Applied Thermodynamics

Dr. Saeed J. Almalowi
Royal Commission for Jubail and Yanbu
Yanbu Industrial College
Mechanical Engineering Department
Email: malouis@rcjy.edu.sa

7th Edition

Copyright © Dr. Saeed J. Almalowi, 2024 1st Semester,2025



mailto:malouis@rcjy.edu.sa

Applied Thermodynamics
MCET211

SCAN HERE TO DOWNLOAD THE SLIDES

Applied Thermodynamics: An Engineering Approach

Seventh Edition in Sl Units
Yunus A. Cengel, Michael A. Boles
McGraw-Hill, 2011

Copyright © Dr. Saeed J. Aimalowi, 2024 1 st Semester,2026



PROBLEM-SOLVING TECHNIQUE

« Step 1: Problem Statement

« Step 2: Schematic

« Step 3: Assumptions and Approximations

« Step 4: Physical Laws

« Step 5: Properties

« Step 6: Calculations

- Step 7: Reasoning, Verification, and Discussion

EES (Engineering Equation Solver) (Pronounced as ease):
EES is a program that solves systems of linear or nonlinear
algebraic or differential equations numerically. It has a large
library of built-in thermodynamic property functions as well as
mathematical functions. Unlike some software packages, EES
does not solve engineering problems; it only solves the equations
supplied by the user.



Solution

Given: Air temperature in Denver
To be found: Density of air

Missing information: Atmospheric
pressure

Assumption #1: Take P =1 atm
C (Inappropriate. Ignores effect of
altutude. Will cause more than

FIGURE 1-61 15% error.)
A step-by-step approach can greatly
simplify problem solving. Assumption #2: Take P =0.83 atm

(Appropriate. Ignores only minor
effects such as weather. )

FIGURE 1-65

An excellent word-processing program
FIGURE 1-62  does not make a person a good writer:

The assumptions made while solving it simply makes a good writer a more
an engineering problem must be efficient writer.
reasonable and justifiable.
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FUELS

= Definition: It is any material that stores energy which is extracted as heat in an
exothermic reaction (combustion).

= Content: most fuels are called hydrocarbon because they contains Carbon and
Hydrogen

= Classification:
= Solid fuels:Wood, Coal.

Composition: Composition: Composition:

Carbon Carbon Carbon

= Liquid fuels: Gasoline, Diesel, Ethanol. Hydrogen | ‘Nirogen
Gvoen orygen cuyeen
= Gaseous fuels: Natural gas. Mineras Minerai

= Fuel types:
= Fossil fuel: Oil, Natural gas and Coal.

= Nuclear fuel: Uranium and Plutonium.

= Biofuel: Bioethanol and Biodiesels.

= Price of fuels depends on:
= Calorific value.
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= Combustion products ({/\é Q o
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= Handling and storage cost ‘
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FUEL PROPERTIES

= Flash point: It is the lowest temperature at which
the fuel can be vaporized to form an ignitable

mixture in air by means of ignition source. Below
the flash point, the fuel can be handled safely.

= Fire point: It is the point at which the fuel continue
to burn without ignition source for at least five
seconds.

= Cloud point: It is the temperature at which the
dissolved wax content of the oil separate forming a [#

cloudy appearance.

= Pour point: it is the lowest temperature at which
the fuel becomes semi solid and loses its flow
characteristics. In crude oil the high pour point

indicates a high paraffin content.




FUEL PROPERTIES

Fuel Calorific Value

» Calorific value: it is the heat —
- Cow dung cake 6000-8000
released by complete combustion of 1kg Wood 17000-22000
Coal 25000-33000
of fuel wunder specified conditions Petrol 45000
Kerosene 45000
(kl/kg) Diesel 45000
Methane 50000
CNG 50000
LPG 55000
Blogas 35000-40000
Hydrogen 150000

= Viscosity: (It is the measure of a fluid’s
resistance to flow) it is a measure of the
fluid resistance to gradual deformation

by shear stress or tensile stress.
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COMBUSTION

» Definition: Exothermic chemical
reaction between fuel and oxidant

(air) that produces heat and light.

Fuel + Oxidant - Heat/light, CO,, H,O etc

\ J
\ ’ J ’

Reactants Products

Combustion Reaction Examples of Combustion reactions
® - O

Hydrocarbon Oxygen

* Methane
CH, +20, -> CO, +2H,0

Naphthalene

tﬁ’ N . . . « CyH, +120, -> 10CO, + 4H,0

Heat and Water Carbon Ethane

light dioxide « 2C,H, + 70, -> 4CO, + 6H,0 @




COMBUSTION

= Combustion products:
= Carbon dioxide (CO,)
= Carbon monoxide (CO)
= Nitrogen oxide (NO,)
= Sulfur oxide (SO,)
= Water vapor (H,O)

= Complete combustion: the combustion process that
produces limited number of products.
- C>CO,
« H-> H,0

- S50,

= Incomplete combustion:
= not enough oxygen
= mixing is not complete.
= produces carbon monoxide, unburned hydrocarbons and soot. @



COMBUSTION

= Combustion quality depends on:

= The amount of oxidant (air).
= Fuel / Oxidant mixture.
= Combustion time.

= Combustion chamber heat losses.

REVIEW QUESTION

1. Write the complete combustion equation for C;Hg and CgH,gS,
with Oxygen O, and air (O,+3.76N,).

2. What can happen with nitrogen (N,) in air when fuel is burned

with air?

3. Arrange these temperature of a fuel sample in the table below: -

10°C, 8°C, 50°C, 70-C T T N T
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THERMODYNAMICS AND ENERGY

Thermodynamics: The science of >
f PE = 10 units

1 KE=0

. b

energy.
|

|| Kinetic
energy

Potential
Jenergy

Energy: The ability to cause changes.

The name thermodynamics stems from
the Greek words therme (heat) and
dynamis (power).

Conservation of energy principle:
During an interaction, energy can change
from one form to another but the total
amount of energy remains constant.

Energy cannot be created or destroyed.

The first law of thermodynamics: An

expression of the conservation of energy

principle. FIGURE 11

The first law asserts that energy is a Energy cannot be created or

thermodynamic property. destroyed: 1t can only change
forms (the first law).



The second law of thermodynamics: It
asserts that energy has quality as well as
quantity, and actual processes occur in the
direction of decreasing quality of energy.

Classical thermodynamics: A macroscopic
approach to the study of thermodynamics
that does not require a knowledge of the
behavior of individual particles.

It provides a direct and easy way to the
solution of engineering problems and it is
used in this text.

Statistical thermodynamics: A microscopic
approach, based on the average behavior of
large groups of individual particles.

It iIs used in this text only in the supporting
role.

| Cool
=t - environment
20°C

f Hot
' C . Heat

FIGURE 1-3
Heat flows in the direction
of decreasing temperature.
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Application Areas of Thermodynamics

Refrigeration systems Boats

FIGURE 1-4

The design of many engineering
systems, such as this solar hot water
system. mvolves thermodynamics. Power plants

Aircraft and spacecraft

All activities in nature involve some interaction between
energy and matter; thus, it is hard to imagine an area
that does not relate to thermodynamics in some manner. 15



IMPORTANCE OF DIMENSIONS AND UNITS

Any physical quantity can be characterized
by dimensions.

The magnitudes assigned to the dimensions
are called units.

Some basic dimensions such as mass m,
length L, time t, and temperature T are
selected as primary or fundamental
dimensions, while others such as velocity
V, energy E, and volume V are expressed in
terms of the primary dimensions and are
called secondary dimensions, or derived
dimensions.

Metric Sl system: A simple and logical
system based on a decimal relationship
between the various units.

English system: It has no apparent
systematic numerical base, and various
units in this system are related to each other
rather arbitrarily.

TABLE 1-1

The seven fundamental (or primary)
dimensions and their units in Sl

Dimension Unit

Length meter (m)
Mass kilogram (kg)
Time second (s)
Temperature kelvin (K)
Electric current ampere (A)
Amount of light candela (cd)
Amount of matter mole (mol)

TABLE 1-2

Standard prefixes in S| units

Multiple Prefix
1012 tera, T
10° giga, G
106 mega, M
103 kilo, k
102 hecto, h
101 deka, da
101 deci, d
10-2 centi, ¢
10-3 milli, m
10-6 micro,
10-° nano, n
10-12 pico, p




Some Sl and

200 mL A A A A
| Ibm = 0.45359 kg B (106Q)
| ft = 0.3048 m T
FIGURE 1-6
Force = (Mass) (Acceleration) The SI unit prefixes are used in all
branches of engineering.
F = ma
I N =1 l(g-l‘l’l/z’-;2 m=1kg ig:]mfﬁ:’“nnd?:lN
| Ibf = 32.174 lI:11'1’1-1°t/5;2
B =1 ft/s?
Work = Force x Distance m=32.1741Tom |+ > F=11bf
1J=1Nm
1 cal=4.1868 J
FIGURE 1-7

1 Btu = 1.0551 kJ
The definition of the force units.



1 ket

10 apples ¢

FIGURE 1-8
The relative magnitudes of the force

units newton (N), kilogram-force
(kgt), and pound-force (Ibf).

A body weighing 60 kgf
on earth will weigh only
10 kgf on the moon.

