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Unit 1 Text .

Engineering Thermodynamics ( [ )

Although various aspects of what is now known as thermodynamics have been of
interest since antiquity, formal study began only in the early 19th century through
consideration of the motive power of heat: the capacity of hot bodies to produce work.
Today the scope is larger, dealing generally with energy and entropy and with
relationships among the properties of matter. Moreover,in the past 25 years engineering
thermodynamics has undergone a revolution, both in terms of the presentation of
fundamentals and in the manner that it is applied. In particular, the second law of

thermodynamics has emerged as an effective tool for engineering analysis and design.
Fundamentals

Classical thermodynamics is concerned primarily with the macrostructure of
matter. It addresses the gross characteristics of large aggregations of molecules and not
the behavior of individual molecules. The microstructure of matter is studied in kinetic
theory and statistical mechanics (including quantum thermodynamics). In this unit, the

classical approach to thermodynamics is featured.
Basic Concepts and Definitions

Thermodynamics is both a branch of physics and an engineering science. The
scientist is normally interested in gaining a fundamental understanding of the physical
and chemical behavior of fixed,quiescent quantities of matter and uses the principles of
thermodynamics to relate the properties of matter. Engineers are generally interested in
studying systems and how they interact with their surroundings. To facilitate this,
engineers have extended the subject of thermodynamics to the study of systems through

which matter flows.
System

In a thermodynamic analysis, the system is the subject of the investigation.
Normally the system is a specified quantity of matter and/or a region that can be
separated from everything else by a well-defined surface. The defining surface is known
as the control sur face or system boundary. The control surface may be movable or
fixed. Everything external to the system is the surroundings. A system of fixed mass is

referred to as a control mass or as a closed system. When there is flow of mass through
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the control surface, the system is called a control volume ,or open system. An isolated

system is a closed system that does not interact in any way with its surroundings.
State, Property

The condition of a system at any instant of time is called its state. The state at a
given instant of time is described by the properties of the system. A property is any
quantity whose numerical value depends on the state but not the history of the system.
The value of a property is determined in principle by some type of physical operation or
test.

Extensive properties depend on the size or extent of the system. Volume, mass,
energy,and entropy are examples of extensive properties. An extensive property is
additive in the sense that its value for the whole system equals the sum of the values for
its parts. Intensive properties are independent of the size or extent of the system.
Pressure and temperature are examples of intensive properties.

A mole is a quantity of substance having a mass numerically equal to its molecular
weight, Designating the molecular weight by M and the number of moles by 7, the mass
m of the substance is m =n / M. One kilogram mole, designated kmol, of oxygen is
32.0 kg. When an extensive property is reported on a unit mass or a unit mole basis, it is
called a specific property. An overbar is used to distinguish an extensive property

written on a per-mole basis from its value expressed per unit mass.
Process,Cycle

Two states are identical if,and only if, the properties of the two states are identical.
When any property of a system changes in value there is a change in state, and the
system is said to undergo a process. When a system in a given initial state goes through
a sequence of processes and finally returns to its initial state,it is said to have undergone

a cycle.
Phase and Pure Substance

The term phase refers to a quantity of matter that is homogeneous throughout in
both chemical composition and physical structure. Homogeneity in physical structure
means that the matter is all solid,or all liquid ,or all vapor (or equivalently all gas). A
system can contain one or more phases. For example,a system of liquid water and water
vapor (steam) contains two phases. A pure substance is one that is uniform and
invariable in chemical composition. A pure substance can exist in more than one phase,
but its chemical composition must be the same in each phase. For example, if liquid
water and water vapor form a system with two phases,the system can be regarded as a

pure substance because each phase has the same composition. The nature of phases that
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coexist in equilibrium is addressed by the phase rule.
Equilibrium

Equilibrium means a condition of balance. In thermodynamics the concept includes
not only a balance of forces, but also a balance of other influences. Each kind of influence
refers to a particular aspect of thermodynamic (complete) equilibrium. Thermal
equilibrium refers to an equality of temperature,mechanical equilibrium to an equality of
pressure, and phase equilibrium to an equality of chemical potentials. Chemical
equilibrium is also established in terms of chemical potentials. For complete equilibrium
the several types of equilibrium must exist individually.

