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We will soon learn how to apply the first law of thermodynamics as the expression of the
conservation of energy principle. But, first we study the ways in which energy may be
transported across the boundary of a general thermodynamic system. For closed systems
(fixed mass systems) energy can cross the boundaries of a closed system only in the form of
heat or work. For open systems or control volumes energy can cross the control surface in
the form of heat, work, and energy transported by the mass streams crossing the control
surface. We now consider each of these modes of energy transport across the boundaries of
the general thermodynamic system.

Energy

Consider the system shown below moving with a velocity, at an elevation Z relative to
the reference plane.

General ¢ 4

System

z

Referénte plané, 25

The total energy E of a system is the sum of all forms of energy that can exist within the
system such as thermal, mechanical, kinetic, potential, electric, magnetic, chemical, and
nuclear. The total energy of the system is normally thought of as the sum of the internal
energy, kinetic energy, and potential energy. The internal energy U is that energy associated
with the molecular structure of a system and the degree of the molecular activity (see
Section 2-1 of text for more detail). The kinetic energy KE exists as a result of the system's
motion relative to an external reference frame. When the system moves with velocity the

kinetic energy is expressed as vV
72

KE:mVT (kJ)

The energy that a system possesses as a result of its elevation in a gravitational field relative
to the external reference frame is called potential energy PE and is expressed as

PE =mgZ (kJ)

where g is the gravitational acceleration and z is the elevation of the center of gravity of a
system relative to the reference frame. The total energy of the system is expressed as

E=U+KE+PE (kJ)
or, on a unit mass basis,
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where e = E/m is the specific stored energy, and u = U/m is the specific internal energy. The
change in stored energy of a system is given by

AE =AU + AKE + APE (kJ)
Most closed systems remain stationary during a process and, thus, experience no change in
their kinetic and potential energies. The change in the stored energy is identical to the
change in internal energy for stationary systems.

If AKE=APE=0,

AE=AU (k)
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Energy Transport by Heat and Work and the Classical Sign Convention
Energy may cross the boundary of a closed system only by heat or work.

Energy transfer across a system boundary due solely to the temperature difference between
a system and its surroundings is called heat.

Energy transferred across a system boundary that can be thought of as the energy expended
to lift a weight is called work.

Heat and work are energy transport mechanisms between a system and its surroundings.
The similarities between heat and work are as follows:

1.Both are recognized at the boundaries of a system as they cross the boundaries.
They are both boundary phenomena.

2.Systems possess energy, but not heat or work.

3.Both are associated with a process, not a state. Unlike properties, heat or
work has no meaning at a state.

4.Both are path functions (i.e., their magnitudes depends on the path followed
during a process as well as the end states.
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Since heat and work are path dependent functions, they have inexact differentials
designated by the symbol 8. The differentials of heat and work are expressed as 5Q and W.
The integral of the differentials of heat and work over the process path gives the amount of
heat or work transfer that occurred at the system boundary during a process.

2

| s0=0, (not AQ)

1,along path
2

oW =W, (not AW)

1,along path

That is, the total heat transfer or work is obtained by following the process path and adding
the differential amounts of heat (8Q) or work (W) along the way. The integrals of 3Q and
3W are not Q, - Q, and W, — W, respectively, which are meaningless since both heat and
work are not properties and systems do not possess heat or work at a state.

The following figure illustrates that properties (P, T, v, u, etc.) are point functions, that is, they
depend only on the states. However, heat and work are path functions, that is, their
magnitudes depend on the path followed.
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700 kPa

100 kPa

0.01m? 0.03m?
A sign convention is required for heat and work energy transfers, and the classical
thermodynamic sign convention is selected for these notes. According to the classical sign
convention, heat transfer to a system and work done by a system are positive; heat transfer
from a system and work a system are negative. The system shown below has heat supplied
to it and work done by it.

In this study guide we will use the concept of net heat and net work.
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Sormoundings

System

il
S\ System
Boundary
Energy Transport by Heat

Recall that heat is energy in transition across the system boundary solely due to the
temperature difference between the system and its surroundings. The net heat transferred

to a system is defined as
0 =20,-2.0u

Here, Q;, and Q,,, are the magnitudes of the heat transfer values. In most thermodynamics
texts, the quantity Q is meant to be the net heat transferred to the system, Q.. Since heat
transfer is process dependent, the differential of heat transfer 8Q is called inexact. We often
think about the heat transfer per unit mass of the system, g.
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Extra Problem

Explore what happens to T, as you vary the convective heat transfer coefficient. On a night
when the atmosphere is particularly still and cold and has a clear sky, why do fruit growers use
fans to increase the air velocity in their fruit groves?

Energy Transfer by Work

Electrical Work

The rate of electrical work done by electrons crossing a system boundary is called electrical
power and is given by the product of the voltage drop in volts and the current in amps.

W,=VI (W)

The amount of electrical work done in a time period is found by integrating the rate of
electrical work over the time period.

2
WFL vide (kl)
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Mechanical Forms of Work

Work is energy expended by a force acting through a distance. Thermodynamic work is
defined as energy in transition across the system boundary and is done by a system if the
sole effect external to the boundaries could have been the raising of a weight.

___padl
A

Mathematically, the differential of work is expressed as

SW = F-d§ = Fds cos®

here @ is the angle between the force vector and the displacement vector.

As with the heat transfer, the Greek symbol § means that work is a path-dependent function
and has an inexact differential. If the angle between the force and the displacement is zero,
the work done between two states is

W= oW = Fas

Work has the units of energy and is defined as force times displacement or newton times
meter or joule (we will use kilojoules). Work per unit mass of a system is measured in k/kg.

Common Types of Mechanical Work Energy (See text for discussion of these topics)

*Shaft Work

*Spring Work

*Work done of Elastic Solid Bars

*Work Associated with the Stretching of a Liquid Film
*Work Done to Raise or to Accelerate a Body

Net Work Done By A System

The net work done by a system may be in two forms other work and boundary work. First,
work may cross a system boundary in the form of a rotating shaft work, electrical work or
other the work forms listed above. We will call these work forms “other” work, that is, work
not associated with a moving boundary. In thermodynamics electrical energy is normally
considered to be work energy rather than heat energy; however, the placement of the
system boundary dictates whether
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to include electrical energy as work or heat. Second, the system may do work on its
surroundings because of moving boundaries due to expansion or compression processes that
a fluid may experience in a piston-cylinder device.

The net work done by a closed system is defined by

W =W, -3W,), +W,

Here, W, and Win are the magnitudes of the other work forms crossing the boundary. W,
is the work due to the moving boundary as would occur when a gas contained in a piston
cylinder device expands and does work to move the piston. The boundary work will be
positive or negative depending upon the process. Boundary work is discussed in detail in
Chapter 4.

w,

net

=

net

)()the'r + Wb

Several types of “other” work (shaft work, electrical work, etc.) are discussed in the text.
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Example 2-3
Afluid contained in a piston-cylinder device receives 500 kJ of electrical work as the gas

expands against the piston and does 600 kJ of boundary work on the piston. What is the net
work done by the fluid?

o0k e

W=

(VV’“” )arhEr + VVb

( out Wn.e/e )z)ther
(0-50047) +600k
100 kJ

/4

net

net

v,

et
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The First Law of Thermodynamics

The first law of thermodynamics is known as the conservation of energy principle. It states that energy
can be neither created nor destroyed; it can only change forms. Joule’s experiments lead to the
conclusion: For all adiabatic processes between two specified states of a closed system, the net work
done is the same regardless of the nature of the closed system and the details of the process. A major
consequence of the first law is the existence and definition of the property total energy E introduced
earlier.

The First Law and the Conservation of Energy
The first law of thermodynamics is an expression of the conservation of energy principle.

Energy can cross the boundaries of a closed system in the form of heat or work. Energy may cross a
system boundary (control surface) of an open system by heat, work and mass transfer.

A system moving relative to a reference plane is shown below where z is the elevation of the center of
mass above the reference plane and is the velocity of the center of mass.

System ) 7
Energy,,
Energyo,:

z

Reference Plane, z=0
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For the system shown above, the conservation of energy principle or the first law of
thermodynamicsis expressed as

Total energy Total energy _ ( The changein total
entering the system leaving the system B energy of the system

or

Em - Eml! = AEFWIem
Normally the stored energy, or total energy, of a system is expressed as the
sum of three separate energies. The total energy of the system, E, .., is given as

E = Internal energy + Kinetic energy + Potential energy

E=U+ KE + PE
Recall that U is the sum of the energy contained within the molecules of the system other
than the kinetic and potential energies of the system as a whole and is called the internal
energy. The internal energy U is dependent on the state of the system and the mass of the
system.

For a system moving relative to a reference plane, the kinetic energy KE and the potential
energy PE are given by

1 May 2020 prof. Suchismif

i . 72
KE=(" myay ="
V=0 2

PE = -[::0 mg dz =mgz
The change in stored energy for the system is
AE = AU + AKE + APE

Now the conservation of energy principle, or the first law of thermodynamics for closed
systems, is written as
E, -E

in out

=AU +AKE + APE

If the system does not move with a velocity and has no change in elevation, it is called a
stationary system, and the conservation of energy equation reduces to

Em - E

out

=AU

of Energy r, Ein and Eout

The mechanisms of energy transfer at a system boundary are: Heat, Work, mass flow. Only
heat and work energy transfers occur at the boundary of a closed (fixed mass) system.
Open systems or control volumes have energy transfer across the control surfaces by mass

flow as well as heat and work.
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1. HeatTransfer, Q: Heat is energy transfer caused by a temperature difference between
the system and its surroundings. When added to a system heat transfer causes the
energy of a system to increase and heat transfer from a system causes the energy to
decrease. Q is zero for adiabatic systems.

2. Work, W: Work is energy transfer at a system boundary could have caused a weight to
be raised. When added to a system, the energy of the system increases; and when done
by a system, the energy of the system decreases. W is zero for systems having no work
interactions at its boundaries.

3. Mass flow, m: As mass flows into a system, the energy of the system increases by the
amount of energy carried with the mass into the system. Mass leaving the system carries
energy with it, and the energy of the system decreases. Since no mass transfer occurs at
the boundary of a closed system, energy transfer by mass is zero for closed systems.

The energy balance for a general system is

Ey = By =(00=0u)+ (W= W..,)
= ) = AL,

system

+(E,

‘mass,in
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Expressed more compactly, the energy balance is

E, — B, = AE,, (kJ)
Jn [ ou
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, ctc, energics
oron a rate form, as
E, - B, = AL o (kW)
[ —

Rate of net energy transfer  Rate chan
by heat, work, and mass potential, ete., energies

For constant rates, the total quantities during the time interval At are related to the
quantities per unit time as

Q=0At, W=WAt, and AE=AEAt (kJ)
The energy balance may be expressed on a per unit mass basis as
e, —e =Ae (kJ /kg)

in out system

and in the differential forms as
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SE, ~SE,, =SE (k)

Se, ~0e, =06y, (K /ke)

in out
First Law for a Cycle

A thermodynamic cycle is composed of processes that cause the working fluid to undergo a
series of state changes through a process or a series of processes. These processes occur
such that the final and initial states are identical and the change in internal energy of the
working fluid is zero for whole numbers of cycles. Since thermodynamic cycles can be
viewed as having heat and work (but not mass) crossing the cycle system boundary, the first
law for a closed system operating in a thermodynamic cycle becomes

Oros ~Woe = DE
Ot =W

Example 2-4

A system receives 5 kJ of heat transfer and experiences a decrease in energy in the amount
of 5 k). Determine the amount of work done by the system.

The work done by the system equals the energy input by heat plus the decrease in the
energy of the working fluid.

Q,=5k 1 Wou=?
Example 2-5
System
Boundary
. A steam power plant operates on a thermodynamic cycle in which water circulates
We apply the first law as through a boiler, turbine, condenser, pump, and back to the boiler. For each kilogram
Em — Eom = AEW‘_W of steam (water) flowing through the cycle, the cycle receives 2000 kJ of heat in the
boiler, rejects 1500 kJ of heat to the environment in the condenser, and receives 5 kJ of

E,=0,= SkJ work in the cycle pump. Determine the work done by the steam in the turbine, in

Epi =W /ke.

AE system — =5kJ

E  =E, -AE_,

o " e For a thermodynamic cycle, the first law becomes
W =[5-(=5) ]/
W, =10kJ
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Example 2-6
Air flows into an open system and carries energy at the rate of 300 kW. As the air flows
Q —W =AE through the system it receives 600 kW of work and loses 100 kW of energy by heat transfer
net net cycle . . . B
to the surroundings. If the system experiences no energy change as the air flows through it,
th = I/V"Er how much energy does the air carry as it leaves the system, in kW?
Qm - Q(mr = VVom VVm System sketch:
Wo =0, =0 =W, 0.
w - Open System -
Let w=— and ¢g= Q J— —
m m

Wour = Qin = Gour + Win

W, =(2000-1500+5) L
kg
‘/V(mr = 505 H
kg

,
Conservation of Energy:
E,-E, =AE .
Esin ¥ Wiy = By s = Qo = AE 0 =0
s = By i+ W,y = O

E s = (300

600—100) k¥ =800 kW
in (TITE

uchismit
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Energy Conversion Efficiencies The system, or working fluid, undergoes a series of processes that constitute the heat engine
cycle.
A measure of performance for a device is its efficiency and is often given the symbol 1.
Efficiencies are expressed as follows: The following figure illustrates a steam power plant as a heat engine operating in a
Desired Result thermodynamic cycle.

= Required Input

Energy st

How will you measure your efficiency in this thermodynamics course? [ ——

Sydem hensidars

Efficiency as the Measure of Performance of a Thermodynamic cycle

A system has completed a thermodynamic cycle when the working fluid undergoes a series
of processes and then returns to its original state, so that the properties of the system at the
end of the cycle are the same as at its beginning.

Thus, for whole numbers of cycles

| [J—

P=F, T, =T,u =u,v, =v,elc. o
. Einerys winh
Heat Engine |w:h|:}‘|r¢=:uul-plm|

A heat engine is a thermodynamic system operating in a thermodynamic cycle to which net
heat is transferred and from which net work is delivered.
2020
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Thermal Efficiency, nth

The thermal efficiency is the index of performance of a work-producing device
or a heat engine and is defined by the ratio of the net work output (the
desired result) to the heat input (the cost or required input to obtain the
desired result).

_ Desired Result

ﬂth - .
Required Input
.
sh hopger |
1May ZOZ:Photo cou rtesy of Progresthérgy‘CaFaI‘ih%g,Elnc. 27 1 May 2020 Prof. Suchismita Swain (TITE 28
Example 2-7
In example 2-5 the steam power plant received 2000 kJ/kg of heat, 5 ki/kg of pump work,
and produced 505 kJ/kg of turbine work. Determine the thermal efficiency for this cycle.
For a heat engine the desired result is the net work done (W, — W, ) and the input is the We can write the thermal efficiency on a per unit mass basis as:

heat supplied to make the cycle operate Q;,. The thermal efficiency is always less than 1 or

less than 100 percent. T = Waet, out
=
Wt (505-5)%L
M= = Wour = Win _ =
Qn Din 200022
where
=025 25%
et = Woa =W — or 2%
ombustion Efficiency
0, # O

Consider the combustion of a fuel-air mixture as shown below.
Here, the use of the in and out subscripts means to use the magnitude (take the
positive value) of either the work or heat transfer and let the minus sign in the net
expression take care of the direction.
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Combustion Efficiency

Consider the combustion of a fuel-air mixture as shown below.

" co,
Fuel Combustion o
CoH Chamber N,
Air
Products
Reactants ‘ —HY PuT,
T Py Qe

Fuels are usually composed of a compound or mixture containing carbon, C, and
hydrogen, H,. During a complete combustion process all of the carbon is
converted to carbon dioxide and all of the hydrogen is converted to water. For
stoichiometric combustion (theoretically correct amount of air is supplied for
complete combustion) where both the reactants (fuel plus air) and the products
(compounds formed during the combustion process) have the same
temperatures, the heat transfer from the combustion process is called the
heating value of the fuel.

Viay 2020 Prof. Suchismita Swain (TITE)

The lower heating value, LHV, is the heating value when water appears as a gas in
the products.

LHV =Q,, with H,0,, in products

vapor

The lower heating value is often used as the measure of energy per kg of fuel
supplied to the gas turbine engine because the exhaust gases have such a high
temperature that the water formed is a vapor as it leaves the engine with other
products of combustion.
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The higher heating value, HHV, is the heating value when water appears as a liquid in the
products.

HHV =Q

o With H,0,,..., in products

The higher heating value is often used as the measure of energy per kg of
fuel supplied to the steam power cycle because there are heat transfer
processes within the cycle that absorb enough energy from the products of
combustion that some of the water vapor formed during combustion will
condense.

Combustion efficiency is the ratio of the actual heat transfer from the
combustion process to the heating value of the fuel.

Qout
T combustion = HV

Prof. Suchisr

1 (TITE) 33

Combustion Efficiency

Combustion efficiency is the ratio of the actual heat transfer from the
combustion process to the heating value of the fuel.

Qout
T combustion = HV

Example 2-8

A steam power plant receives 2000 kJ of heat per unit mass of steam
flowing through the steam generator when the steam flow rate is 100
kg/s. If the fuel supplied to the combustion chamber of the steam
generator has a higher heating value of 40,000 kJ/kg of fuel and the
combustion efficiency is 85%, determine the required fuel flow rate, in
kg/s.

1 May 2020

Oois _ MsteanDouttostean
N combustion -

HV e HHY
. _ mszeamqourwszeam
m/uel I ———
Teompusiion THV
100 kg.{tdmll 2000 k]
. s kg ieam
My = T
(0.85)| 40000
kg Juel
ko .
ity = 5,880
N

Generator Efficiency:

_ VVelecrm-u/auzpm

n, 'generator —
mechanical input

Power Plant Overall Efficiency:

. _ Q - WM, evele Wl/rwl lectrical output
loverall mﬁ’d HH Vﬁ’d Q nicycle W,,(,[_U-L le

Moveratt = Meombustion Tinermai generator

W,

et electrical output

Moveratl = i HHV

fueel fueel

Motor Efficiency:
W/nwchuuical output

w,

electricalinput

Thotor =
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Lighting Efficacy:

Amount of Light in Lumens
Watts of Electricity Consumed

Lighting Efficacy =

Type of lighting Efficacy, lumens/W
Ordinary Incandescent 6-20
Ordinary Fluorescent 40 - 60

Effectiveness of Conversion of Electrical or chemical Energy to Heat for
Cooking, Called Efficacy of a Cooking Appliance:

Useful Energy Transferred to Food

Cooking Efficacy = n
Energy Consumed by Appliance

Viay 2020 Prof. Suchismita Swain (TITE)

First Law applied to Closed System
By:

Prof. Suchismita Swain
(TITE, Khorda)
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The first law of thermodynamics is an expression of the conservation of energy principle.
Energy can cross the boundaries of a closed system in the form of heat or work. Energy
transfer across a system boundary due solely to the temperature difference between a
system and its surroundings is called heat.

Work energy can be thought of as the energy expended to lift a weight.
Closed System First Law

A closed system moving relative to a reference planﬁ is shown below where z is the elevation
of the center of mass above the reference plane and is the velocity of the center of mass.

Closed
Healmmmmg|  System

Work

Reference Plane, z=0

For the closed system shown above, the conservation of energy principle or the first law of
thermodynamics is expressed as

Prof. Suchismita Swain (TITE

Total energy j (Tolul energy ) [The change in total )

entering the system leaving the system energy of the system

or

Ein - Eom = AEA)’XI(’W

According to classical thermodynamics, we consider the energy added to be net heat transfer
to the closed system and the energy leaving the closed system to be net work done by the
closed system. So

Ores =Wy = AE e
Where
Qe =00 = O
Woer = Wous =W sier + W,
2
W, =[Pav
1

Normally the stored energy, or total energy, of a system is expressed as the sum of three
separate energies. The total energy of the system, E .., is given as
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E = Internal energy + Kinetic energy + Potential energy
E=U+KE + PE

Recall that U is the sum of the energy contained within the molecules of the system other
than the kinetic and potential energies of the system as a whole and is called the internal
energy. The internal energy U is dependent on the state of the system and the mass of the
system.

For a system moving relative to a reference plane, the kinetic energy KE and the potential
energy PE are given by
;oL . 72
KE=( mydv="C—
V=0 2
PE = j 0mgaf’z =mgz
The change in stored energy for the system is
AE = AU + AKE + APE

Now the conservation of energy principle, or the first law of thermodynamics for closed
systems, is written as

0,.. —W,, =AU + AKE + APE

Prof. Suchismita Swain (TITE a1

If the system does not move with a velocity and has no change in elevation, the conservation
of energy equation reduces to

Qs =Woa =AU

net

We will find that this is the most commonly used form of the first law.
Closed System First Law for a Cycle

Since a thermodynamic cycle is composed of processes that cause the working fluid to
undergo a series of state changes through a series of processes such that the final and initial
states are identical, the change in internal energy of the working fluid is zero for whole
numbers of cycles. The first law for a closed system operating in a thermodynamic cycle
becomes

O Wi = AU(Jm
O =W
1May 2020 Prof. Suchismita Swain (TITE) .
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Onet = Waer (Answer to above problem) Row 1: +10, Row 2: +10, Row 3: 0, -5
Row 4: +20, +20, 0

v In the next section we will look at boundary work in detail.
Example 4-1
Review the text material on other types of work such as shaft work, spring work, electrical
Complete the table given below for a closed system under going a cycle. work.
Process Qe k) Wkl Uy-U k)
1-2 +5 -5
2-3 +20 +10
3-1 -5
Cycle
May 2020 Prof. Suchismita Swain (T 3 1 May 2020 Prof. Suchismita Swain (TITE) m
Closed system boundary work
Boundary Work
The piston-cylinders of the internal combustion engine shown below may be
considered to operate as a closed system when the intake and exhaust valves are Work is energy expended when a force acts through a displacement. Boundary

closed. work occurs because the mass of the substance contained within the system
boundary causes a force, the pressure times the surface area, to act on the
boundary surface and make it move. This is what happens when products of

This internal combustion, the “gas” in the figure below, of an internal combustion engine
combustion engine contained in a piston-cylinder device expands against the piston and forces the
is an eight piston- piston to move; thus, boundary work is done by the gas on the piston. Note the
cylinder device. “gas” could also be a real fluid such as steam or refrigerant-134a.

IO

GAS

Prof. Suchismita Swain (TITE) 6

To calculate the boundary work, the process by which the system changed states must be
Boundary work is then calculated from known. Once the process is determined, the pressure-volume relationship for the process
can be obtained and the integral in the boundary work equation can be performed. For each
process we need to determine

w, = [ow, =J'Fds = 'L ads P=7()

So as we work problems, we will be asking, “What is the pressure-volume relationship for
the process?” Remember that this relation is really the force-displacement function for

2
= J.lPdV the process.

Since the work is process dependent, the differential of boundary work W,
b The boundary work is equal to the area under the process curve plotted on the pressure-

oW, = PdV volume diagram. )

is called inexact. The above equation for W, is valid for a quasi-equilibrium process and gives
the maximum work done during expansion and the minimum work input during
compression. In an expansion process the boundary work must overcome friction, push the
atmospheric air out of the way, and rotate a crankshaft.

1

- Process path

Wy =Wiiion + W + W,

riction atm crank

atm

2
= || Frucion + Pun A+ For s
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Note from the above figure:

Pis the absolute pressure and is always positive.
When dVis positive, W, is positive.
When dVis negative, W, is negative.

Since the areas under different process curves on a P-V diagram are different, the boundary
work for each process will be different. The next figure shows that each process gives a
different value for the boundary work.

AWy = 10K
L/ -Wy=8K
L/

!

W= 5K

Prof. Suchismita

An example of negative classical thermodynamics boundary work is the
work required to drive a compressor. The figure below shows a 7.5 horse
power, two stage (two pistons) compressor with intercooling attached to
an eighty gallon reservoir (see Chapter 7 for a discussion of this device).

The calculated
boundary work
W, to compress
the gas will be
negative
because the
pistons do work
on the air.

Of course, the
actual work
supplied by the
motor W, is
negative of the
calculated work.

1 May PHoto by M. Boles -
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Some Typical Processes
Constant volume process
If the volume is held constant, dV = 0, and the boundary work equation becomes
P I 1
2
v

P-Vdiagram for V= constant

W,=[Pdr=0

If the working fluid is an ideal gas, what will happen to the temperature of the gas during this
constant volume process?

1 May 2020 Prof. Suchismita Swain (TITE 51

Constant pressure process

v

P-I” DIAGRAM for P = CONSTANT

If the pressure is held constant, the boundary work equation becomes

2 2
W, = Pdv =P[dv = P(V,-,)

For the constant pressure process shown above, is the boundary work positive or negative
and why?

