temperature scale.

= Atemperature scale is a way to measure temperature relative to a starting point (O or zero) and a unit of
measurement.

= These numbers are arbitrary, and historically many different schemes have been used to fix that.

Fahorenheit C?ISillS Kelvin Fahrenheit Celsius Kelvin
F C K : ' '
Boiling Point of 212°F 100 *C 3BK B{_'tl]lng
Water point
of water 8 212°F Y 100°C R 37315 K
Body Temperature | | 98:6°F 37°C 310K (T ( F ( |H
Freezing Point of 32°F 0°C 273K 180 i 100 I [
Water Fahrenheit 1 Celsius 1 100 I
degrees — \ 1 degrees —{ i kelvins — 1
Freezing 1 1 1
Absolute Zero -460°F -273°C 0K pOin[ \ .: k. : ke .:
of water - 32°F H 0°C i 273,15 K

Department of Mechanical Engineering
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DIFFERENT TYPES OF SCALES

Temperature Scale Steam Point Triple Point

Kelvin Scale 273.15K 373.15K 273.16K

Rankine Scale 491.67R 671.67R 491.69R

Fahrenheit Scale 32°F 212°F 32.02°F

Centigrade Scale 0°C 100°C 0.01°C

Department of Mechanical Engineering



COMPARISON OF TEMPERATURE SCALES

Let the Temperature ‘T’ be linear function of thermometric property ‘L’ of the mercury column.
Considering the Celsius scale

EE8 Fsagemsmss 1)

Where a and b are constants

Applying the above equation for steam point and ice point respectively, we have
100=a.Lg+b

O=a.L;+ b

Solving the above equation for a and b we get

a=100/(Ls—L)

b=-100/(Ls—Ly)

Substituting a and b in equation (1) we get

I
TCC) = |[—L|x 100
O [LS—L,]

v 9001 2015

Similarly, for Fahrenheit, Rankine and Kelvin scale we get

T(°F) = [Ls I X 180 + 32

—Ll

Department of Mechanical Engineering
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Generally we can write

T
T(R) = L |'x 180 +491.67 L - L
-LS = LI- T I
= ﬁ X (BP- FP)+ FP
0 A -
T(K) = L% 100 + 273.15 § [
-
Relitloi batwasn sealeis Fahrenheit Celsius Kelvin
5 -
T(°C) = ) [T(°F) —32] Boiling
5 point
T(°C) = 6[T(R)—491.67] of walcrﬁ T 212°F el i 100°C i 373.15 K
TCC) = [T(K)—27315] 120 i 100 1 -
T(R) =T (°F) +459.67 = 1.8 x T(K) Fahrenheit I Celsius 1 100 1
dcgn:cs—\‘l i degrees— 1 kelvins —{ |
Freezing I I 1
point I I 1
of water \ T 32°F \ i 0°C 5 b 273.15K

Department of Mechanical Engineering
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PROBLEMS:

1) The reading t, and tg of two Celsius thermometers A & B agree at the ice point and steam point and are related by the
equation t, = L + M.tg + N.tg? . Between these two points L,M,N are constants. When both are immersed in an oil
bath, thermometer ‘A’ indicates 55°C and thermometer ‘B’ indicates 50°C. Determine the values of L,M,N and also
find the reading on ‘A’ if ‘B’ reads 25°C.

Solution: As the two thermometers A and B agree at the ice point and steam point we have

at Ice pOInt . tA = 0°C , tB = 0°C 100°C ;_:_ ;:1000(:
0=L+0+0 55°C| £ = 50°C
L=0 ? LIE = 25°C

0°C E: ;:O°C

at Steam point: t, = 100°C , t; = 100°C
t, =L+ M.tg + N.tg?
100 = L + M.100 + N.1007 A B
M=1-100.N

Department of Mechanical Engineering



- ™ T (=) 150
%\ ik 8 E
College of Engineering N W R s

9001 2015

when ‘A’ indicates 55°C , ‘B’ indicates 50°C hence

=L Mg Nt 100°C £ =100°C
55 =50.M + 2500.N = 3
11 =10.M + 500.N 5EoC = = 50°C
Substituting for ‘M’ in the above equation we get :: 5—: ?
” 0°C = 0

From equation M =1 - 100.N
M = 6/5

When thermometer ‘B’ reads 25°C , thermometer ‘A’ reads A B
t, =L+ M.tg + N.tg?

t, = 28.75°C
Thus when ‘B’ reads 25°C, ‘A’ reads 28.75°C

Department of Mechanical Engineering
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2) The temperature ‘T’ on Celsius thermometer scale is defined interms of property ‘p’ by the relation T = A. In (p) + B,
where A and B are constants. At ice point and steam point the value of ‘p’is 1.86 and 6.81 respectively. Find the value

of ‘T’ for p = 2.5.

Gvern welelie = 1= Al (p)+r8 =@

-3

at Ace Point - T=oOo"< , = 120
- A L (T B

& = A In(r-83ed+ B =

- T-z \OOQC > ?3 - =2\

s _QJ\LG:SD‘\"S - S

[ = e | i ~T

—_—

toOooC =
s d =\ wae C 3 i
So!oie\% c,e\faa.tq::vx_ & =2 S 3
A= TT-0S3
B = —nrrs2

e b shmﬁ —_— eq)_,_o.t\m—\cg e g%
= A~ ,Lr\(f")"*- B
S 25 ’_an >) o (—___.__.—-1.3).)
P=2 S

e
T~ ==2718°< <
-——;ﬁ-

T = T PrOS 3 -

—

Department of Mechanical Engineering

100°C

6.81
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3) The e.m.f in a thermocouple with the test junction at t°C on gas thermometer scale and reference junction at ice
point is given by £ = 0.20.t - 5x10*.t> mV. The millivoltmeter is calibrated at ice and steam points. What will this

v 9001 2015

thermometer read in a place where the gas thermometer reads 50°C. i"’
Solution: At ice point, whent =0°C, € =0 mV 3‘1?5.(%2"&00 \Tﬂg{;ﬁom)
At steam point , when t = 100°C , &, = [0.20x100] — [56% 10-4x(100)?] Ssi‘ce Miotal s
E.=15mV 1 100°C 15mV
When gas thermometer reading is 50 °C the e.m.f on ©C = 58.33°C
thermocouple value will be £ ?
Att=50°C, & =(0.20x50) - [ 5x 104%x(50)2]=  8.75mV Xy
The value of Temperature corresponding to € = 8.75mV can be obtained as omv
For linear scale we have Gas Thermometer Thermocouple
£(°C) = LZ—_%?;J % 100 Thus when gas thermometer reads 50°C, thermocouple reads 58.33°C

When £ =8.75 m.V t(°C) = 58.33°C

Department of Mechanical Engineering
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4) In 1709, Sir Issac Newton proposed a linear temperature scale. Wherein the ice point and normal human body
temperature were assumed as the two fixed points and assigned the values 0°N and 12°N resp. If the temperature of
the human body on the Fahrenheit scale is 98°F , obtain the relation between Newton scale and Fahrenheit scale.

Let t= temperature on Fahrenheit scale

Let the temperature be a linear function The t = a,.X +b,

Let t’ = temperature on Newton scale

At ice point X = X;,t=32°F 1 212°F
32 =a,.X; +b,

Then t'=aX+b

Atice point X = X;,t’=0°N At Steam body temperature X 12°N .

0=aX;+b X=X, t=212F s| f 98K
212 = a;. X, +b;

At Normal human body temperature _ X, .

X=X,,t'=12"N Solving for a and b we get 0°N 30°F

’ _ 180 _ 180X;

12 =a. X, +b U =X ox b, =32 - Xs - X; XJ

Solving for a and b we get t =32 4 180(X—Xp N{t) F@®)

q= 12 = —12Xi (Xs — Xi)

Xp — Xi Xp - Xi X=X1) — (t—32)/180

Xs — Xj)

Substituting this we get . Substituting this in t’ equation we get 2(t—=32

, 12 gx 12)g(i _12(X-X;p) atXp,t=98F ¢ = L2X X)) Ks— Xy) t' = g
t T Xp-Xi ' Xp-Xi  (Xp—Xp) (Xs—Xj) Xp—Xj) 11

(Xb 1)
Department of Mechanical Engineering X< —X:) 66/180
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Let the temperature be a linear function
Let t’ = temperature on Newton scale

Then

t’=a.X+b

Atice pointt’=0°N

At Normal human body temperature t’ = 12°N
In general Formula BP & FP are two FIXED
Points in Newton scale given the two fixed
points are ice point & Normal human body
temperature, hence

Y — — (X_Xi)

X 12
Xp — Xj)

Substituting this in t’ equation we get
12(X - Xj) Xs— Xj)

=

(Xs— Xj) Xp— Xj)

Department of Mechanical Engineering

] X (BP - FP)+ Fp

Let t= temperature on Fahrenheit scale
Thet=a,. X +b,;
At ice pointt = 32°F

At Steam body temperature
t=212°F
Solving for a and b we get

(X=X)
= X
t= o —p x 180 +32

atXp ,t = 98°F

(Xb 1)
Re—Xp - 66/180

_ 2(t-32)

t' =

11

v 9001 2015

212°F
12°N -
X
| ON 32°F
XJ
N(t) F ()
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5) The resistance of the winding of a motor at room temperature 28°C and at full load under steady state conditions is given as
75 ohm and 90 ohm respectively. The windings are made of copper with temperature t °C is given by , Ry, = R, (1 + 0.004.t). If
R, is the resistance at 0°C , find the temperature of the coil at Full Load.

At room temperature t = 28°C we can write
Rip =R, (1+0.004.1)

75=R, (1+0.004 x28)
R, = 67.44 ohm ‘ /\/\/\/ ‘

At full load conditions , the temperature is given by
90 =67.44 (1 +0.004.t)
t=83.63°C

Department of Mechanical Engineering
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CONSTANT VOLUME GAS THERMOMETER

» Firstly the gas tube which has constant amount of gas is brought in contact with the system whose
temperature needs to be measured.

» Due to change in temperature of the gas , the gas inside the bulb will expand(if the temperature of the
system is higher than the gas ) or compress (if the temperature of the system is lower than the gas)

vacuum

capillary
tubing

» Due to change in pressure, the level of mercury column in the right limb changes from point A h

» To maintain CONSTANT VOLUME of the gas, the level of mercury column in left limb at point A, the ct
Flexible tube (Right limb) needs to be moved up and down physically to keep the level fixed.

» By doing this the height of the mercury column changes mercury

» Note down the new value of “h” in the right limb and calculate the pressure using the formulae low density B

P = Pam + pgh £as
p flexible
> To calculate Temperature of the system we have T(K) = 273.16 — tubing

Where Ty, = 273.16 K = triple point temperature of water
P, = Pressure of gas at Triple point temperature

Department of Mechanical Engineering
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CONSTANT PRESSURE GAS THERMOMETER

» Firstly the gas tube which has constant amount of gas is brought in contact with the system whose
temperature needs to be measured.

& 9001:2015

» Due to change in temperature of the gas , the gas inside the bulb will expand(if the temperature of the
system is higher than the gas ) or compress (if the temperature of the system is lower than the gas) vacuum
. . . . . capillary Dt
» Due to change in pressure, the level of mercury column in the right limb changes from point A tubing
h
» To maintain CONSATNT PRESSURE of the gas, the level of mercury in the RIGHT limb that is “h”
value has to be kept constant, for this the Flexible tube (Right limb) needs to be moved up and down ct
physically to keep the level fixed.
» By doing this the level of mercury column in the left [imb will change that is the volume of gas will mercury
change.
low density B
» Note down the volume(V) of the gas gas
v flexible
> To calculate Temperature of the system we have T(K) = 273.16 — tubing

Where Ty, = 273.16 K = triple point temperature of water
Vip = Volume of gas at Triple point temperature

Department of Mechanical Engineering
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THERMOCOUPLE

» When two wires of different materials are joined at their ends with different temperatures existing at the two junctions
an e.m.f is generated.

» The generated e.m.f may be used as a measure of the temperature of one junction , if the temperature at the other
junction is known. Such a thermometer is known as thermocouple.

» The e.m.f generated ( E) when two dissimilar metal A and B are joined at their ends with respective temperatures T1
and T2

ol brmes b

Thus

E
T(K) =273.16 E— Maosuring T1 Peferance

Lunction [(Hot) [ 1 Junction {(Cold) T2

tp " —© O
P q

Rissimilor
Heot B Matial Wires
Saurces

Department of Mechanical Engineering
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MODULE 2

Work and Heat : Mechanics, definition of work and its limitations. Thermodynamic definition of work; examples,
sign convention. Displacement work; as a part of a system boundary, as a whole of a system boundary, expressions for

displacement work in various processes through p-v diagrams. Shaft work; Electrical work. Other types of work. Heat;
definition, units and sign convention. Problems

CO1 Explain fundamentals of thermodynamics and evaluate energy interactions across the boundary of
thermodynamic systems.

CO2 Evaluate the feasibility of cyclic and non-cyclic processes using 2nd law of thermodynamics

Department of Mechanical Engineering



MECHANICS DEFINITION THERMODYNAMIC DEFINITION

Work is a distance moved by the force in Work is the energy transfer across the

the direction of the force or simply force system boundary in an organized

acting through a distance manner such that its sole use could be

W = F.dx reduced to lift a weight (mass) against
gravitational effect

System boundary
Batiery | a0
1]
] | =
] ] 1
1
R R A 4 R . Motor Pulley
Resistance coil
| fO0000L
Lm |
Z g -"- &
x ol
Fig. 2.2 : Equivalence of electrical energy to work Weigh

Department of Mechanical Engineering
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WORK

« From mechanics, W = [F.ds

- OW = F_ds, generalized force and generalized
displacement

» All forms fully inter-convertible, and ultimately reducible to
the raising (or lowering) of a weight in the earth’s
gravitational field (not necessarily actually the case)

1 Pulley ———————— . Pulley

System T
boundary

| 1 Weight

Department of Mechanical Engineering
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HEAT

HEAT is defined as the form of energy that is transferred between two systems (or between system and
surroundings) by virtue of a temperature difference.

