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PREFACE

Due to the rapid advances in computer technology, intelligent computer software and
multimedia have become essential parts of engineering education. Software integration with
various media such as graphics, sound, video and animation is providing efficient tools for
teaching and learning. A modern textbook should contain both the basic theory and
principles, along with an updated pedagogy.

Often traditional engineering thermodynamics courses are devoted only to analysis, with
the expectation that students will be introduced later to relevant design considerations and
concepts. Cycle analysis is logically and traditionally the focus of applied thermodynamics.
Type and quantity are constrained, however, by the computational efforts required. The
ability for students to approach realistic complexity is limited. Even analyses based upon
grossly simplified cycle models can be computationally taxing, with limited educational
benefits. Computerized look-up tables reduce computational labor somewhat, but modeling
cycles with many interactive loops can lie well outside the limits of student and faculty time
budgets.

The need for more design content in thermodynamics books is well documented by
industry and educational oversight bodies such as ABET (Accreditation Board for
Engineering and Technology). Today, thermodynamic systems and cycles are fertile ground
for engineering design. For example, niches exist for innovative power generation systems
due to deregulation, co-generation, unstable fuel costs and concern for global warming.

Professor Kenneth Forbus of the computer science and education department at
Northwestern  University has developed ideal intelligent computer software for
thermodynamic students called CyclePad™. CyclePad is a cognitive engineering software. It
creates a virtual laboratory where students can efficiently learn the concepts of
thermodynamics, and allows systems to be analyzed and designed in a simulated, interactive
computer aided design environment. The software guides students through a design process
and is able to provide explanations for results and to coach students in improving designs.
Like a professor or senior engineer, CyclePad knows the laws of thermodynamics and how to
apply them. If the user makes an error in design, the program is able to remind the user of
essential principles or design steps that may have been overlooked. If more help is needed,
the program can provide a documented, case study that recounts how engineers have resolved

" CyclePad is freely distributed to the public. In just a few steps, anyone with access to a web browser can download
the latest edition over the web. The necessary URL is: www.qgrg.ils.northwestern.edu. Computer literate users
with an exposure to thermodynamics will require little or no help in order to effectively use the software.
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similar problems in real life situations. CyclePad eliminates the tedium of learning to apply
thermodynamics, and relates what the user sees on the computer screen to the design of actual
systems.

This integrated, engineering textbook is the result of fourteen semesters of CyclePad
usage and evaluation of a course designed to exploit the power of the software, and to chart a
path that truly integrates the computer with education. The primary aim is to give students a
thorough grounding in both the theory and practice of thermodynamics. The coverage is
compact without sacrificing necessary theoretical rigor. Emphasis throughout is on the
applications of the theory to actual processes and power cycles. This book will help educators
in their effort to enhance education through the effective use of intelligent computer software
and computer assisted course work.

The book is meant to serve as the text for two semester courses of three credits each. It
meets the needs of undergraduate degree courses in mechanical, aeronautical, electrical,
chemical, environmental, industrial, and energy engineering, as well as in engineering science
and courses in combined studies in which thermodynamics and related topics are an important
part of the curriculum. Students of engineering technology and industrial engineers will also
find portions of the book useful.

Classical thermodynamics is based upon the concept of “equilibrium”. This means that
time as an independent variable does not appear in conventional engineering thermodynamics
textbooks. Heat transfer texts deal with the rate of energy transfer, but do not cover cycles. In
this text, a chapter on “Finite-time thermodynamics” bridges the gap between
thermodynamics and heat transfer.

Attitudinal benefits were noted by Professor Wu while teaching CyclePad assisted
thermodynamics, both at the U.S. Naval Academy and Johns Hopkins University. Today’s
students tend to have a positive attitude toward computer assisted learning, quite a few
describing the hands-on, interactive learning as “fun”. Material that is presented with a
modern pedagogy is positively regarded, and tends to be better understood and retained.
Further, an ability to execute realistically complicated cycle simulations builds confidence
and a sense of professionalism.

Both CyclePad and this text contain pedagogical aids. The intelligent computer software
switches to a warning-tutoring mode when users attempt to impose erroneous assumptions or
perform inappropriate operations during cycle analyses. Chapter summaries review the more
salient textbook points and provide cohesion. Homework problems and worked examples
appear liberally throughout the text which reinforce the theory. Both SI and English units
systems are used in the book.



ACKNOWLEDGEMENTS

I wish to acknowledge the following individuals who encouraged me and assisted in the
text preparation: Dr. Susan Chipman of the Naval Office of Research, Professor Ken Forbus
of Northwestern University, Dr. Vincent Aleven and Dr. Carolyn Rose of Carniege-Mellon
University, and Professor Al Adams, CMDR. Matt Carr, Assistant Professor Jim Cowart, and
Mr. Mike Spinks of the U. S. Naval Academy.