To determine if a system is in thermodynamic equilibrium,one may think of testing
it as follows: isolate the system from its surroundings and watch for changes in its
observable properties. If there are no changes, it may be concluded that the system was
in equilibrium at the moment it was isolated. The system can be said to be at an
equilibrium state. When a system is zsolated, it cannot interact with its surroundings;
however, its state can change as a consequence of spontaneous events occurring
internally as its intensive properties, such as temperature and pressure, tend toward
uniform values. When all such changes cease, the system is in equilibrium. At
equilibrium temperature and pressure are uniform throughout. If gravity is significant,a

pressure variation with height can exist,as in a vertical column of liquid.
Temperature

A scale of temperature independent of the thermometric substance is called a
thermodynamic temperature scale. The Kelvin scale, a thermodynamic scale, can be
elicited from the second law of thermodynamics.

To provide a standard for temperature measurement taking into account both
theoretical and practical considerations, the International Temperature Scale of 1990
(ITS-90) is defined in such a way that the temperature measured on it conforms with
the thermodynamic temperature,the unit of which is the Kelvin, to within the limits of

accuracy of measurement obtainable in 1990,

Words and Expressions

. thermodynamics [ 0amoa(v) dar'neemiks | n. #1244
. antiquity [een'tikwitr] n. ¥ CE Y

. motive power 3717, Rzl 1] ; KB TH

. entropy [ 'entropr | n. i1 RED

. in terms of {&KHF ; FEZ B s TE o+ TR SRR = 4 i

gl A~ W N
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6. fundamental [ fando'ment(a)1] n. HeASJFEIH; FAJZN] ;adj. FEAHK)  RAH
7. macrostructure [ 'mackro(uv)straktfo] n. ZWEEH , F2IMLH LA

8. address| o'dres | v. 4bFH;PHE

9. aggregation [ @gri'geifon | n. B4, BE : BREK. £451&

10. kinetic theory 3l 118 ; 3 Fi2 3hiE

11. mechanics [ mi'keentks | n. F72= CHVEBE0 s 4549 s H R s HL2: ORAE %0
12. statistical mechanics 4iit /12

13. quantum [ 'kwontem | 7. i ; B G5 €8 € &)

14. quiescent [ kwi'es(a)nt; kwar- | adj. #1EHI; ASIE A DIR A
15. quantities of K&K, IF L1

16. facilitate [ fo'silitert | v. {23k ; F B H A5

17. referred to as GEFR Ay -ee-

18. isolated system 937 2R 5%, bF B8 &2 4t

19. at any instant ZE{T{a] s 2 , ZEALAA[ TG 0 T

20. in principle XA& b, JE N |, 34 b, —BiE

21. in the sense gff+++ BEXME

22. intensive property 7% B4 5 N R PE R

23. extensive property 3 JEME ; ) R

24, specific property F i 4rH: , H MR

25. homogeneous [ jhoma(v) 'd3i:nies;-'dzen- | adj. ¥EIRY; [ERPEY; I8 EAY
26. elicit [1'lisit] ». . 51H; 58

27. a quantity of —xE EHy,—¥ ,FZ

28. initial state )24 ; AR E , FFIHIRE

29. equilibrium [ iizkwi'libriom; iekwi-| n. Y54 ; S

30. chemical potential fb2g#v, fb24 {0

31. watch for ZfF; 2.0 ; 5P

32. spontaneous [ sponitemnsos | adj. H &K ; HRK

33. internally [in'to:nali] adv. NERHE 5 FE A #b ; A FEHE

34. throughout[ Oru'avt ] adv. HIREL, Bl4k; &8 ;n. FHR, =&
35. Kelvin scale [#] FF G, IRAR4E X RAR ; T /R SCHR

36. thermometric [ 0o: mou'metrik] adj. FEZFMK); IRETTHT, MIEK

Notes

1) An extensive property is additive in the sense that its value for the whole system
equals the sum of the values for its parts. B A : — T X EHEME X LB,
BN R G R ME S T XA RS FBHZIERI I, in the sense Z“FFPRE L
RER.
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2) A pure substance can exist in more than one phase,but its chemical composition must
be the same in each phase. B : —~4i#) Jii ] IFE L F—HHRAE7E  (H 2129 R 1k
AP RAUE—FER . phase AH] 54",