DIFFERENCE BETWEEN HEAT & TEMPERATURE

Department of Mechanical Engineering
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SIGN CONVENTION OF WORK & HEAT

* Heat added into the system(Rejected from the « WORK done on the system( by the surrounding)
surroundings) is Positive Negative
» Heat Rejected from the system(added to the « WORK done by the system(on the surrounding)
Surroundings) is Negative Positive
Surroundings
Heat Work
= <
+q -W
System
Heat Work
<% B
—q +W

Department of Mechanical Engineering



DISPLACEMENT WORK or P.dV Work

Equation is applicable for

I)Reversible or frictionless or

Initial Volume ,V1 = A x L1 ; ;
Quasistatic Process

Where Areq, A = % D2

I1) System is closed
Final Volume ,V2 = A x 12

—— At any intermediaie point where pressure is P and Volume V iii)Effect due to viscous force

Work done W = Force x Displacement , Magnetic , gravitational &

T aR2; V212 electric current are negligible

SW = FxdlL, dLis small displacement

(P, dV, T) dL Force F = Pressure x Area
S =PxA
_ SW = P.(dV/dL).dL (dv=A.dL)
(P1,V1,T1) L1

SW =P.dV
f12 oW = W1_2= flz P. dV [Betweeninitial (1)

& Final (2) states ]

Vi

Note: Area of Rectangle =B .dL B
Comparing work done equation B — P, dL — dV, hence the area under the P-v diagram (Curves) gives Work done value

Department of Mechanical Engineering
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POINT & PATH FUNCTION

POINT FUNCTIONS: A quantity say ‘x’ that have a value at every point within AB.T)
its domain of definition is called Point function. Its derivative is given by ‘dx’ Ok
and its integral is

2
fdx=x2 — X1
1

Example: All properties (Pressure , volume , temperature etc)

Note: All point functions are Exact Differentials hence its differential is denoted by ‘d’

PATH FUNCTIONS: A quantity say ‘y’ whose value depends on the mathematical path taken between two points

within its domine of definition is called path function. P

» [tis an inexact differential hence denoted by 6

» Thus we can write between two states 1 & 2 its integral as Reoxems S =

) /
j 8y = y1-2 Al
1
Example: Work, Heat
Initial Final V

State State

Department of Mechanical Engineering
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WORK IS APATH FUNCTION

» Consider the P-V diagram as shown in the figure. It is possible to reach final state(state B) from initial state (state A) or
vice versa by following different paths 1,2 & 3. 2

> As the area under the curve represents the work for each process W = f1 P.dv it is evident that the amount of work
involved in each process is dependent only on the path followed but not the end points.

» We can observe that the area under each curve of process is different hence we can conclude that work is a path function.

Thus
2
f 8W - Wl_z
P 1
I)
Plcesss B pl_ Work = Area under
J curve
A
I’, ———pm————— 2
| |
l I
Ly
State State

Department of Mechanical Engineering
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HEAT IS APATH FUNCTION

» Consider the T-s diagram as shown in the figure. It is possible to reach final state(state B) from initial state (state A) or vice
versa by following different paths 1,2 & 3.

> As the area under the curve of T-s diagram represents the Heat for each process 8q = f T. ds it is evident that the amount
of Heat involved in each process is dependent only on the path followed but not the end pomts

» We can observe that the area under each curve of process is different hence we can conclude that Heat is a path function.

Thus
2
f 8q = q1-2
T !
On a 7-§ diagram, the area under the process curve represents the heat
transfer for internally reversible processes
74
Process 1 B
- Internally
S reversible
o ! process

| ~dA =TdS
| - 50
| |

A [ R4
| 1|
I [
I Gyl 2 I
: : :Area:I Tds=Q)|
I [ - I
| [ |

> - 1 11 1 5
Initial Final S
State State

22

Department of Mechanical Engineering
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TYPES OF PROCESS & its P-v diagram

CONSTANT PRESSURE PROCESS (V/T = Const)
Vl _ T1 P

, T
Derivation for work done during Constant Pressure process

Expansion

2 2
WKT  [T8W = W;_,= [ P.dV . 2
W1_2 == P(VZ - Vl) kJ

2 2 2
[fsa= [ow+ [‘av .
1 1 1 v

Q12 =P(V-V)) + (UyUy) A

From First law,

= (U 2+ P2V2) — (U 1” P].Vl) Compression
2 < 1

Q.=(H,-H)  ...... Change in Enthalpy
Qp, =m(h, —hy)= mC, (T, -Ty)

dh =C/dT

Department of Mechanical Engineering
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TYPES OF PROCESS & its P-v diagram

CONSTANT VOLUME PROCESS (P/T = Const)

P
bh_ Ty )
P, T, 2
[28W = W,_,= [*P.dV
1 1-2 17 Heating
W,, =0 for a constant volume process since ‘dV=0’ ( Area under the curve is ZERO)
From First law, 2 1
2 2 2
j dQ = ow + J dU o
1 1 1 P
M
or, Qup = Wi,y + (UpUy) 1
Q,=U,-Uj.eoiin. Change in Internal energy Cooling
Qo =m(u; —uy)= mC,, (T,-T,) ,
du=C,/dT >,

Department of Mechanical Engineering
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TYPES OF PROCESS & its P-v diagram

CONSTANT TEMPERATURE PROCESS (PV = Const)

A
P; B V, )
P, V |
flz 8W - W1_2= flz P dV Heat addition
2
2(C 21
W1—2= fl (;) .dV = C. fl ;dv

ﬂ.\f

\% \%
W,, =PV, lnv—i =P,V,In V—i

. 2 2 2 0N

From First law, [ 0Q = [ oW + [~ dU X

Q1_2 = Plvl |n(V2/V1) + mCV(T2 - T].) bUt, Tl = T2 Heat Rejection
Therefore, Q,,=PV,In(V,/V,) =Work done .

Department of Mechanical Engineering
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TYPES OF PROCESS & its P-v diagram

Y
REVERSIBLE ADIABATIC PROCESS or ISENTROPIC PROCESS (PV? = Constant) (Q = 0) % = (%)
2 1
J{ 8W = W;_,= [/ P.dV
_ (2 A S A P
Wi= [, (55)-av=C. [/ .dv = c.fv ' .av= - A
P,V,Y=P,V,Y =C 3
PLVy — P,V — MR(T1~T2)
W, == 1y_12 2 Wi V1
. 2 2 2
From First law, [~ 0Q = [~ oW + [~ dU
But, Q.,= .
Therefore, 0=W,,+(U,-U,)
>
Wi, (U —Uy) = m(uy — up) KJ

Work done = Change in Internal energy

Department of Mechanical Engineering
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TYPES OF PROCESS & its P-v diagram

POLYTROPIC PROCESS (General Process) PV" = Constant

We Know that, Work done =W,_, = mR(nT_ll_TZ) and dU= va(Tz'T1)

From First law of TD, flz 9Q = flz oW + flz du = mR(nT_ll T2y C,/(T,-T))

P =9
WKT Cp — Cy =R A amy O
Cp = Specific Heat of gas at constant Pressure =1 gc | V=C
CV( —1)=R C, = Specific Heat of gas at constant Volume
Cy R = Characteristic Gas constant for a gas Tuitial Siat
R nifa afe
C —_
Y Cp c ' Expansi
(C_ — 1) ompression xpansion
v C ™ P=C
But y = Ratio of specific Heats = C—P =0
v
R
CV -
Yy—1
Substituting in main equation we get

n= X n=Y

A 4

Department of Mechanical Engineering
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mR(T{—T;)

R
Q2 = - +mv_1(T2'T1)

_ [(y=1)mR(T;-T3)]-[(n—-1)mR(T; - Tz)]

mR(T,1-T,)(y—1 —n+1)

Q-2 = (n-1)(y-1)
BY simplifying we get,

Yy—n o mR(T; — T,)

Q12 =

y—1 n—1
_ Y™n
or Q-2= 73
done
When

n = 0, Constant Pressure process

n = oo, Constant Volume process

n =1, Constant Temperature process
n =y, Adiabatic process

Department of Mechanical Engineering

X Polytropic Work

(n-D(¥-1)

PV" = Constant
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OTHER MODES OF WORK

1) Shaft Work: Consider an engine shaft rotated by means of an external force. The shaft undergoes an angular
displacement when a constant torque ‘T’ is applied to it
Shaft work is given by
SW =T.do

for finite changes shaft work is given by

2
W1_2= j Tde
1

Shaft power =P = | 12 T.% =T.w o w5y

Where w = Angular Velocity

Department of Mechanical Engineering
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OTHER MODES OF WORK

2) Electrical Work:

_dC
-~ dt

Where dC= Charge in coulombs that cross system boundary in time dt .
Electrical work done by the flow of current is given by

y
<«<—Connecting wire

oW = V.dC
oW = V.. dt Voltmeter
Between two states W;_, = | 12 VI. —< F—
- - D — Ammeter
Electrical Power =P = V.1 T s
N Resistance
A
s F]F Z
- I I =
Cell

Department of Mechanical Engineering
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OTHER MODES OF WORK

3) Stretching of a wire:

Where , F = External force of tension , dL= Change in length

Stress = o = g =Ee¢e........ (2)

Where, A = Cross sectional area of the wire, E = Modulus of elasticity, € = Strain

dL

de="..... 3)

Substituting 2,3 in 1 we get

SW

For finite changes in length
W= —A.E.L j
1

Department of Mechanical Engineering

2

—A.

e.de =

E.L.e.de

—A.E.L
2

(522 — 512)

A

A
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OTHER MODES OF WORK

4) Surface film work or stretching liquid film:
Work done by the wire frame is given by

OW = —o,.dA
os = Surface tension of a film, dA = Change in area due to sliding of the wire frame

for finite changes, W;_, = —flz o..dA

Department of Mechanical Engineering
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OTHER MODES OF WORK

5) Flow work:

« work is needed to push the fluid into or out of the boundary of a control volume if mass flow is involved. This
work is called the flow work (flow energy).

« Flow work is necessary for maintaining a continuous flow through a control volume.

Consider a fluid element of volume V, pressure P, and cross sectional area A as shown in figure. The flow
immediately upstream will force this fluid element to enter the control volume, and it can be regarded as an
imaginary piston.

The force applied on the fluid element by the imaginary piston is F = P. A.

The work done due to pushing the entire fluid element across the boundary into the control volume is
W,,=FL=PAL=PV

For unit mass = wg,,, = P.v (v =V/m)
W =W V

Flow out
.* 1'
m CcV

A

Flow in

4

“*-‘1’-"

-

Imaginary @ e ___]
piston

Department of Mechanical Engineering
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OTHER MODES OF WORK

6) Stirring Work: T

SW =T.de6
If ‘m’ is the mass of the weight lowered through a distance ‘dZ’
then

| ¥

*\ (U RIS

OW =T.dO = m.g.dZ
For finite variation we have,

2
W,_, = j m. g.dZ
1
dz

Department of Mechanical Engineering
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SPECIAL CASES

1) Restricted or Resisted expansion: pbar |

Consider any piston cylinder machine. During expansion of the fluid, the fluid pressur: |
remains uniform throughout the cylinder against a slow moving piston. Such process is callel i N
restricted expansion.

The work delivered at the output shat can be determined by using the equation

Vs
W=a8—= Pn.Vs
Where, a = Area of the indicator diagram of Length ‘L’
S = Spring number
V<= Swept volume
P..= Mean effective pressure
If ‘N’ is the revolutions per second we have power developed =P =P_.L.A.N

. ®
NOTE: The Mean effective pressure means the simply average pressure acting on the v “
piston during the complete thermodynamic cycle in a Reciprocating internal combustion ’
Engine. * . . @ » &’
& ol Y
- o ® * e
5 hd 2

Department of Mechanical Engineering ’ ’
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SPECIAL CASES

2) Unrestricted Expansion:

Consider a rigid vessel divided by a light diaphragm. One compartment formed by the diaphragm contains a gas
whereas the other compartment is evacuated. When the diaphragm is ruptured, the gas moves towards the evacuated
compartment. Due to this there will be a change in volume . The process is not reversible even though the initial and
final states are in equilibrium. Since vaccum offers no resistance to expansion, the process doesn’t pass through
equilibrium states and hence there will no well-defined path inturn work transfer will be zero.

Svstem Boundary Daiphram

GAS VACCUM

|
|
GAS |
|
|

Before Rupture After Rupture

Department of Mechanical Engineering
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COMPARISON BETWEEN WORK AND HEAT

Similarities:

1. Both are path functions and inexact differentials.

2. Both are boundary phenomenon i.e., both are recognized at the boundaries of the system as they cross them.

3. Both represent transient phenomenon that means these energy interactions occur only when a system undergoes
change of state i.e., both are associated with a process, not a state. Unlike properties, work or heat has no meaning at a
state.

4. A system possesses energy, but not works or heat.

Dissimilarities:

1. Heat is energy interaction due to temperature difference only; work is by reasons other than temperature difference.
2. In a stable system, there cannot be work transfer; however there is no restriction for the transfer of heat.
3. The sole effect external to the system could be reduced to rise of a weight but in the case of a heat transfer other

effects are also observed.
4. Heat is a low grade energy whereas work is a high grade energy.

Department of Mechanical Engineering
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A battery is charged with a battery charger. The charger operates 1 hour at 15 V and a current of 30 A. Calculate

the work done on the battery.
Solution :

Work done by the battery is given by Given data

\oltage = E =15V
2 Current=i=30A

W = JE"‘” Time = 1hr = = 3600 sec
/

The potential difference and current are taken to be constants during the charging period.
W, = Ei(t,-1)
but 1V

= kg-m%/C.s’

1A = 1 Columb/sec

W, = 15x30x3600 = 1.62 x 10°] Kg-m?
= 1.62 MJ | C.s?

