Ministry of Higher Education and
Scientific Research - Iraq

Northern Technical University

aylloshll apialll aeolall

NORTHERN TECHNICAL UNIVERSITY

Technical Engineering College Kirkuk

Department of Fuel and Energy
Engineering

MODULE DESCRIPTION FORM

dgea) Ja1) B3LaY) i g 73 g

Module Information
‘%—wbﬂ‘ dalal) Cila gloa

Module Title Thermodynamics
Module Type CORE

XTheory
Module Code FEK Lab
ECTS Credits 8 Tutorial

Seminar
SWL (hr/sem) 200
Module Level 3 Semester of Delivery 2
Administering Department FEK College Engineering Te_chnlcal college of

Kirkuk

Module Leader | Ahmed A. Hussein e-mail ahmedali@ntu.edu.iq
Module Leader’s Acad. Title Lecturer Module Leader’s Qualification MSc
Module Tutor e-mail
Peer Reviewer Name e-mail




Scientific Committee Approval Version

Date

Number

Relation with other Modules
S AT Al Jal) 3 gal) 2 ABal)

Prerequisite module

Semester

Co-requisites module

Semester

Module Aims, Learning Outcomes and Indicative Contents
AL ) iy giaal) g alwil) il g dpad jal) Balal) Ciaa]

Module Aims
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1. Understanding the principles of converting thermal energy of combusted fuel
to mechanical works and illustrate how such power cycles can be modeled
thermodynamically.

2. Re-reminding to the Carnot cycle which is present highest efficiency power
cycle operating between two temperature level.

3. Understanding the Rankin cycle and its components

4. Viewing the Rankine cycle improving method to increase the thermal
efficiency.

Module Learning
Outcomes
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(LO1) describe basic concepts of energy converting principles

(LO2) Arrange the concepts of the second law of thermodynamics

(LO3) Ability to calculate the thermal efficiency of power cycle

(LO4) Recognize the difficulties of applying the Carnot cycle in real systems

(LO5) describe the Rankine cycle which is the fundamental operating cycle of all
power plants

(LO6) Examine possible ways to raise the efficiency of ideal Rankine cycle efficiency
(LO7) Problem solving skills
(LO8) Numeracy

(LO9) Communication skills




(LO10) IT skills

Indicative Contents
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Indicative content includes the following.

Introduction to Power Cycles: An overview of different types of power cycles,
their applications, and the significance of vapor power cycles in electricity
generation.

Basic Thermodynamics: Review of fundamental thermodynamic concepts,
including laws of thermodynamics, thermodynamic properties, and basic
energy conversion principles.

Ideal Rankine Cycle: Introduction to the Rankine cycle, which is the most
common vapor power cycle. Understanding the idealized cycle, its
components (boiler, turbine, condenser, pump), and the energy
transformations that occur within each component.

Deviations from Ideal Conditions: Examining the impact of various real-world
factors on the performance of the Rankine cycle, such as irreversibilities,
pressure drops, and component inefficiencies. Introducing concepts like cycle
efficiency, specific work output, and heat rate.

Analysis of Steam Power Plants: Detailed analysis of the major components of
a steam power plant, including boilers, turbines, condensers, pumps, and heat
exchangers. Understanding their operation, performance characteristics, and
efficiency improvement techniques.

Reheat and Regenerative Cycles: Exploring modifications to the basic Rankine
cycle, such as reheat and regenerative cycles. Understanding their
advantages, working principles, and their impact on overall cycle
performance.

Combined Cycle Power Plants: Introduction to combined cycle power plants,
which integrate a gas turbine cycle with a steam cycle. Understanding the
combined cycle configuration, components, and their synergistic benefits in
terms of efficiency and power output.

Cogeneration and District Heating: Exploring the concept of cogeneration,
where waste heat from power generation is utilized for heating or other
industrial processes. Discussing district heating systems and their integration
with power plants.

Advanced Power Cycles: Introduction to advanced vapor power cycles, such
as supercritical cycles and ultra-supercritical cycles. Understanding the
benefits, challenges, and research advancements in these high-efficiency
cycles.

Environmental Considerations: Addressing environmental impacts associated
with vapor power cycles, such as emissions, water usage, and strategies for
reducing environmental footprints. Discussing cleaner technologies and
emerging trends in power generation.

Efficiency Improvements and Future Developments: Examining ongoing
research and development efforts aimed at enhancing the efficiency,
flexibility, and sustainability of vapor power cycles. Discussing emerging
technologies, such as carbon capture and storage, and potential future
developments in the field.
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Strategies

Teaching Method 1 — Lectures
Description:
Attendance Recorded: Yes

Teaching Method 2 — Asynchronous on-line course materials
Description: Podcasts, videos and articles in thermodynamics
Attendance Recorded: No

Unscheduled Directed Student Hours (time spent away from the timetabled sessions
but directed by the teaching staff).

Teaching Method 3 - Tutorials
Description:
Attendance Recorded: Yes

Teaching Method 4 - Practical

Description: Practical homework assignments

Attendance Recorded: No

Unscheduled Directed Student Hours (time spent away from the timetabled sessions
but directed by the teaching staff).
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Module Evaluation
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Relevant
Time/Number Weight (Marks) Week Due Learning
Outcome
Quizzes 4 10% (10) 4,6,11,13 LO1-LO8
Formative | Assignments 2 10% (10) 2,15 LOS8,L09
assessment | Projects 1 10% (10) 8 LO9, LO10
Seminar 1 10% (10) 12
Summative | First month exam 2 hr 10%(10) 6 LO1-LO4
assessment | Final Exam 2 hr 50%(50) 16 All
Total assessment 100% (100 Marks)

Delivery Plan (Weekly Syllabus)

QSJM‘ ‘;QMY‘ GL@AAS\
Week 1 Reviewing to the second law of thermodynamics and heat engine
Week2 The Carnot vapor cycle
Week3 Rankine cycle: the ideal cycle for vapor power cycles




Week4 Deviation of actual vapor power cycles from idealized ones

Week5 How can we increase the efficiency of the Rankine cycle?

Week6 The ideal Rankine cycle with super heat

Week7 The ideal Rankine cycle with reheat

Week8 The ideal regenerative Rankine cycle: one open feedwater heater
Week9 The ideal regenerative Rankine cycle: two open feedwater heater
Week 10 The ideal regenerative Rankine cycle: one closed feedwater heater
Week 11 The ideal regenerative Rankine cycle: two closed feedwater heater
Week 12 The complex Rankine cycle with more one improvement in the same cycle
Week 13 Second-law analysis of vapor power cycles

Week 14 Cogeneration

Week 15 Combined gas—vapor power cycles

Delivery Plan (Weekly Lab. Syllabus)
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Material Covered

Week 1 Lab 1: Calibration of Bourden Tube Pressure Gauge

Week 2 Lab 2: Experimental determination of Specific Heat of Water

Week 3 Lab 3: Comparing Thermal Conductivity of Copper, Aluminium and Brass
Week 4 Lab 4: Dependence of Boiling Point of Water on Pressure

Week 5 Lab 5: Heat Engine Cycle

Week 6 Lab 6: Conversion of Kinetic Energy to Internal Energy: Falling Weight
Week 7 Lab 7: Height of Liquid Level in Capillary Tube




Learning and Teaching Resources
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Text Available in the
Library?
Required Texts Applied Thermodynamics for engineering technology By T.D. EASTOP Yes
Recommended Thermodynamics An engineering approach By Yunus A. Cengel Yes
Texts Fundamentals of engineering thermodynamics By Michael J. Moran No
Grading Scheme
ila jal) Jalada
Group Grade _padil) Marks (%) Definition
A - Excellent il 90-100 Outstanding Performance
B - Very Good [REGRYEN 80-89 Above average with some errors
Success Group -
C - Good STES 70-79 Sound work with notable errors
(50-100) - - . . . .
D - Satisfactory das gia 60-69 Fair but with major shortcomings
E - Sufficient J e 50-59 Work meets minimum criteria
. . " More work required but credit
FX — Fail Aallzall i 45-4
Fail Group o (% ¥) b 5749 awarded
(0-49) £ _ Fail el 0-a4 Considerable amount of work
required

Note: Marks Decimal places above or below 0.5 will be rounded to the higher or lower full mark (for example a
mark of 54.5 will be rounded to 55, whereas a mark of 54.4 will be rounded to 54. The University has a policy NOT
to condone "near-pass fails" so the only adjustment to marks awarded by the original marker(s) will be the
automatic rounding outlined above.
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Subject Year of study Hours in week
Units
_ First year Theory | Practical | Total
Thermodynamic
students 2 2 4 6

Aim of the subject: - Define the students the foundation of thermo- dynamic
which A/C equipment working unit, also studying the relation & rules of 1%t &2
law of thermodynamic.

Course Weekly out line

Week No. Syllabus
1 Introduction — Reference — Units
2 Important definition — force — pressure - system
3 Atmospheric , gauge & absolute pressure — unit of
pressure
4 Temperature, its units & transformation, zero law.

Definition of energy — kinetic & potential energies —
5 work — power flow & internal energy — enthalpy-
energy diagram

Definition of state — property, process — property

6 diagrams -1% law of thermo dynamic, (P- V)
diagram.
General equation of an ideal gasses — energy

7 equation cyclic process —work done for closed
system

8 Ideal gases — ideal gasses laws (boyle , Charles ,
Gaylosic)

9 Gas constant — Avogadro law specific heat at

constant volume &pressure
Particular closed system processes — constant

10

volume &constant pressure processes
11 Constant temperature
12 — adiabatic &polytrophic processes
13 Open flow system application of open flow system
14 Steam ,steam formation, the (p,v) phase diagram
15 Dryness fraction ,liquid line ,steam line ,wet steam
16 Calculation of steam ,steam table
17 Superheated steam ,super heated steam table
18 Steam process with drawing each processes on (P-




V)diagram

19 2"d Jaw of thermodynamic —heat engine heat pump

20 Statement of2" law of thermodynamic (Kelvin,
Planck &Clausius statement

21 Carnot cycle - reversed Carnot cycle

22 Reversible &i Reversible processes

23 Entropy — calculation — (T-S) diagram

24 Entropy equation for an ideal gasses.

o5 representation on (T-S) diagram all system
processes

26 Entropy change in irreversible process

27 Air standard cycles — Otto cycles

28 Diesel cycle -dual cycle

29 Steam cycles — simple Rankine cycle

30 Rankine cycle with super heated

References: -

1- Foundation of thermodynamics .5™. Edition by sonntay

2- Engineering thermodynamics by Yunus A. Cengel, 4th. Edition

3- Applied thermodynamic for engineering tech. by Eastop, 3. Edition

4- Thermodynamic and transport properties of fluid SI units, arranged by Y .R.
Mayhew & G.F, C. Rogers
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Unit one

Introduction of thermodvnamic

Mechanical engineering thermodynamic:-
Energy transferred between heat and work.
Heat transferred to work by heat engine.
Work transferred to heat by heat pump or ref.

Force (F): - the force acting 1 kg mass moving with acceleration of m/sec?.

Force S.1 unit (N).

N = (kg. m/sec?.

Mass S.I unit (kg), symbol (m).
Acceleration S.1 unit (m/sec?), symbol (a).

Gravitational acceleration, symbol (g). g = 9.81 m/sec?.

F=m*a
= kg * m/sec® =N
For weight (w) =m*g =N
Pressure (p): - defined as the force per unit area, symbol.

P=F/A = N/ m?, where A =area (m?).

Absolute pressure (pa):- weight of liquid column per unit area.

Pa=—= = = :p*h*g
A A A A

Pa=p*h*g

Where:-

p = density of liquid (kg /mq).
V = volume of liquid (m?3).
h = height of liquid (m).

Pa = (kg /m¥* m * (m/sec?) = (kg)* (m/sec?)/ m? = N/ m?.




Unit one Introdiiction of thermodvnamic

Atmospheric pressure ( pam) :- weight of atmospheric per unit area of earth’s surface.

The standard instrument for recording of ( pam ) IS the barometer as shown in fig .

Mercury
(Hg)

h =76cm

The density of mercury (Hg) = 13616 kg/m?®.
Patm is measure in meters of mercury (m.Hg).
The conversion from (m.Hg) to (N/m?) is given by: - for example,
I (mHg)=p*h*g
= 13616 * 9.81*1
= 133660 N/m?

=1.3366 * 10° N/m? = 1.3366 bar = 133.66 KN/m?

1 bar = 10° N/m? =102 KN/m?

Patm = 1 atmosphere = 1.01325 bar
=101.325 KN/m? = 76 cm Hg = 0.76 m. Hg
=13616 *0.76 * 9.81

= 101325 N/m?



Unit one Introduction of thermodvnamic

Gauge pressure (pg):- it is defined as:-

Py = Pa - Patm

Where:-
Patm = 1.01325 bar

1- pgis measured by differential manometer in which the P to be measured applied to one
line of U tube containing barometer fluid to the other side as shown in fig.

Patm

(Differentional manometer)

2- pg is measured with bourdon gauge :-




Unit one Introdiiction of thermodvnamic

To convert the pressure reading from a bourdon gauge to a (p) measured we used,
Pg = Pa - Patm

pg =+ viewhen pa-pam>0

Pg=-viewhen pa-pam<0 Or Pam-pa>0

Both bourdon gauge & manometers can be read either positive or negative ( pg) as shown in fig.

+ ve

The (-ve) value of pgis called vacuum which given by,
Pg = Patm - Pa
Vacuum = Patm - Pa

EX: - A steam turbine exhausted in to a condenser the gauge on which read (0.65 m.Hg)
vacuum. Express this in absolute pressure, assuming the atmosphere pressure is 1.013bar.

Sol:-

Vacuum = Patm - Pa

Vacuum = 0.65 * 13616 * 9.81
= 86822.4N/m?
=0.868224 bar

Pa = Patm — Vacuum

=1.013 -0.868224

=0.145 bar

EX: - A turbine is supplying with steam at a gauge pressure of 14 bar, after expansion in
the turbine the steam passed to a condenser which is maintained at a vacuum of 720mm.Hg
by means of pumps the barometer pressure is 770 mm.Hg. Express the inlet & exhaust
steam absolute pressure in N/m?.
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Sol:-

pg = 14 bar
'y Inlet turbine gauge press.
Py
Pg = 710mm. Hg (vacuum)
Pa
Zero gauge
Patm vVacuum i
ﬁ? Exh.turbine
a
\ 4 Zero barometer
Inlet turbine
Pg = Pa- Patm

Patm = 770 mm.Hg = 0.77 m.Hg * 13616 * 9.81
= 102851 N/m?

=1.02851* 10° N/m?=1.02851 bar
Pa = Pg + Patm

=14 + 1.02851 = 15.0285 bar = 15.0285*10° N/m?

Exhausted from turbine

Vacuum = 710 mm.Hg = 0.71 m.Hg * 13616 * 9.81
= 94836N/m? = 0. 94836bar
Pa = Patm — Vacuum
=1.02851-0. 94836= 0.08015 bar =0.08015*10° N/m?=8.015*10° N/m?

EX:- If the vacuum in the condenser is 720mm.Hg and barometer reading is 763mm.Hg
find the condenser absolute pressure and atmosphere pressure in bar.

Sol:-
Vacuum = 720 mm.Hg = 0.72 m.Hg * 13616 * 9.81

=0.961725312bar
Patm = 763 mm.Hg = 0.763 m.Hg * 13616 * 9.81
= 102851 N/m?
=1.019161685* 10° N/m?=1.019161685 bar

Pa = Patm — Vacuum =1.019161685 -0. 961725312 = 0.0574336373 bar
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EX: - Find the pressure in bar for an oil of density is 0.8kg/m3and height of 30cm.
Sol:
P=p*h*g

=0.8 * 0.3 * 9.81 = 2.3544 N/m? = 0.000023544 bar

EX:- A vessel is connected to tube manometer the difference in the liquid level is 20 mm
find the pressure in the vessel if the liquid is: - (a) water, (b) Hg

Sol:-

(a) Water
P=p*h*g

=1000 * 0.02 * 9.81 = 196.2N/m? = 0.001962 bar
(b) Hg.
P=p*h*g

=13616 * 0.02 * 9.81 = 2671.4592N/m? = 0.026714592bar

Temperature
Temperature: - Is the property which determines the ability of the system to transfer heat.

Temperature scale: - Is an arbitrary set of number and method for assigning each number to a
definition level of temperature for example the melting point of ice and boiling point of water at
standard atmosphere pressure

Thermometer: - is a measuring device yielding a number at each temperature level the number
is functionally related to the temperature.

Actual thermometer is based on changes of certain property with temperature. For
example:-

a- Volumetric expansion of gases, liquid, and solids.

b- Pressure exerted by gases.

c- Electrical resistance of solids.

d- Vapor pressure of liquids.

e- Thermo electricity.

e The mercury in glass thermometer provides an example of the observed quantity and
height of the column of mercury dependent not only on temperature but also the external
pressure acting on the bulb and stem.

e The ice point or freezing point of water occurs at 273.15 °K = 0 °C and the steam point of
boiling point of water occurs at 373.15 °K= 100 °C. The interval is100 °C and this basis
of Celsius scale whose determine ice point 0 °C.

10
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Introduction of thermodvnamic

e On the Fahrenheit scale interval between the ice and steam point is divided in to 180°
while the datum is the freezing point at 32°F and steam point at212°F.
e The absolute scale corresponding to the Fahrenheit scale is the Rankine scale.

Equal 180 divisions

IIIIII;]

212°F steam point, 672°R

32°F ice point, 492°R

Fahrenheit thermometer

oF=—_

°C + 32 |me—p>

Equal 100 divisions

°F = °R - 460

100°C steam point, 373°K

0°C ice point, 273 °K

Celsius thermometer

EX: - At paim the boiling point of water is 100°C and for helium 15 °K. Express these in°F.

Sol:-

For water

°F=9/5°C +32 =9/5* 100 + 32 = 212 °F boiling point of water.

11
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Introduction of thermodvnamic

For helium

°C=°"K-273

=15-273=-258°C

°F=9/5°C + 32

= 9/5 * (-258) + 32 = -432.4 °F boiling point of helium

EX: - The following fixed point at pam are given in °F & °R. Express them to degree
Celsius. Oxygen point 297.32 °F, gold point 2400°R, sulfur point 832.28 °F , Antimony 1620

°R.

Sol:-
Oxygen point

°C-0 °F-32

100 180
°C 297.32 -32

100 180
°C=147.4°
gold point

°C-0 °R-492

100 180

°C 2400 - 492

100 180
°C =1060°
Sulfur point

°C-0 °F-32

100 180

°C 832.28 -32

100 180

°C = 444.6°

12
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For Antimony

°C-0 °R-492

100 180

°C 1620 -32

100 180
°C = 882.222°

Thermal Equilibrium: - If a temperature of two bodies is equal when heat flows between them,
two bodies is called bodies at thermal equilibrium.

Zero law of thermodynamics: - when there are two bodies in thermal equilibrium with third
body, the two bodies is become in state of thermal equilibrium and this defined as (Zero Law of
thermodynamic).

Energy

Energy: - Is the capacity either latent or apparent to exert a force through the distance.

E=F*S | Joule ( N.m)

Where:-

E = Energy

F = Force

S = distance

Potential Energy “pot. E.”:- It is energy stored in a mass by virtue of its position in
gravitational.

A Im
Pot. E=m.g.Z | joule (N.m) J
Where:- ‘
Z = height
\ 4

Kinetic energy “K.E“:- it is energy wanted to move a mass with velocity.

K.E =% m V? Joule (N.m)

Where:-

V= velocity m/sec

13
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Heat “Q”:- is regarded as energy in thermo. If it crossing the boundary of the system by virtue
of temperature difference.

Q =KJor Kcal

g = KJ /kg or Kcal / kg

Q rejected

Boundary

\/

Q (+ve)

Q add

Q = (+ ve) when added to the system.
Q = (- ve) when rejected from system.

System: - Is a region neither necessary of constant volume nor fixed in space, where transfer of
mass & energy are to be studied.

Boundary: - The actual envelope in closing the system is defined as boundary.
Surrounding: - The region out side the system is defined as surrounding.

Work: - It is the mechanical energy crossing the boundary of system and the only effect of
which is rising of a weight out side or inside the system.

+ Ve —p

W = kJ
w = kJ /kg

14
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-Ve —

Work is (+ ve) if it is done by the system on the surrounding.
Work is (- ve) if it is done on the system from the surrounding.

Internal energy (U):- It is energy stored in the mass of substance in the system.

U=kJ
u=kJ/kg

du

—=Cv

dT

du=Cv.dT
T>

uz
uJ du = TJ Cv.dT

Uz—ui=Cv (T2—T1) or

Au=Cv. AT

U2-Ui=m.Cv (T2-Ty) or
Au=m.Cv. AT

Flow energy (F.E):- It is energy necessary to flow or to move a fluid at steady rate without
changing its state.

The force necessary to move the piston without changing P, V, T of the gas.

F=p*A

The energy necessary to move the gas without changing its state = the energy necessary to move
piston a distance “L”.

FE=p*A* L=p*V =m* p* v (Joule)
Where (v) = specific volume m3 /kg = 1/p, where (p) = density kg/m?®.

15
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Flow energy per unit mass of the gas (F.E /m) = p.v (J /kg)

F.E/mass = 10% *p * v (kJ / kg)

Where:-

(p)= pressure (bar)

(v) = specific volume m® /kg

Power: - is the rate of doing work, and is measured in (J/sec) or (N.m / sec) = watt,
1metric (h.P) =75 kg

F.m=75%*9.81=735.75watt =~ 740 watt

1h.P=0.74 KW.

1 British h.P = 0.745 kW = 745 watt.

1Cal = 4.1868 joule or 1kCal = 4.1868 kJ
Enthalpy (H):- is the sum of internal energy plus flow energy of a moving gas.

H=U+pV —>kJ

h=u+p.v > kJ/kg

As Uis property and p,V are properties of the gas therefore H is a property.
EX: - Express the following quantities in term of kJ and kCal.
a- h.P. hour (h.P.h). b- kW .hour (kW .h).
Sol:-
a-
h.p =0.7457 kW = 0.7457 kJ /sec

h.p.h = 0.7457 kJ /sec * 3600 sec = 2685 kJ
1kCal = 4.1868 kJ
2685/ 4.186 = 640.2 kCal

b-
kW.h =1 kJ /sec *3600 sec = 3600 kJ

1kCal = 4.1868 kJ
3600/ 4.186 = 859.845 kCal
EX: - Nitrous Oxide of density 31.084 kg/m? is carried in a pipe line 60.96m above sea level

the gas is at temperature 148.9°C. It flows along a pipe at the rate of 0.096m/sec and its
specific at constant volume (Cv) is 0.161kCal / kg.K, taking sea level as datum for heights

16
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and 0°C as datum for energy involving temperature evaluate the potential energy, kinetic

energy, internal energy and total energy of the gas.

Sol:-
p = 31.084 kg/m?
h (Z) = 60.96m
T =148.9°C
C =0.096 m/sec
Cv =0.161 kCal /kg .K
Cv=0.161 *4.186 = 0.673946 kJ /kg.K
P.E =m.g.Z(J)
=g.Z (J/kg)
=9.81 *60.96 = 598.0176 kJ/kg
KE=%m*C?(J)
= Y% C? (J/kg)
= 1% (0.096)? = 0.004608 kJ/kg
U=m.Cv.T(J)

u = Cv.T(J/kg)

= 0.673946 * (148.9 +273) = 284.337 ki/kg

T.E=Pot . E+KE+u

=598.0176 + 0.004608 + 284.337 = 882.3592 kJ/kg

Property: - It is an observable characteristic of a system or part of a system.

State: - It is the condition of the system or part of system, at any constant of time, described by

its properties.

Property diagram: - It is a plane described by two coordinates representing two in depended
properties; a point in the plane represents state families of curves of other properties such as T,
W and H can be drawn on the diagram and curves of some families could not intersect.

h 1
hh

Prop.y

> Prop. X

17
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Process: - It is locus of state represented on property diagram at which gas take to the same point

from primary state or inlet state to the end of final state either through the process A (1) B or A
(2) B.

Prop. Y

A /2

'Prop. X

Cycle: - It is sum of different processes such that the final process brings the substance to the
original state.

Prop. Y

Problems
1-1 A turbine is supplied with steam at a gauge pressure of 14bar. After expansion in the

1-2

turbine the steam passes to a condenser which is maintained at a vacuum of 720mm
Hg by means of pumps. The barometric pressure 772mm Hg. Express the inlet and
exhaust steam (absolute) pressures N/m?. Take the density of mercury as
13.6*10%kg/m?

(1502999, 8271.8N/m?)
A mercury manometer measuring the pressure in a steam plant condenser reads 63cm

vacuum. The barometer in the plant room reads 76cm of mercury. What is the
absolute pressure in the condenser in N/m??