Prof. Suchismita Swain (TITE) 5

Constant temperature process, ideal gas

If the temperature of an ideal gas system is held constant, then the equation of state
provides the pressure-volume relation

P mRT

Vv

Then, the boundary work is

Wb:deV:fng

v,
=mRTIn| =+

4
Note: The above equation is the result of applying the ideal gas assumption for the

equation of state. For real gases undergoing an isothermal (constant temperature)
process, the integral in the boundary work equation would be done numerically.

1 May 2020 Prof. Suchismita Swain (TITE

The polytropic process

The polytropic process is one in which the pressure-volume relation is given as

PV" = constant

The exponent n may have any value from minus infinity to plus infinity depending on
the process. Some of the more common values are given below.

Process Exponentn
Constant pressure 0

Constant volume 0
Isothermal & ideal gas 1
Adiabatic & ideal gas k=Cy/C,

Here, k is the ratio of the specific heat at constant pressure C, to specific heat at
constant volume C,. The specific heats will be discussed later.

1 May 2020 Prof. Suchismita Swain (TITE B
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The boundary work done during the polytropic process is found by substituting the
pressure-volume relation into the boundary work equation. The result is

2 > Const
m:LPdV:LTW
_Bh-Rh
l-n

= PV n| E ,n=1
|4

Note: for the polytropic process the constant, Const = P,V, = P,V,

Notice that the result we obtained for an ideal gas undergoing a
polytropic process when n = 1 is identical to that for an ideal gas
undergoing the isothermal process.

Prof. Suchismita Swain (T

Example 4-2

Three kilograms of nitrogen gas at 27°C and 0.15 MPa are compressed isothermally to 0.3
MPa in a piston-cylinder device. Determine the minimum work of compression, in kJ.

System: Nitrogen contained in a colsed, piston-cylinder device.

Process: Constant temperature

System Boundary P

A

P-1”DIAGRAM for T= CONSTANT

Prof. Suchismita Swain (TITE)

Property Relation: Check the reduced temperature and pressure for nitrogen. The
critical state properties are found in Table A-1.

T, (27+273)K

=L S _038=T,
“er 1262K e
By R _O1SMPa .,
P, 339MPa

cr

P, =2P,, = 0088
Since Pg<<1 and T>2T, nitrogen is an ideal gas, and we use the ideal gas equation of state as

the property relation.
PV =mRT

iy 2020 Prof. Suchismita Swain (TITE 57

Work Calculation:

et 12 = (W;m )mhg,g]z + Wb,u
W, = deV = fgdrf

=mRTIn ﬁ
1

For an ideal gas in a closed system (mass = constant), we have

m =m,
B _Bh
RI,  RI,
Since the R's cancel, we obtain the combined ideal gas equation. Since 7, =T,
v, P
noB
Prof. Suchismita Swain (TITE) 58
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W= mRTln[ﬁ]
- P

— 3k 02968— | 300K) ln( 015MPa j
kg—-K 030 MPa
= -1845kJ
The net work is

Win=0+W,,, =-1845kJ

On a per unit mass basis

net,12 _ *GISH

kg

The net work is negative because work is done on the system during the compression
process. Thus, the work done on the system is 184.5 kJ, or 184.5 kJ of work energy is
required to compress the nitrogen.

Woer,12 =

Example 4-3

Water is placed in a piston-cylinder device at 20 °C, 0.1 MPa. Weights are placed on the
piston to maintain a constant force on the water as it is heated to 400 °C. How much work
does the water do on the piston?

System: The water contained in the piston-cylinder device

System

Boundary \_

for water

Heat

Property Relation: Steam tables

Process: Constant pressure

a Swain (TITE) 60
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5 Steam
10 - T T T T
10°t 1 At T, =20°C, P, = 2.339 kPa. Since P, >2.339 kPa, state 1 is compressed liquid. Thus,
10°L g °
I v, = v at 20 °C = 0.001002 m3/ kg
[
=
T B ] AtP,=P,=0.1 MPa, T, > T, at 0.1 MPa = 99.61°C.
't 1 So, state 2 is superheated. Using the superheated tables at 0.1 MPa, 400°C
100 L . . . _ v, = 3.1027 m?/k
10 10% 102 107" 10° 10 10° Wi = P(VZ - vl) : 8
Work Calculation: vimike] 510 kP &
m a
) . ) ; ) =0.1 MPa(3.1027-0.001002) — ——— ————
Since there is no W,;,., mentioned in the problem, the net work is kg MPa m’kPa
- —(Ppav = Py = % =31024
MUI7127’/V177127J‘1P V*PJ.I *P(Vz_ 1) kg

Since the mass of the water is unknown, we calculate the work per unit mass. The water does work on the piston in the amount of 310.2 kJ/kg.

w,., PWV,-V,
Wh.12 :%:%:P(‘G’VI)

Prof. Suchismita Swain (T Prof. Suchismita Swain (TITE)

Example 4-4

One kilogram of water is contained in a piston-cylinder device at 100 °C. The piston rests on .

lower stops such that the volume occupied by the water is 0.835 m3. The cylinder is fitted Property Relation: Steam tables

with an upper set of stops. When the piston rests against the upper stops, the volume

enclosed by the piston-cylinder device is 0.841 m3. A pressure of 200 kPa is required to Process: Combination of constant volume and constant pressure processes to be shown

support the piston. Heat is added to the water until the water exists as a saturated vapor. on the P-v diagram with respect to the saturation lines as the problem is solved.

How much work does the water do on the piston?
Work Calculation:

System: The water contained in the piston-cylinder device v, 0835 m’ m
The specific volume at state 1 is v =—=—""—"-=0.835—
N m 1kg kg
< stops
- -
m m
AtT, =100°C, v,=0001044-— v =1.6720°
system kg kg
Boundary Stops
Therefore, Ve V<, and state 1 is in the saturation region; so
P, =101.35 kPa. Show this state on the P-v diagram.
Now let’s consider the processes for the water to reach the final state.
v

Process 1-2: The volume stays constant until the pressure increases to 200 kPa.
Then the piston will move.

1 Prof. Suchismita Swain (TITE, 63 1 May 2020 Prof. Suchismita Swain (T N
w’
v, =v, =0835— g
L ke State 4:
Process 2-3: Piston lifts off the bottom stops while the pressure stays constant. Does the P =2113%kP
piston hit the upper stops before or after reaching the saturated vapor state? 47 DR al T =122°C
v, 0841w’ =T J
Let's set 841 m m
etsse v, =2=—"——=0841— The net work for the heating process is (the “other” work is zero)
m lkg kg
—p. = 4 2 3 4
AtP; =P, =200 kPa Woss = Wi = [ PaV <[ Pdv + [ pav + [ Pav
- 1 1 2 3
Thus, v; < v3 <v,. So, the piston hits the upper stops before the water reaches the saturated =0+ mp(V3 -V, )+0
vapor state. Now we have to consider a third process. m ok
= (1kg)(200kPa)(0.841 - 0.835) T ———
Process 3-4: With the piston against the upper stops, the volume remains constant during kg m’kPa
the final heating to the saturated vapor state and the pressure increases. =12kJ

Because the volume is constant in process 3-to-4, v, = v; =0.841 m3/kgand v, is a Next in Example 4-5, we will apply the conservation of energy, or the first law of
saturated vapor state. Interpolating in either the saturation pressure table or saturation thermodynamics, to this process to determine the amount of heat transfer required.
temperature table at v, = v, gives

Prof. Suchismita Swain (TITE)
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Example 4-5
Find the required heat transfer to the water in Example 4-4.
Review the solution procedure of Example 4-4 and then apply the first law to the process.

Conservation of Energy:

Ein - Et)ut = AE
Qnet,l4 - Wet,l4 =AU,

n

In Example 4-4 we found that Wm,, = 12 k]

The heat transfer is obtained from the first law as

Qnet,|4 = net 14 + AUM
where AU, =U,=U, =m(u, —u,)

Prof. Suchismita Swain (TITE)

Atstate 1, T, = 100°C, v; =0.835 m3/kg and v,<v; <v,at T,. The quality at state
1lis

V=V XV,

V=V, 0.835-0.001043

X, = = =0.499
v,  1.6720-0.001043
ul = u/v +xlu/g
=419.06 +(0.499)(2087.0)
—1460.5 %
kg

Because state 4 is a saturated vapor state and v, = 0.841 m3/kg, interpolating in
either the saturation pressure table or saturation temperature table at v, = v, gives

u, = 253148 %L

kg

Now AU, =m(u, —u,)

:(lkgx253L48—14605)§£
kg

=1071.0 kJ
The heat transfer is Q,,g;,m = W;e/,m +AU,,
=1.2kJ+1071.0 kJ
=1072.2 kJ

Heat in the amount of 1072.42 kJ is added to the water.

May 2020 Prof. Suchismita Swain (TITE 69

Example 4-6

Air undergoes a constant pressure cooling process in which the temperature
decreases by 100°C. What is the magnitude and direction of the work for this
process?

System:

System
Boundary

Property Relation: Ideal gas law, Pv = RT

Process: Constant pressure

Prof. Suchismita Swain (TITE) e

1 May 2020 0

Work Calculation: Neglecting the “other” work

Wyo =0+ W, , =[PV = PO, =V,)
=mR(L,-1T)

The work per unit mass is
/4
12
Wiy =2 = R(T, = T))
m

net12 —
— 0287 100 k) = —28.7 %
kg-K k

g g

If we want to determine the required heat transfer for this process, we
apply the first law as Qe ~ W,,e; = AU. To determine the internal
energy change of the air, we now investigate how to find the internal
energy change of an ideal gas.

Specific Heats and Changes in Internal Energy and Enthalpy for Ideal Gases

Before the first law of thermodynamics can be applied to systems, ways to calculate
the change in internal energy of the substance enclosed by the system boundary
must be determined. For real substances like water, the property tables are used to
find the internal energy change. For ideal gases the internal energy is found by
knowing the specific heats. Physics defines the amount of energy needed to raise
the temperature of a unit of mass of a substance one degree as the specific heat at
constant volume C, for a constant-volume process, and the specific heat at constant
pressure C, for a constant-pressure process. Recall that enthalpy h is the sum of the
internal energy u and the pressure-volume product Pv.

h=u+ Pv

smita Swain (TITE) 7
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In thermodynamics, the specific heats are defined as

N
G, = [ﬂ) and C,= %)
or ), or ),

The thermodynamic state of a simple, homogeneous substance is specified by giving any two
independent, intensive properties. Let's consider the internal energy to be a function of T
and v and the enthalpy to be a function of T and P as follows:

u=u(T,v) and h=h(T,P)

Simple Substance

The total differential of u is A
ou ou
du=|—|dl'+|— | dv
or), ov )y
or
, ou
du=C,dT+|—| dv

)t

Prof. Suchismita Swain (TITE)

The total differential of h is

or

dh = (',dr+(ﬁj dp
op),

Using thermodynamic relation theory, we could evaluate the remaining partial derivatives of
uand h in terms of functions of P,v, and T. These functions depend upon the equation of
state for the substance. Given the specific heat data and the equation of state for the
substance, we can develop the property tables such as the steam tables.

Ideal Gases

For ideal gases, we use the thermodynamic function theory of Chapter 12 and the equation
of state (Pv = RT) to show that u, h, C,, and C, are functions of temperature alone.

For example when total differential for u = u(T,v) is written as above, the function theory of
Chapter 12 shows that

a Swain (TITE)

du:qdﬂ(" j dv
o)y

ou
v
du=C, dT + T(a—P] —P |dv
or ),

Let’s evaluate the following partial derivative for an ideal gas.

P
a8 _p
ov), \er),
For ideal gases pP= RT
Vv

or R
() -
ou
&),
1May 2020 7
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This result helps to show that the internal energy of an ideal gas does not depend upon
specific volume. To completely show that internal energy of an ideal gas is independent of
specific volume, we need to show that the specific heats of ideal gases are functions of
temperature only. We will do this later in Chapter 12. A similar result that applies to the
enthalpy function for ideal gases can be reviewed in Chapter 12.

Then for ideal gases,

G =C(T) and (@J =0
ov);

. . oh

Cp,=Cp(I') and [a—P)T—

The ideal gas specific heats are written in terms of ordinary differentials as

du
dr
dn
dr

1 May 2020 7

ideal gas

ideal gas

Prof. Suchismita Swain (TITE)

Using the simple “dumbbell model” for diatomic ideal gases, statistical thermodynamics
predicts the molar specific heat at constant pressure as a function of temperature to look like
the following

= Kk
G Jmol - K Vibration mode

2 Rotation mode
PR

R, 7 “Dumbbell model”
Translation mode

T
The following figure shows how the molar specific heats vary with temperature for selected
ideal gases.

Read more about specific heats at

http://www.iun.edu/~cpanhd/C101webnotes/matter-and-energy/specificheat.html

prof. Suchismita

The differential changes in internal energy and enthalpy for ideal gases become
du=C,dT
dh=C,dT

The change in internal energy and enthalpy of ideal gases can be expressed as

1 May 2020
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V.ave

Au:u:—u]=J1:(',.(7')d'l':(' (1,-T)

2
Ni=hy=h = [C.(1)dT = C, (1, ~T))
where Curpve and Cp,,, are average or constant values of the specific heats over the
temperature range. We will drop the ave subscript shortly.

2

2

T
v
P-1 diagram for several processes for an ideal gas.

In the above figure an ideal gas undergoes three different process between the same two
temperatures.

Process 1-2a: Constant volume

Process 1-2b: P=a + bV, a linear relationship

Process 1-2c: Constant pressure

These ideal gas processes have the same change in internal energy and enthalpy because the
processes occur between the same temperature limits.

May 2020 79
Prof. Suchismita Swain (T

An, = Ay = A, = [ G (1)l

A, =Ny = A= [C,(1)dr

To find Au and Ah we often use average, or constant, values of the specific heats. Some ways
to determine these values are as follows:

1The best average value (the one that gives the exact results)

See Table A-2(c) for variable specific data.

2 2
Jicyar [e,yar
Come="7—— ad G, ="———
“TToT T,
2.Good average values are
¢ _GmHGm . GG L
vave 2 Pave >
Crane =C(T,) Cpae = Cp(T,,)
where
; D+
e 0
1Ma hismita Swain (TITE) 80

3.Sometimes adequate (and most often used) values are the ones evaluated at 300 K and are
given in Table A-2(a).

C,0=C,(300K) and C,

v.ave Pave

= C,(300K)

Let's take a second look at the definition of Au and Ah for ideal gases. Just consider the
enthalpy for now.

M= by~ = [C,(1)dT

Let's perform the integral relative to a reference state where
h=h atT=T,

T T
Ah=h,—h = L Co(IdT" + L Co(T")dT’
or !
Ah=hy iy = [* C(rar {f‘r C(IdT
=(h- h/‘c/ )—(h - hl‘g/ )

At any temperature, we can calculate the enthalpy relative to the reference state as

o
h=h,, =] Co(1)d1"
or

h=h,

! ad ’ ’
o+, Cordr
ref

A similar result is found for the change in internal energy.

T
u=u,+[ C(Idr"

These last two relations form the basis of the air tables (Table A-17 on a mass basis) and the
other ideal gas tables (Tables A-18 through A-25 on a mole basis). When you review Table A-
17, you will find h and u as functions of Tin K. Since the parameters P,, v,, and so, also found
in Table A=17, apply to air only in a particular process, call isentropic, you should ignore
these parameters until we study Chapter 7. The reference state for these tables is defined as

u,,=0at T, =0K
h,=0at T, =0K

A partial listing of data similar to that found in Table A.17 is shown in the following figure.
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» Relation between C, and C, for Ideal Gases
Appmsimtion
Wtk | hEs Using the definition of enthalpy (h = u + Pv) and writing the differential of enthalpy, the
i 0 I relationship between the specific heats for ideal gases is

.ﬂ‘“} 1|.-.t 17 m 19
RTINS T

In the analysis to follow, the “ave” notation is dropped. In most applications for ideal gases,
the values of the specific heats at 300 K given in Table A-2 are adequate constants.

Exercise

Determine the average specific heat for air at 305 K.

C

Pave —

(Answer: 1.005 ki/kg-K, approximate the derivative of / with respect to T as differences)

i

prof. Suchismita

h=u+ Pv
dh=du+d(RT)
C,dT = C,dT + RdT
C,=C,+R

where R is the particular gas constant. The specific heat ratio k (fluids texts often use y
instead of k) is defined as

L G
G
Extra Problem
Show that
Cp= kR and C,=——
k-1 k-1
Prof. Suchismita Swain (TITE) 84
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Example 2-9
Two kilograms of air are heated from 300 to 500 K. Find the change in enthalpy by assuming
a. Empirical specific heat data from Table A-2(c).
b. Air tables from Table A-17.
c. Specific heat at the average temperature from Table A-2(c).
d. Use the 300 K value for the specific heat from Table A-2(a).

aTable A-2(c) gives the molar specific heat at constant pressure for air as

kJ

C,=2811+0.1967x107T +04802x10°7* - 1.966x10°T° ————
kmol - K

The enthalpy change per unit mole is

2020 Prof. Suchismita Swain (TITE)

Ab =T, =Ty = [ T(D)dT
500K P
= .Loox' (2811+ 01967x10°T +0.4802x10° 7"

- 1.966x10° 7% )dT

2 107
=(28-]”,+0,196Zx10 72 +O_4802.x10 77

3
1.966x10”
- +T4 300k
— 500949
kmol &
= 5909.49
an=Bt —Jmol 2039 L4
M 5597 "8 kg
kmol

AH = mAh = (2 kg)(203.9 kﬂ) =40798 kJ
g

Prof. Suchismita Swain (TITE)

b.Using the air tables, Table A-17, at T, = 300K, ,, = 300.19 kl/kg and at T, =500 K, h, =
503.02 ki/kg

AH =mAh = (2 kg)(503.02 - 300.19) kﬁ =40566 kJ
g

The results of parts a and b would be identical if Table A-17 had been based on the same
specific heat function listed in Table A-2(c).

c.Let’s use a constant specific heat at the average temperature.

Toe = (300 + 500)K/2 = 400 K. At Ty, Type A-2 gives
Cp = 1.013 kJ/(kg-K).

For C, = constant,

Ah=hy b= Cp (T~ T)

Pave

:1.013i(500—300)1<
kg-K

—2006%
kg
May 2020 Prof. Suchismita Swain (TITE) 37

AH = mAh = (2 kg)(202.6) kﬁ =4052 kJ
g
d.Using the 300 K value from Table A-2(a), C, = 1.005 ki/kg- K.

For C, = constant,

Nh=hy =l =Cp(T, = T))
=1.005 L(SOO—?)OO) K =201.0 k.
kg K kg
kJ
AH =mish = (2 kg)(2010) "~ = 4020 k7
g

Extra Problem

Find the change in internal energy for air between 300 K and 500 K, in ki/kg.

1 May 2020 Prof. Suchismita Swain (TITE) 88

The Systematic Thermodynamics Solution Procedure

When we apply a methodical solution procedure, thermodynamics problems are relatively
easy to solve. Each thermodynamics problem is approached the same way as shown in the
following, which is a modification of the procedure given in the text:

Thermodynamics Solution

1. Sketch the system and show energy interactions across the boundaries.

2. Determine the property relation. Is the working substance an ideal gas or a real
substance? Begin to set up and fill in a property table.

3. Determine the process and sketch the process diagram. Continue to fill in the property
table.

4. Apply conservation of mass and conservation of energy principles.

5. Bringin other information from the problem statement, called physical constraints, such
as the volume doubles or the pressure is halved during the process.

6. Develop enough equations for the unknowns and solve.

Example 4-7

Atank contains nitrogen at 27°C. The temperature rises to 127°C by heat transfer to the system. Find
the heat transfer and the ratio of the final pressure to the initial pressure.

System: Nitrogen in the tank.

System
boundary

v
P-V diagram for a constant
volume process

Property Relation: Nitrogen is an ideal gas. The ideal gas property relations apply. Let’s
assume constant specific heats. (You are encouraged to rework this problem using variable
specific heat data.)

Process: Tanks are rigid vessels; therefore, the process is constant volume.

Conservation of Mass:

1 May 2020 Prof. Suchis
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Using the combined ideal gas equation of state,
PV, _FY,
T; T; Using the ideal gas relations with W, = 0, the first law becomes (constant specific heats)
Since R is the particular gas constant, and the process is constant volume,
V,=V, — _ ol _
2=V 0,,~0=AU =m[ C,dT =mC,(T,~T)
P _T, _(1274273)K _, ...
P T (27+273)K ’ The heat transfer per unit mass is
Conservation of Energy: Q
=2 (L - T,
The first law closed system is et m V( 2 1)
Em - Eom =AE iJ
0. W, =AU =0743——(127-27)K
net net kg K
For nitrogen undergoing a constant volume process (dV = 0), the net work is (W, = 0) kJ
W, =0+W,, =[PV =0 =743~
net 12— b2 T - kg
May 2020 Prof. Suchismita Swain (T 01 1 Ma Prof. Suchismita Swain (TITE) )
Example 4-8
Air is expanded isothermally at 100°C from 0.4 MPa to 0.1 MPa. Find the ratio of the Property Relation: Assume air is an ideal gas and use the ideal gas property
final to the initial volume, the heat transfer, and work. relations with constant specific heats.

PV =mRT
Au=C, (T, - T))

System: Air contained in a piston-cylinder device, a closed system

Process: Constant temperature

Conservation of Energy:
1 E,—E,. =AE
? Qm?t - VVnet =AU
[E— LI
Aie I 2 The system mass is constant but is not given and cannot be calculated; therefore,
| T= const ! let’s find the work and heat transfer per unit mass.
P-1” diagram for T= constant
L2000 prof. Suchismita Swain (T o Ly 2020 Prof. Suchismita Swain (TITE)
Work Calculation: Then the work expression per unit mass becomes
Wuw_lz = (Wm)l,,,m. bt W1 WI' V.
h,12 2
Wy, = =RTIn| =+
m 4
2 >mRT
WM,:I PdV:J' = av K
A2 h [N 7 Wy, = 0287 (100+273)K In(4)
: kg-K
v,
= 2 J
mRTln[V =1484—
1 kg
The net work per unit mass is
Conservation of Mass: For an ideal gas in a closed system (mass = constant), we have kJ
m =m, Wier12 = 0+ w1, =1484——
RV, _ BV, N
RT RT, Now to continue with the conservation of energy to find the heat transfer. Since T,=T, =
! - constant,
Since the R's cancel and T, = T,
AU, =mAuy, =mG (T, - 1)) =0
V, B _04MPa
v, B 0lMPa So the heat transfer per unit mass is
1M Prof. Suchismi n (TIT! 95 Prof. Suchism 9%
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O
m
Dyt = Woer = Au=0

qnel = W/]BL

Qe =

1484 %
kg

The heat transferred to the air during an isothermal expansion process equals the work
done.

Examples Using Variable Specific Heats

Review the solutions in Chapter 4 to the ideal gas examples where the variable specific heat
data are used to determine the changes in internal energy and enthalpy.

Prof. Suchismita Swain (T 5

Extra Problem for You to Try:

An ideal gas, contained in a piston-cylinder device, undergoes a polytropic process in which
the polytropic exponent n is equal to k, the ratio of specific heats. Show that this process is
adiabatic. When we get to Chapter 7 you will find that this is an important ideal gas
process.

Internal Energy and Enthalpy Changes of Solids and Liquids

We treat solids and liquids as incompressible substances. That is, we assume that the
density or specific volume of the substance is essentially constant during a process. We can
show that the specific heats of incompressible substances (see Chapter 12) are identical.

c-c-c |*L
o [kg-K]

The specific heats of incompressible substances depend only on temperature; therefore, we
write the differential change in internal energy as

du=C,dT = CdT

Prof. Suchismita Swain (TITE)

and assuming constant specific heats, the change in internal energy is
Au=CAT=C(T,-T))
Recall that enthalpy is defined as
h=u+ Pv
The differential of enthalpy is

dh =du+ Pdv+vdP

For incompressible substances, the differential enthalpy becomes

dv=0
dh = du+ Pdy" +vdP
dh = du+vdP

Integrating, assuming constant specific heats
Ah = Au+vAP = CAT +vAP
For solids the specific volume is approximately zero; therefore,
Ahyyyy = Auyy +V°AP
A,y = Aug,,, = CAT

Prof. Suchismita Swain (TITE
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For liquids, two special cases are encountered:

1.C pi pr as in heaters (AP = 0)
Ahltqmd = Aultqmd =CAT
2.C perature pre as in pumps (AT =0)
~ (A0
Ahm{“m = A”/,.,um +VAP = CA’T + vAP
Al g = VAP

We will derive this last expression for Ah again once we have discussed the first law for the
open system in Chapter 5 and the second law of thermodynamics in Chapter 7.

The specific heats of selected liquids and solids are given in Table A-3.