Work is positive hence charger does work on the battery.

Department of Mechanical Engineering
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The prc:ssure inside the cylinder is related to volume by p = C/V. (a) If the initial pressure is 200 kPa the initial
volume is 0.018 m* and the final volume is 0.078 m®. Find (a) the work done. (b) Is work done by the system or on

the system?

Solution :

a) Work done during the process,

Since p

b) The work is positive indicating that the system did work on the surroundings.

Department of Mechanical Engineering

Cin Y—Z—
Vi

pvV =p\V,

Vs
0, V,Inj| —=
Prvi [VI)

20()(().018)11:[
0.01

0.078

(

;) -

GIVEN DATA

p.V = constant ( Constant Temperature or Isothermal process)

Initial Pressure = p; = 200kPa
Initial Volume = V; = 0.018 m3
Final Volume = V, = 0.078 m3

5.279 KJ

|

p; = 200kPa

. i
V; =0.018 m3
®
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An ideal gas contained within a cylinder with a movable piston as shown in Fig. Evaluate the work per unit mass
by the gas for the path indicated in the system. Assume known conditions at state 1 and 3.
Solution -
process

In the Fig 1-2 is a constant pressure process and 2-3 is a constant temperature process work done during the

Pal-—————— e 3 3
i —rc
————————— 1 . =) e 2
P, \ i 1 P—=C
3 ¥ >
T, T,= T, Li Y
P T 1 T RTU RT
v . .
W, = —J. pdv = — j pdv + s pdv = — Pl("z —v,)— S__v__ & P = .
] ! 2 2
M3
= —Piv2—v;)— RT; ’"(—'
V>
RT> RT; RT;
As v, = = =
P2 P2 Pi
W = —RTy| 1-2L 4y nPL
A ’ T3 Pr3
Note : :

For a constant pressure process (1 —2), W, =

s —pl(‘,z—v')+() = p,(".'_\’:)
Department of Mechanical Engineering
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) Dine =7 PV ST -
pouncers eohich FEN m”mw bdq A,];\_a_{al—\.t A . o
"O\S Mipo: Dekex rofne Ire e Hacie -

P—l—b\—t:rr'\ 3@-@\‘\:_ o> RO XYL

£ A
Ve A pisteny = O 2> | 4.
—Z Gven e
P;_-'-‘-O'LSM?Q" PZ'-#:—'—_’___‘-Z
L = 9 20 ¥ ; :
CuDN q— 2 1 >
Workdonne = 'N N‘,_ = Axea wadey O . - \lrl N5 v
\ (V v)(PF—PD'\" Q’ )%
f2.°7
= g o [f__l,,..,_.. —+ U=
L ) - L s+ \SJX\OOO *(er124073
. U,w,,)tvf"') = =
N‘P)’ = i ' - S T in J_Dr)e..

W;_, =29.7K]
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\_:.;‘:;? - S&:_!r\e;-u c_,c;\L- ‘:DQ_LLQO Y ‘E%_ ﬂ_m CQJCJ_E‘TV'I &t;l.._ o ders P J:J :; 7 - r‘
2SO l:PcL Ol SO0OokK . T Sa__b I PN N5 = 3 !DQ_Q_LOD:’) -4_.?‘;&—-\;-..—_;
untl B pswewususe. e acc e LA = SO0 kpa - TI)‘—";’_"“"‘? ~ b,
=1 e ol ~ > B |jpoervsuse '?_ Fon o ‘ -

P = 250kPa P = 500kPa
T =300K
| - . STATE1
s * STATE 2
A= pearisisusie > powoposibio~al = Y EPRP, e {} b eailoss
P D
P D wahena ' is o caommtanmt —= O

S%AHM:B- %—S\:—e_/-. Nod ey T eﬁ',nj:‘,:e, <D

L = = so KP:L/N/

Nouo = = c:,.DQ_

S500 = QSC}?QDQ_

R Dz e 2’3‘?‘\ A/
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W, =T Codtp)') = TX;EO‘(ZH_W)

2.
l W = 11172.*63@
b= ———=
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A fluid contained in a horizontal cylinder fitted with a frictionless leak proof piston is continuously agitated by a stirrer
passing through the cylinder cover. The diameter of the cylinder is 40 cm and the piston is held against the fluid due to
atmospheric pressure equal to 100kPa. The stirrer turns 7000 Revolutions with an average torque of 1INm. If the piston
slowly moves outwards by 50cm determine the net work transfer to the system

Given data: Stirrer
~ = - - o /_
Diameter of cylinder = d = 40 cm = 0.4m : V/ | L T
i i |
Atmospheric pressure = p = 100 k Pa Mot : ! e
P P P A : A | g | I____(f 40 cm
Number of revolutions = N = 7000 : . L y
S Elglg — b :
Torque =T =1 N-m A

fe—— S0cm —»]
Stroke Length =L =50cm =0.5m " .

Work done by the stirrer on the system = SHAFT WORK
Work done by the STIRRER or PADDLE Work

W =F.s s=displacement

We=(2.mN.T) = (2.m.7000.1) = 43.98K] T=Fr . T
W, = —43.98 K] s=2.m.r.N ;
IMPORTANT NOTE: W = T X 2.11.17. N
» Since Stirrer or Paddle work is done on the system that is r o
FLUID hence it is taken as NEGATIVE ./

Department of Mechanical Engineering
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Cont.

Work done by the system due to outward piston movement or displacement

Wd = pdV = pAL
T
=100 X Z.(O.4)2x 0.5

» Since the system(FLUID) does work in pushing the piston
Wy = 6.28K] outwards ... Work is done by the system... hence W,is taken as

Positive
Net Work Transfer to the System

Whet = Ws + Wy
= -43.98 + 6.28

Woet = - 37.69 kJ =Ve Sign indicates that Work output is less than Work input to the system

Department of Mechanical Engineering
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Determine the work done by the air which enters into a evacuated vessel from atmosphere when the valve is
opened. The atmospheric pressure is 1.013 bar and 1.5 m3 of air at atmospheric condition enters into the vessel

Solution:

No work is done by the boundary in contact with the vessel as 1.5m’ air

boundary does not move.
Work is done by the external boundary at constant pressure

Initial boundary

2
W, = f p.dV =p(V, — V;)
1

=p(0 — Vy)
~1.013 x 100 x (0 — 1.5)

E'/ Final boundary

=-151.95kJ

 Since the boundary of vessel is fixed during filling of air inside the vessel,
the work that is happening can be considered as Flow Work (that is filling = [ .
of air into the vessel) Fig. 2.35
hence W;_, =p.V
»  Work is negative because the air is getting compressed during filling into the
vessel hence work is done on the system

Department of Mechanical Engineering
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A Fluid undergoes the following process in sequence to complete a cycle:

i)  Heated reversibly at constant pressure of 1.05 bar until it has a volume of 0.02m3

ii) It is then compressed reversibly according to a law pv =Constant to a pressure of 4.2 bar
i) It is then allowed to expand reversibly according to a law le-3 = Constant

iv) Finally it is heated at constant volume back to initial conditions

If the work done during the constant pressure process is 515 N-m , calculate the net work done on or by the cycle . Sketch also

the cycle on a p-V diagram

GIVEN DATA

P, = 1.05 bar
P, =4.2 bar

V, =0.02 m3
W, ,=515N-m

Whet = Wi—2 + Wy 3 + W3, + W,_,

» Work done during process 1-2 (P = Constant)

Department of Mechanical Engineering
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» Work done during process 2-3 (PV = Constant)(T = Constant)

W,_5 = PV, In2
\Z
PV, =P3V;
_ PV, 1.05x0.02
Top 4.2

=5x103m3

0.02

5% 1073
W,_3 =1.05%10° X 0.02 X In| ————

W, 5 = -2911.2 | .

» Work done during process 3-4 (PV12 = Constant)(Polytropic)

P;V; — PV, From Process 1-2
n—1

P3V31'3 — p4v41.3

3—4 —
W,=P, (V,-V,)

515 = 1.05 x 10°(0.02 — V)

1.3 1.3
V3 5% 1073 V; =0.0151m3 =V
— = — - — 1 . 4
P, P3< 2) 4.2( 0.0151 ) 0.998 bar

Department of Mechanical Engineering
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(4.2 X 10° x5 x 1073) — (0.998 x 10°> x 0.0151)
3-4 7 13 -1

W3_4 =+ 19767 J

» Work done during process 4 — 1 (V = Consatnt)

Wy 1=0

> Net Work done

>V

Whet = Wi + Wy 3 + W3_, + Wy,
=515—-2911.2+1976.7+0

W, = -4195J

Department of Mechanical Engineering
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Consider the system as shown in the fig. Initial conditions of the gas are V, = 0.1 m? and P, = 200kPa. The ambient
atmosphere pressure is 100kPa. The spring exerts a force which is proportional to the displacement from the equilibrium
position . The gas is heated until the volume is doubled at which point P, = 600 kPa. Determine the work done by the gas.

i

a

kx

Spring

200 kPa
. Volume —
Displacement = ———— PA = P A+ ky
Area f 0.l m'
A= phh
p - pu + A
k
p = M,+';7 - (1) | 5 x

P,=P, +kV,/A2 "

! P =P, + kV,/A2
= Pu(‘Z VI)+—_—2_(V2 —vlz) x
P2 Do PERP g
k . “ i + a

= PalV2— Vi) ‘—g‘[(Vz =Vi)(Va + Vi)] =59 V,[p“ 7 5 ] 7 P

2A ‘ 4

Pt P;
(V—; - \’1)[17(, t (V2 + vl)] = (V2 Tl )l: 2 :|

Department of Mechanical Engineering
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Substituting.

p, = 200 kPa, p, = 600 kPa

O.1m% V, =2V, = 02m’, we ha

! 2
2ip 1 200 + ()OO‘X
Work done by the gas = (0.2-0.1) >

and V

40 kJ

Department of Mechanical Engineering
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FIRST LAW OF THERMODYNAMICS

+W -W

Joules Law Of Internal Energy States That “ Internal Energy (U) Of A Perfect Gas Is A Function Of Temperature
Change Only And Is Not Affected By The Change In Pressure And Volume”

Department of Mechanical Engineering
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FIRST LAW OF THERMODYNAMICS

STATEMENTS

“When a closed system executes a cyclic process the algebraic sum of work transfer is proportional
to the algebraic sum of heat transfer”

fow= a0

“When a system undergoes a thermodynamic cycle then the net heat supplied to the system from the
surroundings is equal to net work done by the system on its surroundings”

“Heat and work are mutually convertible but since energy can neither be created nor destroyed , the
total energy associated with an energy conversion remains constant”

Department of Mechanical Engineering
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FIRST LAW OF THERMODYNAMICS

JOULES EXPERIMENT

Thermometer

l‘-—N—.—l

NSSSSSSSS
] ] ] ] 828 ] ]
II‘III.I'I.III‘I

S

Insulotor System boundary Water both

jésw(x;a;
7€8w=17€8Q

Work input to the paddle wheel is measured by fall of weight or change in
potential energy. The work transfer caused a rise in temperature of the liquid

The temperature rise of Fluid in the insulated container is measured by the
thermometer

Then the system is placed in the water bath so that the heat was transferred from the
fluid to the water until the original state of fluid was reestablished

This way the system(fluid) was taken through a cycle.

It is observed that the amount of heat rejected by the fluid to the water was
proportional to the increase of energy of the water bath which could be easily
determined by measuring the rise in temperature of the water bath.

Joule found that the net work input W to the system was always proportional to
the net heat transfer Q by the system regardless of the rate of Work and heat.

J = Joules constant =4.1868 kJ/kcal = IN-m = 1J

Department of Mechanical Engineering
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PROVE THAT ENERGY IS A POINT FUNCTION

foo = fow P |

For this cycle we can write

24 18 24 10 AP - L
jBQ'*' ISQ _ J'5W+ jSW (Considering A-B)
1A 28 A 2B |

v

‘24 Ic 24 IC
J.SQ+ ISQ = j5W+ JSW (Considering A-C)
2¢ IA 2¢

/1A

\%

Since B and C are two arbitrary processes between states 2 & 1, the quantity

(6Q — 6W) remains same for all processes between the two states
B

]?SQ— IJCSQ _ J SW — IJE‘SW The value (6Q — 8W) does not depends on path followed hence point
e 5 3 function and it is property of the system.

1 This property is known as INTERNAL ENERGY or ENERGY denoted
5 ‘ e by E

J (00-3w) _ I(SQ -3W) (6Q — 6W) = dE

8 e 6Q = dE + 6W

Department of Mechanical Engineering
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Physical Significance of “E”

» Th property “E” represents the Sum of energy transfers across the system boundary known as
STORED ENERGY

» This energy might be in variety of forms

* Kinetic Energy (KE)

« Potential energy (PE)

« Chemical energy (CE)

 Electrical energy (EE)

« Energy associated with the movement and position of molecules

Kinetic Energy
Potential energy
Internal Energy (All other forms of Stored Energy)

Department of Mechanical Engineering
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E = Internal Energy + Kinetic Energy + Potential Energy

E=U+ KE+ PE

dE = dU+ d(KE)+ d(PE)
8Q = dE + 8W

§Q = dU + d(KE) + d(PE) + &W

In the absence of motion and gravity effect we can write the above equation as

. First law of thermodynamics equation
8Q = dU + 6W for a CLOSED SYSTEM

This is NFEE ( Non Flow Energy Equation)

Department of Mechanical Engineering
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ENTHAPLY:

Enthalpy is a thermodynamic quantity equivalent to the total heat content of a system & it is given by
the sum of internal Energy and the Flow work (Product of pressure and volume) It is an Extensive property
and denoted by symbol “H”

H=U+p.V kI

Total Volume

h:u+p.V k..]/kg Where h = ,u:%,v:

m

APPLICATION OF FIRST LAW TO ACLOSED SYSETM:

Derivation of WORK AND HEAT TRANSFER Equations for different processes discussed in
WORK & Heat chapter

Department of Mechanical Engineering
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» Specific heat (C) is the amount of heat required to change the temperature of a mass unit of a substance by one
degree

» Specific heat (Cp) Is the amount of heat required to change the temperature of a mass unit of a substance by
one degree at constant Pressure

dh

= — Q;., =m(h, —h;)= mC, (T, -T,)
p dT

C

» Specific heat (C,)) is the amount of heat required to change the temperature of a mass unit of a substance by
one degree at Constant Volume

— Q1o =m(u, —uy)= mC,, (T, - Ty)

Department of Mechanical Engineering
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PMM1 — Perpetual Motion Machine of First Kind

Cyclic
device
f8Q=0

It is an Engine working in a cycle without receiving heat from any source , but
delivering work to the surrounding

PMM-1is IMPOSSIBLE

Department of Mechanical Engineering
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STEADY FLOW ENERGY EQUATION
FIRST LAW OF THERMODYNAMICS FOR OPEN SYSTEM

Let,

P, = Pressure of the working substance entering the control
volume in N/m?,

9, = Specific volume of the working substance in m3/kg.

