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Chapter 1 Introduction to Thermal Sciences

1.1 Fundamental of Engineering Thermodynamics

Thermodynamics is a science in which the storage, transformation, and transfer of energy are
studied. Energy is stored as internal energy (associated with temperature), kinetic energy (due to
motion), potential energy (due to elevation) and chemical energy (due to chemical composition); it
is transformed from one of these forms to another; and it is transferred across a boundary as either
heat or work.

In thermodynamics, we will derive equations that relate the transformations and transfers of
energy to properties such as temperature, pressure, and density. Substances and their properties,
thus, become very important in thermodynamics. Many of our equations will be based on
experimental observations that have been organized into mathematical statements or laws; the first

and second laws of thermodynamics are the most widely used.
1.1.1 Thermodynamic system and control volume

A thermodynamic system is a fixed quantity of matter contained within some enclosure. The
surface is usually an obvious one (like that surrounding the gas in the cylinder). However, it may be
an imagined boundary (like the deforming boundary of a certain amount of mass as it flows through
a pump).

All matter and space external to a system is collectively called its surroundings. Thermodynamics is
concerned with the interactions of a system and its surroundings, or one system interacting with
another. A system interacts with its surroundings by transferring energy across its boundary. No
material crosses the boundary of a system. If the system does not exchange energy with the
surroundings, it is an isolated system.

In many cases, an analysis is simplified if attention is focused on a particular volume in space
into which, or from which, a substance flows. Such a volume is a control volume. A pump, a
turbine, and an inflating or deflating balloon are examples of control volumes. The surface that
completely surrounds the control volume is called a control surface.

Thus, we must choose, in a particular problem, whether a system is to be considered or whether
a control volume is more useful. If there is mass flux across a boundary, then a control volume is

required; otherwise, a system is identified.
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1.1.2 Equilibrium, process, and cycle

When the temperature of a system is referred to, it is assumed that all points of the system have
the same, or essentially the same, temperature. When the properties are constant from point to point
and when there is no tendency for change with time, a condition of thermodynamic equilibrium exists.
If the temperature, say, is suddenly increased at some part of the system boundary, spontaneous
redistribution is assumed to occur until all parts of the system are at the same temperature.

When a system changes from one equilibrium state to another, the path of successive states
through which the system passes is called a process. If, in the passing from one state to the next, the
deviation from equilibrium is infinitesimal, a quasi-equilibrium process occurs, and each state in the
process may be idealized as an equilibrium state. Quasi-equilibrium processes can approximate
many processes, such as the compression and expansion of gases in an internal combustion engine,
with no significant loss of accuracy. If the system goes from one equilibrium state to another
through a series of nonequilibrium states (as in combustion), a nonequilibrium process occurs.

When a system in a given initial state experiences a series of processes and returns to the initial
state, the system undergoes a cycle. At the end of the cycle, the properties of the system have the
same values they had at the beginning.

The prefix iso- is attached to the name of any property that remains unchanged in a process. An
isothermal process is one in which the temperature is held constant; in an isobaric process, the

pressure remains constant; an isometric process is a constant-volume process.
1.1.3 Vapor-liquid phase equilibrium in a pure substance

Consider as a system 1 kg of water contained in the piston/cylinder arrangement shown in Fig.
1-1(a). Suppose that the piston and weight maintain a pressure of 0.1 MPa in the cylinder and that
the initial temperature is 20°C. As heat is transferred to the water, the temperature increases
appreciably, the specific volume increases slightly, and the pressure remains constant. When the
temperature reaches 99.6 C, additional heat transfer results in a change of phase, as indicated in Fig.
1-1(b). That is, some of the liquid becomes vapor, and during this process both the temperature and
pressure remain constant, but the specific volume increases considerably. When the last drop of
liquid has vaporized, further transfer of heat results in an increase in both temperature and specific

volume of the vapor, as shown in Fig. 1-1(c).

% 1 "

> % |

i [

Water Vapor N

AR L . |

(a) (b) (c)

Fig. 1-1 Constant-pressure change from liquid to vapor
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The term saturation temperature designates the temperature at which vaporization takes place at
a given pressure. This pressure is called the saturation pressure for the given temperature. Thus, for
water at 99.6'C the saturation pressure is 0.1 MPa, and for water at 0.1 MPa the saturation
temperature is 99.6 C.

If a substance exists as liquid at the saturation temperature and pressure, it is called saturated
liquid. If the temperature of the liquid is lower than the saturation temperature for the existing
pressure, it is called either a subcooled liquid (implying that the temperature is lower than the
saturation temperature for the given pressure) or a compressed liquid (implying that the pressure is
greater than the saturation pressure for the given temperature).

