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1. Introduction

1.1. The field of Thermodynamics

Thermodynamics studies energy transformations from one form to another, which
encompasses virtually all natural and industrial phenomena. Processes occurring without
energy exchange are rather rare. Heat from sun, kinetic and potential energies as well as latent
heats linked with wind and rain, electricity from thunder, chemical energy in food that is
transformed through metabolism into other useful forms are all examples of energy exchanges
in natural phenomena to name just a few. In industrial processes, combustion engines, steam
power plants producing electricity, energy exchanges in refrigerators, air conditioning devices
and pumps, chemical industries are also few among many areas base on thermodynamics.

The high rate of increase of energy consumption, linked with industrialization as well as
modernization, has resulted in negative environmental impact and energy crisis worldwide.
Thermodynamics is also useful in exploiting new and renewable energy sources (solar, wind
...) as well as energy conservation to reduce consumption of this scarce resource.

Academically, in a simplified scheme of three levels: Fundamental sciences (Math, Physics
...), Basic Engineering Sciences, Applied Engineering Sciences, thermodynamics is in the
second level, paving the way for applications including internal combustion engines, power
plants, HVAC (heating refrigeration and air conditioning) and Fluid machines.

1.2. Study plan

Basic concepts will be reviewed in chapter 2, followed by energy concepts and an
introduction to First Law in chapter 3. Properties of materials exchanging energy are presented
in chapter 4. These chapters constitute a necessary introduction to applications of the First Law
(chapter 5) and introduction of the Second Law (chapter 6) of Thermodynamics. Chapter 7
defines an important consequence of the second law, which is Entropy, while chapter 8 studies
an application, which is Exergy or availability.

14



Basic Concepts dxulul aalia .2

System A1 1 -2

sl o 058U e L ) Ll e 3K o L8 el (e e)s gl sa System akail
Alas o ke (& 38 a9aall .Boundaries 2gaal) e Legin Joaldlls Surroundings or Neighborhood
alaill 3gan (8 (aSaa el JA1 dgase Sl Gany Lo Goa of Lyl 13 Dlied LA ate o AL 5% 38 gl LS
Ol zasds Jsda meud A8 4 clegl) O W) an Y clegll IS ol AL g clesll las cag Al
Jlia L AL clly Lo aganll o3 Sy (Aagdlly Aasiyall dalwsall) Lole ady s alaill agan (e gia 08
lere yatng 5ldally Jamy DL e (5550 e Hlae abii (i Losale Ll apilds 3S5a (pas of L)l 13) ¢ ja]
D Y sald) clS 13 LS el Lol LS dlias agaa alal J3a L adail) 1as Ay Gaasy Lo il clgie e iy
cilS 13 Wl .Control mass dlaadlall caad A o w Lo Ly Closed System Gslas alai owe alaill 350a
.Control volume &Sl il aas e b Ulials Open System zside alai cawsd alaill dgaa e 5L
.43l Vs 8ale s3gan a3 Y [SOlated System Jjaiall alaill

Microscopic 458w s Sl s Macroscopic 4 sSwgSlall B3 Jigay 2 - 2
g g Sl slawally AgY) il dgag (L ofiline Sl Jgay e dnball Waaluad) s oSa
s skl o) e (Classical Thermodynamics duadial) sl (Sualinall uld J<is alls) Macroscopic
o Internal structure Jalall oS5 e plaill 3y, as @ continuum of mater S—aie S A8l Jalis
Brilia Sy3ams elgus (Leasld (e Jllig) Lidsa e G g Al pailiadll e duhal asig cild o cilisa

A phall dayy bl iba e

2 (e 35S 38U Joli 3 s3lal) o e MICTOSCOPIC dusees Soo slaseally &l il dgas 3 U
2 o5 bl eegiad) ol Vsl apai LAy e cileal g &3ls 35 dlls 8 molecules clial) e S
Dbl dgag alee J<a allg) Liwdgan gy (ulea) (S 1) Global Properties 2<0 (ailadll e Jguasl)
Ailany) Gl aladnul clial) OS e cilhagie 331 goh e (AusSas SW