V, or C; = Velocity of the working substance entering the
control volume in m/s.

u, = Specific internal energy of the working substance entering
the control volume in kJ/kg.

Z, = Hight above the datum for inlet in m.

P,, 3, V,or C,, u,, and Z, = corresponding values for the

working substance leaving the control volume.

Department of Mechanical Engineering
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Q.., = heat supplied to the control volume in kJ/kg.
W, = Work done by the system in kJ/kg.

Considering 1 kg of mass of the working substance. ie., m = 1 kg.

We know that total energy entering the control volume per kg of the working substance.

e, = Internal energy + Displacement work + Kinetic energy + Potential energy + Heat supplied.

2
e, = U + P1191 + % + ng + Jdi1-2 in k\]/kg

Similarly, total energy leaving control volume per kg of the working substance is,

2
e, = U + P2192 + % + gZZ + W1_2 in k\]/kg

Assuming no loss of energy during flow (Steady Flow conditions), then according to First law of Thermodynamics,

81 — ez
vi Vi
Uq + P1191 + ? + ng + J1-2 = Uy + P2192 + 7 + gZZ + W1—2

Department of Mechanical Engineering
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We know that,
u, + P;v; = h; = Enthalpy of the working substance entering the control volume in kJ/kg.

u, + P,v, =h, = Enthalpy of the working substance leaving the control volume in kJ/kg.

2 2
Therefore, hl + % + ng + q1-2 = hz + % + gZZ + W1_2

This is the Steady Flow Energy Equation for unit mass of the working substance.

When this equation 1s multiplied by mass ‘m’, then we get total energy input and total energy output.

2 2

Vi V3
mq hl + 7"‘921 + di-2 = m, hz + 7 +gZZ + W1—2

But in a steady flow process m; = m,

Therefore,

2 2
m(h1+ %+gZ1+ ql—Z) = m(h2+ % +gZ2+ WI—Z)

Department of Mechanical Engineering
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APPLICATION OF STEADY FLOW ENERGY EQUATION

WORK ABSORBING SYSTEM
1. ROTARY COMPRESSOR

= Work is done on the system ie., W,_, is Negative.
= Heat rejected by the system, ie., Q,_, is Negative

= Change in Potential Energy and Kinetic Energy is negligible.

Applying the above conditions to SFEE we get,

V2 V3
m h1+7+gzl+ Jd1-2 = m h2+7+gZZ+W1_2

vi Vi
m h1+ 7+gZ1 +Q1_2=m h2+7+gZ2 +W1_2

V4 \'4
(h1+—+gZ1) Q2= (h2+7+gzz> Wi_»

h1 +\L&?\+N —Qi_2= m(hy) —W;_,

m(h;)— Q;_>= m(hy ) —W;_,

W; , =m(h; —hy) +Qq_,

Department of Mechanical Engineering
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If the surface of the system is INSULATED ( Q =0)

W;_, =m(h; —hy) kJ/kg
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2. BLOWER:

= Compression is isentropic and Heat Transfer is Zero, ie., Q,,=0,

= Work done on the system is negative, Control Surface
= Change in Potential Energy and Internal Energy is negligible, .
=V, is very small when compared to V, Air ont |
" p4Vvq approximately equal to p,v,

/
V2 Vi
m h1+ 7+gZ1 +Q1_2= m h2+ 7 +gZZ +W1_2 W
—

2

m (u1 +p9; + %) = m (uz + po9, + Vé) -W;_, Blower

Vit V2
Wl_Z:m(ul—u2)+m<; — ;) \

In case of fans , temperature rise is negligible and heat lost is small
Hence, Au =0 and Q = 0 & if V,>>V,
we can write Air in

Vit V7 2
(WI—Z)fanz m( 2 _ 2 — Vv

Department of Mechanical Engineering
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3. RECIPROCATING COMPRESSOR:

Work is done on the system ie., W,_, is Negative.
Heat rejected from the system, ie., Q,_, is Negative

Change in Potential Energy and Kinetic Energy is
negligible.

Applying the above conditions to SFEE we get,

m(u1+p181+ V;)—ka = m(u2+p2192+ %%)'Wl—z

m(h;) — Qi = m(hy ) -W,;_,

Wi2=m((hy; —hy)+Q;1_;

Department of Mechanical Engineering
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4. CENTRIFUGAL PUMP:

_ o _ _ Control Surface outlet(2)
= Work is done on the system which is considered as negative. L

= Heat transfer is Zero

= Change in internal energy (du = 0) is Zero due to no change ——
in temperature of water
)
Applying the above conditions to SFEE we get, OL2=0
W12 o
m<h1+71+g21>+Q1_2= m<h2+72+g22>+W1_2 j
V3 V3
m(u1+p181+—1)— m(u2+p2192+—)—W1_2 | 7
—_——— —— = |
m(py9; + — + gZ1)= m(pzd; + = + gZ;) — Wi
Note: Usually we take inlet at datum , hence Z, = 0 while Z, we have to take outlet distance Inlet(1)
from the datum line Water Sum
. . . . p
Or else we have to substitute NEGATIVE VALUE for Z, since it is below the axis of the pump Datum
and POSITIVE VALUE for Z, Since it is above the axis of the pump

Department of Mechanical Engineering
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APPLICATION OF STEADY FLOW ENERGY EQUATION

WORK DEVELOPING SYSTEM
1. TURBINE:

= Work done is Positive,
= Change in KE and PE is negligible.
= Heat transfer is negligible

Applying the above conditions to SFEE we get,

Vi Vi
m h1+ 7+g21 +Q1_2= m h2+ 7 +gZZ +W1_2

m(h; ) = m(hy) + Wi,

W;_2 =m(h; — hy)

Department of Mechanical Engineering
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2. IC ENGINE:

= Work done is Positive, s 0

= Change in KE and PE is negligible. In—> :

= Heat transfer is negligible and assumed to be Zero é —p Ot

Applying the above conditions to SFEE we get,

|
my(hy)+ Qo= my(hy) + Wy, : Cylinder (Insulated)
/
1
my (h1 ) = mz( hz) +W;_, W, : Shaft
4——L I
W;_, = mihy — mzh; :

m, = mass of air fuel mixture
m, = mass of combustion products

Department of Mechanical Engineering
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3. HYDRAULIC TURBINE:

= \Work done is Positive

= Change in temperature of water is negligible hence change in internal energy is
taken as zero.

= Heat transfer is negligible and assumed to be Zero

Vi Vi
m h1+ 7+g21 +Q1_2= m h2+ 7 +gZZ +W1_2

| |
|
: |
|
\'¢; V2 ; () |, ' Generator
m(u; + p;9; + ?1 +gZ,) + Q12 = m(u; + pp9, + 72 +gZ;) + Wi, ! s Al
|
L. S
Vi 5 |
m p1191 + 7+ ng = m p2192 + 7 + gZZ + W]__Z + Tail race

Department of Mechanical Engineering
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APPLICATION OF STEADY FLOW ENERGY EQUATION
NON WORK ABSORBING AND NON WORK DEVELOPING SYSTEM

1. HEAT EXCHANGER(CONDENSER) ¢

Steam in( hs1)

Control Surface ‘| +
Change in KE and PE is negligible I | B |
Work done is zero ‘
Heat transfer to the surroundings is also negligible (Perfect insulation) | |

Water out{hw?)
—

Applying the above conditions to SFEE we get,

Water in(hwl
VZ 2
m<h1+71+gzl>+Q1_2: m(hz‘l‘?z‘l‘gZZ)‘l‘Wl_z ‘I |>
\LSteam out(hf2)
Considering Steam as system: Considering Water as system:
Heat is lost by steam hence Q is negative Heat added to water hence Q is positive
m(hsl )_ QS= m( hsz) m(hwl )+ sz m( hwz)

Qs = m ( hgy — hsz) Qs = m( hy, — hwl)

Heat lost by steam(Qg) = Heat gained by water(Qyy)

ms(hsl - hsz) — mW(hWZ - hwl)

Q=m CAT =m.Ah

Department of Mechanical Engineering
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2. EVAPORATOR

= Change in KE and PE is negligible
= Work done is zero

Applying the above conditions to SFEE we get,

Vi 2

2 V.
m(h1+ > +gZ1)+Q1_2= m<h2+ 72 +gZZ)+W1_2

Q12 =m(h; — hy) K]

/SZBRN

& 9001:2015

- - e e e e e e e o e .
bl L T .

Control surface

"

Cooling coil

|
|
]
I

| — VilpOUI'
— refnigerant

value heat transfer here will be positive

Liquid refrigerant absorbs heat from the cooling space and gets converted into vapour refrigerant hence the

Department of Mechanical Engineering
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OTHER CASES |

- e e e -
- e e e -
S e an D as ww wn s mp
-

1. THROTTLING PROCESS : e
Valve ; | -ontrol surface
: ;‘/
= Work done is ZERO AN  \\\\\\ N\ W
= Change in KE & PE is negligible . ;! )
= Heat transfer is Zero o
= ~> V,

e - - - - - o o
e T

/////////////////////////////////////////\

Insulation

Applying the above conditions to SFEE we get,

Vi Vi
m hl + 7 + ng + Q1_2= m hz + 7 + gZZ + Wl—Z

During Throttling process pressure decreases
m(h;)=m(h;) and Enthalpy remains constant across the valve

h1: hz

Department of Mechanical Engineering
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2. FLOW THROUGH PIPES

&g " wwEwe

= \Work done is zero
= Heat Transfer is Zero

= Since Temperature change is ignored, Change in
INTERNAL ENERGY is zero

Applying the above conditions to SFEE we get,

Vi Vi
m h1+ 7+gZ1 +Q1_2= m h2+ 7 +gZ2 +W1_2

V3 V3
m(u; + p19; + 71 +8Z21)+ Q2= m(uz + p9; + 72 +82) + Wi,
V3 V3
m(P;9; + 71 +821) = m(P9; + 72 + 8Z3)
2 2
MG+ 5+ gZ) = mCE+ 7+ gls)
P1 2 P2 2

Since Specific volume = 3 = 1

Department of Mechanical Engineering
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For incompressible Fluid p; = p, = p

) ) This is known as BERNOULLI’S EQUATION for IDEAL
P \Y P \Y —
M2+ 2+ g20)= mC2+ 2+ gls) FLUID FLOW

If h is the frictional loss, then for a REAL FLUID we have

P, V2 P, V2 This is known as MODIFIED BERNOULLI’S EQUATION
m(—=+ —+gZ;)= m(—+ =+gZ,) + h; for REAL FLUID FLOW
p 2 p 2

Department of Mechanical Engineering
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Vi Vi Ct C3
m hl + 7+gZ1 +Q1_2= m hz + 7 +gZ2 +w1_2 (OR) m h1 + 7+gZ1 +Q1_2= m hz + ? +gZ2 +W1_2

4 9001 2015

In some text books they use ‘C’ instead of ‘V’ for Velocity

m? kgxm? kgxmxm N-m ] s kg—m
s2 kg xs2 kg xs2 kg _kg_lo k] /kg 1IN =

m — -3
1 — = 1073 kJ/kg

Hence to get Heat transfer and work done in kJ/kg multiply KE and PE by 10 -3

Department of Mechanical Engineering
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Important Note

« If‘m’isin kg’ and h, KE . PE are in ‘kJ/kg’ we get Work done and heat transfer in ‘kJ’

Vi Vi
m h1+ 7+gZ1 +Q1_2=m h2+7+gZ2 +W1_2

« If‘m=1kg’ and h, KE. PE are in ‘kJ’ we get Work done and heat transfer in ‘kJ/kg’

V2 \'4
1kg X <h1 + 71+ g7, > +Qq_,= 1Kkg X (hz + 72 + gZz> + Wy,

« If‘m’isin kg/s’and h, KE . PE are in ‘kJ/kg’ we get POWER(P) instead of Work done and rate of
heat transfer ( Q ) instead of heat transfer in ‘kJ/s’ or ‘KW’

k
: V12 . . sz m = Rate of mass transfer in—g
m h1 + —+ ng +Q1_2: m hz + — + gZZ + P1_2 ) S
2 2 Q = Rate of heat transfer in kJ/s

Department of Mechanical Engineering
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Example 4.12. A fluid system, contained in a piston and cylinder machine, passes through
o complete cycle of four processes. The sum of all heat transferred during a cycle is — 340 kJ. The
letes 200 cycles per min.

system cOmp
Complete the following table showing the method for each item, and compute the net rate

of work output in kRW.
Process Q (kd/min) W (kJ/min) A ChTimiin
- e 4340 o
i 42000 2
-t e i — 73200
4—1 -~ o -
Solution. Sum of all heat transferred during the cycle = — 340 kdJ.

Number of cycles completed by the system = 200 cycles/min.

Process 1—2 :
Q=AFE+ W
0=AFE + 4340
A E = — 4340 kd/min.