3) A scale of temperature independent of the thermometric substance is called a
thermodynamic temperature scale. The Kelvin scale, a thermodynamic scale, can be
elicited from the second law of thermodynamics. & A . Jft 37 T V& 4 Ji () 18 B R 3 Yy
RS RbR . TR STIRAR » BV 221 b5 AT LIRS 2258 — e A8 . elicite from
|, 5 ER,

Exercises

1. Please pair off the following special terms with same meaning,

chemical potential 56 B P B
homogeneous EEHA R
intensive property b

isolated system H

entropy e
extensive property ISL RS
thermale quilibrium ]
take into account KA
macrostructure B
quantum thermodynamics g
surroundings I BETE R
control surface ¥R
state T WL HE

2. Answer the following questions according to the text.

1)What is the definition of intensive property? Please give one or two examples.

2)What is the difference between an open system and an isolated system?

3)What is the definition of process?

3. Translate the following sentences into Chinese.

1) The scientist is normally interested in gaining a fundamental understanding of the
physical and chemical behavior of fixed, quiescent quantities of matter and uses the
principles of thermodynamics to relate the properties of matter.

2) When there is flow of mass through the control surface, the system is called a
control volume ,or open system,

3) Thermal equilibrium refers to an equality of temperature, mechanical equilibrium to
an equality of pressure,and phase equilibrium to an equality of chemical potentials.

4)When a system in a given initial state goes through a sequence of processes and
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finally returns to its initial state,it is said to have undergone a cycle.
4. Translate the following sentences orparagraphs into English.
1) L) 2 W KA R 2 A5
2) Y4 B i d R e, REFCAERIESOT RS
3)— ARG AT 2] 0 R AR A B RPRE .
O EREBRT RER K/ NSTEH

Reading A
Engineering Thermodynamics ( I )

The First Law of Thermodynamics, Energy

Energy is a fundamental concept of thermodynamics and one of the most significant
aspects of engineering analysis., Energy can be stored within systems in various
macroscopic forms: kinetic energy, gravitational potential energy, and internal energy.
Energy can also be transformed from one form to another and transferred between
systems, For closed systems, energy can be transferred by work and heat transfer. The

total amount of energy is conserved in all transformations and transfers.
Work

In thermodynamics, the term work denotes a means for transferring energy. Work is
an effect of one system on another that is identified and measured as follows: work is
done by a system on its surroundings if the sole effect on everything external to the
system could have been the raising of a weight. The test of whether a work interaction
has taken place is not that the elevation of a weight is actually changed, nor that a force
actually acted through a distance, but that the sole effect could be the change in elevation
of a mass. The magnitude of the work is measured by the number of standard weights
that could have been raised. Since the raising of a weight is in effect a force acting
through a distance, the work concept of mechanics is preserved. This definition includes
work effects such as is associated with rotating shafts, displacement of the boundary,
and the flow of electricity.

Work done by a system is considered positive;: W >0,

Work done on a system is considered negative: W <C0.

Energy

A closed system undergoing a process that involves only work interactions with its

surroundings experiences an adiabatic process. On the basis of experimental evidence, it
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can be postulated that when a closed system is altered adiabatically, the amount of
work is fixed by the end states of the system and is independent of the details of the
process. This postulate, which is one way the first law of thermodynamics can be
stated, can be made regardless of the type of work interaction involved, the type of
process,or the nature of the system.

As the work in an adiabatic process of a closed system is fixed by the end states,an
extensive property called energy can be defined for the system such that its change
between two states is the work in an adiabatic process that has these as the end states.
In engineering thermodynamics the change in the energy of a system is considered to be
made up of three macroscopic contributions: the change in kinetic energy , KE ,associated
with the motion of the system as a whole relative to an external coordinate frame, the
change in gravitational potential energy , PE,associated with the position of the system
as a whole in the Earth’s gravitational field,and the change in internal energy ,U,which
accounts for all other energy associated with the system. Like kinetic energy and
gravitational potential energy,internal energy is an extensive property.

In summary,the change in energy between two states of a closed system in terms of
the work W of an adiabatic process between these states is

(KE;—KE\))+(PE,—PE)+WU,—U)=—W, a-1n
where 1 and 2 denote the initial and final states,respectively,and the minus sign before
the work term is in accordance with the previously stated sign convention for work.
Since any arbitrary value can be assigned to the energy of a system at a given state 1,no
particular significance can be attached to the value of the energy at state 1 or at any
other state. Only changes in the energy of a system have significance.