(17344N/m?)

18
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Unit two The first law of thermodvnamic

The first law of thermodynamics

The first law of thermodynamics means that Energy can neither be created nor dissipated it can
be transferred from a type to another.

System
Energy rejected Energy

stored
Qrej

il
lei

Application to close system process

Energy supply

For the process shown on the property diagram the system changes its state from (1) to (2)
through the shown process while heat energy “Q12” is supplied to it,

YA k
2)
>x

Work “W12” done by the system & increase or decrease the stored energy will appear as a
change in pot. E, K.E, and U.

Q2= W2 + stored energy

20
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Q12 = W2 + A Pot.E12 + A K.E12 + A Uz

Qu=Wnr+AEp (1) energy equation

Where:-

AEp=APot.Ex+AK.E2+A U

Usually in closed system processes the change in Pot.E and change in K.E is negligible. Thus the
Equ. (1) Reduced to Q12 = W12 + A Uz

Qi12=Wi2+ AU, |— forclosed system process

Cyclic process:-

In cyclic process the total change in stored energy should equal at sum of changes of stored
energy during the different processes constituting the cycle as substance is returned back to the
original state then there is no change in the stored energy and thus :-

$dQ = pdw >4
o
S B
g 1 NV
The symbol (f), which is called the cyclic
integral
2

'Prop. X
Working done at the moving boundary a closed system:-

For the shown system in diagram the cylinder is filled with a certain gas and fitted with a friction
less piston against the certain resistance. The force necessary to move the piston is:-

F = P * area of the piston = P* A
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Unit two The first law of thermodvnamic

Assume that the piston moves every small distance dx, such that the pressure between V & V +
dV will be assumed not to change.

The energy — work done to move the piston the infinitesimal distance should equal to:-
Work done = F * dx = p*A*dx

dw = p* dV
The total work done developed by the gas on the piston a sit moves from (1) to (2),

2 2
de = Lp.dv, there fore,

2
W12 =1fp.dV

w12 can be calculated by measuring the area under the process represented on the p.V diagram.

EX: - The energy of system increases 120 kJ while 150 kJ work is transferred to
surrounding. Is heat added or taken a way from the system.

Sol:-
A E12 =+ 120 kJ

w12 =+ 150 kJ
Qu=wp+A Ep
=150 + 120 = 270 kJ added
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Unit two The first law of thermodvnamic

EX: - During an expansion process. The work done and the heat received by the system are
respectively 20 kJ and 50000 J. Calculate the change of energy for the system.

Sol:-

wi2 =+ 20 kJ

Q12 =+ 50000 J =50 kJ
Qu=wi+tAEp
AE12=Q12-wi2 =50-20=+30kJ

EX: - A closed system consists of a cylinder of water stirred by a paddle wheel. For the
process the work was 34 kJ the initial internal energy was 120 kJ and the final internal
energy after (1) hour of stirring was 144 kJ. Find the heat transferred in kJ /hour. Is the
temperature of the system raising or falling.

Sol:-

Wiz = - 34 kJ

U1 =120 kJ
Uz =144 kJ
AU =144 -120 = 24 kJ

Qu=wnp+AUp=-34+24=-10kJ/h the temperature is rising

Problems

2-1 During the expansion of 1kg of a fluid the internal energy changes from an initial value
of 1162kJ/kg to a final value of 1025kJ/kg of shaft work are obtained, calculate the
quantity and direction of exchange between the fluid and surroundings. Assume
expansion is frictionless. (52kJ out wards)

2-2 In a certain non — flow process with air as the working fluid, 1000kJ is removed from
the system and the internal energy decreases by 200kJ. Is the process an expansion or
compression? What work is performed? (800kJ compression work)
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Unit three Ideal aas

Ideal (perfect) gas
Ideal gas it is the gas which has the following properties:-
1- It follows the general gas equation.
2- Its specific heat at constant pressure and specific heat at constant volume are

constant.
Ideal gas laws:-
1- Boyle’s law: - The pressure of the gas is inversely proportional to the volume at constant
temperature.
1 C
pa— atT=constant,p=— or pV =constant,
\ \
piVi=p2Va | —pV=C
\
V=m.v or =—
m

prm.vi=p2.mM.v2

P1.vi=p2.v2

at T = constant

» g =V

2- Charles law: - The volume of the gas is directly proportional to the temperature at constant
pressure.

V a T at p = constant, therefore V=C. T or, V/T = const.

at p = constant
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PA

> v

3- Gay — Lussac law: - The pressure of the gas is directly proportional to the temperature at
constant volume.

paT atV =constant, thereforep=C.T or,

at VV = constant
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Equation of State of an Ideal Gas:-

A relationship between p, V& T

Boyle’s law

N

Charles law

P1vi = pP2vx
P1
Vw=— *w1
p1 T1 P2
p2 T2
Pivi  pPa2v2
T: T
pPivi p2v2 pv
= = =R
T1 T, T

Where (R) is the gas constant kJ/kg.K

Pv=RT

pV = mRT

— Is called general of state of an ideal gas (general equation of gas).

Vx V2

T1 T2

T
Vx = — * V2
T2
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W

~op=c 7

Gay — Lussac law Charles law
pr  p2 Vi V2
T Tx Tx T2
T1 T2
Tx=—>p2 Tx=—%*w1
p1 V2
T1 T2
_ *pz =-_ % V1
p1 \Z
v2*p2  vi*pr
T2 T1
pPivi p2v2 pv
= = =R
T1 T T
Where (R) is the gas constant kJ/kg.K
Pv=RT
PV =mRT | _ s called general of state of an ideal gas (general equation of gas).

28




Unit three Ideal nas

Px P2
Vi V2
T> T>
Gay - Lussac law Boyle’s law
P1 Px Pxvi = p2v2
T1 T2 p2
px=— *w2
T2 vi
Px=—">p1
T1
T2 p2
T1 %1
v2*p2  vi*pr
T> T1
=R
T1 T2 T
Where (R) is the gas constant kJ/kg.K
Pv=RT
PV =mRT | s called general of state of an ideal gas (general equation of gas).

EX: - An ideal gas occupies a volume of 0.105 m? at temperature 20 C° and the pressure of
1.5 kg f /cm? absolute. Find the final temperature if the gas compressed to pressure7.5 kg f/
cm? and occupies a volume of 0.04 m? (note 1kg f/ cm? = 1bar).

Sol:-
pPivi p2v2
T1 T»
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p2v2
T2= *Ty
pPivi

T1=20+273 =293 °K

7.5%0.04
T2=——*293=558°K
1.5*0.105

Avogadro law: - All ideal gases have the same amount of molecular in equal volume at the same
pressure and temperature.

Gas A Gas B
000 + + +
000 + ++
000 ++ +
\/ V
M1 M;

Where:-
M = molecular weight.

n = is the number of moles.
m: = Mi.Nn —— gasA

mz2 = Mz2.n ——» gQasB

V V V
vVi=—= » V1 |\/|1 = —

mi1  Mazn n

\V V \V
v2=—= > vo M2 =—

mo> Mo>.n n
Therefore,

viMi=voMo-vsM3=v M

At the standard condition (i .e p=po=1bar, & T = T, = 273 °K). The const. (M. v) is obtained
for 1 kg. mol of any gas and found to be, M v, = 22.4 m3/ mol

1kg mol of O, =32 kg
N2 = 28 kg
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H> = 2kg

CO =28kg
CO2 = 44kg
CHs4 = 16kg

224

vo= —— (M® /kg)
M
p.vV=mR.T

102p.V = m.R.T, where p = bar

\
102p*—=R.T
m
10%p.v=R.T
102 po.vo = Ro.To ... At standard condition
22.4
10%*1* —— =R * 273
M
102 *22.4
M.R=———=8.314 kJ/ mol .K
273

Therefore MR = G = 8.314 kJ / mol .°K which is called the universal gas constant and from
which you find the specific gas constant. (R) For each gas as following.

G 8314
R=—=
M M
For example:-
8.314
Roz2= =0.2598 kJ/kg .K
32
8.314
Rn2 = =0.2969 kJ/kg .K
28
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8.314

Rcoz = =0.1889 kJ/kg.K

44

Note:-
The general equation of gas (10 p .V = m R T) where p = bar, V =m3 m = kg, R = kl/kg .K

EX: - A vessel of volume 0.2m3contains nitrogen at 1.013 bar and 15°C if 0.2kg of nitrogen
is now pumped in to vessel, calculate the new pressure when the vessel has returned to its
initial temperature. The molecular weight of nitrogen is 28, and it may be assumed to be a
perfect gas.

Sol:-
8.314 8.314
Gas constant, R = = = 0.2969kJ/kg.K
M 28
p1Vi=miRT1

p1V:i  10°*1.013*0.2
my = = =0.237 kg
RT: 0.2969 * 288

(Where Ty = 15 + 273 = 288°K).
0.2 kg of nitrogen are added, hence mz = 0.2 + 0.237 = 0.437kg. then for the final condition,
102 PoVo=my R T2
But V2 =Vi, & To=T1,
mzR T,  0.437 * 0.2969 * 288

p2 = = = 1.87bar
V> 102*0.2

Specific heat: - “C”

Specific heat it is it is the amount of heat add to unit mass of substance (1kg) to increase its
temperature 1°C unit kJ /kg .K.

For solid and liquid, there is one value of “C”.

But for gases, we have two value of “C” called Cp and Cv ,

Where:-

Cv is the specific heat at constant volume (kJ/kg.K).
Cp is the specific heat at constant pressure (kJ/kg.K).

32




Unit three Ideal nas

Specific heat at constant volume “Cv”:-
For a close system the energy equation is,

Q2 =w+ AU
For constant volume Cv = constant
AV =0 ,w12 = 0 therefore,

Qu2=AU2=m Cv AT

Also,
g2 = Auiz = Cv AT
Au
Cv=——
AT

Specific heat at constant pressure “Cp”
g12 = W12 +Aui2

=(p2.V2—p1.V1) + U2 — U1

= (U2 +p2.V2) - (U1 + p1 .Va)

Qi2=h2 - h1 = Ah=Cp AT

Ah
Cp =
AT

The relation between Cp & Cv:-
H=p.V+U
AH=ApV+AU

For a perfect gas, from equation pV = mRT .Also for a perfect gas, from Joule's law, U=m
Cv T. Hence, substituting,

[m .Cp AT=m.R .AT+m .Cv .AT] + MRAT

Cp=R+Cv | .... Therefore Cp>Cv
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Ratio of specific heats

The ratio of the specific heat at constant pressure to the specific heat at constant volume is given

the symbol y (gamma) or gas index.

Cp

Cv

Relationships between Cp, Cv, R and y can be derived from equation,
Cp=R+Cv

R=Cp-Cv

Dividing through by Cv

Cp R

—_1:—
Cv Cv

Therefore using equation, y = Cp / Cv , then ,

YR
Cvy=—-

(v-1)
Also from equation, Cp =y Cv , substituting in equation ,

YR
Cp=—
(vy-1)

EX: - A certain perfect has specific heats as follows, Cp = 0.846kJ/kg.K, Cv = 0.657

kJ/kg.K. Find the gas constant and the molecular weight of the gas

Sol:-

34




Unit three Ideal nas

Cp-Cv=R
R=Cp-Cv

=0.846 — 0.657 = 0.189 kJ/kg.K
R=8.314/M
M =8.314/0.189

=44
EX:- A perfect gas has a molecular weight of 26 and a value of y = 1.26. calculate Specific
heat at constant pressure & the heat rejected per kg of gas , when the gas is contained in a
riged vessel at 3 bar and 315 °C and is then cooled until the pressure falls to 1.5 bar.
Sol:-
R=8.314/M =8.314/ 26 = 0.3198 kJ/kg.K

R 0.3198

Cv= = = 1.229kJ/kg.K
y-1) (1.26-1)

Cp/Cv=y
Cp=y*Cv=1.26%*1.229=1.548 kl/kgK

The volume remains constant for the mass of gas present, and hence the specific volume remains
constant

Prvi=RT1 &p2v2=R T2
Therefore since vi =2
T2=Ti(p2/p1)
=588 (1.5/3) =294 K
Where Ty =315 + 273 = 588K
Heat rejected per kg of gas = Cv (T2 —T1)
= 1.229 ( 588 — 294)

= 361kJ/kg
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Problems

3 -1 The molecular weight of carbon dioxide, COg, is 44. In an experiment the value y for
CO2 was found to be 1.3. Assuming that CO:z is a perfect gas, calculate the gas
constant, R, and the specific heats at constant pressure and constant volume, Cp, Cv

(0.189 kJ/kg.K; 0.63kJ/kg.K; 0.819kJ/kg.K)
3-2 Oxygen, Oz, at 200 bar is to be stored in a steel vessel at 20°C the capacity of the vessel
is 0.04m3. Assuming that O: is a perfect gas, calculate the mass of oxygen that can be
stored in the vessel. The vessel is protected against excessive pressure by a fusible plug
which will melt if the temperature rises too high. At what temperature must the plug
melt to limit the pressure in the vessel to 240bar? The molecular weight of oxygen is 32
(10.5 kg; 78.6°C)
3-3 A quantity of a certain perfect gas is compressed from an initial state of 0.085m?, 1 bar
to a final state of 0.034m?3, 3.9 bar. The specific heats at constant volume are 0.724
kJ/kg.K, and the specific heats at constant pressure are 1.02kJ/kg.K. The observed
temperature rise is 146K. Calculate the gas constant, R, the mass of gas present, and
the increase of internal energy of the gas. (0.296kJ/kg.K; 0.11kg; 11.63kJ)
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Particular closed system process

1- The isochoric process (constant volume process):- In a constant volume process the
working substance is contained in a rigid vessel, hence the boundaries of the system are
immovable and no work can be done on or by the system, other than paddle wheel work input. It
will be assumed that constant volume implies zero work unless stated otherwise.
From the non- flow energy equation,

Qu=Up+Wyp

Since no work is done, we therefore have

Qu=U2-U;
P a
2
1
Vr

W12 = 0 (Area under curve p.v diagram = 0)

Qu=mCv (T2-Ti)

V1= V2
P P2
—S—— | p /T = constant
T1 T

2- Isobaric process (constant pressure process):- for a constant pressure process the boundary
must move against an external resistance as heat is supplied ; for instance a fluid in a cylinder
behind a piston can be made to undergo a constant pressure process. Since the piston is pushed
through a certain distance by the force exerted by the fluid, then work is done by the fluid on its
surroundings.

V2
W=/ pdv

Vi
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pa

P1=P2

Therefore, since p is constant,

W =p (v2—v1)

From the non -flow energy equation,

Q12 = W12+ AUz

Ji2 = W12 + Auz
=p(v2—vi)+Uu2—ug
=(pv2+uz)—(pvi+ui)

Enthalpy, h = p v1 + us, hence,

g2 =h2—hg

or for mass ,m, of a fluid ,

Qu2=H2—H:
Q12=mCp (T2 —T1)

012 =Cp (T2 —T1)

V Vi W

—=C=—=

T T1 T»
Vi V:

S D p— V/ T = constant
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3- The isothermal process (constant temperature process):- in an isothermal expansion heat
must be added continuously in order to keep the temperature at the initial value. Similarly in an
isothermal compression heat must be removed from the fluid continuously during the process.

pa Ta

Q1

W12

4
<
\
w

V2>V & pi>p2

To=T:

When the temperature is constant as an isothermal process then we have,
pV = mRT = constant

Therefore for an isothermal process for a perfect gas,

p.V = constant or p.v = constant

P1.V1=p2.V2 |---- p.V = constant

Qu2=Wp2+ AUz

AUp=mCv(T2-Ty) =0

Q=W

Wi = {zp dv

In this case, pV = constant, or p=c/V =m R T/ V (where ¢ = constant).

V2
Wi =] (MR T/V)dV
V1

V2
Wi =mRT/[@V/V)
V1

Wi =mRT(InV2-1InV,)

40




Unit four Particular closed svstem nrocess

=mRTIn(V2/V1) =pV In (V2/ V1)

Wi=mR T In (V2/V1)

EX: - Oz gas at a pressure of 5 bar, volume is (0.1) m®and temperature (1227C°) expand
isothermally until its pressure is 1 bar it is then cooled isobarically to original volume.
Calculate the change of internal energy, work done and heat transferred during each
process.

Sol:-

p1 = 5Sbar f------- .

.V = Constant

p3 = p2 = 1bar |------- . :

Vi=Vz=0.1m? V2 \V)

v

p1 = 5bar, V1 =0.1 m? Ty = 1227 + 273 = 1500°K, p2 = 1 bar

T2 = T1= 1500°K (isothermal process)

p3 = p2 = 1lbar (isobaric process)

V3 = V1 (cooled isobarically to original volume)
Vo=?,T3=?,0Q02=? , W=, AU=?,0Q23=?,Wxs=?,AUx=?,

Process (1-2) isothermal process

V2
Ql12=wi2=m.R.TIh—
V1
P1.V1=p2.V2
p1.V1 5*0.1
Vo = = =05md
P2 1
8.314 8.314
R= = =0.259 kJ /kg .K
MO, 32
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102 p1.Vi=m.R.T1

10% p1. V1 10°*5*0.1
m= =
R.T: 0.259 * 1500

Q12 =W12=0.128 * 0.128 * 1500 *In (0.5/0.1)

=800 kJ
Process (2-3) isobaric process
AUz =m.Cv.(Ts—Th)

Cp=R+Cv

Cv=Cp—-R=1-0.259 =0.741 kJ /kg .K

Vy, V3
T, T3
V3 0.1
Ts3=—*T,=——*1500 = 300 °K
V> 0.5

AUz =0.128 * 0.791(300 — 1500)
=-113.8kJ
Q23=AHx=m.Cp (Tz3-T>)
=0.128 * 1 (300 — 1500)
=-153.8 kJ
Waos = Q23 - AU23
=-153.8—-(-113.8) =-40kJ
Or
W23 =p3Vz—p2 V2
=102 *p2 (V3—V2)
=102 * 1 (0.1 0.5)

=-40 kJ
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Q23 = W23 +AU23

=-40-113.8

=-153.8kJ
EX: - Air in a closed vessel of fixed volume 0.15m3, its pressure is 10 bar and at
temperature 250°C. If the vessel is cooled so that the pressure falls to 2.5 bar, determine the
final temperature, and the heat transferred. Take (Cv = 0.71kJ/kg .K, R =0.286 kJ / kg.K).
Sol:-

Closed vessel = constant volume
V1 =0.15m3 =V, p1= 10 bar, T1= 250+273 = 523°K, p2= 2.5bar, T2 =? , Q12=?

p a
| e 2
P2 f-----mm - 1
v
P2  p1
T, T1
P2 2.5
To=—*T1=——*523=130.75°K = -142.25 °C
p1 10

Qu=mCv (T2-Ti)
102 pr.Vi=m.R.T:

102 * 10* 0.15
m= = 1.003kg
0.286 * 523
Q12 =1.003* 0.717 (130.75 — 523) = -282.08 kJ

EX: - 2 kg of air initially at 150°C expand at constant pressure at 0.6bar until the volume is
doubled. Take Cp =1.005 kJ /kg.K, y =1.4, Find,

a- the final temperature

b- the work transferred

c- the heat transferred
Sol:-
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m = 2kg

T1= 1504273 = 423 K , p = 0.6bar, V2= 2V,

pa

P1=P2

V2*T1

2V1 * 423
To=— =846 K-273=573°C
V1

Wiz = 10% *p (V2 — Vi)

1.005 (1.4 — 1)
R=

=0.287 kJ/ kg .K
14

102*p*V1=m*R*T1
102 *0.6 *Vy = 2*0.287 * 423
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V1 =4.0467 m3, Vo= 8.0934m3
Wiz = 102 *0.6 (8.0934 — 4.0467) = + 242.802 kJ
Q12 =m*Cp (T2 - T1)
=2*1.005 * (846 — 423) = +850.23 kJ
EX: - Air initially at 127°C and 1bar is compressed isothermally to 8bar. Find for unit mass
of air,
a- change of internal energy
b- heat transferred
c- work done

Sol: -

T1=127+273 = 400°C, p1 = 1bar, isothermally T= constant, p. = 8bar

Aup =0
A\
qu=we=R.TIh— ... (v2/v1 = pi/p2)
Vi
p1 1
=R.T In—=0.287 * 400* In — =-238.719 kJ /kg
p2 8
pa Ta
1
| 1 2
i 2 i o i
| : | 12 :
y Wi ! : !
> : —>

4- The adiabatic process: - is one in which no heat is transferred to or from the fluid
during the process.

Q=0 ....... (An adiabatic process)
Qu=Aup+wp
W2 =-Aun
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p
A
01---- 1
. 0l
[\ p.v! = const.
W12
P2l LT 2 ®2

Vi V2

2 2
i p.dV=-mCv4fdT

p.vV=m.RT
mR.T R
p=— &Cv=——
\Y v-1
> MR T R >
f———dV=-m JdT
AY/ v-1
> dvV o dT
-(y-1) 4 =4
V T

-(y-1) [InV2 - InV1] = InT2 - InT:

V2 T2
-y-)In—=In—
V1 T1
_ 0D
V2 T2
In|—|[=In—
V1 T1
y-1
Vil T
V2 T1

T .V1¥1=T,.V,"1=const.

v

46




Unit four

Particular closed svstem nrocess

p1. V1 p2.V2

T1 T,

T2 p2.V2

T1 p1.V1

p:.V1"=p2.V2Y=const.

p1. V1 p2.V2
T1 T

V1 p2.T1
V> p1.T2

v-1 v-1
Vlw (p2.T1)
VZJ \pl'TZ J

v-1

T2 (p2.T1)
T1 Pl.TZ
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Unit four
y-1 y -1
To. T2 p2
T.Ti' ! | p
Y r \Y 1
T2| (p2
T1| |[p2
v-1
T2 (p2 )7
T1  |p2
T2 T
= = const.
-1 71
p' p

p.VY = constant

T. V1 = constant

T
= constant
py-l/l
w12 = -A U
2
wiz = 1 p.dV

p.VY = constant

Const
p =
VY
2 const.
Wiz =1 dv
VY

2
=const. 1/ V7 .dV

Ve
= const.
1-y |k
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= const. (
L

Vzl—y _ Vll—y
1-v J

const.\V>o17 - const. V117

1-vy

p.V2r . Vo1 - p. VoY V17

1-v
P2.V2- p1.V1
W12 =
1-vy
p2.V2-p.Vi mM.R.T2-m.R.Ty m..R(T2-Ta)
le = = =
1-v 1-v 1-v
m..R(T1—To)
W12 = =mCv(Ti—T2)=-mCv (T2-T1) =-A U
v-1

We can call this process isentropic process because s1 = s»

5- The polytropic process: -

p.V" = constant

The index n depends only on the heat and work quantities during the process. For example,

Whenn=0 p.V? = constant, i.e. p = constant
Whenn=w p.V* = constant

or p’*.V = constant , i.e. V = constant
Whenn=1 p.V =constant, i.e. T = constant
Whenn=vy p.V¥ = constant, i.e. reversible adiabatic

v
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Generally (1< n <y)
As p.V" = constant

.". From general equation of gases

For calculation of heat,

Q12 = w12 +AU12

P1.V1—p2.V2
= +m.Cv (T2-Ti)
n-1
MR (T1—T2) R
= -m (T1—To)
n-1 v-1
1 1
=mR(T1—To) -
n-1  y-1

(v-1) - (n-1))
=mR((T1-T)}——
(n-1) (1))
((y-n) )
(n-1) (v-1))

MR(T:1—T2) y-n

=mR (T1—-T))

Qu= -
n-1 v-1
Yy—n
Q2 =wi2-
v-1
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Y—n

Qu=wi2-
v-1

n = is called the index of expansion

p:C, Q12:AH12,V/T:C

p 4
1 /
> A
© T=C, p.V=C, AU;,= 0 Q=W =mR In V2 / V3
|_
3
2 p.ViFC B
I —
\ p.Vi=C Q12 = Wiz (y-n)/ (y-1),
o a Y/ | Tvm=cCTprih=C,
© w12 = (p1.V1—p2V2) / n-1
I A & =mR(Ti-To)/n-,
2
$)
1 \/
> E D
Qu=0,TVr=C,T/p"h=C,s=C,
Wiz = (pL.V1—p2V2) /v-1
=m.R(T1—T2)/y-1=m .Cv(T1 - T2) =AUz,

Vv
State 1 to state A is constant pressure heating,
State 1 to state B is isothermal expansion,
State 1 to state C is polytropic expansion,
State 1 to state D is reversible adiabatic expansion,
State 1 to state E is constant VVolume cooling,

EX: - 2kg of gas, occupying 0.7m3, had an original temperature of 15°C. It was then heated
at constant volume until its temperature became 135°C. How much heat transferred to the
gas? & what was its final pressure? [Take Cv = 0.75 kJ / kg .K, R=0.29kJ /kg .K].