Chapter 1

BAsSIC CONCEPTS

1.1. THERMODYNAMICS

The field of science dealing with the relationships of heat, work, and properties of
systems is called thermodynamics. A macroscopic approach to the study of thermodynamics
is called classical thermodynamics. In engineering fields, a substance is considered to be in
continuum, that is, it is continuously distributed throughout. The facts that matter is made up
of molecules and that the molecules have motions are completely ignored. When a system is
subjected to transfer of energy or other thermodynamic processes, attention is focused on the
behavior of the system as a whole. This approach is mathematically rather simple, and allows
engineers to easily describe a system using only a few properties. Engineering
thermodynamics is based on this macroscopic point of view. If the continuum assumption is
not valid, a statistical method based on microscopic molecular activity may be used to
describe a system. The microscopic approach inquires into the motion of molecules, assumes
certain mathematical models for the molecular behavior, and draws conclusions regarding the
behavior of a system. Such a microscopic approach to the study of thermodynamics is called
statistical thermodynamics. The microscopic approach is mathematically complex.
Fortunately, the microscopic aspects are not essential in most of the important technical
applications. We can obtain excellent engineering solutions using the simpler macroscopic
ideas. Therefore, we shall use the macroscopic approach in this text.

Thermodynamics is studied by physicists, chemists, and engineers. Physicists and
chemists are concerned with basic laws, properties of substances, and changes in the
properties caused by the interaction of different forms of energy. Engineers are interested not
only in all these aspects, but also in the application of thermodynamic principles to the design
of machines that will convert energy from one form into another. Mechanical engineers are
frequently concerned with the design of a system that will most efficiently convert thermal
energy into mechanical energy, or vice versa.

Most engineering activity involves interactions of energy, entropy, exergy, heat, work,
and matter. Thermodynamics likewise covers broad and diverse fields. Basic to the study of
thermodynamics are definitions and concepts, properties of substances and changes thereof to
energy transfer processes, the principles of thermodynamic laws. Practical uses of
thermodynamics are unlimited. Traditionally, the study of applied thermodynamics is
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emphasized in the analysis or design of large scale systems such as heat engines, refrigerators,
air conditioners, and heat pumps.

Homework 1.1. Thermodynamics

1. What is thermodynamics?
2. Distinguish clearly between statistical (microscopic) and classical engineering
(macroscopic) thermodynamics.

1.2. BAsic LAwS

Thermodynamics studies the transformation of energy from one form to another and the
interaction of energy with matter. It is a protracted and deductive science based on four strict
laws. These laws bear the titles: “The Zeroth Law of Thermodynamics”, “The First Law of
Thermodynamics”, “The Second Law of Thermodynamics”, and “The Third Law of
Thermodynamics”. Laws are statements in agreement with all human experience and are
always assumed to be true. Laws can not be proved; their validity rests upon the fact that
neither the laws nor any of their consequences have ever been contradicted by experience.
Thermodynamics is a science built and based on these four basic laws. Among the four basic
laws, The First Law of Thermodynamics and The Second Law of Thermodynamics are the
two most useful to applied thermodynamics.

Zeroth law: Two systems which are each in thermal equilibrium with a third system are
in thermal equilibrium with each other.

First law: Energy can neither be created nor destroyed.

Second law: Heat cannot flow spontaneously from a cold body to a hot body.

Third law: The entropy of all pure substances in thermodynamic equilibrium approaches
zero as the temperature of the substance approaches absolute zero.

Homework 1.2. Basic Laws

What is a law? Can laws be ever violated?

What are the basic laws of thermodynamics?

State the Zeroth law.

State the First law.

State the Second law.

State the Third law.

Why does a bicyclist pick up speed on a downhill road even when he is not pedaling?

Does this violate the First law of thermodynamics?

8. A man claims that a cup of cold coffee on his table warmed up to 90°C by picking up
energy from the surrounding air, which is at 20°C. Does this violate the Second law
of thermodynamics?

9. Consider two bodies A and B. Body A contains 10,000 kJ of thermal energy at 37°C

whereas Body B contains 10 kJ of thermal energy at 97°C. Now the bodies are

NoakowhE
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brought into contact with each other. Determine the direction of the heat transfer
between the two bodies.

1.3. WHY STUDY THERMODYNAMICS?

Abundant and cheap energy has been a decisive element in the creation of modern world
economics. Since the industrial Revolution, fossil fuel energy has increasingly replaced
human labor in industry, supported a growing population, and led to a spectacular growth in
the productivity and higher standard of living for human beings. This growth has been
associated with the ever-increasing use of energy in heat engines, refrigerators, and heat
pumps. The revolution began with coal, and has progressed through the use of petroleum,
natural gas and uranium. Hydroelectric, solar, wind, tidal, and geothermal power have made
only a small contribution on a world scale, although they are highly significant to certain
countries with no indigenous resources of fossil fuel. Easily exploited reserves of both fossil
fuel and uranium are limited, and many will approach exhaustion within a few generations.

Let us examine the severity of the energy crisis. Energy consumption rate (power, work
per unit time Wdot) for the past years has been known as nearly constant growth rate. A
constant percentage growth rate implies that increase in future energy consumption is
proportional to the current energy consumption. An exponential relation can be easily
derived.

