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Chapter 1 Thermodynamics, Heat Transfer
and Fundamentals of Fluid

1.1 Thermodynamics

During o rypieal dav. everyone deals with varous  enginecring  sysiems such as
automobiles, refrigerators, microwsves. cnd dishwashers, Fach engimeering svstem constsis of
several components,  and o osystemTs opomnal perfonnance  depends on cach mdividuosd
component s perlormance and interaction  with other components.  In most cases. the
interaction hetween various compitients ol o wvsteny oceurs in the o of energy transfer oy
mass transier. Thermodynamics is an engineering sclence thai provides governing laws that
deseribe energy transfer from one form 1w enother in an enginecring svstem.  In s chaprer.
the basic laws of therinodynamies and their application for energy conversion svstems are

covered,
ENERGY AND THE FIRST LAW OF THERMODYNAMICS

In performing engineering thermodyvnamic analyvsiso we must defline the svewem undor
consideration. Alter properly identifyving o thermodynaniic system. everything else around the
swatem heconies ihat systerm = environment, (O interest o engineers and screntists s the
interaction between the svsten and 1ts environment,

In thermodvnaiic analysis. systems can either conuist ol specified matter Ceontrolled
nuiss. CM) or specified space (conurol volume. CV)Y, In a control-mass system. energy-—but
not mass--can eross the system boundaries while the systent is going through a thermodynamic
process, Control mass systems may be called elosed systems because no mass can cross then
houndary, On the other hand, in a control volume system—also referred to as an open
systerr—both energy and matter can cross the system boundaries. The shape and ~ize of CVs
need not necessarily be constant and fixed: however, in this chapters we will assume that the
CVs with fixed shape and size. Another system that shouid be delined here 1s an isolated
system, which is o system where 110 mass or energy crosses its bhoundaries,

The energy of a system consists of three components; Kinetie cnergy, potentind energyv.
and internal energy. The kinetic and potental energy ol a ~vstemn are muacroscopically
observable. Internal cuergy is associated with random and disorganized aspects of molecules of

i

aosystem and is not diveetly observable, iy thernmodynamic analvsiz of systems, the cnergy

the whole svstem can he obtained by adding the mdividual energy components,
CONSERVATION OF ENERGY - THE FIRST LAW OF THERMODYNAMICS

The First Law of Thermodynamies states that energy is conserved: 1t eannot be crented or
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destroyed, but can change {rom one {orm to another. The energy of a closed system can be

expressed as

E = me + T 4 ME2 (1-1)
2g2 gc

Where E is the total energy of the system, e is its internal energy per unit mass, and the last
two terms are the kinetic energy and potential energy of the system, respectively. The
proportionality constant g, is defined in the nomenclature. When a system undergoes changes,
the energy change within the system can be expressed by a general form of the energy-balance
equation;.
Energy stored__ Energy entering__ Energy leaving | Energy generated
in the system the system the system in the system
(e. g. , chemical reactions)
For example, consider the geothermal-based
}/\ heat pump shown in Fig. 1-1. In this heat pump. a

I/41 working fluid (R-22, a common reflrigerant used with

geothermal heat pumps, which is gaseous at room

771 | : :
i { temperature and pressure) is sealed in a closed loop
Condenser | { and is used as the transport medium for energy. ' Fig.
] | 1-2 presents a simple thermodynamic cycle [or a heat
p p y y
Evaporator =5 . .
Control volume pump (heating mode) and an associated pressure-

around evaporator

enthalpy (p-h) diagram. The saturated vapor and

Fig. 1-1 Geothermal-based (ground- liquid lines are shown in Fig. 1-2, and the region
source) heat pump between these two lines is referred to as the wet
region, where vapor and liquid coexist. The relative quantities of liquid and vapor in the
mixture, known as the quality of the mixture (x), is usually used to denote the state of the
mixture. The quality of a mixture is defined as the ratio of the mass of vapor to the mass of the
mixture. For example, in 1 kg of mixture with quality ., there are x kg of vapor and (1—ux)
kg of liquid. Fig. 1-2 shows that the working fluid leaving the evaporator (point 2) has a higher
quality than working {luid entering the evaporator (point 1). The working fluid in Fig. 1-2 is
circulated through the closed loop and undergoes several phase changes. Within the
evaporator, the working {luid absorbs heat {rom the surroundings (geothermal resource) and is
vaporized. The low pressure gas (point 2) is then directed into the compressor, where its