The specific energy (energy per unit mass) is the sum of the specific internal
energy,u , the specific kinetic energy, v*/2, and the specific gravitational potential

energy,gz ,such that
2
specific energy=u+%+gz (1-2)

where the velocity v and the elevation z are each relative to specified datums (often the
Earth’s surface) and g is the acceleration of gravity.

A property related to internal energy u , pressure p , and specific volume v is
enthalpyh,defined by
h=u+tpv (1-3)
or on an extensive basis

H=U+pV (1-4)
Heat

Closed systems can also interact with their surroundings in a way that cannot be
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categorized as work, as, for example, a gas (or liquid) contained in a closed vessel
undergoing a process while in contact with a flame. This type of interaction is called a
heat interaction yand the process is referred to as nonadiabatic.

A fundamental aspect of the energy concept is that energy is conserved. Thus, since
a closed system experiences precisely the same energy change during a nonadiabatic
process as during an adiabatic process between the same end states,it can be concluded
that the ner energy transfer to the system in each of these processes must be the same. It
follows that heat interactions also involve energy transfer. Denoting the amount of
energy transferred to a closed system in heat interactions by Q ,these considerations can
be summarized by the closed system energy balance

(KE,—KE,)+(PE,—PE))+WU,—U,)=Q—W (1-5)

The closed system energy balance expresses the conservation of energy principle for
closed systems of all kinds. The quantity denoted by Q in Equation (1-5) accounts for
the amount of energy transferred to a closed system during a process by means other
than work. On the basis of experiments it is known that such an energy transfer is
induced only as a result of a temperature difference between the system and its
surroundings and occurs only in the direction of decreasing temperature. This means of
energy transfer is called an energy transfer by heat. The following sign convention
applies:

Q >0 heat transfer to the system;

Q <0 heat transfer from the system.

Methods based on experiment are available for evaluating energy transfer by heat.
These methods recognize two basic transfer mechanisms: conduction and thermal
radiation. In addition, theoretical and empirical relationships are available for evaluating
energy transfer involving combined modes such as convection.

The quantities symbolized by W and Q account for transfers of energy. The terms
work and heat denote different means whereby energy is transferred and not what is
transferred. Work and heat are not properties, and it is improper to speak of work or
heat “contained” in a system. However, to achieve economy of expression in subsequent
discussions, W and Q are often referred to simply as work and heat transfer,

respectively. This less formal approach is commonly used in engineering practice.
Power Cycles

Since energy is a property,over each cycle there is no net change in energy. Thus,
Equation 1-5 reads for any cycle

Qeyite =W cyie (1-6)

That is, for any cycle the net amount of energy received through heat interactions is

equal to the net energy transferred out in work interactions. A power cycle, or heat
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engine, is one for which a net amount of energy is transferred out by work: W, >>0.
This equals the net amount of energy transferred in by heat.
Power cycles are characterized both by addition of energy by heat transfer,Qx ,and

inevitable rejections of energy by heat transfer,Qg:

Qcy(/e :QA_WR (1_7)
Combining the last two equations,
W(:w[e :QA _QR ( 1_8)

The thermal ef ficiency of a heat engine is defined as the ratio of the net work

developed to the total energy added by heat transfer.

Wz' cle QR
=]—= 1_
Qa 1 Qu 1-9

The thermal efficiency is strictly less than 100%. That is, some portion of the

energy Qasupplied is invariably rejected Qr70.

Words and Expreesions

. conserve [ kon'sav | v, {#£4F; #5F1E

. external to fEe++e+ ZHNEY s AN HHIREY

. in effect SEPR b5 A0, ARR

. adiabatic [ erdaro'baetik; i@edio- | adj. 4o ; RN ; S48 1)

. postulate [ 'postjulert | n. FEAZKAF  BE s v ABE s oK s M=o+ JyFHT 248K
. datum [ 'dertam | n. &4 ; HEHE ; B H1% Bk

. idealization [ai'dislai'zeifon, -li'z- | n. B84k ; HARIL Y FH Y

. improper [ 1m'propa] adj. ANIEHAH, FERE ; A& 241
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Reading B

Engineering Thermodynamics( I )

The Second Law of Thermodynamics, Entropy

Many statements of the second law of thermodynamics have been proposed. Each of
these can be called a statement of the second law or a corollary of the second law since,
if one is invalid,all are invalid.