Wdot=(Wdot), exp(at) (1.3.1)
Where (Wdot), is the current power consumption, Wdot is the future power consumption at
time t, a is the annual growth rate, and t is time, respectively.

The energy consumed for all time up to now, E,, is the integration of power from t=-c to
t=0.

Eo=/(Wdot), exp(at) dt=(Wdot)./a. (1.3.2)

The energy would be consumed from now to a future time, E;, is the integration of power
from t=0 to t=t.

E.=I[(Wdot), exp(at) dt=(Wdot), exp(at)/a. (1.3.2)

A doubling time, tp, can be defined to be that the power consumption at tp is double the
current power consumption as

(Wdot)p=2 (Wdot),=(Wdot).exp(atp). (1.3.3)
Therefore

tp=In2/a=0.693/a. (1.3.9)
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As one can see, even for seemingly reasonable growth rate, the doubling time period can
be relative short. For a=5%/year, the doubling time period is about 14 years; and for
a=7%/year, the doubling time period is about 10 years.

The doubling time is particularly significant when the consumption of a fuel is
considered. For a constant annual growth rate, it can be shown that the total energy
consumption in the next doubling time period, Ep, (integration of power from t=0 to t=tp) is
equal to the energy consumed for all time up to now. In other words, the same amount of
energy consumed up to now [EQ.(1.3.2)] would be consumed in the next doubling time
period.

Ep=1/(Wdot), exp(at) dt=(Wdot)./a. (1.3.5)

A finite amount of energy resource (Et) will approach exhaustion at a final time t;. The
final time t; is the time from now that the total energy reserve would be completely deleted.
Er is the integration of power from t=0 to t=t;. t; can be found by the following equation:

t={Ln[a(Ex)/ (Wdot),+1]}a. (1.3.6)

The oil energy crisis gives no indication of going away. Instead it shows every sign of
increasing in severity and complexity in the years to come. There are two obvious
consequences: first, ways have to be found of using our energy resources more efficiently;
and secondly, in the long term other sources of energy must be developed.

It is the science of thermodynamics which enables us to deal quantitatively with the
analysis of energy conversion devices which are used to convert various energy into useful
work or heat. It is therefore an essential study for those hoping to improve the effectiveness
with which we use our existing energy resources. Thermodynamics is likely to play a vital
role in the solution of the long term energy problem too. Thermodynamics is an essential tool
for evaluating the potential of new energy conversion ideas.

Homework 1.3. Why Study Thermodynamics?

1. Why do we need to study thermodynamics?

2. The historical energy consumption curve of a country is known to follow an
exponential curve. Two consumption data points are known as 0.3x10° W at 1940
and 3x10° W at 1970. Find the annual energy consumption growth rate of the
country.

ANSWER: 0.07677 y.

3. The United States energy consumption data from 1940 to 1980 is known to be an
exponential function. The consumption are 0.2x10** W at 1940 and 1.5x10* at 1980.
Find the annual energy consumption growth rate of the United States from 1940 to
1980.

ANSWER: 0.05037 y.

4. Suppose the power consumption curve is Wdot=(Wdoto)(t*+1). Find the doubling
time and energy to be consumed in the next doubling time.
ANSWER: 1y, Wdoty(1).
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5. If coal is used to supply the entire energy demand for the world, and the annual
growth rate is assumed to be 3%/y. How long will our coal reserve last? The total
coal reserve is 7.1x10™ Wy and the current power consumption is 7.1x10™ W.
ANSWER: 3.434 y.

6. The historical Texas rates of oil production [(Wdot),] and consumption [(Wdot).]
are: Wdot,=70x10%xp(0.02*t) t = 0 at 1960 and Wdot,=10%xp(0.04*1) in barrels/yr
Find: (A) the total barrels need to be produced by Texas oil to meet the demand
consumption from 1960 to 1980, (B) the total barrels produced by Texas from 1960
to 1980, and (C) the oil exported by Texas from 1960 to 1980.

ANSWER: 55.64x10° Barrels, 5.221x10° Barrels, 5.216x10° Barrels.

7. "Tar Sands" refers to a sand impregnated with a very heavy oil. It has been estimated
that the total oil existing in American tar sands is approximately 183.3x10™ Wy. The
current rate of USA energy consumption rate is 2.4x10™ W and annual growth rate is
0.05/y. Assuming all energy productions are from U.S.A. tar sands, find:(A) how
many years can the total tar sands reserve last? (B) how many years can the total tar
sands reserve last if the annual growth rate is 0 %?

ANSWER: 15.16 y, 76.38x10° y.

1.4. DIMENSIONS AND UNITS

A dimension is a character to any measurable quantity. For example, the distance
between two points is the dimension called length. A unit is a quantitative measure of a
dimension. For example, the unit used to measure the dimension of length is the meter. A
number of unit systems have been developed over the years. The two most widely used
systems are the English unit system and the SI (Standard International) unit system. The SI
unit system is a simple and logical system based on a decimal relationship among the various
units. The decimal feature of the SI system has made it well-suited for use by the engineering
world, with the single major exception of the United States. The Sl units are gradually being
introduced in U. S. industries, and it is expected that a changeover from English units to Sl
units will be completed in the near future.