Sol:-

m = 2kg, V1 =0.7m? T1 =15+ 273 = 288 °K , T = 135 + 273 = 408 °K,

Qu=?,p2=7,

p a

v
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Qu=m.Cv(T2-T)
= 2 * .75 (408 — 288)
=172.8 kJ

p Ti=p2f T2

102 p1.Vi=m.R.Ty

m.RT: 2%*0.29*288

p1= =2.38 bar

102V, 102*0.7
p2=(ps/ T1) *T2 = (2.38/ 288) *408 = 3.38 bar
EX: - A gas whose pressure, volume and temperature are 275kN / m?, 0.09 m3 and 185°C,
respectively, has its state changed at constant pressure until its becomes15°C. How much
heat is transferred and how much work is done during the process? [Take R=0.29 kJ/ kg
K, Cp =1.005 kJ/kg.K].
Sol:-
p1 = 275 kN / m? = 2.75 bar = p; at constant pressure, V1 = 0.09 m?,
T1 =185 +273 = 458 °K,
Q12 = AHa2

=m. Cp. (T2-Ty)
102 p1.Vi=m.R.T:

102pVi  102% 2.75% 0.09
= =0.186 kg

m= =
R.T1 0.29 * 458

Q12=m. Cp. (T>-T1) = 0.186 * 1.005 (288- 458) = -31.7781k]
W1z = 102, p1 (V2-Vi)
Vo T2=Vi/ Ta
Vo= (T2 / To)* Vi
= (288 / 458) * 0.09 = 0.0565 m®
Wiz = 102 p1 (V2-V1)

= 10%* 2.75(0.0565- 0.09) = - 9.2125 kJ
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Or

AU =m . Cv (T2-Ty)

R=Cp-Cv

Cv=Cp—-R=1.005-0.29 =0.715 kJ/kg .K

AU12 = 0.186 * 0.715(288- 458) = -22.6083 kJ

W12 = Q12 - AU

=-31.7781 — (-22.6083) = -9.1698kJ

EX: - A guantity of gas occupies a volume of 0.3m? at a pressure of 100kN / m? and a
temperature of 20°C. The gas is compressed isothermally to a pressure of 500kN/m? and
then expanded adiabatically to its initial volume. Determine, a) the heat received or
rejected during compression, b) the change of internal energy during the expansion. [Take
R=10.29 kJ/ kg .K, Cp = 1.005 kJ/kg.K ] .

Sol:-
V1= 0.3m?3, p1 = 100kN/m? = 1bar, T1 = 20 + 273 = 293K, p2 = 500 KN/m?

pA 2

<vy

Process (1-2) isothermal compression
Qu2=mR T1In (V2/Vy)

102piVi  10%%1%0.3
m= =

= = 0.35 kg
RT:  0.29*293
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p1.V1i=p2.V>
p.V:1 1*03
\VE = =0.06 m®
p2 5

Q12 =0.35* 0.29* 293 In (0.06/0.3)
=-47.86 kJ
Process (2-3) adiabatic expansion

10%( p3.V3— p2.V2)
W23 =

1-y
vy=Cp/Cv

Cv=Cp—-R=1.005-0.29 = 0.715 kJ/kg.K

y=1.005/0.715=14

pz. V2! 5%*(0.06) 14

p3 = = =0.52 bar

VA (0.3)+4

(5*0.06 ~ 0.52 *0.3) *10?

W12 = = 0.36*102 kJ

1-14

AU12 = - Wiz = - 0.36*10% kJ

EX: - A gas expands adiabatically from a pressure and volume of 7 bars &0.015 m?,
respectively, to a pressure of 1.4 bar. Determine the final volume and the work done by the

gas. What is the change of internal energy in this case?
[Take Cp=1.046 kJ/kg.K , Cv =0.752 kJ/kg .K ].

Sol:-
plp: 7 bar, V1= 0.015m?, s = C, p2 = 1.4bar
A
2l
p.v' = const.
i 2
L4f--ma-mmmmmmmmenee e ,
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p1.V1' = p2.Vo!

p1. V17
Vo' =

p2
y=Cp/Cv=1.046/0.752=1.39

7* (0.015) 13
V1% = = 0.014579
14

V,139 = 0.014579
Vo= 0.014579Y139 = 0,0477m3

(P1.V1— p2.V2) *10?

Wi2 =
v-1

(7%0.015— 1.4*0.0477) *10?
Wiz = = 9.555k]
1.39-1

w12 = -AU12 = - 9.555 kJ

EX: - 0.25kg of air at a pressure of 1.4 bar occupies 0.15 m® and from this condition it is
compressed to 14 bar according to the law p.V12® = C. Determine,

a- the change of internal energy ,

b- the work done,

c- The heat transferred, [Take Cp=1.005 kJ/kg.K , Cv =0.718 kJ/kg .K ].
Sol:-

m = 0.25 kg, p1 = 1.4 bar, V1 =0.15 m®

p1= 7 bar, V1= 0.015m?, s = C, p2 = 1.4bar

pA
14bar|____2
p.v" = const.
1.4 bar----ﬂi ------------------ Il
: : >V
Ve 0.15m®
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AU =m. Cv (T2 —Ty)
102p1.Vi=m.R.T:
R=Cp-Cv

=1.005-0.718 = 0.287 kJ/kg.K

10% p1.V1 10%* 1.4 *0.15

T1= = =292.68 K
m.R 0.25 * 0.287
T1 T2
pln-lln - p2n-1/n
292.68 T2

1_4(1.25 -1)/1.2_5 14(1.25 -1)/1.25

T2=463.867 K

AU12 =0.25 *0.718 (463.867 — 292.68) = 30 .73 kJ

(p1.V1— p2.V2) *10?

Wi2 =
n-1

m R(Ti-T2)  0.25%0.287 (292.68 — 463.867)
Wiz = = = - 49 .13k]
n-1 1.25-1

Q12 = w12 +AU

=-49.13 +30.73 =-18.4kJ
EX: - If 1 kg of gas expands adiabatically, its temperature falls from 240 °Cto116 °C, while
the volume is doubled. The gas does 19.5 kJ of work in this process. Find the values of the
specific heats Cv, Cp and the molecular weight of the gas.

Sol:-

m =1kg, T1 =240 + 273 =513 K, T> =116 + 273 = 389 K, w1 = + 91.5 kJ
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pA
Py
p.v' = const.
oo ;
: : >V
V1 V2
Q12=0

Wiz =-m.Cv (T2-Ty)

102 Pr.Vi=m. RTy

y-1

V>

V1

T1
=—  the volume is doubled when it expand
T2

(2)r 1 =513/ 389

(y-1) In2=1n(513/ 389)
vy=1.399

w12 =-m. (Rly -1) (T2-T1)

Wiz * (y -1) 91.5 * (1.399 -1)

R= = = 0.294kJ/kg.K

m(T1—Tz) ) 1* (513- 389)
Cv=R/(y-1)
=0.294 / (1.399 -1)
= 0.738 ki/kg.K
Cp=R+Cv
=0.294 +0.738 = 1.032 kJ/kg.K

M =8.314 / R = 8.314 /0.294 = 28 .27 kg/mol.
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EX: - 0.675 kg of gas at 14 bar & 280°C is expanded to four times the original volume
according to the law p.V'3 = C. Determine

a- the original and final volume of the gas,

b- the final pressure

c- The final temperature [Take R=0.287 kJ/kg.K].

Sol:-
m = 0.675 kg, p1 = 14 bar, T =280 + 273 =553 °K, n=1.3, V2 =4 V1
pA
1
14bar|---~
p.v" = const.
| 2
Pof---t--mmmmmmm oo ;
: : >V

102 .p1.Vi=m.R.T;

m.R. Ty 0.675 * 0.287 * 553
V1= = = 0.0765 m® the original volume
102 ps 102> 14

V2 = 4V1 = 4* 0.0765 = 0.306 m? the final volume
p1.V1" = p2. V2"
P2 = (V1/ V2)" p1 = (V1/ 4V1)13 * 14 = 2.309 bar = 0.2309 MN /m? the final pressure
T Vit =T, .Vt
To = (Va/ V)" * Ty =(V1/ 4V1)131 * 553 = 364 . 84 °K = 91.84 °C final temperature
EX: - A gas expand according to the law p.V13 = C from a pressure of 10 bar & a volume
0.003m3 to a pressure 1 bar. How much heat was transferred?
[Takey=1.4,Cv=0.718 kd/kg .K ]
Sol:-

p1 =10 bar, V1 = 0.003m3, p, = 1 bar
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A
1
10bar|----
p.v" = const.
1bar ------------------ |2
: : >V
0.003m? v,
y—n
Qur=wp
v-1
(p1.V1—p2.V2) *102
Wi2 =

n-1
p1.V1" = p2. V2"
V2 = (p1/ p2)*™ V1 = (10 /1)Y*2 * 0.003 = 0.0176 m®

(10*0.003 - 1*0.0176) *10?

Wio = =4.122 kJ
1.3-1
1.4-1.3
Q1 =4122* ———=1.03 kJ
1.4-1

EX: - A gas at a pressure of 14 bar and a temperature of 360 °C is expanded adiabatically
to a pressure of 1 bar the gas is then heated at constant volume until it again attains 360°C
when its pressure is found to be 2.2 bar and finally it is compressed isothermally until the
original pressure of 14 bar is attained. Find for until mass.

a- the value of the adiabatic index vy,

b- The change in internal energy during each process. [Take Cp = 1.005 kJ/kg .K ]

Sol:-
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P,
P1= P4

P3

p2

p1 =14 bar, T1 = 360 + 273= 633 °K, p2 = 1 bar, p3 = 2.2 bar, m=1kg
V3 =V heated at constant volume

Ts= Tz =633 °K isothermal compression

pa = p1 = 14 bar compressed to original pressure

p2/To=p3/ T3

To=(p2/p3) *Ts=(1/2.2) *633=287.73 °K

T1 T2

plv-l/v pzv-l/v

(p2/p) "V =T2 /Ty

y—-1

—— In(p2/p1) =In(T2/T1)
v

y-1

——1In(1/14) =1n (287.73 / 633)
Y

y-1

—— (- 2.64) =-0.788
Y

[1- ( 1/y) 1(- 2.64) = -0.788
[1- (1/y) ]=0.2986
0.7013 = ( 1/y)

y=1.425
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AU =m. Cv (T2 —Ty)
AU =m. (Cp/vy) (T2—Ti)

=1*(1.005/1.425) (287.73 - 633)

=-243.36 kJ

AUz =m. (Cp/7y) (Tz3—Tp)

=1*(1.005/1.425) (633 - 287.73)

=243.36 kJ
AUz =0
EX: - A certain gas has a density of 1.875 kg /m® at 1lbar and 15 °C. Calculate the
characteristic gas constant. When 0.9 kg of this gas is heated from 15 °C to 250°C at
constant pressure, the heat required is 175 kJ. Calculate the specific heat capacity of the
gas at constant pressure and the specific heat at constant volume. Calculate also, the
change of internal energy and the external work done during the heating.

Sol:-

p1 = 1.875 kg/m?, p1= 1 bar, T1 = 15 +273 = 288 °K, m = 0.9 kg, T2 = 250 + 273 =523°K
p1= p2= 1 bar at constant pressure, Q12 = 175 kJ

pa

P1= P2

Q12 =A Hz

=m. Cp (T2—Ty)
175 = 0.9 * Cp * (523 — 288)
Cp =0.827 kJ/kg.K

pr=m/Vi
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Vi=m/p1=0.9/1.875=0.48 m’
102 .p1.Vi=m.R.T:
102 .p1 .V1 10%*1 *0.48

R= =
m. T1 0.9*288

= 0.185 kJ/kg.K

Cv=Cp-R
=0.827 - 0.185 = 0.642 kJ/kg.K
AU =m .Cv (T2 —Ty)
=0.9 * 0.642 * (523 — 288)
=135.78 kJ
W12 = Q12 - AU

=175-135.78 =39 .22 kJ /kg.K

EX: - A gas whose original pressure and temperature were 300 kN /m? and 25 °C.
Respectively, is compressed according to the law p.V14 = C until its temperature becomes

180 °C. Determine the new pressure of the gas.

Sol:-

p1 =300 kKN /m? T1=25+273 =298 °K , p.V 1= C, T, = 180 + 273 = 453 °K

pﬂ
2
[\ p.v' = const.
N 1
: : Y
T T1
pzv-l/v B plv-l/v
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T, IERARS

p2 P1
(453)1.4/1.4-1 (298) 1.4/1.4-1

p2 300* 10
p2 = 12.99 bar
EX: - A certain mass of air initially at a pressure of 4.8 bar is expanded adiabatically to a
pressure of 0.94 bar. It is then heated at constant volume until it attains its initial
temperature, when the pressure is found to be 1.50 bar. State the type of compression
necessary to bring the air back to its original pressure and volume. Using the information
calculate the value of y. If the initial temperature of the air is 190 °C, determine the work
done per kg of air during the adiabatic expansion [take R = 0.29 kJ /kg .K].
Sol:-
p1=4.8 bar, Ty =190 + 273 = 463 °K,
s = C adiabatic exp.  exp. p2 =0.94 bar,
V = C heated at constant volume to initial temp. Tz =T1 =463 °K, ps = 1.5 bar

ps = p1 = 4.8 bar V4 = V1 (air back to its original pressure and volume).
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T

A

1,4

The process (3-4) is isothermal

T1 T2

pl(v- Dy P2 (v- Dy

T: P1 -y

T P2 -1y

p2 P3
T2 T3
094 15
—=—— T2=290°K
T2 463
T1 p1 (-
In =In|—
T2 p2
T1 p1
Ln—=[(y- 1)/y]In —
T2 p2
463 4.8
Ln——=[(y- v]lIn—
290 0.94
vy =1.402

U)"
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102 (p1 V1 —p2 V2)

W12 = =Cv(T1-To)
v-1
R 0.29
Cv= = =0.725 kJ//kg.K
vy-1 14-1

Wiz = 0.725 (463 -290) = 125.425 kJ /kg

EX: - 1 kg of air at 1 bar and 27 °C is compressed to 6 bar adiabatically. Find the final
temperature and work done. If the air is then cooled at constant pressure to original
temperature of 27°C, what amount of heat is rejected and, what further work of
compression is done? The final state could have been reached by a reversible isothermal
compression, instead of by the two other processes. What would be the work done and heat
transferred in this case? [Take Cp = 1005 kJ/kg.K, Cv =0.717 kJ/kg.K ]

Sol:-

m=1kg, p1 = 1 bar, T1 =27 + 273 =300 °K, p2 =6 bar, T, =?, Tz = T1 =300 °K, ps = p2, Q23 =7,
Wi =?

Ta Pa

T>

27°C

v
w
v

Process (1-2) adiabatic compression
Process (2-3) cooled at constant pressure

T1 p1 y-Diy

T> | p2
y=Cp/Cv=1.005/0.717=1.4

300 1 (1.4-1)/1.4

T» 6

T2 =500.55 °K = 227.55°C
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wi2=m.Cv (T1—Tpo)
=1*0.717 (300 — 500.55) = - 143.79 kJ
Q23=m. Cp (Tz—Tp)

=1*1.005 (300 — 500.55) = - 201.55 kJ
- Instead of by the two processes the final state could have been reached by reversible isothermal
compression process
V2
Qu=wpe=mR.TIh— ...... (V2/V1=pi/p2)
Vi

R=Cp-Cv =1.005 - 0.717 =0.288 kJ/kg.K

P1 1
=m.R.T1 In—=1*0.288 * 300 * In — = -154 .8 kJ
P2 6
pa Ta
2
i 1 2
| 1 | o |
| | | 12 |
! Wi2 ! ! !
:V : —> g

EX: - Air occupying 0.014m? at 1.01 bar and 15°C is compressed adiabatically to a volume
of 0.0028 m?3. Heat is then supplied at constant volume until the pressure becomes 18.5 bar.
Adiabatic expansion returns the air to the initial pressure of 1.01 bar, and then it is cooled
at constant pressure until it attains the original volume of 0.014m3. Calculate for each
process, the heat transferred, the work done and change in internal energy. [Take y = 1.4,
R =0.29 kJ/kg.K ]

Sol:-

p(bar)
18.5

p2

1.01

V(m?®) 66




Unit four

Particular closed svstem nrocess

V1 =0.014 m3, p1 = 1.01 bar, T1 = 15 +273 = 288 °C, V, = 0.0028 m?, ps = 18.5

V3 =V, =0.0028 m®, ps=p1 = 1.01 bar = ps, V5 = V1
Process (1-2) adiabatic compression

Process (2-3) heat at constant volume
Process (3-4) adiabatic expansion
Process (4-1, 5) cooled at constant pressure
Qu2=0
Wiz = - A Uz

=-mCv (T2-Ti)
102p1.Vi=m.R.T1

102p1 Vi1 10%*1.01 * 0.014

m= = =0.0169 kg
R.T: 0.29 * 288

Cv=R/(y-1)=0.29/ (1.4 — 1) = 0.725 ki/kg.K
Ti. Viri=To Vit
288* 0.014*41=T,* 0.002841
T, =548.25°K
W12 =-mCv (T2—Ty)
=-0.0169 * 0.725 * (548.25 — 288) = - 3.1887 kJ

AUz =-wiz =3.1887
Q23=AUxzs=mCv (Tz-T>)
P2/ T2=p3/ T3
p1.V1¥ = p2.V2!

p.VyY  1.01*(0.014)%4

P2 = = =9.613 bar
VoY (0.0028)*4

9.613/548.25=18.5/Ts

T3=1124 .38 °K
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Q23 =0.0169 * 0.725 (1124 .38 — 548.25) = 7.059 kJ = A Uz

Q34=0
W34 =-A Uz
=-mCv (Ts—Ts)
Ta. Va'l=Tq Vot
Ps.V3'=ps . Vs’
18.5 *(0.0028) 14 = 1.01 *V,4 7
V4 =0.0223 m®
1124 .38%(0.0028)4 1 = T4*(0.0223)*4
T4 =490 °K
W34 =-0.0169 * 0.725 (490 — 1124 .38) = 7.773 kJ

Was=-AUszs=-7.773 kJ

Qa1 =AHa
=m.Cp (T1-Ta)
YR 14%0.29
Cp=— = = 1.015 k/kg.K
vl  14-1

Q41=0.0169 *1.015 (288 —490) = - 3.342 kJ
AUsr=mCv (T1—Ta)

=0.0169*0.725 (288 — 490) = - 2.475 kJ
Wa1 = Qa1 - A U

=-3.342 — (- 2.475) = - 0.867kJ

EX: - 1 kg of air is initially at 0.9 bar and 40 °C is compressed adiabatically till the volume
is reduced to one — sixteenth of its initial value. Heat is then added at constant pressure till
the temperature is 1400°C. The air is then expanded adiabatically until the initial volume is
reached and finally it is cooled at constant volume until the original state of 0.9 bar and
40°C is Attained. Calculate the work done, internal energy and heat transferred for each

process. [Take y = 1.4, Cp =1.004kJ/kg.K]
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Sol:-

m=1kg, p1 =0.9 bar, T: =40 + 273 = 313 °K, V2 = V1/ 16, Tz = 1400+ 273 = 1673 °K

Pa

p=C

(1-2) Process adiabatic compression, s =C

v

(2 — 3) Process isobaric heat add at constant pressure process, p2 = p3

(3-4) Process adiabatic expansion, s =C

(4-1) Process isochoric cooling at constant volume process Vi =V1

Vs = V1 cooled at constant volume to the original state

ps = p1 cooled at constant volume to the original state

W2 =m.Cv (T1-T2) =- AUz

vy=Cp/Cv

Cv=Cp/y=1.004/14=0.717 kl/kg.K

V't T,
vj T
V1 41 T,
1/ 16 i 53
T2 =948.84 °K

w1z = 1*0.717 (313 - 948.84) = -455.896 kJ
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AU12 = 455.896 kJ
Qwr2=0
Q23=m.Cp (T3-T2)

= 1* 1,004 (1673 -948.84) = 727.1 kJ
AUzz =m .Cv (T3- T2)

=1*0.717 (1673 -948.84) = 519 .222 kJ

W23 = Q23 - AU23

=727.1 -519.222 = 207.88 kJ
w3z =m .Cv (Ts—Ta)
102p1Vi=m.R.Ty
R=Cp - Cv = 1.004 — 0.717 = 0.287 ki/kg.K
102 *0.9 *V1 = 1*0.287 *313
V1=0.998 m®
V2 =V1/16 =0.998 / 16 = 0.0624 m®
Vol T2=V3/T3
0.0624 / 948.84 = V3 /1673 ,V3=0.11m3

Vo7t Ts

V3 T4

0.998 Y41 1673

0.11 Ty
T4 =692.47 °K
Wsg = 1*%0.717 * (1673 —-692.47) = 703.04 kJ

AUs4 = - 703.04 k/kg.K

Qs1=AUs1=m .Cv (T1—T4) = 1*0.717 * (313 - 692.47) = - 272.08 kJ

ws1 =0
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EX: - One kilogram of a gas is at 1.1 bar and 15°C. It is compressed until its volume is
0.1m3. Calculate the final pressure and temperature if the compression is a-
isothermal, b- adiabatic. Calculate also the work done, change in internal energy and heat
transferred in each case. [Take Cp = 0.92 kJ/kg.K, Cv = 0.66 kJ/kg.K] .

Sol:-
m = 1kg, Cp = 0.92 kJ/kg.K , p1 = 1.1 bar, Cv = 0.66 kJ/kg.K , T1 = 15 + 273 = 288 °K,

V2 =0.1m3,

p2=?,T2=?,w12=?,AU12 =?, Q12 =?

pA Ta

Q12

W12

a-

102p1Vi=m.R.Ty
R=Cp-Cv=0.92-0.66 =0.26 ki/kg.K
m.R.T: 1*0.26 * 288

Vi = = =0.68 m°
102 p1 102* 1.1

p1.V1=p2.V2

p:.V1 1.1*0.68

p2 = = 7.488 bar = 0.7488 MN/m?

V2 0.1
102p2.V2=m.R.T,
10% p2. V2 10%*7.488*0.1

T, = = = 288°K = 15°C
m.R 1*0.26

Or T1= T2 isothermal compression process is at constant temperature.
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V>
Qu=wi=m.R.TIn—
V1
=1*0.26 * 288 In (0.1/ 0.68) = - 143.54 kJ
AU12=0
b-

102 p.Vi=m.R.T1
R=Cp-Cv=0.92-0.66 = 0.26 kJ/kg.K
m.R.T: 1*0.26 * 288

Vi = = =0.68 m®
102 p1 102* 1.1

y=Cp/Cv=0.92/0.66 = 1.393
p1.V1' = p2. V2!
Vl Y 0.68 1.393

P2 =|— [* p1 =}——| * 1.1= 15.89 bar = 1.589 MN/m?
V2 0.1

102 p, Vo 102%15.89%0.1
= = 611.1°K = 338.1°C

To =
m .R 1*0.26

W2 =m.Cv (T1-T2) =- AUz
w2 =1*0.66 (288 - 611.1) =-213.25 kJ
AUz = 213.25 kJ

Qw12=0
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Problems
4 -1 0.1md of gas is compressed from a pressure of 120 kN / m? and temperature 25°C to a
pressure of 12 bar according to the law p .V!? = constant. Calculate;
1- The work done on the gas
2- The change in internal energy
3- The quantity heat transferred, Assume, Cv =0.72 kJ/kg.K , R = 0.285kJ/kg.K
(-28.2kJ, 14.2kJ, -14kJ)
4 -2 1 kg of air enclosed in a rigid container is initially at 4.8 bar and 150°C. The container
is heated until the temperature is 200°C. Calculate the pressure of the air finally and
the heat supplied during the process (5.37 bar ; 35.9kJ/Kkg)
4 -3 Oxygen (molecular weight 32) expands reversibly in a cylinder behind a piston at a
constant pressure of 3 bar. The volume initially is 0.01m?3; the initial temperature is
17°C. Calculate the work done by the oxygen and the heat flow to or from the cylinder
walls during the expansion. Assume oxygen to be a perfect gas and take Cp =

0.917kJ/kg.K (6kJ; 21.16kJ)
4 -4 0.05 m3 of a perfect gas at 6.3 bar undergoes a reversible isothermal process to a
pressure of 1.05 bar. Calculate the heat flow to or from the gas (56.4kJ)

4-5 1kg of air is compressed isothermally & reversibly from 1 bar and 30°C to 5 bar.
Calculate the work done on the air and the heat flow to or from the air.
(140kJ/kg; -140kJ/kg )
4 -6 1kg of air at 1 bar, 15°C is compressed reversibly and adiabatically to a pressure of 4
bar. Calculate the final temperature and the work done on the air. (155°C; 100.5kJ/kg )
4 -7 Nitrogen (molecular weight 28) expands reversibly in perfectly thermally insulated
cylinder from 3.5bar, 200°C to a volume of 0.09m3. If the initial volume occupied was
0.03m?, calculate the work done during the expansion. Assume nitrogen to be perfect
gas and take Cv = 0.741kJ/kg.K (9.31kJ)
4 -8 1kg of air at 1.02bar, 20°C is compressed reversibly according to a law p .V12 = const.,
to a pressure of 5.5bar. Calculate the work done on the air and the heat flow to or from
the cylinder walls during the compression. (133.5kJ/kg; -33.38kJ/Kkg)
4 -9 Oxygen ( molecular weight 32) is compressed reversibly and polytropically in a
cylinder from 1.05 bar, 15°C to 4.2bar in such a way that one- third of the work input
is rejected as heat to the cylinder walls . calculate the final temperature of the oxygen.
Assume oxygen to be aperfect gas and take Cv = 0.649kJ/kg.K (113°C)
4 -10 0.05 kg of carbon dioxide (molecular weight 44), occupying a volume of 0.03m? at
1.025bar , is compressed reversibly until the pressure is 6.15bar. calculate the final
temperature the work done on the CO2 and the heat flow to or from the cylinder walls ,
1- when the process is according to the law p.v!“ = constant ,
2- when the process is isothermal ,

assume carbon dioxide to be a perfect gas , and take y =1.3
(270°C ; 5.138kJ/kg ; 1.713kJ; 52.6°C ; 5.51kJ/Kkg ; -5.51kJ)
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Application to open flow system

The open flow system is that one which has mass and energy crossing its boundary. As shown in
fig.