Prof. s

1 May 2020 wain (TITE)

Example 4-8 Incompressible Liquid

Atwo-liter bottle of your favorite beverage has just been removed from the trunk of your car.
The temperature of the beverage is 35°C, and you always drink your beverage at 10°C.

a. How much heat energy must be removed from your two liters of beverage?

b. You are having a party and need to cool 10 of these two-liter bottles in one-half
hour. What rate of heat removal, in kW, is required? Assuming that your
refrigerator can accomplish this and that electricity costs 10 cents per kW-hr, how
much will it cost to cool these 10 bottles?

System: The liquid in the constant volume, closed system container

Prof. Suchismita Swain (TITE 101

Property Relation: Incompressible liquid relations, let’s assume that the beverage is mostly
water and takes on the properties of liquid water. The specific volume is 0.001 m3/kg, C =
4.18 k)/kg K.

Process: Constant volume

o=n
Conservation of Mass:
my,=m; =m
|4 2L m’
"y " To00z )= 2k
v m
0.001—
kg
Conservation of Energy:
The first law closed system is
Em - Em(t AE
1 May 2020 Prof. Suchismita Swain (TITE) 102
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Since the container is constant volume and there is no “other” work done on the container
during the cooling process, we have

W=7,

net )otlwr

+W, =0

The only energy crossing the boundary is the heat transfer leaving the container. Assuming
the container to be stationary, the conservation of energy becomes

_Eoul =AE
_Qoul =AU =mCAT
kJ
-0, =2 kg)(4.18——)(10-35)K
kg-K

-Q,, =-2092kJ
0,,=209.2 kJ

The heat transfer rate to cool the 10 bottles in one-half hour is

Prof. Suchismita Swain (T

: bottle
) =
Lm/r 05hr

kJ
(10bottles)(209.2 7)[ 1 )A_W

36005 )| &/
N
=1162 kW
Cost =(1.162 kW )(0.5 hr)&
kW —hr
=$0.058

Prof. Suchismita Swain (TITE) 4

First Law Applied to Open System

By:
Prof. Suchismita Swain
(TITE, Khorda)
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Conservation of Energy for Control volumes

The conservation of mass and the conservation of energy principles for open systems or

control volumes apply to systems having mass crossing the system boundary or control

surface. In addition to the heat transfer and work crossing the system boundaries, mass

carries energy with it as it crosses the system boundaries. Thus, the mass and energy

content of the open system may change when mass enters or leaves the control volume.
W,

q ___ Control surface

i, 7,

Reference plane

Typical control volume or open system

Thermodynamic processes involving control volumes can be considered in two groups:
steady-flow processes and unsteady-flow processes. During a steady-flow process, the fluid
flows through the control volume steadily, experiencing no change with time at a fixed
position.

1 May 2020 Prof. Suchismita Swain (TITE 106

Let’s review the concepts of mass flow rate and energy transport by mass.

One should study the development of the general conservation of mass presented in the
text. Here we present an overview of the concepts important to successful problem solving
techniques.

Mass Flow Rate

Mass flow through a cross-sectional area per unit time is called the mass flow rate . Noté”
the dot over the mass symbol indicates a time rate of change. It is expressed as

m:J'pV”z/A
A

where V’!s the velocity normal to the cross-sectional flow area.

[

du Actu)
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If the fluid density and velocity are constant over the flow cross-sectional area, the mass flow
rateis B
VA

i=pV, A=

where p is the density, kg/m? ( = 1/v), A is the cross-sectional area, m?; and is thd/;,ayerage
fluid velocity normal to the area, m/s.

Example 5-1

Refrigerant-134a at 200 kPa, 40% quality, flows through a 1.1-cm inside diameter, d, tube
with a velocity of 50 m/s. Find the mass flow rate of the refrigerant-134a.

At P =200 kPa, x = 0.4 we determine the specific volume from
V=, +Xv/‘g

=0.0007533+0.4(0.0999 -0.0007533)

3
=0.04042-
kg
o VA Voo md®
iz Yoed Vo Zd
v v 4

_ S0m/s  x(0.011m)’
0.0404 m’* / kg 4

1 May 2020 —0.1 17!§sﬂu mi
S
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The fluid volume flowing through a cross-section per unit time is called the volume flow rate
. The volufhe flow rate is given by integrating the product of the velocity normal to the flow
area and the differential flow area over the flow area. If the velocity over the flow area is a
constant, the volume flow rate is given by (note we are dropping the “ave” subscript on the
velocity)

V=04 (m'ls)
The mass and volume flow rate are related by
.V
m=pV=— (kg !s)

v
Example 5-2

Air at 100 kPa, 500C, flows through a pipe with a volume flow rate of 40 m3/min. Find the
mass flow rate through the pipe, in kg/s.

Assume air to be an ideal gas, so
kJ (50+273)K m’kPa

v=RL 0287
P kg-K  100kPa kJ

|4 40m® /min  1min

= T 09270n kg 60s

:O‘7l9g
s

Conservation of Mass for General Control Volume

The conservation of mass principle for the open system or control volume is expressed as

Sumof rate Sumof rate Time rate change
of masstlowing || of massflowing  [=|of massinside
intocontrol volume | | fromcontrol volume | | control volume

or
Doty = Dty = i, (kg s)
Steady-State, Steady-Flow Processes

Most energy conversion devices operate steadily over long periods of time. The rates of heat

m transfer and work crossing the control surface are constant with time. The states of the mass
=09270— . -
kg streams crossing the control surface or boundary are constant with time. Under these
conditions the mass and energy content of the control volume are constant with time.
May 2020 Prof. Suchismita Swain (TITE) 109 1 May 202C Prof. Suchismita Swain (T 0
dmey my, =g, (kg/s)

= A, =0
Steady-state, Steady-Flow Conservation of Mass:

Since the mass of the control volume is constant with time during the steady-state, steady-
flow process, the conservation of mass principle becomes

Sumof rate Sumof rate
of massflowing | =| of massflowing

into control volume | | fromcontrol volume,

>, = i, (kg/s)

Special Case: Steady Flow of an Incompressible Fluid

or

The mass flow rate is related to volume flow rate and fluid density by

PV = PoVou

Pin = Pou incompressible assumption

Vin =Vow
Vadh =V A

Word of caution: This result applies only to incompressible fluids. Most thermodynamic
systems deal with processes involving compressible fluids such as ideal gases, steam, and the
refrigerants for which the above relation will not apply.

Example 5-3 Geometry Effects on Fluid Flow

An incompressible liquid flows through the pipe shown in the figure. The velocity at location
2is

: % 02, )) 47,
m=pV )2 D)7
N 1
For one entrance, one exit steady flow control volume, the mass flow rates are related by I . 2
ncompressible
Liquid ——> 20 D
1 Prof. Suchismita Swain (TITE) 111 1 May 2020 Prof. Suchismit n (TITH 112
Solution: . Vv
m=p Flow work and the energy of a flowing fluid
D= X, _ , ,
Inlets Outlets Energy flows into and from the control volume with the mass. The energy required to push
pV — pV the mass into or out of the control volume is known as the flow work or flow energy.
1 2
The fluid up steam of the control surface acts as a piston to push a unit of mass into or out of
the control volume. Consider the unit of mass entering the control volume shown below.
4
E
T
! /
Imaginary [l
piston
As the fluid upstream pushes mass across the control surface, work done on that unit of
mass is
A
Wipw =FL=FL—=PV =Pmv
A
_ Wiow
Wiow =
m
Answer>Do Prof. Suchismita Swain (TITE) 113 1 May 2020 n (TIT 114
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The term Pv is called the flow work done on the unit of mass as it crosses the control surface.
The total energy of flowing fluid

The total energy carried by a unit of mass as it crosses the control surface is the sum of the
internal energy, flow work, potential energy, and kinetic energy.

’72
0:u+Pv+7+gz

172
=h+—+gz
2 &

Here we have used the definition of enthalpy, h = u + Pv.
Energy transport by mass
Amount of energy transport across a control surface:

VZ
E,. =md= m[h +7 + gzj (kJ)

Viay 2020 Prof. Suchismita Swain (TITE) 115

Rate of energy transport across a control surface:
. V?
E, . =10 =it h+7+g7 (kW)
Conservation of Energy for General Control Volume
The conservation of energy principle for the control volume or open system has the same

word definition as the first law for the closed system. Expressing the energy transfers on a
rate basis, the control volume first law is

Sumof rate Sumof rate I'ime rate change
of cnergy flowing || of encray flowing | =| of energyinside
into control volume | | fromcontrol volume control volume
or
b ou AE o (kW)

Rate of net energy transfer  Rate change in |
by heat, work, and mass ‘potential, et

al, kinetic,

.. energies

Considering that energy flows into and from the control volume with the mass, energy enters
because net heat is transferred to the control volume, and energy leaves because the control
volume does net work on its surroundings, the open system, or control volume, the first law
becomes

1 May 202 Prof. Suchismita Swain (T 6

. . dE,

Do T me, -W., -> mf, =—=L kW,

Ou+2 mb W, =3 mf, =—g ()

for cach et for cach exit

where 0 is the energy per unit mass flowing into or from the control volume. The energy per
unit mass, 6, flowing across the control surface that defines the control volume is composed
of four terms: the internal energy, the kinetic energy, the potential energy, and the flow
work.

The total energy carried by a unit of mass as it crosses the control surface is

=2

9=u+Pv+%+gz

fo

Where the time rate change of the energy of the control volume has been written as

AEe,

Steady-State, Steady-Flow Processes

Most energy conversion devices operate steadily over long periods of time. The rates of heat
transfer and work crossing the control surface are constant with time. The states of the mass
streams crossing the control surface or boundary are constant with time. Under these
conditions the mass and energy content of the control volume are constant with time.

dmey _ Niingy =0
dt

Eey _ AE., =0
dt

Steady-state, Steady-Flow Conservation of Mass:
ity =, (kg!s)

Steady-state, steady-flow conservation of energy

Since the energy of the control volume is constant with time during the steady-state, steady-
flow process, the conservation of energy principle becomes
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Sumof rate Sumof rate Often this result is written as
of energy flowing | = | of energy flowing
into control volume from control volume QW _ WM - Z m«[ }1‘, + : ez, ] _ Zm’ [ /1, +
or -
0 for each exit for each inlet
K where
E, - E, AE ()
Rate of net energy transfer  Rate chang 1, kineti = H 0
R Skt anery s Ratechange i e, ineic, 0.=20,-20.
or W =2 W = 2 W,
E, = E,,

Rate of net energy transfer  Rate of energy transfer
by heat, work, and mass by heat, work, and mass
into the system from the system

Considering that energy flows into and from the control volume with the mass, energy enters
because heat is transferred to the control volume, and energy leaves because the control
volume does work on its surroundings, the steady-state, steady-flow first law becomes

0, +W, +Zm,[/z‘ 2 g:,]: O +W,,, +2m,,[/1k, + +g:,,)

— [
for each infet for each exit

Prof. Suchisr
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Steady-state, steady-flow for one entrance and one exit

A number of thermodynamic devices such as pumps, fans, compressors, turbines, nozzles,
diffusers, and heaters operate with one entrance and one exit. The steady-state, steady-flow
conservation of mass and first law of thermodynamics for these systems reduce to

7, = 11, (kg /s)

+8(z,-2) (kW)

1 May 2020
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where the entrance to the control volume is state 1 and the exit is state 2 and  is thegjmass
flow rate through the device.

When can we neglect the kinetic and potential energy terms in the first law?
Consider the kinetic and potential energies per unit mass.

72

2
_Usm/9® Wikg K

ke

For V=452 ke B
s 2 1000 /s kg

Vo140l oo d0m/9)’ W kg ok
s 2 1000 /s* kg
pe=gz
1

For z=100m pe:9.81,|00m%:0.98£
s 1000m" / s kg
2=1000m  pe=98"1000m— /K _gg k)
s 1000m" / kg
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When compared to the enthalpy of steam (h = 2000 to 3000 kl/kg) and the enthalpy of air (h
=200 to 6000 klJ/kg), the kinetic and potential energies are often neglected.

When the kinetic and potential energies can be neglected, the conservation of energy
equation becomes

O-W=ni(hy~h) (kW)

We often write this last result per unit mass flow as
A A g-w=(h~h)  (k/kg)
where q:%nd W:.Lt./
m m

Some Steady-Flow Engineering Devices

Below are some engineering devices that operate essentially as steady-state, steady-flow
control volumes.

Nozzles and Diffusers

de tinas e, <<

E‘““"‘-g-

For flow through nozzles, the heat transfer, work, and potential energy are normally
neglected, and nozzles have one entrance and one exit. The conservation of energy
becomes

for each inlet for each exit

m[h1 + #) = n‘{'h, +—=
2 2
Prof. Sucl

s "V TITE)

-

1 May 2020

Solving for 7,

Example 5-4

Steam at 0.4 MPa, 3000C, enters an adiabatic nozzle with a low velocity and leaves at 0.2
MPa with a quality of 90%. Find the exit velocity, in m/s.

Control Volume: The nozzle

Property Relation: Steam tables
Process: Assume adiabatic, steady-flow
Conservation Principles:

Conservation of mass:

For one entrance, one exit, the conservation of mass becomes

Dty = Y

ity = rit, = 1t

prof. Suchismit

n (TITE 124

Conservation of energy:

According to the sketched control volume, mass crosses the control surface, but no work or
heat transfer crosses the control surface. Neglecting the potential energies, we have

E, =E

in “out

iz h,+£ =1 I1Z+L
2 2

Neglecting the inlet kinetic energy, the exit velocity is
V. =200 —h)

Now, we need to find the enthalpies from the steam tables.

Superheated Saturated Mix.
7,=300°C |, :3067.1,{& B=02MPa \h
P =04MPa & 4 =090

At0.2 MPa h = 504.7 ki/kg and hy, = 2201.6 ki/kg.

Prof. Suchismita Swain (TITE) 125

hy=he+x,hy,

=504.7 +(0.90)(2201.6) = 2486.1 kﬂ
g

kJ 1000m / s>

V, = [2(3067.1-2486.1)—
kg kJ/kg
=1078.02
S
Turbines
Control
surlace
i, w,,
1

m,

e
2
Turbine control volume

If we neglect the changes in kinetic and potential energies as fluid flows through an adiabatic
turbine having one entrance and one exit, the conservation of mass and the steady-state,
steady-flow first law becomes

1 May 2020
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1, = m,

in out

for cach inlet for cach exit
Lo ;.
iyhy = iihy, + W,
W, =iy =)

Example 5-5

High pressure air at 1300 K flows into an aircraft gas turbine and undergoes a steady-
state, steady-flow, adiabatic process to the turbine exit at 660 K. Calculate the work done
per unit mass of air flowing through the turbine when

(a) Temperature-dependent data are used.
(b) C, 4 at the average temperature is used.
(c) C, at300 Kis used.
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Control Volume: The turbine.
Property Relation: Assume air is an ideal gas and use ideal gas relations.
Process: Steady-state, steady-flow, adiabatic process
Conservation Principles:
Conservation of mass:

Dt = X i

1y, = 1ty =1t
Conservation of energy:
7

. ) :1 . ) 1701
0, +Zm(hl + 5 +gz,] ”/WWZ’%[’E* 5 +gzﬂ]

for each inlet for each exit

According to the sketched control volume, mass and work cross the control surface.
Neglecting kinetic and potential energies and noting the process is adiabatic, we have

1 May 202 Prof. Suchismita Swain (T 28

O+rinhy =W, , +rninh,

W, =il = hy)
The work done by the air per unit mass flow is
W,
Wou =—25=h —h,
m

Notice that the work done by a fluid flowing through a turbine is equal to the enthalpy
decrease of the fluid.

(a) Using the air tables, Table A-17
at7,=1300K, hy =1395.97 ki/kg

atT,=660K, h,= 670.47 ki/kg
Wou =Py =y
= (139597 - 670.47) L
kg
L
kg
1 May 2020 Prof. Suchismita Swain (TITE) 129

(b) Using Table A-2(c) at T, = 980K, C, ,,.= 1.138 kl/kg-K

Wy =h =y =C, . (T =T,)

out
= 1.138L(l300— 660)K
kg-K
= 72843H
ks

g
(c) Using Table A-2(a) at T= 300 K, Cp = 1.005 kl/kg -K

Wou =y =hy = C (1= T;)

= l.OOSL(BOO—ééO)K
kg-K

=6432 L2
kg

Compressors and fans
m,
1
1May 2020 SupdeElowGomsnone, 130

Compressors and fans are essentially the same devices. However, compressors operate over
larger pressure ratios than fans. If we neglect the changes in kinetic and potential energies
as fluid flows through an adiabatic compressor having one entrance and one exit, the steady-
state, steady-flow first law or the conservation of energy equation becomes

72 72
O+ D00, [h, + % + gz,} =W, +>m, [hc + LZ" + g:e]

for cach inlet for cach exit
~ W, = 1, —h,)
7(7W:n) =m(hy —h)
W, = ik, —h)

Example 5-6

Nitrogen gas is compressed in a steady-state, steady-flow, adiabatic process from 0.1 MPa,
250C. During the compression process the temperature becomes 1250C. If the mass flow
rate is 0.2 kg/s, determine the work done on the nitrogen, in kW.

Prof. Suchismita Swain (TITE) 131

Control Volume: The compressor (see the compressor sketched above)
Property Relation: Assume nitrogen is an ideal gas and use ideal gas relations
Process: Adiabatic, steady-flow

Conservation Principles:

Conservation of mass:
Dty = Yty
iy = 1, =1t
Conservation of energy:
. v
Q. +Zzh,[h, + é +gz,
—_—
Tor each inler for each exit

According to the sketched control volume, mass and work cross the control surface.
Neglecting kinetic and potential energies and noting the process is adiabatic, we have for
one entrance and one exit

0+ 1it, (hy +0+0) = (=1, ) +1it, (h, +0+0)
1 May 2020 prof. mﬁ”(&%(llzﬁh:) 132
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The work done on the nitrogen is related to the enthalpy rise of the nitrogen as it flows
through the compressor. The work done on the nitrogen per unit mass flow is

Assuming constant specific heats at 300 K from Table A-2(a), we write the work as
w, =C,(L,=T)
kJ
=1039——(125-25)K
kg-K

—1039%
kg

W, = 1w, =02 "—g( 1039 LJ
s kg

= 20.78L =20.78 kW
s

May 2020 Prof. Suchismita Swain (TITE) 133

Throttling devices

B

A porous plug

Consider fluid flowing through a one-entrance, one-exit porous plug. The fluid experiences a
pressure drop as it flows through the plug. No net work is done by the fluid. Assume the
process is adiabatic and that the kinetic and potential energies are neglected; then the
conservation of mass and energy equations become

1, =1,
e (o
O, +2m7[h, +7+g:, ] =mw,, +Zmu[hc +7+g:
— R ——
for each inlet for each exit
riyh, = m,h,
h=h

i e

1 May 2020 Prof. Suchismita Swain (T 34

This process is called a throttling process. What happens when an ideal gas is throttled?
h=h,
h—h =0
I(;uﬁdT:@
or
I=T

When throttling an ideal gas, the temperature does not change. We will see later in Chapter
11 that the throttling process is an important process in the refrigeration cycle.

A throttling device may be used to determine the enthalpy of saturated steam. The steam is
throttled from the pressure in the pipe to ambient pressure in the calorimeter. The pressure
drop is sufficient to superheat the steam in the calorimeter. Thus, the temperature and
pressure in the calorimeter will specify the enthalpy of the steam in the pipe.

Example 5-7

One way to determine the quality of saturated steam is to throttle the steam to a low
enough pressure that it exists as a superheated vapor. Saturated steam at 0.4 MPa is
throttled to 0.1 MPa, 100°C. Determine the quality of the steam at 0.4 MPa.

Throttling orifice

1 RS

L I Control

Surface

Control Volume: The throttle

Property Relation: The steam tables

Process: Steady-state, steady-flow, no work, no heat transfer, neglect kinetic and
potential energies, one entrance, one exit

Conservation Principles:

Conservation of mass:

Zn o

ny =ny, =m
1May 2020 Prof. Suchismita 1 (TITE) 135 Prof. Su (TIT! 136
Conservation of energy: X = h— h/
Em = E(w/ " hrg
. 7 . ad 2675.8—604.66
Dot + b=+ =W, + o+ =+ =
S (S AN v
Tor cuch inlet Tor cach exit =0.971

According to the sketched control volume, mass crosses the control surface. Neglecting
kinetic and potential energies and noting the process is adiabatic with no work, we have for
one entrance and one exit

0+ ity (h, +0+0) = 0+, (h, + 0+0)

riyhy = rivhy
ho=h,
L=100C L, o758k
P,=0.1MPaf * Tk

Therefore,

h=h=26758%
8 ke

=(h, +xhy)
( f 1" Jan=0.4MPa

a Swain (TITE) 137
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Mixing chambers

The mixing of two fluids occurs frequently in engineering applications. The section where
the mixing process takes place is called a mixing chamber. The ordinary shower is an
example of a mixing chamber.

=

1 May 2020
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Example 5-8

Steam at 0.2 MPa, 3000C, enters a mixing chamber and is mixed with cold water at 200C, 0.2
MPa, to produce 20 kg/s of saturated liquid water at 0.2 MPa. What are the required steam
and cold water flow rates?

Steam 1 I Saturated water 3
chamber
Coldwater2 . 9 Control

surface

Control Volume: The mixing chamber
Property Relation: Steam tables

Process: Assume steady-flow, adiabatic mixing, with no work

Conservation of energy:
E,=E,

52 A 52
0., +Zmz[}7, +%+gz,} =W, +ch[hc +%+gzc]

for cach let for cach exit

According to the sketched control volume, mass crosses the control surface. Neglecting
kinetic and potential energies and noting the process is adiabatic with no work, we have for
two entrances and one exit

i, + 1y = ritgh,
iy + (sity = i )by = rivshy
iy (hy = hy) = vy (hy = hy)

o (=)
" i . 1 3
Conservation Principles: (h =)
Conservation of mass: Now, we use the steam tables to find the enthalpies:
; ; T,=300"C
me = Zmoul ! h :3072.1H
= P =02MPa kg
m, +m2 =my
1ty = ity = iy
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T,=20°C
R Bym R :83.912 Heat exchangers
P,=02MPa 1@ ke
P=02 MPul k7 Heat exchangers are normally well-insulated devices that allow energy exchange between
Sat. liquid | Iy =hyaoz e = 5()4'7E hot and cold fluids without mixing the fluids. The pumps, fans, and blowers causing the
(h] —h) fluids to flow across the control surfare are narmallv Inrated outside the control surface.
iy =y -2 i
(hy—hy)
I
=20k7g (504.7—-83.91)kJ / kg o it
arc
s (3072.1-83.91)kJ / kg ==
k;
=282
s
, = 1y — 1y
kg
:(20—2.82)T B = s e n
e
k; £
-1718%¢ | i
s Svunen’ Ftios beat i S Fisd A ey wil)
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Example 5-9 Conservation Principles:
Air is heated in a heat exchanger by hot water. The water enters the heat exchanger at 450C -Conservation of mass:
and experiences a 200C drop in temperature. As the air passes through the heat exchanger, X . Ofsteady)
its temperature is increased by 250C. Determine the ratio of mass flow rate of the air to m, —m,,, = &mg,., (kg!s)

mass flow rate of the water.

—_
1 Control
Water inlet surface
— 2
Water exit
|
Air exit

Control Volume: The heat exchanger

Property Relation: Air: ideal gas relations
Water: steam tables or incompressible liquid results

Process: Assume adiabatic, steady-flow

1 May 2020 Prof. Suchisr

a Swain (TITE) 143

For two entrances, two exits, the conservation of mass becomes
m,, =

in out
My FM, =My, 5 +M,,

For two fluid streams that exchange energy but do not mix, it is better to conserve the mass
for the fluid streams separately.

i, i

My = My p = 1y,
m, = n,, =m

w
Conservation of energy:
According to the sketched control volume, mass crosses the control surface, but no work or

heat transfer crosses the control surface. Neglecting the kinetic and potential energies, we
have for steady-flo

1 May 2020 Prof. Suchismita i
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. . Ofsteady)
By By = My (kW)
—_— —_—

Rate of net energy transfer  Rate change in internal, kinetic,

by heat, work, and mass Dotential, eto, energies

Elﬂ = E{wl
Y LT Ny Y P WY, W
g, (hmr,l - hmr,Z) =m, (hw.Z - hw.l)
i, _ (hul _hml)

air

1, (huir A huir 2 )

w
We assume that the air has constant specific heats at 300 K, Table A-2(a) (we don't know the
actual temperatures, just the temperature difference). Because we know the initial and final
temperatures for the water, we can use either the incompressible fluid result or the steam
tables for its properties.

Using the incompressible fluid approach for the water, Table A-3,
G, =418 ki/kgK.