Statistical dsl sy L<ulingafill ale (ulul J< i llg) A€ g Kuall Jlaill dgay o
gy Sl lail) dgag aladiuls lgagd sl o ) jalshall (e 230 agd e ac s (Thermodynamics
) Jomeasll Y LY ciliall Aol A2l salall S glin (g il e 2o o aaini Ll e (Sl
il dgags A3)lally Luad 5aine Aaaly Jilsg aladial a3l — daleal) Laaal) cld — 30U Galedll G lEa)
A sSsg SLal)

alsa b Ailany) Kl ga fill HLAYL lESY) pe LK 1Salina g il Labad aadiosin Lafyal) 238 &
SISl Gyl alasinls (pa s Ll aas Y Al jalshll (ans juadly e il dddase duaby) aladiul L8

15



Equilibrium &' 3¥) as¢ias State Properties dadl galsd 3 - 2

i ) s Bpmade Lol dalay o Gllily Ly State ailla Gl colsa e 8l alaill Jaly Levie
sl sda Y alaill gy Jay Al Aplal) o adiad Y claal) sda <l 13) 28U Jals dey U8 LS A Ly
Jaiall alsall o2 Akl o4 State Properties als als cood bl sda Gld had g Al e oK
G cdeplly paally

Jie) oylsad BLAY) (s alaill s ) 4 Internal state daalal) Alall Caas o (alsall o3¢l oSa
oy ol Jia) oplpad da ey bl Alls Ciaa ) 45 External state duslall dlladl i (sa) dasng anall
(pasl) dalhay

aaally ABSN o) abaill L€ 520 ge s ol Extensive properties dus (alsa N Allall (alsd o i
da)d Jia) 4ie i IS 3 Al LSl alail) ABS e adiai Y a9 INtensive properties she galsdg (-0l
Lgiad cul€y Al dald adle Liye alai Ll o st e cpplaad) e il Alggas Sl JaY (. 28USY)g 5)
il 1) OX/2 o) X Lgiad ia JS L plaliall A alall (585 b gl iia calia () Llas Al lie 8 13 X
S5 SN ALl AES f aaa Coai o Sl ot ABS f pas A 8 canal) S ANSH o dgedl) Aalsl
e L@ o plaill Gl Bha d3)0 Al (b Ol Blhall dapy (& diaal) Laldl) cul€ 1Y) Ll L3S palsd g8
Bl alsa ¢8 Specific Properties duesill paleall Wl 5le i ala gb by ¢ Sl 5 da )
axall 4l Cajes Specific Volume e sl aaall Sie . al LS 4l o A€ i ald da b e
dupeSl il &) GBS AT Jha 3l dald ey 4is Nl (aBlsl) 828G o glia (gf) ALSY Lo oy uiia
dalcse lo Fagude G0yl Lin 8 L e dijen by S Ee zhw e Electric charge density
BhAl palsd (e dald Al Sl duesh dald Lagin dacill (Sly daaS alsd LaadlSy LS

oLl .System in equilibrium Lijie alaill s of oy alail) Galss Cipet JaY adl Bl of caa
aes - oaa fise s (sl Spontaneously Wik dilla b s gl Gaang of aulaien ¥ 3 Al sa o5l
(Mechanical equilibrium _SulSud) o) Jaacall Sie adail) Jalay $hiall Galgs (an (golad 8y yalls elld
Chemical (gslasll o5 (gl Ly ellia .(Thermal equilibrium sl ) shall ia,
Lagilla 3 s gl Gy T 13) (o)lsn ao l) AT ol e L plaill (065 . S8 g3l 8 sy equilibrium
ol Lagany Lagllail aie