Pin Tt
Vin y i
T T ;
Min | System i
Z1 i b Pout
i — Vout
| Tout
___________________________________________ Z:  Mout

Q12 — W12 = AE12 + [AEout flow - AEin flow]

Where:-

AE12 = change of stored energy.

AE12 = [m2(uz + K.E2 + pot.E2)] - [mz(ur + K.E1 + pot.E1)]

AEout flow: - Mout ( hout + K.Eout + pOtout )

AEin fiow: - Min ( hin + K.Ein + potin )

Q12 — w12 = [m2(uz2 + K.E2 + pot.E2)] - [m1(ur + K.E1 + pot.E1)]+ [Mout (Nout + K.Eout +
potout) - Min( hin + K.Ein + potin ) Jthis is called u.S.F.E.E[un steady flow energy equation]
In case where min = moyt there will be no change in the system mass.

.. m1 =m; and also AE1> = 0 the equation be written in the form,

Q12 — W12 = [Mout (hout + K.Eout + potout) - Min ( hin + K.Ein + potin ) ]

But mout = min = m & put instead of out &in (2, 1) we can write the equation,

Q12— w12 =m [(ha—h1) + %2 (C2* - Ci) + g (Z2 - Z4)]

Q12 — W12 = AH12 + AK.E12 + Apot.E12] ];I'(')V%'gr']];gﬁlgjgtfgged steady
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Application of open flow for S.F.E.E

1- The boiler steam

Qw2 —%(): [AH12 + 9{.1%12 + Ayd.%lz]

Work =0, K.E =0, pot.E =0,

Qu=AH

2- The compressor:-

0
Q12— w12 = [AH12 + %EH + Ay{%lz] i \\\\

K.E=0, pot.E=0, Gas, air
m, hy 3
[Q2-wi=ate | | -
. e —1 iGas, air
—
m, h»

3- The turbine

0
0 i .
%&—wlz:[Alem . mAyd?.Elz] m, hy

K.E=0,potE=0,Q12=0

W12

3’_________

Exhaust, gas
Steam
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4- The throttle valve

9/‘ f =[AHz + A}dilz + Apo /4‘112]

KE=0,potE=0,Q12=0,w2=0

Hi=H:>

5- The nozzle

0 0

0
9{— Wz = [AH12 + AK.E12 + A%Elz]

pot.E=0,Q12=0,w12=0

o1 K P2

h1 —_—C; —C h?

C1 Co
m [(hz—ha) + % (C2> = C4?)] =0 mI ¢

AH12 + AK.E12=0

Y2 (C2? — Ci?) = (h1—hy)

= 2(hy — hy) + C12

C2="2(hi—hy) + C?

C2=V2(hi-hy) .... In case Cy is very small

6- Condenser

Quz— Wiz = [AH12 + AI}/EQ + Ap/fElz]

pot.E =0, AK.E;2=0,w12=0

<«— Gas, steam
m, Hiy

Q2= AHz1,

Liquid «——
mH |

77




Unit five Anblication to onen flow svstem

/- Evaporator

______________________________

Qu— yl = [AHz2 + AI}/EH + Ap /fElz]

pot.E =0, AK.E;2=0,w12=0 |

Q12=AHz1 Gas, steam
4—

m, H»

EX: - Fluid flow in a pipe the pressure decrease due to closed valve from 10 bar to 1 bar if
the specific volume of fluid increase from 0.3m?3 /kg to 1.8 m?%kg find the change in internal
during the throttle process.

Sol:-

p1 = 10bar, p2 = 1bar, v1=0.3 m3/kg, v, = 1.8m%kg, AU1, =?

The process is throttle therefore,

Hz = Hs

mhz=mhy

U+ p2v2=Ur+pP1ve

U2—U1=pP1vi-P2v2

AU12 =10% (p1v1- P2 v2)

=102 (10* 0.3 — 1* 1.8) = 120 ki/kg

EX: - Fluid with 2800 kJ/kg specific enthalpy enter a nozzle with small value of velocity,
the rate of flow is 1l4kg/sec the specific enthalpy and volume at exit equal 2250kJ/kg
&1.25m3/kg respectively find exit velocity & exit area.

Sol:-

h: = 2800 kJ/kg, nozzle, C1 = 0, m' = 14kg/sec, ho = 2250kJ/Kkg,
v2 = 1.25m3lkg, C2 =? , Az =?

C2=12 (h1-hy)

C2 =12 (2800 — 2250) = 33.166 m/sec [
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V2 (m3/sec)
A2 =
C> (m/sec)

0

V2 = v (m® /kg) * m- (kg/sec)

=1.25* 14 = 17.5 m¥/sec
A, =17.5/33.166 = 0.528 m?
EX: - Vapor enter condenser with rate 35 kg/sec and specific enthalpy 2200 kJ/kg. The
liquid leaves the condenser with 255kJ/kg specific enthalpy .find the heat loss from the
condenser.
Sol:-
m- = 35kg/sec, hy = 2200 kJ/kg, h, = 255kJ/Kg, Q12 =?
Q12 = AHi2 = m' (h2 —ha)

= 35 kg/sec (255 — 2200) kJ/kg

=- 68075 kJ/sec = - 68075 kW
EX: - A fluid flow in turbine with rate 45kg/min the specific enthalpy decrease about
580kJ/kg. After leaving the turbine and the heat lost to surrounding with rate 2100kJ/min
find the power reduced by the turbine?
Sol:-
m- = 45/60 = 0.75kg/sec, Ah12 = - 580 kJ/kg, Q12 = - 2100 kJ/min = 2100 /60 = -35 kJ/sec, w =?
Q12 — W12 = AH12
AHi2 = m- *Ahi»

=0.75*- 580 = - 435 kW

- 35 —wip =-435
w12 = 400 KW
EX: - Ferion gas enter the compressor at 0.4bar and 0.1 m® /kg specific volume, the gas
compressed to 2bar and 0.01 m® /kg specific volume, the increase in internal energy is
116kJ/kg. Calculate the heat quantity if the work done is 180 kJ/kg.
Sol:-
Compressor, p1 = 0.4bar, v1 = 0.1m%Kg, pz = 2bar, v2 = 0.01m%kg, Auiz = +116 kJ/Kg ,
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wi2 = - 180 kJ/kg, Q12 =?
J12 — W12 = Ah1p
Ah12=hz —h;
= (U2 + p2. v2) - (uz + p1. v1)
= (U2 - u1) +10? (p2. v2 - P1. V1)
=116 +10% (2* 0.01- 0.4 *0.1)
= 114kJ/kg
g2 —180=114
g2 = -66 kJ/kg
Problems
5-1 Stead flow of steam enters a condenser with an enthalpy of 2400 kJ/kg and a velocity of
366 m/sec. the condensate leaves the condenser with an enthalpy of 162kJ/sec and a
velocity of 6 m/sec what is the heat transferred to the cooling water per kg steam
condensed. (- 69198 kJ/kg )
5-2 An air compressor delivers 4.5 kg of air per minute at a pressure of 7 bar and a
specific volume of 0.17 m® /kg. Ambient conditions are pressure 1bar and specific
volume 0.86 m%kg. The initial and final internal energy values for the air are 28 kJ/kg
and 110 kJ /kg respectively. Heat rejected to the cooling jacket is 76kJ/kg of air

pumped. Neglecting changes in kinetic and potential energies, what is the shaft power
required driving the compressor? (14.3kW)
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Steam

Steam formation: - it is water vapor formed through water heating by the addition of the
following heats:-

Sensible
heat

le
Saturated 3
Boiling point poin
100 °C |---------- 1, Wet steam i
Latent i Super
heat | heat

(I)"

1- Sensible heat: - It is quantity of heat added to the water to raise its temperature from the room
temperature to boiling temperature.

Qsen=m Cp .AT |- Where Cp =4.186 kJ/kg K

2- Latent heat: - It is heat added to the water at boiling temperature (constant temperature) to
transfer it from liquid phase to gases phase.

Steam formed after latent heat addition is called dry and saturated steam and temperature of
which is constant and equal to saturated or boiling temperature

Steam formed between boiling point (1) & saturated point (2) is called wet steam & its
temperature equal to saturation temperature or (boiling temperature) as shown in fig above.

3- Super heat: - It is quantity of heat added to the dry and saturated steam to raise its
temperature above saturated temperature, in this case the steam regarded as gas.
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't T.=374°C
pc = 212bar f----------moomm- 2 c=
[«B]
£ o
I 8
P3>Puf--eo- = 9
=
P1 = Pam = 1ban------- £ '\ T=100°C 2
./ :
° T<100°C £~~_Steam or gas
S =3 & phase
.J —
Liquid Liquid- vapour  \5
Phase phase
V

The pressure - volume (p.V) phase diagram for steam.

e Critical point, pc = 212bar ,T. =374°C

Above pcno latent heat is added as shown in fig and the water transfer suddenly to steam.

Steam tables: - it is given values of steam properties [p, v, T, h, u, and s] where:-
p = pressure (bar)

T = temperature (°C)

u = specific internal energy (kJ.kg)

v = specific volume (m?kg)

h = specific enthalpy (kJ/kg)

s = specific entropy (kJ/kg)

ts = saturation temperature (°C)

f = fluid [liquid phase]

g = gas [vapor phase]

fg = between fluid and gas phase [wet steam], QL = Ahgq

Wet steam: - There are no values of wet steam properties in the steam table.
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Dryness fraction(x): - It is quantity depends of how far it’s from point (1)

It is ratio between saturated steams in the mixture of the net steam to the
total mass of the mixture (water + steam)

Quantity of saturated steam
X =

Total mass of mixture

pA

Wet steam

<V

Fig (1)
x =0 at point (1) boiling point

x = 1.0 at point (2) saturated point

Relation of wet steam

For a wet steam the total volume of the mixture is given by the volume of the liquid present plus
the volume of dry steam present , therefore the specific volume is given by,

Volume of liquid + volume of dry steam

V =
Total mass of wet steam

Now for 1kg of wet steam there are x kg of dry steam and (1-x) kg of liquid, where x is the
dryness fraction

V:Vf(].*X)'l'VgX

The volume of the liquid is usually negligibly small compared to the volume of dry saturated
steam,

V = X.Vg
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The enthalpy of wet steam is given by the sum of the enthalpy of the liquid plus the enthalpy of
the dry steam,
h=(0-x)hs+xhg

h:hf‘i‘X(hg'hf)

h=hs+ X (hfg)

similary, the interanal energy of a wet steam is given by the internal energy of the liquid plus the
internal energy of the dry steam,

u=(1-x)us+Xug

U = uf + X (Ug - Us)

Ux = Us + X (Ug - Us)

Entropy of the dry steam in the mixture. For wet steam with dryness fraction, x, we have
s=(1-X)sf+XSq

S=5f+ X (Sq - Sf)

Sx =St + X (ng)

Steam defines as follow:-
1- Wet steam: - is define by its pressure & dryness x for example ,steam at 9bar & 0.85
dryness
2- Dry and saturated steam :- pressure only &dry and saturated for example dry and
saturated steam at 5 bar or steam at 5 bar dry and saturated [ point 2] as shown in fig (1)
3- Super heated steam :- define by pressure and temperature for example steam at 30 bar
and 350 °C

EX:-
Find steam properties of the following condition,
1- steam at 30 bar , dry &saturated

2- steam at 30 bar ,0.85 dryness
3- steam at 30 bar, 350 °C

Sol:-
1- from table at 30 bar

ts = 233.8 °C, vy = 0.06665 m3/kg, Uy = 2603 ki/kg, hy = 2803 k/kg,ss= 6.186 k/kg.K
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2- Steam at 30 bar, 0.85 dryness

Wet steam,
Vx = X Vg

=0.85 * 0.06665
=0.0566525 m* / kg
Ux = Us + X (Ug - Uf)
= 1004 + 0.85 (2603 — 1004)
=2363.15 kJ/kg
hx = ht + X (hrg)
=1008 + 0.85 * 1795
= 2533.75 kJ/kg
Sx = St + X (Sfg)
=2.645 +0.85 * 3.541

= 5.655 ki/kg.K
3-steam at 30 bar, 350 °C

Steam is superheated,
vg = 0.0905 m3/kg, ug = 2845 kJ/kg, hg = 3117 kl/kg,sq= 6.744kJ/kg.K

EX: - Determine the state of steam at 10 bar, if the heat added to transfer the water from
0°C is 2500kJ/kg.

Sol:-

Ox = hx = 2500 kJ/kg

From table at 10 bar, hg = 2778 kJ/kg > 2500 steam is wet

hx = hr + X (htg)

From table at 10 bar hs = 763 kJ/kg, heg = 2015 kJ/kg
hx-hs 2500 — 763

X = = =0.86
hig 2015
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EX: - vessel its volume is 85 liter contain 0.1kg of water and 0.7kg of dry steam in
equilibrium state find the pressure inside the vessel.

Sol:-
V= 85 liter = 85/1000 = 0.085 m?,

Mt = My + Ms
=0.1+0.7
=0.8kg
vx = V/m;=0.085/0.8 = 0.106 m%/kg
Vx = X.Vg
X =ms/m¢=0.7/0.8 = 0.875
vg=vx/ X =0.106 /0.875 = 0.121 m¥kg
From table at p= 16 bar, vg = 0.1237 m%/kg
at p= 17 bar, vg = 0.1167 m%/kg

Vx — Vg at 16bar

Px = P1s+ (P17 — p16)

Vgat 17bar — Vg at 16bar

0.121 - 0.1237
Px = 16+ (17 - 16)
0.1167 - 0.1237

= 16.386 bar

plk

17p-----mm e

o

———— e m————— =

16~

U

Vgatl7b

Vgat16b

v
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P17 — P16 Px — P16

Vgatl17bar - Vgatl6bar Vx - Vgatl6bar

Vx = Vgatl6bar

Px — P16 = * (P17 — P16)

Vgat17bar - Vgat16bar

Vx = Vgatl6bar
Px = P16 + * (P17 — P1s)

Vgatl7bar - Vgatl6bar

Degree of superheated (At) sH: - it is the difference between the temperature of superheated
steam and saturated steam at same pressure.

(At)sh =t - t; ——at p = constant

EX: - what is the degree of superheated at pressure 20bar & 300°C.
Sol:-
From table, ts = 212.4 °C,
(At)sh =t - ts
=300-212.4

=87.6°C

v

EX: - super heated steam at 15 bar and degree of superheated 151.7 °C find its properties.
Sol:-
From table at 15 bar, ts = 198.3°C
t=(At)sH + ts
=151.7 + 198.3
=350°C

vg = 0.1865 m3/kg, Ug = 2868 ki/kg, hy = 3148 ki/kg,ss= 7.182kJ/kg.K
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Steam process:-

1- Isobaric process:-

-
(i2 = Ah12
Constant
_ ressure
Q12 - W12 = Auzz P1 = P2 5 ﬁne

w12=10% p (v2—v1)

v

V1 vo Vv

EX: - Steam is heated isobarically from 5 bar, 0.6 dry until its temperature is 300 °C find
the quantity of heat add and change in internal energy.
Sol:-

P 4

5bar

V1 \Z :V

Steam is heated therefore, v2 > v1
p1 = p2 = 5bar, x = 0.6, T2 =300 +273 = 573°K, q12 =?, Aup =?
g2 =h2—h
Auiz = U2 — W1
Point (1) wet steam from steam table at 5 bar, hsi= 640 kJ/kg, heg1 = 2109 kJ/Kg,
ur = 639kJ/Kkg, ugr = 2562 kJ/kg,
hi= hf + X .htg1

=640 + 0.6 * 2109 = 1905.4kJ /kg
U1= Us + X. (Ugt - Us1)

= 639 + 0.6 *(2562 — 639) = 1792.8 ki/kg
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point (2) steam is superheated from table at p = 5bar & T =300 °C, u2 = 2804 kJ/kg,

h. = 3065 kJ/kg ,

g2 = 3065— 1905.4 = 1159.6 kJ/kg (the quantity of heat added)

Auiz = 2804 — 1792.8 = 1010.8 kJ/kg (change in internal energy)

EX: - Steam at 10bar, 0.95dry is heated electrically at constant pressure process. If the rate
of consume power is 1kW and the rate of steam is 0.3kg/min, determine the final state of

Ssteam?

Sol:-

10bar

Vi V2 :V

x=0.95, p1 = p2 = 10bar, Q12 = 1kW , m-s = 0.3 kg/min
Q2 = Q12 / ms = 1kJ/kg / (0.3 kg / 60 sec) = 200kJ/kg
Oz =h2—hy
ho=qw2+ ht
Point (1) wet steam from steam table at 10 bar, hr= 763 kJ/kg, htg1 = 2015 kJ/kg,
h1=ha + X .heg1

=763 +0.95* 2015

= 2677.25kJ /kg
h, =200 + 2677.25 = 2877.25 kJ/kg
From table at p = 10 bar, hg < h, therefore the final state is superheat
From superheated table at p =10 bar,

h =2829 at t =200 °C
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h=2944 at t =250°C

2877 — 2829
t, = 200+ (250 — 200)
2944 -2829

=220.87°C

2877 — 2829
vge = 0.2061+ (0.2328 — 0.2061)
2944 -2829

=0.21724 m® /kg

2877 — 2829
Ugz = 2623+ (2711 — 2623)
2944 -2829

= 2659.73 ki/kg

2877 — 2829
Sq2 = 6.695+ (6.926 — 6.695)
2944 -2829

= 6.7914kJ/kg.K

2- Isochoric process:-

w12 = 0, vi = v2 = constant

pa

g2 = Aur

EX: - steam at 40 bar and 400°C expand isochorically until its pressure is 10 bar, find the

guantity of heat add or rejected during this process.
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Sol:-

quz=U2-U1
From superheated table at p = 40 bar& 400°C, u; = 2921kJ/kg ,v1 = 0.0733 m3kg = vz,

From table at p = 10 bar , vg2 = 0.1944 > v, therefore steam is wet

10bar

<V

Vi=V2

V2 =X.Vg2
X=v2/vg =0.0733/0.1944 = 0.377
U2 = U2 +X . (Ug2- Ur2 )

=762 +0.377 (2584 - 762)

= 1449kJ/kg
Q2 = 1449 — 2921

=- 1472 kJ/Kg rejected
EX: - Radiator is using as heating system its volume is 0.054 m? and the steam at 1.4 bar
dry & saturated when the valve of Radiator is closed the heat transfer to room & pressure
reduced to 1.2 bar . Calculate the mass of steam and the amount of heat transfer to the
room.
Sol:-
V =0.054 m?, p1 = 1.4 bar & dry sat. , v1 = v2 closed, p2 = 1.2 bar, ms =?, Q12 = ?
V (m?)

ms =

va(m® / kg)
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From table at p = 1.4 bar, vg1 = v1 = 1.236 m3/kg = vz, U1 = Ug1 = 2517 kJ/kg

0.054

ms = =0.044 kg

1.236

From table at p = 1.2 bar, vg2 = 1.428 > v, = 1.236 m®/kg therefore steam is wet

V2 =X.Vg2
X=v2/vg =

U2 = Up +X . (Ug2 - Ur2 )

=439 + 0.866 (2512 — 439)

= 2234.218kJ/kg
Juz=U2-U1
=2234.218 - 2517
= - 282.782 ki/kg
Qu=ms*qw
= 0.044 *- 282.782
= - 12.442408 kJ
3- Isothermal process:-

T1 = T2 = constant

(2 — W12 = Au12

Q2 =T. (S2—51)

P 4

1.236/1.428 = 0.866

1.4bar

1.2bar

T4

<V

»
»

A%

S

[
»

EX:- 1kg of steam expand isothermally from 40 bar dry & saturated to 5 bar find the final

steam condition and the heat transfer & heat pump work during this process .

Sol:-

m = 1kg, T = const., p1 = 40 bar & dry sat., p2 =5 bar, Q12, w12,
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qi2 =T. (S2 —S1)
From table at 40 bar&dry sat., T1 = Ts1 = 250.3°C = T2, S1 = S¢ = 6.070 kJ/kg.K,
From table at p = 5 bar, Ts2 = 151.8°C < T therefore steam is superheated,
From superheated table at p = 5bar &250°C ,s» = 7.271 kJ/kg.K,
Qu=m=*T(s2—51)

= 1*(250.3+273) (7.271 - 6.07)

= 300.6kJ
AUz =m™* (uz- uy)
From table at 40 bar, u:s = 2602kJ/kg,

From superheated table at p = 5bar &250°C ,u. = 2725kJ/kg ,

AUz = 1* (2725-2602) Ta
=123 kJ
W12 = Q12 -AU12 250°C
=300.6 - 123
=177.6kJ

LY,

S

EX: - 3kg of steam expand isothermally from 30 bar and 0.9 dry to 2bar. Find the work

done.
Sol:-

m = 3kg, p1= 30bar, x; = 0.9, p2 = 2bar
From table at 30 bar, ts = 233.8°C = T1 = T2 = const.
S1 = Sf1 + X1 *Sfq1

=2.645 + 0.9 * 3.543 = 5.8314 kJ/kg.K
U1 = Us + X1 *(Ug1 - Ufr)

= 1004 + 0.9 (2603 — 1004)
= 2443.1kJ/kg

From table at 2 bar, ts> = 120.2 °C <T> therefore final state is superheated
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From superheated table at p = 2 bar & T = 233.8°C,

233.8-200
s2 = 7.507 + (7.708 — 7.507) = 7.642876kJ/kg.K
250 -200
233.8-200
Uz = 2655+ (2731 — 2655)
250 -200
= 2706.366kJ/kg

Auiz = U2 — U1
=2706.366 -2443.1= 263.276kJ/kg
Q2 =T (S2 —S1)
= (233.8 +273) (7.642876 -2443.1) = 918.056 ki/kg
W12 = m * (Q12 -Auiz)
= 3% (918.056 -263.276) = 1964.28 kJ

4- Isentropic process:-

$1=S2, (12 = W12 + AU1z, & (12 = 0 therefore wiz = - Aug

_ ... For steam turbine [s.F.E.E]

Ta

v

S1=3982
All expand (+w), all compressed (—w)
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EX: - Steam at 40 bar & 375°C expand isentropically in a turbine to 2bar find the final
steam condition and work done what would the final pressure such that the steam was dry

& saturated.
Sol:-

p1 =40 bar, T1 = 375°C, p2 = 2bar,

From table at p1 = 40 bar& T1 = 375°C where375°C is between 350°C &400°C

6.584 + 6.764

S1 =
2

= 6.675 kJ/kg.K = s, (isentropic process )
T

A

v

3094 + 3214 S1=52

2
= 3154 ki/kg
From table at p1 = 2 bar, sg2 = 7.127 kJ/kg.K > s, therefore steam is wet
S2 = Sf2 + X *Stg2

S2 - S

X =
Stg2

6.675-1.53
X =
5.597
=0.919

h2 = he + X *hgo

=505 + 0.919 * 2202= 2528.6 kJ/kg
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w2 =hy1—hy
= 3154-2528.6
= 652.4 kl/kg

When the final state is dry & saturated

S1 =52 =Sg2 = 6.675 ki/kg.K

T
A
From table s; = 6.709 at p = 7 bar L
Pfinal
Sqg = 6.663 at p = 8bar
6.675 - 6.709
Pfinal = 7 + *(8-7)
6.613 - 6.709
=7.717 bar >
S1=982 S

EX: - Steam at 15bar & 330°C expand isentropically in a turbine to 0.12 bar if the flow rate
of steam is 300kg/min determine the power produced in turbine.