Viay 2020 Prof. Suchismita Swain (TITE) 145

1, Cpn(T2 = T0)

air _

m, C[mm (Tuu-,l - Tau ,z)

218 (220k)
kg, K

1005 (25K)
kg -

=33388u /s

kg, /s

A second solution to this problem is obtained by determining the heat transfer rate from the
hot water and noting that this is the heat transfer rate to the air. Considering each fluid
separately for steady-flow, one entrance, and one exit, and neglecting the kinetic and
potential energies, the first law, or conservation of energy, equations become

By =E,.

air: nitg, By + O air = i M2

water: it b,y = O+, 00,

Onr = O

vain (T 6

Pipe and duct flow

The flow of fluids through pipes and ducts is often a steady-state, steady-flow process. We
normally neglect the kinetic and potential energies; however, depending on the flow
situation, the work and heat transfer may or may not be zero.

Example 5-10
In a simple steam power plant, steam leaves a boiler at 3 MPa, 6000C, and enters a turbine

at 2 MPa, 5000C. Determine the in-line heat transfer from the steam per kilogram mass
flowing in the pipe between the boiler and the turbine.

Qo Steamto
turbine
1y 2
Steam from T~ control
boiler _—

surface

Control Volume: Pipe section in which the heat loss occurs.
Property Relation: Steam tables
Process: Steady-flow

Conservation Principles: Prof. Suchisr

1 (TITE) 147

Conservation of mass:
Ofsteady)

Tty =iy = O (kG 1S)
For one entrance, one exit, the conservation of mass becomes
mm = mom
iy = iy = it
Conservation of energy:

According to the sketched control volume, heat transfer and mass cross the control surface,
but no work crosses the control surface. Neglecting the kinetic and potential energies, we
have for steady-flow
. . 0O(steady)

- E. = A kW)
Rate of net energy transfer  Rate change in internal, kinetic,

by heat, work, and mass potential, etc., energics

We determine the heat transfer rate per unit mass of flowing steam as

nyhy =riyhy +0,,

O, =1, =)

1 May 2020 prof. St

We use the steam tables to determine the enthalpies at the two states as

T, =600°C
' 1 =36828
P =3MPa kg
L=5007C , spgg3k)
P,=2MPa kg
Qour = Iy —hy

= (3682.87346&3)ﬂ
kg

—2145M
kg

Example 5-11

Air at 1000C, 0.15 MPa, 40 m/s, flows through a converging duct with a mass flow rate of 0.2
kg/s. The air leaves the duct at 0.1 MPa, 113.6 m/s. The exit-to-inlet duct area ratio is 0.5.
Find the required rate of heat transfer to the air when no work is done by the air.

o,

ﬁg Air exit
vy o2

1
Airinlet I~ Control
T e

Control Volume: The converging duct
Property Relation: Assume air is an ideal gas and use ideal gas relations
Process: Steady-flow

Conservation Principles:

Conservation of mass: 0[steady)
Ty ity = B (k) S)
For one entrance, one exit, the conservation of mass becomes
y, =,

iy =iy, =1

1 May 2020
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Conservation of energy:

According to the sketched control volume, heat transfer and mass cross the control surface,
but no work crosses the control surface. Here keep the kinetic energy and still neglect the
potential energies, we have for steady-state, steady-flow process

. . 0(steady)
E, - E, = s, (kW)
M N —
Rate of net energy transfer  Rate change in

ernal, kinetic,
by heat, work, and mass potential, etc, energies

= _,
ml[h1 +%)+ 0, = ml[hz +V7’)

0, = H{(/l: —h)+

V2

In the first law equation, the following are known: P, T, (and hy), , I7| Vélnd'iAz/Al. The
unknowns are , and h, (or T¢), We use the first law and the conservation of mass equation
to solve for the two unknowns.
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Solving for T,

0.1 MP 1136
=(100+273)K] L |5 2212
0.15 MPa 40m/s |

=3531K

Assuming C, = constant, h, - h; = C,(T, - T,)

v,
Q,,:”I[C,,(Tz*TO‘Y - : )

= O.Zk—g(1.005k7J(353.1—373)K
s kg-K
. (113.6° —40")m* /s> kJ kg
2 1000m* / s

= —2v87k—J =287 kW

1 May 202 ot Sucgismita Swain (T
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Looks like we made the wrong assumption for the direction of the heat transfer. The heat is
really leaving the flow duct. (What type of device is this anyway?)

0, ==0, =287kW

Liquid pumps

Fluid exit

Fluid ialet
1

Liquid flow through 8 pomp

The work required when pumping an incompressible liquid in an adiabatic steady-state,
steady-flow process is given by

o-W= m|:h2 —h+ y—2 :| (k)
The enthalpy difference can be written as

Iy =hy = (=) +[(Pv), = (Pv),]

Prof. Suchisr
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For incompressible liquids we assume that the density and specific volume are constant. The
pumping process for an incompressible liquid is essentially isothermal, and the internal
energy change is approximately zero (we will see this more clearly after introducing the
second law). Thus, the enthalpy difference reduces to the difference in the pressure-specific
volume products. Since v, = v, = v the work input to the pump becomes

=i v(B,~ B)+ o -m)| k)

Wis the net work done by the control volume, and it is noted that work is input to the pump;
5o, W==W,
If we neglect the changes in kinetic and potential energies, the pump work becomes
M ) =B P)] (k)
W pumg = 7(P = R)]
We use this result to calculate the work supplied to boiler feedwater pumps in steam power
plants.

If we apply the above energy balance to a pipe section that has no pump ( ), Wedbtain.
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N m[vm —P,>+@+g<z;—zo} @)

+8(z, *z,)}

This last equation is the famous Bernoulli’s equation for frictionless, incompressible fluid
flow through a pipe.

Uniform-State, Uniform-Flow Problems

During unsteady energy transfer to or from open systems or control volumes, the system
may have a change in the stored energy and mass. Several unsteady thermodynamic
problems may be treated as uniform-state, uniform-flow problems. The assumptions for
uniform-state, uniform-flow are

*The process takes place over a specified time period.

*The state of the mass within the control volume is uniform at any instant of time but may
vary with time.

*The state of mass crossing the control surface is uniform and steady. The mass flow may be
different at different control surface locations.

To find the amount of mass crossing the control surface at a given location, we integrate the
mass flow rate over the time period.

t f
Inlets: m, = In’?, dt  Exits: m, = Jmpdr
0 0

The change in mass of the control volume in the time period is

( ) + dU
My, — ) o =J- —

o dt
The uniform-state, uniform-flow conservation of mass becomes

Zm‘ - ch = (my—m) ¢,

The change in internal energy for the control volume during the time period is

Q=J:er and W= .[0' W dt

v

1 May 2020
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The energy crossing the control surface with the mass in the time period is

. v?
>omo, =J-Omj /71+7/+gz/ dt
where

j=i, forinlets
e, for exits

The first law for uniform-state, uniform-flow becomes
Em “E =

out AEC v

~ ;
o-w= Zm{hc +V7°+g:¢]72m,[h, A? -

g5 ] +(me, ~me,) .,

When the kinetic and potential energy changes associated with the control volume and the
fluid streams are negligible, it simplifies to

o-w= z mh, — z mh -+ (myu, — mlul)m, (kJ)
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Example 5-12

Consider an evacuated, insulated, rigid tank connected through a closed valve to a high-
pressure line. The valve is opened and the tank is filled with the fluid in the line. If the fluid

is an ideal gas, determine the final temperature in the tank when the tank pressure equals
that of the line.

—  Supplyline —
Z
Control
Volurne
CV boundary

Control Volume: The tank
Property Relation: Ideal gas relations

Process: Assume uniform-state, uniform-flow

1 May 202 Prof. Suchismita Swain (T

Conservation Principles:

Conservation of mass:
Zm, —Zm(, =(my —m,) ¢,
Or, for one entrance, no exit, and initial mass of zero, this becomes
m; = (my)cy
Conservation of energy:
For an insulated tank Q is zero and for a rigid tank with no shaft work W is zero. For a one-

inlet mass stream and no-exit mass stream and neglecting changes in kinetic and potential
energies, the uniform-state, uniform-flow conservation of energy reduces to

o-w= Zmehg - Zm,h +(myu, 71111111]“ (kJ)
0=—mh, +(myu,).,
or

mh, = (myu,)

h =u,
u +Pv, =u,
MZ - M« = er
1 P\C‘(‘f]; sy 7: w2l PW,D 159

C(L-T)=RT,
C
-5t Ry Sp
C\ C\
=kT

If the fluid is air, k = 1.4 and the absolute temperature in the tank at the final state is 40
percent higher than the fluid absolute temperature in the supply line. The internal energy in
the full tank differs from the internal energy of the supply line by the amount of flow work
done to push the fluid from the line into the tank.

Extra Assignment

Rework the above problem for a 10 m? tank initially open to the atmosphere at 250C and
being filled from an air supply line at 90 psig, 250C, until the pressure inside the tank is 70
psig.

1 May 2020

The Second Law of Thermodynamics

Prof. Suchismita Swain
(TITE, Khorda)

The second law of thermodynamics states that processes occur in a certain
direction, not in just any direction. Physical processes in nature can proceed toward
equilibrium spontaneously:

Water flows down a waterfall.
Gases expand from a high pressure to a low pressure.
Heat flows from a high temperature to a low temperature.

Once it has taken place, a spontaneous process can be reversed, but it will not
reverse itself spontaneously. Some external inputs, energy, must be expended
to reverse the process. As it falls down the waterfall, water can be collected in
a water wheel, cause a shaft to rotate, coil a rope onto the shaft, and lift a
weight. So the energy of the falling water is captured as potential energy
increase in the weight, and the first law of thermodynamics is satisfied.
However, there are losses associated with this process (friction). Allowing the
weight to fall, causing the shaft to rotate in the opposite direction, will not
pump all of the water back up the waterfall.

1 May 2020
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Spontaneous processes can proceed only in a particular direction. The first law of
thermodynamics gives no information about direction; it states only that when one
form of energy is converted into another, identical quantities of energy are involved
regardless of the feasibility of the process. We know by experience that heat flows
spontaneously from a high temperature to a low temperature. But heat flowing from
a low temperature to a higher temperature with no expenditure of energy to cause
the process to take place would not violate the first law.

The first law is concerned with the conversion of energy from one form to another.
Joule's experiments showed that energy in the form of heat could not be completely
converted into work; however, work energy can be completely converted into heat
energy. Evidently heat and work are not completely interchangeable forms of energy.
Furthermore, when energy is transferred from one form to another, there is often a
degradation of the supplied energy into a less “useful” form. We shall see that it is the
second law of thermodynamics that controls the direction processes may take and
how much heat is converted into work. A process will not occur unless it satisfies both
the first and the second laws of thermodynamics.
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Some Definitions
To express the second law in a workable form, we need the following definitions.
Heat (thermal) reservoir

A heat reservoir is a sufficiently large system in stable equilibrium to which and from which
finite amounts of heat can be transferred without any change in its temperature.

A high temperature heat reservoir from which heat is transferred is sometimes called a heat

source. A low temperature heat reservoir to which heat is transferred is sometimes called a
heat sink.

Work reservoir

Awork reservoir is a sufficiently large system in stable equilibrium to which and from which
finite amounts of work can be transferred adiabatically without any change in its pressure.

1 May 2020 Prof. Suchismita Swain (T 64

Thermodynamic cycle

A system has completed a thermodynamic cycle when the system undergoes a series of
processes and then returns to its original state, so that the properties of the system at
the end of the cycle are the same as at its beginning.

Thus, for whole numbers of cycles

Pr=F, T, =T, u =u,v, =v, el

Heat Engine

A heat engine is a thermodynamic system operating in a thermodynamic cycle to
which net heat is transferred and from which net work is delivered.

The system, or working fluid, undergoes a series of processes that constitute the heat
engine cycle.

The following figure illustrates a steam power plant as a heat engine operating in a
thermodynamic cycle.
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The next slide gives another overview of a steam power plant. Heat transfer from the
products of combustion of the fuel in air is supplied the pressurized water in the
boiler or steam generator. The high pressure, high temperature steam expands in the
turbine to produce shaft work which drives the generator and the pump. The steam
leaves the turbine at a low pressure and is condensed to a liquid in the condenser.
The liquid water is pumped to the boiler pressure and flows into the boiler to be
heated again, and the cycle is complete.
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HOW A COAL FIRED GENERATING PLANT
PRODUCES ELECTRICITY..
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Phato courtesy of Progress Engrgy Caroli
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Thermal Efficiency, nth

The thermal efficiency is the index of performance of a work-producing device or a heat
engine and is defined by the ratio of the net work output (the desired result) to the heat
input (the costs to obtain the desired result).

_ Desired Result
Required Input

U

For a heat engine the desired result is the net work done and the input is the heat supplied
to make the cycle operate. The thermal efficiency is always less than 1 or less than 100
percent.

/4

net , out

o,
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where W - W _ W

net, out out in

Qin # Qnel

Here the use of the in and out subscripts means to use the magnitude (take the positive
value) of either the work or heat transfer and let the minus sign in the net expression take
care of the direction.
Now apply the first law to the cyclic heat engine.
W _ M 0 (Cyclic)
Qnet,in - -

net, out

VVnet, out = Qnet, in

VVnet,aut = Qin - Qaut

The cycle thermal efficiency may be written as
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w The thermal efficiency of the
net, out above device becomes

9,

— Qin - Qoul 77 h =
o, O

=1- % High-smperatisng seservain

- Ty
o,

Cyclic devices such as heat engines,
refrigerators, and heat pumps often operate
between a high-temperature reservoir at
temperature T,; and a low-temperature
reservoir at temperature T,.

771/1 =
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Example 6-1

A steam power plant produces 50 MW of net work while burning fuel to produce
150 MW of heat energy at the high temperature. Determine the cycle thermal
efficiency and the heat rejected by the cycle to the surroundings.

Heat Pump

A heat pump is a thermodynamic system operating in a thermodynamic cycle
that removes heat from a low-temperature body and delivers heat to a high-
temperature body. To accomplish this energy transfer, the heat pump receives

_ VV;,F;, out external energy in the form of work or heat from the surroundings.
My = Q
H While the name “heat pump” is the thermodynamic term used to describe a
S0 MW cyclic device that allows the transfer of heat energy from a low temperature to a
=——=0.333 or 33.3% higher temperature, we use the terms “refrigerator” and “heat pump” to apply
150 Mw to particular devices. Here a refrigerator is a device that operates on a
w — Q _ Q thermodynamic cycle and extracts heat from a low-temperature medium. The
net, out H L heat pump also operates on a thermodynamic cycle but rejects heat to the high-
- _ temperature medium.
QL - QH VVnm,om
=150 MW =50 MW The following figure illustrates a refrigerator as a heat pump operating in a
thermodynamic cycle.
=100 MW
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HEAT PUMP OPERATION — HEATING MODE
Heat Pump Systems Outdoor coil Reversing valve
{
A typical heat pump system is L] Fan

shown here. In the heating {
mode high pressure vapor

refrigerant is sent to the
Compressor

wokry

57 T
Suvar

Read more about heat

indoor heat exchanger coil.
The refrigerant gives up its
energy to the inside air and
condenses to a liquid. The
liquid is throttled to a low
pressure and temperature to
the outdoor coil and receives
energy from the from the
outside air. The refrigerant
vaporizes, enters the
compressor to be compressed
to the high pressure, and the
cycle is completed.

Expansion
valve

—— High-pressure liquid
Low-pressure liquid-vapor
Low-pressure vapor

— High-pressure vapor

HEAT PUMP OPERATION — COOLING MODE

Outdoor coil Reversing valve
padl o

Compressor
Expansion
valve

pump systems used for
heating and cooling the US
Government website listed
below.

http://www.energysavers.gov/your_home/space_heating_cooling/index.cfm/mytopic=12610

Coefficient of Performance, COP

The index of performance of a refrigerator or heat pump is expressed in terms of the
coefficient of performance, COP, the ratio of desired result to input. This measure of
performance may be larger than 1, and we want the COP to be as large as possible.

p_ Desired Result
Required Input

uchismita Swa
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For the heat pump acting like a refrigerator or an air conditioner, the primary function of the
device is the transfer of heat from the low- temperature system.

Warm environment

=7t

| Bequired |

Coll relrigerated
spase at Ty
For the refrigerator the desired result is the heat supplied at the low temperature and the
input is the net work into the device to make the cvcleéerate.

COP, = —2L—
net,in
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Now apply the first law to the cyclic refrigerator.
(0, -0y)-(0-W,)=AU,,, =0
Wn = er[,in = QH - QL

and the coefficient of performance becomes

cop, =9
QH - QL

For the device acting like a “heat pump,” the primary function of the device is the transfer of
heat to the high-temperature system. The coefficient of performance for a heat pump is

cop, - i __ O
Wnez,m QH—QL

Note, under the same operating conditions the COP,, and COP; are related by

COP,, = COP, +1
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Heat Pump and Air Conditioner Ratings

Heat pumps and air conditioners are rated using the SEER system. SEER is the
seasonal adjusted energy efficiency (bad term for HP and A/C devices) rating. The
SEER rating is the amount of heating (cooling) on a seasonal basis in Btu/hr per unit
rate of power expended in watts, W.

The heat transfer rate is often given in terms of tons of heating or cooling. One ton
equals 12,000 Btu/hr = 211 kJ/min.

A discussion on how to maintain the SEER rating of heat pumps and air
conditioners may be found at
http:// buildi
df

_library/heating_and_cooling/seer_facts_bulletin.p

Second Law Statements

The following two statements of the second law of thermodynamics are based on
the definitions of the heat engines and heat pumps.

1 (TITE) 177
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Kelvin-Planck statement of the second law

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

The Kelvin-Planck statement of the second law of thermodynamics states that no heat

engine can produce a net amount of work while exchanging heat with a single reservoir
only. In other words, the maximum possible efficiency is less than 100 percent.

Thermal energy reservoir

M, <100%
Og = 100 KW
A o ™ 100 KW
f N !
HEAT |
ENGINE \ 1, J,r
=
o, o

Heat engine that violates the Kelvin-Planck statement of the second law

prof. Suchismit

1 May

Clausius statement of the second law
The Clausius statement of the second law states that it is impossible to construct a device
that operates in a cycle and produces no effect other than the transfer of heat from a lower-

temperature body to a higher-temperature body.

LI —

T S

ol refrigarated rpece

Heat pump that violates the Clausius statement of the second law

Or energy from the surroundings in the form of work or heat has to be expended to force
heat to flow from a low-temperature medium to a high-temperature medium.

Thus, the COP of a refrigerator or heat pump must be less than infinity.

wlCOR <00 117e) 179

A violation of either the Kelvin-Planck or Clausius statements of the second law implies a
violation of the other. Assume that the heat engine shown below is violating the Kelvin-
Planck statement by absorbing heat from a single reservoir and producing an equal amount
of work W. The output of the engine drives a heat pump that transfers an amount of heat Q,
from the low-temperature thermal reservoir and an amount of heat Q, + Q, to the high-
temperature thermal reservoir. The combination of the heat engine and refrigeratorin the
left figure acts like a heat pump that transfers heat Q, from the low-temperature reservoir
without any external energy input. This is a violation of the Clausius statement of the second
law.

High-mperasar roerveir High-tizepiralios rowrs isa

f mermc. |

REFRD
| ERATOR | | ERATOR |
& &
LanAsstperatore reeriit

Lirw-temgperaiire rescrvsit

m Ty 07

£B) The saprivalrs rebrigeraier
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Perpetual-Motion Machines

Any device that violates the first or second law of thermodynamics is called a perpetual-
motion machine. If the device violates the first law, it is a perpetual-motion machine of the
first kind. If the device violates the second law, it is a perpetual-motion machine of the
second kind.

Reversible Processes

Areversible process is a quasi-equilibrium, or quasi-static, process with a more restrictive
requirement.

Internally reversible process

The internally reversible process is a quasi-equilibrium process, which, once having taken
place, can be reversed and in so doing leave no change in the system. This says nothing
about what happens to the surroundings about the system.

Totally or externally reversible process

The externally reversible process is a quasi-equilibrium process, which, once having taken

place, can be reversed and in so doing leave no change in the system or surroundings.
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Irreversible Process

Anirreversible process is a process that is not reversible.
All real processes are irreversible. Irreversible processes occur because of the
following:
Friction
Unrestrained expansion of gases
Heat transfer through a finite temperature difference
Mixing of two different substances
Hysteresis effects
2R losses in electrical circuits
Any deviation from a quasi-static process

The Carnot Cycle

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

1 May 2020 Prof. Suchismita Sw.

The Carnot Cycle

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

Process 2-3:Reversible adiabatic expansion during which the system does work as the
working fluid temperature decreases from 7, to 7,.

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

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

1 May 2020 Prof. Suchismita Swain (TITE) 183

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

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

1 May 2020 prof. Suchismif

Carnot Principles

The second law of thermodynamics puts limits on the operation of cyclic devices as
expressed by the Kelvin-Planck and Clausius statements. A heat engine cannot operate by
exchanging heat with a single heat reservoir, and a refrigerator cannot operate without net
work input from an external source.

Consider heat engines operating between two fixed temperature reservoirs at T, > 7. We
draw two conclusions about the thermal efficiency of reversible and irreversible heat
engines, known as the Carnot principles.

(a)The efficiency of an irreversible heat engine is always less than the
efficiency of a reversible one operating between the same two reservoirs.

M < Mun, Carnor

(b) The efficiencies of all reversible heat engines operating between the
same two constant-temperature heat reservoirs have the same efficiency.

As the result of the above, Lord Kelvin in 1848 used energy as a thermodynamic property to
define temperature and devised a temperature scale that is independent of the
thermodynamic substance.
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The following is Lord Kelvin's Carnot heat engine arrangement.

T v o v
i

| Wew. et

s e i v

Since the thermal efficiency in general is

For the Carnot engine, this can be written as

M4 = &1, T) = 1=/ (T, T;)
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Considering engines A, B, and C These statements form the basis for establishing an absolute temperature scale, also called
0 00, the Kelvin scale, related to the heat transfers between a reversible device and the high- and
= low-temperature heat reservoirs by
o 00

This looks like 2.5

is looks like =
[

S(T.T) = f(5. 1)/ (T,,T)
Then the Q,/Q, ratio can be replaced by T,,/T, for reversible devices, where T,, and T, are the

One way to define the f function is absolute temperatures of the high- and low-temperature heat reservoirs, respectively. This
I Ty— o) 6(Ty) _ (T, result is only valid for heat exchange across a heat engine operating between two constant
f(T,T) = o) 0(T,) = o) temperature heat reservoirs. These results do not apply when the heat exchange is

occurring with heat sources and sinks that do not have constant temperature.
The simplest form of 0 is the absolute temperature itself.
The thermal efficiencies of actual and reversible heat engines operating between the same

f(1,1) = ; temperature limits compare as follows:
1
The Carnot thermal efficiency becomes T <1, . itreversible heat engine
Ji - .
Ty, rer = 1= ? M43 = M e Teversible heat engine
H . . .
l> 4. e iMpoOssible heat engine

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

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

Again, these are the maximum possible COPs for a refrigerator or a heat pump operating
between the temperature limits of 7,,and 7.

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

O
Oy 0,
COP,, =—=#__ - 2L
QH - Ql_ & -1
%)
T,
7,

< COP, irreversible refrigerator
1 R.rev g
= po— = T T COPyy=COP, . reversible refrigerator
L | =—H - _“L > COP, ,,, impossible refrigerator
]—vL TH _ T‘I TH 1 R.rev
TL Asimilar relation can be obtained for heat pumps by replacing all values of COPy
by COPy, in the above relation.
1May 2020 Prof. Suchismita Swain (TITE) 189 1 May 2020 in (TITE )

Example 6-3
Example 6-2 K . . . -
An inventor claims to have invented a heat engine that develops a thermal efficiency of 80
A Carnot heat engine receives 500 kJ of heat per cycle from a high-temperature heat percent when operating between two heat reservoirs at 1000 K and 300 K. Evaluate his
reservoir at 652°C and rejects heat to a low-temperature heat reservoir at 30°C. Determine claim.
(a) The thermal efficiency of this Carnot engine. T
(b) The amount of heat rejected to the low-temperature heat reservoir. n " —1__L
th, rev
a TH
b 300K
T =]
L % -1 1000K
Monrev = 1= 77
th, re T, no A =0.70 or 70%
_ (30+273)K — 0328
Wour _ 1 B0+279)K (652+273)K
(652+273)K 0, = 500k/(0.328)
=0.672 or 672% —164 k) The claim is false since no heat engine may be more efficient than a Carnot engine operating
- between the heat reservoirs.
1 Prof. Suchismita Swain (TITE) 191 1 May 2020 Prof. Suchismi n (TITH 192
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Example 6-4 Example 6-5

An inventor claims to have developed a refrigerator that maintains the refrigerated space at Aheat pump is to be used to heat a building during the winter. The building is to be

2°C while operating in a room where the temperature is 25°C and has a COP of 13.5. Is there maintained at 21°C at all times. The building is estimated to be losing heat at a rate of

any truth to his claim? 135,000 kJ/h when the outside temperature drops to -5°C. Determine the minimum power

required to drive the heat pump unit for this outside temperature.

cor, 9 _ L ,
0,-0, T,-T, Cuan
Q273K C A £
T (25-2)K =

11.96

The heat lost by the building has to be supplied by the heat pump.