Quiwarm house)
f Saturated- liquid

[ine

Condenser 4 3

Saturated-vapor

Valve Compressor line

Pressure(p)

Evaporator

| - ] i
Q(cold outdoors) Enthalpy(h)

Fig. 1-2 Thermodynamic cycle and p-h diagram for heat pump (heating mode )
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pressure and temperature are increased by compression. The hot compressed gas (point 3) 1s
then passed through the condenser. where it loses heat to the surroundings Cheating up the
house). The cool working fluid exiting the condenser is a high-pressure liquid (point 1) . which
then passes through an expansion device or valve to reduce its pressure to that of the evaporator

(underground loop). ?
ENTROPY AND THE SECOND LAW OF THERMODYNAMICS

In many events, the state of an isolated system can change in a given direction, whereas
the reverse process is impossible. For example. the reaction of oxygen and hydrogen will
readily produce water, whereas the reverse reaction (electrolysis) cannot occur without some
external help. Another example is that of adding milk to hot coffce. As soon as the milk is
added to the coffee. the reverse action i< impossible to achieve. These events are explained by
the Second l.aw of Thermodynamics, which provides the necessary tools to rule out impossible
processes by analyzing the events occurring around us with respect to time. Contrary to the
First Law of Thermodynamics, the Second Law is sensitive to the direction of the process.

To understand the second law of thermodynamics better, we must introduce =
thermodynamic property called entropy (symbolized by S, representing total entropy, and s.
representing entropy per unit mass). The entropy of a system is simply a measure of the degree
of molecular chaos or disorder at the microscopic level within a system.

The more disorganized a system is, the less energy is available to do useful work;” in other
words, energy is required to create order in a system. When a system goes through a
thermodynamic process, the natural state of alfairs dictates that entropy be produced by that
process. In essence. the Second Law of Thermodynamics states that, in an isolated system,
entropy can be produced, but it can never be destroyed.

AS — Sf;,m] . Slnilia] /; 0 ( 1- 2)

Thermodynamic processes can be classified as reversible and irreversible processes. A
reversible process is a process during which the net entropy ol the system remains unchanged.
A reversible process has equal chances of occurring in either a [orward or backward direction
because the net entropy remains unchanged. The absolute incremental entropy change for a

closed system of fixed mass in a reversible process can be calculated {rom

ds = 49 (1-3)
where dS is the increase in entropy, dQ is the heat absorbed. and T is the absolute

temperature. We emphasize that most real processes are not reversible and the entropy of a real

process is not usually conserved. Therefore, Eq. (1-3) can be written in a general form as

ds = 49 (1-1)
1

where the equality represents the reversible process. A reversible process in which dQ= 0 is

called an isentropic process. It is obvious [rom Eq. (1-1) that for such processes, dS= 0,

which means that no net change occurs in the entropy of the system or its surroundings.
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APPLICATION OF THE THERMODYNAMIC LAWS TO HVAC AND OTHER
ENERGY CONVERSION SYSTEMS
We can now employ these thermodynamic laws to analyze thermodynamic processes that

occur in energy conversion systems. Among the most common energy conversion systems are

heat engines and heat pumps. In Fig. 1-3, the Solid lines indicate the operating principle of a

heat engine, where energy

_ desired output energy _ w 1.5
771’1&3! engine ~ - . - ( T )
required input energy  Quy
I High-temperature reservoir at Ty ]
RS
1
et Boiler ———————
] (condenser) I
Pun’}p b . — Turbine -
(turbine) —— (pump) {_ ™ _
! |
\ Condenser | l
Lo e —— -} (evaporator) —— e e ——
Po §
[
r Low-temperature reservoir at T J

Fig. 1-3 Principle of operation of a heat engine (solid lines and upper terms)
and heat pump (dashed lines and lower terms in parentheses)
In the early 1800s, Nicholas Carnot showed that to achieve the maximum possible
elficiency, the heat engine must be completely reversible (i. e., no entropy production. no
thermal losses due to friction).

