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Chapter 1 Introduction to Thermal Sciences

This chapter is an abbreviated version of standard thermodynamics, fluid mechanics and heat
transfer texts, covering topics that engineering students are most likely to need in their profession-
al lives. The thermal sciences portion of this chapter is based on Fundamentals of Thermal Fluid
Sciences by Yunus Cengel and Robert Turner, the thermodynamics portion is based on the text
Thermodynamics: An Engineering Approach by Y. A. Cengel and M. A. Boles, the fluid me-
chanics portion is based on Fluid Mechanics: Fundamentals and Applications by Y. A. Cengel
and J. M. Cimbala and the heat transfer portion is based on Heat Transfer. A Practical Approach
by Y. A. Cengel. Most contents are practically independent of each other and can be covered in
any order. The book is well suited for curriculums that have a common introductory course.

It is recognized that all topics of thermodynamics, fluid mechanics and heat transfer cannot
be covered adequately in a typical three-semester-hour course. Therefore, sacrifices must be
made from depth if not from the breadth. Selecting the right topics and finding the proper level of
depth and breadth are no small challenge for the instructors, and the book is intended to serve as
the ground for such selection. Students in a combined thermal-fluids course can gain a basic un-
derstanding of energy and energy interactions, various mechanisms of heat transfer and fundamen-
tals of fluid flow. Such a course can also instill in students the confidence and the background to
do further reading of their own and to be able to communicate effectively with specialists in ther-
mal-fluid sciences.

The word thermal stems from the Greek word therme, which means heat. Therefore, thermal
sciences can loosely be defined as the sciences that deal with heat. The recognition of different
forms of energy and its transformations has forced this definition to be broadened. The physical
sciences that deal with energy and the transfer, transport and conversion of energy are usually re-
ferred to as thermal-fluid sciences or just thermal sciences today. Traditionally, the thermal-fluid
sciences are studied under the subcategories of thermodynamics, heat transfer and fluid mechan-
ics. In this book we present the basic principles of these sciences and apply them to situations
that the engineers are likely to encounter in their practices.

The design and analysis of most thermal systems such as power plants, automotive engines
and refrigerators involve all categories of thermal-fluid sciences as well as other sciences. For ex-
ample, designing the radiator of a car involves the determination of the amount of energy transfer
from a knowledge of the properties of the coolant using thermodynamics, the determination of the
size and shape of the inner tubes and the outer fins using heat transfer, and the determination of
the size and type of the water pump using fluid mechanics. Of course the determination of the ma-
terials and the thickness of the tubes require the use of material science as well as strength of ma-
terials. The reason for studying different sciences separately is simply to facilitate learning without

being overwhelmed. Once the basic principles are mastered, they can then be synthesized by sol-
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ving comprehensive real-world practical problems. But first we will present an overview of ther-

mal-fluid sciences.

1.1 Fundamentals of Engineering Thermodynamics

Thermodynamics can be defined as the science of energy. Although everybody has a feeling
of what energy is, it is difficult to give a precise definition for it. Energy can be viewed as the
ability to cause changes.

The name thermodynamics stems from the Greek words therme (‘heat) and dynamis ( pow-
er), which is most descriptive of the early efforts to convert heat into power. Today the same
name is broadly interpreted to include all aspects of energy and energy transformations, including
power production, refrigeration and relationships among the properties of matter.

One of the most fundamental laws of nature is the conservation of energy principle. It simply
states that during an interaction, energy can change from one form to another but the total amount
of energy remains constant. That is, energy cannot be created or destroyed. A rock falling off a
cliff, for example, picks up speed as a result of its potential energy being converted to kinetic en-
ergy. The conservation of energy principle also forms the backbone of the diet industry: a person
who has a greater energy input ( food and drinks) than energy output ( exercise and metabolism
with environmental conditions) will gain weight ( store energy in the form of tissue and fat) , and
a person who has a smaller energy input than output will lose weight. The change in the energy
content of a body or any other system is equal to the difference between the energy input and the
output, and the energy balance is expressed as E;, — E , = AE.

The first law of thermodynamics is simply an expression of the conservation of energy princi-
ple, and it asserts that energy is a thermodynamic property. The second law of thermodynamics
asserts that energy has quality as well as quantity, and actual processes occur in the direction of
decreasing quality of energy. For example, a cup of hot coffee left on a table eventually cools to
room temperature, but a cup of cool coffee in the same room never gets hot by itself. The high-
temperature energy of the coffee is degraded ( transformed into a less useful form at a lower tem-
perature ) once it is transferred to the surrounding air.