W=mg (N)

W weight

m mass

g gravitational
acceleration




g =9.807 m/s* g =32.174 ft/s

W =9.807 kg-m/s? W = 32.174 lbm-ft/s?

=9.807 N =1 1bf
=1 kef
FIGURE 1-10

The weight of a unit mass at sea level.

Specific weight y: The weight of
a unit volume of a substance.

Y = P&

FIGURE 1-11

A typical match yields about one
Btu (or one kJ) of energy if
completely burned.

19



Dimensional homogeneity [orme. )

OLIVES + MAYONNAISE \
+ CHEESE + P\CKLES. _

;upsﬁw

All equations must be dimensionally
homogeneous.

Unity Conversion Ratios

All nonprimary units (secondary units) can be
formed by combinations of primary units.
Force units, for example, can be expressed as

m ) ft
N =kg— and Ibf =32.1741bm —
S

S
They can also be expressed more conveniently FIGURE 1-12
as unity conversion ratios as To be dllIlEllﬁhlﬂll-.lll}' hmpageneaus.
all the terms in an equation must
N 1bf have the same dimensions.

> =1 and —
kg - m/s” 32.174 Ibm - ft/s”

Unity conversion ratios are identically equal to 1 and are unitless,
and thus such ratios (or their inverses) can be inserted conveniently
into any calculation to properly convert units. 20



CAUTION!

EVERY TERM IN AN

EQUATION MUST HAVE
THE SAME UNITS

FIGURE 1-15
Always check the units in your
calculations.

32.174 Ibm-ft/s?| |1 kg-m/s?
I Ibf IN

AWl 1w | kPa
1 7/s) (1000 N-m | {1000 N/m?

03048 m | | 1 min 1 Ibm
L 1 f 60 s 0.45359 kg

FIGURE 1-16

Every unity conversion ratio (as well

as its inverse) is exactly equal to one.

Shown here are a few commonly
used unity conversion ratios.

21



Weight?
I thought gram
was a unit of mass!

FIGURE 1-17
A mass of 1 kg weighs 9.807 N on
earth.

FIGURE 1-18
A quirk in the metric system of units.

IN 1 kg
W = mg = (453.6 g)(9.81 m/s? ( )( ) = 449N



SYSTEMS AND CONTROL VOLUMES

System: A quantity of matter or a region in space chosen for study.
Surroundings: The mass or region outside the system

Boundary: The real or imaginary surface that separates the system from
its surroundings.

The boundary of a system can be fixed or movable.
Systems may be considered to be closed or open.

Closed system (Control mass): A fixed amount of mass, and no mass
can cross its boundary

Moving
boundary
i i
Surroundings ‘
Mass No
Closed
System system
m = constant
|
|
Energy Yes Fixed
Boundary ril boundary

23



* Open system (control volume): A properly

selected region in space.
“1__41?; o * It usually encloses a device that involves mass
out | | flow such as a compressor, turbine, or nozzle.
PN « Both mass and energy can cross the boundary of
f...:-_—_-':___.-_—-._.‘.—_'—__—:__\‘
f 3 a control volume.
I I
i i « Control surface: The boundaries of a control
Control —_§ l volume. It can be real or imaginary.
surface : :
\ Water E
| heater : Imaginary Real boundary
: ; Cold boundary
\ (control ! water —
L volume) B | in \: U -
: : | |
1 i | Moving boundary
| : — l
l : i cv
.- !
= —:—p Fi:(edfbnundal}-'
(a) A control volume with real and (&) A control volume with fixed and
imaginary boundaries moving boundaries
FIGURE 1-23
An open system (a control volume) FIGURE 1-22
with one inlet and one exit. A control volume can involve fixed, moving, real, and imaginary

houndaries.



PROPERTIES OF A SYSTEM

*  Property: Any characteristic of a
system.

« Some familiar properties are
pressure P, temperature T, volume
V, and mass m.

* Properties are considered to be
either intensive or extensive.

* Intensive properties: Those that

are independent of the mass of a ! ! Extensive
system, such as temperature, : L v | [ properties
pressure, and density. S
 Extensive properties: Those | properties

whose values depend on the size—
or extent—of the system.

« Specific properties: Extensive
properties per unit mass.

| o a (i)

FIGURE 1-24

Criterion to differentiate intensive
(v=Vm) (e=L/m) and extensive properties.




DENSITY AND SPECIFIC GRAVITY

Density
_m
SV
Specific volume
VAR
V = — = —
m P

(kg/m’)

Specific gravity: The ratio
of the density of a

some standard substance
at a specified temperature
(usually water at 4°C).

Specific weight: The
weight of a unit volume
of a substance.

TABLE 1-3

substance to the density of SG

P

PH,0

Specific gravities of some
substances at 0°C

Ys — P8 (N/mg) Substance SG
Water 1.0
Blood 1.05
Density is Seawater 1.025
. Gasoline 0.7
mass per unit Ethyl alcohol 0.79
volume; Mercury 13.6
specific volume Wood 0.3-0.9
) Gold 19.2
IS volume per Bones 1.7-2.0
unit mass. Ice 0.92
Air (at 1 atm) 0.0013




STATE AND EQUILIBRIUM

Thermodynamics deals with equilibrium
states.

Equilibrium: A state of balance.

In an equilibrium state there are no
unbalanced potentials (or driving forces) - i
within the system. (a) State 1 (b) State 2

Thermal equilibrium: If the temperature
is the same throughout the entire system.

Mechanical equilibrium: If there is no
change in pressure at any point of the

FIGURE 1-27

A system at two different states.

system with time. 20°C  23°C 32°C 32°C
Phase equilibrium: If a system involves 30°C 32°C

two phases and when the mass of each 15°C  40°C 1eC 3°C
phase reaches an equilibrium level and 42°C 3900
stays there.

Chemical equilibrium: If the chemical (a) Betore (b) After
composition of a system does not change FIGURE 1-28

with time, that is, no chemical reactions A closed system reaching thermal

occur. equilibrium.



The State Postulate

* The number of properties required
to fix the state of a system is given
by the state postulate:

v' The state of a simple
compressible system is
completely specified by two
Independent, intensive
properties.

Nitrogen
I'=250C
v=0.9 m’/kg

« Simple compressible system: If
a system involves no electrical,
magnetic, gravitational, motion, The state of nitrogen is
and surface tension effects. fixed by two independent,

intensive properties.

28



PROCESSES AND CYCLES

Process: Any change that a system undergoes from one equilibrium state to
another.

Path: The series of states through which a system passes during a process.

To describe a process completely, one should specify the initial and final states, as
well as the path it follows, and the interactions with the surroundings.

Quasistatic or quasi-equilibrium process: When a process proceeds in such a
manner that the system remains infinitesimally close to an equilibrium state at
all times.

Property A -—
A
State 2
(a) Slow compression
(quasi-equilibrium)

Process path
-«—
State 1
Property E (&) Very fast compression
) (nonquasi-equilibrium)

A process between states 1 and 2 and

Quasi-equilibrium and nonquasi-
the process path.

equilibrium compression processes.



Process diagrams plotted by
employing thermodynamic properties
as coordinates are very useful in
visualizing the processes.

Some common properties that are
used as coordinates are temperature
T, pressure P, and volume V (or
specific volume v).

The prefix iso- is often used to
designate a process for which a
particular property remains constant.

Isothermal process: A process
during which the temperature T
remains constant.

Isobaric process: A process during
which the pressure P remains
constant.

Isochoric (or isometric) process: A
process during which the specific
volume v remains constant.

Cycle: A process during which the
initial and final states are identical.

Final state

Process path

Initial
state

FIGURE 1-32
The P-V diagram of a compression
process.

30



TEMPERATURE AND THE ZEROTH LAW
OF THERMODYNAMICS

 The zeroth law of
thermodynamics: If two
bodies are in thermal
equilibrium with a third
body, they are also in
thermal equilibrium with
each other.

« By replacing the third
body with a
thermometer, the zeroth
law can be restated as

LA
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two bodies are in

thermal equilibrium if _ F "?' URE 1-35
both have the same Two bodies reaching thermal
temperature reading equilibrium after being brought into

even if they are not in

contact. contact 1n an 1solated enclosure.
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Temperature Scales Py Vet
® , Gas A
- All temperature scales are based on | VE'SUS T?"ﬁs "
some easily reproducible states such as 0 the
the freezing and boiling points of water: ~ experimental
the ice point and the steam point. data obtained Gas B
- Ice point: A mixture of ice and water ~ rom a constant-
that is in equilibrium with air saturated volume gas Extrapolation
with vapor at 1 atm pressure (0°C or thermometer Gas C
32°F). using four \,
- Steam point: A mixture of liquid water  different gases o s
and water vapor (with no air) in at different (but _gZ2< ‘
equilibrium at 1 atm pressure (100°C or  |ow) pressures. —273.15 0 TCO)

212°F).
« Celsius scale: in Sl unit system

* Fahrenheit scale: in English unit
system

« Thermodynamic temperature scale: A
temperature scale that is independent of
the properties of any substance.

» Kelvin scale (Sl) Rankine scale (E) Absolute
* Atemperature scale nearly identical to vacuum
the Kelvin scale is the ideal-gas V= constant

temperature scale. The temperatures
on this scale are measured using a
constant-volume gas thermometer.