Sol:
p1 = 15bar, t1 = 330°C, p2 = 0.12bar, m's = 300kg/min
Power =W =m- (hi—hz)
From superheated table at p = 15bar & t = 330°C, where330°C is between 300°C&350°C in
superheated table
330 - 300

S1=6.768 + (6.957 — 6.768)
350 -300

= 6.8814kJ/kg.K = sz (isentropic process)

330 - 300
hy = 3025 + (3138 — 3025)
350 -300

=3092.8 kJ/kg
From table at p = 0.12bar, sg2 = 8.085 > s> therefore steam is wet
S2 = Sr2 + X *Sg2

S2 - Sf2
X:

Stg2
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6.8814 — 0.696
X = @@
7.389
=0.837
h2 = he + X *hgo
=207 + 0.837* 2383
=2201.831kJ/kg
Power = (300/60) (3092 — 2201)

= 4454.845 kW
5- Adiabatic process:-

It is isentropic process with friction
ni = isentropic efficiency or internal efficiency

Adiabatic actual work

Ni=

Isentropic work

h: - hy W12

ni = =
hi—h,  w

[
»

S
EX: - Steam turbine at 10 bar and 350°C is expanded adiabatically with an internal

efficiency of 85% to 0.08 bar. If the flow rate of steam is 250 kg/min, determine the work
produced in turbine?

Sol:-

T1=350°C, p1 = 10bar, ni = 85%, p2 = 0.08bar, m-s = 250kg/min = 250/60 = 4.16 kg/sec,

From superheated table at 10 bar & 350°C, h; = 3158 kJ/kg, s1 = 7.301 k/kg.K = sz

From table at 0.08 bar, sq2 = 8.227 kJ/kg.K > s therefore steam is wet,

S2 = Sf2 + X *Stg2

S2 - S

X =
Stg2
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7.301 -0.593
X=——

7.634
=0.87

h2 = he + X *hgo

=179 + 0.87* 2402 i

= 2263.7kJ/kg SL=% S
w12 = (hy — hy)

= (3158 - 2263.7) = 894.3 ki/kg
Adiabatic actual work = ni * Isentropic work
Wi12' = i *Wi2
=0.85*894.3
= 760.155 kJ/kg* 4.16kg/sec = 3162.2 kJ/sec=3162.2 kW
Throttling process:-

The aim of this process is to reduce the steam pressure without any losses.

h1=h2

This concludes that the quantity of steam after throttling is better than before throttling.

EX: - Dry and saturated steam at 50 bar is throttling to 1bar find the final condition of
steam.

Sol:-

From steam table at 50 bar dry & sat. hy = 2794 kJ/kg = ho,

From steam table at p, = 1bar, hg, = 2675 kJ/kg < h therefore steam is superheated

From superheated table at 1bar & h, = 2794 kJ/kg where 2794 is between 2777 at T = 150°C&
2876 at T = 200°C

2794 - 2777

T2=150 + ——— (200 — 150) = 159°C
2876 - 2777
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EX: - Steam at 7 bar & relative humidity 0.08 throttle to 0.05 bar, determine the steam
condition after throttle.

Sol:-

p2 = 7 bar, R.H = 0.08, pz = 0.05
ms (1-0.08)
X=—=

= =0.92
mr  (1-0.08)+0.08

h1 = hs + X *hggs
=697 + 0.92* 2067

= 2598.64kJ/kg = h
From table at p = 0.05 bar, hg> = 2423< h, the condition after throttling is superheated,

2598.64 — 2594
T2=50+ (100 - 50) =52.468°C
2688 — 2594

Problems:-

61 A rigid vessel of volume 1 m3 contains steam at 20bar and 400°C. The vessel is cooled
until the steam is just dry & saturated. Calculate the mass of the steam in the vessel,
the final pressure of the steam, and the heat removed during the process.

(6.62kg; 13.01bar; 2355kJ)

6 —2 Steam at 7 bar, dryness fraction 0.9, expands reversibly at constant pressure until

the temperature is 200°C. Calculate the work done and heat supplied per kg of steam
during the process. (38.2kJ/kg; 288.7kJ/Kkg)

6 — 3 Dry saturated steam at 7 bar expands reversibly in a cylinder behind a piston until

the pressure is 0.1 bar. If heat supplied continuously during the process in order to
keep the temperature constant, calculate the change of internal energy per kg of
steam. (37.2kJ/kQ)

6 — 4 1kg of steam in a cylinder expands reversibly behind a piston according to a law pv =

constant, from 7 bar to 0.75 bar if the steam is initially dry saturated, find the
temperature finally, the work done by the steam, and the heat flow to or from the
cylinder walls (144°C ; 427kJ/kg ; 430kJ/Kg )

6 —5 In asteam jacket cylinder, steam expands from 5 bar to 1.2 bar according to a law

pvt% = constant. Assuming that the initial dryness fraction is 0.9, calculate the work
done and the heat supplied per kg of steam during the expansion.
(221.8kJ/kg; 197.5kJ/kQg)

6 —6 Steam at 17 bar, dryness fraction 0.95, expands slowly in a cylinder behind a piston
until the pressure is 4 bar. Calculate the final specific volume and the final

temperature of the steam when the expansion follows the law pv = constant.
(0.471m3/kg; 150°C)
6 —7 the pressure in a steam main is 12 bar. A sample of steam is drawn off and passed
through a throttling calorimeter, the pressure and temperature at exit from the
calorimeter being 1 bar & 140°C respectively. Calculate the dryness fraction of the
steam in the main, stating any assumption made in the throttling process. (0.986)
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Unit seven The second law of thermodvnamic

The second law of thermodynamics

The first law of thermodynamic deals with process either reversible or irreversible and also
either closed or open flow system.

The 2" law of thermodynamic deals with cyclic processes, these cyclic have only heat and
work transfer its boundary no mass transfer
In figure shown the cycle of 2" law for steam power plant (heat engine).

Flue
gas

¥

\
Boiler

Steam

The element of steam power cycle is :-

1- boiler -open flow system — heat transfer ( Qadd)

2- turbine — open flow system — energy transferd ( +ve w.D)
3- condensor — open flow system — heat transferd (Qrej )

4- pump - open flow system — energy transferd (—vew.D )
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In general the cycle can be classified to two main kind :-

1- Heat Engine [H.E]:-Its main object to take heat from high temperature source , transfered

some of it to work and rejected the rest .

A diagrammatic representation of a heat engine is shown in fig below

High temperature

Source

+ Qadd

H.E

+——— Net work done

+ Qrej

Low

Temperature Sink

Net work done = Qadd - Qrej

Net w.D. Qadd - Qrej

NHE =

Qadd Qadd

=1-

Qrej
Qadd

2- Heat pump [H.P]:- It is reverse of heat engine it transfer heat from low temperature source
to high temperature sink and consume work external.
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A diagrammatic representation of a heat pump is shown in fig below

High temperature
Sink

+ Qrej

HP «———-ve(w.D)

+ Qadd

Low
Temperature source

Qrej
Vapor
High pressure
Liquid
High pressure
Y
Cycle of | - W
heat pump
KExp.VaIve Compressor
Evaporator Vapor

+ Low pressure
Liquid > /W\/\/

Low pressure

Qadd
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The cofficient of performance [C.O.P]of H.P:- it is ratio between heat rejected or heat added
devided by work done.

Qrej Qrej
(C.O.P)up= =
w.D Qrej - Qadd

Qadd Qadd
(C.O.P)ref,: =
w.D Qrej - Qadd
(C.OP)ur-(C.OP)rer=1 | Where(C.0.P)up>(C.0.P)er

The diffrence between heat engine & heat pump :-

Heat engine Heat pump

+ W - W

High temperature source Low temperature source
Low temperature sink High temperature sink
Qadd > Qrej Qrej> Qadd

Statement of 2" law of thermodynmic :-

1- Kelvin — planck statement [ used for heat engine] :- It is impossible to construct aheat
engine which operate in a cycle and receives a given of heat from high temperature body and
does an amount of works , as some of that heat must be rejected to a low temperature sink.

2- Clausius — statement [ used for heat pumpé& ref.] :- heat can not passes by it self from a
lower temperature body to higher temperature body without any equipment.
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The Carnot cycle :-

.- - -

[

Pa

4 < 3
N
. i . Qrej,Tmin R
a b C d v s

Process (1-2) is isothermal expansion, T= const. = Tmax = T2 =T1 & p.V = const.,

Qadd = W12 = M.R. Tmax In( V2/V1)= w1
P2.V2 —p3.Vs
Process(2- 3) is isentropic expansion,Q23 = 0& p.V = const., Wz = = W2
vy-1

process (4 —3) is isothermal compresion, T=const. = Tmin= T3 =T4 & p.V = const.

Qrej = W34 = -M.R.Tmin In V3/V4 = M.R. Tmin In Va/V3 = w3
Pa.Va—p1.Vi
Process(4- 1)is isentropic compresion,Qs1= 0& p.V¥ = const.,wa1 = = W4
y-1

Qadd = M.R. Tmax In (V2/V1)
Qrej =- m.R.Tmin In (V3/V4)
For process (2 — 3) isentropic exp.

T2Vl = T3 V3l
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" Trax

1)

T Fe,
Tz V2

For process (4 — 1) isentropic comp.

Tmin

TV =TVt

Tl 4 1 Tmax
—=|—|= (2)
T4 Vl Tmin
Vj LV,
V V1

Vs Vg Vs V>
— Or - =

v-1

The efficiency of Carnot cycle is

Qrej M.R. Tmin In (V3/V4)
MNcar = 1- =1-
Qadd M.R.Tmax In (V2/V1)
T min
TNcar = 1-
Tmax

wi=area(l2cal)+ve
wy=area(23dc2)+ve
wz=area(43db4)—ve
ws=area(l4bal)—ve
Net woork done = wi + W2 - W3 - Wa

=—area(12341)+ve
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For Heat Pump working on Carnot principle we reversed carnot cycle:-

Pa Ta

Qrej, Tmax
XY S

[EEN

2= FF
Qadd, T min

[
»

For reversed Carnot cycle as shown in fiyire :-

Oy

Qrej
(C.O.P)np=

Qrej - Qadd

Tmax
(C.O.P)up=
Tmax - Tmin

Qadd
(C.O.P)Ref_:

Qrej - Qadd

Tmin
(C.O.P)Ref=———
Tmax — Tmin

(C.O.P)H_P- (C.O.P)Ref,:].

(C.O0.P)Hp>(C.0O.P)pet

EX:- The heat rejected from steam power plant is 1600kJ/kg. while the work done by the
machine is 800kJ/kg.and work wanted to operate water pump is 20kJ/kg.Calculate the
efficiency of power plant ?

Sol:-

Grej = 1600 kJ/Kg, Wour = 800KJ/Kg , Win= - 20kJ/kg,
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Qrej N W D

Mpower plant = 1-

Qadd Qadd
N .W .D = Qadd - Qrej
N .W .D = wWout — Win = 800 — 20 = 780 kJ/kg
780= Qaad — 1600
Qadd = 2380 kJ/kg

N.W.D

Npower plant =

Qadd
780

=0.328 = 32.8%

2380
EX:- The maximum temperature of Carnot cycle forH.E is 1000°C & the minimum
temperature is 200°C The heat produced Max. temperature is 6000kJ/min .Find the
power of the engine ?
Sol:-
Tmax = 1000°C , Qadd = 6000/60 = 100kJ/sec = 100 kW

Power = wW.D = Qadd - Qrej

Tmin Qrej
Tmax Qadd
Tmin
Qrej = * Qadd
Tmax
200 + 273
= *100=37.15 KW
1000 + 273

Power =w.D =100 - 37.15 =62.81kW

EX:- Through the revese Carnot cycle, the work wanted to system is 400kJ/min and work
produced by the system is 200kJ/min.If the haet rejected from the system is 600kJ/min
how much heat is added and what power wanted to work this system also calculate C.O.P
for the state a- used as ref.b- used as H.P.
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Sol:-

(w.D)in = 400kJ/kg , (W.D)out = 200kJI/min , Qrej = 600kI/min , Qagd =? , N.W.D =?
(C.O0.P)rer =?, (C.O.P)np =?

N.W.D =(w.D)in - (W.D)out

=400 — 200 = 200kJ/min
N.W.D :Qrej - Qadd

200 = 600 — Qadd

Qadd = 400 kJ/min

Qadd 400
(C.O.P)ref = = =2

N.W.D 200

Qrej 600
(C.OP)up = = =3

N.W.D 200

(C.O.P)Ref -(C.O.P)H,P =1

3-2=1
EX:- A ref. operates on reversed Carnot cycle the higher temperature is 40°C & lower
temperature is -20°C the capacity of ref.is 10 ton Determine a- C.O.P b- power required
Cc- Qrej [ Take 1 ton = 3.5kW].
Sol:-

Tmax = 40+273 = 313°K , Tmin = -20 +273 = 253°K,, Qadgd = 10ton *3.5 = 35 kW

Tmin 253
(C.O.P)ref = = = 4.217
Tmax - Tmin 313 — 253
Qadd 35
N.W.D = = =8.31 kw
(C.O.P) 4217

N.W.D :Qrej - Qadd
Qrej =N.W.D+ Qadd

=8.31 + 35 = 43.3kW
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EX:- What is more effective for increase eff. of engine working with Carnot cycle between

1100°K & 500 °K.

a- Increase temp. of hot vessel about 100°C & remain the temp. of cold vessel const.
b- Decrease the temp. of cold vessel about 100°C & remain the temp.of hot vessel const.

Sol:-
a_
Tmax = 1100°K , Tmin = 500°K

Tmin
Ncar = 1-

Tmax

500
Ncar = 1-—

1100

= 0.545 = 54.5%
Trmax = 1100 + ( 100 +273)
= 1473°K

Tmin

Ncar = 1-
Tmax

500

MNcar = 1-
1473

=0.6 = 66%

b-
Tmax =1100°K

Tmax =500 - ( 100 +273)

=127°K
Tmin
MNcar = 1-
Tmax
127
MNcar = 1-—
1100

= 0.88 = 88% the case b it give more effective
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EX:- Carnot engine is 25% we reversed the motor to working with cooling load of
800kJ/min at 5°C ,Determine :-

a- net work done wanted to operate in cooling machine
b- C.O.P

Sol:
Mcar = 25% Qadd = 800kJ/m|n, Tmin=5+273 = 2780K,

NW.D = Qrej - Qadd

Tmin
Ncar = 1-
Tmax
278
025=1-——
Tmax

Tmax = 370.66°K

Tmin 278
(C.O.P)ret = = =3
Tmax = Tmin 370.66 — 278
Qadd
(C.O.P)ret. =
N.W.D
800
3=
N.W.D

N.W.D =266.66 kJ/min

EX:- In an isolated house a heat engine (H.E) working between 727°C &17°C is installed
to give power to house utilities which are composed of :-

1- cooking & lighting appliances that needs 6000kJ/hr.

2- Ref. which work between -23°C &17°C & consume 2000kJ/hr work.

3- A H.P which work between 17°C &37°C & consume 4000kJ/hr work .
-The H .E working on thermal eff. of 35.2 % of the max.possible eff.

- the ref.& H.P C.O.P are 50% of the max possible C.O.P for each machine .
Calculate :-

a- the net power of H.E (kW)

b- the heat added to H.E per hr

c- the heat absorbed by ref

d- the heat given by H.P

e- the heat added or rejected from 17°C datom.
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Sol:-
Qaddl
6000 kJ/hr NWD[ g
~ cooking & X
lighting Qrejl
\ 4
= /17°C \
X .
= 8 | Qrei2 Qadd3
5 & W3
N o H.P
(&
(&
O
<

W
‘Qaddz

/-23°C \

Qrej3
37°C

Net power = wy + wz + wz = 6000+ 2000+4000

Qadal="?
N.W.D
NMHE= —
Qaddl
0.71

Tmin
NHeT = 1-

Tmax

17+273
=1-

727+ 273

=0.71=71%
nHe = 0.352 *0.71
=0.25= 25%

12000
0.25=

Qadal
Qaddl = 48000 kJ/hr

Qadd2="?
Qadd2
(C.O.P)Ref =

W2

= 12000kJ/hr = 12000/3600 = 3.34kW
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Tmin
(C.O.P)ret T =
Tmax - Tmin

-23+ 273

(17 +273) — (-23 + 273)
= 6.25
(C.O.P)ref =6.25 *0.5=3.125

Qadd2
3.125 =

2000
Qadd2 = 6250 kd/hr

Qrej3 =7
Qre3

(C.O.P)np=
Ws

Qrej3 = W3 * (C.O.P)up
Tmax
(C.O.P)upr=
Tmax - Tmin

37+ 273

(37+273) — (17-273)
=155
(C.O.P)up=155*0.5

=7.75
Qrej3 =4000*7.75

= 31000kJ/hr
Qrej2 = W2 +Qadd2

= 2000+ 6250

= 8250 kJ/hr

Qrejl = Qadal- NW.D
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= 48000 — 12000

= 36000kJ/hr
Qadd3 = Qrej3 — W3

= 31000 — 4000

= 27000 kJ/hr

Reversible& irreversible processes :-

Reversible process :-the process in which the working substance and all elements of its
surrounding after complete the process it return back to initial condition without any external
effect.

P 4

»

There are two source of irreversible process :-
a- External source of irreversible :- Mechanical friction

Q12
= //%
VAR A4
—> 77
Ws12
—> —» W12
—>
Ws12 = W12 + Wr12 Wiy —>
Expansion
Q12 = w2
Wsi2=Wi2+ Q12 | cooenvinnnnn In case of expansion
- Compression process:-
Q21
/A
VA4
7
Wept H— A
< +«— W2
4—
W €

Compression
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Ws21 = W21 - W21
W21 = WS21 + W21

Q21 = Wp21

Ws21 = W21 — Q21 | evvvenvnnnn In case of compression

Ws21 = Ws21

W21 — Q21 = W12 + Q12
Wa1- W12 = Q12 +Q21
Q12 +Q21 >0

b- Internal sources: -

-1t is the friction between molecular of the system it self.

-1f the piston moves slowly the gas fills the cylinder.

-1f the piston moves rapidly the gas fills the cylinder.

-The pressure in bulb will be higher than that in cylinder.

- The net results are less work done and the gas finally will be better state.

— Bulb

]

The meaning of(p-V) diagram for irreversible process :-
p

A

rreversible

Reversible

/

Area under curve 1-2 for p.V diagram is represent work done reversible.

v

But Area under curve 1-2" for p.V diagram is not represent work done irreversible.
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(W.D)irrev < (W.D)rev
(W.D) irrev =( W.D)rev — friction loss
= i p.dV —friction loss
Friction loss :- is a friction (percentage) of ( W.D)rev
Problems :-

7 -1 Explain why it is impossible for any engine cycle to have athermal efficiency of
100% .

7 —2 The overall volume expansion ratio of a Carnot cycle is 15. The temperature limits
of the cycle are 260°C and 21°C. Determine :

1- the volume ratios of the isothermal and adiabatic process
2 — the thermal efficiecy of the cycle Take y = 1.4 (4.42, 3.39, 44.8%)

7 —3 Two reversible heat engines A and B are arraged in series, A rejecting heat directly
to B. Engine A recieves 200 kJ at atemperature of 421°C from hot source, while
engine B is in communication with the cold sink at a temperature of 4.4°C. If the
work output of A is twice that of B find :

1- the intermediat temperature between A & B
2- the efficiency of each engine
3- the heat rejected to the cold sink ( 143°C , 40% , 33.5% ,80kJ)

7—4 A heat engine operates between max. & min temperature of 871°C and 60°C
respectively. With an efficiency of 50% of the Carnot efficiency. It drives a heat
pump whicj uses river water at 4.4°C to heat block of flats in which the temperature
is to be mentained at 21.1°C. assuming that atemperature diffrence of 11.1 exists
between the working fluid and the river water, on the one hand, and required room
temperature on the other, and assuming a heat pump to operate on the reversed
Carnot cycle, but with a coefficient of performance of 50% of the ideal value for the
same temperature limits of the working fluid, find the heat input to the engine per
unit heat output from the heat pump.( 0.82kJ/kJheat input)
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Entropy (s)

Tmin

Qadd
MNcarnot = 1- Ta
T R .
Tmax
Qrej
=1-
Qadd
Tmin Qrej
= Tmin 3
4
T max Qadd T T QrejT
Qadd Qrej S
Tmax Tmin
Thus integrating around the cycle and putting + ve for Qadd and —ve for Qrej
Qadd Qrej
+ =0
Tmax Tmin

Or @ (dQ/T)=0
The same result can be obtained to any reversible

Cycle process and the isothermal cancel each other and no heat is added or rejected in the
adiagrame

O (dQ/M)rev =0

Thus the dQ/T behavies like any properties (p,v,u,h ,T)
Where :-

Odp=0,ddT =0, Ou=0

It exists a property of the system

dQ/T =ds

such that

2 2
S2-51 =) ds=/dQ/T
1 1

this property is called entropy
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Temperature — entropy diagram (T — s )diagram :-

TA
T2

T1

v

2 2
s2—s1=]ds =] dQ/T
1 1
ds=dQ/T
dQ =T.ds

2 2
[dQ =IT.ds
1 1

2
Q. = T.ds
1

- plotting a property diagram between T&s it can be a range if
S2— 81 =jf ds :2{ dQ/T
which is analoges to V\1/212.[ p.dVv

2

{ T.ds isthe area under the process represented on T.s diagram

T & s are two independed property

-This area calculated the reversible exchanged heat Q12 through this process
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TA

—
1
O

Qisothermal = T ( S2 — Sl)

F-——m =
| _____dN

- For reversible adiabatic process is represented on T — s diagrame by a vertical line

Ta ToC 5
Q12=0 L—
S1=383 g
]
is called isentropic process(s = const.) “
3

- For irreversible adiabatic process Q =0 represented by curve 1 — 4 which is not isentropic
TA

\ 4
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Entropy :- It is a property which is directly connected to the exchange heat& the change in

entropy is :-

2
S —s1=]dQ/T
1

Entropy Equation for an ideal gas :-

First low for closed system,
Q12 = w12 +AU12 (KJ)

Q12 = W12 +Auzz (kJ/kg)
differentiate

dg =dw +du

dg=pdv+du —pds=dq/T

T.ds = p.dv +du ..

h=u-+p.v
dh=du+ p.dv+v.dp

dh=T.ds +v.dp

T.ds=dh - v.dp .....b

For ideal gas
p.v=R.T ,p/T =R/v

du=Cv.dT,dh=Cp.dT
from equation a

[T.ds = p.dv +du]/ T

ds = (p/T).dv + du/T

ds = (RWV) .dv + (Cv/T).dT

ds = R(dv/v)+ Cv (dT/T)

2 2 2
[ds = Rj(dviv)+ Cv J(dT/T)
1 1 1

S2 —S1= R In(vo/v1) + Cv IN(T2/T1)
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from equation b

Ef.ds =dh - v.dp] /T

ds = (dh /T) — (v /T)dp
ds=Cp (dT/T)-R (dp/p)

2 2 2
Jds = Cpl(dT/T)- R l(dp/p)
1 1 1

S2—51=Cp In(T2/T1) - R In(p2/p1)

putR=Cp-Cv

S2—51=Cp In (T2/T1) - (Cp — Cv)In(p2/p1)

S2— 51 = Cp In (T2/T1) - Cp In(p2/p1)+ CvIn(p2/p1)
52— 1= CplIn (T/T1) - In(pa/ps) 4 Cvin(pa/pa)
$2—-51=Cpln ETlel) - (p2/p1) % Cvin (p2/p1)

(T2/Ty)
s2—s1=Cpln

+ Cvin (p2/p1)
(p2/pa)

T2, p1
s2—s1=Cpln

+ Cvin (p2/p1)
Tip2
P1vi P2.v2

T1 T2

Topr w2

T1.p2 Vi

S2—$1=Cp In (v2/ v1) + Cvin (p2/p1)

Representation of particular process on (T- s) diagram.
a- constant volume process (isochoric)
S2 —S1 =R In(v2/v1) + Cv In(T2/Ty)

V2 =V1
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RiIn (v2/vi)) =0

S$2—S1=Cvln (Tz/Tl)

For certain arbitrary datum the entropy is assumed =0 att=t, =0°Ci.e. T =T, =273 °K
And p = po = 0.006112bar and thus:-

Vo=R (To/ps) mikg

S2 — S1 = R In(v2/vo) + Cv In(T2/To)

This reduced to

s=RIn (v/vo) + Cv In(T/Ty)

Appling isochoric process put v = const.

s=const+CviInT

Which it are family curves each of which as a const. volume value a horizontal distance between
any two constant volume lines is always const. as it equal :-

As =R In (v2/v1)

Ta Pa

v

<v
(%)

I5
b- Isobaric process:-

0
S2— 51 =Cp In(T2/T1) - R Ingga/p1)

P2 =p1

Or
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Using the same datum is So =0, T = To = 273 °K And p = po = 0.006112bar,
s=Cp In(T/To) - R In(p/po)

As p = const for isobaric

s=const +Cp InT

Where:-
Const = -CpInT, — R In (p/po)

This represented a family of curve each of which has a constant pressure Value and the
horizontal distance is always constant at which equal:-

As = Rln (pz /p1) TaA pa

vy
v
<

C- Isothermal process (T =constant):-

0
S2 —S1 =R In(v2/v1) + Cv In(F5/T1)

S2 — S1 = R In(v2/v1)

Or 0
S2—51=Cp WTD - R In(p2/py)

S2—S1=-RIn (p2/p1)
pa Ta

v

<v
wm
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D — Isentropic process ( Reversible adiabatic process) s = constant :-

S2-51=0

P4 Ta

<v

S2 =81
E- polytropic process :-

s2—S1 =R In (v2/v1) + Cv In(T2/Ty)
T vi™ = To vt

(vov)"t =T/ T,

(v2ivi) = (T1/ To)¥ M1

(voivi) = (Tof To)YmL

Cv=R/y-1

52— 1= R In (T2 To) V™4 R /(y — 1)) In(T2/T3)
1 T, R T

=R* ——In—+ In—
n-l T y-1 T1

1 T R T2
=R*—In—+—1In—
n-1 T v-1 T1

-R R T
=—+—|In—
n-1  y-1 T1

R(n-vy) T
S$9—S1=—— In—
-l T

U)V
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Compression Expansion

v = const.

p.v”; const.
% p =.const.
<«--T=const. _ _*_~_\/ T =const.
// ’II
= ’ !
p=const .- ," | p.v" = const.
-~ ) B,
v=congt. .” g
v, o
58
v
s
Entropy change in irreversible process:-
A
Paf __ EXp. T4
P R
T ) & _— Heat addition
S S S 2 L I 1% . at const.
! ! : volume
Vi V2=V S1=52 S2 S
A
P2}-
pzx L —

S2

V2 =V Vi S1=S»

1 - 2" Isentropic reversible adiabatic, s = const. Q =0, As =0
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1 - 2 Irreversible adiabatic, s~ const. Q #0, As #0

Pirrev = Prev

Tirrev > Trev

From diagram we have constant volume, heat addition from (2" - 2)

To. Vo =T V1L

To. Vo= T V1™

Vq |1t
Tor=T1|—

Vo

Vl n-1
To=T1 |—

V2

T, (Vi V)™

T (Vi V)7t

Vo=V

T, (Vi/ Vo)™t

T (Vi V)7t

$5—51=5-S»=CvInTy T

For expansion

$95-51=5-Sr=CvInTy Ty

} Exp & comp., V = const.

