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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 ener-
gy 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 trans-
ferred across a boundary as either heat or work.

In thermodynamics, we will derive equations that relate the transformations and trans-
fers 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). How-
ever, 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. Ther-
modynamics is concerned with the interactions of a system and its surroundings, or one sys-
tem interacting with another. A system interacts with its surroundings by transferring ener-
gy 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 con-
trol volume is required; otherwise, a systelh is identified.

1.1.2 Equilibrium, process, and cycle

When the temperature of a system is referred to, it is assumed that all points of the sys-
tem 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 ther-
modynamic 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
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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 oc-
curs, and each state in the process may be idealized as an equilibrium state. Quasi-equilibri-
um processes can approximate many processes, such as the compression and expansion of ga-
ses 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 com-
bustion), 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 sys-
tem 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 iso-
baric 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

5 e (RIS n change of phase, as indicated in Fig.

E 1-1(b). That is, some of the liquid
T TT] T

becomes vapor, and during this
[ ] Water Vapor Water Vapor process both the temperature and

© Liquid Water - LiquidWater pressure remain constant, but the

specific volume increases considera-
bly. When the last drop of liquid has

vaporized, further transfer of heat

(a) (b) (c)

Fig. 1-1 Constant-pressure change from liquid to vapor

results in an increase in both temperature and specific volume of the vapor, as shown in Fig.
1-1Ce.

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 tem-
perature. 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 sat-
urated 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 low-
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er 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%5).
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 dia- 0

0
2209MPa

critical
[

1MPa (¢

D
0.1MPa &
Saturated liquid line 3\
Saturated vapor line

gram 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 A represent the initial
state, B the saturated-liquid state (99. 6°C), and
line AB the process in which the liquid is heated

Temperature

from the initial temperature to the saturation

temperature. Point C is the saturated-vapor MIEA
state, and line BC is the constant-temperature volume
process in which the change of phase from liquid Fig.1-2 Temperature-volume diagram

to vapor occurs. Line CD represents the process in which the steam is superheated at con-

stant pressure. Temperature and volume both increase during this process.

Tablel-1  Some Critical-Point Data In a similar manner, a constant
ressure of 10 MPa is represented b
Critical Critical Critical P ) P ) y
temperature pressure volume line IJKL, for which the saturation
© MPa m? /kg temperature is 311. 1°C. At a pressure
Water 374.14 . 22.09 0. 003155 of 22.09 MPa, represented by line
MNQO, we find, however, that there is

Carbon dioxide 31.05 7.39 0.002143 0, ’ ’ o
no constant-temperature vaporization

Oxygen —118.35 5. 08 0. 002438 ] ) )

process. Instead, point N is a point of

Hydrogen —239. 85 1.30 0. 032192 . . . ) )
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.

1.1.4 The first law of thermodynamics

The first law of thermodynamics is commonly called the law of conservation of energy.
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In elementary physics courses, the study of conservation of energy emphasizes changes in ki-
netic and potential energy and their relationship to work. A more general form of conserva-
tion 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 trans-
fer 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.

Ty

This statement relates to a refrigerator (or a
» heat pump). It states that it is impossible to con-

0 struct a refrigerator that transfers energy from a
M Ou

[: l:——»gH:W cooler body to a hotter body without the input of
Device 0,=0y Device w

work; this violation is shown in Fig. 1-3(a).

Q Kelvin - Planck Statement
‘ r \ It is impossible to construct a device that oper-
L
ates in a cycle and produces no other effect than the
(@) (b)

production of work and the transfer of heat from a
Fig. 1 -3 Violations of the second law single body.

In other words, it is impossible to construct a heat engine that extracts energy from a
reservoir, does work, and does not transfer heat to a low-temperature reservoir. This rules
out any heat engine that is 100 percent efficient, like the one shown 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 low-temperature reservoir is the Carnot engine. This is an ideal engine that uses re-
versible processes to form its cycle of operation; such a cycleis r

Carnot cycle. The Carnot engine is very useful, since its effi- . T 2

ciency establishes the maximum possible efficiency of any real

engine. If the efficiency of a real engine is significantly lower

than the efficiency of a Carnot engine between the same limits,

then additional improvements may be possible. s
The ideal Carnot cycle in Fig. 1 - 4 is composed of four re- Fig.1-4 The Carnot cycle

versible processes: 1->2: Isothermal expansion; 2—3: Adia-

batic reversible expansion; 3—>4; Isothermal compression; 4—1: Adiabatic reversible com-

pression. The efficiency of a Carnot cycle is



Chapter 1 Introduction to Thermal Sciences 5

—1-L _

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.