A constant-volume gas thermometer would
read -273.15°C at absolute zero pressure. 32



= T(°C) + 273.15
= T(°F) + 459.67
T(R) = 1.87(K)

)

T(°F) = 1.8T(°C) + 32

Comparison of
temperature
scales.

Comparison of
magnitudes of
various
temperature
units.

0.01 1 273.16

-273.15 110

®

32.02 m

—-459.67 [T

Triple
491.69 point
of water

0 Absolute

The reference temperature in the original Kelvin scale was the ice point,
273.15 K, which is the temperature at which water freezes (or ice melts).

The reference point was changed to a much more precisely reproducible
point, the friple point of water (the state at which all three phases of water
coexist in equilibrium), which is assigned the value 273.16 K.



PRESSURE

Pressure: A normal force exerted by a
fluid per unit area

1 Pa=1N/m’

| bar = 10° Pa = 0.1 MPa = 100 kPa
[ atm = 101,325 Pa = 101.325 kPa = 1.01325 bars

| kgf/cm® = 9.807 N/em® = 9.807 X 10°N/m® = 9.807 X 10*Pa 1} tHH
= 0.9807 bar
= 0.9679 atm

0.23 kgf/cm? 0.46 kgf/cm?
P=68/300=0.23 kgf/cm?

The normal stress (or “pressure”) on the
feet of a chubby person is much greater
than on the feet of a slim person.

34




- Absolute pressure: The actual pressure at a given position. It is
measured relative to absolute vacuum (i.e., absolute zero pressure).

« Gage pressure: The difference between the absolute pressure and
the local atmospheric pressure. Most pressure-measuring devices are
calibrated to read zero in the atmosphere, and so they indicate gage
pressure.

* Vacuum pressures: Pressures below atmospheric pressure.

Throughout this Pgailgt;‘ = }DﬂhS o Ptlll[l’l

_~ -~
text, the pressure
:bV:(IDI I?;:Ote P vac P atm P abs Py
pressure unless p
specified T A am T '
otherwise. Py Pahs
L J
F
Pi:'ll]'l'l Pi:l[ﬂ]
Pahs;
Absolute Absolute
P, =0

abs —
vacuum vacuum



Pascal’s law: The pressure applied to a
confined fluid increases the pressure
throughout by the same amount.

F, F, F, A,
Pl — P2 —> - = —_— _— = —

A, A, F, A,
The area ratio A,/A, is
called the ideal mechanical
advantage of the hydraulic
lift.

Fy=PA

Lifting of a large weight by
a small force by the
application of Pascal’s law.




A low section

The Manometer /ﬂr flow device

It is commonly used to measure small and
moderate pressure differences. A manometer
contains one or more fluids such as mercury,
water, alcohol, or oil.

Measuring the
pressure drop across

— o, :
T a flow section or a flow

r, device by a differential
Fluid 1 manometer.

P, + pigla + h) — p,gh — pi\ga = P,
Pl_Pzz(Pz_Pl)gh

Ty

Thebasic b A1
manometer. A
FIGURE 1-51 Gat
In stacked-up fluid layers, the h
pressure change across a fluid layer

of density p and height /i is pgh.

Pym + p1&hy + prghs + psghy = P,

P2:Patm+pgh




Other Pressure Measurement Devices

Bourdon tube: Consists of a hollow metal tube
bent like a hook whose end is closed and
connected to a dial indicator needle.

Pressure transducers: Use various techniques
to convert the pressure effect to an electrical
effect such as a change in voltage, resistance,
or capacitance.

Pressure transducers are smaller and faster,
and they can be more sensitive, reliable, and
precise than their mechanical counterparts.

Strain-gage pressure transducers: Work by
having a diaphragm deflect between two
chambers open to the pressure inputs.

Piezoelectric transducers: Also called solid-
state pressure transducers, work on the
principle that an electric potential is generated in
a crystalline substance when it is subjected to
mechanical pressure.

g

<7
C-type Spiral
-«
= Twisted tube
Helical
- 5
Tube cross section
FIGURE 1-54

Various types of Bourdon tubes used
to measure pressure.



THE BAROMETER AND ATMOSPHERIC PRESSURE

* Atmospheric pressure is measured by a device called a barometer; thus, the
atmospheric pressure is often referred to as the barometric pressure.

- Afrequently used pressure unit is the standard atmosphere, which is defined as
the pressure produced by a column of mercury 760 mm in height at 0°C (py, =
13,595 kg/m3) under standard gravitational acceleration (g = 9.807 m/s?).

() Palm — pgh

A "¢ X M
22 A N\

h h The length or the B
W =pghA l cross-sectional area of
the tube has no effect

on the height of the A Alwm A

\ Y B Y . 1 2 3

. fyyy) fluid column of a
\ Mercury N barometer, provided

Paim that the tube diameter

is large enough to

FIGURE 1-55 avoid surface tension
The basic barometer. (capillary) effects.
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The First Law of Thermodynamics

A system is defined as space or a region that chosen for study.

*The first law of thermodynamics (the conservation of energy principle)
provides a sound basis for studying the relationships among the various forms
of energy and energy interactions.

*The first law states that energy can be neither created nor destroyed during a
process; it can only change forms.

*The First Law: 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 closed system (control mass) involves mass does not transfer (in or out)
for across a system’s surrounding.

Piston cylinder
Vessel.
Closed rigid tank.

41




(Adiabatic)
Win=5kl

AE=35K]

FIGURE 2-41
In the absence of any work
interactions, the energy change of a
system is equal to the net heat transfer.

(Adiabatic)

AE=8KJ

&
a
I
o a]
a3

I[q}'

FIGURE 2-42

The work (electrical) done on an
adiabatic system is equal to the
increase in the energy of the system.

FIGURE 243

The work (shaft) done on an adiabatic
system is equal to the increase in the
energy of the system.
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Ener The net change (increase or decrease) in the total

gy energy of the system during a process is equal to the

B I difference between the total energy entering and the total
dlance energy leaving the system during that process.

( Total energy ) ( Total energy ) B ( Change in the total )

entering the system leaving the system energy of the system

Ei, — Eou = AE‘system

Wy, = 10K

nin —

‘ Q=3 K

AE=(15-3)+6

— 18K % Wi in=6KJ
( 3
|
Q,=15K]
(Adiabatic)
FIGURE 245
FIGURE 244

The energy change of a system during
The work (boundary) done on an a process is equal to the nef work and

adiabatic system is equal to the heat transfer between the system and
increase in the energy of the system. its surroundings.



The First Law of Thermodynamics

Open system (A control volume) differs from a closed system in
that it involves mass transfer. Mass carries energy with it, and
thus the mass and energy content of a system change when
mass enters or leaves.

l

—
—» Nozle —» Turbine Crhm“bmb‘ga e
— e TS
/ r
— Diffuser —= T IJ I
—
Compressor <{
T e
— @{) —
Throttling

Bl ’l Heat exchanger | l I-
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FORMS OF ENERGY

Energy can exist in numerous forms such as thermal, mechanical, kinetic,
potential, electric, magnetic, chemical, and nuclear, and their sum
constitutes the total energy, E of a system.

Thermodynamics deals only with the change of the total energy.

Macroscopic forms of energy: Those a system possesses as a whole
with respect to some outside reference frame, such as kinetic and potential
energies.

Microscopic forms of energy: Those related to the molecular structure of
a system and the degree of the molecular activity.

Internal energy, U: The sum of all the microscopic forms of energy.

Kinetic energy, KE: The energy that a system
possesses as a result of its motion relative to
some reference frame.

Potential energy, PE: The energy that a
system possesses as a result of its elevation  The macroscopic energy of an

in a gravitational field. object changes with velocity
and elevation.



S V2 . Kinetic energy ™ A.=zD%4
= m ) ( ) | | “’;vg i = Pﬂc";vg
. Kinetic energy b ——
\V& :
ke = — k] /ko) PErunitmass
5 (kJ/kg) ,,
PE = mgz (kJ) Potential Mass flow rate

pe = gz (kJ/kg) Potential
energy per unit
mass

Energy flow rate
E = me (kJ/s or kW)
V2
E=U+KE + PE =U + m— + mgz (kJ) Total energy
- of a system
V2
2 per unit mass

o = £ (kJ/kg) Total energy per
i unit mass 4



Energy Change of a System, AE,

ystem
Energy change = Energy at final state — Energy at initial state
AEsyslcm - E[‘inal o Einilial — E2 o El
AE = AU + AKE + APE

o P

Internal, kinetic, and potential ,
Stationary Systems

energy changes

21 =2, — APE =0
AU = m(u, — uy) =97
V, =V,— AKE =0

AE =AU

AKE = 3m(V3 — V3?)
APE = mg(z, — )

FIGURE 2-46

For stationary systems,

AKE = APE = 0; thus AE = AU.



Mechanical Energy

Mechanical energy: The form of energy that can be converted to mechanical work completely
and directly by an ideal mechanical device such as an ideal turbine.

Kinetic and potential energies: The familiar forms of mechanical energy.