Tol T2 = (Vi/V2)™ | 1 case of compression where n>y & Vi1 >V>

Where s; = s»°

To/ T2 = (V1/V2)™" |In case of expansion where n<y & V1<V
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EX: - Air in a piston — cylinder is at 1bar and 15°C. The piston is move & volume reduced
to one quarter of the original size. The compressor is adiabatic and:

a- Reversible the law of comp. being p.V*# = const.

b- Irreversible and final temperature being 6.6°C higher than in case (a)

Compare the w.D &As in the two cases

Sol:-
a_
P1.V1—p2.V2
w=—
v-1

T =Ti( V1Vt
T2 = (15+273) (V1 /0.25V;) 141
T> =501.1°K
R(T:1—T2)
w=—
v-1

0.287(288 — 501.1)

w =

1.4-1

- 152.9 ki/kg

As=0
b-

To=T2 +6.6
T, =501.1 - 273 =228.1°C
T2,=228.1+6.6
=234.7 °C=507.7°K
W12 =-Aup =-Cv (T2 —Th)
R
wW=-——>*T2—-Th)
v-1
0.287
=-——*(507.7 — 288)
1.4-1

= -157.6 ki/kg
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As=Cv In (T2/T2)

R
As=——In (T2/T2)
v-1

0.287
As =——1In (507.7/501.1) = 0.009259kJ/kg.K
1.4-1
EX: - 1kg of fluid at 1.5bar & 111.4°C is heated at constant volume to 300 °C. Calculates
the final pressure & change in entropy when fluid a- air b- steam.
Sol:-
m = 1kg, p1 = 1.5bar, T1 = 111.4+ 273 = 384.4°K, VV=const.,T> = 300+273 = 573 °K,p2 =?

a- air Ta
P2/ T2=pi/Ty 2
P2 = T2 (p2/T1)

= 573 (1.5/384.4)

= 2.235bar

(28 4

As12 = Cv In (T2/Ty)
=0.717 In (573/384.4)
= 0.286kJ/kg.K
b-steam
From steam table at p1= 1.5bar&ts = 111.4°C,v1 = vg = 1.159m%Kkg, s1= sq = 7.223kJ/kg.K

From steam table at T= 300°C & v1 = v2 = 1.159m%kg

pa
p =2bar at v = 1.316 m/kg 2
p = 3bar at v =0.8754 m*/kg
1.159 -1.316
p2 = 2+ (3 - 2)
0.8754 — 1.316
= 2.357 bar '

<V

s =7.892 at v = 1.316 kJ/kg.K

s=7.702 at v=0.8754 kl/kg K
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1.159 -1.316

S2=7.892 +

0.8754 - 1.316

= 7.824 kJ/kg.K
AS12 =82 —S1

=7.824 - 7.223

= 0.601kJ/kg.K

(7.702 - 7.892)

EX: - 1kg of air at 1bar &15°C is heated at constant pressure to 149°C. Calculate the Asiz,

AV12, Wiz, AU12 & AH12.

Sol:-

m = 1kg, p1= 1bar, T1 = 15+273 = 288°K, p1 = p2 = 1bar, T> = 149 +273 = 422°K,

102 p1.Vi=m.R.T:

m.R.T1
Vl -
102 ps
1*0.287*288
V1 =
10%* 1
=0.827m?

V1i/T1=Vo/T,
V2=Tz (V1/T1)
=422 (0.827 / 288)

=1.212m8

AV =V -V1
=1.212 - 0.827
=0.385 m?

wiz2 =102 p1 (V2 — V1)

P 4

<V
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=102 *1*(0.385)
= 38.5kJ
AU12 =m.Cv. (T2- Ty)
= 1* 0.717 (422 — 288)
= 94.4kJ

Qu2=AH1=m.Cp. (T2- Ty)

=wi +AUp =385+94.4 =132.9kJ

As12 = CpIn(T2 - T1)

= 1.005 In( 422 / 288) = 0.378kJ/kg.K

EX: - Consider a compressor with air at 1bar &15°C compressing

a- At constant temperature to 27.59bar.

b- At p.V" = const. & n=1.3, to same pressure, Calculate, T2 ,w12 , 12 , Au12 , As12 for two

cases .
Sol:-
p1 = lbar, T = 15+273 =288 °K
a-
T = const. Comp.,p2 = 27.59bar,
T1=T»=288°K
w12 = R.T1ln (p1/p2)
=0.287 * 288 In (' 1/ 27.59)
= - 263.47 kJ/kg = g2
Auiz =0
As12 = RIn (p1/p2)
=0.287 In ( 1/ 27.59)

= - 0.915 ki/kg.K

b- p.V" = const.
T T2
pln-l/n - p2n-1/n

Tl

N
[EY

F e e m - 4
F e - 4

w

N
w
=
ny
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T2 =T (p2 /pz) ™"
=288 (27.59 /1) +3D-3
=619.2°K

10 (p1.V1 — p2.V2)

Wi2 =
n-1
R(T1—-Ty)
Wi2 =
n-1
0.287 (288 — 619.2)
W12 =
1.3-1
=-316.84 k.]/kg

J12 = W12 + Aur
Augz = Cv (T2 —Thi)
=0.717 (619.2 — 288)
= 237.61kJ/kg
12 =-316.84 + 237.61
=-79.23 kJ/kg
(n-y) R T2

Aspp=——1In—
(y-1)(n-1) T:

(1.3-1.4) 0.287 619.2

In

_(1.4-1) (1.3-1) 288

=-0.18594 kJ/kgK
Problems:-

8 — 1 1m? of air is heated reversibly at constant pressure from 15°C to 300°C, and is then

cooled reversibly at constant volume back to the initial temperature. The initial

pressure is 1.03bar. Calculate the net heat flow and the overall change of entropy, and

sketch the process on a T —s diagram.

(101.5kJ; 0.246KkJ/ K)

8 — 2 1kg of air is allowed to expand reversibly in a cylinder behind a piston in such a way
that the temperature remains constant at 260°C while the volume is doubled. The
piston is then moved in, and heat is rejected by the air reversibly at constant pressure
until the volume is the same as it was initially. Calculate the net heat flow and the
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overall change of entropy. Sketch the processes ona T —s diagram.
(-161.9kJ/kg; -0.497 kJ/kg.K)
8 — 3 1kg of steam at 20 bar, dryness fraction 0.9, is heated reversibly at constant pressure
to a temperature of 300°C. Calculate the heat supplied, and change of entropy and
show the process on T-s diagram, indicating the area which represented the heat
flow. (415kJ/kg; 0.8173kJ/kg.K)
8 —4 steam at 0.05 bar, 100°C is to be condensed completely by a reversible constant
pressure process. Calculate the heat flow to be removed per kg of steam, and the
change of entropy. Sketch the process on a T —s diagram and shade in the area which
represented heat flow. (2550kJ/kg; 8.292kJ/kg.K)
8 — 5 1kg of air at 1.013bar, 17°C is compressed according to the law pv*? = constant, until
the pressure is 5 bar. Calculate the change of entropy and sketch the processona T —s
diagram, indicating the area which represents the heat flow. (-0.0885kJ/kg.K)
8 — 6 steam at 15 bar is throttled to 1bar and a temperature of 150°C. Calculate the the
initial dryness fraction and the change of entropy . Sketch the processona T —s
diagram. (0.992;1.202kJ/kg.K)
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Gas power cycle

Air standard cycles:-

1- Otto cycles

2- Diesel cycle} comp& exp., s = constant, +ve work done

3- Dual cycle

Heat added & heat rejected:-

1- Otto cycle heat added & heat rejected at constant volume.

2- Diesel cycle heat added at constant pressure, & heat rejected at constant volume.

3- Dual cycle heat added at constant pressure & constant volume, heat rejected at
constant volume.

-In all these cycles the main purpose is to produce mechanical work.

The following assumptions are made:-

1- Air is the working substance

2- All processes are reversible at constant entropy
3-Cp, Cv, v, e, forair are constant .

1- Otto cycle:-

The Otto cycle is the ideal air standard cycle for petrol engine, the gas engine, and the high —
speed oil engine.

LCylinder Piston
—> i

: / Connection rod
Qadd [ \
as

—_—

—],

T.D.C B.D.C

T.D.C =top dead center
B.D.C = hottom dead center

A Ta
p

Process (1 - 2) reversible adiabatic co%p. (s = const.) (—ve w.D) on the gas

Process (2 — 3) heat added at constant volume
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Process (3 — 4) reversible adiabatic exp. (+ve w.D)

Process (4 — 1) heat rejected at constant volume & return gas to original condition.
Pmax = P3, Pmin = P1

Tmax=T3, Tmin=T1

Vmax = V1 =V4, Vmin=V2=V3

+ve W.D = - Auzs

10% (ps.V3 — pa.Va)

v-1

M.R (T3 —T4)
= =m.Cv (T3 —Ta)
v-1

-ve W.D = - Aup

102 (p1.V1 — p2.Va)

v-1

MR (T1—T2)
= =m.Cv (T1-Tp)
v-1

Qadd = Auzz=m.Cv (T3 —T2)
Qrej = Ausr=m.Cv (T4 —Ty)
N.W.D = Qadd - Qrej

Compression ratio(r):- is defined as the ratio between maximum volume in the cycle (V1=V4)
to the minimum volume in the cycle (V2=V3).

Process (1 - 2):-

TV =To Vot
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T2 [Va|7?
= = rY'l
T [V2
To=Ti*rt

Process (3 — 4):-

T3.V3 1 = Ta Vet

T3 | Va7t
— =|— =l
T4 (V3
T3=Ts*rt
T, T3
T1 Ta
Qrej
Notto = 1 -
Qadd
m.Cv (T4 —T1)
=1-
m.Cv (Tz—Tp)
(Ta—T)
=1-
(T4 * ry-l) _ (Tl * ry-l)
(Ta—T)
=1-
(Ta—Ty) * rr-l
1
=1-
-t
1
TNotto = 1-
vt
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eff.Otto

-As (r) increased eff. also increased.

-As (r) increased p2 & T2 increase.

- Petrol octane no, which limit the value of (r).

EX: - In an Otto air standard cycle the minimum pressure and temperature are 1bar
&15°C, the maximum volume is 0.8m?, the minimum volume is 0.1m?2, the maximum
temperature in the cycle is 800°C find:-a- cycle efficiency b-N.W.D  c¢- Qr d-p,V.T.
at all cycle.| takey=1.4, R=10.287kJ/kg.K |

Sol:-
Otto cycle, p1 = 1bar, T1 = 15+273 = 288°K, V1 =V4 = 0.8m3, V2 =V3 = 0.1m°,

T3 =800+273 = 1073°K

pa Ta

a— \7 S ]
Notto = =1- =1-
Qadd Qoadd -t
r=(Vi Vo)
=0.8/0.1=8
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1

Notto = 1 -
glat

=0.565 = 56.5%
b-
N.W.D = Qadd * notto
Qadd = M.Cv(Tz—Tp)

10°p* Vi 10%%1%0.8

m= =
R* Ty 0.287 * 288
R 0.287

Cv= = = 0.717kJ/kg.K
v-1 14-1

To = To* 1l = 288* 8141 = 662°K
Qadd = 0.96*0.717(1073 — 662)

= 282kJ
N.W.D = 282* 0.565

= 160kJ
Cc—

Qrej = m.CV(T4 — Tl)

= Qadd - N.W.D
=282-160=122kJ
Ta=Ts.r?t
Ta=Ta/ 1!

= 1073/ 81 = 467.05 °K
p1 .V =p2 . VoY
p2 = pu(V1/V2)' =po 1Y
= 1* 814=18.379bar

Or
102 .p2.V2 = m.R.T>

= 0.96 kg
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p2/ To=p3/T3

p2.Ts  18.2* 1073
p3 = = =29.618bar
T2 662

Ps V3" = pa V4!
p3 = pa(Val/V3)' = pa. r?
Pa=p3/ 1"

=29.618 /8= 1.6115bar

2- The Diesel cycle:-

The engines in use today which are called diesel engines are far removed from the original
engine invented by Diesel in 1892. Diesel worked on the idea of spontaneous ignition of
powdered coal, which was blasted into the cylinder by compressed air .oil became the accepted
fuel used in the compression — ignition engines, and the oil was originally blasted into the
cylinder in the same way that Diesel had intended to inject the powdered coal this gave a cycle of
operation which has as its ideal counterpart the ideal air standard Diesel cycle shown in fig
below.

Process (1- 2) reversible adiabatic, isentropic comp., (-ve w.D)

Process (2 — 3) isobaric heat added at constant pressure which is called (cut of point) at which
heat addition is stop

Process (3 - 4) isentropic exp. From cut of point to initial volume at 4 and (+ve w.D) is produce
Process (4 — 1) isochoric heat rejected at constant volume, that brings gas back to original
condition.

pa

v

1- Compression ratio (r):-

Max .vol. Vior V.
r = =
min.vol. V2
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2- Expansion ratio (re):-

re =

Max .vol. ViorVy

Cut of point

3- Cut of ratio (e):-

Cut of point V3
e=— =
min.vol. V>

r=Vi/Vy ,e=Vs/V2
r VilVo V1 Va4
e ViV Vi V3
Calculation:-

Qadd =M.Cp (T3 —Tp2)
Qrej = m.CV (T4 — Tl)

N.W.D = Qadd - Qrej

NWD Qrej
Mo = =1 -
Qadd Qadd
m.Cv (T4 —T1)
np=1-
m.Cp (Ts—T2)

TVt =ToVort

To=Torrt | ... 1

T3.Varl=Ta Vet
Ta=Ts (Va/Va)'?
= Ts (L/re)r?
Ta=Ts (/) | .2

Vo/T2 = V3/T3 at p=const.
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Ta = To*(Va/V2)

Ts=T2.e|....3

Sub3in?2
Ta=T,.e (e/r)?
Sub 1 in this equation

Ta=Torte (e/r)y?

Cv (T4 — T1)
nD = 1- —
Cp (Ts—To2)

1(T1 .er — T1)

Ta=T1 .67 |....4

np = 1-
v (T2.e-T))
T1(e"-1)

=1-—
y.T2(e—1)

T1(e"-1)

nD:]_-

v. Trrvt(e—1)

1 (-1

Mo = 1- *

rt ye-1)

(e"-1)
Put{=

y(e—-1)

1

no = 1- *Q

rvl
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1.8
1.6 A
1.4 1
1.2 1

¢ 19
0.6 1

0.4 -
0.2 A

rlD A

T T T T T 1 >
012345 ¢86 7 F

EX: - The diesel cycle has the minimum temperature of 27°C and maximum temperature of
1327°C the quantity of heat added is 700kJ find:

1- Efficiency of the cycle. 2- N.W.D.

3- Compare this cycle with the Otto cycle working between the same limits of temperature
and consuming the same amount of heat added.

4- The compression ratio for each cycle.

5- Efficiency of the corresponding Carnot cycle increase in net w.D between these cycle and
other two cycle two cycle above.[ take Cp = 1.0 kJ/kg.K , y = 1.4, m= 1kg ]

Sol:-

pa

v

Ty = 27+273 = 300°K, Ts = 1327-M73 = 1600°K,
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1-
1

Mo = 1- *Q

rrt

(€"-1)
=

y(e—1)
e=Vi/V;
r=Vi/\Vz
Qadd = mM.Cp. (T —T2)
700 = 1*1* (1600 — T>)
T2 = 900°K
TV = To Vot
To=Torr?
900 = 300*r 14
900/300 = r %4
(900/300)Y04 =y
r=155
V2/T2=V3/ T3
V3/V,=T3/To=e
e = 1600 /900 = 1.78
(1.7814—1)

C = @00

1.4(1.78 - 1)
=1.135

1
*1.135

np = 1-
15,5141

=62.3%

2-
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N.W.D =1p * Qadd
=0.623 * 700
=436 kJ

3-
1

Notto = 1 -
rvt

To=Tur7?t
rl=ToT:

Qadd =M.Cv(T3—T2)

Cv=Cp/y=1/1.4=0.717kJ/kg K

700 = 1*0.717(1600 — T>)

T2 = 620°K

T2 =T,
620=r141*300
r=6.1

1

Notto = 1 -
6.1141

=0.515=51.1%
N.W.D = notto * Qadd
=0.515* 700
= 360kJ
4-
Fdiesel = 15.5
loto = 6.1

5-
Tmin

NCarnot = 1-
Tmax
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300
Ncamot =1 - ——
1600
=0.82 =82%
(N.W.D)Carnot = TMcamot * Qadd
=0.82* 700

=574kJ
Increase (N.W.D) piesel = 574 — 436

=138 kJ
Increase (N.W.D) otto = 574 — 360

=214 kJ

3- Dual cycle:-

Modern oil engines although still called diesel engines are more closely derived from an engine
invented by Ackroyd- Stuart in 1888. all oil engines today use solid injection of the fuel ; the fuel
injected by a spring —loaded injector the fuel pump being operated by a cam driven from the
engine crankshaft.the ideal cycle used as a basis for comparison is called the Dual combustion
cycle or the mixed cycle, as shown on a (p.v) diagram below

Pa TA

0 4

3 ad
P3 =P4}-- : d\‘
p.v' = const.
Qadd~y
2
2¢ 1 O
| 14 |
i 1, i N I
V3 =V2 vi=vs V S1=%2 =4S

Process 1to 2 is isentropic compression,(-ve W.D)

r=Vi/V>

Process 2 to 3 is reversible constant volume heating, Qadd 23 With pressure ratio,

MNp = p3/p2

147



Unit nine

0as nower cvcle

Process 3 to 4 is reversible constant pressure heating, Qadd 34,

e =Vi4/V3

re =Vs/V,

Process 1 to 5 is reversible constant volume cooling, Qrej,

Qadd = Qadd 23+ Qadd 34

=m.Cv(T3—T2) + m.Cp(Ts—Ts)

Qrej = m.CV(TS — T]_)

N.W.D = Qadd - Qrej

NWD Qrej
Nouval = ——— = 1-
Qadd Qadd
1
Noual = 1 - *D
rrt

D=

(rp-1)+yap(e-1)

Mean effective pressure

Process 4 to 5 is isentropic expansion, (+ve W.D)

Is defined as the height of a rectangle having the same length and area as the cycle plotted on
(p.v) diagram the rectangle ABCDA is the same length as the cycle 12341, and area ABCDA is
equal to area 12341 then the mean effective pressure,pm, is the height AB of the rectangle.

PaA
3
2 4
pm|_.._B C
1
A D
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N.W.D

pm =
102 (v1—w2)

-The term (v1 — v2) is proportional to the swept volume of the cylinder.
-The law pm is used for three cycles (Otto, Diesel, Dual)

EX: - A Diesel engine operates on the Dual cycle with volumetric compression ratio 10:1
ambient temperature & pressure are 27°C & 2bar, maximum pressure 100bar & cut off
point ratio 1.5:1 find nouai , N.W.D&pm [ Take y =1.4 & Cp =1.005 kJ/kg.K ].

Sol:-
pa Ta
0 4
3 ad
Ps = paf-- ——t \
p.vY = const.
Qadd~,
2
21 *5
| 14 |
i 1, i N R
V3=W2 Vi=Vs v S1=$ S5=84 s

r=10:1

10 = V1/V,, T1 =273 +27 = 300°K, p1 = 2bar, pmax = p3 = p4 = 100bar,e = V4/V3 =15

1
Noual = 1 - *D
rrt
D=

(p-1)+yrp(e-1)
'p = pa/p2
p1.V1' = p2.Vo!