Although the principles of thermodynamics have been in existence since the creation of the
universe, thermodynamics did not emerge as a science until the construction of the first successful
atmospheric steam engines in England by Thomas Savery in 1697 and Thomas Newcomen in
1712. These engines were very slow and inefficient, but they opened the way for the development
of a new science. The first and second laws of thermodynamics emerged simultaneously in the
1850s, primarily out of the works of William Rankine, Rudolph Clausius and Lord Kelvin ( for-
merly William Thomson). The term thermodynamics was first used in a publication by Lord Kel-
vin in 1849. The first thermodynamic textbook was written in 1859 by William Rankine, a profes-
sor at the University of Glasgow.

It is well known that a substance consists of a large number of particles called molecules. The
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properties of the substance naturally depend on the behavior of these particles. For example, the
pressure of a gas in a container is the result of momentum transfer between the molecules and the
walls of the container. But it does not need to know the behavior of the gas particles to determine
the pressure in the container. It would be sufficient to attach a pressure gage to the container.
This macroscopic approach to the study of thermodynamics that does not require a knowledge of
the behavior of individual particles is called classical thermodynamics. It provides a direct and
easy way to the solution of engineering problems. A more elaborate approach, based on the aver-
age behavior of large groups of individual particles, is called statistical thermodynamics. This mi-

croscopic approach is rather involved and is used in this text only in the supporting role.

1.1.1 Temperature and the Zeroth Law of Thermodynamics

Although we are familiar with temperature as a measure of “hotness” or “coldness” , it is not
easy to give an exact definition for it. Based on our physiological sensations, we express the level
of temperature qualitatively with words like freezing cold, cold, warm, hot and red-hot. How-
ever, we cannot assign numerical values to temperatures based on our sensations alone. Further-
more, our senses may be misleading. A metal chair, for example, will feel much colder than a
wooden one even when both are at the same temperature.

Fortunately, several properties of materials change with temperature in a repeatable and pre-
dictable way , and this forms the basis for accurate temperature measurement. For example, the
commonly used mercury-in-glass thermometer is based on the expansion of mercury with tempera-
ture. Temperature is also measured by using several other temperature-dependent properties.

Two bodies reaching thermal equilibrium after being brought into contact in an isolated enclo-
sure. It is a common experience that a cup of hot coffee left on the table eventually cools off and
a cold drink eventually warms up. That is, when a body is brought into contact with another body
which is at a different temperature, heat is transferred from the body at higher temperature to the
lower one until both bodies attain the same temperature (Fig. 1.1). At that point, the heat
transfer stops, the two bodies are called to have reached thermal equilibrium. 'l'he equality of

temperature is the only requirement for thermal equilibrium.

Figure 1.1 The example of the zeroth law of thermodynamics

The zeroth law of thermodynamics states that if two bodies are in thermal equilibrium with a

third body, they are also in thermal equilibrium with each other. It may seem silly that such an
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obvious fact is called one of the basic laws of thermodynamics. However, it cannot be concluded
from the other laws of thermodynamics, and it serves as a basis for the validity of temperature
measurement. By replacing the third body with a thermometer, the zeroth law can be restated as
two bodies are in thermal equilibrium if both have the same temperature reading even if they are not
in contact.

The zeroth law was first formulated and labeled by R. H. Fowler in 1931. As the name sug-
gests, its value as a fundamental physical principle was recognized more than half a century after
the formulation of the first and the second laws of thermodynamics. It was named the zeroth law

since it should have preceded the first and the second laws of thermodynamics.
Temperature Scales

Temperature scales enable us to use a common basis for temperature measurements, and sev-
eral have been introduced throughout history. All temperature scales are based on some easily re-
producible states such as the freezing and boiling points of water, which are also called the ice
point and the steam point, respectively. A mixture of ice and water that is in equilibrium with air
saturated with vapor at 1 atm pressure is said to be at the ice point, and a mixture of liquid water
and water vapor (with no air) in equilibrium at 1 atm pressure is said to be at the steam point.