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

Prof. Suchismita Swain (T 94

Viay 2020 Prof. Suchismita Swain (TITE) 193 1 May 202

(d) Repeat the constant specific heat calculation assuming C,, is a constant at the average of

Using the basic definition of the COP the specific heats for the temperatures. Then C, = 1.054 kl/kgK (see Table A-2(b)).
0, =01, =1350002% | COR,, =2
h et I P
" 5-5=C,, ln727 Rln »
, T, ~ 0 i 1
COP,, = e K| (800K &, (2000kPa
0,-0, T,-T, COP, = 1.()54ﬁ1n(m)—018891 < 1n(W)
(214273)K 135000k /h 1k LKW & Y Ch “
T RI-()K 1131 3600s kJ /s = 400337 =
=3316KW ke K
=1131 - We observe that the 300 K data give completely incorrect results here.
If the compression process is adiabatic, why is 4s positive for this process?
1May 2020 Prof. Suchismita Swain (TITE) 195 1 May 2020 n (TITH 196

Entropy and the Clausius Inequality

The second law of thermodynamics leads to the definition of a new property

E ntropy called entropy, a quantitative measure of microscopic disorder for a system.

Entropy is a measure of energy that is no longer available to perform useful
work within the current environment.

By:
Prof. Suchismita Swain For more information and animations illustrating this topic visit the Animation
(TITE Khorda) Library developed by Professor S. Bhattacharjee, San Diego State University, at this
link.
test.sdsu.edu/testhome/vtAnimations/index.html
Prof. Suchismita Swain (TITE) 197 1 May 2020 Prof. Suchismi n (TITH
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We apply the first law on an incremental basis to the combined system composed of the heat
engine and the system.

E,-E, =AE,
To obtain the working definition of entropy and, thus, the second law, let's derive the 80, —(OW,,, +W,,) = dE,
Clausius inequality.
where E_ is the energy of the combined system. Let W, be the work done by the combined
Consider a heat reservoir giving up heat to a reversible heat engine, which in turn gives up system. Then the first law becomes
heat to a piston-cylinder device as shown below. é‘VI{ =W +W.

rev sys

80 — W, = dE,

Thhemmal seservoir

If we assume that the engine is totally reversible, then

%y _ 0
T, T
Q0
0y =Ty T
The total net work done by the combined system becomes
W. =T, Q—dEL.
T
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Now the total work done is found by taking the cyclic integral of the incremental work. or 50
. . §o=<0
M/:=1R§§7—§¢1L: T
If the system, as well as the heat engine, is required to undergo a cycle, then Here Q s the net heat added to the system, Q.
50,
iﬁdEr =0 $Em <0
7
and the total net work becomes This equation is called the Clausius inequality. The equality holds for the reversible process
()‘L and the inequality holds for the irreversible process.
W= 1,§°%
Example 7-1

If W_is positive, we have a cyclic device exchanging energy with a single heat reservoir and

producing an equivalent amount of work; thus, the Kelvin-Planck statement of the second For a particular power plant, the heat added and rejected both occur at constant
law i violated. But W, can be zero (no work done) or negative (work is done on the temperature and no other processes experience any heat transfer. The heat is added in the
- (3

amount of 3150 kJ at 440°C and is rejected in the amount of 1950 kJ at 20°C. Is the Clausius

combined system) and not violate the Kelvin-Planck statement of the second law. Therefore, € . 2" . N - §
inequality satisfied and is the cycle reversible or irreversible?

since T; > 0 (absolute temperature), we conclude

W;J;@%so
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The Clausius inequality is satisfied. Since the inequality is less than zero, the cycle has at
least one irreversible process and the cycle is irreversible.

Example 7-2

For a particular power plant, the heat added and rejected both occur at constant
temperature; no other processes experience any heat transfer. The heat is added in the
amount of 3150 kJ at 440°C and is rejected in the amount of 1294.46 kJ at 20°C. Is the
315047 19507 Clausius inequality satisfied and is the cycle reversible or irreversible?
L I e e P 8
[(440+ 273)1(] [(zm 273)1() s <0
T -

(“418-6655 7 <o
K

0., 30,
72237%50 J( T )er‘[[ijngo

Calculate the net work, cycle efficiency, and Carnot efficiency based on 7,, and T, for this [0 ] [ C

le. in
e W, =0,-0,,=(3150-1950)kJ =1200kJ )\,
=W 120K 3010 38104 350K/ ), (-120446K))
0, 3150k (440+273)K ) | (20+273)K
7, (20+273)K 4
o = 1= =122 (589 o 58.9% _
Mo =17 = 7 K or o (4418-4418) "> =0
1M Prof. Suchismita Swain (TITE) 203 20 204
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The Clausius inequality is satisfied. Since the cyclic integral is equal to zero, the cycle is made
of reversible processes. What cycle can this be?

Calculate the net work and cycle efficiency for this cycle.

W, =0, -0, =(3150-1294.46) k] = 18554 kJ
W, 185554k]

net

=0 " 315047

=0589 or 589%

Definition of Entropy

Let’s take another look at the quantity
j; B
7

If no irreversibilities occur within the system as well as the reversible cyclic device, then the
cycle undergone by the combined system will be inter-nally reversible. As such, it can be
reversed. In the reversed cycle case, all the quantities will have the same magnitude but the
opposite sign. Therefore, the work W, which could not be a positive quantity in the regular
case, cannot be a negative quantity in the reversed case. Then it follows that

W inerey = 0 since it cannot be a positive or negative quantity, and therefore

Viay 2020 Prof. Suchismita Swain (TITE) 205

intrev

for internally reversible cycles. Thus we conclude that the equality in the Clausius inequality
holds for totally or just internally reversible cycles and the inequality for the irreversible ones.

To develop a relation for the definition of entropy, let us examine this last equation more
kind of quantities can have this characteristic. We know that the cyclic integral of work is not

zero. (It is a good thing that it is not. Otherwise, heat engines that work on a cycle such as
steam power plants would produce zero net work.) Neither is the cyclic integral of heat.

shown below.

1 May 202 Prof. Suchismita Swain (T 206

closely. Here we have a quantity whose cyclic integral is zero. Let us think for a moment what

Now consider the volume occupied by a gas in a piston-cylinder device undergoing a cycle, as

Ean? | e

When the piston returns to its initial position at the end of a cycle, the volume of the gas also
returns to its initial value. Thus the net change in volume during a cycle is zero. This is also

expressed as
fla@r)=o

We see that the cyclic integral of a property is zero. A quantity whose cyclic integral is zero
depends only on the state and not on the process path; thus it is a property. Therefore the
quantity (8Q,e/T)int rey Must be a property.

Prof. Suchismita 1 (TITE) 207

In-class Example

Consider the cycle shown below composed of two reversible processes A and B. Apply the
Clausius inequality for this cycle. What do you conclude about these two integrals?

M), = S

along path A along paih B

Acycle composed of two reversible processes.
Apply the Clausius inequality for the cycle made of two internally reversible processes:

§% -0

T

1 May 2020 Pro

intrev

Suchismit n (TITE 208

You should find:

2( 60,
F(%e) -

along path 4 along path B

Since the quantity (8Q,,e/T)int re, is independent of the path and must be a property, we call
this property the entropy S.

The entropy change occurring during a process is related to the heat transfer and the
temperature of the system. The entropy is given the symbol S (kJ/K), and the specific entropy
is s (kJ/kgK).

The entropy change during a reversible process, sometimes called an internally reversible
process, is defined as
5=
S =
T intrev

wain (TITE) 209

S \
Dy~

ntrev

Prof. Suchismita

Consider the cycle 1-A-2-B-1, shown below, where process A is arbitrary that is, it can be
either reversible or irreversible, and process B is internally reversible.

Acyele composed of reversible and irreversible processes.

—

intrev

int rev

along A along B

The integral along the internally reversible path, process B, is the entropy change

S, =S,. Therefore, .
Lo

5
1

1 May 2020
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or o~
2
$,-8, > J‘ s
2 T
In general the entropy change during a process is defined as

dS 2 5Qne!
T

where = holds for the internally reversible process
> holds for the irreversible process

Consider the effect of heat transfer on entropy for the internally reversible case.

5 5w

Which temperature T is this one? If
50, >0, then dS>0
20,, =0, then dS=0
50, <0, then dS <0

Viay 2020 Prof. Suchismita Swain (TITE) 211

This last result shows why we have kept the subscript net on the heat transfer Q. Itis
important for you to recognize that Q has a sign depending on the direction of heat transfer.
The net subscript is to remind us that Q is positive when added to a system and negative
when leaving a system. Thus, the entropy change of the system will have the same sign as
the heat transfer in a reversible process.

From the above, we see that for a reversible, adiabatic process
ds=0
S, =5,

The reversible, adiabatic process is called an isentropic process.

Entropy change is caused by heat transfer and irreversibilities. Heat transfer to a system
increases the entropy; heat transfer from a system decreases it. The effect of irreversibilities
is always to increase the entropy. In fact, a process in which the heat transfer is out of the
system may be so irreversible that the actual entropy change is positive. Friction is one
source of irreversibilitiesin a system.

The entropy change during a process is obtained by integrating the dS equation over the
process:

1 May 202 Prof. Suchismita Swain (T 212

AS, =S,-5 > '[2% L
> -

K
Here, the inequality is to remind us that the entropy change of a system during an
irreversible process is always greater than j"b‘g 7d the entropy transfer. That is, some

entropy is generated or created during an irreversible process, and this generation is due
entirely to the presence of irreversibilities. The entropy generated during a process is called
entropy generation and is denoted as S,

We can remove the inequality by noting the following

ASm =8-S = J.lz é%m + Sgcn %

Sgen is always a positive quantity or zero. Its value depends upon the process and thus it is

not a property. S, is zero for an internally reversible process.

)
The integral _[‘ag r performed by applying the first law to the process to obtain the heat

transfer as a function of the temperature. The integration is not easy to perform, in general.

Prof. Suchis
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Definition of Second Law of Thermodynamics

Now consider an isolated system composed of several subsystems exchanging energy among
themselves. Since the isolated system has no energy transfer across its system boundary, the
heat transfer across the system boundary is zero.

{Jsolated)

Subsystem
1

Subsystenm

Subsysten é’ Subsystem
3 N

Applying the definition of entropy to the isolated system

V. 0, adiabatic

2 ner.
Asr\nh/m/ 2 L T‘

The total entropy change for the isolated system is
AS isolated = 0

1 May 2020 Pro
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This equation is the working definition of the second law of thermodynamics. The second
law, known as the principle of increase of entropy, is stated as

The total entropy change of an isolated system during a process always
increases or, in the limiting case of a ible process, i

Now consider a general system exchanging mass as well as energy with its surroundings.

Tsolated system “o
boundary g o

S, =AS,

gen total

=AS, +Y AS,, 20

surr

where = holds for the totally reversible process
> holds for the irreversible process

Surroundings

Thus, the entropy generated or the total entropy change (sometimes called the entropy
change of the universe or net entropy change) due to the process of this isolated system is
positive (for actual processes) or zero (for reversible processes). The total entropy change for
a process is the amount of entropy generated during that process (S,.,), and it is equal to the
sum of the entropy changes of the system and the surroundings. The entropy changes of the
important system (closed system or control volume) and its surroundings do not both have
to be positive. The entropy for a given system (important or surroundings) may decrease
during a process, but the sum of the entropy changes of the system and its surroundings for
an isolated system can never decrease.

Entropy change is caused by heat transfer and irreversibilities. Heat transfer to a system
increases the entropy, and heat transfer from a system decreases it. The effect of
irreversibilities is always to increase the entropy.

The increase in entropy principle can be summarized as follows:

>0  Irreversible processes
S =AS7,,4=0  Reversible processes
<0  Impossible processes

1 May 2020 Uchismita Swain (T
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Some Remarks about Entropy

1. Processes can occur in a certain direction only, not in just any direction, such that S, >0.

2. Entropy is a nonconserved property, and there is no such thing as the conservation of
entropy principle. The entropy of the universe is continuously increasing.

3. The performance of engineering systems is degraded by the presence of irreversibilities,
and entropy generation is a measure of the magnitudes of the irreversibilities present
during that process.

Heat Transfer as the Area under a 7-S Curve

For the reversible process, the equation for dS implies that

s - %

T
90, = TdS

or the incremental heat transfer in a process is the product of the temperature and the
differential of the entropy, the differential area under the process curve plotted on the 7-S
diagram,,,,

Prof. Suchismita Swain (TITE) 217

The process curve shown here is appropriate for either a constant volume or a
constant pressure process. The constant volume process has a steeper slope on
the T-s diagram than does the constant pressure process.

Internally reversible
process

Area under the process
curve is the heat
transfer.

Q. = | Tds
.

1

_>| |e ds s
In the above figure, the heat transfer in an internally reversible
process is shown as the area under the process curve plotted on the

T-S diagram.
0,, = [1ds

1 May 202 Prof. Suchismita Swain (T 218

Isothermal, Reversible Process

For an isothermal, reversible process, the temperature is constant and the integral to find the
entropy change is readily performed. If the system has a constant temperature, T, the
entropy change becomes

280 )
AS= 8,8, = f Qs O

For a process occurring over a varying temperature, the entropl\; change must be found by
integration over the process.

Example: We have shown that the incremental heat transfer to an ideal gas in a closed
system undergoing a constant volume process with constant specific heats is

Qe = dU = mCvdT

_ LmC,dT T
Then for this AS = v = valrl_ (Fz)
1

process,
9 T
Caution: The change in entropy will depend upon the working fluid
1:andithe process. Prof. Suchismita 1 (TITE) 219

Adiabatic, Reversible (Isentropic) Process

For an adiabatic process, one in which there is no heat transfer, the entropy change is

0, adiabatic
AS=S.—-S > Z%r
S=5-52 ) T
T

AS=S,-5>0
If the process is adiabatic and reversible, the equality holds and the entropy change is
AS=8,-8,=0
S, =8,
or on a per unit mass basis S
§=—

1 May 2020

The adiabatic, reversible process is a constant entropy process and is called isentropic. As will
be shown later for an ideal gas, the adiabatic, reversible process is the same as the polytropic
process where the polytropic exponent n =k = C,/C,.

The principle of increase of entropy for a closed system exchanging heat with its

surroundings at a constant temperature T, is found by using the equation for the entropy
generated for an isolated system.

Surroundings

A general closed system (a
cup of coffee) exchanging 3
heat with its surroundings Qou e

1 System

Soen = AS,

gen total —

ASm = (Sz - Sl).ws
ZAS‘H(”‘ — Q”BI.SIAH‘

O, surr
Sgerr - AStuml - m(sz 75‘1);% +

>0
where
Oretvsur = Crervsix = 0= Ot ) = G s
Effect of Heat Transfer on Entropy
Let's apply the second law to the following situation. Consider the transfer of heat from a

heat reservoir at temperature T to a heat reservoir at temperature T - AT > 0 where AT >0,
as shown below.

Two heat reservoirs
exchanging heat over a
finite temperature

difference
la

1 May 2020
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Sen = AS,

gen otal

Sen = AS,

gen total =

=45, + 3 A5, 20
ASpar +AS,

HR@T-AT

In general, if the heat reservoirs are internally reversible

Example 7-3

Find the total entropy change, or entropy generation, for the transfer of 1000 kJ of heat
energy from a heat reservoir at 1000 K to a heat reservoir at 500 K.

HR
200 t T Areas
AS, :J D T 1000k =1000k
A 1000k
-0 l Q=1000 kI
AS _ . 500K
O HR@T 7 at
+0 T-AT=500K T TR
AS/m @T-AT = 7'—_AT The second law for the isolated system is
-0 40
-0 +0 S =AS == 4
— — Total
Seon = DSt =+ 717 s T T-AT
0 AT _ —1000kJ + 10004J
Seon = ASpya = | = 1000K 500K
T [ (T-AT)
=(-1+2) ks
Now as AT — 0, Sgen—0 and the process becomes totally reversible. Therefore, for - K
reversible heat transfer AT must be small. As AT gets large, Sgen increases and the process iy
becomes irreversible. =-1-=
May 2020 Prof. Suchismita Swain (TITE) 223 1 May 2020 Prof. fhismita Swain (T 224
What happens when the low-temperature reservoir is at 750 K? 00,1 vy — Wiy —— dU
The effect of decreasing the AT for heat transfer is to reduce the entropy generation or total
entropy change of the universe due to the isolated system and the irreversibilities associated 5Qm| rev Tds
with the heat transfer process. _
Wm rev, out PdV

Third Law of Thermodynamics

The third law of thermodynamics states that the entropy of a pure crystalline substance at
absolute zero temperature is zero. This law provides an absolute reference point for the
determination of entropy. The entropy determined relative to this point is called absolute
entropy.

Entropy as a Property

Entropy is a property, and it can be expressed in terms of more familiar properties (P, T)
through the Tds relations. These relations come from the analysis of a reversible closed
system that does boundary work and has heat added. Writing the first law for the closed
system in differential form on a per unit mass basis

e O

System used to find expressions for ds

1 May 2020 Prof. Suchismita
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TdS—PdV =dU

On a unit mass basis we obtain the first Tds equation, or Gibbs equation, as

Tds = du+ Pdv

Recall that the enthalpy is related to the internal energy by h = u + Pv. Using this relation in
the above equation, the second Tds equation is

Tds=dh—vdP

These last two relations have many uses in thermodynamics and serve as the starting point
in developing entropy-change relations for processes. The successful use of Tds relations
depends on the availability of property relations. Such relations do not exist in an easily used
form for a general pure substance but are available for incompressible substances (liquids,
solids) and ideal gases. So, for the general pure substance, such as water and the
refrigerants, we must resort to property tables to find values of entropy and entropy
changes.

prof. Suchismit

The temperature-entropy diagram for water is shown below.

P =
1) %1% Star

73 .

PE} K -
Superheated

vapor

&

Compressed
liquid

o ®

Saturated
liquid—vapor mixture

Ta}

$p+ %3y
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The enthalpy-entropy diagram for water is shown below.

Shown above are the temperature-entropy and enthalpy-entropy diagrams for water. The h-
s diagram, called the Mollier diagram, is a useful aid in solving steam power plant problems
where heat transfer and work may be expressed as enthalpy changes for steady-flow
constant pressure and isentropic processes, respectively.

1 May 2020 Prof. Suchismita i
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Example 7-4

Find the entropy and/or temperature of steam at the following states:

P T Region skl/(kg K)
5MPa | 120°C

1MPa | 50°C

1.8 MPa | 400°C

40 kPa Quality, x=0.9

40 kPa 7.1794

(Answers are on.the last page of Chapter 7.)

Swa (

Example 7-5
Determine the entropy change of water contained in a closed system as it changes phase
from saturated liquid to saturated vapor when the pressure is 0.1 MPa and constant. Why is

the entropy change positive for this process?

System: The water contained in the system (a piston-cylinder device)

-

Property Relation: Steam tables

Process and Process Diagram: Constant pressure (sketch the process relative to the
saturation lines)

Conservation Principles: Using the definition of entropy change, the entropy change of
the water per mass is

1 May 202 Prof. Suchismita Swain (T 230

As=s5,—5=5,-S,=5,
:6.0562L
kg-K

The entropy change is positive because: (Heat is added to the water.)
Example 7-6

Steam at 1 MPa, 600°C, expands in a turbine to 0.01 MPa. If the process is isentropic, find
the final temperature, the final enthalpy of the steam, and the turbine work.

System: The control volume formed by the turbine

Property Relation: Steam tables

Process and Process Diagram: Isentropic (sketch the process relative to the saturation lines
on the T-s diagram)

Conservation Principles:
Assume: steady-state, steady-flow, one entrance, one exit, neglect KE and PE

Conservation of mass:

First Law or conservation of energy:

1 T The process is isentropic and thus adiabatic and reversible; therefore Q = 0. The conservation
l of energy becomes
Wou . .
Ein = Enul
Control surface = 5 . .
s rinhy = i, +W,,,
1May 2020 Prof. Suchismita Swain (TITE) 231 1 May 2020 Prof. Su in (TITE 232
Since the mass flow rates in and out are equal, solve for the work done per unit mass
. . =S,+X,
E,=E,, L )
. ) . State 2 is in the saturation 8§, — s/
W, = rinh —riuh, region, and the quality is X, =——
— m(h _ hz) needed to specify the S,,'g
= 1
state.
8.0311-0.6492
P _py _p, =2 R 0.984
7.4996
, X 3 Since state 2 is in the two-phase h=h +x.h
Now, let’s go to the steam tables to find the h’s. region, Ty = Ty pp = 45.81°C. 2 ! 2y
I _3698.6% =191.8+(0.984)(2392.1)
P, =1MPa kg K
7,=600°C|| kJ =2545.6—
5 =8.0311—— P
kg K w=h—h, g
The process is isentropic, therefore; s, =s, = 8.0311 ki/(kg K) kJ
At P, =0.01 MPa, s;= 0.6492 ki/kg-K, and s, = 8.1488 kJ/(kg K); =(3698.6—2545.6)—
thus, S;<S;<Sg kg
State 2 is in the saturation region, and the quality is needed to specify the state. =1 153&
kg
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Entropy Change and Isentropic Processes If the specific heat for the incompressible substance is constant, then the entropy
change s T
The entropy-change and isentropic relations for a process can be sum-marized as Any process: 5, =5 =C, In ?Z(kJ/kg-K)
follows: !
1.Pure substances: Isentropic process: L, =1
Any process:  As = s, tki/kg-K)
Isentropic process: 5, =5, 3. Ideal gases:
a.Constant specific heats (approximate treatment):
2.Incompressible substances (Liquids and Solids): Any process: (can you fill in the steps?)
du P
ds=—+—dv
T T
The change in internal energy and volume for an incompressible substance is
du=CdT
dv=0
The entropy change now becomes
cdr
ds = +
T, Vv,
—g = -2 22
$,=5=C,,In>+RIn—= 001
2y 2020 1 May 2020 prof. suclymita Swain (1178

and (can you fill in the steps?)
Isentropic process:

. k-1
L _[n
(Canyou fill in the steps here?) ? - ‘_
1 /s =const 2

(k-1)/k k
( ; ] ) [ij Pz =2
]; s =const Pl P B Vz

T
$,=8=C,,In2-RIn—= (a/kgK) Vs =const.

Or, on a unit-mole basis,

_ T. For an isentropic process this last result looks like Pvk = constant which is the polytropic
_ N v, " -
S, =8 = CM\, 1n7 +R, In-2  (ki/kmol-K) process equation Pv" = con-stant with n = k = C,/C,,.
v
1 1
and b.Variable specific heats (exact treatment):
S5, —8 = lng R 1r1i
279 p av ]—; u P1 (kJ/kmol-K) From Tds = dh - vdP, we obtain
2C,(T)
As=| ——dT—Rin=>
P1
1May 2020 Prof. Suchismita Swain (TITE) 237 1 May 2020 Prof. Suchismita s in (TITE 238

Therefore, for any process:

The first term can be integrated relative to a reference state at temperature T . o 0 P,

s, =8 =5y =5/ —R ln;‘ (ki/kg-K)
1

(T )7 (1) (1)
Lo or
—dT —dT e <o _ <o B (w/kmolk
5, -5 =5 -5 -R,In=2 (k/kmolK)
L T Lo 2 TS =S T u
1
z C (T)
= J. '[ The standard state entropies are found in Tables A-17 for air on a mass basis and Tables A-18
Lot Lo through A-25 for other gases on a mole basis. When using this variable specific heat
approach to finding the entropy change for an ideal gas, remember to include the pressure
The integrals on the right-hand side of the above equation are called the standard state term along with the standard state entropy terms--the tables don’t warn you to do this.

entropies, s°, at state 1, T;, and state 2, T,; so is a function of temperature only.
Isentropic process: As =0 P
e (T) $0=s"+RIn2  WhkeK
o P,
= j 1
Ter If we are given T,, P;, and P,, we find s°; at T;, calculate s°,, and then determine from the

tables T, u,, and h,.
o J~Tz C (D

When air undergoes an isentropic process when variable specific heat data are required,
“,f there is another approach to finding the properties at the end of the isentropic process.
Consider the entropy change written as

a Swain (TITE) 239 1 May 2020 Prof. Suchismi
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s=J2&dT Rln2

1
Letting T, = T,o, P, = P,os = 1atm, T, = T, P, = P, and setting the entropy change equal to zero

yield
o
N GETH ST 4
Tt ). o R T

We define the relative pressure P, as the above pressure ratio. P, is the pressure ratio
necessary to have an isentropic process between the reference temperature and the actual
temperature and is a function of the actual temperature. This parameter is a function of
temperature only and is found in the air tables, Table A-17. The relative pressure is not
available for other gases in this text.