P2 = p1 (V1/V2)"
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P2 =pur’
=2*10"
= 50bar

rp = palp2
=100/50
=21

2% 15141
D=

(2-1) +[ 1.4 *2 (1.5 - 1)]

D =0.979

1
*0.979
10 14-1

Nouval =1 -

=0.61=61%
N.W.D
MNDual =
Qadd
N.W.D = Qadd * Npual
(add = Qadd23 + (add34
Qadd2s = CV (T3 - T2)
Cv=Cply
=1.005/1.4
=0.718 kJ/kg.K
To=Turt
=300 * 10141
=753.566 °K
Tsl T2 = ps/p2

Ta=rp*T:

=2 *753.566 = 1507.132°K
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Gacizs = 0.718 (1507.132 — 753.566)

= 540.306 k/kg
Qaddzs = Cp (T4 —Ts)
ValV3=Tal T3
Ta=Ts.e
T4=1507.132 *1.5

= 2260.698°K

Qaddzs = 1.005 (2260.698 — 1507.132)

= 753.56kJ/kg

(ada = 540.306+753.56
= 1293.866kJ/kg
N.W.D =1293.866 * 0.61
= 789.258 kJ/kg

N.W.D
pm=——————
10% (vi —v2)
(vi—v2) = vi[ 1- (volvi)]

=v1 [1- (/1]

R.T:
(vi—v2) = *[1-(1/[‘)]
102, P1

R=Cp-Cv
=1.005-0.718 =0.287 kJ/kg.K

0.287*300

(Vvi—vg))=——* [l-(l/lOﬂ =0.387m%/kg
10%* 2
789.258
pm=————=20.39bar
102 *0.387
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EX: - An oil engine take air at 1.01 bar & 20°C the maximum cycle pressure is 69bar, the
Compression ratio is 18:1.calculate the air standard thermal efficiency based on the Dual
combustion cycle. Assume that the heat added at constant volume is equal to the heat
added at constant pressure. Also calculate the mean effective pressure for the cycle. [Take y
=1.4, Cv =0.718kJ/kg.K]

Sol:-
P4 Ta
3
P3 = Paf-- 3
p.v' = const.
A
21
V3=V2 Vi=Vs v

T2 /T1=(vi/iv2 )" 1= 18%4=3.18
T,=3.18*T1

=3.18 * 293 = 931°K
(Where T1= 20 +273 = 293°K)
p3/p2 = TalT>
T3 = (p3/p2) * T2

= (69 /p2) *931
P2 /p1 = (vi/v2)’

p2 /1.01 = (18)*
p2 = 57.8bar

Tz =(pa/p2) * T2
=(69/57.8) *931 = 1112°K

Now the heat added at constant volume is equal to the heat added at constant pressure, therefore,
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Cv(Tz—T2)=Cp (Ta—Ts)
0.718 (1112 -931) = 1.005 (T4 —1112)

T4=1241.4°K

To find Ts it is necessary to know the value of the volume ratio, vs = v4. At constant pressure

from 3 to 4,
va/va=TalT3
=1241.4/1112=1.116
Therefore,
V5/v3=V1/vs
Vi V3
vs/vz=—*— =18 *(1/1.116) = 16.14
V2 V4
Tal Ts=(vs/va)'t = 16.14141= 3.04
Ts=1241.4/3.04 = 408 °K

Qadd=Cv(T3—T2) +Cp (T2 —Tpg)

= 0.718(1112 — 931) +1.005 (1241.4 — 1112)

= 260kJ/kg
Qrej = Cv(Ts—T1)
= 0.718 (408 — 293) = 82.6 kJ/kg
Qrej
Qadd

82.6
=1-——
260

Noual = 1-

=68.2%
NDual = N.W.D/ Qadd
N.W.D = npual * Qadd

=0.682 *260 = 177kJ/kg
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N.W.D = pm (vi- v2)
(vi—v2) = va[ 1- (v2/vi)]

= vy [1- (1/1)]

R.T1
(vi—wo) = *[1-(1/0]
102, p1

R=Cp-Cv
=1.005-0.718 = 0.287 kJ/kg.K

0.287*293

(vi—vp))=——* [1-(1/18ﬂ =0.786m3/kg
10%* 1.01
177
pm=——————=2.25bar (mean effective pressure )
10%*0.786

EX: - In a Dual combustion cycle the maximum temperature is 2000°C and the maximum
pressure is 70bar. Calculate the thermal efficiency when the pressure & temperature at the
start of compression are 1bar & 17°C respectively. The compression ratio is 18:1 [Take Cp
= 1.005kJ/kg.K, y=14].

Sol:-
pA Ta
3
s = pa-- \
p.v' = const.
21

Tmax = T4=2000 +273 = 2273 °K , Pmax = P3 = p4 = 70bar ,p1 = 1bar, T1 = 174273 =290°K

r=18
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1

n=1- *D

rrl

D=

(p-1)+yrp(e-1)

rp = palp2
P1.V1¥ = p2.Vo!
p2 = p1 (V1/V2)"
P2 = por’
=1*18
= 57.198bar
rp = Ppa/p2
=70/57.198

=1.2238
To=Twrt

=290 * 18141
=921.524 °K
Tal T2 = ps/p2

Ta=rp*T:

=1.2238* 921.524 = 1127.95°K
e =V V3 =TalT3=2273/1127.95= 2.0152

1.224 * 2.0152141

D=

(1.224 -1) + [1.4 *1.224 (2.0152— 1)]

=0.8249

1
*0.8249
18141

n=1-

=0.74 =74%
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Cycle Difference Fie (EEe Similar
In the cycle
Carnot Qadd & Qrej at T = constant Aiir or steam
Otto Qadd & Qrej at V = constant Air N.W.D Qrej
n= =1
Qadd Qadd
Diesel Qadd at p= constant , Qrejat V = constant Air
N.W.D = Qadd = Qrej
Dual Qadd at p&V = constant, Qrejat V = constant Air Qadd > Qrej
Rankine Qadd & Qrej at p= constant steam
Carnot Reverse Carnot
=NWD =1- Qrej <1 Qadd or Qrej
n o - 9 COP=—>1
add add w.D
W.D = Qadd - Qrej W.D = Qrej — Qadd
Qadd > Qrej Qrej >Qadd
HE H.P&ref.
. From low temperature
From high temperature
+ve w.D -ve w.D
Problems

9 — 1 In an air standard Otto cycle the maximum and minimum temperatures are 1400°C
and 15°C. The heat supplied per kg of air is 800kJ. Calculate the compression ratio and
the thermal efficiency. Calculate also the ratio of maximum and minimum pressures in

the cycle.

( 5.26/1;48.6%;30.5/1)
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9 — 2 Calculate the thermal efficiency and mean effective pressure of an air standard diesel
cycle with a compression ratio of 15/1, and maximum and minimum cycle
temperatures of 1650°C and 15°C respectively. The maximum cycle pressure is 45bar.

(59.1%; 8.39bar)

9 — 3 An air standard dual combustion cycle has a mean effective pressure of 10bar. The
minimum pressure and temperature are 1bar and 17°C respectively, and the
compression ratio is 16/1. Calculate the maximum cycle temperature when the thermal
efficiency is 60%. The maximum cycle pressure is 60bar. (1959°C)
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The Carnot cycle for steam:-

Qadd

Boiler

v

Process (1 — 2) isothermal at constant temperature, T1 = T2, Qadd
Process (2 - 3) isentropic expansion sz = sz (+ Ve .W.D)

Process (3 — 4) isothermal at constant temperature, Tz = T4, Qrej
Process (4 — 1) isentropic compression, s1= s, (- Ve .\W.D)
Qadd=h2—hi=hg-hs atp:

=T1(S2—51)
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Qrej = h3 —ha

= T3( S3— Sa)

= T3(s2—51)
Toax=T1=T2
Tmin=T3=Ty
+ve W.D=hz-hs

-veW.D=h;1—hg

Qrej
Ncar = 1-
Qadd
Tmin (52 - Sl)
Ncar = 1-
Tmax( S2 — 31)
Tmin
Tcar = 1-
T max

EX:-Find the Carnot efficiency for steam working between the pressure 100bar & 1bar.

Sol:-
Ta
100bar
1bar
Tmin
Ncar = 1-
Tmax
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At p = 100bar from steam table ts = 311°C = Tmax

At p = 1bar from steam table ts = 99.6°C = Tmin

(99.6 + 273)

ncar=1-—— =0.36 =36%

(311 +273)

Simple Rankine cycle:-

Boundary

.

Cooling water
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Process (1 — 2) isobaric heat addition in the boiler where the water is given sensible & latent.

Process (2 — 3) isentropic expansion in turbine where (+ve w.D) is developed and expansion take

place from high pressure p1 (boiler pressure) tp the lower pressure p2 (condenser pressure or

water pressure).

Process (3 — 4) isobaric heat rejected in condenser where steam at point 3 is cond. To saturated

water at 4.

Process (4 — 1) isentropic compression from low pressure (p2) to the boiling pressre (p1) through

(-veW.D)
Calculation:-
Qadd =h2—hy
Qrej = hs—hs

= hz - h (at p2)
+ve W.D=hz—hs
-ve W.D=hy1—hy

=hy - ht (at p2)

w.D = 10% V(p1 — pa)

= 10%Vfat pa (P1 — Pa)

N.W.D

NRankine =
Qadd
+ve W.D — (- ve W.D)
Qadd
Turbine work — pump work
Qadd
(h2 —h3 )- (h1 —hy)
ha —hy

Or

(hz2 —ha)- (h1 - ha)
MNRankine =

(h2 - ha) = (h1 - ha)
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If the feed pump neglected

(h2 —hs)
NRankine = ———
(h2 - ha)
(h2 —hs)
NRankine = ———
(h2 - hr (at p2))
N.W.D
Work ratio =
Gross work (work turbine)

Specific steam consumption, (S.S.C):- is the steam flow in Kg /h required to develop 1KW,
Whnet KJ/Kg * S.S.C = 1IKW*3600 KJ/h

3600
S.S.C =——(Kg/kW.h)
Whet

3600

SSC=

(h2 —h3)- (h1 —hy)

Rankine cycle with super heat:-
The purpose of super heat is to raise the efficiency by increasing h. which enter to the turbine.