The temperature scales used in the SI and in the English system today are the Celsius scale
(formerly called the centigrade scale; it was renamed after the Swedish astronomer A. Celsius,
1702—1744 , who devised it in 1948 ) and the Fahrenheit scale ( named after the German instru-
ment maker G. Fahrenheit,1686—1736) , respectively. On the Celsius scale, the ice and steam
points are assigned the values of 0 °C and 100 °C, respectively. The corresponding values on the
Fahrenheit scale are 32 °F and 212 °F. These are often referred to as two-point scales since tem-
perature values are assigned at two different points.

In thermodynamics, it is very desirable to have a temperature scale that is independent of the
properties of any substances. Such a temperature scale is called the thermodynamic temperature
scale, which is developed later in conjunction with the second law of thermodynamics. The ther-
modynamic temperature scale in the SI is the Kelvin scale, named after Lord Kelvin (1824—
1907). The temperature unit on this scale is the kelvin, which is designated by K ( the degree
symbol was officially dropped from kelvin in 1967 ). The lowest temperature on the Kelvin scale is
0 K. Using non-conventional refrigeration techniques, scientists have approached absolute zero
kelvin (they achieved 0.000,000,002 K in 1989).

The thermodynamic temperature scale in the English system is the Rankine scale, named af-
ter William Rankine (1820—1872). The temperature unit on this scale is the rankine, which is
designated by R.

A temperature scale that turns out to be identical to the Kelvin scale is the ideal-gas tempera-
ture scale. The temperatures on this scale are measured using a constant-volume gas thermometer,
which is a rigid vessel filled with a gas basically, usually hydrogen or helium, at low pressure.
This thermometer is based on the principle that at low pressures, the temperature of a gas is propor-

tional to its pressure at constant volume. That is, the temperature of a gas fixed volume varies line-
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arly with pressure at sufficiently low pressures. Then the relationship between the temperature and
the pressure of the gas in the vessel can be expressed as

T=a+bP (1.1)
where the values of the constants a and b for a gas thermometer are determined experimentally.
Once a and b are known, the temperature of a medium can be calculated from this relation by im-
mersing the rigid vessel of the gas thermometer into the medium and measuring the gas pressure
when thermal equilibrium is established between the medium and the gas in the vessel whose vol-
ume is held constant.

An ideal gas temperature scale can be developed by measuring the pressures of the gas in the
vessel at two reproducible points (such as the ice and the steam points) and assigning suitable
values to temperatures at those two points. Considering that only one straight line passes through
two fixed points on a plane, these two measurements are sufficient to determine the constants a
and b in Eq. 1. 1. Then the unknown temperature 7' of a medium corresponding to a pressure
reading P can be determined from that equation by a simple calculation. The values of the con-
stants will be different for each thermometer, depending on the type and the amount of the gas in
the vessel, and the temperature values assigned at the two reference points. If the ice and steam
points are assigned the values 0 and 100, respectively, the gas temperature scale will be identical
to the Celsius scale. In this case the value of the constant @ (which corresponds to an absolute
pressure of zero) is determined to be —273.15 °C regardless of the type and the amount of the
gas in the vessel of the gas thermometer. That is, on a P-T diagram, all the straight lines passing
through the data points in this case will intersect the temperature axis at —273. 15 °C when ex-
trapolated, as shown in Fig. 1.2. This is the lowest temperature that can be obtained by a gas
thermometer, and thus we can obtain an absolute gas temperature scale by assigning a value of zero
to the constant @ in Eq. 1. 1. In that case Eq. 1.1 reduces to T'=5P, and thus we need to speci-

fy the temperature at only one point to define an absolute gas temperature scale.
P Measured

data points Gas A

Gas B
Extrapolation

L7 /
’/
//1

:—--'

—273 15 T/°C

Gas C

Gas D

\\\\Y

Figure 1.2 P versus T plots of the experimental data obtained from a constant-volume gas thermome-
ter using four different gases at different pressures

It should be noted that the absolute gas temperature scale is not a thermodynamic temperature

scale, since it cannot be used at very low temperatures ( due to condensation) and at very high



6 iR E R RE (RS A T2 EAREE RS BT E)

temperatures ( due to dissociation and ionization ). However, absolute gas temperature is identical

to the thermodynamic temperature in the temperature range in which the gas thermometer can be

used, and thus we can view the thermodynamic temperature scale at this point as an absolute gas

temperature scale that utilizes an “ideal” or “imaginary” gas that always acts as a low-pressure

gas regardless of the temperature. If such a gas thermometer existed, it would read zero kelvin at

absolute zero pressure, which corresponds to —273.15 °C on the Celsius scale (Fig. 1.3).
1°C) TK)  P(kPa)