Process 2—3 :
Q=AE+ W
42000 = A E + 0
A E = 42000 kdJ/min.
Process 3—4 :

Q=AE+ W
— 4200 = — 73200 + W
W = 69000 kJ/min.

[JCIJG.I LHITIIL VL viculialnval iiynicci iy
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Process 4—1 :

5Q = - 340 kJ

cycle

The system completes 200 cycles/min
Q,=Q, 4+ @y + @y, =—340x200=- 68000 kJ/min

or 0 + 42000 + (- 4200) + @, , = — 68000

Q, , = — 105800 kJ/min.

Now, | dE = 0, since cyclic integral of any property 1S zero.
AE, ,+AE, 3+ AE, ,+AE_ =0
— 4340 + 42000 + (- 73200) + AE, ;=0
A E, | = 35540 kJ/min.

Wei= Q,,—-A E,
— — 105800 — 35540 = — 141340 kJ/min

Department of Mechanical Engineering
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PROBLEMS

10 kg of fluid per minute goes through a reversible steady flow process . The properties of fluid at the inlet are : p; =
1.5 bar,p; =26 kg/m3, C; =110 m/s & u, = 910 kJ/kg and at the exit are p, = 5.5 bar,p, = 5.5kg/m3, C, =190 m/s
& u, = 710 kJ/kg . During the passage the fluid rejects 55 kJ/s and rises through 55 m. Determine

1) The change in enthalpy (Ah)

i) Work done during the process

p1 =1.5bar=1.5 X 100kpa = 150kp,p; = 26 kg/m3, C; =110 m/s & u, = 910 kJ/kg

p2 = 5.5 bar = 550kpa, p, = 5.5kg/m3, C, =190 m/s & u, = 710 kJ/kg
Qi2=-55k]/s z,=55m m=10-2=2rkg/s

(Heat rejection) 2 min 60

hy = u; + pyvy = 910 + (150/26) = 915.77 kJ /kg

h; = u; + p,v, =710 + (550 / 5.5) = 810 kJ/kg

Since we need work done in kJ/kg we need to convert Q from kJ/s

Ah = h, —hy = —105.76 k] /kg to kJ/kg , hence we have
Q =m.q
—55kJ/s
q1-2 = 10 = —330 k]/kg
m] kg/s

Department of Mechanical Engineering
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vi Vi
m h1+ 7+gZ1 +Q1_2=m h2+7+gZ2 +W1_2

Vi 4
m h1+7+g21+ d1-2 = m h2+7+gZZ+W1_2

. - Because in problem we have
Mass flow rate or mass are equal in steady state condition Q in kJ/ke

Vi Vi
h1+ 7+gZ1+ J1-2 = h2+ 7 +gZ2+ Wl—Z

1102 9.81x0 1902 9.81 X 55
915.77 + 1-2

2% 1000 ' 1000 330) B (810 T 2% 1000 ' 1000

Work done during the process = W;_, = —236.77 k] /kg

For work done per second or Power= (—236.77) k] /kg X ( )kg/s =-39.46 kW

Department of Mechanical Engineering



amount to 16000 kJ/.
Determine the power output of the turbine.
Solution. Quantity of steam supplied to the turbine,

Steam velocity at the entrance to the turbine,
Elevation at the entrance,

Specific enthalpy at the entrance,

Steam velocity at the exit,

Elevation at the exit,

Specific enthalpy at the exit,
Heat losses from the turbine to the surroundings,

m = 4500 kg/h
C, = 2800 m/min
55 m

h, = 2800 kJ/g
5600 m/min
1.5 m

h, = 2300 kJ/kg

N
[

NN NO
I

Q = — 16000 kJ/h

Applying the steady flow energy equation at entry (1) and exit (2)

2
C )+W

Foey (hl.,.gli...zng + R=m (};2+—§—+Zzg

2

16000 4500
W= )
3600 (2300 — 2800) +

—4.44 — W = 1.25 (500 + 3.26 — 0.039)

- -

Department of Mechanical Engineering

2 2
QR— W= m,:(hz—-hl)+[———-——c2 201 J+(Zg—-Zl)g]

r[5600 )2 ~ (2800)2 ’

60 60

- ﬂ College of Engineering _ S

Example 4.39. A turbine, operating under steady-flow conditions, receives 4500 kg of
stearmn per hour. The stearn enters the turbine at a velocity of 2800 m/min, an elevation of 5.5 m
and a specific enthalpy of 2800 kJ/kg. It leaves the turbine at a velocity of 5600 m/min, an elevation
of 1.5 m and a specific enthalpy of 2300 kJ/kg. Heat losses from the turbine to the surroundings

SRR LR
2]
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Control Surface

4

——

Insulation
\ | W
—

Turbine

AN

"'\-\.\

% N

Q12
2

(1.5 -5.5) x9.81
- +

-

. Power output of the turbine = 633.44 kW.

2 x 1000

1000

4

or W = 633.44 kdJ/s

(Ans.)
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Example 4.40. Steam at a 6.87 bar, 205°C, enters in an insulated nozzle with a velocity of

50 m/s. It leaves at a pressure of 1.37 bar and a velocity of 500 m/s.
Determine the final enthalpy of steam.

Solution. Pressure of steam at the entrance, p; = 6.87 bar

The velocity with which steam enters the nozzle, C, = 50 n/s
Pressure of steam at the exit, p, = 1.37 bar

Velocity of steam at the exit, C, = 500 m/s.

..__.-—-——————-—-.-————-———-—m—--————————______-.,._._.-_-—.—————-

p, = 6.87 barr,

205°C ———» v T

C,=50m/s

_,._--_._____——--—-———-———_——.—..---—————_——_———-————-——————

Fig. 4.47
The steady flow energy equation is given by
h, + o’ Z —\h Cy” Z w =
1 2+1g+Q-2-+-2+2\g+

Department of Mechanical Engineering
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Considering the nozzle as an open system, it is evident that :
— there is no work transfer across the boundary of the system (i.e., W = 0)
— there is no heat transfer because the nozzle is insulated G.e., @ = 0).

: ii‘
— the change in potential energy is negligible since there is no significant differe"
elevation between the entrance and exit of the nozzle [i.e. (Z,— Z,) & = 0l

Thus egn. (i) reduces to

CA 2
hy+ —é_ = hy + Q_%_
2 _~2

From steam table corresponding to 6.87 bar, h, = 2850 kd/kg

~ (500)* - (50)2

or h, = 2850 + 123.75 = 0 or h, = 2726.25 kJ |
Hence final enthalpy of steam = 2726.25 kJ. (Ans.)

Department of Mechanical Engineering
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= Example 4.?:?. 12 kg of air per minute is delivered by a centrifugal air compressor. The
inlet and outlet conditions of air are C, = 12 m/s, P; =1 bar, v, = 0.5 m3kg and C,=90m/s

= 8 bar, v, = 0.14 m3/kg. The increase ; i ; , :
5 , Ug se in enthalpy of air passing through the com
150 kJ / kg and heat loss to the surroundings is 700 kJ/min. =

Find : (i) Motor power required to drive the compressor ;
(i) Ratio of inlet to outlet pipe diameter.
Assume that inlet and discharge lines are at the same level.

; : . . . 2
Solution. Quantity of air delivered by the compressor, m = -2—0 = 0.2 kg/s.

Conditions of air at the inlet 1 :
Velocity, C, =12 m/s
Pressure, Py = 1 bar =-1 x 105 N/m?

Specific volume, v, = 0.5 m%kg Centrifugal e —
Conditions of air at the outlet 2 : // compressor
Velocity, C, = 90 m/s ol

Pressure, p, = 8 bar =8 x 105 N/m?

Department of Mechanical Engineering



2inc] College of Engineering 08y =2

Specific volume, v, = 0.14 m3/kg

Increase in enthalpy of air passing through the compressor, ENGINEERING T)
(hy — hy) = 150 kd/kg Air out

Heat lost to the surroundings, /-B°u"dafy ®

Q = — 700 kJ/min = — 11.67 kdJ/s.
(1) Motor power required to drive the compressor :
Applying energy equation to the system,

Cy’ C.
m[””T*ZIg)*Q:m[”?*‘;_*Zzg)*W e,

'NOW Z1 — 22

- [ 122 — 902 ]
=0.2 B 150 + 'é—x"fooo_J + (- 11.67)

= — 42,46 kJ/s = — 42.46 kW
". Motor power required (or work done on the air) = 42.46 kW. (Ans.)

Department of Mechanical Engineering
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d,

(i) Ratio of inlet to outlet pipe diameter, d2

The mass of air passing through the compressor is given by

Al _ A

U1 Uy
Al Cz Ul 90 0.5
A, C v, 12014

nm =

= 26.78

d i d
1
— | =926.78 or =L =5.175
[dz] dy

Hence ratio of inlet to outlet pipe diameter = 5.175. (Ans.)

Department of Mechanical Engineering
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Example 4.48. A centrifugal pump delivers 50 kg of water per second. The inlet and ouile
pressures are 1 bar and 4.2 bar respectively. The suction is 2.2 m below the centre of the pump
and delivery is 8.5 m above the centre of the pump. The suction and delivery pipe diameters are
20 cm and 10 cm respectively.

Determine the capacity of the electric motor to run the pump.

Quantity of water delivered by the pump, m,, = 50 kg/s
Inlet pressure, p, = 1 bar = 1 x 105 N/m?

Outlet pressure, p, = 4.2 bar = 4.2 x 105 N/m?
Suction-below the centre of the pump = 2.2 m
Delivery-above the centre of the pumnp = 8.5 m
Diameter of suction pipe, d, = 20 cm = 0.2 m
Diameter of delivery pipe, dy = 10cm = 0.1 m motor

Department of Mechanical Engineering
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Capacity of electric motor :
Steady flow energy equation is given by

2 Cy”
il o6 Zlg] + Q= my, (uz + DgUg + éf + Zzg) + W
2

7y, [ul + P03
Considering the datum from suction 1, as shown
Z, =0, 2Z,=85+22=107m
u, —u, =0; Q=0
Thus eqn. (z) reduces to ,
CR =g M

o= nzw|:(plvl — PoUs) + (Zy —Z3)8 + (———__‘2

As water is incompressible fluid.

=
gy =Y 5 ¢ T000

The mass flow through inlet and exit pipe is given by
mw=£><d12 xClxp=—g><d22 x Cy X p as p, = py = p (for water)

50="1 x (0.2)2 x C, x 1000

4
50 x 4
C. = = 1.59 m/s
1™ 1t < (0.2)2 x 1000
50 x 4
S5 = = 6.37 m/s
= 2= 7% (0.12 x 1000
Substituting the values in eqn. (ii), we get

2 2
5 1 5 1 ) 1.59° —6.37
= — 42 <102 X + (0 —-10.7) x 9.81 +
1%% 50[(1><10 ><1 1600 ( ) >

= 50[— 320 — 104.96 — 19.02]
= 22199 J/s or 22.199 kJ/s = 22.2 kKW.

Hence capacity of electric motor = 22.2 kW. (Ans.)

Department of Mechanical Engineering
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MODULE 3

SECOND LAW OF THERMODYNAMICS

Limitations of first law of thermodynamics:

1. First law explains about the inter conversion of heat and work without placing any restriction on the direction.

2. All simultaneous processes proceed only in one particular direction and to reverse such processes, energy from
external source is required.

3. First law provides all necessary conditions for a process to occur but in doesn’t give sufficient conditions namely
direction of the process.

Department of Mechanical Engineering
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STEAM POWER PLANT

W ‘ Source, T1 ‘
Q4

Q1
D>

Q2
‘ Sink, T2 ‘

Q;
(Heat Lost to surrounding)Q2
Air fuel mixture IC ENGINE (Work output at shaft)W

(combustion) Q1

Department of Mechanical Engineering
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REVERSED
lae HEAT
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Surroundings fﬂgh .
; cepramre
(Atmosphere sink
Q1
@ Work input(W)
Q2
Low
Cooling Space temperature
source
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HEAT PUMP
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To heating system . High
Compressor Heating space temeprature
sink
Q1
@ Work input(¥W)
Evaporator Condenser
Q2
Surroundings ::’; crature
(atmosphere) _mm_]:: -

Heat source Expansion Valve
e.g. air, ground, water

Department of Mechanical Engineering



atiel College of Engineering

Device converting Heat to Work:

HEAT ENGINE:

o
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/ \:" 4 %)

Ay sf (N3 2>
P B H
“& %g i’ ﬁk
S
T > 9001:2015

/SZBRN

A Heat Engine may be defined as a system operating in a cycle and producing useful work by abstracting heat from

a suitable heat source.

‘ Source, T1 ‘
Q1
()—
Q2
‘ Sink, T2 ‘

Consider a heat engine that receives Q, amount of heat from a high temperature source at T,.

Some of the Heat thus received is utilized to do mechanical work “W”.
The engine rejects Q, amount of heat to a low temperature sink at “T,’.
Applying the first law to the heat engine,

fsa= fow

Net Heat Transfer = Net Work Transfer
Q — Q=W

Generally performance of the heat engine is expressed in efficiency of the engine .

Thus thermal efficiency of heat engine,

B Net work output Q1 — Qz —1_ Qz
Mth = Gross heat input Qq - Q

Department of Mechanical Engineering
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Devices converting work to heat (Reversed Heat Engine):

1. REFRIGERATOR:

A refrigerator is a device which working in a cycle delivers heat from low temperature to a high temperature
region.
The performance of a refrigerator is expressed in terms of COP or coefficient of performance.

‘ Surroundings High

; temeprature
(Atmosphere sink

Desired effect _ Heat extracted at low temperature Q2 Q1

COPR — — —
@} Work input(W)

Work input Work input w
Q2
COP,= Q2
Q1-Q2

. _ Low
Cooling Space temperature

Net Heat Transfer = Net Work Transfer source
-Q; +Qz =-W

Department of Mechanical Engineering
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Devices converting work to heat (Reversed Heat Engine):

2. HEAT PUMP:

A heat pump is a device which working in a cycle delivers heat from low temperature region to high
temperature region.
The efficiency of heat pump is expressed in terms of COP.