When a substance exists as part liquid and part vapor at the saturation temperature, its quality is
defined as the ratio of the mass of vapor to the total mass. Thus, in Fig. 1-1(b), if the mass of the
vapor is 0.2 kg and the mass of the liquid is 0.8 kg, the quality is 0.2 or 20%. Quality has meaning
only when the substance is in a saturated state.

If a substance exists as vapor at the saturation temperature, it is called saturated vapor.
(Sometimes the term dry saturated vapor is used to emphasize that the quality is 100%.) When the
vapor is at a temperature greater than the saturation temperature, it is said to exist as superheated
vapor. The pressure and temperature of superheated vapor are independent properties, since the
temperature may increase while the pressure remains constant.

Let us plot on the temperature-volume diagram of Fig.1-2 the constant-pressure line that
represents the states through which the water passes as it is heated from the initial state of 0.1
MPa and 20°C. Let state 4 represent the initial state, B the saturated-liquid state (99.6°C), and
line AB the process in which the liquid is heated from the initial temperature to the saturation
temperature. Point C is the saturated-vapor state, and 0

@]
line BC is the constant-temperature process in which v/ 2209MPa

critical

e
F IMPa (/
D
B 0.IMPa \/
Saturated liquid line >\
Saturated vapor line

volume

i,

the change of phase from liquid to vapor occurs. Line
CD represents the process in which the steam is

superheated at constant pressure. Temperature and

Temperature

volume both increase during this process.

In a similar manner, a constant pressure of 10
MPa is represented by line IJKL, for which the
saturation temperature is 311.1°C. At a pressure of
22.09 MPa, represented by line MNO, we find,
however, that there is no constant-temperature

Fig.1-2 Temperature-volume diagram.

vaporization process. Instead, point N is a point of inflection with a zero slope. This point is called
the critical point. At the critical point the saturated-liquid and saturated-vapor states are identical.
The temperature, pressure, and specific volume at the critical point are called the critical
temperature, critical pressure, and critical volume. The critical-point data for some substances are

given in Table 1-1.
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Tablel-1 Some Critical-point Data
Critical temperature Critical pressure Critical volume
C MPa m’/kg
Water 374.14 22.09 0.003155
Carbon dioxide 31.05 7.39 0.002143
Oxygen -118.35 5.08 0.002438
Hydrogen -239.85 1.30 0.032192

1.1.4 The first law of thermodynamics

The first law of thermodynamics is commonly called the law of conservation of energy. In
elementary physics courses, the study of conservation of energy emphasizes changes in kinetic and
potential energy and their relationship to work. A more general form of conservation of energy
includes the effects of heat transfer and internal energy changes. Other forms of energy could also
be included, such as electrostatic, magnetic, strain, and surface energy.

Historically, the first law of thermodynamics was stated for a cycle: the net heat transfer is

equal to the net work done for a system undergoing a cycle.
1.1.5 The second law of thermodynamics

The second law of thermodynamics can be stated in a variety of ways. Here we present two: the
Clausius statement and the Kelvin-Planck statement.

Clausius Statement

It is impossible to construct a device that operates in a cycle and whose sole effect is the
transfer of heat from a cooler body to a hotter body.

This statement relates to a refrigerator (or a heat pump). It states that it is impossible to
construct a refrigerator that transfers energy from a cooler body to a hotter body without the input

of work; this violation is shown in Fig. 1-3(a).
‘ T” \ T } Kelvin-Planck Statement

o 2 It is impossible to construct a device that operates in a
H H

| Device 0,=0y

|___|—>QH=W cycle and produces no other effect than the production of
Devi
— " work and the transfer of heat from a single body.

o In other words, it is impossible to construct a heat
‘ 7 ' engine that extracts energy from a reservoir, does work,
and does not transfer heat to a low-temperature reservoir.

(@) (b) . ; ! ;
This rules out any heat engine that is 100 percent efficient,

ig.1- iolati f th d1 ; e
Fig.1-3 Violations of the second law fike the one: ghown in Fig: 1-3(b).

1.1.6 The Carnot cycle

The heat engine that operates the most efficiently between a high-temperature reservoir and a
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low-temperature reservoir is the Carnot engine. This is an ideal engine that uses reversible
processes to form its cycle of operation; such a cycle is Carnot cycle. The Carnot engine is very
useful, since its efficiency establishes the maximum possible efficiency of any real engine. If the
efficiency of a real engine is significantly lower than the efficiency of 1

a Camot engine between the same limits, then additional 1 T 2

improvements may be possible.