Processes and cycles <), sl g gl aY) 4 -2
I and JAY1 e sanly Alla Al iy 1) alai Ly e 0 YA goene 58 PrOCESS shaY)
Oo Al ey ald alaill B s () Giang Letie L5 Alla B Y alail Capan Y Al Galsd o) )k e
Vsl Lot iy Guall (ge Ayl ddlaiall Gld calii e GaSe dara 13 (Jiall i Ao OBV a2e eV
Als A ellyy agg abaill dalay Galaty b Oleyw Tz —all S5 V) Al (e lagyd e Lee calaill 8L U8
S peall L e diida (58 O g mhacdl e shal) daps o dus Bhal Glped daily o &) Gai Y
Auie) 8580 il 13 ol clpmia )3 Als e Ghatyl K136 Ll s )Y Als dxiag de pon §))all an
Quasi — equilibrium  (j5ie 4ss eha¥! o Joiis Jasaill alags of ey Wald (LD ¢ (5] Gl Crena By
Isochoric or Isometric or asall Gigdy ehaY) (e alsal) aal gy Al d—ald cilelya) s LProcess

16




Blall dayn Cusi el ol Isobaric or Constant Pressure haa—call cisis ¢)aY) ol Constant Volume
Bha dals (e A (53 (Adiabatic) sl el sl (Isothermal or Constant Temperature)
Alay) Al dalae Alas g0 Slehal¥l e degana o Cycle 39

Concepts and Laws (il adliall 5 -2

Jabiiall Ll GlBle (e waally Ganl) L iany dlasije b Lol ity Aaba) Laasulall alshall 4wy
pactl Glaty) Lol saeall jalglall o (i (5T) agd oY oSly Bam ¥ UK 0l lae) Cany 4l Cuny AL
395 O ang astliall s3a b ange allall (Y5 .CONCEPLS adlin ad 53 ymall CLLSY (e 230 ) 2agall Allal)
Bygeall Jas K gy s Sl Laws cuilsal) (e 2ae

OBl g Lea Bayae aaalie a5 cTemperature s)hall da)yg Pressure bax—all ol Jiall Jo s e
b dBle dllia Glb il e el gy LS cle S al sleg b Alsdial) liial) AS5a e jueil] (Jldlia
.Equation of state allal) daleay caws e 52y celegl) aang shall dayag Javcall oy

BHpa (8 Al Jia dyna Ly sl o o Gl lgaia Al (pilgilly mualiall e dad fiall de sanall )
paaliall degann (b Jllsy L Lgganss Ao 5adlly ddbad)l jalshlly gally aBlsll agd (0 LiSe Model z3sa
o b ST suas anlie Plal) lesiy (32an (ulsly aanlia JIaal) LS dulady) ddpeall sl yslaii uilsilly
(A aalia Jaa adlgl)

Balally 3Ll e Alal) aslial) ld LA hall Wuabial) Al 8 ¢Sl G Lalal) due i) toaluall 030
Dbl bl st — (g LS — Aphall (Sualinall Liiadys aaiiy 4l LS dalad) 00l 8 1la oS Lee (i
il ddjeal) aaaliall (g adn Jasy s 5l oylaling daa agehe JSIs B0a analie AiLY dalas

G5 o e Mallg L (AT lsal ol ) Ll sl lealin ) Sa il llia caalal) ilabal) pues b
Lsils moend) (UL oy dligh 8aal slall 8 Lo oSI5 Ao aaied 1giSg Led olay Y cdilan) ol el
Vs @AY Gl LY tsalud) aain L Principle Taal s ol e gl 13 B 41 L LaW adies
o Aiall 8 alall Ay (5Sy cdalall algall maen (& (59— (52lal) a9y . 13Say (AT Guilsh i Ly,
Croly (oalae didall 8 o dphall Saluall Sy Jo¥) QUsHal . lghe dabitinl (Ko Lozl & lgale oyl
s Caliall e als Aan)ls (Tase Gy G518) Lnanl) (g ¢ ailsd