The basic dimensions of a system are those for which we decide to set up arbitrary scales
of measure. In the thermodynamic dimensional system, the four basic dimensions we
customarily employed are length, mass, time, and temperature. Those dimensions that are
related to the basic dimensions through defining equations are called secondary dimensions.
For example, velocity is related to the basic dimension as length per unit time; and
acceleration is also related to the basic dimension as length per unit time per unit time. In
engineering, all equations must be dimensionally homogeneous. That is, every term in an
equation must have the same dimension.

Those units for which reproducible standards are maintained are called basic units. Units
are accepted as the currencies of science and engineering. The four basic SI and English
system units used in engineering thermodynamics are meter (m) and foot (ft) in length,
kilogram (kg) and pound (Ibm) in mass, second (s) in time, and degree of Kelvin (K) and
Rankine (°R°) in temperature. Not all units are independent of each other. Those units that are
related to the basic units through defining equations are called secondary units. For example,
the English unit of area, the acre, is related to the basic unit of length, the foot.
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It is important to realize that the constants in physical laws do not just happen to be equal
to 1. We note that

1 newton=(1 kilogram)(1 meter/second?)
1 pascal=1 newton/ meter?

1 bar=100000 pascal

1 joule= 1 newton (meter)

1 cal=4.187 kJ

1 watt=1 joule/second

1 Btu=778.2 ft(Ib)=5.404 psia(ft®)

1 kd/kg=1000 N(m)/kg=1000 m?/s*

1 Btu/lbm=25040 ft*/s*

In engineering applications, the newton, pascal, joule, and watt often prove to be rather
small. We frequently encounter several thousand newtons, several thousand joules, several
thousand pascals, or several thousand watts. In such cases and particularly in the tables of
properties we shall use kilo-newton (kN), kilo-pascal (kPa), kilo-joule (kJ), and kilo-watt
(kW) as the additional units of force, pressure, energy, and pressure.

Units and conversion factors can give trouble if they are not used carefully in solving a
problem. The conversion from one unit to another unit are known, from English units to SI
units, or vice versa. The following magnitude relationships exist between the English units to
Sl units.

1 kg=2.205 Ibm or 1 1bm=0.4536 kg

1 m=3.281 ft or 1 ft=0.3048 m

1 m*=10.76 ft? or 1 ft=0.09290 m?

1 m*=35.32 ft* or 1 ft>=0.02830 m*

1 m*kg=16.02 ft¥/Ibm or 1 ft*/lbm=0.06243 m*/kg

1 K=1°C=1.8°R=1.8°F or 1°R=1°F=0.5556°C=0.5556 K
1 kN=224.8 Ibf or 1 Ibf=4.448 N

1 kPa=0.1450 psi or 1 psi=6.895 kPa

1 kJ=0.9478 Btu or 1 Btu=1.055 kJ

1 kJ/kg=0.430 Btu/lbm or 1 Btu/lbm=2.326 kJ/kg

1 kW(h)=3412 Btu or 1 Btu=0.0002931 kW/(h)

1 kW=3412 Btu/h=1.341 hp or 1 hp=0.7457 kW=2545 Btu/h

1 kJ/[kg(K)]=0.2389 Btu/[Ibm(°R)]  or 1 Btu/[lom(°R)]=4.187 kJ/[kg(K)]
1 ton of refrigeration=12000 Btu/h=200 Btu/min=211 kJ/min=3.517 kW

The conversion are built into the CyclePad software. One can change the unit system
from one to the other by reviewing the following example.

Example 1.4.1.

Convert the following quantities from the Sl unit system to the English unit system:
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(A) Temperature (T) 460°C, (B)pressure (p) 1200 kPa, (C) specific volume (v) 2.4 m*/kg,
(D) specific internal energy (u) 1500 kJ/kg, (E) specific enthalpy (h) 1600 kJ/kg, (F) specific
entropy (s) 6.2 kJ/[kg(K)], (G) mass flow rate (mdot) 2.3 kg/s, (H) volumetric flow rate
(Vdot) 5.52 m*/s, (1) rate of internal energy (Udot) 3450 kW, (J) rate of enthalpy (Hdot) 3680
kW, and (K) rate of entropy (Sdot) 14.26 kW/K.

To solve this problem by CyclePad, we take the following steps:

1. Build
A. Take a source and a sink from the open-system inventory shop and connect
them.
B. Switch to analysis mode.
2. Analysis
A. Input the given information: (a) 460°C, 1200 kPa., etc. (b) Edit, (c) Preference,
(d) Unit, and (e) English unit.
3. Display results
A. Display the results. The answers are: 860°F, 174 psia, 38.44 ft*/lbm, 644.9
Btu/lbm, 687.9 Btu/lbm, 1.48 Btu/[lbm(°R)], 5.07 lbm/s, 194.9 ft%/s, 4627 hp,
4935 hp, and 24.33 Btu/[s(°R)].