High
cop Desired effect  Heat to high temperature sink  Q, ‘ catine space e eprature
AP ™ work input Work input W 01
Q4 Q @ Work input(W)
COPyp = ——— =1+ —=—
T -Q Q —Q
Q2
COPp-1 + COP of refrigerator
- Low
Surroundings temperature
(atmosphere) cource

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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STATEMENTS OF SECOND LAW OF THERMODYNAMICS

Kelvin — Planck statement:

“It 1s impossible to construct an engine which operating in a cycle, will produce no other effect than the
extraction of heat from a single heat reservoir and performs an equivalent amount of work”

S , T1
Source, T1 ‘ ource ‘
Q1
‘ Sink, T2 ‘

Fig (@) impossible

Fig (b) possible

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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Clausius statement:
“It 1s impossible to construct an engine which is operating in a cycle, transfers heat from a body at a lower
temperature to a body at a higher temperature without the assistance of external work”

(or)
“It is impossible for heat energy to flow from a lower temperature body to a higher temperature body without the
assistance of external work”

High igh
System at T1 temeprature System at T1 ﬁ;gmpmmre
Q1
Note: Q!
W=10
HP Q1=Q2 @P — W=@1-Q)
Q2
Q2
_ Low
Nyst t T2 t tu
vstem a emperature S}'EtEﬂl a2t T2 feul:lrpemmre
Fig (a) impossible Fig (b) possible

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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Equivalence of Kelvin Planck and Clausius Statements

1. Violation of Clausius statement leads to violation of Kelvin Planck statement

High temperature source , T1

: W=0Q1-Q2
Combined
svtem (a) & (b) >

(a) (h) (c)

Low temperature sink , T1

Faculty : Mr. Pavan Kumar K P

Department of Mechanical Engineering
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 Consider fig(a) in this case a heat pump HP operates in a cycle and transfers Q, amount of heat from a low temperature
source without any work input. This system violates Clausius statement.

 Consider fig(b) in this case , a heat engine HE operates in a cycle absorbing Q, amount of heat from a high temperature
source. The engine does W amount of work and finally rejects Q, amount of heat to the low temperature sin. This
system operates as per Kelvin Planck statement.

» Consider fig(c) in this case both the heat pump and the heat engine are combined together to form a combined system.
This system constitutes a device that receives (Q, — Q,) amount of heat from high temperature source and does an
equivalent amount of work W = (Q, — Q,). Hence this system violates Kelvin Planck statement.

Thus, violation of Clausius statement leads to violation of Kelvin Planck statement.

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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2. Violation of Kelvin Planck statement leads to Violation of Clausius statement
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| High temperature source , T1 |
Q2
O Q1+Q2
HP W= - Combmmed
“1 svtem (a) & (b)
2=() Q: Q:
(a) (b) (c)

Low temperature sink , T1

IMPORTANT NOTE: WORK DEVELOPED BY HEAT ENGINE(W) IS COMPLETELY USED TO RUN THE HEAT

PUMP IN COMBINED SYSTEM

HENCE THE NET WORKOUT FROM(OUT OF THE) COMBINED SYSTEM WILL BE ZERO

Department of Mechanical Engineering

Faculty : Mr. Pavan Kumar K P
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« Consider fig(a) in this case a heat engine extracts Q, amount of heat from a high temperature source and does
an equivalent amount of work W = Q, without rejecting heat to the low temperature sink. This system violates
Kelvin Planck statement

« Consider fig(b) in this case , a heat pump working in a cycle extracts Q, amount of heat from a low
temperature sink. The heat pump also receives W = Q, amount of work from an external source and supplies
(Q,+Q,) amount of heat temperature source. This system works as per clausius statement.

« Consider fig(c) in this case, both the heat engine and the heat pump are clubbed together to form a combined
system. Since the output of the engine W is used to drive the heat pump, input to the combined system is only
from the Q, amount of heat extracted from the low temperature sink. The system rejects same amount of heat
to the high temperature source without any external work input. This system violates Clausius statement.

Thus violation of Kelvin Planck statement leads to violation of Clausius statement.

HENCE WE CAN CONCLUDE THAT BOTH KELVIN PLANCK AND CLAUSIUS STATEMENTS
ARE EQUIVALENT IN SENSE.

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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Perpetual Motion Machine of Second Kind (PMM-I1)
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It is an engine working in a cycle developing net work by exchanging heat from a single heat source. PMM-II

Violates Kelvin Planck statement.

Department of Mechanical Engineering

Heat Source

Faculty : Mr. Pavan Kumar K P




[JATME

atme ) College of Engineering

SRR
ISO
NSz

9001:2015

CARNOT CYCLE

. A
T Adiabatic Lines T « —C
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Volume, V o Entropy, S >

: . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering Y
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Carnot cycle consists of four reversible processes

v 9001 2015

1-2: Adiabatic compression
Vi - BV, —-(RV;-PV)

W,_, = =i = =1 =-m.R.(T; —T)/(y — 1)
Q12=0
2-3: Isothermal \l;lxpanSion i 4-1: Isothermal Compression
_ % o V. V. V.
W,_3 = BV, ln v, =m.R T, In v, Wi B fij i -P,V, In— = —m.R. Ty In—
V V4 V1 Vl
Q23—W23—mRTzan Vi
2 Q4_1 = W4_1 = —. R.T4 ln_
Vi
3-4: Adiabatic Expansion
W= 22— "aVe =T 1
= gy R =T /(F~1)| Net Work done /cycle=§ W = —m.R. ln (T~ Ty)
Q34=0 Thermal Efficiency of the cycle:
Tl - T2

Carnot Theorem: “No engine, operating between two heat reservoirs each having fixed temperatures,
can be more efficient than a reversible heat engine operating between the same temperatures”

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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V
Q4_1 = W4_1 = -m.R. T4 ln—
Vi

Net Work done /cycle=¢ W = —m. Rln ( -Ty)

Thermal Efficiency of the cycle:

Carnot Theorem: “No engine, operating between two heat reservoirs each having fixed temperatures,
can be more efficient than a reversible heat engine operating between the same temperatures”

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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A reversible engine operates between 3 heat reservoirs 1000K , 800K and 600K and rejects heat to a reservoir at
300K, the engine develops 10kW and rejects 412kJ/min. If heat supplied by the reservoir at 1000K is 60% of heat
supplied by the reservoir at 600K , find the quantity of heat supplied by each reservoir.

Solution: Source Source Source
_ A B C
Work output = 10kW = 10x60 = 600kJ/min T1 = 1000K T2 = 800K T3 = 600K

Ql\*’ o~ Qs\ll

Let Q, be the heat absorbed by the engine from the source at 600K
Then , heat absorbed from the source at 1000K is Q, = (0.6xQ),)

Q =1012kJ/min

W = 600l /min
Therefore heat taken from the source at 800K is

Q=0Q,+Q,+Q, Q4 kJ/min
Sink
Q.= (Q) - [(06xQy) + Q] —
From first law of thermodynamics Q=W+Q,
Total Heat supplied Q = W + Heat rejected 1012 =600 + Q 4
=600 + 412 Q, =412 kd/min

Q =1012kJ/min

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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As engine is reversible, Clausius theorem becomes,

fd_onz Q1+Q2+Q3_Q4
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T Ty, T, Tz T,
Eﬁd_Q 0= (0.6xQ3) N (1012) - [(0.6XQ3) + Q 3] n Q3 412
T 1000 800 600 300

Substituting the values in the above equation we get
Q3 =405 kJ/min
Q, = 364 kd/min

Q,=218.4 kd/min

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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MODULE 5

IDEAL GAS AND REAL GAS MIXTURE

Ideal gases: ldeal gas mixtures, Daltons law of partial pressures, Amagat’s law of additive volumes, evaluation
of properties of perfect and ideal gases, Air- Water mixtures and related properties.

Real gases - Introduction, Van-der Waal's Equation of state, Van-der Waal's constants in terms of critical
properties, Beattie-Bridgeman equation, Law of corresponding states, compressibility factor; compressibility
chart. Difference between ideal and real gases.

Department of Mechanical Engineering
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IDEAL GAS

An ideal gas is an imaginary gas having no forces of intermolecular attraction so that the behaviour of a molecule is not
influenced by the presence of the other molecules and obeys the law PV = mRT at all pressures and temperatures.

This relation Is called the ideal gas equation of state.

IDEAL GAS MIXTURE is the homogenous mixture of ideal gases which do not react with one another.

IDEAL GAS LAWS:
1) BOYLE’S LAW :The volume of a given gas is inversely proportional to the absolute
pressure when temperature remains constant during the change of state”

V x 1/P PV = Constant P,V.=P,V, = constant
2) GAY LUSSACS LAW : The pressure of a given gas is directly proportional to the
absolute temperature when volume remains constant during the change of state

PxT P/T = Constant B_PZ

— = T—Z = constant
1 2

3) CARLE’S LAW : The volume of a given gas is directly proportional to the absolute
temperature when pressure remains constant during the change of state

%4

VT V/T = Constant Ll _ constant
Ty T,

Department of Mechanical Engineering
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Ideal gas equation (or) characteristic equation for the gases:
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The relation exist between all three variables P,V,T of the gas under consideration. This relationship is called
characteristic gas equation This equation can be derived by combining boyle’s and charle’s law.

Fig shows that a gas undergoes an arbitrary change from state 1 to state 2 and follows a path 1 — A - 2, i.e a constant pressure

process (1 —A) and a constant temperature process (A — 2)
Applying Charles law to the process 1- A, and assuming unit mass of gas

T
Ve, T4

ToxXV
VA - le 1 (TA — TZ) ............ (1)
Applying Boyle’s law to the process A-2
Vo, i .
va—p, (Pa=Ph)

P, XV
Vy = ZP 2 (2)

1

Department of Mechanical Engineering




[JAT M E

College of Engineering

W™ 9001 :2015

VA — T, (TA — Tz) ............ (1)
P V F
Vy=T2 2) Pl pec A
equating equation (1) and (2) we get I'n,ﬁ
ToxVy _ PaxXVy \ T=C
T, P, 2
P1>< V1 _ sz VZ E“‘-h—__
T, T,
Since state 1 and 2 are arbitrarily selected, it follows that
Pax Vi _PaXVp _PsX¥s _ PaXVa _ constant ... (3) >
T, T, T3 Ty v

The constant is known as the CHARACTERISTIC GAS CONSTANT (R)
The value of “ R “ depends on type of GAS

Equation 3 can be written as

PxV
T
PV =mRT for mass m

= R for unit mass

Department of Mechanical Engineering
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where , n = number of moles = %

Where m = mass of gas , M = molecular weight of the gas

We know that

PV =mRT PV =mRT

PV=nMRT P3 =RT

P9 =MRT Where , 3 = specific volume = V/m kg/m?3
— VvV

where, Molar Specific Volume = 9 = -

The quantity “ MR is a UNIVERSAL GAS CONSTANT (R)
P9 =R T
The universal gas constant is a Physical constant whose value is given by

Px0 22.416

R = =1.013 x 10° x
273

= 8.31773 KJ/ Kg mol K

R =8.31773 KJ/ Kg mol K

Department of Mechanical Engineering
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1)n:%
2V=n.9=m.J9
HR=

4) PV = mRT
5) P9 =MRT
6) P9 =RT

7) P$ = RT




Relation between specific heat of gases and gas constant :

h=u+pv
where,  h = enthalpy
u = internal energy

h=u+RT

in differential form

dh=du+ RdT

R = constant

Substituting for ‘du’ and ‘dh’ we get
C,dT =C,dT +RdT

C,=C,+R
R=C,-C,

Department of Mechanical Engineering
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The ratio of specific heats C, and C, is again a constant and is a
function of temperature only and is represented by y (gama)

R _Cp
=1 (dividing by C,)

by rearranging we get

. — R
V — y — 1
Similarly by dividing equ (7) by C, we get
R X
CP — y
y —1
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PARTIAL PRESSURE
[ g 1l [ 1 . 1
Partial pressure of a gas (P,) in a mixture of WRE NS
- - ] ® f p ) ® 4
perfect gases is the pressure that it would ¥ N, * NN
- - . ®
exert if it alone occupied the whole volume - st s N\ N
Oxygen Nitrogen Oxygen + Nitrogen

of the mixture at same temperature.