Receiver

dedim  Super heater
=
2

/ Surge

~~~~~~~~~ tank

|
Boiler t

Pump
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Ta )

S

EX: - steam plant works on the Rankine cycle has the boiler pressure of 100bar and
condensed pressure of 1bar. The initial steam temperature started at saturated condition
then 400°C the expansion in the turbine is isentropic neglect pump work find the cycle
efficiency at each condition & compare it with Carnot efficiency.

Sol:-

Pn.p = 100bar, pLp = 1bar,

TA

n¥

h, — hs

TRankine =

h2 — hss
p1 = 100bar = p, dry & sat from steam table
h2 = 2725 kJ/kg.K = hg, S2 = 33 = 5.615 =53

S3 — sf3
X =

Sfg3
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From steam table at p = 1bar, sfz = 1.303 kJ/kg.K, stgz = 6.056kJ/kg.K

5.615-1.303
X = =0.711
6.056

hs = his + X .hrgz
From steam table at p = 1bar, hfz = 417 kJ/Kg, Sfg3 = 2258kJ/kg
h3 =417 + 0.711*2258

= 2023 kJ/kg

hs = hgs = 417 kJ/kg

2725 - 2023
NRankine= ——— = 0.304 =30.4 %

2725 - 417
Carnot

Ta
100bar
1bar
S

Tmin
NCar = 1-

Tmax

Tmin=Tsat p= 1bar, Tmin = 99.6 °C

Tmax = Ts at p= 100bar, Tmax: 311°C
99.6 + 273

NCar = 1-—

311 + 273

=0.361 =36.1%
Superheated cycle

p = 100 bar & T = 400°C from superheated table, h, = 3097kJ/kg.K, s2 = 6.213kJ/kg.K
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Ta

4/ 3

S2 = 6.213kJ/kg.K = s3

P 4

From steam table at p = 1bar, sfz = 1.303 kJ/kg.K, sftgz = 6.056kJ/kg.K

Sg—ng
X =

Sfg3

6.213 —1.303
X = =0.811
6.056

hs = hss + X .hrgs
From steam table at p = 1bar, hfs = 417 kJ/kg, htgz = 2258kJ/kg
hs =417 + 0.811*2258
= 2247.7 kilkg
hs = hes = 417 kd/kg

h, — hs

TRankine =

h2 — hgs

3097 — 2247.7
NRankine = =0.317=31.7%
3097 — 417

Tmin

Near=1 -
Tmax
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Tmin = Tsat p = 1bar, Tmin = 99.6 °C

Tmax = 400 OC
99.6 + 273
Ncar = 1-—
400 + 273

= 0.446=44.6%

EX: - Inlet pressure to turbine is 60bar, inlet temperature to turbine is 500°C, exit pressure
from turbine is 2bar, efficiency isentropic is 80%. Find Rankine efficiency Carnot

efficiency & net work done.
Sol:-
p1 = 60bar, T1 = 500°C

Ps = pa = 2bar

T 2

4/ 3

Tisentropic (hz - h3)

NRankine =

h2 — hts
ho = 3421kJ/kg, s2 = 6.874kJ/kg.K = s3
hz = hgs +X.hrg3

S3 — Sf3

X =
Sfg3

From table at p = 2bar, stz = 2.53kJ/kg.K,stg3 = 5.597 kJ/kg.K,hss = 505kJ/kg.K

higs = 2202 k/kg

P 4
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6.874 —1.53
X=——=0.955
5.597

hs = 505 +0.955 *2202 =2607.91kJ/kg

0.8 (3421 — 2607.91)

MNRankine =
3421 — 505

=0.223 = 22.3%

Tmin

Ncar = 1-
Tmax

Tmin = Ts at p = Zbar, Tmin =120 OC
Tmax =500 °C
120 + 273
Ncar = 1-—
500 + 273
=0.49=49%
N.W.D = (3421 — 2216)

= 964 k/kg

EX: - Rankine cycle operates between 40bar & 0.04bar steam enter turbine with degree of
superheated 49.7°C neglect pump work, Calculate turbine work & Rankine efficiency.

Sol:-

At 40 bar, ts = 250.3°C, (At)st = 49.7°C

TA

\b

P 4
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T =ts + (At)sH
= 250.3 + 49.7= 300°C
h2 = 2963kJ/Kkg, s2 = 6.364kJ/kg.K = s3
at 0.04 bar ,sq = 8.473kJ/kg.K > s5 therefore steam is wet

sr3 = 0.422kJ/kgK, stgz = 8.051kJ/kg.K, hss = 121kJ/Kg, hegz = 2433kJ/kg

S3— 53
X =
Sfg3
6.364— 0.422
X=—=0.737
8.051

hs = hgz +X.hrg3
hz =121 +0.737*2433 =1913.64kJ/kg
N.w.D =hz —hs

=2963 - 1913.64

= 1049.4kJ/kg

h2 — hs

TRankine =

hz — hts

2963 - 1913.64
NRankine = =0.369=36.9%
2963 — 121

EX: - Rankine cycle operates between boiler pressure 8bar & condenser pressure lbar.
Calculate Rankine efficiency if dry & saturated steam enter to the turbine with internal
efficiency85%.

Sol:-
Ninternal (h2 - h3)

NRankine =
h2 — hts
From steam table at 8 bar dry & sat.,hg = h2 = 2769kJ/Kg, Sq = S2 = 6.663 ki/kg.K

From steam table at p = 1bar, sf3 = 1.303 kJ/kg.K, sfgz = 6.056kJ/kg.K

S3 — sf3
X =

Sfg3
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6.663 — 1.303
X = =0.885
6.056

From steam table at p = 1bar, hfs = 417 kJ/Kg, hrgs = 2258kJ/kg
hz =417 + 0.885*2258= 2415.494 kJ/kg
0.85 (2769 — 2415.494)

NRankine = =0.1277 =12.77%
2769 — 417

Problems

10 — 1 steam is supplied, dry saturated at 40bar to a turbine and the condenser pressure is
0.035 bar. If the plant operates on the Rankine cycle, calculate, per kg of steam the
Rankine efficiency ; & the specific steam consumption , for the same steam
condition calculate the efficiency ; & the specific steam consumption for a Carnot
cycle operating with wet steam. (1 36.6%; 3.66kg/kW h; 43% ; 4.88kg/kWh)

10 — 2 steam is supplied, at 40bar & 350°C to a turbine and the condenser pressure is 0.035
bar. If the plant operates on the Rankine cycle, calculate, per kg of steam the
Rankine efficiency& the specific steam consumption. (37.8%; 3.2kg/kW h)
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Saturated Water and Steam

_.t_ _EL Uy hl hf: h: Sf Sre Se
C bar  m¥kg kJ kg kJkg K
0-01 0-006112 206-1 0= 2500-8 2500-8 0t 9155 9-155
1 0-006566 1926 4-2 2498-3 2502-5 0-015 9-113 9-128
2 0-007054 1799 8-4 2495-9 2504-3 0-031 9-071 9-102
3 0-007575 168-2 12:6 24936 2506-2 0:046  9:030 9-076
4 0-008129 157-3 168 2491-3 2508-1 0-061 8989  9-050
5 0-008719 i47-1 210 24889 2509-9 0076 8:948 9-024
6 0-009346 137.8 25-2 24866 2511-8 0-091 8908 8.9%
7 0-¢6100 1291 294 24843 2513-7 0-106 8868  8-974
8 0-01072 1210 336 24819 2515-5 0-121 8-828 8-949
9 0-01147 1134 37-8 2479-6 25174 0136 8788  8.924
10 0-01227 1064 420 24772 25192 0-151 8-749 8-900
11 0-01312 99-90 46-2 24749 "2521-1 0-166 8-710 8-876
12 0-01401 93-83 50-4 24725 25229 0-180 8671 8851
13 0-01497 88-17 54-6 2470-2 2524-8 0195 8633 8-828
14 0-01597 82-89 58-8 2467-8 25266 0-210 8594 8-804
15 0-01704 77-97 628 2465-5 2528-4 0-224 8:556 8-780 .
16 0-01817 73-38 67-1 2463-1 2530-2 0-239 8-518 8-757
17 0-01936 69-09 71-3 2460-8 25321 0-253 8-481 8-734
18 0-02063 65-08 75-5 2458-4 25339 0-268 8-444 8-712
19 0-02196 61-34 79-7 24560 2535-7 0-282 8-407 8-68%
20 0-02337 57-84 839 2453-7 25376 0-296 8370 8-666
21 0-02486 54-56 88-0 24514 25394 0-310 8334 8-644
22 0-02642 51-49 92-2 24490 2541-2 0-325 8-297 8-027
23 0-02808 45.(,2 96-4 24466 25430 0-339 8-261 8-600
24 0-02982 45.92 1006 2444.2 2544-8 0-353 8:226 8-579
15 0-03166 43-40 104-8 24418 25466 0-367 8190 8-557
26 0-03360 41-03 108-9 24395 25484 0-381 8-155 8-536
27 103564 38-81 1131 24372 2550-3 0-395 8120 8-515
28 0-03778 3673 117-3 2434-8 2552-1 0409  8-085 8-494
29 0-04004 3477 121-5 24324 2553-9 0-423  8-050 8:473
30 0-04242 3293 125-7 24300 2555-7 0436 8.016 8-452
32 0-04754 29-57 1340 24253 2559-3 0464 7948 8412
34 0-05318 26-60 1424 2420-5 25629 0491 7881  8-372
36 (-05940 23-97- 150-7 24158 25665 0-518 7-814 8-332
38 006624 21-63 1591 2411-0 25701 0-545 7749 8294
40 0-27375 19-55 167-5 2406-2 25737 0-572 7-684 §-256
42 0-0819% 17-69 1758 2401-4 25772 0-599 7-620 8-219
4“4 0-09100 16-03 1842 2396-6 25808 0-625 7-557 §-182
A6 0-1009 14-56 192-5 2391-8 25843 0-651 7494 8-145
48 0-1116 13-23 2009 2387-0 25879 0-678 7-433 &-111
50 0-1233 12-04 209-3 2382-1 25914 0-704 7-371 B-O7X
55 01574 G-278 230-2 23701 2600-3 0768 7223 7991
60 (i-16%2 7-678 2511 23579 2609-0 0-831 7-078 7:609
65 0-2501 6201 272.0 2345-7 26177 0-893 6-937 7-830
70 0-3116 5-045 2930 2333-3 2626-3 0-955 6-800 7-155
75 0-3855 4-133 3139 2320-8 26347 1:015 6666 7-681
80 04736 3-408 3349 2308-3 26432 1-075 6536 7-611
85 0-5780 2-828 3559 22956 2651-5 1-134 6410 7-544
90 0-7011 2-361 376-9 2282-8 2659-7 1192 6286 7478
95 0-8453 1.982 398-0 2269-8 2667-8 1250 6166 7416
100 1-01325 1-673 4191 2256-7 2675-8 1:307 6048  7-355

‘+and * See page 3 for footnotes

’
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Saturs*:d Water and Steam

? 2 Y L W Yy : hf kh hc D% Sre Se
0-006112 0-01 206-1 0t 2375 0* 2501 2571 0t 9155  9-155°
0-010 720 1292 29 2385| 29 2485 2514 0-106  8-868  §-974
0-015 13-0 87-68 55 2393 ) 55 2470 2525 0-196  8-631  8-827
0-020 17-5 6701 73 2399 | 73 2460 2533 0-261 8462 8.723
0-025 21-1 5426 | 88 2403 | 88 2451 2539 0-312  8-330 8-642
0-030 241 4567 | 101 2408 I 101 2444 2545 0-354 8222 8-576
0-035 267 3948 | 112 2412 | 112 2438 2550 0-391 8130  8-521
0-040 : 29-0 3480 | 121 2415|121 2433 2554 0-422  8-051 8473
0-045 31-0 3114 | 130 2418 | 130 2428 2558 0-451 7980 8431
¢-050 329 2820 | 138 2420 | 138 2423 2561 0-476 7918  8-394
0-055 34:6 2577 1145 2422 | 145 - 2419 2564 0-500  7-860  8-360
0-060 362 2374 | 152 2425 | 152 2415 2567 0-521  7-808  8-329
0-065 377 22-02 | 158 2427 | 158 2412 2570 0-541 7-760  8-301
0-070 390 20-53 | 163 2428 | 163 2409 2572 0-559 7715  8-274
0-075 40-3 19-24 | 169 2430 | 169 24053 2574 0-576  7-674  8-250
0-080 41-5 1810 | 174 2432 | 174 2402 2576 0-593  7-634¢  8-227
0-085 427 17-10 | 179 2434 | 179 2400 2579 0-608  7-598  8-206
0-090 43-8 16-20 | 183 2435 | 183 2397 2580 0-622  7-564 8186
0-095 448 1540 | 188 2436 188 2394 2582 0-636  7-531  8-167
0-100 45.8 1467 | 192 2437 | 192 2392 2584 0-649  7-500 8-149
0-12 49-4 1236 | 207 2442 | 207 2383 2590 0-696 ~ 7-389  8.085
0-14 52-6 10-69 | 220 2446 | 220 2376 2596 0-737  7-294  8-031
0-16 55-3 9-432 | 232 2450 | 232 2369 2601 | 0772 7-213  7-985
0-18 57-8 8-444 1 242 2453 | 242 2363 2605 0-804 7340 7-944
0-20 60-1 7-648 | 251 2456 ! 251 2358 2609 0-832 "M75  7-907
0-22 62-2 6994 | 260 2459 | 260 2353 2613 0-858  7-016 7-874
0-24 64-1 6-4451 268 2461 : 268 2348 2616 0-882 6962 7-844
0-26 659 5979 | 276 2464 | 276 2343 2616 0-904 6913 7.817
0-28 67-5 5-578 | 283 2466 | 283 2339 2622 0925 6866 7791
0-30 69-1 5-228 | 289 2468 | 289 2336 2625 0-94¢ 6823 7-767
0-32 70-6 49211 295 2470 | 295 2332 2627 0962  6-783  7-745
0-34 72-0 4649 | 302 2472 | 302 2328 2630 | 0980 6745 7-725
0-36 734 4-407 | 307 2473 | 307 2325 2632 099 6709 7705
0-38 747 4-189 | 312 2475 | 312 2322 2634 1-011 6675 7-686
0-40 . 759 3-992 | 318 2476 | 318 2318 2636 1-:026 6643 7-669
0-42 77-1 3-814 | 323 2478 | 323 2315 2638 1-040 6612 7652
0-44 78-2 3651 | 327 2479 | 327 2313 2640 1-054  6-582 7-636
0-46 793 3-502 ; 332 2481 | 332 2310 2642 1-067 6554 7-621
0-48 80-3 3-366 | 336 2482 | 336 2308 2644 1-079 6528 7-607
0-50 81-3 3:239 | 340 2483 340 2305 2645 1091 6502  7-593
0-55 83-7 2964 | 351 2486 ! 351 2298 2645 1-119 6442 7-561
0-60 86-0 27311 360 2483 ; 360 2293 2653 | 1145 6386  7-531
0-65 88-0 2:5351 369 2492 | 369 2288 2657 1 1169 6-335  T7-F4
0-70 90-0 2:364 | 377 2494 | 377 2283 660 14192 6-286  7-478
0-7¢ 918 2-217 | 384 2496 | 384  227% 2562 | 1213 6243 7-456

3; |
0-80 93-5 2-087 | 392 2498 | 392 2273 2655 I 1-233 6201  7-434
0-85 95-2 19721 399 2500 | 399 2269 2668 | 1-252 6162 7-414
0-90 96-7 1-869 | 405 2502 | 405 2266 2671 | 1-270 6-124  7-394
0-95 98-2 1-777 | 411 2504 | 411 2262 2673 | 1-287 6089 7-376
1-00 99-6 1-694 | 417 2506 : 417 2258 2675 | 1-303 6156  7-359

t u and s are chosen to be zero for saturated liquid at the triple point

ko py _(p)xloih‘ (u,) m3 KJ 1

Wikg — kg ~ \bar/ X w2 X/ X X v m X Ohe
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steam table

Saturated Water and Steam

- )
2 A vy 4y %, Ay Py h, Sy She Se
10 996 1604 417 2506 417 2258 2675 | 1303 6056 7.359
11 1023 1-549 429 2510 429 2251 2680 | 1333  5.994 , 7.327
12 1048 1428 439 2512 439 2244 2683 | 1.361 5937  7.208
13 1071 1325 449 2515 449 2238 2687 | 1387 5884  7.271
14 1093 1236 458 2517 458 2232 2690 | 1411  5-835  7.245
15 1114 1159 467 2519 467 2226 2693 | 1434 5780  7.223
16 1133 1091 475 2521 475 2221 2696 | 1455 5747  7.202
17 1152 1031 483 2524 483 2216 2699 | 1475 5707 7.182
18 1169 09774 | 451 2526 491 2211 2702 | 1494 5660  7.163
19 1186 0-9292 498 2528 498 2206 2704 | 1513 5632  7.145
20 1202 0-8856 505 2530 505 2202 2707 | 1530 5.597  7.127
21 1218 0-8461 511 2531 511 2198 2709 | 1.547 5364 7.011
22 1233 0-8100 518 2533 518 2193 2711 | 1563 5333 7-096
23 1247 07770 524 2524 524 2189 2713 | 1578 5503  7.081
24 1261  0-7466 530 2536 530 2185 2715 | 1503 5474  7-067
25 12744 07186 35 2537 535 2182 2717 | 1607 5446  7-053
26 1287 06927 541 2539 541 2178 2719 | 1621 5419  7.040
27 1300 06686 546 2540 546 2174 2720 | 1634 5393 7.027
2:8 1312 06462 551 2541 SSL 2171 2722 | 1647 5368 7.015
29 1324 06253 556 2543 556 2168 2724 | 14660 5344  7.00%
30 1335 06057 561 2344 201 2164 2725 | 1672 5321 6993
35 1389 05241 584 2549 584 2148 2732 | 1727 5214 6941
40 1436 04623 605 2554 605 2134 2739 | 1976 5121 6.807
45 1479 04139 623 2558 623 2121 2744 | 1-820 5037 6857
50 151-8  0-3748 639 2562 640 2109 2749 | 1-860 4962  6.122
55 1555 0-3427 655 2353 656 2097 2753 | 1-897 4893 6700
6 1588 0-3156 669 2568 670 2087 2757 | 1931 4830 6761
7 1650 0-2728 69 2573 697 2067 2764 | 1992 4717  6.709
8 17044 02403 720 2577 721 2048 2760 | 2046 4617 6663
9 1754 02149 742 2581 743 2031 2774 | 2:094 4529  6.623
10 1799 01944 762 2584 763 2015 2778 | 2138 4448  6.585
11 1841 01774 780 2586 781 2000 2781 | 2179 4375 6.554
12 188:0 0-1632 797 2588 798 1986 2784 | 2216 4307  6.523
13 1916 01512 813 2500 815 1972 2787 | 2251 4244 6403
14 1950 0-1408 828 2503 830 1960 2790 | 2284 4185 6460
15 1983 01317 | 43 2505 845 1947 2792 | 2315 4130 6445
|

Lo 2014 01237 | es7 s 859 1935 2794 | 2.344 4078  6-4.2
17 2043 01167 870 2EGY €72 1923 2795 | Q372 4028 6400
18 2071 01104 883 ioe 885 1912 2797 | 2358 3981  6.370
19 2098 01047 £95 1509 €97 1901 2798 | 2423 3936 6350
200 212-4 009957 | 907 ceqwr 9U9 1890 2799 | 2.447  3.8063 6210
22 2072 009069 o8 caey 931 1870 2801 | 2492 3813  6.30;
24 220y 008323] gio g 952 1850 2802 | 2.534 37338 6272
26 2260 007689 | 969 603 972 1831 2803 | 2.574  3-668  6-242
28 2300 007142 98 2603 991 1812 2803 | 2611 3602 6213
302338 006665 1004 2603 | 1008 1795 2803 | 2645 3541  eome
32 2314 0062461 1021 2603 | 1025 1778 2803 | 2679 3482 6161
342409 005875( 1038 603 | 1042 1761 2803 | 2710 3426  e.136
30 ZM2 005544| 1054 2502 | 1058 1744 2802 | 2740 3373 e1ls
38 2473 0052461 1068 2602 | 1073 1729 2802 | 2960 3327 €061

1082 2602 | 1087 1714 2801 | 2797 3273 6070

40 2503 0-04977
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100

105

250-3

253-2
2560
2588
261-4
263-9

2099
2756
280-8
2858
2005

295-0
2992
3033
307-2
311-0

3146
3180
321-4
3246
327-8

330-8
3338
3366
RRIS
3421

34aR
3473
349-8
352-3
3546

3570
3562
3614
3636
365-7

3068
374
RIghi
25

3698

370
37)-a
3721
372-G
3737

374-15

0-04977

0-04732
0:04509
0-04305
0-04117
0-03944

0-03563
0-03244
0-02972
0-02737

002532 |

0-02352
0-02192
0-02048
0-01919
0-01802

0-01696
0-01598
0-01508

101426
-01349

0-01278
0-01211
0-01149
0-G10%90

0-01025

0-00982
000932
0-00884
0-00838
0-00794

0-00751
0-00709
000668
000627
0-00585

an

200834
0-Gh517 !
010498 ]

GU0470 |
L4 58
U-00436
0-00409
0-00368

0-60317

l(, "x
—
1082 2602
1097 2601
1109 2600
1123 2599
1136 2598
1149 2597
1178 2504
1206 2590
1232 2586
1258 2581
1283 2576
1306 2570
1329 2565
1351 2559
1372 2552
1393 2545
1414 2537
1434 2529
1454 2522
1473 2514
1492 2505
1511 2496
1530 2487
1548 2477
1567 2467
1585 2456
1604 2445
1623 2433
1641 2420
1660 2406
1679 2391
1699 2375
1719 2358
1740 2339
1762 2318
1786 2294
1796 2283
1806 2271
1817 2259
1829 2245
1842 2231
1856 2214
1871 2196
1888 2174
1911 2146
1949 2097
2014 2014

Saturated Water and Sieam

Ay Ry h, Sy St
1087 1714 2801 2797 3-273
1102 1698 2800 2-823  3.226
1115 1683 2798 2-849 3180
1129 1668 2797 2-874 3136
1142 1654 2796 2-897 3-094
1155 1639 2794 2:921 3-052
1185 1605 2790 2:976 2:955
1214 157¢ 2784, 3-027 2-863
1241 1538 2779 3-076 2-775
1267 15058 2772 3-122 2:692
1293 1473 2766 3-166 2:613
1317 1441 2758 3-207 2-527
1341 1410 2751 3-248 2-463
1364 1379 2743 3-286 2-393
1386 1348 2734 3-324 2-323
1408 1317 2725 3-360 2:25%
1429 1286 2715 3-395 2-189
1450 1255 2705 3430 2-123
1471 1224 2695 3463 20660
1491 1194 2685 3-496 1-997
1511 1163 2674 3529 1934
1531 1131 2662 3561 1-872
1551 1099 2650 3-592 1-811
1571 1067 2638 3623 175
1591 1034 2625 3654 14656
1610 1001 2611 3-685 627
1630 967 2597 3715 1-56%
1650 932 2582 3746 1-502
1670 895 2565 3777 1-437
1690 858 2548 3-808  1.373
1711 819 2530 3-839 1-305
1732 778 2510 3.872 1236
1754 7358 2489 3-905 1-163
1777 689 2466 3941 1.086
1801 639 2440 3977 1-004
1827 584 2411 4014 0914
1838 560 2398 4031 Q=R7s
1849 535 2384 4049 (.g15
1861 508 2369 4-067 G-792
1874 476 2353 4-U8T (-7458
1889 447 2336 4-108 (1695
1904 412 2316 4-131 0-6,40)
1921 373 2294 4157 0-57¢
1940 328 2268 4-186 0-508
1565 270 2235 +-224 0-417
2008 170 2178 4-289 0-263
2084 0 2084 4:406 0-000

nntaan
W (W
- Ly
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steam table

Superheated Steam

(‘f ) { 50 100 150 200 250 300 400 500
[
v
0 u=A—-RT w 2446 2517 2589 2662 2737 2812 2969 ‘3132
h 2595 2689 2784 2880 2978 3077 3280 3489
s
vy 2061 v 2439 2817 3195 3573 3950 432.8 S083 583-8
0-006112 w2375 % 2446 2517 2589 2662 2737 2812 2969 3132
(0-01) hy 2501 A 2595 2689 2784 'S80 2978 3077 3280 3489
sg 9155 s 9468 9739 9978 J:193 10-390 10-571 10-897 11-187
vg 1292 v 1491 1722 1953 2184 2414 2645 3107 3568
0-01 wp 2385 w 2446 2517 2589 2662 2737 2812 2969 3132
(7-0) he 2514 h 2595 2689 2784 2880 2978 3077 3280 3489
sg 8974 s 9241 9512 9751 9956 10:163 10-344 10670 10-969
ve 28-20 v 2978 3442 3904 4366 4828 5290 6213 71-36
0-05 ug 2420 u 2445 2516 2589 2662 2737 2812 2969 3132
(32-9) hg 2561 h 2594 2688 2784 2880 2978 3077 3280 3489
sg  8-394 s 8496 B8-768 9-008 9223 9420 9601 9927 10-217
vy 1467 v 14-87 17-20 19-51 21-83 24.14 2645 31 06 35-68
0-1 ug 2437 % 2443 2516 2588 2662 2736 2812 2969 3132
(45-8) hy 2584 h 2592 2688 2783 2880 2977 3077 3280 3489
s¢ 8149 s 8173 8-447 8-688 8.903 9100 9281 9607 9-897
v, 3:239 v 3420 3-890 4-356 4:821 S.2B4 6209 7-134
0-5 4, 2483 u 2512 2585 2660 2735 2812 2969 3132
(81-3) he 2645 A 2683 2780 2878 2976 3076 3279 3489
sg 7:593 s 7694 7-940 8-158 8:355 8537 8-864 9-154
ve 2:217 v 2-271 2-588 2901 3211 3.521 4-138 4755
075 Uy 2496 % 2510 2585 2659 2734 2811 2969 3132
{91-8) Ay 2662 A 2680 2779 2877 2975 3075 3279 3489
sg 7-456 s 7-500 7750 7969 8167 8-349 8676 8967
vy 16954 v 1-696 1937 2.173 2406 2639 3103 3.565
1 ug 2506 “ 2506 2583 2659 2734 2811 2968 3131
(99-6) hy 2675 h 2676 2777 2876 2975 3075 3278 3488
sg  7-359 s 7360 7-614 7.834 8033 8215 8-543 8-834
vy 1673 v 1912 2.145 2-375 2604 3.062 3:519
1-G1325 ug 2506 “ 2583 2659 2734 2811 2968 3131
(100G ke 2676 A 2177 2876 2975 3075 3278 3488
s; 7355 s 7608 7-828 8027 §-209 &€-537 8828
vy 1:159 v 1-286 1445 1601 1.757 2.0687 2-376
PR u, 2519 “ 2580 2656 2733  280% 2967 3131
ite6) he 2693 A 2773 2873 2973 3073 3277 3488
e 7-223 s 7420 7643 7-843 827 B-355 B-646
ve 0-8856 v 09602 1-081 1199 1.316 1-549 1.781
2 u, 2530 “ 2578 2655 2731 2809 2967 3131
{120-2) he 2707 A 2770 2871 2971 3072 3277 3487
g 7°127 s 7:280 7-507 7708 7-892 8221 8-513
vy 0-6057 v 0-6342 07166 0-7965 0-8754 1-051 1:187
1 3 ug 2544 “ 2572 2651 2729 2807 2966 3130
(133-5) hy 2725 A 2762 2866 2968 3070 3275 3486
j 5 6993 H 7078 7-312 7-517 7702 8032 8-324
T vy 0-4623 v 0-4710 0-5345 0-5953 06549 0-7725 0-8893
4 uy 2554 u 2565 2648 2727 2805 2965 3129
(143-6) he 2739 h 2753 2862 2965 3067 3274 3485
sg 6-897 s 6929 7-172 7379 7566 7-898 8-191
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b Superheated Steam

? t 200 250 300 350 400 450 500 600
()
|

ve 03748 | v 04252 0-4745 0-5226 0-5701 0-6172 0-6641 0-7108 0-8040
5 u, 2562 u 2644 2725 2804 2883, 2963 3045 3129 3300
(151-8) he 2749 h 2857 2962 3065 3168 3272 3377 3484 3702
sg 6822 s 7060 7271 7460 7-633 7-793 7-944 8-087 §-351

ve 03156 | v 0-3522 0-3940 0-4344 0-4743 0-5136 0-5528 0-5919 0-6697
6 %y 2568 % 2640 2722 2801 2881 2962 3044 3128 3299
(158-8) he 2757 h 2851 2958 3062 3166 3270 3376 3483 3701
sg 6761 s 6968 7182 7373 7546 7707 7-858 8001 8267

ve 02728 | v 0-3001 0-3364 0-3714 0-4058 0-4397 0-4734 0-5069 0-5737
7 %, 2573 u 2636 2720 2800 2880 2961 3043 3127 3298
(165-0) Ag 2764 | h 2846 2955 3060 3164 3269 3374 3482 3700
sg 6709 s 6888 7106 7298 7-473 7634 778 7929 8-195

ve 02403 | v 02610 0-2933 0-3242 0-3544 0-3842 0-4138 0-4432 0-5018
8 ug 2577 % 2631 2716 2798 2878 2960 3042 3126 3298
(170-4) he 2769 h 2840 2951 3057 3162 3267 3373 3481 3699
5y 6663 s 6817 7040 7-233 7409 7-571 7723 7-866 8-132

ve 02149 | v 0-2305 0-2597 0-2874 0-3144 0-3410 0-3674 0-3937 0-4453
9 wg 2581 % 2628 2714 2796 2877 2959 3041 3126 3208
(1754) he 2774 h 2835 2048 3055 3160 3266 3372 3480 3699
s¢ 6623 § 6753 6980 7-176 7352 7-515 7667 7-811 8-077

ve 01944 v 0-2061 0-2328 0-2580 0-2825 0-3065 0-3303 0-3540 0-4010
10 ug 2584 w 2623 2711 2794 2875 2957 3040 3124 3297
(179:9) Ay 2778 h 2829 2944 3052 3158 3264 3370 3478 3698
sg 6586 s 6695 6926 7124 7-301 7464 7617 7761 R-029

ve 01317 v 0-1324 (-1520 0-1697 0-1865 0-2029 0-2191 0-2351 (2667
15 g 2595w 2597 2697 2784 2868 2952 3035 3120 3204
(198-3) he 2792 | A 2796 2925 3039 3148 3256 3364 3473 3604
s¢ 6445 s 6452 6711 6919 7102 7-268 7423 7-569 7-838

vy 00996 | 0-1115 0:1255-0-1386 0-1511 0-1634 0-1756 0-199%
20 we 2600 | wu 2681 2774 2861 2946 3030 3116 3291
(2124 hy 2799 h 2904 3025 3138 3248 3357 3467 2690
s¢ 6340 s 6-547 6768 6957 7126 7-283 7-431 7-701

vy 00666 | v 0:0706 0-0812 0-0905 0-0993 0-1078 0-1161 0-1324
30 %y 2603 “ 2646 2751 2845 2933 3020 3108 3285
(233-8) he 2803 h 2858 2995 3117 3231 3343 3456 3682
s; 6186 5 6-289 6541 6744 6921 7082 7-233 7.507

vy 00498 | v 0-0588 0-0664 0-0733 0-0800 0-0864 (0498
W w2602 “ 2728 2828 2921 3010 3099 3270
(250-3; hg 2801 P A 2963 3094 3214 3330 3445 3674
s 6070 | s 6:364 6584 6769 6935 7-08¢ 7-367

|

ve 00354 o 0-0453 0-0519 0-0578 0-0632 0-06%5 -O786
50 w2597 u 2700 2810 2907 3000 3093 2294
(263-9) he 2794 A 2927  3070. 3196 3316 3433 3666
s¢ 5973 s 6212 6451 6646 6818 6975 7-258

vy 00324 | o 0-0362 0-0422 0-0473 00521 0-0566 0-0652
60 ug 2590 u 2670 2792 2893 2988 3081 3266
(275-6) ke 2784 A 2887 3045 3177 3301 3421 3657
s 5890 s 607t 6-336 6541 6719 6879 7.166

vy 00274 | 0-0295 0-0352 0-0399° 0-0441 00481 0-0556
70 ug 2581 “ 2634 2772 2879 2978 3073 3260
(285-8) he 2772 A 2841 3018 3158 3287 3410 3649
; sg  5-814 s 5934 6231 6448 6632 6796 7-088
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steam table

Superheated Steam

i
(f) L 350 375 400 425 450 500 600 700
1

801 vg 002352 | v x 10* 2994 3.220 3428 3625 3812 4170 4839 5476
(2950) | Ay 2758 B 2990 3067 3139 5207 3272 3398 3641 3881
sg 5744 s 6-133 6255 6364 6463 6555 6-723 7019 7-279

90 ve 002048 | vx 10% 2-578 2794 2:991 3173 3-346 3-673 4279 4852
(303-3) | by 2743 A 2959 3042 3118 3189 3256 3385 3633 3874
sg 5-67¢ s 6:039 6171 6-286 6390 6-484 6657 6958 7-220

100 | vy 0-01802 | vx 10% 2-241 2-453 2-639 2812 2972 3-275 3-831 4-353
(311-0) | kg 2725 A 2926 3017 3097 3172 324t 3373 3624 3808
sg 5615 s 5947 6091 6213 6321 6419 6-596 6902 7-166

110 | v, 001598 | vx 10" 1960 2169 2350 2:514 2666 2:940 3-465 3:945
(318:0) | hy 2705 A 2889 2089 3075 3153 3225 3360 3616 3862
s¢ 5553 s 5-856 6014 6143 6257 6358 6-539 -850 7-117

120 | v, 001426 | vx 10% 1719 1931 2.107 2265 2-410 2677 3-15% 3-605
(324:6) | hy 2685 h 2849 2960 3052 3134 3209 3348 3607 3856
s¢ 5-493 s 5762 5937 6076 6195 6301 6487 6802 7-072

130 | vy 001278 | v 10" 1-509 1726 1.901 2.053 2-103 2-447 2901 3-318
(330-8) | hy 2662 A 2804 2929 3028 3114 3192 3335 3599 3850
s, 5433 s 5664 5862 6:011 6-136 6246 6437 6758 7-030

140 | vy 001149 | vx 10% 1-321  1-548 1722 1-872 2.006 2-250 2679 3071
(336-6) | kh; 2638 A 2753 2896 3003 3093 3175 3322 3590 3843
s¢ 5373 s 5-559 5-784 5946 6079 6193 6390 6716 6991

150 | vy 001035 | vx 10% 1-146 1-391 1-566 1-714 1-844 2078 2-457 2-857
(342-1) | h, 2611 A 2693 2861 2977 3073 3157 3300 3581 3837
s; 5-312 s 5443 5707 5883 6023 6142 6345 G677 6954

160 | vp 0-00932 | vx 10% 0-976 1-248 1-427 1573 1702 1928 2319 2-670
(347-3) | hy 2582 A 2617 2821 2949 3051 3130 3295 3573 3831
g 5-248 s 5304 5626 5-820 5968 6-093 6301 6639 6919

170 | v, 0-00838 | v x 109 1117 1303 1449 1.576 1-796 2171 2506
(352-3) | hy 2548 h 2778 2920 3028 3121 3281 3564 3825
s¢ 5181 s 5541 5756 5014 60 4+ 6260 6603 6886

180 | v, 0-00751 | v 10 0997 1191 1.338 1463 1678 2:039 2-359
(357-0) | hy 2510 A 2729 2888 3004 3102 3268 3555 3818
sg 5103 P 5449 5601 5861 5997 6219 6508 6855

190 | oy 0400668 | v x 109 0-882 1.080 1.238 1362 1572 1621  2.2.x
(361-4) | by 2466 A 2674 2855 2980 3082 3234 3346 3Ri2
s 5027 s 5348 5.625 5-807 5950 6-1&%  6:530 6825

200 | v, 000585 | vx 108 0768 0:995 1-147 1-270 1-477 1.815 2-110
(365-7) | hy 2431 b 2605 2819 2955 3062 3239 3537 3806
s¢ 4928 ; 5-228 5:556 5753 5904 6142 6505 6796

210 | v, 0-00498 | v x 100 0650 0-908 1-064 1187 1-390 1-719 2-003
(369-8) | B, 2336 B 2500 2781 2928 3041 3225 3528 3799
sp 4803 s 5050 5484 5699 5859 6105 6474 6768

220 | vy 0-00368 | v x 100 0-450 0-825 0-987 1111 1312 1.632 1-906
(373:7) | he 2178 A 2300 2738 2900 3020 3210 3519 3793
sg 4:552 s 4725 5409 5645 5813 6065 6444 6742

2212 | v, 000317 | vx 10* 6163 0.351 0-816 0978 1103 1-303 1622 1-895
(374-15) | h, 2084 A 1637 2139 2733 2896 3017 3208 3518 3792
se 4406 s 3708 4490 5-398 5638 5807 6064 6441 6739

Linear interpolation is not accurate wear the critical point
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¢ Supercritical Steam

p 1 350 375 400 425 450 500 600 700 800
v x 108 0-163 0-249 0-78 0951 1076 1.275 1591 1-861 2-109

225 h 1635 198¢ 2716 2885 3009 3203 3514 3790 4055
s 3-704 4470 5-369 5616 5790 6050 6-430 6-729 6-988

v x 10* 0-160 0-198 0601 0-789 0917 1113 1412 1-662 1.890

250 A 1625 1850 2580 2807 2951 3165 3491 3774 4043
s 3682 4-026 5142 5474 5677 5962 6-361 6667 5-031
vx10? 0158 0-187 0419 0-650 0-786 0980 1-265 1-500 1-710

275 A 1617 1814 2382 2718 2890 3125 3468 3758 4032
s 3-662 3985 4-828 5-320 5-562 5-878 6296 6610 6-878

v X 10t 0-155 0-180 0-282 0-530 0674 0:-868 1:143 1364 1:561

300 A 1610 1791 2157 2614 2823 3084 3445 3742 4020
5 34645 3933 4482 5-157 5444 5795 6:234 6:557 6829

v X 10 0-152 0-171 0211 0-343 0496 0693 0952 1-152 1-327

350 A 1599 1762 1992 2375 2673 2998 3397 3709 3997
I3 3614 3875 4219 4.776 5197 5633 6120 6459 6-741

v X 108 0-149 0-164 0191 0-255 0-369 0-562 0-809 0993 1-152

400 A 1590 1743 1935 2203 2514 2906 3348 3677 3974
s 3.588 3832 4:119 4510 4-947 5474 6014 6-371 6662

v x 10 0-146 0-160 0-181 0-219 0-291 0463 0698 0-870 1-016

450 h 1583 1729 1901 2115 2380 2813 3299 3644 3951
s 3.565 3-797 4.056 4-368 4-740 5.-320 5914 6-290 6-590

v X 10 0-144 0-156 0-173 0-201 0-249 (0-388 0611 0:772 0-908

500 A 1577 1717 1879 2064 2288 2722 3249 3612 3928
s 3.544 3-768 4009 4-279 4594 5-176 5-821 6-214 6-524

v X 10¢ 0-143 0-153 0168 0-190 0-224 0-334 0-540 0693 0-820

550 h 1572 1709 1862 2030 2227 2641 3200 3579 3905
s 3-525 3-742 3971 4218 4494 5047 5731 6144 6462

v X 10? 0-141  0-151 0-164 0-182 0:209 0:295 0-483 0627 0-747

6L h 1568 1702 1848 2005 2184 2571 3152 3548 3883
s 3-506 3-718 3939 4-168 4419 4937 5648 6-077 6405

v %X 108 0139 0-148 0-160 0-176 0-198 0-267 0436 0-572 0-685

650 h 1565 1696 1837 1986 2151 2514 3106 3517 3860
s 3-489 3-697 3910 4-128 4360 4-845 5-568 6-014 6:352

v X 100 0-138 0-146 0-157 0:171 0189 0-247 0397 0-526 0-633

700 ] 1561 1691 1829 1971 2127 2468 3062 3486 3839
5 3-473 3678 3886 4-093 4-312 4769 5494 5.955 6:300

v x 10? 0137 0-145 0-154 (0-167 0-183 0-231 0365 0-486 0-587

750 h 1559 1687 1821 1958 2107 2431 3021 3456 3817
s 3459 3659 3-863 4-064 4272 4705 5425 5899 6-252

v % 107 0-136 0-143 0-152 0-163 0-178 0:219 0:338 0452 0-548

800 A 1557 1684 1815 1948 2091 2400 2983 3428 3797
5 3444 3642 3842 4-037 4:237 4651 5361 5-845 6206

vx 10 0-133 0-140 0-148 0-158 0169 0-202 0296 0-396 0-484

900 A 1554 1678 18035 1932 2066 2353 2916 3373 3756
s 3-418 3612 3-805 3991 4179 4:563 5.248 5746 6-120
v x 10* 0-131 0-138 0-145 0-133 0-163 0-189 0-267 0:354 0-434

1000 h 1552 1674 1798 1920 2048 2319 2860 3324 3718
s 3-394 3-584 3-773 3951 4-131 4493 5153 5656 6-042
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