Carnot’s heat engine should give

QH QI. o~
AS:—T‘—':“*:O (l*(‘))
Ty T
Therefore, the maximum possible elliciency is
Q@ _, @ _,_ T
e = Qu =1 Qu Tu (-7
Terms and Expressions
thermodynamics L J7%% condensor ¥ EEAE
heat engine FAHL evaporator ZERES
heat pump FFE control volume(CV) & #Hi{fH
entropy 1 relrigerant  #ll¥:5]
enthalpy & saturated EFKY

HVAC(Heating Ventilating Air Conditioning)  {:BZiH K= 73

Notes

1. In this heat pump, a working [luid (R-22, a common refrigerant used with geothermal

heat pumps. which is gaseous at room temperature and pressure) is sealed in a closed loop and
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is used as the transport medium for energy.

EXPNRAERG S, TREFEHSE-MARXEA P ALY EREREN N R, EHHEAT. 1
BRGERGEH KM R22 R TR CERF IR ETE2SE.

2. The cool working fluid exiting the condenser is a high-pressure liquid (point 4), which
then passes through an expansion device or valve to reduce its pressure to that ol the evaporator
(underground loop).

BT ¥R BEER . 2 e A5 B9 LR AR 2 o HE WA, 582 R ik 3 B o R B Bk R B D P a8t A
FER A TR AEER .

3. The more disorganized a system is, the less energy is available to do useful work.

RGO, AT TR S Re R .
Answer the Following Questions in English

1. What is an isolated system?

2. Can you cool off your apartment by leaving the door of the refrigerator open?

3. How do the first and second law of thermodynamics apply to hydroelectricity?

4. Which is more efficient, a steam engine operating between 100 °C and 200 °C or one
operating between 100 °C and 400 °C?

Translate the Following Paragraphs into English

- R B REHT I T B RE R A R MBS RIE . B EE TRER R
tﬁi‘ﬁﬁﬁ%%bﬁ A RBIPAN B A REIIEL, 256 — BT8R AR ME R, R
SR ICAE AR T FAE 58 AT AR B B B IS R, BRI A RV RE R — B PR R0k
B =R REEFREEN L. '

2. P TR AR O Z M EA T, R UE S N EE MR A E
mHA LA TIFE B AR OB, ATE AN T8 % 5% $h &% SN M5 o
B 3545 TR KBRS .

3. BEEMFM ST RMREA X, FeEi PR RNZES, B - EEEB A
g TR R,

1.2 Heat Transfer

Thermodynamic laws are always concerned with the equilibrium state of a system and are
used to determine the amount of energy required for a system to change from one equilibrium
state to another. These laws do not quantify the mode of the energy transfer or its rate. Heat
transler relations, however, complement thermodynamic laws by providing rate equations that
relate the heat transler rate between a system and its environment.

Heat transfer is an important process that is an integral part of our environment and daily
life. The heat-transfer or heat-exchange process between two media occurs as a result of a
temperature difference between them. Heat can be transferred by three distinct modes:
conduction, convection, and radiation. Each one of these heat transfer modes can be deflined by

an appropriate rate equation presented below: Fourier’s Law of Heat Conduction
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——pa 4T _

Newton’s Law of Cooling—which gives the rate ol heat transfer between a surface and a
fluid
Qo =— hAAT (1-9
where A is the average heat-transfer coefficient over the surface with area A. Stelan -
Boltzmann’s Law of Radiation—which is expressed by the equation

Q = A FlL0(Ti — T (1-10)
CONDUCTION HEAT TRANSFER

Conduction is the heat-transfer process that occurs in solids, liquids, and gases through
molecular interaction as a result of a teﬁlperature gradient. The energy transfer between
adjacent molecules occurs without significant physical displacement of the molecules. The rate
of heat transfer by conduction can be predicted by using Fourier’s law, where the eflect of
molecular interaction in the heat-transfer medium is expressed as a property of that medium and
is called the thermal conductivity. The study of conduction heat transfer is a well-developed
field where sophisticated analytical and numerical techniques are used to solve many problems
in buildings including heating and cooling load calculation, !

In this section, we discuss basics of steady-state one-dimensional conduction heat transfer
through homogeneous media in Cartesian and cylindrical coordinates. Some examples are
provided to show the application of the fundamentals presented, and we also discuss {ins or

extended surfaces.