2
€ oen = £ + vz + gz Mechanical energy of a

p 2 flowing fluid per unit mass

P Vv ) Rate of mechanical energy

Emech — memech — WZ(_ + 8<
p 2 of a flowing fluid

Mechanical energy change of a fluid during incompressible flow per unit mass

P,—P V3= Vi
Aemech — p + 9 T g(Z2 o Z]) (kJ/kg)

Rate of mechanical energy change of a fluid during incompressible flow

. . . Pz o Pl V% o V?
AE’mech — nz'Aemech — m P + 7 + g(z2 o Zl) (kW)
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ENERGY TRANSFER BY WORK

«  Work: The energy transfer associated with a force acting through a distance.

v Arising piston, a rotating shaft, and an electric wire crossing the
system boundaries are all associated with work interactions
 Formal sign convention: Heat transfer to a system and work done by a
system are positive; heat transfer from a system and work done on a system
are negative.
« Alternative to sign convention is to use the subscripts in and out to indicate
direction. This is the primary approach in this text.

Surroundings

S (k)
w = — - rg Y
" “J/XE) Work done per unit mass ‘:I o
o O
System
' W']n
: ' WDI.][
Specifying the directions

of heat and work.
Power is the work done

per unit time (kW)

49




Work Done to Raise or to Accelerate a Body

1. The work transfer needed to raise a body is equal to the change in the
potential energy of the body.

2. The work transfer needed to accelerate a body is equal to the change
in the kinetic energy of the body.

Motor
Nonmechanical Forms of Work ),
Electrical work: The generalized force is the voltage A
(the electrical potential) and the generalized
displacement is the electrical charge. Bleyptor
Magnetic work: The generalized force is the magnetic

field strength and the generalized displacement is the | |
total magnetic dipole moment. FIGURE 236
Electrical polarization work: The generalized force is The energy transferred to a
. : body while being raised is equal
the electric field strength and the generalized to the change in its potential enerey.

displacement is the polarization of the medium.

50



Electrical Work

Electrical work
W, = VN

Electrical power
W, = VI (W)

When potential difference and
current change with time

2
W, = J VI di (KJ)
|

When potential difference and
current remain constant

W,=VI At (KJ)

I
W,=VI R 1%
— I’R l

= V2/R
FIGURE 2-26

Electrical power in terms of resistance
R, current /, and potential difference V.
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MECHANICAL FORMS OF WORK

« There are two requirements for a work interaction between a

system and its surroundings to exist:

v" there must be a force acting on the boundary.

v" the boundary must move.

When force is not constant

Work = Force x Distance

W= Fs (k) W = [Fds (kJ)

e

FIGURE 2-27

The work done is proportional to the
force applied (F') and the distance
traveled (s).

U

FIGURE 2-28

If there 1s no movement. no work
is done.



A force F acting through a
moment arm r generates
atorque T

This force acts through a distance s

T
T=Fr — F=—
r

Shaft Work

s = (27r)n

Shaft (T _
work Ven = I (r)(Z'sz) 2mnT (kJ)

The power transmitted through the v = 27T (kW)
shaft is the shaft work done per unit
Boat p—

W, =2miT

Torque = Fr

FIGURE 2-29 FIGURE 2-30
Ener:gy tl‘E’lI‘lSl’I]i‘{-iSiDl'l through Shaft work is proportional to
rotating shafts is commonly the torque applied and the number ,

encountered in practice. of revolutions of the shaft.



When the length of the spring changes by Spri ng Work
a differential amount dx under the influence

of a force F, the work done is Substituting and integrating yield
6M/spring = F dx Wspring - %k (“’L% - X%) (I&J)
For linear elastic springs, the displacement  x; and x,: the initial and the final

x is proportional to the force applied displacements

F=ke  (kN) g spring constant (kN/m)

= - Elopgation of a =
spring under the
influence of a force.
Rest Resl
_ position position J[dx
x;=1mm 1
- Y= '
l 2= =M The displacement  of YF

linear spring doubles when

Fy =300 N \ the force is doubled.

F, = 600 N 54



Work Done on Elastic Solid Bars

g >
Woastic = J Fdx = J o, A dx (kJ)
1 |

Work Associated with the Stretching of a Liquid Film

2
Wsurface — J O dA (kJ)

1

i ]

o

FIGURE 2-34

Solid bars behave as springs under the
influence of a force.

Rigid wire frame

Surface of film o
I Movable
/ﬁ/wim
Yy H}_}__, E
|
i
b I
/ :D/ -
= —

FIGURE 2-35

Stretching a liquid film with a
movable wire.



- Internal Energy:

Energy stored by system due to its state.
It 1s denoted by U

. Flow Energy:

Energy by virtue of displacement

Flow work or displacement work = P.V
. Heat Energy

It 1s denoted by Q

Heat supplied to system 1s +ve (+Q)
Heat rejected from system is -ve (-Q)

- External Work Done:

It 1s denoted by W

Work 1s done by system 1s +ve (+W)
work 1s done on system 1s -ve (-W) %




FORMAL SIGN CONVENTION

- Heat and work are directional quantities, and thus the complete
description of a heat or work interaction requires the specification of
both the magnitude and direction.

Sign Heat Work T |
| & Cin
Positive (+) Heat transfer to | Work done by i E' ¥ Qo
the system the system | System :‘
| 7.
Negative (-) Heat transfer Work done on | ‘ | H:m
from the system | the system IL____________” V' Wour




ENERGY BALANCE FOR THE OPEN SYSTEM

- Energy forms of the fluid entering the system

 Internal energy = U,

Displacement energy =P, V,

Kinetic energy = KE, “”11“ _——:r..k :|: W
. I
Potential energy = PE, | Control |
I volume j_ 0
(] . I =
- Energy forms of the fluid leaving the system | _e_—_ k
- Internal energy = U, S [ Mass

Displacement energy =P, V,
- Kinetic energy = KE,
Potential energy = PE,

= W is work done by system or on system
= Q 1s heat supplied or rejected from system.
- E;, = Initial Energy of the system.

- E, = Final Energy of the system.



- As per Law of conservation of energy
- Energy at input = Energy at Output

Initial energy of the system + Energy entering the system = Final energy of the system +
Energy leaving the system.

E,+U +PV,+KE, +PE, +Q=E,+U, +P,V, + KE, + PE, + W

but Enthalpy =H =U + PV
E +H +KE +PE+Q=E,+H,+KE, +PE, +W
Q_W:(Ez _E1)+(H2_H1)+(KE2_KE1)+(PE2_PE1)

- If mass flow rate of fluid or substance throughout the system

remains constant. And total energy of the system remains constant.
-——- E,=E,

- Then above equations become
Q-W=(H,-H,)+(KE, -KE,)+(PE, - PE,)

- This 1s SFEE — Steady Flow Energy Equation.



Some Physical Insight to Internal Energy

~ \O/;,\ -

', l, Sensible
‘ ' and latent
Molecular Molecular CﬂCI’g}"
translation rotation
@e} Chemical
cnergy
Electron Maolecular
translation vibration
9}{ 3}‘3/ Nuclear
- - cnergy
Vs s
- s
s s
J/ Ve The internal energy of a system is
Electron Muclear the sum Of a" fOI'mS Of the
spin spin microscopic energies.

The various forms of

Sensible energy: The portion of the
internal energy of a system
associated with the kinetic energies
of the molecules.

Latent energy: The internal energy
associated with the phase of a
system.

Chemical energy: The internal
energy associated with the atomic
bonds in a molecule.

Nuclear energy: The tremendous
amount of energy associated with
the strong bonds within the nucleus
of the atom itself.

microscopic energies -
that make up sensible | 1Thermal = Sensible + Latent

60

energy. Internal = Sensible + Latent + Chemical + Nuclear




ENERGY TRANSFER BY HEAT

Heat: The form of energy that is
transferred between two systems (or a
system and its surroundings) by virtue
of a temperature difference.

System boundary

Closed Heat
S}"SICITI

(m = constant) Work

FIGURE 2-13

Energy can cross the boundaries
of a closed system in the form
of heat and work.

Room air
25°C

No heat Heat Heat
transfer 6J/

FIGURE 2-14

Temperature difference is the driving
force for heat transfer. The larger the
temperature difference, the higher is
the rate of heat transfer.



Heat vs. Work

Both are recognized at the boundaries of
a system as they cross the boundaries.
That is, both heat and work are boundary

phenomena.

Systems possess energy, but not heat or

work.

Both are associated with a process, not a

state.

Unlike properties, heat or work has no

meaning at a state.

Both are path functions (i.e., their
magnitudes depend on the path followed
during a process as well as the end

states).

Properties are point functions
hagle exact differentials (d ).

Path functions
dV=V, -V, = AV have inexact
1 differentials (o)

AV =3m* W, =8kl

AVg=3m’ Wp= 12kl

-
2 m’ Sm’ v
FIGURE 2-21

Properties are point functions;
but heat and work are path
functions (their magnitudes
depend on the path followed).

2
oW = W, (not AW)

I
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Ideal Equation of State (Gas equation)

The ideal gas equation in thermodynamics is (PV = mRT), which links pressure,
volume, temperature, and the amount of a gas.