Pressure Pressure Pressure
159 mm Hg 593 mm Hg 752 mm Hg

V,T V,T

Department of Mechanical Engineering
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Ideal gas mixture:

Consider a mixture of perfect gases A, B C etc existing in equilibrium at pressure P and occupying a volume V , at temperature T .
Each constitutes occupies the same volume that the entire mixture occupies and each constituent is at same temperature of the mixture
From the table it can be seen that (taking mass as an example) the total mass of the mixture is equal to the sum of the masses of the

individual gases, m =m, + m, + m,

GAS A GAS B GAS C MIXTURE OF GASES

P=P,+ P, + P,
m= m, + my+ m,
n=n,+ n,+ ng

P,.V,T

m, , N

a’l '‘a

CONSTITUENTS/
COMPONENTS OF THE

: . : MIXTURE
Department of Mechanical Engineering
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e Mass fraction ( x; ) :

Mass fraction of the constituent gas is the ratio of the mass of the constituent gas to the total mass of the
mixture of perfect gases

_Mmg _mp _mg
X , Xp = , X —
) b m ¢ m

M=Myg+ Mp+ Me

m m, m, m,
e + 4+ —
m m m m

l=x,+x, +x,

e Mole (n) : Amole of a substance has a mass numerically equal to the weight of the substance

For a particular gas it is given by

Department of Mechanical Engineering



ST, /ZBR
A
y ISO
y

& 9001:2015

latme College of Engineering

e Mole fraction ( y; ) : The mole fraction of any component is the ratio of the number of moles of the constituent
gas to the total number of moles of the mixture of perfect gases

The total number of moles of the mixture is equal to the sum of the moles of the individual gas

n=n,+n,+n,

Mole fraction of gas A, B and C is given by

n, N n:
Ya= = Y= ye=—
da n n
n=n,+n,+n,
n n, np ng
—_ =34 — 4 —=
n n n n

1=y,+¥pt+Yc

NOTE: Mass Fraction or Mole fraction of a IDEAL GAS MIXTURE is always equal to UNITY (or) Sum of Mass fraction or
Mole fraction of individual gas components in an IDEAL GAS NMIXTURE is equal UNITY

Department of Mechanical Engineering
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DALTONS LAW OF PARTIAL PRESSURE

» The total pressure of a mixture of perfect gases is equal to the sum of the partial pressure of the constituent gases, if
each component exists separately at the same temperature and volume as that of the mixture.
 If this component pressure is denoted by p; , then Daltons law can be written as

J
P - z Pi
=1

Considering 3 gases A,B ,C

P,.V,T

m, , N

a’ "'a

GAS A GAS B GAS C MIXTURE OF GASES

Department of Mechanical Engineering
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Considering GAS A, B, C we can write according to Daltons law that

For i’ components generally we can write P = Z]i=1 P;
Dividing equation (1) by P we get

P P, P, P
P P+ P+ P
1:Pfa+be+Pfc

where Py Is pressure fraction of a particular gas

j
Z Pfi == 1
i=1

In general we can write
Pressure Fraction of Ideal gas Mixture = P¢ = ZLl Py =1

Department of Mechanical Engineering
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Amagats law of partial volume or additive volume:
It states that “Total volume (V) of a mixture of gases is equal to the sum of the volume, each component would occupy if each
component exists separately at the same temperature and pressure as that of the mixture”.
If its component is denoted by V; , Amagats law can be written as
J
V = Vi
i=1

Considering 3 gases A,B&C

V,,P, T

m, , N

a’ "'a

GAS A GAS B GAS C MIXTURE OF GASES

Department of Mechanical Engineering
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Considering GAS A, B, C we can write according to Amagats law that

Total Volume of the Mixture of ideal gases=V =V, +V,+V_ .................. (1)
For ‘i’ components generally we can write V = Zi=1 V;
Dividing equation (1) by V we get

V=V, +V, +V,

1= Vfa+ Vfb+ Vfc
where V5 Is volume fraction of a particular gas
In general we can write

Volume Fraction of Ideal gas Mixture = Vy = ZLlVﬁ =1

Department of Mechanical Engineering
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Expression for gas constant for mixture of perfect gas:

PV =mRT

For 3 gases A,B, C which are at same temperature and volume as the mixture we can write

P,V=mR,T......... Gas A
P,V=mR,T.......... Gas B
P.V=mR,T.......... Gas C

But from Daltons law of partial pressures the total pressure of Ideal gas mixture is given by
P=P,+P,+P,

mRT  muR,T N mpR, T N m:R.T
Vv Vv V \%

R =X,.R,+X,. Rp + X.. R,

Department of Mechanical Engineering



[JAT M E

College of Engineering

Expression for molecular weight (M) :
PV = mRT

wktn = % where R = Universal gas constant , M = Molecular weight

PV = nMRT

PV=nRT where R = Universal gas constant = MR
P9 =RT Where 9 = molar specific volume = V/n
Considering 3 gases A,B,C

R—ﬁ R—ﬁ R—ﬁ
M T My T M

Substituting in equation R we get

R=X,.R,+X,. Ry + X.. R,

R_ R+ §+ R
M~ M, b M, Tt M,
1 X X X
—a, b, T

M~ M, M, M,

Department of Mechanical Engineering
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Molecular Weight of the Mixture
M=

Xb Xc
M, Mb+ Mc




Alternate expression for molecular weight
wkt, m=nM
for 3 gases we can write

m,=n,.M, ,m,=n,.M, ,m.=n.. M,
m=m,+my,+m,
nM=n,.M,+ n,. M, +n.. M,

Where,

M:yaMa+beb+ycMc ya=f

Department of Mechanical Engineering
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Internal energy of gaseous mixture (U) :

Internal energy of a mixture of ideal gases is equal to the sum of the individual energies of the constituent gases at the
same pressure and temperature of the mixture.

U=U,+U,+U,
m.u =m,u, + m,u, + m_u,

e U
where u = specific internal energy = —

by differentiating we get
m.du=m,.du, +m,.du, +m,.du,

wktdu=C,dT
mC,dT =m,C,,dT +m,C,dT+m,C,dT

1INy my, Mc
Cv= 7 Gvat v + 7 Cve
Cvmix — Xa Cva + Xb va+ Xc Cvc

Department of Mechanical Engineering
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Enthalpy of gaseous mixture (h

mix):

The enthalpy of a mixture of perfect gas is equal to sum of the enthalpies of the constituent gases

H=H,+H,+H,
m.h = maha+ mb hb+ mc hc ................... (1)
hmix:Xaha+Xb hb-l_xc hc

where h = specific enthalpy = %

by differentiating equation (1) we get
m.dh=m,.dh, + m,. dh,+ m,. dh,
wktdh=C,dT

mC,dT =m,C,, dT +m,C,, dT + m,C,. dT

¢, = tac 4 Hbe | Hep
P Pa+E Pb+E Pc
CPmix - Xa CPa + Xb CPb+ Xc CPC

Department of Mechanical Engineering
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Change in entropy of gaseous mixture (s):

S=S,+S,+S,

m.s =m,s, + myS, + m_s,

where s = specific entropy = %

by differentiating we get
m.ds=m,.ds, +m,.ds,+m,.ds,

ds =x, ds, + x,ds,+ X_ds,

Change in entropy of a gas can be calculated using the equation , ds, :[Cp ln% — R In %] . »forgas A. Similarly for
1

1

all gases we can calculate.

Department of Mechanical Engineering
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For mixture of perfect gases show that partial pressure ratio(ps) = mole fraction (y;) = volume fraction(vy)

PV =mRT
PV = nMRT
PV = nRT for a mixture ........ (1)

Let us consider a GAS A
P,V =n.RT (applying Daltons law of partial pressure , i.e at same volume and temperature ) ... (2)

Dividing 2 by 1 we get

P,V _ nyRT
PV  nRT
Pa na
= ¢ 3
2=t =y, (3)

Department of Mechanical Engineering
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Again
PV = nRT for a mixture ........ (4)

PV, =nRT (applying Amagats law , i.e at same pressure and temperature ) ... (5)

dividing 5 by 4 we get

Va_na Pa_ a

7—?: Vg covvneennn. (6) ?——r;:ya .............. (3)
P, _Va_ ng
=~ = — =Vya Henceproved

Department of Mechanical Engineering
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AIR- WATER MIXTURES AND RELATED PROPERTIES

Psychrometry
Psychrometry is the study of the properties of mixtures of air and water vapour.

Dry-bulb temperature (DBT)

The dry-bulb temperature is the temperature indicated by a thermometer exposed to the air in a place sheltered from direct
solar radiation. The term dry-bulb is customarily added to temperature to distinguish it from wet-bulb and dewpoint
temperature

Wet-bulb temperature (WBT)
The thermodynamic wet-bulb temperature is a thermodynamic property of a mixture of air and water vapor. The value

indicated by a wet-bulb thermometer often provides an adequate approximation of the thermodynamic wet-bulb
temperature.

Dew point temperature
The saturation temperature of the moisture present in the sample of air, it can also be defined as the temperature at which

the vapour changes into liquid (condensation)

Department of Mechanical Engineering
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Specific Humidity

Specific humidity is defined as the proportion of the mass of water vapor and mass of the moist air sample (including both dry
air and the water vapor); it is closely related to humidity ratio and always lower in value.

Absolute humidity
The mass of water vapor per unit volume of air containing the water vapor. This quantity is also known as the water vapor

density.

Relative humidity
The ratio of the vapor pressure of moisture in the sample to the saturation pressure at the dry bulb temperature of the sample.

Specific enthalpy
Analogous to the specific enthalpy of a pure substance. In psychrometrics, the term quantifies the total energy of both the dry

air and water vapour per kilogram of dry air

Specific volume
Analogous to the specific volume of a pure substance. However, in psychrometrics, the term quantifies the total volume of both

the dry air and water vapour per unit mass of dry air.

Department of Mechanical Engineering



- m 8 LB &
atie ) College of Engineering AL/

) /DR
2 ISO
y 2

& 9001:2015

PROBLEMS
A Perfect gas mixture consists of 1.4kg of nitrogen and 2.3 kg of carbon dioxide at a pressure of 3 bar and a temperature of 22°C , Find

1)  The mole fraction of each constituent

i)  The equivalent molecular weight of the mixture
1) The equivalent gas constant of the mixture

Iv) The partial pressure and the partial volume

v) The Volume and density of the mixture

=ouion I

m 1.4 kg 2.3 kg

P=3 Bar
T =22°C

1) Mole fraction of each constituent

y . nN2 y . ncoz

N, — i cop, — i
© X T X
m .
NN, = —2 = 22 =005 ngy, = 2= == =0.0523

2 My, 28

Department of Mechanical Engineering

Npix = My, + Ngo, = 0.05 +0.0523 = 0.1023

N 095 _ 4 .489
YN, = - = = (.
>~ 3 n;, 0.1023
n 0.0523
€02 = 0.511

Yco, = =
2 Z]izlni 0.1023
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ii) Equivalent Molecular weight of the mixture
Mmix = Yne M2 + Yeo2 Mcoz
=(0.05x 28) +(0.0523 x 44

=0.4 +2.3012

= 36.176 kg/kg.mol
iii) Equivalent Gas constant of the mixture

R.... = = =0.2298 Ny — - - Y co, — - - Y
mix = M .~ 36.176 kg. mol. K My, 28 * Mg, 44
iv) Partial pressure and partial volume o
PVy, = my,Ry,T ( Considering Amagats law)

Py, = 0.489 X3 = 1.467 bar my,Ry,T 1.4 X0.297 X 295

W, = = = 0.4088 m?>
Pco, = 0.511X 3 = 1.533 bar Nz P 3X100
mCOzRCOZT 2.3X0.189X 295 _ 3
Pa_Va_Ma_g Veo, = P = R = 0.4274m
— Ja

P \% n

Department of Mechanical Engineering
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Volume of the mixture

MpyixRmixT (2.3 +1.4)X 0.2298 X 295

V... =
mix P mix 3X100

Density of the mixture

Pmix = PN, T Pco,

rl'lN2 mCOZ My,ix 3.7
Pmix = + = =
Vn, Voo,  Vmx  0.836
— 4.426 kg/m3

Department of Mechanical Engineering
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= 0.836 m?3

NOTE: Partial Volume can also be
calculated after finding volume of mixture

Vy, = 0.489 X0.836 = 0.408m>

Vco, = 0.511 X 0.836 = 0.427m>
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The GRAVIMETRIC ANALYSIS of air and other data are as follows

Constituents Molecular Weight

Oxygen 23.14 32
Nitrogen 75.53 28
Argon 1.28 40
Carbon dioxide 0.05 44

Calculate 1) Gas constant of air
ii) Apparent Molecular Weight

Solution: _
W.K.T Ro, = R _ 8314 _ ,c0g k] /keK Rar = 0.2078 k] /kgK
— MO2 32 Arz
R
Ry, = — = 0.2969 k] /kgK Reo, = = 0.1889 kJ/kgK
> My, Mco,

Department of Mechanical Engineering
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i) Gas Constant for air GRAVIMETRIC ANALYSIS Means MASS Percentage

If you divide the value by 100 we get MASS FRACTION (x;) of
WKT individual component in a GAS MIXTURE
VOLUMETRIC ANALYSIS Means VOLUME Percentage
R=x R +x R +x R If you divide the value by 100 we get Mole FRACTION(y;) or Volume
aria b e e Fraction of individual component in a GAS MIXTURE
R = Z Xj . Ri
Considering 1kg of the mixture
. 100% ----- 23.14%
Where, x; = FL (o E— 2
R =X42 - Ry ¥ Xn2 - Rao T Xar- Rar + Xco2 - Reoo Mass of oxygen in kg in a mixture = (23.14 /100) = 0.2314 kg
X0z = mn?z = 213(')104 = 0.2314 Similarly for all gases

R =(0.2314 X 0.2596) + (0.7553 X 0.2969) + (0.0128 X 0.2078 ) + ( 0.0005 X 0.1889)

R =0.2871 kJ/kgK

Department of Mechanical Engineering
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ii) Apparent Molecular Weight

& 9001:2015

Nothing but Molecular weight of mixture

v - R 8314
mx R 0.2871

= 28.96 kg/kg.mol

Department of Mechanical Engineering
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The VOLUMETRIC ANALYSIS of a natural gas is as follows
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CH, = 85.8% C,H, = 13.2% CO, = 0.9% N, = 0.1%

Determine for this natural gas
1) The average molecular weight
i) The gravimetric analysis
1) The average gas constant

Solution:

NOTE: Since VOLUMETRIC ANALYSIS Of gases is given that means it is % Volume of gas in 100% of mixture
you can directly consider it as Volume Fraction or MOLE FRACTION (y;) of gas

Yeu, = 0.858 i) The average molecular weight
Ve, = 0.132
~ M, . = Y y:M; = (0.858x16)+(0.132x30)+(0.009x44)+(0.001x28)
yCOZ = 0.009
YN, = 0.001 M,,i, = 18.11 kg/kg mol

Department of Mechanical Engineering
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I1) The gravimetric analysis(Means we have to find mass fraction of gases)

CH, 0.858 16 0.7580
C,H, 0.132 30 0.2187
co, 0.009 44 0.0218

N, 0.001 28 0.0015

V n (zmlx) - MCH4 Mmix Mmix MCH4 MCH4
nCH4 Mmlx
yCH4 — — (xCH4 X )
n MCH4
Mcy, 16
Xen, = Yon, X g+ = 0858 X o= = 07580

Department of Mechanical Engineering



/SZBRN

E ATME
atime ) College of Engineering

Iii) The average gas constant

& 9001:2015

_— R 8314
X M, 18.11

= 0.4591kJ /kgK

Department of Mechanical Engineering
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A vessel of 0.35 m? capacity contains 0.4 kg of carbon monoxide ( CO) and 1kg of air at 20°C . Calculate

1) Partial pressure of each component

I1) The total pressure in the vessel
The GRAVIMETRIC ANALYSIS of air may be taken as 23.3% oxygen (O,) and 76.7 % Nitrogen(N,)

Solution. Capacity of the vessel, V. = 0.35 m?