ONE-DIMENSIONAL STEADY-STATE HEAT CONDUCTION

Fourier’s law states that the rate of heat transferred by conduction is directly proportional
to the temperature gradient and the surface area through which the heat is flowing. The
proportionality constant £ is the thermal conductivity of the heat-transfer medium. Thermal
conductivity is a thermophysical property and has units of W/m K in the SI system, or Btu/h [t
°F in the English system of units. Thermal conductivity can vary with temperature, but for

most materials it can be approximated as a constant over a limited temperature range.

THE CONCEPT OF THERMAL RESISTANCE

Fig. 1-4 also shows the analogy between electrical and thermal circuits. Consider an
electric current I flowing through a resistance R.. as shown in Fig. 1-4. The voltage dif{erence
AV = V|, —V, is the driving force for the flow of electricity. The electric current can then be
calculated from

AV

I:Re

(1-11)

CONVECTION HEAT TRANSFER

Energy transport (heat transfer) in {luids usually occurs by the motion of {luid particles.
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Physical System
Electrical Circuit

Il

. — e
==in v, o v,

: Thermal Circuit
o |
Q

Ty=Twu "2
T T,
L R=L/Ak

—— 1

Fig. 1-4 Analogy between thermal and electrical circuits for steady-

state conduction through a plane wall

In many engineering problems, fluids come into contact with solid surfaces that are at different
temperatures from the fluid. The temperature difference and random/bulk motion of the fluid
particles result in an energy transport process known as convection heat transfer. Convection
heat transfer is more complicated than conduction because the motion of the fluid. as well as
the process of energy transport, must be studied simultaneously. Convection heat transfer can
be created by external forces such as pumps and fans in a process relerred to as forced
convection. In the absence of external forces, the convection process may result from
temperature or density gradients inside the fluid; in this case, the convection heat-transfer
process is referred to as natural convection. There are other instances where a heat-transfer
process consists of both forced and natural convection modes and they are simply called mixed-
convection processes.

The main unknown in the convection heat-transfer process is the heat-transfer coefficient.
Fig. 1-5 serves to explain the convection heat-transler process by showing the temperature and
velocity profiles for a fluid at temperature T.. and bulk velocity U.. flowing over a heated
surface. As a result of viscous forces interacting between the fluid and the solid surface, a
region known as velocity boundary layer is developed in the fluid next to the solid surface. In
this region the fluid velocity is zero at the surface and increases to the bulk [luid velocity U...
Because of the temperature difference between the fluid and the surface, a region known as
temperature boundary layer also develops next to the surface, where the temperature at the
fluid varies from T, (surface temperature) to T.. (bulk fluid temperature). The velocity-
boundary-layer thickness & and temperature-boundary-layer thickness &, and their variation

along the surface are shown in Fig. 1-5.

T
Un _———TF={ " E _T_Tfer_le
T..— ¥ —_ U= boundary
// e — =0 7 §, layer
7 e Velocity | da
y boundary
()p/ layer
A TN O SO Y SO
A
No slip

Fig. 1-5 Temperature and velocity profiles for convection heat-transfer process over a heated surface
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Depending on the thermal diffusivity and kinematic viscosity of the fluid, the velocity and
temperature boundary layers may be equal or may vary in size’. Because of the no-slip condition
at the solid surface, the fluid next to the surface is stationary; therefore, the heat transler at
the interface occurs only by conduction.

If the temperature gradient were known at the interface, the heat exchange between the
{tuid and the solid surface could be calculated, where £ in this case is the thermal conductivity
of the [luid and dT/dz (or dT/dy in reference to Fig. 1-5) is the temperature gradient at the
interface. However, the temperature gradient at the interface depends on the macroscopic and
microscopic motion of fluid particles. In other words, the heat transferred [rom or to the
surface depends on the nature of the {low field.