Figure E1.4.1a. Conversion (Sl unit)

Figure E1.4.1b. Conversion (English unit)
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Example 1.4.2.

Convert the following quantities from the English unit system to the SI unit system: (A)
T 460°F, (B) p 120 psia,(C) v 2.4 ft/lbm, (D) u 1500 Btu/lbm, (E) h 1600 Btu/lbm, (F) s 6.2
Btu/[Ibm(R)], (G) mdot 2.3 Ibm/s, (H) Vdot 5.52 ft*/s (1) Udot 4881 hp, (J) Hdot 5207 hp, and
(K) Sdot 46.2 Btu/R(s).

To solve this problem by CyclePad, we take the following steps:

1. Build
A. Take a source and a sink from the open-system inventory shop and connect
them.
B. Switch to analysis mode.
2. Analysis
A. Input the given information: (a) 460°F, 120 psia, etc. (b) Edit, (c) Preference, (d)
Unit, and (e) SI unit.
3. Display results
A. Display the results. The answers are: 237.8°C, 827.4 kPa, 0.1498 m®/kg, 3489
kd/kg, 3722 ki/kg, 25.96 ki/[kg(K)], 1.04 kg/s, 0.1563 m*/s, 3640 kW, 3883 kW,
and 27.08 kW/K.

Figure E1.4.2a. Conversion from the English unit system to the SI unit system

Figure E1.4.2b. Conversion from the English unit system to the Sl unit system
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Homework 1.4. Dimensions and Units

10.

What is a dimension? What is a unit?

What is the difference between ft and s? What is the difference between lbm and Ibf?
What is the mass of a football player who weights 300 Ibf on earth?

List the basic dimensions and state the units of each in the SI system.

What is the dimension of force in terms of the basic dimensions? What is the
dimension of work in terms of the basic dimensions? What is the dimension of
energy in terms of the basic dimensions? What is the dimension of heat in terms of
the basic dimensions?

Express the following secondary dimensions in terms of basic dimensions:

Volume

Velocity

Acceleration

Force

Pressure

Energy

Work

Power

Specific heat

Convert the following quantities from the Sl unit system to the English unit system:
31°C, 205.0 kPa, 0.4253 m*/kg, 218.0 k/kg, 2.23 kd/[kg(K)], 0.75 kg/s, 0.3190 m?/s,
and 1.67 kW/K.

ANSWER: 87.80°F, 29.73 psi, 6.81 ft*/lbm, 93.72 Btu/lbm, 0.5328 Btu/[°R(Ibm)],
1.65 Ibm/s, 11.26 ft¥/s, 2.85 B/[°R(3)].

Convert the following quantities from the English unit system to the SI unit system:
129.0°F, 44 psi, 0.0162 ft¥/lbm, 96.96 Btu/lbm, 0.18 Btu/[°R(Ibm)], 1.40 Ibm/s,
0.0227 ft¥/s, 0.8164 B/[°R(s)], and 192.1 hp.

ANSWER: 53.89°C, 303.4 kPa, 0.0010 m/kg, 225.5 ki/kg, 0.7535 kJ/[kg(K)],
0.6350 kg/s, 0.0006439 m*/s, 0.4785 KW/K, and 143.2 kW.

Convert the following quantities from the SI unit system to the English unit system:
600 K, 302.0 kPa, 0.5696 m*/kg, 430.0 k/kg, 2.80 kJ/[kg(K)], 0.35 kg, 0.1994 m®,
150.5 kJ, and 0.9804 kJ/K.

ANSWER: 1080°R, 43.8 psi, 9.12 ft¥/Ibm, 184.9 Btu/lbm, 0.6691 Btu/[°R(Ibm)],
0.7716 Ibm, 7.04 ft®, 142.7 Btu, and 1.67 B/°R.

Convert the following quantities from the English unit system to the Sl unit system:
3240°R, 87.02 psi, 13.78 ft}/lbm, 554.7 Btu/lbm, 0.8854 Btu/[°R(Ibm)], 428.0 Btu,
and 2.21 B/°R.

ANSWER: 1800 K, 600.0 kPa, 0.8601 m*/kg, 1290.0 kJ/kg, 3.71 kd/[kg(K)], 451.5
kJ, and 1.30 kJ/K.

Convert the following quantities from the Sl unit system to the English unit system:
500°C, 10000 kPa, 0.0328 m®/kg, 3046 ki/kg, 6.6 kJ/[kg(K)], 0.0475 m®/s, 4417 kW,
and 9.57 kW/K.

ANSWER: 932°F, 1450 psi, 0.5251 ft*/lbm, 1310 Btu/lbm, 1.58 Btu/[°R(Ibm)], 1.68
ft*/s, 5923 hp, and 16.32 B/[°R(s)].

TIOMMOUOW>
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11.

12.

13.

14.

15.

16.

17.

18.