High-pressure
vapor

steam

Low-pressure

5]

Condenser

EN

o —

Low-pressure
water

o — 4

Oc
(a) (b}

Fig. 1-5 The Rankine cycle
(a) The major components; (b) The T-s diagram

The Rankine cycle is an idealized cycle in which friction losses in each of the four compo- |
nents are neglected. The losses usually are quite small and will be neglected completely in in-
itial analysis. The Rankine cycle is composed of the four ideal processes shown on the T+s di-
agram 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.

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 genera-
tor) 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 ar-
ea under the T-s diagram, represented by area 1—2—3—4—1 of Fig. 1-5(b); this is true
since the first law requires that W, ., =Q... The heat transfer to the working substance is re-
presented by areaa —2-—3 —b—a. Thus, the thermal efficiency » of the Rankine cycle is

_areal—2—3—4—1
areaa—2—3—b—a

1-2

that is, the desired output divided by the energy input (the purchased energy). Obviously,
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the thermal efficiency can be improved by increasing the numerator or by decreasing the de-
nominator. This can be done by increasing the pump outlet pressure p; , increasing the boiler
outlet temperature T3, or decreasing the turbine outlet pressure p,.
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 T-s diagram of Fig. 1-6. The steam then passes through the low-pressure sec-
tion 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 tur-
bine 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 in-
vestment in additional equipment, and the use of such equipment must be economically justi-
fied by the increased work output. If reheat is not used to avoid droplet formation, the con-
denser pressure must be quite high, resulting relatively low cycle efficiency. In that sense,
reheat significantly increases cycle efficiency when compared to the cycle with no reheat but

with the higher condenser pressure.

04

Oc

Fig. 1-6 The Reheat cycle
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 of physical laws. In engineering appli-
cations, it is important to describe the fluid motions as simply as can be justified. This usual-
ly depends on the required accuracy. Often, accuracies of £210% 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 simpli-

tying assumptions can be made. This, of course, requires experience and, more important,
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an understanding of the physics involved.

Some common assumptions used to simplify a flow situation are related to fluid proper-
ties. For example, under certain conditions, the viscosity can affect the flow significantly; in
others, viscous effects can be neglected greatly simplifying the equations without significant-
ly altering the predictions. It is well known that the compressibility of a gas in motion should
be taken into account if the velocities are very high. But compressibility effects do not have
to be taken into account to predict wind forces on buildings or to predict any other physical
quantity that is a direct effect of wind. After our study of fluid motions, the appropriate as-
sumptions used should become more obvious. Here we introduce some important general ap-
proaches 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(x0, ¥o» 20 )5 V(Z0» ¥o» 20» £), and a(xg, Yos Zos £) and quantities
of interest can be calculated. The point (xo, yo, %) locates the starting point-the name-of
each particle. This is the Lagrangian description, named after Joseph L. Lagrange, of mo-
tion 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, 9 V/dx,3V /9y and 3 V/3z and we can ob-
serve if the velocity is changing with time at each particular point, that is,d V/3t, In this Eu-
lerian description, named after Leonhard Euler, of motion, the flow properties, such as ve-
locity, are functions of both space and time. In rectangular, Cartesian coordinates the veloci-
ty expressed asV = V(z, y, z, t). The region of flow that is being considered is called a
flow field.

1.2.2 Pathlines and streamlines

Two different lines help us in describing a flow field. A pathline is the locus of points
traversed by a given particle as it travels in a field of flow; the pathline provides us with a
"history " of the particle’s locations. A photograph“of a pathline would require a time expo-
sure of an illuminated particle,
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A streamline is a line in the flow possessing the following property: the velocity vector
of each particle occupying a point on the streamline is tangent to the streamline, that is, V' X
dr = 0. Since V and dr are in the same direction; recall that the cross product of two vectors
in the same direction is zero. A photograph of a streamline cannot be made directly. For a
general unsteady flow the streamlines can be inferred from photographs of short pathlines of
a large number of particles.

1.2.3 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, V = V(x, y, z, t). Such a flow is a three-dimensional
flow, because the velocity vector depends on three space coordinates. The solutions to prob-
lems 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= V(z, y, 2) ], it would remain a
three-dimensional flow.

Often a three-dimensional flow can be approximated as a two-dimensional flow. For ex-
ample, 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 vari-
ables. An example is a plane flow, in which the velocity vector depends on two spatial coor-
dinates, x and y, but not z [i.e. , V=V(x, 3 1.

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(y, ), 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 coor-
dinate in the direction of flow. This demands that the region of interest be a substantial dis-
tance from an entrance or a sudden change in geometry. There are many engineering prob-
lems 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 ve-
locity 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 ve-
locity may change from one section to another; the flow conditions depend only on the space
variable in the flow direction.

1.2.4 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 rela-
tion to describe Newtonian fluid behavior is r = gdu/dy. ris the shear stress exerted by the
fluid, p is the fluid viscosity, du/dy is the velocity gradient perpendicular to the direction of

shear.
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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 coeffi-
cient 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.