/ /

-273.15 0 0

Absolute
vacuum
V= constant

Figure 1.3 A constant-volume gas thermometer would read -273.15 °C at absolute zero pressure

The Kelvin scale is related to the Celsius scale by

T(K) =T(°C) +273.15 (1.2)
The Rankine scale is related to the Fahrenheit scale by
T(R) =T(°F) + 459.67 (1.3)

It is common practice to round the constant in Eq. 1.2 to 273 and that in Eq. 1.3 to 460.
The temperature scales in the two unit systems are related by
T(R) =1.8 T(K) (1.4)
T(°F) = 1.8 T(°C) + 32 (1.5)

A comparison of various temperature scales is given in Fig. 1.4.

At the Tenth Conference on Weights and Measures in 1954, the Celsius scale was redefined
in terms of a single fixed point and the absolute temperature scale. The selected single point is the
triple point of water ( the state at which all three phases of water coexist in equilibrium) , which is
assigned the value 0. 01 °C. The magnitude of the degree is defined from the absolute temperature
scale. As before, the boiling point of water at 1 atm pressure is 100. 00 °C. Thus the new Celsius
scale is essentially the same as the old one.

On the Kelvin scale, the size of the temperature unit kelvin is defined as “the fraction
1/273.16 of the thermodynamic temperature of the triple point of water, which is assigned the
value of 273.16 K”. The ice point on the Celsius and Kelvin scales are 0 °C and 273. 15 K, re-
spectively.

Note that the magnitudes of each division of 1 K and 1 °C are identical (Fig. 1.5). Therefore,
when we are dealing with temperature differences AT, the temperature interval on both scales is the
same. Raising the temperature of a substance by 10 °C is the same as raising it by 10 K. That is

T(K) =AT(°C) (1.6)
T(R):=AT(°F) (1.7)
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°C K °F R
) M Boiling
100.00 (H373.15 212.00 H671.67 point
of water
at | atm
00127316 320249160 TriPle
point
of water
an -
273.15 -1 0 -459.67 HH0 Absolute

© @0 -

Figure 1.4 Comparison of temperature scales

1 K 1°C 1.8R 1.8 °F

Figure 1.5 Comparison of magnitudes of various temperature units

Some thermodynamic relations involve the temperature T and the question often arises of
whether it is in K or °C. If the relation involves temperature differences (such as a =b AT), it
makes no difference and either can be used. However, if the relation involves temperatures only
instead of temperature differences (such as @ =bT) , then K must be used. When in doubt, it is
always safe to use K because there are virtually no situations in which the use of K is incorrect,

but there are many thermodynamic relations that will yield an erroneous result if °C is used.

1.1.2 The First Law of Thermodynamics

So far, we have considered various forms of energy such as heat (), work W, and total energy
E individually, and no attempt is made to relate them to each other during a process. The first
law of thermodynamics, also known as the conservation of energy principle , provides a sound basis
for studying the relationships among the various forms of energy and energy interactions. Based on
experimental observations, the first law of thermodynamics states that energy can be neither created

nor destroyed during a process , it can only change forms. Therefore, every bit of energy should be
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accounted for during a process.

We all know that a rock at elevation possesses some potential energy, and part of this poten-
tial energy is converted to kinetic energy as the rock falls (Fig. 1.6). Experimental data shows
that the decrease in potential energy (mgAz) exactly equals the increase in kinetic energy
[m(V:-V7)/2] when the air resistance is negligible, thus confirming the conservation of energy

principle for mechanical energy.

Figure 1.6 Energy cannot be created or destroyed, it can only change forms

Consider a system undergoing a series of adiabatic processes from a specified state 1 to an-
other specified state 2. Being adiabatic, these processes obviously cannot involve any heat trans-
fer, but they may involve several kinds of work interactions. Careful measurements during these
experiments indicate the following: For all adiabatic processes between two specified states of a
closed system, the net work is the same regardless of the nature of the closed system and the details
of the process. Considering that there are an infinite number of ways to perform work interactions
under adiabatic conditions, this statement appears to be very powerful, with an potential for far-
reaching implications. This statement, which is largely based on the experiments of Joule in the
first half of the nineteenth century, cannot be drawn from any other known physical principle and
is recognized as a fundamental principle. This principle is called the first law of thermodynamics
or just the first law.