Convert the following quantities from the English unit system to the SI unit system:
131°F, 7.25 psi, 0.0162 ft3/Ibm, 98.98 Btu/lbm, 0.1834 Btu/[°R(Ibm)], 0.0519 ft/s,
447.7 hp, and 1.9 B/[°R(s)].

ANSWER: 55°C, 50.0 kPa, 0.001 m%kg, 230.2 ki/kg, 0.7679 kJ/[kg(K)], 0.0015
m®/s, 333.8 kW, and 1.11 KW/K.

Convert the following quantities from the SI unit system to the English unit system:
55.39°C, 10000 kPa, 0.001 m%kg, 230.3 ki/kg, 0.7679 kJ/[kg(K)], 1.45 kg/s, 0.0015
m®/s, 333.9 kW, and 1.11 KW/K.

ANSWER: 131.7°F, 1450 psi, 0.0162 ft*/lbm, 98.99 Btu/lbm, 0.1834 Btu/[°R(Ibm)],
3.2 Ibm/s, 0.0517 ft*/s, 447.7 hp, and 1.90 B/[°R(s)].

Convert the following quantities from the English unit system to the SI unit system:
178.4°F, 7.25 psi, 43.96 ft¥/lbm, 926.5 Btu/lbm, 1.58 Btu/[°R(Ibm)], 140.5 ft*/s, 4191
hp, and 16.32 B/[°R(s)].

ANSWER: 81.34°C, 50.0 kPa, 2.74 m/kg, 2155 kJ/kg, 6.60 ki/[kg(K)], 3.98 m%s,
3125 kW, and 9.57 KW/K.

Convert the following quantities from the SI unit system to the English unit system:
645.2°C, 5720 kPa, 0.0459 m%/kg, 656.3 kJ/kg, 2.38 kJ/[kg(K)], 0.0413 m*, 590.6 kJ,
and 2.14 kJ/K.

ANSWER: 1188°F, 829.6 psi, 0.7351 ft*/Ibm, 282.1 Btu/lbm, 0.5690 Btu/[°R(Ibm)],
1.46 13, 559.8 Btu, and 3.66 B/ R.

Convert the following quantities from the English unit system to the SI unit system:
2157°F, 73.16 psi, 13.23 ft¥/lbm, 447.9 Btu/lbm, 0.8460 Btu/[°R(Ibm)], 26.25 ft*,
888.6 Btu, and 5.44 B/[°R(s)].

ANSWER: 1180°C, 504.4 kPa, 0.8261 m°/kg, 1042 ki/kg, 3.54 ki/[kg(K)], 0.7435
m®, 937.6 kJ, and 3.19 kJ/K.

Convert the following quantities from the SI unit system to the English unit system:
15°C, 100 kPa, 0.8261 m*/kg, 206.5 kJ/kg, 2.38 kd/[kg(K)], 0.9 kg, 0.7435 m°, 185.9
kJ, and 2.14 kJ/K.

ANSWER: 59°F, 14.5 psi, 13.23 ft*/Ibm, 88.79 Btu/lbm, 0.5690 Btu/[°R(Ibm)], 1.98
Ibm, 26.25 ft*, 176.2 Btu, and 3.66 B/°R.

Convert the following quantities from the English unit system to the Sl unit system:
ATT6°F, 829.6 psi, 2.34 ft3/lbm, 896.3 Btu/lbm, 0.8460 Btu/[°R(Ibm)], 4.63 ft®, 1778
Btu, and 5.44 B/[°R(s)].

ANSWER: 2636°C, 5720 kPa, 0.1458 m3/kg, 2085 kJ/kg, 3.54 kd/[kg(K)], 0.1312
m®, 1876 kJ, and 3.19 kJ/K.

If an equation is not dimensionally consistent, is it necessarily incorrect? Why?

1.5. SYSTEMS

A system may consist of a collection of matter or space chosen for study. For example, a
metal bar or a section of pipe can be considered as a system. The surface, imaginary or real,
enclosing the system is called the boundary. The boundary of a system can be real or
imaginary, fix or removable. Everything outside the boundary which might affect the
behavior of the system is called the surroundings of the system. Thermodynamics is
concerned with the interactions of a system and its surroundings or one system interacting
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with another in both energy and mass. If a system does not interact with its surroundings in
mass, it is called a closed system. If a system does not interact with its surroundings in heat, it
is called an adiabatic system. If a system does not interact with its surroundings in both
energy and mass, it is called an isolated system.

In many cases, a thermodynamic analysis is simplified if attention is focused on a mass
without substance flow. Such a mass is called a control mass or a closed system. Water in a
rigid tank and gas in a piston-cylinder apparatus are examples of control masses.

On the other hand, attention can be focused on a volume in space into which, and/or from
which, a substance flows. Such a volume is called a control volume or open system. A turbine,
a compressor, a boiler, a condenser, and a pump involves fluid mass flow are examples of
control volumes.

There are no rigid rules for the selection of control mass or control volume, but certainly
the proper choice makes the analysis of a system much easier.