Mass of carbon monoxide = 0.4 kg

Mass of air =l kp

Temperature, T = 20°C or 293 K
233

Mass of oxygen present in 1 kg of air = 100 x 1=10.233 kg

Mass of nitrogen present in 1 kg of air = 76’07 x1=0.767 kg

But, characteristic gas constant,
RO
M

where, R, = Universal gas constant (= 8.314 kdJ/kg K), and
M = Mo lecular weight.

R =

Department of Mechanical Engineering
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Also, the characteristic gas equation is given by

e (i)
_ mRyT
Adinlin o (i)
mR,T
1.6 B VMV ...(1v)
Hence, for a constituent,
m,RoT
AT T ..(v)
2

Substituting the values, we get the partial pressures as follows :
(;) Partial pressures :

0233 x(8314 x10°) x 293

32 % 035 x 10° = 0.5068 bar. (Ans.)

For O,, Po,

0767 x (8314 x10°) x 293

For N,, PN, = 5 = 1.9065 bar. (Ans.)
28 x 0.35 x 10

0.40 x (8.314 x 10%) x 293
28 % 0.35 x 10°

(ii) Total pressure in the vessel, p :

= 0.9943 bar. (Ans.)

For CO, Pco =

p:Zpi=p02 +pN2 + Pco

Department o = 0.5068 + 1.9065 + 0.9943 = 3.4076 bar. (Ans.)
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REAL GASES

1. Real gases doesn’t obey ideal gas equation at all pressures and temperatures
2. Ideal gas equation is given by

e PV=mRT

e PV=nRT,R=MR

e PVv=RT,wherev=V/m

e Pv = RT,wherev=V/n

3. A gas which follows gas laws at all ranges of pressure and temperature can be considered as an
ideal gas. But no such gas exists in nature.

4. The REAL GASES obey very closely to ideal gas or gas laws equation when the pressure is very
small or temperature is very large

5. When the pressure increases the intermolecular forces of attraction and repulsion increases, and the
volume of the molecules becomes appreciable compared to the total volume of the gases. Therefore
the real gases deviate considerably from the ideal gas equation.

Department of Mechanical Engineering
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The behaviour of real gas approaches closely to that of the ideal gas provided the following
assumptions are valid:
e Any finite volume of a gas consists of a very large number of molecules

e The molecules are separated by distances larger than compared to their own dimensions and are in a
state of continuous motion.

e Molecules exert no force on one another except when they collide

e Collisions of molecules with one another and with the walls of the container are perfectly elastic.

If the conditions of temperature and pressure are such that the assumptions are not valid then the real gases
starts deviating from the ideal gas.

Department of Mechanical Engineering
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VANDERWAALS EQUATION OF STATE

(p+ )(v— b) = RT

(p+ )(v—b)—RT
piv; = RT

Where,
p = pressure
v = specific volume
v = Molar specific volume
R = Characteristic gas constant
R = universal gas constant
= absolute Temperature
a & b are specific constants

Department of Mechanical Engineering
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Why coefficient ‘a’

It is introduced to account for the existence of
mutual attraction between the molecules.

The force due to mutual attraction is directly

proportional to square of density
F < p?

Fx 1/v?

Why coefficient ‘b’

It is introduced to account for the volumes of
molecules which was neglected in IDEAL GAS
equation. And it is known as CO-VOLUME
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DERIVATION OF EQUATION FOR VANDERWAALS CONSTANTS p

I\ \\
(p + —2) (v—5b) =RT ... .. (1) o\
I( \(:,\(___,,-/ Cnitical point
AN
5 I~ \ \\\
PY =02 nhem i NN
ov re : \\
| \\ |
62p> |
— ] =0....(3) ‘
<6v2 re :
)\’
! | v
Solving equation (1) for p , we get Fig. 8.1u + 5.V diagran for o gas
_ RT a .
P=——F— (D)

Differentiating equation(4) with respect to ‘v’ twice at critical point where p=p., T=T,, v =V, we get

op 0 —RTc N 2a c o%p _ o= 2RTc 6a )
55) 0=ty O 5) =0 b v

Tc

Department of Mechanical Engineering
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<8p> 0= —RTc N 2a 5)
v e (v, —b)?>  v3
2a
RTe = 25 (ve = b)? o (7)

vc
V. = 3b b = ?
2
RT; = 5 (0= b)2 e (D)
T, - 8a (10)
27.b.R

Department of Mechanical Engineering

2RTc  6a
ORI
(Ve = b)*..... (8)
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Substituting (9) and (10) in equation (4) we get

v,=3borb=v//3......... 9)
T, = 8a 10
c = 27.b.R"""'( )
_RT a A
P=_"14 vz"""""()
-7 11
Pc = 27.b2""'( )

So equation (9) ( 10) and (11) are the critical pressure , critical temperature and critical volume equations

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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NOW TO FIND SPECIFIC CONSTANTS “a” and “b” IN TERMS OF CRITICAL PROPERTIES

: From equation (10) and 11
From equ(9) and (10) From equation (9) and 11) a (10) )
1% 8a
% b= —......(9 =
b = gc 3 2 Te= 27 bR
a
_ 8a Pc = 27 B2 . (11) b — 8a
¢~ 27.b.R 27.T.R
By substituting (9) in (10) we get Substituting (9) in (11) Pc= 5o p7 (11)
" T (12) a=3p.v.2.....(13) Substituting (10) in (11)
gRTcve .
_ 27R%AT( 4
a= 64 p. ... (14)

Hence in terms of critical properties

9 , 27R%.Tc*
a= §R.Tc.vc = 3p.v.° = 64 p.

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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To express constant “b” in terms of critical properties from equation (11) and (12)
a
WKT from equation (9) Pc = 27 p2 (11)
v
p=-C b= |—
3 27.p,
from equation (10) 9
o _ _8a a=SRTcv......(12)
¢ 27.b.R
. Sa p— R.chc
~ 27.T,R 24.p.
8a Hence in terms of critical properties

Substituting equation (14) in b = 27T.R

2 2
g 2TR%Tc (14) RT, v. RT, |R.Tcv,
6 p. b = p=—C= —
c 8P, 3 8P, | 24.p,

Faculty : Mr. Pavan Kumar K P

Department of Mechanical Engineering
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COMPRESSIBILITY FACTOR (2)
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» The specific volume of a gas becomes very large when the pressure is LOW and Temperature is HIGH.

« Thus it is not possible to conveniently represent the behavior of real gas es at low pressure and high
temperature.

 In order to overcome this difficulty the properties of each Real gas is represented by means of a
compressibility factor.

« The factor which expresses the extent if deviation of the gas from a perfect gas is known as
COMPRESSIBILITY FACTOR

For ideal gas from the law we haven
pv =RT

Dividing the above equation by “RT”

pv
=1
RT

pv
But for REAL GAS the number 1 is replaced by some other number “Z” Hence E —

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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« The compressibility factor of a perfect gas has a value of unity under all conditions

« Asthe pressure if reduced , the REAL GAS behaves as an IDEAL GAS and hence, at low pressure , for any
gas compressibility factor tends to UNITY

IimZ=1
p—~0

The value of “Z” for a REAL GASES is finite and it may be LESSER or MORE than UNITY,
depending in the temperature and pressure of the gas

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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REDUCED PROPERTIES:

1) REDUCED PRESSURE : It is the ratio of the existing pressure to the critical pressure of the substance

_P
Pc
2) REDUCED TEMPERATURE : It is the ratio of the existing Temperature to the critical temperature of the substance

Pr

T

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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LAW OF CORRESPONDING STATES:

If any two gases have equal values of Reduced pressure and reduced temperature then they will have

same values of Reduced Volume
Or

The compressibility of any one component substance is a function of only two properties , usually

temperature and pressure so that
Z=1(T,,p;)

This equation is called Law of corresponding States

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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GENERALIZED COMPRESSIBILITY CHART

In generalized compressibility chart , the Ideal gas line
compressibility factor “Z” is plotted as a function of 1 M
reduced pressure and reduced temperature. According |, =
to these charts , one component substance which are at — o b0
same reduced pressure and temperature have the same 09 = 7;
compressibility factor s b M(& v
. %7/
The generalized chart provide one of the best 07 e 7}//5
means of expressing deviation from ideal s )&y
behavior and gives results with an accuracy of ' 05 & o
o 7 o o egen
Wlthln 5/0 0.5 x Methane 2 Isopentane
© Ethylene  © n-Heptane
. T A Ethane 6 Nitrogen
A gas which has a compressibility factor less than 04 © Propane  © Carbon dioxide
unity is more compressible than a perfect gas. 7 n-Butane ¢ Water
03 —— Average curve based on
The chart shows both temperature and pressure data on hydrocarbons
introduce deviation from Ideal behavior 0.2
0.1

0 05 10 15 20 25 30 35 40 45 50 55 60 65 70

Reduced pressure pg

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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BEATTIE — BRIDGEMAN EQUATION OF STATE

=2 (1-D)o+B) -
where
sho(1-2)  neBe(1-2)

The constants 4, , a, By , b & C are given in steam table

Department of Mechanical Engineering
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Determine specific volume of helium at 200kpa and 300K using the vanderwaals equation and the ideal gas
equation of state . The molecular weight of helium is 4 and constants in the vanderwaals equation a=3.4and b
=0.0234 from steam table

Solution
Using IDEAL GAS Equation By trial and error method we get
pv = RT v = 12.5m3/kgmol
RT RT 8.314x300 v
p  Mp 4 % 200 n (M)
Using Vanderwaals equation VM 125
a _ m
(p+ﬁ)(”_b)=RT 125 _125_ . . ..
v=—r=— =3 m°/kg

3.4
<200 + ﬁ) (7 —0.0234) = 8.314 X 300

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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Calculate the reduced temperature and reduced pressure of a gas which is at a pressure of 7 Mpa and a temperature of
150°C. Also calculate the specific volume of the gas if Z=0.54. Compare this with the specific volume given by the ideal

gas equation of state . Use the following values : critical pressure = 4.26 Mpa , critical temperature = 370°C , R = 0.189
kJ / kg °C
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To find reduced pressure and reduced temperature

p 7

pr=—= 4-_26= 1643
Pc ™ Using COMPRESSIBILITY FACTOR

1= o 20 = 0.06576

F =T T370 0 Pv = ZRT
Using IDEAL GAS EQUATION , = ZRT_ 054X 201(?(? XA 000616 m*/kg
p
Pv = RT
_RT_o0a89x423 .. ..
V= T 7000 OOHAmYkg

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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Determine the pressure in a steel vessel having a volume of 15liters and containing 3.4kg nitrogen at 400°C by using

1)ideal gas equation ii) vanderwaals equation

Also calculate the compressibility factor by using the answer obtained from vanderwaals equation

To find pressure using ideal gas equation

PV = mRT

_ mRT _ 3.4X 8314 X673

p_ =

M 0015X28 45295.46 kPa

Using vanderwaals equation

()7«

a
(p+§)(v—b)=RT pz(v—b)_vz

v=V/m
P =56961.91 kPa

a = 136.4 KNm?/(kg.mol)?
b = 0.0386 m3/kgmol

Department of Mechanical Engineering
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To find “Z” by using value of “p” from
vanderwaals equation

Py = ZRT
pv  56961.9 X(%a)
RT R
X

Faculty : Mr. Pavan Kumar K P



Compute the pressure of 2 mol of air at 400K with a total volume of 0.5m3. Using the ideal gas law and the Vanderwaals
equation of state take a = 135.8 kpa (m3/kgmol)?and b = 0.0364 m3/kgmol
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To find pressure using ideal gas equation
PV = nRT

nRT 2X 8.314 X400

p=—)= o = 13302.4kPa

Using vanderwaals equation

Since number of moles is given we can use
(p+ —)@—b)=RT

0.5 _
_05 oo P = 13396.48 kPa

V= 5

S| <

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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Determine the specific volume of H, gas when its pressure is 60bar and temperature is 100K.
a) By using compressibility chart
b) By using Vanderwaals equation

Take for H,
T, =-239.76°C
P.=12.92 bar =12.92 x 100 kpa
a =0.25105 x 10> Nm#kgmol*
b = 0.0262 m3/kgmol A W
(p + 1]2) (v — b) = RT

Given: p =60 bar = 6000kpa , T = 100K , M,,, = 2 kg/kgmol

Using vanderwaals equation

9=0.07 m3/Kkg

a) By using compressibility chart
P.=P/P.,=60/12.92 = 4.65

T,=T/T,=100/33.24 = 3.008
From chart corresponding to the values P, and T, we get

Z=1.035
PO = ZRT
B U9 =0.0717 m3 /kg

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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Difference between ideal gases and real gases

Ideal gas has no definite volume while real gas has definite volume
Ideal gas has no mass where as real gas has mass
Collision of ideal gas particles is elastic while non elastic for real gas

No energy transfer is involved during collision of particles in ideal gas but in real gas has attracting energy

AR S

Pressure is high in IDEAL GAS compared to real gas since the particles do not have the attractive forces that enable the
molecules to held back when they will collide at an impact. Hence particles collide with less energy

6. ldeal gas follows the equation pV = mRT. Real gas follows Vander waals equation

. . . Faculty : Mr. Pavan Kumar K P
Department of Mechanical Engineering
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