Core Equation and Variables:

P: Absolute pressure of the gas (kPa or Pa)

V: Total volume occupied by the gas (m?3)

m: the amount of gas in (kg) or n is the amount of matter in (mole )

R:1deal gas constant (kJ/kg.K) or Ris universal gas constant = 8.314 J/K.mole

T. Absolute temperature measured in Kelvin.

M: is the molarity in mole/ m?3

PV = mRT

P = pRT

Validity and Assumptions:

v" Low Pressure / High Temperature: Works best when gases are far from
condensation.

v" Negligible Volume: Assumes gas molecules take up zero volume and have no
intermolecular forces. .




Ideal gas processes and Cycles

An ideal gas is one which obeys all the gas laws and the characteristics
gas equations, at all pressures and temperatures. Examples: Air, oxygen,
hydrogen, nitrogen, helium etc.

GAS LAWS DESCRITION
Py

1. Boyle’s Law il
At contant temperature (T = const.

P oc l or PV =const.

V P2
or AV =PFRV,=C

This equations represent rectangular hyperbola on PV plane.

Hyperbolic process: an isothermal (constant temperature) process, where
the relationship between pressure (P) and volume (V) forms a hyperbola on
a property diagram. According to Boyle's law and the ideal gas equation

(PV = constant) at a fixed temperature, pressure decreases as volume
Increases in inverse proportion.



2. Charles's Law:

At contant pressure (P = const.) Vol or

Y _ const. or ooV C
Tl TZ

1
from Boyle's Law }J oc -

from Charles's LLaw V ocT

combining two laws

VocZ orPV
P

Frozen: Mass & Press.

— const

3. Avogadro's Law

At contant pressure and Temperature (P & T = const.)

n Press. i Temp.

Von or — =const.

The volume and amount (moles) of the gas are directly proportional if
the temperature and pressure are constant.



Ideal Gas Law
~ny _5r,
T, ., N 1, .72,
PV
Tn
Ideal gas Equation Pl” = nR7T

= C

— R = constant

P = pressure in Pascal or N/m?
V =Volume in m3

T = Temperature in Kelvin, K

n = no of moles.

PV _ 1.01325%10°> x22.41x107°

Trn 273.15 <x1mole
R =8.314J/Mole- K



* Characteristics gas PV =mRT
equation N J

—-m- = kg. K
"2 g kg - K
V
P-—=RT or Pv=RT
m
V : 1
where — = v = specific volume = —
m P
Internal energy change AU = mC AT or U,-U,=mC,(T,-T,)

Enthalpy change AH = mC,AT or H,—H,=mC,(T,-T,)
Specific heat ratio C,/C, =y

Gas constant R=C,-C,
C,=1.005kl/kgK C, =0.718kJ/kgK
R=0287klJ/kgK y=14



Constant pressure process

+ Apply ideal gas law from I to 2: d | fw=r oy
pply 1dc€al gas law 1I1rom 0 Z: ' ” |
_ _ o T T
PV, =mRT, & PV,=mRT, *-% %Oif/é”fé RS
T AT A 'i
2L o asp=p=r o,
v, T, S .

V2 V2
W,,=|pdv=p[dv=P-(v,-V,)=PBV, - BV, =mR(T, - T,)
V1 V1

W, = R(T , — 1, ) = Area under curve, for unit mass

: AU=U2-U1=mCV(T2—Ti)
* Change in Internal Energy

* Apply 1% law of thermodynamics:
Ql—2 — VVl—z =AU

Q1_2 :P’(Vz _Vl)+(U2 _Ul)
O, =LV +U,)— (B +U,)
O.,=H, —H, :m'CP(Tz _7;)



Constant volume process

P("FIH':.‘»IIZ'.I WALLS |

au

)

* Apply ideal gas law from 1 to 2: Py
PV, =mRT, & PJV,=mRT, JR)
LH_L asV, =V, =V =C p, P—==—=—12
e . }
dV =0 Vi=Ve ¥ ﬁ ‘Q
w, , = f PdV =0 Thereis no Area under curvel - 2

AU =U,-U, = va(Tz _Tl)

* Change in Internal Energy

Ql—2 —W,_, =AU

Apply 1t law of thermodynamics:
0.,=0=AU=mC,(T, - T,)



Constant Temperature process

Pl Y
« Apply ideal gas law from 1 to 2: pyf— | l
BV =mR1, & BV, =mRT, - e |
I
L_% o py,-nNY ol T NS
Pl Vz z | AU=0 :
- N
PV=C or P=— as T,=7,=T vy v v la
V
V2
w,, = |Pd .[ AV =C-[nV] =C[lnv, —nV;]
Vi

.
_ @n_j [mz _%[m&j
Vi) V

W, , = mT(ln —j Areaunder curve,

1

* Change in Internal Energy
AU =U,-U, =mC,(T, -T,)=0

Apply 15t law of thermodynamics:

QI—Z —W,_, = AU

V. V.
—W, ,=PV,|In-2 |=PV,| In—2
QI—Z 1-2 1 1( V j 2 2[ Vl j

1



* Polytropic process
A
*  What is polytropic process P 1

v A general process without arg r%stricgons.P g pn
— =0 T4

v" The law of the process is

v

© Apphyideg) ggs law fpop Lig gy o 22 _ L2

1
V2 VZC V2 1 V2
Wy, =[PdV=[—dV=C[—av=C[rdv
8! VIV VIV 8!
—n+1 V2 l-n  1,1-n l-n  1,1-n
VVl_z :C V :C VZ Vl :])11/111 VZ Vl
—n+1]| l—n l—n
w _ BV VIRV -V BRV,-RV, _PRV,-BY,
= l—n l1—n n—1
mR(Tl_Tz)
Wi, =
n—1

O, —W_, =AU
Apply 1t law of thermodynamics:



P/

mR(T, —T,) « Isentropic process

=mR(T, - T) - .
—1 *  What is isentropic process
mR (T —T ) v" A general process without any
=mR(T, —T,)+ i 1_ 1 - restrictions.
m R(T2 -T ) v" The law of the process is
=mR(T, —T;) - — v Q=0
y—n) mR(T, - T,) |
y—1 ( g — 1) * Apply 1deal gas law from 1 to 2:
Y — (" — y Y
PV =C=PV/ =RV,
* Just replace n by y (gamma) from all
questions
1 RV, =mRT, & PV, =mRT, 2o _ L
/r 1,




Example(1)

A gas whose pressure, volume
and temperature are 275 kPa, 0.09
m3 and 185°C respectively. The
gas state changed at constant
pressure until its temperature
becomes 15°C. Determine the
amount of heat transfer from the
gas and the amount of work during
the process. Where R=0.287 kJ/kg
K, C,=0.718 kJ/kg K and C,=1.005

kd/kg K.

Example(2)
A quantity of air has a pressure of 300
kPa when its volume is 0.025m3 and
its temperature 37°C. The air pressure
increased to 900 kPa, while the
volume remains constant. Determine
the mass of

the air, its final

temperature and work done.

C,=1.005 kJ/kg K
C,=0.718 kJ/kg K
R=0.287 kJ/kg K



Example -3

A quantity of gas occupies a volume of
0.4 m3 at a pressure of 100 kPa and
temperature of 20C. The gas is
compressed isothermally to a pressure
of 450 kPa. Detrmine:

(a) Mass of gas

(c

)

(b) (b) Final volume
) (c) Heat transfer
)

(d) (d) Work done

C,=1.005 kJ/kg K, C,=0.718 kd/kg K, R=
0.287 kJ/kg K

Example - 4

A gas expands according to the law

PV1.3=C from pressure of 1 kPa and

volume 0.003 m3 to pressure of 0.1 kPa.

Determine the amount if heat
and work during this process.
Cp=1.005 kJ/kg K, Cv=0.718
kd/kg K, R=0.287 kJ/kg K

Example -5

A gas whose original pressure and
temperature were 300 kPa and 25°C
respectively is compressed through an
isentropic process. The final
temperature of the gas is 180°C.
Determine the new pressure of the

gas and the work done.

C,=1.005 kJ/kg K
C,=0.718 kJ/kg K
R= 0.287 kJ/kg K



Process

Isothermal
Process
T = constant

Isochoric
Process
V = constant

Isentropic /
Adiabatic
Process
PVY = constant

Isobaric
Process
P = constant

Polytropic
process
PV™ = constant

ZerO P]_ V]_ In _2

AU Zero

P2V, —P4Vy)
Yy—1

mR(T;—-T5)
Yy—1

P(Vz - Vl)

AU
mR (T, = T,)

(Plvl _P2V2 )

AU nt
mR (T, -T)
n—1

Equations

AU

Zero

AH

y—n\ mR
1) 105 =T

y—n\(FV, —PRV;)
y—1 n—1

Equation of state

PV, =RV,
B B
T, T,

y-1

_ P\ Y
==

Vi 'V

T, T,
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INTRODUCTION TO THE SECOND LAW

A cup of hot coffee does

not get hotter in a cooler E I:_r_l :‘ ////
room. ’ |j Ij H‘
| Transferring
N 1 Heat heat to a
| paddie wheel
cggpléa ) Heat will not cause it
to rotate.
Heat These processes

Transferring heat

’ to a wire will not
=0

generate
‘ SO |e|ectricity.

cannot occur even
though they are not
in violation of the
first law.
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Processes occurin a

ON E WAY certain direction, and not in

the reverse direction.