Homework 1.5. Systems

1. Explain the following concepts:
A. System, boundary, and surroundings
B. Closed system (control mass) and open system (control volume)
C. Adiabatic and isolated system
2. In which of the following processes would it be more appropriate to consider a
closed system rather than a control volume?
(A) Steady flow discharge of steam from a nozzle
(B) Freezing a given mass of water
(C) Stirring of air contained in a rigid tank using a mechanical agitator
(D) Expansion of air contained in a piston and cylinder device
(E) Heating of a metal bar in a furnace
(F) Mixing of high pressure and low pressure air initially contained in two separate
tanks connected by a pipe and valve
3. In which of the following processes would it be more appropriate to consider an open
system rather than a closed system?
A. Steady flow of steam through a turbine.
B. Compression of air contained in a piston and cylinder device
C. Two streams of water mixed in a mixing chamber to form a mixed stream of
water
D. Air flow through a nozzle
E. Water flow through a pipe
F. Air is heated in a combustion chamber to form a high temperature air-fuel
mixture
4. ldentify the system, surroundings, and boundary you would use to describe the
following processes:
A. Expansion of hot gas in the cylinder of an automobile engine
B. Evaporation of water from an open pot
C. Cooling of a steel rod
D. Cooking of an egg
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5. Must the boundary of a system be real? Can the boundary of a system be moveable?
6. Indicate whether the following statements are true or false:
A. Inacontrol volume at steady state, the mass changes.
B. Ina control volume at steady state, the pressure is uniform.
7. Isafixed mass system usually treated as a closed or an open system?
8. Is a fixed space system usually treated as a closed or an open system?

1.6. PROPERTIES OF A SYSTEM

Once a system has been selected for analysis, it can be further described in terms of its
properties. A property is a characteristic of a system and its value is independent of the
history of the system. Some thermodynamic properties are directly or indirectly measurable,
such as pressure, temperature, volume, specific heat at constant pressure, and specific heat at
constant volume. Other properties called derived properties, such as enthalpy, can be defined
by mathematically combining other properties. The value of a property is unique at a fixed
state.

Properties are classified as either extensive or intensive. A property is extensive if its
value for the whole system is the sum of its value for the various parts of the system.
Examples of an extensive property include volume (V) and energy (E). Generally, upper case
letters denote extensive properties, with a few exceptions, such as mass (m). Extensive
properties per unit mass are called intensive or specific properties, such as specific volume
(v=V/m). An intensive property has the same value independent of the size of a system, such
as specific volume (v) and specific energy (e=E/m). Generally, lower case letters denote
intensive properties, with a few exceptions, such as temperature (T).

1.6.1. Volume (V)

The volume is the physical space occupied by a body. The body itself can be in a solid,
liquid, or gaseous state. The volume of a body is proportional to the mass of the body, and
therefore volume is an extensive property. Volume can be easily measured. It is a
macroscopic property associated with thermodynamic boundary work. Volume is therefore
called displacement of thermodynamic boundary work. Volume is one of three basic
measurable thermodynamic properties that are commonly used to describe a substance.

1.6.2. Density (p) and Specific Volume (v)
The density of a substance is the mass per unit volume. Density is defined by the equation
p=lim(>AmM/AV). (1.6.1.1)

where Am is the finite mass contained in the finite volume AV.
In engineering thermodynamics, materials are considered to be in continuum. Therefore,
AV cannot be allowed to shrink to zero. If AV became extremely small, Am would vary



Basic Concepts 13

discontinuously, depending on the number of molecules in AV. We must choose a AV
sufficiently small but large enough to eliminate microscopic molecular effects. Under this
condition the facts that the intermolecular distances are large compared to the molecular
dimensions do not obscure our measurement of volume.

It is useful to define specific volume (v), volume per unit mass (m) of a substance.

v =V/m. (1.6.2.1)

Specific volume is the inverse of density. Specific volume and density are dependent.
Specific volume is usually expressed in m*kg in the SI unit system and in ft/lbm in the
English unit system. Both are affected by temperature and pressure.

For example, 2 kg of air contained in a 4 m® tank has a specific volume of 2 m*/kg and a
density of 0.5 kg/m®.

Figure E1.6.1. Determine the specific volume, specific weight and density

Example 1.6.1.

2 kg of a gas is contained in a 1 m® tank. Determine the specific volume of the gas.

To solve this problem by CyclePad, we take the following steps:

1. Build
(A) Take a BEGIN and an END from the closed-system inventory shop and connect
them.
(B) Switch to analysis mode.
2. Analysis

(A) Input the given information: mass is 2 kg and volume is 1 m°.
3. Display results
(A) Display the results. The answer is 0.5 m*/kg.

1.6.3. Pressure (p)

The normal force exerted by a system on a unit area of its surroundings is called the
pressure (p) of the system. Since the pressure of a substance does not depend on its mass,
pressure is an intensive property. Pressure is a macroscopic property associated with



14 Chih Wu

thermodynamic boundary work. Pressure is therefore called the driving force of
thermodynamic boundary work. Pressure is measurable and is one of the most important
properties of a thermodynamic system.