In every instance where a consequence of the second law has been tested directly or
indirectly by experiment it has been verified. Accordingly, the basis of the second law,

like every other physical law,is experimental evidence.
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Kelvin-Planck Statement

The Kelvin-Planck statement of the second law of thermodynamics refers to a thermal
reservoir. A thermal reservoir is a system that remains at a constant temperature even though
energy is added or removed by heat transfer. A reservoir is an idealization, of course, but
such a system can be approximated in a number of ways-by the Earth’'s atmosphere,
large bodies of water (lakes, oceans), and so on. Extensive properties of thermal
reservoirs, such as internal energy, can change in interactions with other systems even
though the reservoir temperature remains constant, however.

The Kelvin-Planck statement of the second law can be given as follows: it is
impossible for any system to operate in a thermodynamic cycle and deliver a net
amount of energy by work to its surroundings while receiving energy by heat transfer
from a single thermal reservoir. In other words, a perpetual-motion machine of the
second kind is impossible. Expressed analytically, the Kelvin-Planck statement is

W e <<0(single reservoir) (1-10)
where the words single reservoir emphasize that the system communicates thermally
only with a single reservoir as it executes the cycle, The “less than” sign applies when
internal irreversibilities are present as the system of interest undergoes a cycle and the

“equal to” sign applies only when no irreversibilities are present.
Irreversibilities

A process is said to be reversible if it is possible for its effects to be eradicated in-
the sense that there is some way by which both the system and its surroundings can be
exactly restored to their respective initial states. A process is irreversible if there is no
way to undo it. That is, there is no means by which the system and its surroundings can

be exactly restored to their respective initial states.
Carnot Corollaries

The two corollaries of the second law known as Carnot corollaries state; (1) the
thermal efficiency of an irreversible power cycle is always less than the thermal
efficiency of a reversible power cycle when each operates between the same two thermal
reservoirs; (2) all reversible power cycles operating between the same two thermal
reservoirs have the same thermal efficiency. A cycle is considered reversible when there
are no irreversibilities within the system as it undergoes the cycle, and heat transfers
between the system and reservoirs occur ideally (that is, with a vanishingly small

temperature difference).
Kelvin Temperature Scale .

Carnot corollary 2 suggests that the thermal efficiency of a reversible power cycle

10
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operating between two thermal reservoirs depends only on the temperatures of the
reservoirs and not on the nature of the substance making up the system executing the
cycle or the series of processes. With Equation (1-9) it can be concluded that the ratio of
the heat transfers is also related only to the temperatures, and is independent of the

substance and processes:

Q _ 3
(QH)W(Q—WTC,TM (1-11)

where Qpis the energy transferred to the system by heat transfer from a Aot reservoir at
temperature Ty ,and Qcis the energy rejected from the system to a cold reservoir at
temperature T The words recycle emphasize that this expression applies only to
systems undergoing reversible cycles while operating between the two reservoirs,
Alternative temperature scales correspond to alternative specifications for the function y
in this relation.

The Kelvin temperature scale is based on ¥ ( T¢, Ty)=T¢/Ty. Then

((% ),m.w,, Z% (1-12)

Carnot Efficiency

For the special case of a reversible power cycle operating between thermal
reservoirsat temperatures Tyand Tcon the Kelvin scale, combination of Equations 1-9

and 1-11 results in

1 Tc :

called the Carnot ef ficiency. This is the efficiency of all reversible power cycles
operating between thermal reservoirs at Ty and Te. Moreover, it is the maximum
theoretical efficiency that any power cycle, real or ideal, could have while operating
between the same two reservoirs, As temperatures on the Rankine scale differ from
Kelvin temperatures only by the factor 1. 8, the above equation may be applied with

either scale of temperature.
The Clausius Inequality

The Clausius inequality provides the basis for introducing two ideas instrumental
for quantitative evaluations of processes of systems from a second law perspective;

entropy and entropy generation. The Clausius inequality states that

R ¥
§(T),,<O (1-142)
The Clausius inequality can be expressed alternatively as
Ry _ R
fﬁ(T)b_ Sen (1-14b)

1