Dimensions and Units <lagly a6 - 2

Units clasg o wls 2l e WS oy of K .DIMENSIoN slad ccipailly ¢lgd gl (Ko A0S (4
el Guds e el 8 Leses i dn LSl ddlide Claag oo didly jedlly sl O JEal) das o ddii
o) 585

ol 13) 13gly Ll bl calina o by cAumadall bl Calide G GlBe ai Lasnlall ¢plsdll
i (Jidl Juw o agie Lalinal oo sla) il o6 (Basic Dimension dwlal sledS sle1 (e
el 2 e Adliall dan dand (e deyud) lad

17



ol plaill Ll lasgll T =2 Joas
Table 2 — 1: SI Base Units

Quantity Unit Unit

Name Symbol
Length meter m
Mass kilogram kg
Time second S
Electric current Ampere A Si Supplementary Units
Thermodynamic temperature Kelvin K Quantity Name Symbol
Amount of matter mole mol Plane angle | radian Rad
Luminous intensity candela cd Solid angle | steradian | Sr

ol alaill b dsal) sl (s 2-2 Jsas

Table 2- 2 Derived Sl Units

Quantity Name Symbol
Area square meter m?
Volume cubic meter m?3
Speed, velocity meter per second m/s
Acceleration meter par second squared m/s?
Density kilogram per cubic meter kg/m?®
Specific volume cubic meter per kilogram m3/kg
Current density Ampere per square meter Alm?

Examples of SI Derived Units with Special Names

Expression in

Expression in

Terms of Other Terms of SI
Quantity Name Symbol Units Base Units
Force Newton N m. kg/s?
Pressure Pascal Pa N/m? kg/(m.s?)
Frequency Hertz Hz 1/s 1/s
Energy, work, heat Joule J N.m m?. kg/s?
Power Watt W JIs m?. kg/s®
Quantity of Coulomb C A s. A
electricity
Electric potential Volt \Y W/A m?. kg/(s>.A)
Capacitance Farad F C/IV st A%/(m? ko)
Electric resistance Ohm Q VIA m?. kg/(s®.A?)
Conductance Siemens S AV s°. A%/(m?.kg)
Magnetic flux Weber Wb V.s m?. kg/(s>.A)
Magnetic flux Tesla T Wb/m? kg/(s?. A)
density
Inductance Henry H Whb/A m2.kg/(s®. A?)
Luminous flux lumen Im cd.sr
Illuminance lux Ix cd.sr/m?
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Pressure of a gas
at fixed volume

5 fasas 32 g

Resistance Thermometer
(Platinum)

ANM—AN

R

2

R=a+bT+cT

LupgSh) dagliall jiagayi 4-2 J<&

Metal A EMF=S(T-T)

Thermocouple

Gl gonall 5-2 J<i

Some fixed points 4wl Llail) ey 3-2 Jgas

i_/\/\__/\/\_ e

Defining fixed points T (K) t (C)
Triple point of hydrogen 13.81 -259.34
Normal boiling point of neon 27.102 -246.048
Triple point of oxygen 54.361 -218.789
Normal boiling point of oxygen 90.188 -182.952
Triple point of water 273.16 0.01
Normal boiling point of water 373.15 100.00
Normal freezing point of tin 505.078 231.928
Normal freezing point of zinc 692.73 419.58
Normal freezing point of silver 1235.08 961.93
Normal freezing point of gold 1337.58 1064.43
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sl L aalsiy A Ball days Lsl Cajeny (i all 13g) Water triple point el 4N ddaidl sole s
OIS Galie el oY (L) salall A vie Akl 038 e el Capein) Hlang Jilug ala : 2D olshl b
Rankin scale cuSi)y oubie & Wi 273,16 :amlll L) aaf ddaail) s3g! Tk 3)all da)s olé Kelvin scale
sl ebiie (8 0.01 L olall LGN ddail) )ha dsp0 O Cung 491,69 1oyl cuyiial TR gphall daja Jlé
A Bl G Wild (42 Jsaa) Cugingd oebie 8 32.02 5
Tk = (5/9) Tr Tr=1+459.67 Tk=1t+273.15
.Absolute temperature dillaa) shall da )y aud S o GAS Gulbiie B Bhall da
Bl Aol Sualiiga il Gubiall ae il Gebiaal) 138 oF ¢ S Gsal A ol can Lk (530