Two different pressures are common in engineering practice: gage pressure and absolute
pressure. The difference between gage and absolute pressure should be understood. Absolute
pressure (pas ) is the amount of force per unit area exerted by a system on its boundaries.
Gage pressure (pgage) is the value measured by a pressure gauge, which indicates the pressure
difference between a system and its ambient, usually the atmosphere. The atmospheric
pressure (Pam ) is due to the weight of the air per unit horizontal area in the earth’s
gravitational field. Hence,

Pgage =Pabs = Patm (1.6.3.1)

The units of pressure commonly used are inch or mm of mercury (Hg), kPa, Mpa, bar,
psi, psf, etc. The most used thermodynamic unit of pressure in Sl unit is kilo-pascal (kPa) or
Kkilo-newton per square meter, and psi or pound force per square inch in English unit.
Sometimes the unit bar is used for pressure. One bar equals 100 kPa.

The air around us can be treated as a homogeneous gas. The surface of the earth is
covered by a layer of air, which we call the atmosphere. The pressure due to the weight of the
atmospheric air is called atmospheric pressure. The standard atmospheric pressure at sea level
is 29.92 in. Hg, 760 mmHg, 101.3 kPa, 0.1013 MPa, 1.013 bar, 14.69 psia, or 2117 psfa
depending upon the units used. As we go up in elevation the atmospheric pressure decreases.
Very often atmospheric pressure is assumed to be 101.3 kPa and 14.7 psia for simplicity.
Barometers are used to measure atmospheric pressure, and usually use mercury as a
manometer fluid. Common devices for measuring pressures are a Bourdon gage, shown in
Figure 1.6.3.1, and a manometer, shown in Figure 1.6.3.2.

Needle

|
\\>

Linkage

Threaded
connection

Figure 1.6.3.1 Bourdon gage
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[Patmosphere

Pressure p Density p

Figure 1.6.3.2. manometer

A manometer is used to measure the system pressure in a container. If the system has a
pressure p, the fluid in the manometer has a density p, and the surroundings are atmospheric
with pressure pam, then the difference in pressure between the system and the surroundings is
able to support the fluid in the manometer for a deflection L. This may be expressed by

P - Pam=pLg (1.6.3.2)

where g is the gravitational acceleration.

Absolute pressures are always positive, while gauge pressures can be either positive or
negative. Negative gauge pressures indicate pressures below atmospheric pressure. Pressures
below atmospheric pressure are called vacuum pressures.

In the text if a pressure is not explicitly stated as being either gauge or absolute pressure,
the implication is that the value is an absolute pressure.

Figure 1.6.3.3 depicts the various pressures in graphical form.

Pabs pgage

patmosphere
- -2
Pgage (negvatlve) Or Pyvacuum

Pressure

Pabs

Figure 1.6.3.3. Graphical representation of pressure

It should be noted that when a system is subdivided, the pressure is not subdivided. This
is a characteristic of an intensive property.
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Example 1.6.3.1.

Steam is exhausted from a turbine at an absolute pressure of 2 psia. The barometer reads
14.7 psia. Determine the gage pressure and vacuum pressure in psig at the turbine exhaust.
Solution: Eq. (1.6.3.1) gives pgage=2-14.7 psia=-12.7 psig, and pyacuum=12.7 psi.

Example 1.6.3.2.

Convert 40 kPa gage pressure to absolute pressure. The barometer reads 101 kPa.
Solution: Eq. (1.6.3.1) gives paps=101+40 kPa Abs.=141 kPa Abs.

1.6.4. Temperature (T)

Temperature is often thought of as being a measure of the “hotness” of a substance. This
statement is not exactly a good definition of temperature because the word hot is a relative
rather than a quantitative term. Temperature is an indication of the thermal energy stored in a
thermodynamic system. In thermodynamics, temperature is defined to be the property having
equal magnitude in systems that are in thermal equilibrium. Temperature is a microscopic
property associated with heat. Temperature is therefore called the driving force of heat.
Temperature is measurable and is one of the most important properties of a thermodynamic
system.

The absolute temperature scale is defined such that a temperature of zero corresponds to
a theoretical state of no molecular movement of the substance. Negative absolute temperature
is impossible. In the English unit system and Sl unit system, the absolute temperature scales
are the Rankine (°R) scale and the Kelvin (K) scale, respectively.

The most common type of temperature measuring device is the thermometer. Metric
temperature scales are made by arbitrarily selecting reference temperatures corresponding to
reproducible state points (ice point and steam point). In the English unit system and Sl unit
system, the metric temperature scales are the Fahrenheit (°F) scale and the Celsius (°C) scale
respectively. Negative temperatures exist for the metric temperature scale. The selection of
reference temperatures allows us to write the relationships:

"F=(9/5)C +32
and
C = (5/9)( 'F-32)
For example, 50 F is 10°C and 40°C is 104°F.
The absolute temperature scale is related to the metric temperature scale by the

relationships:

K="C+273
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