Therefore, in solving convection problems, engineers need to determine the relationship
between the heat transfer through the solid-body boundaries and the temperature difference
between the solid-body wall and the bulk fluid. Note that /i depends on the surface geometry
and the fluid velocity, as well as on the {luid’s physical properties. Therelore, depending on
the variation of the above quantities, the heat-trans{er coefficient may change {rom one point to
another on the surface of the solid body. As a result, the local heat-transfer coefficient may be
different from the average heat-transfer coefficient, However, for most practical applications,
engineers are mainly concerned with the average heat-transfer coelficient, and in this section we

will use only average heat-transfer coefficients unless otherwise stated.
RADIATION HEAT TRANSFER

Thermal radiation is a heat-transfer process that occurs between any two objects that are at
different temperatures. All objects emit thermal radiation by virtue of their temperature.
Scientists believe that the thermal radiation energy emitted by a surface is propagated through
the surrounding medium either by electromagnetic waves or is transported by photons. In a
vacuum, radiation travels at the speed of light Co(3 X 10® m/s in a vacuum); however. the
specd of propagation ¢ in a medium is less than ( and is given in terms of index of refraction of
the medium. The radiation wavelength depends on the source frequency and refractive index of

the medium through which the radiation travels. according to the equation

C=/\I):9 (1-12)

n
where n = index of refraction of the medium;
Co= 3 X10* m/s (9. 84 X 10° {t/s);
A = wavelength, m ({t);
v = {requency. s ',

Thermal radiation can occur over a wide spectrum of wavelengths, namely between 0. 1
and 100 um. The spectral distribution and the magnitude of the emitted radiation from an
ohject depends strongly on its absolute temperature and the nature of its surface. For example,
at the surface temperature of the sun. 5 800 K. most energy is emitted at wavelengths necar
0.3 pm. However, thermal processes within buildings occur at 10 pm. This particular

radiation-process property has caused environmental concerns such as global warming (or the
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greenhouse eflect) in recent years. Global warming is a result of the increased amount of
carhon dioxide in the atmosphere. This gas absorbs radiation from the sun at shorter
wavelengths but is opaque to emitted radiation from the earth at longer wavelengths, thereby
trapping the thermal energy and causing a gradual warming of the atmosphere,® as in a
greenhouse. A perfect radiator—called a blackbody—emits and absorbs the maximum amount

of radiation at any wavelength.
RADIATION PROPERTIES OF OBJECTS

When radiation strikes the surface of an object, a portion of the total incident radiation is
reflected, a portion is absorbed, and if the object is transparent, a portion is transmitted
through the object as depicted in Fig. 1-6.

The fraction ol incident radiation which is Incoming radiation
reflected is called the reflectance (or reflectivity) p,

Reflected radiation
the [raction transmitted i1s called the transmittance

(or transmissivity) 7, and the fraction absorbed is

ralled the ahsorptance (or absorptivity) a. There
Transmitted radiation

are two types of radiation reflections: specular and
diffuse. A specular reflection is one in which the

.. . 3 Fig. 1-6 Radiation strikes the surface
angle of incidence is equal to the angle of reflection,

of an object
whereas a dilfuse reflection is one in which the
mcident radiation is reflected uniformly in all directions. Highly polished surfaces such as
mirrors approach the specular reflection characteristics, but most industrial surfaces (rough
surfaces) have dilluse reflection characteristics, By applying an energy balance to the surface of

the object the relationship between these properties can be expressed as

atptr=1 (1-13)
Terms and Expressions
Fourier's Law {05 i heat-transfer coeflicient &3 &R
evaporator ZE & a% refraction T8¢
thermophysical  #uW Y absorptivity [RUKER
kinematic viscosity B HEE Cartesian coordinates HE/RBITFH
spectral  FGIEH thermal conductivity SHIEEL

Notes

1. The study of conduction heat transfer is a well-developed {ield where sophisticated
analvtical and numerical techniques are used to solve many problems in buildings including
heating and cooling load calculation.

Xt AR AT 5T 4 g IR O LA ST AR DL ROBUE T B 2 e O iR £
AP R AR R TR

2. Depending on the thermal diffusivity and kinematic viscosity of the lluid. the velocity

and temperature boundary layers may be equal or may vary in size.
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3. This gas absorbs radiation from the sun at shorter wavelengths but is opaque to emitted
radiation [rom the earth at longer wavelengths, thereby trapping the thermal energy and
causing a gradual warming of the atmosphere.

XA RBER MUK PR PR 4T H R M TE M KRR I A TEFE T, I e ik 7 #GEE,
FERRREZRLAE.

Answer the Following Questions in English

1. How is heat transferred between objects, fluids, and gases?
2. Which conducts heat better? Silver, Gold, Platinum, Copper, Aluminum?