Table 2-4 Different temperature scales dahiall (anlaall i shall clayy Hllo 4-2 Jsoa

Fixed point Celsius Fahrenheit Kelvin Rankine

Absolute zero -273.15 -549.67 0.00 0.00

Ice point 0.00 32.00 273.15 491.67

Triple point of water 0.0100 32.02 273.16 491.69

Water boiling point 100.00 212.00 373.15 671.67
Electric resistance 4 <! 4a sliall 3-10-2

Error! Reference 4-2 J<alb dud) sa axdnis eliM 5)hall da)s 82l alaall 4 el daslaal) 05
dayds R Al Aogliaall (s A8l L D) 5l Galatl) ol ISl e deadn i galadll LSOUCE NOt found.
oa)s T 3l

Sasa il 3 e ot il @, b, €l sl aas STARG Llss EDE Flss by g =a+ bt +ct?

Thermocouple s~ z 5234 Electromotive 4 ¢Sl 42814 3 gal) 4-10-2
(Error! Reference source not found.5-2 J<&) ool A ot (piaee (e O8Le Joaly Lodie
ol A7 G g€ il 558 Alsm aild Th dlee Blis dayn (& AV To sk B A3 (S bl sl gy

oAl G A s
A7 =S (Th—To)
cAald il ks e bkl gl ~liass Seebeck coefficient S cluw dalee ool culh any

Intensity of radiation glxdy) sad 5-10-2
ol Stefan — Boltzmann pleyilss — las o (il (e Aallal) Bhiall Glags (uldl 4 alall s3s aads s
l=aT* (Al L T ddlhaal) el Ay 50l 05 | g lad)) 52
ahha Ay el el aall gl d) 524 )l Cus Optical pyrometer sl jiagull <Al aasn wy
g bl sai (gl xie (Electric Filament 4uyeS dlad (6 L sale) aslas jaian (e jala ¢ lad) 52
se O G Wy desl) ALGA Blis days ek (8 pmnll Bha Ay G5S (Lipaaal) AL el

24



sl (e e Al 5l dibie Ljiage palsd e ) o)y ) dibadl Clagasll of Baadl of o

vie allly V) cle s Bl da)d bl Caandnal 13 DL ddiie el Jaed (Adid Jge (0 desiaan (S

O Al AL (56 ) Al i asell o Al dl GBEAY) aa L lavie Cipge ) A Ll

s Hhall dayy o adiad Aahaall Jfsall Agaal) AR Laiy dlacsss ADle & Bhall A1y Ao jiasesil) Lalal)

Ul 8ebill (it any 50d - Linidie adaiia ()5S Letic () jiagesill oo daadlal) o3a (he dungll lin) ke
aball daal Sealisnga il (uliial) o Liadl (bt a8 0 G aa Ladh (i - paiiaall Slall g5 OIS