The ideal Carnot cycle in Fig.1-4 is composed of four reversible

4 3
processes: 1—2: Isothermal expansion; 2—3: Adiabatic reversible B
expansion; 3—4: Isothermal compression; 4—1: Adiabatic reversible §
compression. The efficiency of a Carnot cycle is Fig.1-4 The Carnot cycle
4
n=1-L (1-1)
TH

Note that the efficiency is increased by raising the temperature Ty at which heat is added or by

lowering the temperature T at which heat is rejected.
1.1.7 The Rankine cycle

The first class of power cycles that we consider are those utilized by the electric power
generating industry, namely, power cycles that operate in such a way that the working fluid changes
phase from a liquid to a vapor. The simplest vapor-power cycle is called the Rankine cycle, shown
schematically in Fig.1-5(a). A major feature of such a cycle is that the pump requires very little
work to deliver high-pressure water to the boiler. A possible disadvantage is that the expansion
process in the turbine usually enters the quality region, resulting in the formation of liquid droplets
that may damage the turbine blades.

Op High-pressure

vapor

Boiler

steam

High-pressure
Low-pressure

1
Low-pressure
water

=
)

o~ —4

Condenser

- —-4

Oc
(a) (b)

Fig.1-5 The Rankine cycle
(a) The major components; (b) The 7-s diagram
The Rankine cycle is an idealized cycle in which friction losses in each of the four components
are neglected. The losses usually are quite small and will be neglected completely in initial analysis.
The Rankine cycle is composed of the four ideal processes shown on the T-s diagram in Fig. 1-5(b):
1—2: Isentropic compression in a pump; 2—3: Constant-pressure heat addition in a boiler; 3—4:

Isentropic expansion in a turbine; 4—1: Constant-pressure heat rejection in a condenser.
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The pump is used to increase the pressure of the saturated liquid. Actually, states 1 and 2 are
essentially the same, since the high-pressure lines are extremely close to the saturation curve; they
are shown separated for illustration only. The boiler (also called a steam generator) and the
condenser are heat exchangers that neither require nor produce any work.

If we neglect kinetic energy and potential energy changes, the net work output is the area under
the 7-s diagram, represented by area 1-2-3-4-1 of Fig. 1-5(b); this is true since the first law requires
that Wye=QOhet. The heat transfer to the working substance is represented by area a-2-3-b-a. Thus,
the thermal efficiency # of the Rankine cycle is

_Areal-2-3-4-1

7= (1-2)
Areaa—2-3-b—a

that is, the desired output divided by the energy input (the purchased energy). Obviously, the
thermal efficiency can be improved by increasing the numerator or by decreasing the denominator.
This can be done by increasing the pump outlet pressure p,, increasing the boiler outlet temperature

T3, or decreasing the turbine outlet pressure py.
1.1.8 The Reheat cycle

It is apparent that when operating in a Rankine cycle with a high boiler pressure or a low
condenser pressure it is difficult to prevent liquid droplets from forming in the low-pressure portion of
the turbine. Since most metal cannot withstand temperatures above about 600 C, the reheat cycle is
often used to prevent liquid-droplet formation: the steam passing through the turbine is reheated at
some intermediate pressure, thereby raising the temperature to state 5 in the 7-s diagram of Fig. 1-6.
The steam then passes through the low-pressure section of the turbine and enters the condenser at state
6. This controls or completely eliminates the moisture problem in the turbine. Often, the turbine is
separated into a high-pressure turbine and a low-pressure turbine. The reheat cycle does not significantly
influence the thermal efficiency of the cycle, but it does result in a significant additional work output,
represented in the figure by area 4-5-6-4'-4 of Fig. 1-6. The reheat cycle demands a significant
investment in additional equipment, and the use of such equipment must be economically justified by the
increased work output. If reheat is not used to avoid droplet formation, the condenser pressure must be
quite high, resulting in relatively low cycle efficiency. In that sense, reheat significantly increases cycle

efficiency when compared to the cycle with no heat but with the higher condenser pressure.
Qn
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Fig.1-6 The Reheat cycle
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1.2 Fundamental of Fluid Mechanics

Fluid motions manifest themselves in many different ways. Some can be described very easily,
while others require a thorough understanding ot physical laws. In engineering applications, it is
important to describe the fluid motions as simply as can be justified. This usually depends on the
required accuracy. Often, accuracies of +£10% are acceptable, although in some applications higher
accuracies have to be achieved. The general equations of motion are very difficult to solve;
consequently, it is the engineer’s responsibility to know which simplifying assumptions can be made.
This, of course, requires experience and, more important, an understanding of the physics involved.

Here we introduce some important general approaches used to analyze fluid mechanics
problems and give a brief overview of different types of flow.