A major consequence of the first law is the existence and the definition of the property total
energy E. Considering that the net work is the same for all adiabatic processes of a closed system
between two specified states, the value of the net work must depend on the end states of the sys-
tem only, and thus it must correspond to a change in a property of the system. This property is
the total energy. Note that the first law makes no reference to the value of the total energy of a
closed system at a state. It simply states that the change in the total energy during an adiabatic
process must be equal to the net work done. Therefore, any convenient arbitrary value can be as-
signed to total energy at a specified state to serve as a reference point.

Implicit in the first law statement is the conservation of energy. Although the essence of the
first law is the existence of the property total energy, the first law is often viewed as a statement of

the conservation of energy principle. Next we develop the first law or the conservation of energy re-
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lation with the help of some familiar examples using intuitive arguments.

First, we consider some processes that involve heat transfer but no work interactions. The
potato baked in the oven is a good example for this case (Fig. 1.7). As a result of heat transfer
to the potato, the energy of the potato will increase. If we disregard any mass transfer ( moisture
loss from the potato) , the increase in the total energy of the potato becomes equal to the amount

of heat transfer. That is, if 5 kJ of heat is transferred to the potato, the energy increase of the po-
tato will also be 5 kJ.

Figure 1.7 The increase in the energy of a potato in an oven is equal to the amount of heat transferred
to it

As another example, consider the heating of water in a pan on top of a range (Fig. 1.8). If
15 kJ of heat is transferred to the water from the heating element and 3 kJ of it is lost from the wa-
ter to the surrounding air, the increase in energy of the water will be equal to the net heat trans-

fers to water, which is 12 kJ.
Q =3 kJ

Figure 1.8 In the absence of any work interactions, the energy change of a system is equal to the net
heat transfer

Now consider a well-insulated (i. e. , adiabatic) room heated by an electric heater as our
system (Fig. 1.9). As a result of electrical work done, the energy of the system will increase.
Since the system is adiabatic and cannot have any heat transfer to or from the surroundings (Q =
0), the conservation of energy principle dictates that the electrical work done on the system must

equal to the increase in energy of the system.
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(Adiabatic)

Figure 1.9 The work (electrical) done on an adiabatic system is equal to the increase in the energy of

the system

Next, let us replace the electric heater with a paddle wheel (Fig.1.10). As a result of the
stirring process, the energy of the system will increase. Again, since there is no heat interaction

between the system and its surroundings (Q = 0), the shaft work done on the system must show

up as an increase in the energy of the system.
(Adiabatic)

Win,in=8kJ

Figure 1.10 The work (shaft) done on an adiabatic system is equal to the increase in the energy of
the system

Many of you have probably noticed that the temperature of air rises when it is compressed
(Fig. 1.11). This is because energy is transferred to the air in the form of boundary work. In the
absence of any heat transfer (( = 0), the entire boundary work will be stored in the air as part
of its total energy. The conservation of energy principle requires that the increase in the energy of
the system be equal to the boundary work done on the system again.

We can extend these discussions to systems that involve various heat and work interactions
simultaneously. For example, if a system gains 12 kJ of heat during a process while 6 kJ of work
is done on it, the increase in the energy of the system during that process is 18 kJ (Fig. 1.12).
That is, the change in the energy of a system during a process is simply equal to the net energy

transfer to (or from) the system.
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Wiin = 10 kJ

(Adiabatic)

Figure 1.11 The work ( boundary) done on an adiabatic system is equal to the increase in the energy
of the system

Qoux =3kl

AE = (15-3)+6
=18kJ

|
i
|
i

Wain=6kJ

£

On=15k]

Figure 1.12 The energy change of a system during a process is equal to the net work and heat transfer
between the system and its surroundings

Energy Balance

In the light of the preceding discussions, the conservation of energy principle can be ex-
pressed as follows: The net change (increase or decrease) in the total energy of the system during a
process is equal to the difference between the total energy entering and the leaving system during that
process. That is

Total energy Total energy Change in the total
) N ( leaving the system) - ( )

entering the system energy of the system

or
E,-E,=AE .. (1.8)

This relation is often referred to as the energy balance and is applicable to any kind of system
undergoing any kind of process. The successful use of this relation to solve engineering problems
depends on understanding the various forms of energy and recognizing the forms of energy trans-

fer.