PROCESS Istlaw  2nd law A process must satisfy both the
/\ /\ 4 - first and second laws of
Y ALY - thermodynamics to proceed.

MAJOR USES OF THE SECOND LAW

. The second law may be used to identify the direction of processes.

. The second law also asserts that energy has quality as well as quantity.
The first law is concerned with the quantity of energy and the
transformations of energy from one form to another with no regard to
its quality. The second law provides the necessary means to determine
the quality as well as the degree of degradation of energy during a
process.

. The second law of thermodynamics is also used in determining the
theoretical limits for the performance of commonly used engineering
systems, such as heat engines and refrigerators, as well as predicting
the degree of completion of chemical reactions.




THERMAL ENERGY RESERVOIRS

ATMOSPHERE Thermal energy
Tpeeam SOURCE
‘w ¥ HEAT
A source
o HEAT  supplies
> energy in the

Bodies with relatively large thermal Thermal energy form of heat,
masses can be modeled as thermal SINK and a sink
energy reservoirs. absorbs it.

* A hypothetical body with a relatively large thermal energy capacity
(mass x specific heat) that can supply or absorb finite amounts of heat
without undergoing any change in temperature is called a thermal
energy reservoir, or just a reservoir.

* In practice, large bodies of water such as oceans, lakes, and rivers as
well as the atmospheric air can be modeled accurately as thermal energy
reservoirs because of their large thermal energy storage capabilities or
thermal masses. 80



fe F~——
T ~ — ~ —

'Y Work

No work [¥

Heat "—,’%Q i—j_t—::'
|

> l :
|

|

Heat : L3 |

L) |

; P WATER |

(R |

High-temperature

SOURCE

HHU

EN Oy

out

Low-temperature
SINK

ll 2t,out

Work can always be
converted to heat
directly and
completely, but the
reverse is not true.

Part of the heat
received by a heat
engine is converted
to work, while the
rest is rejected to a
sink.

HEAT ENGINES

The devices that convert heat to

4,

work.

. They receive heat from a high-

temperature source (solar energy,
oil furnace, nuclear reactor, etc.).

. They convert part of this heat to

work (usually in the form of a
rotating shaft.)

They reject the remaining waste
heat to a low-temperature sink
(the atmosphere, rivers, etc.).

They operate on a cycle.

Heat engines and other cyclic

devices usually involve a fluid to
and from which heat is
transferred while undergoing a
cycle. This fluid is called the
working fluid.
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A steam power plant

Energy source
(such as a furnace)

‘Qm /Syslcm boundary

Boiler

/f <
A\ \
W, \
] “

Wi, ‘ Wou A portion ofmthe Work output of a
@ - heat engine is consumed

internally to maintain continuous
operation.

Condenser =

" (0] Wl‘let.out — out Win (k] )
out
Etiérgy sink Wnet.out — Qin o Qout (k] )

(such as the atmosphere)

(., = amount of heat supplied to steam in boiler from a high-temperature
source (furnace)
O, = amount of heat rejected from steam in condenser to a low-
temperature sink (the atmosphere, a river, etc.)
W, = amount of work delivered by steam as it expands in turbine

W., = amount of work required to compress water to boiler pressure 82



Thermal efficiency

High-temperature reservoir

at TH
SOURCE
Heat input
100kJ  100KkJ
Wncl,oul
o )
Net @ Net
work work
output output
20kJ 30kJ
= .
W\/h W \\/h
aste heat aste heat :
o SINK = Low-temperature reservoir
Mhn,1 = 20% M2 = 30% e

Some heat engines perform better
than others (convert more of the heat
they receive to work).

Even the most
efficient heat

engines reject
Net work output  almost one-half

Thermal efficiency = :
>~ Total heat input of the energy
they receive as
W/net.out Q out waste heat.

nth Qm nth Qil‘l Wnet,out - Qin o Qout

Wnet.out - QH o QL

. Wnet,out
MNin — QH
Nth — 1 o &
Qu

Schematic of a
heat engine.

Furnace

Q=100 MJ

W,

net,out

=55MIJ

The atmosphere



The Second Law of
Thermodynamics:
Kelvin-Planck Statement

Thermal energy reservoir

Qp =100 kW

It is impossible for any device
that operates on a cycle to

receive heat from a single LGP - .
: : Whetour = 100 kW

reservoir and produce a net N

amount of work.

HEAT
ENGINE

No heat engine can have a thermal efficiency 0, =0
of 100 percent, or as for a power plant to L=

operate, the working fluid must exchange A heat engine that violates the Kelvin-
heat with the environment as well as the Planck statement of the second law.

furnace.

The impossibility of having a 100% efficient
heat engine is not due to friction or other
dissipative effects. It is a limitation that
applies to both the idealized and the actual
heat engines.
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REFRIGERATORS AND HEAT PUMPS

Surrounding medium
such as the kitchen air

* The transfer of heat from a low-
temperature medium to a high-
temperature one requires special

b | devices called refrigerators.
Oy : : :
» Refrigerators, like heat engines,
CONDENSER |#———— are cyclic devices.
il S » The working fluid used in the
" refrigeration cycle is called a
EXPANSION net.in -
X et COMPRESSOR — — refrigerant.
« The most frequently used
e e refrigeration cycle is the vapor-
‘ compression refrigeration cycle.

> EVAPORATOR

“ QL

Refrigerated space

Basic components of a
refrigeration system and typical
operating conditions.

In a household refrigerator, the freezer compartment where
heat is absorbed by the refrigerant serves as the
evaporator, and the coils usually behind the refrigerator
where heat is dissipated to the kitchen air serve as the
condenser.
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Warm environment Coefficient of Performance

at TH > TL
£ The efficiency of a refrigerator is expressed in
; terms of the coefficient of performance (COP).
Required
Qn input The objective of a refrigerator is to remove heat
| (Q,) from the refrigerated space.
ﬂ Wncl.in
R| [BX, Desired output QO
' esired outpu
y COPg=———— = —
7~ . Required input W .,
Desired
Wietin = On — O1 (kJ)
Or
0 I
Cold refrigerated COPg = o |
old reirigerate QH — QL QH/QL — 1
space at T
The objective of a refrigerator is to Can the value of COPg be

remove Q, from the cooled space. greater than unity?




Warm heated space
at TH =X TL

/\

or

Cold environment

// A
\,

‘

The objective of Heat
a heat pump is

Pumps
supply heat Q,
|nto the warmer
space.

The work

supplied to a heat
pump is used to

extract energy
from the cold
outdoors and
carry it into the
warm indoors.

at TL

Desired output )
COPyp = - —_ <

Required input Wi,

) I

COP,p = Cn___

Qu | = Q./0n
COPyp = COPr + T for fixed values of Q, and Q,

4.

Warm
indoors
at 20°C
Oy=TK
\ Vietiin= 2 2Kkl
COP=3.5
QL=5K

| |
Cold outdoors

at 4°C

Can the value of COP,; be
lower than unity?

What does COP ;=1
represent?




HONEY,
ARE YOU AIR-
CONDITIONING
THE OUTDOORS?

Y

NO,
I'M HEATING
THE HOVSE/
/ i

When installed backward, an
air conditioner functions as a
heat pump.

EER = 3.412 COPy

Most heat pumps in operation today have a
seasonally averaged COP of 2 to 3.

Most existing heat pumps use the cold outside
air as the heat source in winter (air-source
HP).

In cold climates their efficiency drops
considerably when temperatures are below the
freezing point.

In such cases, geothermal (ground-source) HP
that use the ground as the heat source can be
used.

Such heat pumps are more expensive to
install, but they are also more efficient.

Air conditioners are basically refrigerators
whose refrigerated space is aroom or a
building instead of the food compartment.

The COP of a refrigerator decreases with
decreasing refrigeration temperature.

Therefore, it is not economical to refrigerate to

Energy efficiency rating (EER): Tha dowentteihpetnatngecthiaonmtbedeoled space
in Btu’s for 1 Wh (watthour) of electricity consumed.
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The Second Law of Thermodynamics: Clasius
Statement Warm environment

It is impossible to construct a device that

operates in a cycle and produces no effect other Qy=5K)

than the transfer of heat from a lower-temperature

body to a higher-temperature body. \ W =0

4 netin T

R =L

It states that a refrigerator cannot operate unless its 4 /

compressor is driven by an external power source, such |

as an electric motor. Q;=5kJ

This way, the net effect on the surroundings involves the
consumption of some energy in the form of work, in
addition to the transfer of heat from a colder body to a

warmer one. A refrigerator that violates
To date, no experiment has been conducted that the Clausius statement of
contradicts the second law, and this should be taken as  the second law.

sufficient proof of its validity.