1.2.5 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 flow analytically, we can simply let the viscosity be zero; this will
obviously make all viscous effects zero. It is more difficult to create an inviscid flow experi-
mentally, because all fluids of interest (such as water and air) have viscosity. The question
then becomes: Are there flows of interest in which the viscous effects are negligibly small?
The answer is "Yes, if the shear stresses in the flow are small and act over such small areas
that they do not significantly affect the flow field. " This statement is very general, of
course, and it will take considerable analysis to justify the inviscid flow assumption.

Based on experience, it has been found that the
primary class of flows, which can be modeled as invis-
cid flows, is external flows, that is, flows which exist
exterior to a body. Inviscid flows are of primary impor- Invisid flow Boundary layer
tance in flows around streamlined bodies, such as flow

around an airfoil or a hydrofoil. Any viscous effects

that may exist are confined to a thin layer, called a

Fig.1-7 Flow around an airfoil

boundary layer, that is attached to the boundary, such
as that shown in Fig. 1 - 7; the velocity in a boundary layer is always zero at a fixed wall, a
result of viscosity. For many flow situations, boundary layers are so thin that they can sim-
ply be ignored when studying the gross features of a flow around a streamlined body. For ex-
ample, the inviscid flow solution provides an excellent prediction to the flow around the air-
foil, except inside the boundary layer and possibly near the trailing edge. Inviscid flow is also
encountered in contractions inside piping systems and in short regions of internal flows where
viscous effects are negligible.

Viscous flows include the broad class of internal flows, such as flows in pipes and con-
duits and in open channels. - In such flows viscous effects cause substantial "losses " and ac-
count for the huge amounts of energy that must be used to transport oil and gas in pipelines.
The no-slip condition resulting in zero velocity at the wall, and the resulting shear stresses,
lead directly to these losses.
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1.2.6 Laminar and turbulent Flows

A viscous flow can be classified as either a laminar flow or a turbulent flow. In a laminar
flow the {luid flows with no significant mixing of neighboring fluid particles. If dye were in-
jected into the flow, it would not mix with the neighboring fluid except by molecular activi-
ty; it would retain its identity for a relatively long period of time. Viscous shear stresses al-
ways influence a laminar flow. The flow may be highly time dependent or be steady.

In a turbulent flow fluid motions very irregularly so that quantities such as velocity and
pressure show a random variation with time and space coordinates. The physical quantities
are often described by statistical averages. In this sense we can define a "steady" turbulent
flow: a flow in which the time-average physical quantities do not change in time. A dye injec-
ted into a turbulent flow would mix immediately by the action of the randomly moving fluid
particles; it would quickly lose its identity in this diffusion process. A laminar flow and a
turbulent flow can be observed by performing a simple experiment with a water faucet. Turn
the faucet on so the water flows out very slowly as a silent stream. This is laminar flow.
Open the faucet slowly and observe the flow becoming turbulent. Note that a turbulent flow
develops with a relatively small flow rate.

The flow regime depends on three physical parameters describing the flow conditions.
The first parameter is a length scale of the flow field, such as the thickness of a boundary
layer or the diameter of a pipe. If this length scale is sufficiently large, a flow disturbance
may increase and the flow may be turbulent. The second parameter is a velocity scale such as
a spatial average of the velocity; for a large enough velocity the flow may be turbulent. The
third parameter is the kinematic viscosity; for a small enough viscosity the flow may be tur-
bulent.

The three parameters can be combined into a single parameter that can serve as a tool to
predict the flow regime. This quantity is the Reynolds number, named after Osborne Reyn-
olds, a dimensionless parameter, defined as Re = VL /v, where L and V are a characteristic
length and velocity, respectively, andy is the kinematic viscosity; for example, in a pipe flow
L could be the pipe diameter and V could be the average velocity. If the Reynolds number is
relatively small, the flow is laminar; if it is large, the flow is turbulent. This is more pre-
cisely stated by defining a critical Reynolds number, Re.:, so that the flow is laminar if Re<C
Re.... For example, in a flow inside a rough-walled pipe it is found that Re.;==2000. This is
the minimum critical Reynolds number and is used for most engineering applications. If the
pipe wall is extremely smooth and free of vibration, the critical Reynolds number can be in-
creased as the fluctuation level in the flow is decreased; values in excess of 40 000 have been
measured. The critical Reynolds number is different for every geometry, e. g. , it is 1500 for
flow between parallel plates using the average velocity and the distance between the plates.

In a boundary layer that exists on a flat plate, due to a constant-velocity fluid stream,
the length scale changes with distance from the upstream edge. A Reynolds number is calcu-

lated using the length x as the characteristic length. For a certain x7, Re becomes Re.; and