3. How is natural convection different from forced convection?

Translate the Following Paragraphs into English

W7/ 5110 e I Y e S RO A 2 i DY s BN D i L= i U A i <87
T 7= R A S . 140, Tk Pa i DA TR BE e 8 OB 1% 8 B IR BE BRI O 3 43, A
R iR E M I E 23 45 5 2 A MR BRI 5 — M AR S IR,

2. XbRAESE 1T U AR R WS 3 TR & BB 2> 2 (] R AR AT 7 3% e R R B 1R
Prol R EA BRI,

3. Wikl G EOREERE B M O IE S . WS R AR RN &k A 8168, H o R #
R JER PR i 2 R A R A BL PR PR T

1.3 Fluid Mechanics

The distribution of heated and cooled fluids by pipes and ducts. is an essential part of
many industrial processes and systems. The fluids encountered in these processes are gases,
vapors, liquids, or mixtures of liquid and vapor (two phase flow). This section briefly reviews
certain basic concepts of [luid mechanics that are often encountered in analyzing and designing
HVAC systems. Fluid flowing through a conduit will encounter shearing forces that result
from viscosity of the [{luid. The fluid undergoes continuous deformation when subjected to
these shearing forces. Furthermore, as a result of shearing forces, the fluid will experience
pressure losses as it travels through the conduit,

Viscosity u, is a property of fluid best defined by Newton’s Law of Viscosity

r:#j—i‘) (1-14)

where 7 is the frictional shearing stress, and du/dy represents the measure of the motion of one
layer of [luid relative to an adjacent layer. The following cbservation will help to explain the
relationship between viscosity and shearing forces. Consider two very long parallel plates with
a fluid between them, as shown in Fig. 1-7. Assume a uniform pressure throughout the fluid.
The upper plate is moving with a constant velocity w,, and the lower plate is stationary.

Experiments show that the fluid adjacent to the moving plate will adhere to that plate and move

along with the plate at a velocity equal to u,, whereas the fluid adjacent to the stationary plate
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Fig. 1-7 A fluid sheared between two parallel plates

will have zero velocity. The experimentally verified velocity distribution in the fluid is linear

and can be expressed as

u:%uo (1-15)

Where { is the distance between the two parallel plates. The force is necessary to keep the
upper plate moving at a constant velocity if u, should be large enough to overcome (or balance)
the [rictional forces in the fluid. Again, experimental observations indicate that this {orce is
proportional to the ratio u,/{. One can conclude that u,// is equal to the rate of change of
velocity, du/dy. Therefore, the frictional force per unit area (shearing stress), 7, is
proportional to du/dy, and the proportionality constant is g, which is a property of the fluid
known as viscosity. The quantity ¢ is a measure of the viscosity of the fluid and depends on the
temperature and pressure of the fluid. Equation (1-14) is analogous to Fourier’s Law of Heat
Conduction given by. Fluids that do not obey Newton’s law of Viscosity are called non-
Newtonian fluids. Fluids with zero viscosity are known as inviscid or ideal {luids. Molasses and
tar are examples of highly viscous liquids; water and air on the other hand, have low
viscosities, The viscosity of a gas increases with temperature, but the viscosity of a liquid
decreases with temperature. Reid, Sherwood, and Prausnitz (1977) provide a thorough

discussion on viscosity.
FLLOW CHARACTERISTICS

The (low of a fluid may be characterized by one or a combination of the following
descriptor pairs: laminar/turbulent, steady/unsteady,uniform/nonuniform, reversible/irrever-
sible, rotational/irrotational. In this section, however, we will focus our attention only on
laminar and turbulent [lows.

In laminar flow, fluid particles move along smooth paths in layers, with one layer sliding
smoothly over an adjacent layer without significant macroscopic mixing. Laminar flow is
governed by Newton’s LLaw of Viscosity. Turbulent flow is more prevalent than laminar {low
in engineering processes. In turbulent flow, the {luid particles move in irregular paths, causing
an exchange of momentum between various portions of the fluid; adjacent {luid layers mix and
this mixing mechanism is called eddy motion. In this type of flow, the velocity at any given
point under steady-state conditions fluctuates in all directions about some time-mean value.
Turbulent flow causes greater shearing stresses throughout the fluid, producing more

irreversibilities and losses. ' An equation similar to Newton’s Law of Viscosity may be written