Cold refrigerated space
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THE CARNOT HEAT ENGINE

High-temperature reservoir
at Ty = 1000 K

On

High-temperature reservoir
at Ty = 1000 K

The Carnot heat
engine is the most

eﬁlglent of all hteat Rev. HE Irrev. HE ImpI(_)IsEs:ible
engines  operatin = 70% = 45%
Wncl.oul g p g nlh ‘ nlh ‘ hh = 80%
between the same
high- and low-
temperature
reservoirs. Low-temperature reservoir
QL at T, = 300 K
Db No heat engine can have a higher efficiency th
e e 0 heat engine can have a higher efficiency than
at T, =300 K a reversible heat engine operating between the
same high- and low-temperature reservoirs.
Any heat engine Carnot heat engine < Mgy Irreversible heat engine
_ 1 3 1 T Nwy = Ty Teversible heat engine
T i Mbrev Ty > Myrey 1Mpossible heat engine
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The Quality of Energy T, KA

High-temperature reservoir 2000 [~ Quality
at Ty
1500
Thermal
Tt K Ny % energy
925 672 7, WEF
Rev. HE 800  62.1 Ty — | — T
N 700  56.7 " sk
500  39.4 o
350 13.4 Can we use °C unit
for temperature
here?!! :
The higher the temperature of

the thermal energy, the higher

Low-temperature reservoir

at T, = 303 K its quality.

The fraction of heat that can be How do you increase the thermal

converted to work as a function of efficiency of a Carnot heat

source temperature. engine? How about for actual heat
engines?

N



THE CARNOT REFRIGERATOR
AND HEAT PUMP

Warm environment
at Ty, =300 K

Impossible
refrigerator
COPR = ]3

Irreversible
refrigerator
COPR = 7

Reversible
refrigerator
COPR = l ]

Cool refrigerated space
atT; =275K

No refrigerator can have a higher COP
than a reversible refrigerator operating
between the same temperature limits.

Any refrigerator or heat pump
1

On/Qp — 1
1

| — O1/Qn

Carnot refrigerator or heat pump
|

| — T,/T,

1
TH/TL — l

COP, =

COPyp =

COPyp,o, =

COPy.,., =

How do you increase the COP
of a Carnot refrigerator or heat
pump? How about for actual
ones?

92



Warm environment

at Tl T2

2

Cold refrigerated
space at 75

Warm env |romm.m

at Tl

’
UiE e

2

Cold refrigerated
space at 75

A reverse heat engine

It is a system which operates in a cycle with the
object of transferring heat from a low temperature
reservoir to high temperature one.

There are two reverse engine, according to the
purpose for its use.

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 external energy in
the form of work or heat from the surroundings.

Refrigerator

A refrigerator is a device that operates on a
thermodynamic cycle and extracts heat from a low-
temperature medium.

The heat pump also operates on a thermodynamic
cycle but rejects heat to the high-temperature
medium.

Net Work Output .
n, = =1sa + ve value.
Total Heat Input




Example 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.
W,

net , out

o

_ S0 MW =0.333 or 33.3%

150 MW
Waet,out — QH - QL
QL — QH - VVner,out
=150 MW —50 MW
=100 MW

M =
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PURE SUBSTANCE

 Pure substance: A substance that has a fixed chemical
composition throughout.

« Air is a mixture of several gases, but it is considered to be a
pure substance.

C

FIGURE 3-1 (a) H,O (b) Air
Nitrogen and gaseous air are
pure substances. FIGURE 3-2

A mixture of liquid and gaseous water
Is a pure substance, but a mixture of
liquid and gaseous air is not.



The molecules
in a solid are
kept at their
positions by the
large springlike
inter-molecular
forces.

PHASES OF A PURE SUBSTANCE

7\

S |

In a solid, the
attractive and

e WD é .

€\ W€ repulsive forces

) - O between the

. o = molecules tend

% \ to maintain them

N at relatively

constant

“ distances from

FIGURE 3-5 each other.
The arrangement of atoms in different phases: (@) molecules are at relatively fixed positions
in a solid, (k) groups of molecules move about each other in the liquid phase, and

(c) molecules move about at random 1n the gas phase. 97



PHASE-CHANGE PROCESSES OF PURE
SUBSTANCES

« Compressed liquid (subcooled liquid): A substance that it is not
about to vaporize.

« Saturated liquid: A liquid that is about to vaporize.

At 1 atm and 20°C,
water exists in the
liquid phase

State 1 (compressed liquid). State 2

At 1 atm pressure
and 100°C, water
exists as a liquid
that is ready to

vaporize I—‘i

Heat Heat

I—‘i (saturated liquid).
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Saturated vapor: A vapor that is about to condense.
Saturated liquid—vapor mixture: The state at which the liquid and

vapor phases coexist in equilibrium.

Superheated vapor: A vapor that is not about to condense (i.e., not a

saturated vapor).

State 4

o P=1atm
I Saturated T = 100°C
vapor
?{J : lll]%t‘["g S al u r:-%lcd
liquid

Heat
|"I Heat I—‘.

_ At 1 atm pressure, the

As more heat is transferred, temperature remains

part of the saturated liquid constant at 100°C until the
vaporizes (saturated liquid— |t §rop of liquid is vaporized

vapor mixture). (saturated vapor).

State 5

P=1 atm

I =300°C

Heat
L

As more heat is
transferred, the
temperature of the
vapor starts to rise

(superheated vapor).
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If the entire process between state 1 and 5 described in the figure is
reversed by cooling the water while maintaining the pressure at the
same value, the water will go back to state 1, retracing the same path,
and in so doing, the amount of heat released will exactly match the

amount of heat added during the heating process.

T, “CA
§
-
300 -
Saturated 3
100 - . 4
; mixture
A
o7 A T-v diagram for the
20 heating process of
water at constant

>
v pressure.
100



Saturation Temperature and Saturation Pressure

The temperature at which water starts boiling depends on the pressure;
therefore, if the pressure is fixed, so is the boiling temperature.

Water boils at 100°C at 1 atm pressure.

Saturation temperature T__: The temperature at which a pure substance
changes phase at a given pressure.

Saturation pressure P__: The pressure at which a pure substance changes
phase at a given temperature. TABLE 3-1

Saturation (boiling) pressure of
water at various temperatures

Psat* kpﬂ Saturation
A Temperature, pressure,
T, °C F.... kPa
—-10 0.26
-5 0.40
600 0 0.61
5 0.87
. . 10 1.23
400 - The liquid—vapor 15 1.71
i 20 2.34
saturation curve - o7
200 of a pure 30 4.25
) substance 20 7.39
_ 50 12.35
(numerical 100 101.4
0 ' ' ' > 150 476.2
0 50 100 150 200 ) values are for 200 1555
‘ 250 3976

Ty "C
- Wate r)' 300 258




Latent heat: The amount of energy
absorbed or released during a phase- TABLE 3-2

change process. Variation of the standard
atmospheric pressure and the
boiling (saturation) temperature
of water with altitude

Latent heat of fusion: The amount of
energy absorbed during melting. It is

equivalent to the amount of energy

released during freezing. Atmospheric  Boiling

Elevation pressure, tempera-
Latent heat of vaporization: The amount m kPa ture, °C
of energy absorbed during vaporization 0 101.33 100.0
and it is equivalent to the energy released 1.000 89 55 96 5
during condensation. 2.000 79 50 93.3
The magnitudes of the latent heats 5,000 54.05 83.3
depend on the temperature or pressure at 10,000 26.50 66.3

20,000 5.53 34.7

which the phase change occurs.

At 1 atm pressure, the latent heat of
fusion of water is 333.7 kJ/kg and the
latent heat of vaporization is 2256.5 kJ/kg.

The atmospheric pressure, and thus the
boiling temperature of water, decreases

with elevation.
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Some Consequences of

T

S
N, vapor
~196°C
Test
chamber
—-196°C 25°C
™~ Liquid N,
-196°C
Insulation
FIGURE 3-13

The temperature of liquid nitrogen
exposed to the atmosphere remains
constant at —196°C, and thus it
maintains the test chamber at —196°C.

.+and P . Dependence

The variation of
the temperature

of fruits and
vegetables with
pressure during

Temperature
°C
A
Start of cooling
(25°C, 100 kPa)
25| -——————————

End of cooling
(0°C, 0.61 kPa)

) | | |
vacuum cooling 061 307 10 100
from 25°C to 0°C. Pressure, kPa
Insulation ) — Aiar + Vapor

In 1775, ice was made
by evacuating the air
space in a water tank.

' Low vapor pressure
Evaporation
|

&

vapor pressure

Ay
i

Ice



PROPERTY DIAGRAMS FOR PHASE-CHANGE
PROCESSES

The variations of properties during phase-change processes are best studied
and understood with the help of property diagrams such as the T-v, P-v, and P-T
diagrams for pure substances.

T. “C A

37395

T-v diagram of
constant-pressure
phase-change
processes of a pure

| Sawrated Suturtea substance at various
I liquid vapor

| pressures

| .

| (numerical values

0.003106 e are for water). 104



cr

saturated liquid line
saturated vapor line
compressed liquid region
superheated vapor region

saturated liquid—vapor
mixture region (wet region)

h
%,
D
——————— &
Critical >
point R

Phase
change

Th

LS
Critical ,ﬁf.
point &
av s
L=
A By
Iy >
Q ,// ':?Ql(f
rd P 7
Compressed g R~
. . £
liquid

region [f

I b Saturated
K liquid —vapor
=1 region

/ Superheated

7 vapor
region

(a) T-v diagram of a pure substance

FIGURE 3-18

Property diagrams of a pure substance.