T

The ratio of pressures in an isentropic process is related to the ratio of relative pressures.

S0

L (&P _b
R R/P
1 = 1 e/ 1
May 2020 s=eonst. A b L smponst. " S

There is a second approach to finding data at the end of an ideal gas isentropic process when
variable specific heat data are required. Consider the following entropy change equation set
equal to zero.

From Tds = du + Pdv, we obtain for ideal gases

Vl

Letting T; = T, V1 = Viep, T, = T, v, = v, and setting the entropy change equal to zero yield

v :Ew{_ijfcxf>yj
Yy R, T

s=const
We define the relative volume v, as the above volume ratio. v, is the volume ratio necessary
to have an isentropic process between the reference temperature and the actual
temperature and is a function of the actual temperature. This parameter is a function of
temperature only and is found in the air tables, Table A-17. The relative volume is not
available for other gases in this text.

Prof. Suchismita Swain (T 42
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For an ideal gas having constant specific heats and undergoing a polytropic process in a
closed system, Pv" = constant, with n = k, find the heat transfer by applying the first law.
Based on the above discussion of isentropic processes, explain your answer. Compare your
results to this problem to a similar extra assignment problem in Chapter 4.

Extra Assignment

Example 7-7

Aluminum at 100°C is placed in a large, insulated tank having 10 kg of water at a temperature
of 30°C. If the mass of the aluminum is 0.5 kg, find the final equilibrium temperature of the
aluminum and water, the entropy change of the aluminum and the water, and the total

System: Closed system including the aluminum and water.

Tankinsulated

° boundary

Process: Constant volume, adiabatic, no work energy exchange between the aluminum and
water.

Property Relation: ?

Conservation Principles:

Apply the first law, closed system to the aluminum-water system.
O-W=AU
0-0=AU,,, +AU,

Using the solid and incompressible liquid relations, we have

water

entropy change of the universe because of this process. Before we work the problem, what _ _ _
do you think the answers ought to be? Are entropy changes going to be positive or negative? Myaer CW‘"W(TZ Z; ) water + My CAL (]; ];)AL =0
What about the entropy generated as the process takes place?
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But at equilibrium, T, 5, = T, yater = > AS\mm =m,,, (jwm In Tz
7 = Msier Couater T warer + M. Car (1) 4y Lwater
2= N
My, Crier 1, C
kJ 3038K

_10kg, (418K | kg, - KIB03K) +05kg ., (094147 / kg, - K)BT3K)
10kg, (418K 1K, - K) + 0.5kg ,, 0941k [ kg ,, - K)
=3038K

The second law gives the entropy production, or total entropy change of the universe, as

Seen = AS = AS.

gen

+AS,, 20

water
Using the entropy change equation for solids and liquids,

. 7,
AS,=m,C, In—
AL AL~ AL T

1AL

— 05kg(0.941—_yp _3038K
kg-K~\(100+273)K
- 009665
K
" Prof. Suchismita Swain (TITE) .

=10kg(4.177 )In
kg-K (30+273)K

kJ
=+01101—
K
Why is AS, negative? Why is AS, ..., positive?

S, =AS,., =AS,,. +AS,

gen otal water

=(0.1101-0.0966) %

= +0.0135ﬂ
K

Why is Sge, OF ASqyy, pOsitive?

Prof. Suchismi
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Example 7-8
Carbon dioxide initially at 50 kPa, 400 K, undergoes a process in a closed system until its
pressure and temperature are 2 MPa and 800 K, respectively. Assuming ideal gas behavior, (b) For variable specific heat data, use the carbon dioxide data from Table A-20.
find the entropy change of the carbon dioxide by first assuming constant specific heats and
then assuming variable specific heats. Compare your results with the real gas data obtained 5050 >
from the EES software. =8 = 2 |~ RIn‘2
Mo, B
(a) Assume the Table A-2(a) data at 300 K are adequate; then C, = 0.846 ki/kg-Kand R = _ 3
0.1889 ki/kg-K. 4 _ (257.408-225225)k] / kmol - K ) 01839 kJ ln[ 2()00/\'Pa]
T p 44kg | kmol kg K 50kPa
o —s. =C -2 _ 2 194
$,=5=C,,In 7 Rln 7 400346
1 1 kg-K
kJ 00K kJ 2000kPa (c) Using EES for carbon dioxide as a real gas:
=0846——In| —— [-0.1889 In| ———
kg-K 400K kg-K 50kPa Deltas=ENTROPY(CarbonDioxide, T=800,P=2000)-
WJ ENTROPY(CarbonDioxide,T=400,P=50)
=-01104 —— = +0.03452 ki/kg-K
kg-K
May 2020 Prof. Suchismita Swain (TITE) 247 1 May 2020 Prof. Suchismita Swain (T 248
Module-II
(d) Repeat the constant specific heat calculation assuming C, is a constant at the average of
the specific heats for the temperatures. Then C, = 1.054 ki/kg-K (see Table A-2(b)).
Ll BME
s,=8=C,, In=-Rln—=>
Th B
K (800K K (2000kP, By:
=1054- 111[40()1(]70‘1 889WIH[WPHJ v
€ W € Prof. Suchismita Swain
= 400337 ——
ke K TITE, Khurda
We observe that the 300 K data give completely incorrect results here.
If the compression process is adiabatic, why is 4s positive for this process?
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Thermal Power plant Principle of Operation of Thermal
High pressure, high Power Plants
temperature steam

» Thermal power plant operate on the principle of
Rankine thermodynamic cycle

The Rankine cycle is an idealized thermodynamic
cycle of a heat engine that converts heat into
mechanical work. The heat is supplied externally to a
closed loop, which usually uses water as the working
fluid

thermodynamic cycle in which there is net heat
transfer to the system and a net work transfer from
the system.

Power generation from coal can be estimated by
means of its calorific value kCal’kg or kl/kg.

v

=

High pressure water W

Prof. Suchismita Swain (TITE 252
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Principle of steam power plant

Working fluid cycle steam power plant is a closed cycle, which uses the
same fluid repeatedly. First, the water is filled into the boiler to fill the
entire surface area of heat transfer. In the boiler water is heated by
the hot gases of combustion fuel with air so that turned into vapor
phase.

Steam produced by boiler with pressure and temperature are
directed to do work on the turbine to produce mechanical power in
the form of rotation.

Fig. 122 One kg H,0 executing a heat engine cycle

* The former steam out of the turbine, and then flowed into the
condenser to be cooled with cooling water that turned to water.
Condensate water is then used again as boiler feed water. Thus the
cycle goes on and repeats.

1 May 202 >f. Suchismita Swain (T 254
[

zgnnﬂ Z W et
cycle cycle
or Q-O=Wr-Wp

TWr
Souce - | Q@ ﬁg Tg" Q Sink where O, = heat transferred to the working fluid (kJ/kg)
(Fumace) B c +| (River or sea) O, = heat rejected from the working fluid (kJ/kg)
for= PP

T T2 W = work transferred from the working fluid (kJ/kg)

b W; = work transferred into the working fluid (kJ/kg)
pr\_ Cyciic heat engine The efficiency of the vapour power cycle would be given by

Fig. 123  Cyclic heat engine with water as the working fluid Teycle [7) = [7) T

1 May 2020 Prof. Suchismita Su

ain (TITE) 255 1 May 2020 Prof. Suchismita Swa
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u L1
T Evaporator 2

Refrigerator

High side

Receiver
Dryer
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Inside the Refrigerator

Linguicd,
low pressare

Expansion
valve Compresson

1 May 2020

Compressor]

1 May 2020 Prof. Suchismita Swain (

. T B The Vapor-Compression
sctiviLe \CM._.M e Ly NN Refrigeration Cycle
conpeneen 5’ » The processes of this cycle are
R l8 = rour Process 4-1: two-phase liquid-vapor
i HBETOUTSEEARN - mixture of refrigerant is evaporated
through heat transfer from the
4 refrigerated space.
1l N Process 1-2: vapor rf,\frigere_mt is
N compressed to a relatively high
i e, tempgrature and pressure requiring
= 3 N work input.
| oo e [ tglwmgm Process 2-3: vapor refrigerant
our 5 PR condenses to liquid through heat
5 transfer to the cooler surroundings.
EVAPORATCR T T Process 3-4: liquid refrigerant
METERING DEVICE CRIER
1 May 2020 Prof. Suchismita Swain (TITE) 261 emﬁﬂgs to the evaporatoc R{%%HAFQ"E 262
The Ideal Refrigeration Cycle graphed onto a Pressure Enthalpy Chart The peﬁormance of refriger'at'ors and heat pumps is
o expressed in terms of coefficient of performance
o \ (COP), defined as
A |
Sub-cooled Liquid / Liquid - Vapour mixture / Superheated Vapour p _ Desired output  Cooling effect O,
i / COP, = — = - =—
2 /" Condensation Required input ~ Work input 177, .,
-~ <
% / g b [ COP.. Desired output _ Heating effect _ Oy
8 Vs " Required input ~ Work input 7,
: /|8
/ > ] Both COPg and COP,, can be larger than 1. Under the
/ Evaportation [ same operating conditions, the COPs are related by
/ /
/ COP,, = COP, +1
1 May 2020 proENTHALRY. (BTH/LD.) 1 May 2020 Prof. Suchismita Swain (TITE w4
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The Vapor-Compression
Refrigeration Cycle
» Performance parameters
Coefficient of Performance (COP)

_ Quliv _ Iy = hy (Eq. 10.7)
Wim  ha— hy

Carnot Coefficient of Performance
Iy —Tc

-Bm:u = 112([' 10.1 )
This equation represents the maximum theoretical
coefficient of performance of any refrigeration cycle
operating between cold and hot regions at 7. and 7,
fespectw'ely Prof. Suchismita Swain (TITE) 265

Internal Combustion Engines

1 May 2020

Applications of Refrigeration

In chemical industries, for separating and liquefying
the gases.

In manufacturing and storing ice.

For the preservation of perishable food items in cold
storages.

For cooling water.

For controlling humidity of air manufacture and heat
treatment of steels.

For chilling the oil to remove wax in oil refineries.

For the preservation of tablets and medicines in
pharmaceutical industries.

For the preservation of blood tissues etc.,

For comfort air conditioning the hospitals, theatres,

in (T 266

inlet valve T T Exhaust valve
M i product
combunstion ch
Srark plug pistan ring
pistan
cylinder
_ Budgaon pin
Cylinder blogk ——— ~ Ao
Crankpin
Crank Flywhesl

Fiiura:- Basic Enmiunant of siark iinitiun eniine

COMPONENTS OF I.C ENGINE
* Cylinder Block

— Part of engine frame that contains
cylinders in which piston moves¢Fz:

— Supports liners & head spark Ignition i Intake
, = (otto) " Sercharaat
* Cylinder Head Ignition _—
L 9 .| Compression ign.
— Serves to admit, confine, (Diesel) _ | Indirect injection _
i Campr. Ignition
and release fuel/air e e
— Cover to cylinder block et —
o — urettor
— Supports valve train
. S {_Spark gntian (-~ Port Injection
Crankcase Nea 0\BY)/ - - pr— e —
— Engine frame section that ™ ;’c:“ uuPteectinfection,
houses the crankshaft — 4 strokes
Air Coling
Prof. Suchismita Swain (TITE) 1 May 2020 Prof. Suchismita Swairi (TITE) ‘CoOliNg 270
Liquid Cooling

CLASSIFICATION OF INTERNAL-
COMBUSTION ENGINE-

Maturally aspirated
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WHAT IS 25 & 4S?

* A two-stroke petrol engine is an internal
one revolution of the crankshaft. Thus, one power

stroke is obtained in each revolution of the crank
shaft.

¢ A four stroke diesel engine is an internal
two revolution of the crank shaft. Thus, one power

shaft.

1May 2020 Prof. Suchismita Swain (TITE)

combustion engine that completes the process cycle in

combustion engine that completes the process cycle in

stroke is obtained in each two revolutions of the crank

tory
The first person to build a working four-stroke engine, a
stationary engine using a coal gas-air mixture for fuel (a gas
engine), was German engineer Dr. Nikolaus Otto. This is why
the four-stroke principle today is commonly known as the
Otto cycle and four-stroke engines using spark plugs often
are called Otto engines.

1May 2020 Otto Cycle: "Dr-Nicolaus:Otto -1876 m

Four strokePetrol-Engine

Four-stroke cycle
intake vave  SPAK piug

valves closed

intake exhaust
valves closed  valve closed  valve open

A

Elambeg oo, 1o won 0l b e g £ BTERrEa W

A

© Four stroke cycle engine s is working at compleled four stroke qfthe
piston or two revoluation qf[he crank shaﬁ it is called asfnur stroke
engine
O tis two types af valves is presenlafi these are
# Inlet valve
» Exhaust valve
© Four stroke petral engine wm‘king at lheﬁ:ur types qfstruke
» Suction stroke
~ Compression stroke
~ Power stroke or expansion stroke

~ Exhaust stroke

1 May 2020 Prof. Suchismita Swain (TITE)

intake compression power
Air-fuel mixture Air-fuel mixture Explosion farces Piston pushes out
Is drawn In. is compressad. piston down, buned gases.
© 2007 Encyclopadia Britinnica, hc,
Prof. Suchismita Swain (TITE) 273 1 May 2020 Prof. Suchismita Swain (TITE)
o ot T Eower- sl b, aoa e ook 5
FOUR STROKE ENGINE Four Stroke Sl Engine
$

Stroke 1: Fuel-air mixture introduced into cylinder
through intake valve

Stroke 2: Fuel-air mixture compressed

Stroke 3: Combustion (~constant volume) occurs
and product gases expand doing work

Stroke 4:  Product gases pushed out of the cylinder
through the exhaust valve

FUEL

¥

Exhaust
Stroke

1 May 2020 Prof. Suchismita Swain (TITE) 276
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~ Intake Stroke
® Intake valve opens.

@ Piston moves down, % Jn
turn of crankshaft.

® A vacuum is created in
the cylinder.

@ Atmospheric pressure
pushes the air/fuel
mixture into the
cylinder.

)

1May 2020 Prof. Suchismita Swain (TITE)

EXHAUST
VALVE

COMBUSTION
CHAMBER

PISTON

s

COMPRESSION STROKE

Intake valve closed
Exhaust valve closed
Piston go to BDC to
TDC

Air-fuel mixture
compressed in to the
cylinder

L

1 May 2020 Prof. Suchismita Swain (TITE)

-

POWER STROKE

Intake valve closed
Exhaust valve closed

Air-fuel mixture bum
into the combustion
chamber

Piston go to TDC to
BDC

%,

1 May 2020 Prof. Suchismita Swain (TITE)

279

/

EXHAUST STROKE

Intake valve closed
Exhaust valve open
Piston go to BDC to
TDC

Exhaust gas out

through the exhaust
valve

%,

1 May 2020 Prof. Suchismita Swain (TITE)

Intake

The fuel/air mixture Is first drawn into the crankcase
by the vacuum that is created during the upward
stroke of the piston. The illustrated engine features
a poppet intake valve; however, many engines use
a rotary value incorporated into the crankshaft

Crankcase compression

During the downward stroke, the poppet valve s
forced closed by the increased crankcase pressure.
The fuel mixture is then compressed in the
crankcase during the remainder of the stroke.

1 May 2020 Prof. Suchismita Swain (TITE)

Working Priciple of 2 Stroke Spark lgnition Engine

1 May 2090 Tehismita Swain (TITE)

Prof. Suchismita Swain

47



TITE Khorda

1 May 2020

Two Stroke Cycle Petrol Engine

* The principle of two-stroke cycle petrol engine is shown
in Figure . Its two strokes are described as follows:

Exnaust port, Spark plug . Transfer port
inlet
port
Crank cose - :
7 Compression Igniton Exhaust Intgke
(@) (] «©; 2 [Ch)
- ) Figurs: 7 Working of Two stroks Petrol Engine -
Nay:2020 VIAYAKL M:\:‘?\'% suchig it it (M ore 283,

2 Stoke Engines

= Everything a 4 stroke engine

2\ -
does in 2 revolutions a 2 - ;.. :‘._ v :
stroke engine does in 1 I l i l
revolution of the crankshaft. 0 1

o L
Pistoo \nahe Sticke  Piston Compreson Stroke

\t

f
i |
b '

How to identify 2 stroke
engine from outside:

’l

/

+ Exhaust port in center of
cylinder
+ Small crankcase

Priton Exhaust Stoke

1 May 2020 Prof. Suchismita Swain (TITE) 284

1. Power / Exhaust 2. Intake / Compression

a.  ignition a. inlet port opens

b. piston moves downward b. compressed fuel-air mixture
compressing fuel-air mixture rushes info the cylinder
in the crankcase c.  piston upward movement

c. exhaust port opens provides further compression

1 May 2020 Prof. Suchismita Swain (TITE)
Fusi intake

Advantages of 2S-petrol engine

¢ The power developed will be nearly twice that of four-
stroke engine of same dimension and operating at the
same speed.

* The work required to overcome the friction of the
exhaust and suction strokes is saved.

* Low weight.

= Construction is simple.

1 May 2020 Prof. Suchismita Swain (TITE) 286

4-Stroke Diesel Engine

Rudolf Christian Karl Diesel (March 18, 1858 — September
29, 1913) was a German inventor and mechanical engineer,
famous for the invention of the 4-stroke diesel engine.

-3

Premier moteur Diesel

1wayo00  Diesel Engine - D RudoelphMesel -1895 297

Prof. Suchismita Swain

BRIEF INTRODUCTION

sel engine is an internal combustion
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Intake

4-stroke Compression-ignition (Diesel) Engine Cycle

Fuel Injection Pulss

Compression
ot sucnismiaswan (MR OWeEr")

Combustion

The 4 Stroke COMBUSTION CYCLE

«The Diesel Engine 4 Stroke cycle consists of four distinct stages carried out whilst
the engine Crank Shaft does two complete turns (or as we say, two revolutions).

«The Cams rotate once every two turns of the Crank Shaft, i.e. once per complete 4
stroke cycle.

A ‘stroke’ is a movement of the Piston from one end of the Cylinder to the other end.

15t Stroke - INDUCTION. Fresh air is drawn into the Cylinder through the open Inlet
Valve by the Piston descending. The Inlet Valve closes when the Piston reaches
bottom of Cylinder, trapping the fresh air in the Cylinder.

2nd Stroke - COMPRESSION. The Air is squeezed as the Piston rises, reaching
about 40 bar pressure. The air gets very hot (about 700° C) because of the work
done to it by the Piston. Diesel fuel is started to be Injected into the Cylinder as
the Piston gets near to the top.

3rd Stroke - POWER. Fuel is injected into the Cylinder for a short while as the Piston
is near the top. The fuel spray ignites and burns in the hot air, creating even
higher pressures and temperatures in the cylinder. The pressure of the hot gases
push the Piston down, delivering power to the crank-shaft and fly wheel.

4t Stroke - EXHAUST. The Exhaust Valve opens and the rising Piston pushes the
burnt gases out of the Cylinder. When the Piston gets near the top the Exhaust
Malvecloses and the Inlet Valve.opens,.ready to draw fresh air in again. 290

Two Stroke Diesel Engine

Two stroke engine is first described by Du gal Clerk in
1878.In two stroke engine one cycle is completed in every
revolution of crankshaft.

) 291

2-Stroke Diesel Engine 7

Sir Dugald Clerk KBE, FRS (1854, Glasgow —
1932, Ewhurst, Surrey) was a Scottish engineer who designed
the world's first successful two-stroke engine in 1878 and

A

patented it in England in 1881. e

/]
s VJﬁ ol
ife)
|
A\ /
\".:"'-,‘ o _/._,/
1May 2020 2-Cycle Engine; Du gal Clerk=1878 22

—

PETROL ENGINE
Works on Otto Cycle

Fuel-air mixture is
admitted during suction
stroke

Spark ignition

Low compression ratios
(6to 10)

Lower engine efficiency
Higher fuel consumption

Lower engine vibrations
and noise

High running cost

Light duty application

Prof Suchisf

Comparison of Petrol and Diesel Engines

DIESEL ENGINE
Works on Diesel Cycle

Fuel is injected at the end
of compression stroke

Compression ignition
High compression ratios
(10 to 20)

Higher engine efficiency
Lower fuel consumption

Higher engine vibrations
and noise

Low running cost
Heavy duty application

5 Swain (TITE) 293

Difference between
4-Stroke Engine & 2-Stroke Engine

4-Stroke Engine 2-Stroke Engine

One cycle completed in
every 2 revolution of
crankshaft

More moving parts

One cycle completed in
every revolution of
crankshaft

Less moving parts

More maintenance Less maintenance

Heavy in weight Light in weight

More expensive Less expensive

1 May 2020 Prof. Suchismita Swain (TITE 294
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WHAT 1S AIR COMPRESSORS?

JCOMPRESSOR :

“The machine which takes in air or any other gas at low
pressure and compresses it to high pressure are called
compressors.”

ompressor used for inereasing the pressure is called

1May 2020 Prof. Suchismita Swain (TITE)

Introduction to

. compressors
\-_ » The machine which takes in air or any

' other gas at low pressure and
compresses it to high pressure is
called compressor. The compressor is
power consuming machine in which
mechanical work is converted into
pressure energy of fluid. They are also
considered as reversed heat engine.

1 May 2020 Prof. Suchismita Swain (TITE) 297

Types of Air Compressors

Reciprocating or Piston Compressors
Rotary Sliding Vane Compressors
Rotary Screw Compressors
Centrifugal Compressors

Lol

Phone: 508-230-7118

e o (@ COMPRESSORWQRLD

o v ASSOTW
Emailinfotfcompressorworld.com THE ONLINE AIR COMPRESSOR SUPERSTORE

Reciprocating Compressor

s Compressa&
E:ll\nf:arv air delivery
Sloaed Delivery valve Inlet valve
open. closed
Inlet valve

open
Cylinder

Piston Air intet

Connecting-rod ’
@/4,

1 May 2020 Prof. Suchismita Swain (TITE) 299

Crank

Crankcase

Single stage Reciprocating Air compressors

» When piston starts moving downwards, the
pressure inside the cylinder falls below
atmospheric pressure that opens suction valve.

» The pressure of the air in the cylinder rises
during compression and at the end of
compression, delivery valve opens and
discharges the compressed air into the receiver
tank.

Prof. Suchismita Swain
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. ' -~ Two stage- reciprocating air
Reciprocating Compressor .
- compressor
['ypes o
Intercooler Outlet
Inlet -
[l Single-Stage Reciprocating Compressor
ICompression is done in single stage or by single cylinder
only and it is used for generation of low pressure air.
' Double-stage Reciprocating Compressor
i X i . First Stage Second Stage
It is a compressor that produces highly pressurised air and (LowPressure) (Higher Pressure)
mostly it is used nowadays in heavy duty mechanical
devices.
May 2020 Prof. Suchismita Swain (TITE) 301 1 May 2020 prof. Suchismita Swain (

Advantages of multi-stage

ADVANTAGES _ compression
. =The work done in compressing the air is

Reciprocating compressors are cheaper, it costs
5 et 5 ‘reduced, thus power can be saved.

about half the rotary compressors.

Low installation and service cost as it have low *Prevents mechanical problems as the air
maintenance points. temperature is controlled.
Ideal for light use - For smaller jobs, »The suction and delivery valves remain in
recipracating air compressors are more Efﬁcwn‘ clemer condition as:the temperature and
and more affordable. If you need a compressor for e s b
your home workshop, this is the way to go. vaporization of lubricating oil is less

© Durable - Reciprocating air compressors tend to =The machine is smaller and better balanced
be very sturdy and reliable. They are able to =Effects from moisture can be handled better, by
withstand harsh environments. P i ¥

[ draining at each stage
., @Compression approaches.near isothermal .,

Power Transmission

MODULE-3 * The following are the major types of power

transmission devices
(a) Belt drive  (b) Rope drive

By: (c) Chain drive (d) Gear drive
Belt Drive:
» This type of drive is used when the power is to
Prof. Suchismita Swain be transmitted from one shaft to other which is

at a distance.

Asst. Proff.(ME) » Pulleys are mounted on the driver and driven
TITE-Bhubaneswar shafts and an endless belt are fitted tightly over
these pulleys.

1 May 2020 Prof. Suchismita Swain (TITE) 305 1 May 2020 Prof. Suchismita Swain (TITE 306
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»The frictional resistance between these pulleys
and belt is the reason for the power transmission,
which depends on the velocity of belt, tension of
the belt and arc of contact of the belt in the
smaller pulley.