1.2.1 Lagrangian and Eulerian descriptions of motion

In the description of a flow field, it is convenient to think of individual particles each of which
is considered to be a small mass of fluid, consisting of a large number of molecules, that occupies a
small volume that moves with the flow. If the fluid is incompressible, the volume does not change
in magnitude but may deform. If the fluid is compressible, as the volume deforms, it also changes
its magnitude. In both cases the particles are considered to move through a flow field as an entity.

In the study of particle mechanics, where attention is focused on individual particles, motion is
observed as a function of time. The position, velocity, and acceleration of each particle are listed as
s(xo, Y0, Zo, 1), VX0, Yo, Zo, 1), and a(xo, Yo, Zo, ) and quantities of interest can be calculated. The point
(xo, Yo, o) locates the starting point-the name-of each particle. This is the Lagrangian description,
named after Joseph L. Lagrange, of motion that is used in a course on dynamics. In the Lagrangian
description many particles can be followed and their influence on one another noted. This becomes,
however, a difficult task as the number of particles becomes extremely large, as in a fluid flow.

An alternative to following each fluid particle separately is to identify points in space and then
observe the velocity of particles passing each point; we can observe the rate of change of velocity
as the particles pass each point, that is, 6¥/dx, 0V/dy and 0¥/0z and we can observe if the velocity is
changing with time at each particular point, that is, 6¥/0t. In this Eulerian description, named after
Leonhard Euler, of motion, the flow properties, such as velocity, are functions of both space and
time. In rectangular, Cartesian coordinates the velocity expressed as V= V(x, y, z, £). The region of

flow that is being considered is called a flow field.
1.2.2 One-, two-, and three-dimensional flows

In the Eulerian description of motion the velocity vector, in general, depends on three space

variables and time, that is, ¥=W(x, y, z, 7). Such a flow is a three-dimensional flow, because the
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velocity vector depends on three space coordinates. The solutions to problems in such a flow are
very difficult and are beyond the scope of an introductory course. Even if the flow could be
assumed to be steady [i.e., V=WV{(x, y, z)], it would remain a three-dimensional flow.

Often a three-dimensional flow can be approximated as a two-dimensional flow. For example,
the flow over a wide dam is three-dimensional because of the end conditions, but the flow in the
central portion away from the ends can be treated as two-dimensional. In general, a
two-dimensional flow is a flow in which the velocity vector depends on only two space variables.
An example is a plane flow, in which the velocity vector depends on two spatial coordinates, x and
¥, but not z [i.e., V=W(x, y)].

A one-dimensional flow is a flow in which the velocity vector depends on only one space
variable. Such flows occur in long, straight pipes or between parallel plates. The velocity in the pipe
varies only with r i.e., u=u(r). The velocity between parallel plates varies only with the coordinate y
i.e., u=u(y). Even if the flow is unsteady so that u=u(y, 1), as would be the situation during startup,
the flow is one-dimensional.

As for developed flows, the velocity profiles do not vary with respect to the space coordinate in
the direction of flow. This demands that the region of interest be a substantial distance from an
entrance or a sudden change in geometry. There are many engineering problems in fluid mechanics
in which a flow field is simplified to a uniform flow: the velocity, and other fluid properties, are
constant over the area. This simplification is made when the velocity is essentially constant over the
area, a rather common occurrence. Examples of such flows are relatively high speed flow in a pipe
section, and flow in a stream. The average velocity may change from one section to another; the

flow conditions depend only on the space variable in the flow direction.

1.2.3 Newtonian fluid and non-Newtonian fluid

A Newtonian fluid is a fluid whose stress versus rate of strain curve is linear and passes
through the origin. The constant of proportionality is known as the viscosity. A simple relation to
describe Newtonian fluid behavior is r=udu/dy.  is the shear stress exerted by the fluid, u is the
fluid viscosity, du/dy is the velocity gradient perpendicular to the direction of shear.

If a fluid does not obey this relation, it is termed a non-Newtonian fluid, of which there are
several types, including polymer solutions, molten polymers, many solid suspensions and most
highly viscous fluids. In a non-Newtonian fluid, the relation between the shear stress and the strain
rate is nonlinear, and can even be time-dependent. Therefore a constant coefficient of viscosity can
not be defined. A ratio between shear stress and rate of strain (or shear-dependent viscosity) can be

defined, this concept being more useful for fluids without time-dependent behavior.

1.2.4 Viscous and inviscid flows

A fluid flow may be broadly classified as either a viscous flow or an inviscid flow. An inviscid
flow is one in which viscous effects do not significantly influence the flow and are thus neglected.

In a viscous flow the effects of viscosity are important and cannot be ignored. To model an inviscid