S

At supercritical
pressures (P> P,),
there is no distinct
phase-change

cr

<y

(boiling) process.

Critical point: The point
at which the saturated
liquid and saturated vapor
states are identical.
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Lo Critical
\ 1 point

| Superheated
| vapor
Compressed '-1 ——————— region
liqud 1 J- -

region

~. s
= Cﬂﬂx; NS
liquid—~vapor I |
region S~
. v
(b) P-vdiagram of a pure substance

FP=1MPa

T'=150°C

|_|. Heat

FIGURE 3-19

The pressure in a piston—cylinder
device can be reduced by reducing
the weight of the piston.
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Extending the

For water,
- — (o]
Diagrams to Include . Ttpagm EP
| tp
the Solid Phase
P A
Critical At triple-point pressure
point and temperature, a =5 ‘I
substance exists in three .’m =
o= phases in equilibrium. SO AT ¢
= Vi
E f 'E_ o P A
2 Liquid + vapor .: C;g:ﬁ tal
Triple line ': =
V5
Solid + vz 3 ,
ohid + vapor . :T_j ‘l.-'apﬂr
v e
(a) P-v diagram of a substance that contracts on freezing ' Liquid + vapor
2 5
» T;- Triple line
Solid + vapor

v
(I) P-v diagram of a substance that expands on freezing (such as water)



Sublimation: Phase Diagram

Passing from the pA
solid phase directly Substances Substances
. . that expand that contract
into the vapor phase_ ' on freezing on freezing
)
% Critical
1‘@; Liquid point
v %
AN

Solid

Triple point

Vapor

At low pressures
(below the triple-point

value), solids
evaporate without
melting first
(sublimation).

P-T diagram of pure substances.
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The P-v-T surfaces present a great deal of information at once, but in a
thermodynamic analysis it is more convenient to work with two-dimensional
diagrams, such as the P-v and T-v diagrams.

Pressure
Pressure

FIGURE 3-24 FIGURE 3-25
P-v-T surface of a substance that P-v-T surface of a substance that
contracts on freezing. expands on freezing (like water).
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PROPERTY TABLES

For most substances, the relationships among thermodynamic properties are too
complex to be expressed by simple equations.

Therefore, properties are frequently presented in the form of tables.

Some thermodynamic properties can be measured easily, but others cannot and
are calculated by using the relations between them and measurable properties.

The results of these measurements and calculations are presented in tables in a
convenient format.

[}
']
J

Enthalpy—A Combination Property
h=u-+ Pv kJ/ke |
( / = ) kPa-m>=kJ
Pa-m3 (0= KJ/Ko
H=1U-+ PV (kJ) kPa-m /I\i_ kl/kg
bar-m” = 100 kJ
The MPa-m® = 1000 kJ
" combination psi-ft® = 0.18505 Btu
— .
P, v, u+Pvis
Control frequently 2 &
volume _encountered_ ~ '
uy  inthe analysis The product pressure x
p,v, of control volume has energy units.
© " volumes. 110




Saturated Liquid and Saturated Vapor States

« Table A—4: Saturation properties of water under temperature.
- Table A-5: Saturation properties of water under pressure.

A partial list of Table A—4.

Specific volume

Mo
Sat. m-/kg
Temp. press. | Sat. Sat.
°C kPa liquid vapor
r Py Vs Ve
85 57.868 |0.001032  2.8261
90 70.183 |0.001036  2.3593
95 84.609 0.001040  1.9808
[ I A
Specific Specific
temperature volume of
saturated
liquid
Corresponding Specific
saturation volume of
pressure saturated

vapor

Ve = specific volume of saturated liquid
v, = specific volume of saturated vapor

Vy, = difference between v, and v; (that is, v, = v,

Enthalpy of vaporization, h;, (Latent
heat of vaporization): The amount of
energy needed to vaporize a unit mass
of saturated liquid at a given
temperature or pressure.
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r

T.°C 4

T=90°C

Sat. liquid

1

P kPa 4

350

Examples:
Saturated liquid
and saturated
vapor states of
water on T-v and
P-v diagrams.

P.kPa 4

T .
Sat. liquid
P = 100 kPa

100 —— >

Sat. vapor
P =100 kPa

l'-'l:ul':: -
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Saturated Liquid—Vapor Mixture

Quality, x : The ratio of the mass of vapor to the total mass of the mixture.
Quality is between 0 and 1 =—> 0: sat. liquid, 1: sat. vapor.

The properties of the saturated liquid are the same whether it exists alone or in

a mixture with saturated vapor.

rn\"il]i)()l‘ Mioral — Wlliquid + leapor — Wlf + ng

X =
Moal
PorT4 " :
Critical point
s
T
=
=
g
ﬁ Sat. vapor
Sat. liquid

W

The relative
amounts of
liquid and
vapor phases
in a saturated
mixture are
specified by
the quality x.

Temperature and
pressure are dependent
properties for a mixture.

=y

£

&

Saturated vapor

Vo

Vr
Saturated liquid

Uﬁ\-’g
Saturated
liquid—vapor
mixture

R,

%

A two-phase system can be
treated as a homogeneous
mixture for convenience.
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Va\-'g — Vf T xvfg (mg/ kg)

x = m,/m, Vave = V¥
x j—
Vig
Uy = Us T XUy, (KJ/kg)

havg — hf + thg (kJ/kg)

PorTH

FIGURE 3-34
Quality is related to the horizontal
distances on P-v and T-v diagrams.

Yavg = Vr T XV

y — V,u,orh.

yfgyavg Eyg

-

PorTH

Sat. liquid

Ve

Sat. liquid
Vs

Vf Ufﬂib’{b’

FIGURE 3-35

The v value of a saturated

liquid—vapor mixture lies between
the vrand v, values at the specified

TorP.
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Examples: Saturated liquid-vapor
mixture states on 7-v and P-v diagrams.

T.°CA P. kPaA

R-134a

P =160 kPa
m=4kg

160 T=—15.60°C
90
| | .
vy =0.0007437 v, =0.12348 v, m/kg
v=0.001036 v, =23593 vy, m/ke hp=31.21 g=24L11 h kl/kg
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In the region to the right of the
saturated vapor line and at
temperatures above the critical
point temperature, a substance
exists as superheated vapor.

In this region, temperature and
pressure are independent
properties.

v i h

7.°C| m'kg kl/kg Kkl/kg

P =0.1 MPa (99.61°C)
Sat.| 1.6941 2505.6 2675.0
100 | 1.6959 2506.2 2675.8
1501 1.9367 2582.9 2776.6
1300 | 7.2605 4687.2 5413.3

P =0.5MPa (151.83°C)
Sat. | 0.37483 2560.7 2748.1
200 | 0.42503 26433 2855.8
250 | 0.47443 2723.8

A partial

2961.0 Table A—6.

Superheated Vapor

Compared to saturated vapor,
superheated vapor is characterized by

Lower pressures (P < P_, ata given T)

sat

Higher tempreatures (T > T, at a given P)
Higher specific volumes (v > v, at a given P or 7)
Higher internal energies (¢ > u, at a given P or 1)
Higher enthalpies (2 > h, at a given P or 7)

At a specified T4
P, superheated
vapor exists at
a higher h than
the saturated
vapor.

listing of




The compressed liquid properties
depend on temperature much more
strongly than they do on pressure.

V=Yrer Yy—v,uorh

A more accurate relation for h
h= ’?7'@ r T Ve r(P = Py ar)

Given: Pand T

A compressed liquid
may be approximated
as a saturated liquid at
the given temperature.

Compressed Liquid

Compressed liquid is characterized by
Higher pressures (P > P, at a given T)

Lower tempreatures (T < T, at a given P)
Lower specific volumes (v < v, at a given P or T)
Lower internal energies (# < u,at a given P or T)

Lower enthalpies (72 < h;at a given P or T)

T, °CA

T'=80°C
P=5MPa

U= s @ g0°C u
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1. Compressed liquid:
In general, a compressed liquid is characterized by:

Given Properties Comparison Tables

1P P > Pgat. Or Tgiven <Tsat. From saturated Table or compressed Table.
T, or P, and v | Vgiven < v¢ From saturated Table or compressed Table.
T, or P, and u | ugiven < uy From saturated Table or compressed Table.
T,or P, and s | Sgiven < 57 From saturated Table or compressed Table.
T, or P, and h | hgiven < Ay From saturated Table or compressed Table.

2. Superheated vapor:
In general, a superheated is characterized by:

Given Properties Comparison Tables

TP P < Pgat. or Tgiven >Tsat. From superheated Table.
T, or P, and v | vgiven > Vg From superheated Table.
T, or P, and u | ugiven > 1y From superheated Table.
T,or P, and s | Sgiven > Sp From superheated Table.
T, or P, and h | Agiven > hg From superheated Table.

3. Saturated liquid (x=0, v = vz u = ush= hy, and s = syat a given saturated temperature or
pressure)

4. Saturated vapor (x=1 , v =vg, u = ug, h=hg, and s = sg at a given saturated temperature or
pressure).

5. Saturated liquid-vapor mixture (0< x <I) all the properties are between saturated liquid
properties and saturated vapor properties: Vg < Vgipen < Vg, Ur < Ugiepn <
Uy M R < My BN S8 . 585
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