Types of Belt drive:

(a) Open belt drive: For parallel shafts and to be
rotated in the same direction as that of the driver
shaft. The driver pulley pulls the belt from one
side and delivers it to the other side. The tension
in the former side will be larger and hence called
tight side and the other side is called slack side.

chismita Swain (TITE) 307
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N\ Slack side
\ /

( Driven pulley )
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Driver pulley

ek Slack side !

1 !

-2 Tight side E
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* (b) Crossed belt drive: When the driven shaft is
to be rotated in the opposite direction as that of
the driver shaft, the belt is to be arranged in a
crossed manner.

Slack side

i

( Driven pulley >

1May2020 Prof. Suchismita Swain (TITE)
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Types of Belts

* There are mainly 3-types of belts.

(a)Flat belt: It is mostly used in factories and
workshops, where a moderate amount of
power is to be transmitted, when the two
pulleys are not more than 8 m apart.

(b)V-belt: It is used in factories and workshops,
where comparatively large amount of power is
to be transmitted, when the two pulleys are

(c) Circular (round) belt: It is used in factories and
workshops, where a great amount of power is to
be transmitted from one pulley to another, when
the pulleys are more than 8m apart.

¢ & 0O

Round belt V belt Flat belt Toothed belt
very near to each other.
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Belt Type
Flat belt V- belt Circular belt

d

(¢) Circular belt.

(a) Flat belt.

(b) V-belt.

Round Belt

| I SR — e — -

Round Belt
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Belt drives

Compound Belt Drive

* A compound belt drive is used when power is
transmitted from one shaft to another through a
no. Of pulleys and the velocity ratio is high

““;" - g O "
&)
‘:*—F-"——:_—-——" \';f__d_:__::'_;m
2 M
[;___*f = J_i ;J
M = | g i
:7 .!. T T .,,1]
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Compound belt drive

Letd,d,, dy d, and N;,N,, Ny, N,= diameters and speeds for pulleys 1, 2,3 and 4.
W‘e Know that velocity ratio of pulleys 1 and 2,

Driver—__—+
= e

Similarly, velocity ratio of pulleys 3 and 4,

| N, d,
L e — 2
v N, i, )

Multiplying the above equations

Since N,=N,, therefore velocity ratio of compound belt drive
[ N, _dxd,
VR =VR,xVER, == =175
TN, doxd,

--------------- (@)

VR = Speed of last follower _ product of diametersof drivers |

Speed of first driver  product of diameters of followers |

10000015 Do S Mual Prof & Head Don i bboch JIBICE 118

Slip of belt

* Some times the frictional grip between belt and
pulley becomes insufficient, this may cause
some forward motion of the driver without
carrying the belt with it. This may also cause
some forward motion of the belt without
carrying the driven pulley with it. This is called
slip of the belt.

It is generally expressed as a percentage.

The result of slip is to reduce the velocity ratio
of the system.

1 May 202 Prof. Suchismita Swair

Creep of Belt

* When the belt passes from the slack side, a
certain portion of the belt extends and it
contracts again when the belt passes from
the tight side to slack side. Due to these
changes of length, there is a relative
motion between the belt and the pulley.
This relative motion is called creep.

* The total effect of creep is to reduce the
speed of the driven pulley.

Prof. Suchismita Swain (TITE) 321

* Creep is due to elastic property of belt,
where as the conventional slip is due to
insufficient frictional grip between the
belt and pulley.

* The effect of both is to reduce speed
ratio hence reduce the power
transmission.

* Explain briefly about Slip and creep of a belt in
belt drive. [2 marks] [BPUT-15t sem.-2016]

Prof. Suchismita Swain (TITE)

ROPE DRIVE

* Ropes are used when considerable power is to be
transmitted over long distances.

* Ropes are placed in grooves provided in the pulley.
* The groove angle varies from 40 to 60 degree, but
is generally 45degree

* Wire ropes are made up of wires, which are
twisted together to form a strand.

* A no. of strands twisted together to form a rope.
* Ropes are designated by specifying the no. of

Prof. Suchismita Swain
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Wire Ropes

Wire rope consists of multiple wires or strands. helically wound or
laid about an axis.

ROPE DRIVE

' Ropes are used when CDnSIderabIe POWERL to be Wires, strands and cores are independent- that interact with sach other
transmitted over long distances. during service

* Ropes are placed in grooves provided in the pulley. Strand

* The groove angle varies from 40 to 60 degree, but
is generally 45degree

* Wire ropes are made up of wires, which are
twisted together to form a strand.

. Wire ropes are designed in different steel grades, finishes
* Ano. Of Strands tWIStEd together to forrn arope. and a vanety of constructions to attain the best balance

. ROpES are designated bv specifying the no. of of strength, abrasion resistance, crush resistance

i 3 bending fatigue resistance and corrosion resistance for
- ] o
strands and no. of wires on it. Eg: 6*19 each.appliication.

Advantages of Rope drives

Gear Drives

* Smooth and silent

L

* Less weight 2 a
. L%j

* Shock resistant
* Longer life.
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* Slipping of a belt or rope is a common * The teeth of the gear mounted on the shaft
phenomenon, in the transmission of power. meshes each other during rotation.

* The effect of slipping is to reduce the * Gears are manufactured either by milling, by
velocity ratio of the system. casting or by hobbing.

In precision machines, in which a definite
velocity ratio is of importance like in watch,
the only positive drive is by means of gears
or toothed wheels.

Toothed wheel is the gear for transmitting
power between two shafts, which are very
closer.

1 May 2020 Prof. Suchismita Swain (TITE) 329 1 May 2020 Prof. Suchismita Swain (TITE 330
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ADVANTAGES OF GEAR DRIVES

It transmits exact velocity ratio.
Transmits large power.

High efficiency.

Reliable service.

Compact layout.

DISADVANTAGES OF GEAR DRIVES

The manufacture of gears require special tools and
equipments.

The error in cutting teeth may cause vibrations and noise
during operations.

1May 2020 Prof. Suchismita Swain (TITE) 331

Space Width

Addendum
Circle

Thickness
Addendum

Clearance.

Pitch Circle

Root Cixcle Dedendum
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* Aninternal gear is one with the
teeth formed on the inner
surface of a cylinder or cone.

1 May 2020

Internal Gear

prof. Suchismita Swain (TITE)

External Gear
+ An extemal gear is one with
the teeth formed on the outer
surface of a cylinder or cone.

Classification of Gears

* According to the position of axes of the shafts.
— Spur gears — parallel shafts — most common
— Bevel gears — perpendicular shafts
— Worm gears - perpendicular overlapping shafts

— Rack and pinion gears — convert circular motion
to linear motion
* According to the type of gearing

* According to the position of teeth on the gear
surface.

1 May 2020 Prof. Suchismita Swain (TITE) 335

RACK-AND-PINION
GEARS

1 May 2020

HELICAL SPIRAL BEVEL

SPUR
GEARS GEARS Gsms“vn
INTERNAL
GEAR PLANET

PINION

WORM GEARS

PLANET
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iion

GEARS

HYPOID GEARS
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2 HELICAL GEAR 3. HERRINGBONE GEAR
i
%
4. RACK AND PINION |5. BEVEL GEAR &. SPIRAL BEVEL GEAR

7. SCREW GEAR |®. WORM & 9. MITER GEAR 10. INTERNAL
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Spur Gears Straight Bevel Spiral Bevel  Worm Gear Set
Transmissions Gears Gears Gear Reduction Boxes
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Hypoid Gears  Planetary Gear  Helical Gears Herringbone
Differentials Se Transmissions Gears
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Gear Ratio

» Agear ratio is the ratio used to determine the
angular speed and torque of a geared system.

Number of driven teeth : Number of driver teeth
Also written as:

Driven teeth
Driver teeth

+ If a set of gears has a driver and driven gearof the
same size. The gear ratio would be 1:1.

» This causes a change in the direction of the motion
with no change to speed or torque.

1 May 2020 Prof. Suchismita Swain (TITE) 339

BME-2016-15t Semester-10marks

Two parallel shafts are connected with the help
of two gears, one gear on each shaft. The no. of
teeth on one gear is 38 and the speed of the
shaft is 420 rpm. If the speed ratio is equal to 3
and circular pitch of the gear is 25mm, then
find:

(i) No. of teeth and speed of other shaft.

(ii) Centre distance between two shafts.

1 May 2020 Prof. Suchismita Swain (TITE) 340

COUPLING

1 May 2020
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* A coupling is a device used to connect
two shafts together at their ends for
transmitting power. Coupling do not
normally allow disconnection of shafts
during operation.

* The primary purpose of coupling is to
join two pieces of rotating equipment
while permitting some degree of
misalignment or end movement or both.

Prof. Suchismita Swain (TITE) 343
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a. Sleeve or Muff-coupling

Muff —,

Uses

To transfer power from one end to another.
Ex.: motor transfers power to pump through
coupling.

To provide the connection of shafts of units
that are manufactured separately such as a
motor and generator and to provide for
disconnection for repair or alterations.

To provide misalignment of the shafts or to
introduce mechanical flexibility.

To reduce the transmission of shock loads from
one shafts to another

To.introduce protection.against overload

Types of Coupling

* Rigid Coupling: It is used to connect two
shafts which are perfectly aligned. Following
types of rigid coupling are important.

a) Sleeve or muff coupling.
b)Clamp or split-muff or compression coupling
c) Flange coupling.

Prof. Suchismita Swain (TITE)

* Flexible Coupling: It is used to connect two
shafts having both lateral and angular
misalignment. Following are the types.

a)Bushed pin type coupling
b)Universal coupling
¢)Oldham coupling.

Prof. Suchismita Swain
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CLUTCH

Transmission is the mechanism which is used to
transfer the power developed by engine to the
wheels of an automobile.

The transmission system of an automobile
includes clutch, gearbox, propeller shaft axle and
wheels etc.

Clutch is used to engage or disengage the engine
to the transmission or gearbox.

When the clutch is in engaged position, the engine
power or rotary motion of engine crank shaft is
transmitted to gear box and,then to wheels.

* When clutch is disengaged, the engine
power does not reach to gear box or to
wheels although the engine is running.

* Clutch is also used to allow shifting or
changing of gears when vehicle is running.

* For shifting gears clutch is first disengaged
then gear is shifted and then clutch is
engaged.

* Clutch has to be disengaged to stop the
vehicle, if the vehicle is not in neutral gear.

1 May 2020 Prof. Suchismita Swain (

Principle of Clutch

It operates on the principle of friction.

When two surfaces are brought in contact and
are held against each other due to friction
between them, they can be used to transmit
power. If one is rotated the other one also
rotates.

Frictional
Material (Lining)

X:'_\\(/w Output
“ \ T
\ \ /

A Actuator Pushes

NS

Y

Discs Together

One surface is connected to engine and other - ] T\
.. . ’\ ~ }L Driven Disc
to the transmission system of automobile. Input \//, A
\
Hence clutch is nothing but a combination of Driving Disc
two friction surfaces.
Pressure Plate Clutch Engaged

Clutch Plate o Cover

Splined Hub
Friction Lining

Fhyaheel
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Fiywheel Clutch cover

Diaphragm

Clutch plate
Spring

Throw-out
Bearing

Pressure plate
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Main parts of a Clutch
(a) A driving member:

» It consists of a flywheel, which is mounted on the
engine crankshaft.

» The flywheel is bolted to a cover which carries
pressure plate, pressure springs and releasing
levers.

(b) A driven member:

» It consists of a disc plate called clutch plate.

» The clutch is free to slide on the splines of the
clutch shaft.

> It carries friction materials on both of its
surfaces.

»When the clutch plate is gripped
between the flywheel and the pressure
plate, it rotates the clutch shaft through
splines.

(c) An operating member:

»The operating member consists of a
pedal or lever which can be pressed to
disengage the driving and driven plate.

Types of clutch
(a) Friction clutch:

* Single plate clutch

* Multi plate clutch (Dry or Wet)
* Cone clutch

(b) Centrifugal clutch

(c) semi-centrifugal clutch

(d) Hydraulic clutch

(e) Positive clutch

(f) Vacuum clutch

(g) Electromagneticclutch:

* Explain the function of a clutch and different
types of clutch with their relative advantages and
disadvantages. [10 marks] [BPUT-15t sem.-2017]

Brakes

* A brake is a mechanical device that retards
motion by absorbing energy from a moving
system.

* It is used for slowing or stopping a moving
vehicle, wheel, axle or to prevent its motion
by means of friction.

Types

(a) Drum Brakes:

* In drum brakes, the brake lining is adhered to the
external surface of a curved bracket called shoes.

*  The most common configuration includes, two shoes
mounted inside a drum of a plate. A cylinder presses
the shoes onto the insides of the drum to initiate
deceleration.

* A drum brake that presses on the outside of the
drum is called a clasp brake.

* A double clasp brake applies braking pressure to
both inside and outside of the drum

1 May 2020 Prof. Suchismita Swain (TITE
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CaM TQO EXPAMND BRAKE SHDES

BRAKE SHOE

BaAC KIRG

BRUM BLa¥g

-ﬁCHOE
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Drum Brake
{Mechanical)

Briaka Linings Cam b ampand brahn shoes

\ ‘Wil Hub:

Wraks Shooe

Archor Fine

Brake Cylinder

Pistons

To Emergency
Brake Lever Emergency
Brake
Mechanism

Adjuster
Mechanism
Brake Shoes
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(b) Cone Brakes:

* This is a type of drum brake where the drum
and shoe are mating sections of conical
frustums.

* The shoe (cone) is outfitted with brake
lining and pressed into the drum (cup) to
apply friction.

* The advantage is increased surface area,
less force required for disengage and hence
quicker deceleration.

1 May 2020 Prof. Suchismita Swain ( 368

LLE)

Contact Lever

~Instion Linang
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(c) Disc Brakes:

* |t utilise a metal disc, also called a rotor, that is
connected to the axle.

* The rotor spins between a calliper, which
pushes a lining material outfitted on a brake
pad against the rotor surface.

1 May 2020

How a Disc Brake Works

Piston

wheel
attaches
here

Brake Pads

Rotor
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(d) Band Brakes:

* Band brakes tighten a ribbon of high
friction material around a pulley attached
to the rotating axle.

* They are often employed on bicycles. If
the pull on the band is in the direction of
axle rotation the brake is self-energizing.

* Differential band brakes attach both ends
of the brakes ribbon to the lever to supply
braking power for bi-directional shafts.

Prof. Suchismita Swain (TITE)

L hur pin

1 May 2020 Band Brake -

* Classify the brake on basis of mode of
operation. [5 marks] [BPUT-1t sem.-2017]

Prof. Suchismita Swain (TITE)

INTRODUCTION TO ROBOTICS

By:
Prof. Suchismita Swain
Asst.Prof.(ME)
TITE, Khurda

INTRODUCTION

*An industrial robot is a general-purpose,
programmable  machine. It possesses some
anthropomorphic characteristics, i.e. human-like
characteristics that resemble the human physical
structure. The robots also respond to sensory signals in
a manner that is similar to humans.

*Robots are good substitutes to the human beings in
hazardous or uncomfortable work environments.
* A robot performs its work cycle with a consistency
and repeatability which is difficult for human beings to
attain over a long period of continuous working.

Prof. Suchismita Swain (TITE)

* Robots can be reprogrammed. When the
production run of the current task is
completed, a robot can be reprogrammed and
equipped with the necessary tooling to
perform an altogether different task.

* Robots can be connected to the computer
systems and other robotics systems.
Nowadays robots can be controlled with wire-
less control technologies. This has enhanced
the productivity and efficiency of automation
industry.

Prof. Suchismita Swain
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Robot anatomy and related attributes

Joint 2———
g Link 2
Link 1 L

Joint 1 End of arm

Joints and Links:

Link O

Base
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Inputlink Cutputlink Inputlink
(a) Linear Joint Oulputlink (b) Orthogonal
loint
= o
! L) | E = !
Inputlink 7 Qutputiink Inputlink \ Gutputlink

(c) Rotational Joint (d) Twisting Joint

Cutputlink
Input link /\I
+ i
v
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a) Linear joint (type L joint)
The relative movement between the input link and the output link
is a translational sliding motion, with the axes of the two links
being parallel.

b) Orthogonal joint (type U joint)
This is also a translational sliding motion, but the input and output
links are perpendicular to each other during the move.

c) Rotational joint (type R joint)
This type provides rotational relative motion, with the axis of
rotation perpendicular to the axes of the input and output links.

d) Twisting joint (type T joint)
This joint also involves rotary motion, but the axis or rotation is
parallel to the axes of the two links.

e) Revolving joint (type V-joint, V from the “v” in revolving)
In this type, axis of input link is parallel to the axis of rotation of
the joint. However the axis of the output link is perpendicular to
the axis of rotation.

1 May 2020 Prof. Suchismita Swain (TITE) 381

Common Robot Configurations

(b}
Cylindrical

(d) Jointed-arm

prof Suchismita Swain (T1TE) (@) SCARA ‘ ’ 38

a. Polar configuration
It consists of a sliding arm L-joint, actuated relative to
the body, which rotates around both a vertical axis (T-
joint), and horizontal axis (R-joint).

b. Cylindrical configuration
It consists of a vertical column. An arm assembly is
moved up or down relative to the vertical column. The
arm can be moved in and out relative to the axis of the
column. Common configuration is to use a T-joint to
rotate the column about its axis. An L-joint is used to
move the arm assembly vertically along the column,
while an O-joint is used to achieve radial movement of
the arm.

c. Cartesian co-ordinate robot

It is also known as rectilinear robot and x-y-z robot. It
consists of three sliding joints, two of which are
orthogonal O-joints. o smisn e a3

d. Jointed-arm robot

It is similar to the configuration of a human arm. It
consists of a vertical column that swivels about the
base using a T-joint. Shoulder joint (R-joint) is
located at the top of the column. The output link is
an elbow joint (another R joint).

e. SCARA

Its full form is ‘Selective Compliance Assembly
Robot Arm'. It is similar in construction to the
jointer-arm robot, except the shoulder and elbow
rotational axes are vertical. It means that the arm is
very rigid in the vertical direction, but compliant in
the.horizontal direction...c....x
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Robotic wrist joint * Robot wrist assemblies consist of either two
or three degrees-of-freedom. A typical three-
degree-of-freedom wrist joint is depicted in
Figure 7.5.4. The roll joint is accomplished by
use of a T-joint. The pitch joint is achieved by
recourse to an R-joint. And the yaw joint, a
right-and-left motion, is gained by deploying a
second R-joint.

Power Transmission

* The following are the major types of power
MODU LE'4 transmission devices

(a) Belt drive  (b) Rope drive

(c) Chain drive (d) Gear drive

By: Belt Drive:

» This type of drive is used when the power is to

L . be transmitted from one shaft to other which is
Prof. Suchismita Swain at a distance.
TITE. Khor » Pulleys are mounted on the driver and driven
( » Khorda) shafts and an endless belt are fitted tightly over
these pulleys.

Prof. Suchismita Swain (TITE) 387 1 May 2020 Prof. Suchismita Swain (TITE

»The frictional resistance between these pulleys
and belt is the reason for the power transmission,

which depends on the velocity of belt, tension of —

the belt and arc of contact of the belt in the o \

smaller pulley. ‘ \  Slack side -
Types of Belt drive: [ Driver pulley “"I :" Driven pully |

(a) Open belt drive: For parallel shafts and to be \ |

rotated in the same direction as that of the driver Tight side -
shaft. The driver pulley pulls the belt from one /
side and delivers it to the other side. The tension T - -—

in the former side will be larger and hence called
tigh’t’ side and the other side is called slack side

Prof. Suchismita Swain (TITE) 389 1 May 2020 Prof. Suchismita Swain (TITE
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s Slack side 4

Tight side

d'AY 4} i
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* (b) Crossed belt drive: When the driven shaft is
to be rotated in the opposite direction as that of
the driver shaft, the belt is to be arranged in a
crossed manner.

Slack side

i

( Driven pulley >

1May 2020 g Prof. Suchismi
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Types of Belts

* There are mainly 3-types of belts.

(a)Flat belt: It is mostly used in factories and
workshops, where a moderate amount of
power is to be transmitted, when the two
pulleys are not more than 8 m apart.

(b)V-belt: It is used in factories and workshops,
where comparatively large amount of power is
to be transmitted, when the two pulleys are
very near to each other.

1 May 2020 Prof. Suchismita Swain (TITE) 395

(c) Circular (round) belt: It is used in factories and
workshops, where a great amount of power is to
be transmitted from one pulley to another, when
the pulleys are more than 8m apart.

¢ O O

Toothed belt

Round bielt V belt Flat belt
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Belt Type
Flat belt V- belt Circular belt
- @
(@) Flat belt. (b) V-belt. (¢) Circular belt. e e | I —
Flat Belt V-Belt Round Belt

397 1 May 2020

Round Belt

Compound Belt Drive

* A compound belt drive is used when power is
transmitted from one shaft to another through a
no. Of pulleys and the velocity ratio is high

s §
7 P _:—_ﬁf‘ N = —_——-“"_\.
Ho-gl Hee \"} - L& \}—
LS
Driven T’_ Doven
i I8 M
_*I_ e J_i ..j
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Slip of belt

Comipaund belt drive * Some times the frictional grip between belt and

FER sty B S S Ty N Mo N LB A SDRES it Pl L. 223 and pulley becomes insufficient, this may cause

' o g | some forward motion of the driver without

Simitorty velodkeyratio of pulleys 3 and 4, & 1B w_i”g,i‘ &) carrying the belt with it. This may also cause

N ) 0 I ’ [}1 some forward motion of the belt without
TN, d, @ fla

— ) carrying the driven pulley with it. This is called
Multiplying the above equations - ] .
T NxN, _d,xd, ' slip of the belt.

VR X VR, =
ot W * Itis generally expressed as a percentage.

e ) * The result of slip is to reduce the velocity ratio
!VR= Speed of last _,fbh'm;'er _ product of diametersof drivers | Of the sYStem'

Speed of first driver  product of diameters of followers |
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Creep of Belt

* When the belt passes from the slack side, a
certain portion of the belt extends and it
contracts again when the belt passes from
the tight side to slack side. Due to these
changes of length, there is a relative
motion between the belt and the pulley.
This relative motion is called creep.

* The total effect of creep is to reduce the
speed of the driven pulley.

May 2020 Prof. Suchismita Swain (TITE) 403

* Creep is due to elastic property of belt,
where as the conventional slip is due to
insufficient frictional grip between the
belt and pulley.

* The effect of both is to reduce speed
ratio hence reduce the power
transmission.

1 May 2020 Prof. Suchismita Swain ( 404

* Explain briefly about Slip and creep of a belt in
belt drive. [2 marks] [BPUT-15t sem.-2016]
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ROPE DRIVE

Ropes are used when considerable power is to be
transmitted over long distances.

Ropes are placed in grooves provided in the pulley.

The groove angle varies from 40 to 60 degree, but
is generally 45degree

Wire ropes are made up of wires, which are
twisted together to form a strand.

A no. of strands twisted together to form a rope.

Ropes are designated by specifying the no. of
Hﬁtzggnds and no. of wire it. Eg: 6*19

ROPE DRIVE

* Ropes are used when considerable power is to be
transmitted over long distances.

* Ropes are placed in grooves provided in the pulley.

* The groove angle varies from 40 to 60 degree, but
is generally 45degree

* Wire ropes are made up of wires, which are
twisted together to form a strand.

* A no. of strands twisted together to form a rope.

* Ropes are designated by specifying the no. of
strands and no. of wires on it, Eg: 6*19

Wire ropes are designed in different steel grades, finishes
and a vanety of constructions to attain the best balance
of strength, abrasion resistance, crush resistance
bending fatigue resistance and corrosion resistance for
each.application. Prof. Suchismita Swain (TITE

Wire rope consists of multiple wires or strands. helically wound or
laid about an axis.

Wires, strands and cores are independent- that interact with each other
during service.

Strand

Prof. Suchismita Swain
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Advantages of Rope drives

* Smooth and silent

Less weight
* Shock resistant
* Longer life.

Prof. Suchismita Swain (TITE) 409

Gear Drives

1 May 202 Prof. Suchismita Swair

* Slipping of a belt or rope is a common
phenomenon, in the transmission of power.

* The effect of slipping is to reduce the
velocity ratio of the system.

* The teeth of the gear mounted on the shaft
meshes each other during rotation.

* Gears are manufactured either by milling, by
casting or by hobbing.

* In precision machines, in which a definite
velocity ratio is of importance like in watch,
the only positive drive is by means of gears
or toothed wheels.

* Toothed wheel is the gear for transmitting
power between two shafts, which are very
closer.

Prof. Suchismita Swain (TITE) 411 1 May 2020 Prof. Suchismita Swain (TITE

ADVANTAGES OF GEAR DRIVES =

It transmits exact velocity ratio.
Transmits large power.

High efficiency.

Reliable service.

Compact layout.

DISADVANTAGES OF GEAR DRIVES

The manufacture of gears require special tools and

equipments. W
The error in cutting teeth may cause vibrations and noise
during operations.

Prof. Suchismita Swain (TITE) 413 1 May 2020
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Space Width
Addendum
Circle
Thickness
Addendum
Face
Flank
Fillet
Clearance.
Pitch Circle
Root Cixcle Dedendum
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Exfernal@ar

Internal Gear

« An internal gear is one with the

teeth formed on the inner

surface of a

1 May 2020

cylinder or cone.

External Gear

+ An extemal gear is one with
the teeth formed on the outer
surface of a cylinder or cone.

Prof. Suchismita Swain (TITE)

1 May 2020

Classification of Gears

* According to the position of axes of the shafts.
— Spur gears — parallel shafts — most common
— Bevel gears — perpendicular shafts
— Worm gears - perpendicular overlapping shafts

— Rack and pinion gears — convert circular motion
to linear motion
* According to the type of gearing

» According to the position of teeth on the gear
surface.

1 May 2020
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HELICAL
GEARS

SPUR
GEARS

RACK-AND-PINION
GEARS

1 May 2020

SPIRAL BEVEL

GEARS

WORM GEARS

Prof. Suchismiga SygiadT |H|ON

SPUR BEVEL
GEARS
INTERNAL
GEAR PLANET

PINION

PLANET

SPIRAL BEVEL
GEARS

HYPOID GEARS

a18

2 HELICAL GEAR 3. HERRINGBONE GEAR

4. RACK AND PINION |S. BEVEL GEAR 6. SPIRAL BEVEL GEAR

4. MITER GEAR 10. INTERNAL

Prof. Suchisrffita Swain (TIT 419

Differentials
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Hypoid Gears  Planetary Gear  Helical Gears

Prof. Suchismita Swain (TITE)

Se
Transmigsions

Transmissions
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Gear Ratio

» Agear ratio is the ratio used to determine the
angular speed and torque of a geared system.

Number of driven teeth : Number of driver teeth
Also written as:

Driven teeth
Driver teeth

+ If a set of gears has a driver and driven gearof the
same size. The gear ratio would be 1:1.

» This causes a change in the direction of the motion
with no change to speed or torque.

May 2020 Prof. Suchismita Swain (TITE) 421

BME-2016-15t Semester-10marks

Two parallel shafts are connected with the help
of two gears, one gear on each shaft. The no. of
teeth on one gear is 38 and the speed of the
shaft is 420 rpm. If the speed ratio is equal to 3
and circular pitch of the gear is 25mm, then
find:

(i) No. of teeth and speed of other shaft.

(ii) Centre distance between two shafts.

1 May 2020 Prof. Suchismita Swain (TITE) 422

COUPLING

1 May 2020

1 May 2020

* A coupling is a device used to connect
two shafts together at their ends for
transmitting power. Coupling do not
normally allow disconnection of shafts
during operation.

* The primary purpose of coupling is to
join two pieces of rotating equipment
while permitting some degree of
misalignment or end movement or both.

1 May 2020 Prof. Suchismita Swain (TITE) 425
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Uses

To transfer power from one end to another.
Ex.: motor transfers power to pump through
coupling.

To provide the connection of shafts of units
Muff —, that are manufactured separately such as a
' motor and generator and to provide for
disconnection for repair or alterations.

To provide misalignment of the shafts or to
D ! introduce mechanical flexibility.

| To reduce the transmission of shock loads from
; ' one shafts to another

= : To.introduce protection.against overload

a. Sleeve or Muff-coupling

.

.
T ]
i
i
i
i
i
|
|
s
L s

Types of Coupling * Flexible Coupling: It is used to connect two
shafts having both lateral and angular
* Rigid Coupling: It is used to connect two misalignment. Following are the types.
shafts which are perfectly aligned. Following a)Bushed pin type coupling
types of rigid coupling are important. b)Universal coupling
a) Sleeve or muff coupling. c) Oldham coupling.

b)Clamp or split-muff or compression coupling
c) Flange coupling.

CLUTCH * When clutch is disengaged, the engine

* Transmission is the mechanism which is used to power does not reach to gear box or to

transfer the power developed by engine to the wheels although the engine is running.

wheels of an automobile. * Clutch is also used to allow shifting or
* The transmission system of an automobile changing of gears when vehicle is running.

includes clutch, gearbox, propeller shaft axle and * For shifting gears clutch is first disengaged

wheels etc. then gear is shifted and then clutch is
* Clutch is used to engage or disengage the engine engaged.

to the transmission or gearbox. * Clutch has to be disengaged to stop the
« When the clutch is in engaged position, the engine vehicle, if the vehicle is not in neutral gear.

power or rotary motion of engine crank shaft is

transmitted to gear box and then to wheels.

Prof. Suchismita Swain 72
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Principle of Clutch

* |t operates on the principle of friction.
» When two surfaces are brought in contact and Viaterial Lining)

are held against each other due to friction Xii"y,,\owpm

between them, they can be used to transmit ( AN

. AN \\ Y “///
power. If one is rotated the other one also \\ \ \# Actuator Pushes
rotates. P \\ 1) Discs Together
\ ]

* One surface is connected to engine and other -~ \
. . . \\ -~ )“‘ Driven Disc
to the transmission system of automobile. Input T A
\

* Hence clutch is nothing but a combination of Driving Disc

two friction surfaces.

Pressure Plate Clutch Engaged
Sprlng Fiywhee! Clutch cover

Input Output
thp:n Shaft
Clutch Plate Cover
Splined Hub
Fhyaheel

Friction Lining

1 May 2020 Prof. Suchismita Swain (TITE) 435

Diaphragm

Clutch plate
Spring

Throw-out
Bearing

Main parts of a Clutch
(a) A driving member:

> It consists of a flywheel, which is mounted on the
engine crankshaft.

» The flywheel is bolted to a cover which carries
pressure plate, pressure springs and releasing
levers.

(b) A driven member:
> It consists of a disc plate called clutch plate.

» The clutch is free to slide on the splines of the
clutch shaft.

1 May 2020 Prof. Suchismita Swain (TITE) 437

>t carries friction materials on both of its
surfaces.

»When the clutch plate is gripped
between the flywheel and the pressure
plate, it rotates the clutch shaft through
splines.

(c) An operating member:

»The operating member consists of a
pedal or lever which can be pressed to
disengage the driving and driven plate.

Prof. Suchismita Swain
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Types of clutch
(a) Friction clutch:

* Single plate clutch

* Multi plate clutch (Dry or Wet)
* Cone clutch

(b) Centrifugal clutch

(c) semi-centrifugal clutch

(d) Hydraulic clutch

(e) Positive clutch

(f) Vacuum clutch
(g)-Electromagnetic clutch:

* Explain the function of a clutch and different
types of clutch with their relative advantages and
disadvantages. [10 marks] [BPUT-15t sem.-2017]

Brakes

* A brake is a mechanical device that retards
motion by absorbing energy from a moving
system.

* It is used for slowing or stopping a moving
vehicle, wheel, axle or to prevent its motion
by means of friction.

Types

(a) Drum Brakes:

* In drum brakes, the brake lining is adhered to the
external surface of a curved bracket called shoes.

*  The most common configuration includes, two shoes
mounted inside a drum of a plate. A cylinder presses
the shoes onto the insides of the drum to initiate
deceleration.

e A drum brake that presses on the outside of the
drum is called a clasp brake.

* A double clasp brake applies braking pressure to
both inside and outside of the drum

1 May 2020 Prof. Suchismita Swair
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SHOE
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Drum Brake
{Mechanical)

Briaks Lininegs Cam b ampand brakn shoes

]
Retmclingaprmg

o\

LRI R | | =
} II'.L-LL!.
= |

Ly

Wrakes Shoos

Brake Cylinder

Pistons

To Emergency

Braka Lever Emergency
Brake
) Mechanism
Adjuster
Mechanism
Brake Shoes
DRUM BRAKE

(b) Cone Brakes:

* This is a type of drum brake where the drum
and shoe are mating sections of conical
frustums.

* The shoe (cone) is outfitted with brake
lining and pressed into the drum (cup) to
apply friction.

* The advantage is increased surface area,
less force required for disengage and hence
quicker deceleration.

Ernail beesa@miestonea.com
1 May020 Prof. Su:'vmv\ldS»WEADM%132?%E”H 449 1 May 2020 Prof. Suchismita Swain (TITE) 450
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b

(c) Disc Brakes:

* |t utilise a metal disc, also called a rotor, that is
connected to the axle.

* The rotor spins between a calliper, which

¢ Driven Shat pushes a lining material outfitted on a brake
pad against the rotor surface.

Co...

Caontact Lever

Driving Shaft

I'nction Linng

May 2020 Prof. Suchismita Swain (TITE) 451 1 May 2020 Prof. Suchismita Swain (

How a Disc Brake Works

Piston

wheel
attaches
here

Brake Pads

Rotor

1 May 2020

1 May 2020
EFI0H00 How Stuft 'Warks

(d) Band Brakes:

* Band brakes tighten a ribbon of high
friction material around a pulley attached
to the rotating axle.

* They are often employed on bicycles. If
the pull on the band is in the direction of
axle rotation the brake is self-energizing.

* Differential band brakes attach both ends
of the brakes ribbon to the lever to supply
braking power for bi-directional shafts.

1May 2020 Prof. Suchismita Swain (TITE) 455 1 May 2020 Band”Brake
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* Classify the brake on basis of mode of
operation. [5 marks] [BPUT-1%t sem.-2017]

1 May 2020 Prof. Suchismita Swain (TITE) 457

Mechanical Measurements

Pressure Measurement:

Pressure is measured by following methods,
(i) By Manometers.
(ii) By Bourdon tube pressure gauge.

7

< Manometers we have discussed earlier.

1 May 2020 Prof. Suchismita Swain (TITE)

Bourdon Tube Pressure Gauge

* It is known for its very high range of
differential pressure.

* The bourdon tube pressure gauge used
today have an elliptical cross-section and
the tube is bent into a C-shape of an arc
length of about 270 degrees.

* When the pressure input is given to the
socket, the other end is sealed by a tip.
This tip is connected to a segmental lever.

1 May 2020 Prof. Suchismita Swain (TITE) 459

* As the fluid pressure enters the bourdon

tube, it tries to expand its arc

converting the elliptical cross-section into

circular as pressure increases.
* The deflection of the free end

amplified with the help of a pointer. The
pointer indicates the values on a pre-

calibrated scale.

1 May 2020 Prof. Suchismita Swain (TITE)
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GEAR HAIR SPRING

e
) POINTER
i LINK PINIONGEAR 7

HAIR SPRING ASYMMETRIC TUBE

<— INLETSOCKET

& PRESSURE
CONNECTION

PRESSURE —
CONNECTION

=== Original Cross section

——  Pressurised Cross-section
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GEAR HAIR SrPRING

AND
FINIGN

STATIONARY
SOCKET

PRESSURE
CONNECTION
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What s a thermocouple ?

* A thermocouple is a temperati ing device consisting of
two dissimilar conductors that contact each other at one or more

spots.

A thermocouple comprises of at least two metals joined together
to form two junctions. One is connected to the body whose
temperature is to be measured-this is the hot or measuring
junction.

The other junction is connected to a body of known temperature;
this is the cold or reference junction. Therefore the thermocouple
measures unknown temperature of the body with reference to the
known temperature of the other body.

1 May 2020 Prof. Suchismita Swain (TITE) 465

m Volirmeier

Ruferance
=t dunction (Cold) T2
A

3 \

Measuring
dunstion (Hot) T1

= isimilgr
Netal Wires

" Heat B
Saurae

Thermocouple Circuit

1 May 2020 Prof. Suchismita Swain (TITE

when any conductor is subjected to temperature, it will
generate a voltage. This is now known as the
thermoelectric effect or Seebeck effect.

Any attempt to measure this voltage necessarily involves
connecting another conductor to the "hot" end. This
additional conductor experiences the same temperature
gradient and also develops a voltage.

The magnitude of the effect depends on the metal in use,
and so a nonzero voltage will be measured if two dissimilar
metals are used. After carefully calibrating the
temperature-voltage dependence for a given pair of metals,
these metals can be used as a thermometer.

1 May 2020 Prof. Suchismita Swain (TITE) 467

Where are they used ?

.

Thermocouples are a widely used as temperature sensors
for measurement, control and can also convert a
temperature into electricity.

Thermocouples are widely used in research and industry;
applications include temperature measurement for
furnaces, gas turbine exhaust, diesel engines, and other
industrial processes.

Thermocouples are also used in homes & offices as
temperature sensors in thermostats and also in flame
sensors for fire detection.

1 May 2020 Prof. Suchismita Swain (TITE)
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* The working principle of thermocouple is based on three
effects discovered by Seebeck, Peltier and Thomson. They
are as follows:

1) Seebeck effect: The Seebeck effect states that when two
different or unlike metals are joined together at two
junctions, an electromotive force (emf) is generated at the
two junctions. The amount of emf generated is different for
different combinations of the metal

2) Peltier effect: when two dissimilar metals are joined
together to form two junctions, emf is generated within the
circuit due to the different temperatures of the two
junctions of the circuit.

1 May 2020 Prof. Suchismita Swain (TITE) 469

+ 3) Thomson effect: when two unlike metals are joined
together forming two junctions, the potential exists
within the circuit due to temperature gradient along
the entire length of the conductors within the circuit.

* In most of the cases the emf suggested by the
Thomson effect is very small and it can be neglected
by making proper selection of the metals. The Peltier
effect plays a prominent role in the working principle
of the thermocouple.

1 May 2020 Prof. Suchismita Swain (TITE) 470

PITOT TUBE

1 May 2020 Prof. Suchismita Swain (TITE) 471

Introcuction

A pitot tube is a pressure measurement instrument
used to measure fluid flow velocity. The pitot tube was
invented by the French engineer Henri Pitot in the
early 18th century and was modified to its modern form
in the mid-19th century by French scientist Henry
Darcy. It is widely used to determine the airspeed of

an aircraft, water speed of a boat, and to measure
liquid, air and gas velocities in industrial applications.
The pitot tube is used to measure the local velocity at a
given point in the flow stream and not the average
velocity in the pipe or conduit.

Pitot tube and Pitot-Static Tube

Working principle of Pitot tube

* “If the velocity of flow ata point becomes zero, the pressure is increased
there due to the conversion of the kinetic energy into pressure energy.”

* The point at which the velocity of flow becomes zera is called stagnane
point.

* The pressure at stagnant point is ealled total pressure or head or smgnadon
pressure.

Velocity Head

1 Total
Pressure Head
Head

5
&
T

Prof. Suchismita Swain
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(a) Pitot Tube
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(b) Pitot-Static Tube

1 May 2020

PITOT TUBE IN THE PIPE-(method1)

Two piezometers R
for ideal flow _‘-
[y M

PR pW = pgH = pgh+ v’ g

- S |k

= V=,[1g(H-h)

181
I
=

o
=

er and a ube

To account for real fluid effects, the equation can be modified into

V:CHIII:ng—f:I].

where is the coefficient of velocity to be determined empirically.

Chaplar§: Barmnoull and anergy squitians

Fluid Mechanics

[ ®

{ Englneéring
W, Computer Science
~Say

Pitot-Static Tube

Flow Measurements
Advantages of Pitot tube:

W Static Point + Simple & low cost device
\ Sbe p_"e’s““' \ps) * Noappreciable pressure loss
A Static Velocity, (vs) * Easy installation
o = * Useful in measuring flow velocities
K Limitations of Pitot tube:
v, =0 L P; + Not suitable for measuring low velacities i.e. below 5 m/s
P * Sensitive to misalignment of the probe with respect to free
Stagnation Point o stream velocity.
Stagnation Pressure. (p; ) + Not suitable for measuring highly fluctuating velocities.
g Hon Vel o + Not commonly used in industrial applications as numerous Pitot
tagrationyelocity, 1) tube traverses are required for velocity distribution data which is
quite tedious & time consuming.
Differential Pressure Transducer
(Manometer)
Prof. Suchismita Swain (TITE) Slidedzd 1 May 2020 Prof. Suchismita Swain (TITE
Obstruction Meters

# Orifice Meters

L » <y [l smunne pmesn

brntiraarag g S A R G
W- FAMGE

§

+ Venturi Meters

+ Flow Nozzles
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Orifice meter

= It is also known as Pipe orifice & Orifice plate.

= It may be installed in pipeline with a
minimum of trouble and expense.

= Pipe orifice is a device used for measuring the
rate of flow of a fluid through a pipe.

= It consists of a thin,circular plate with a hole
in it.

1 May 2020 Prof. Suchismita Swain (TITE 480
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Working

¥ Orifice meter is device used to determine the rate of
flow through pipe.

» It consist of flat circular plate which has a sharp
edged circular hole called orifice.

¥ It is fixed concentric to pipe.

» The orifice diameter is generally kept half of the
diameter of the pipe.

* It is based on the same principle as explained in
venturimeter.

» The value of Cd varies between 0.60 to 0.65.

» It is a economical and less space is requred for
fitting.

Prof. Suchismita Swain (TITE) 481

Magnehelic® Gage

Orifice Plate
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pressure taps

Pl.én F_H] népz
Q= Dl Do 2 : '
SR $ a
= EI':E |

Orifice Meter Parameters
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ORIFICE PLATE

(Orifice plate

Orifice diameter (d,)

) Vena
Pipe diameter (0) contracta

diamatar

Pressure drop
‘scross the orifica (h)
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T N

O Introduction : &
It is a device, which is used for measuring the

rate of flow of fluid through a pipe.
It consists of an

* Inlet section followed by

* Convergent section

»A venturi meter is a variable head meter which is
used for measuring the flow rate of a fluid through
a pipe.
An this meter, the fluid is gradually accelerated to a
throat and tl dually retarded i di i S

roat and then gradually retarded in a diverging 5 A cylindrical throat and
section where the flow expand through the pipe ) :
oz A gradually divergent cone.
#The large portion of kinetic energy is thus s,
recovered.

prot. Suchismita Swain (TITE) 480 1May 2020 Prof. Shismitg Swaigh TITE) & 488
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Conver- ;
Inlet L—genlc] Divergent pant

part [ (=754))
Throat

T 1.3
{Thmal ralio 7 varies from 3 o P )
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Disadvantages of venturi meter
ADVANTAGES

1. It is expansive and bulky.

17 ~oss ehanoes.of gelling dogged W]th} 2. It occupies considerable space.
%y 3. Relatively complex in construction.
« Coefficient of disch is high. ’ s
[ 2 i i ‘ 4. Used only for permanent installations.
"« Its behaviour can be predicted 5. It cannot be altered once it is installed.
3 perfectly.

horizontally or inclinded.

N P

./« Can be installed vertically, ‘
4
v

May 2020 Prof. Suchismita Swain (TITE) 493 1 May 2020 prof. Sughfsmjta swah (T 492
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Flow Measurements

Nozzle Flow meter Features:
« Offers all the advantages of venturimeter but to a lesser
extent
sressticeliape * Occupies less space
P f \l B, * Nozzle is difficult to install and the installation is limited to
small to moderate pipe sizes

e

=
Q — D1 ID2 Orifice Flow meter Features:
e * Simple geometry, so cost is low
+ Easy to install
Flow Nozzle Meter Parameters + Takes almost no space
+ Susceptible to inaccuracies due to erosion, corrosion,
clogging etc.
+ Suffers from a head loss of the order of 30-40%

1 May 2020 Prof. Suchismita Swain (TITE) 497 1 May 2020 Prof. Suchismita Swain (TITE 498
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STRAIN GAUGE

+ The strain gauge is a passive, resistive transducer which
converts the mechanical elongation and compression into a
resistance change.

* This change in resistance takes place due to variation in length
and cross sectional area of the gauge wire, when an external
force acts on it.

angmmen s,

I
} -
| o
Bt |
| e
- - ——
Pk R

+ Initially R1=R2=R3=R4, in this condition no

+  When one of the Resistances is replaced by strain

From this, strain can be easily determined using the relation

What’s the Wheatstone Bridge?

* Wheatstone bridge is an electric circuit suitable for detection of minute resistance

changes, therefore used to measure resistance changes of a strain gage

+ The bridge is configured by combining four resistors as shown in Fig.

output voltage is there, e=0

Output, &

Ra

Gauge attached to the object whose strain is to be

. ._UJE!":.E__.l

measured and load is applied, then there is small
change in the resistance of gauge, hence some output
voltage is there which can be related to strain as

1 AR
iR E

oy 2000 L S w0

1 .
=1 K.
em—Kig

Quarter-bridge Strain Gauge Clrouwit

Strain Measurement

e The amount of deformation a material

experiences due to an applied force is
R, R called strain.
““* I * Strain is defined as the ratio of the
— —@— change in length of a material to the
- s original length.
. % * Strain can be positive (tensile) due to
S.I'm'n'GHu'ée elongation or negative (compressive) due
to contraction.
1May 2020 erof. bk ety momistion Systems Incso 1May 2020 Prof. Suchismita Swain (TITE s02

* When a material is compressed in one
direction, the tendency to expand in the
other two directions perpendicular to
this force is known as the Poisson effect.

* Poisson’s ratio, is the measure of this
effect and is defined as the —ve ratio of
strain in the transverse direction to the
strain in the axial direction.

* The strain can be measured with a strain
gauge.

1 May 2020 Prof. Suchismita Swain (TITE)
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GAUGE IN TENSION TORQUE

&
=

GAUGE IN COMPRESSION

* A strain gauge’s electrical resistance varies in
proportion to the amount of strain in the
device.

* The most widely used strain gauge is the
bonded metallic strain gauge.

* The metallic strain gauge consists of a very
fine wire or metallic foil arranged in a grid
pattern.

* The strain experienced by the test specimen
is transferred directly to the strain gauge,
which responds with a linear change in
‘electrical resistance;

Gauge Factor (GF) is the ratio of the fractional
change in electrical resistance to the fractional
change in length or strain.

GF = (8R/R)/(6L/L) = (6R/R)/e
GF is fixed by vendor.

So by measuring, (8R/R), we can measure the
value of €.

Strain gauge configurations are based on the
concept of a Wheatstone bridge.

The general Wheatstone bridge, is a network of
four resistance arms with an excitations voltage,
Ve, that is applied across the bridge.

* The Wheatstone bridge is the electrical
equivalent of two parallel voltage divider
circuits.

* Riand Rz compose one voltage divider circuit
and Ra and Rs compose the second voltage
divider circuit.

* The output of a Wheatstone bridge ,Vo is
measured between the middle nodes of the
two voltage dividers.

Vo= (R = = ) XV
°" \Ry+R, R, +R, Ex
From this equation

R: Rs
When Vo =0
* Under this condition, the bridge is said to be
balanced.

* Any change in resistance in any arm of the
bridge results in a non-zero output voltage.

Prof. Suchismita (TiTE)

* Therefore, if you replace Ra with an active
strain gauge, any changes in the strain gauge
resistance unbalance the bridge and produce
a non-zero output voltage that is a function of
strain.

Prof. Suchismita Swain
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Force and Torque Measurement

* Force is defined as the reaction between the
two bodies or components.

* The reaction can be either tensile force(pull)
or it can be compressive force (push)

* Measurement of force can be done by any
two methods.

»Direct Method: This involves a direct
comparison with a known gravitational force
on a standard mass. Ex.: Physical balance.

Prof. Suchismita Swain (TITE) 511

»Indirect Method: This involves the
measurement of effect of force on a body.

Ex.: Force is calculated from acceleration due
to gravity and the mass of the components.

1 May 202 Prof. Suchismita Swair
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Torque Measurement T F
* Force that causes twisting or turning moment
is called torque. $
Ex.: Force generated by an i.c.engine to turn a
vehicle’s drive or shaft.
* Torque measuring devices are called as
dynamometers.
* Torque measurement is usually associated = L -
with determination of mechanical power. -

* The power is required either to operate a
machine or power is developed by the
,r-nzachlne. Prof. Suchismita A (TITE) 515

Torque T = F (Force) x L (Length)
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Watt = T.o

* Power=

Where N = Speed in rpm
T = Torque applied
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2nNT
bip = 2L W
s SPRING 60,000
BALANCE where N is rpm of crankshaft or engine

T'is the torque or resisting torque in the dynamometer,
Nm

CRANRSHAPT Resisting torque, T'= (W - S)I/2, Nm
ruwnee,  where W = dead load applied, N
S = spring tension, N
D D = diameter of flywheel, N
et If there is no missing cycle, then,
n = N/2 for single acting, four-stroke engine
= N for single acting, two-stroke engine
= N for double acting, four-stroke engine
= 2N for double acting two-stroke engine.
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