Conservation of mass skl sl jae 11 - 2

i ggana of 6 cpae e 3133 Yy 3 Y 5oLl f e Conservation of Mass salal ¢las fawe (aiy
b by ¥ (gilal) 138) alaill ABS 3 5alsll ALYl die 7535 ) S g gana (g5l alai agaa Jaxs
Mass LSl Cayai Jaral Lijays Ms 2 abail) ABS culS 13) L (Relativistic phenomena du—ill jalshll
eagyn Jaea 5o mitgut 5 AT Jo0 Jasa sa 72in Sus dMs/dt = min — miout: O M el Flow Rate

o dA sl 8 G lie dalie Loal of Jis . Y 20 20 o Jodall 8 AKH Coyeat Jane il oo
dan dt sl 0oy PV (2 daladl o Laganl) a0 dej p 40lS ile DA (0 iy calaill 390
Jaxs Al AR ol by vt el dA ac s dilgh ol IS8 3 (62 JS3) 8l (g cpee paa il
p VAt dA : 2 dt Ge3ll DS daleall 28 P e

a3l Bas gl ABSH Joan Jaes g8 JUlly .p VDA 58 dalaall sda e a3l Basgl ALK Jodn Jare o
m = pvdA: o obill 3g0a LS e

cross section area

To findviz = [(vAs)dA]p /A2

vAL
Area of
Section dA4
Volume entering
During the time Az vAz

ALl ol 0458 6-2 J<&

ol el e GBS 5t Jaee o) (of Steady State Dbl Alad Jaag a8 alail) GlIN dELYL oIS 13

Titin = fitout = P1V1I AL = p2 V2 Ap 1ol 2 Al (e gpdag 1 Akl (e JA Al 1S5 cDyia

25



English text &0 oalll 12 - 2

2. Basic Concepts

2.1. System

System is defined as any part of the universe that is under study. Surroundings (or
neighborhood) constitute the remaining part, while boundaries represent the common zone
between them. Boundaries can be material or fictitious, moving or stationary, depending on the
phenomenon under study. By “part of the universe” one may mean a certain quantity of mater.
In this case, boundaries will move and/or deform with mater, i.e. matter may never leave the
system, which is called then closed system or control mass. By “part” one may also mean a
certain zone in space, which can be crossed by matter. The latter case is defined as an open
system or a control volume. Finally, an isolated system is defined as a system that does not
allow neither mass nor energy exchange across its boundaries.

2.2. Microscopic and Macroscopic points of view

In the Macroscopic point of view, thermodynamics considers matter as a continuum,
regardless of its internal molecular structure. The opposite but complementary Microscopic
point of view studies each individual molecule in its perpetual and random motion, in order to
obtain, through statistical analysis of all molecules, global properties such as pressure and
temperature. Macroscopic view is the main tool used here, except for few cases where
simplified microscopic view is used for the sake of a better understanding of the underlying
physics of some processes.

2.3. State properties and equilibrium

A system may change its state due to energy exchange, as can be observed by a change of
physical quantities describing it. A physical quantity that describes a state, which depends on
the state itself not the path followed to reach the state, is called a state property. A state property
may be internal (describing the system itself such as pressure, volume) or external describing
system relation w.r.t. its neighborhood (velocity, height). The state can be extensive (i.e.
proportional to system size, such as mass or volume) or intensive, when it acquires the same
value in every part of the system (such as temperature or density). A specific property is a
special case of intensive properties obtained as the ratio of two other extensive properties (such
as density).

Notice that state properties can only be defined for systems in equilibrium, or at least quasi-
equilibrium. A system is in equilibrium when it cannot produce any spontaneous change in its
state, and hence in its state properties, allowing measurement of such properties. During any
process, where state properties are continuously changing with time due to an external effect,
system may depart from equilibrium. If departure is small in amplitude, or only occurring for a
very short time, intermediate states are considered as in quasi-equilibrium.

2.4. Processes and cycles

A process is a sequence of states a system goes through if at least one state property changes
continuously. When a state property changes, system is temporarily out of equilibrium, until
the new value diffuses through the whole system. If departure from equilibrium was small in
amplitude and/or for a very short period, the process is said to be in quasi-equilibrium. Common
processes include the constant volume process (also called isochoric or isometric), constant
pressure (also called isobaric), constant temperature (also called isothermal) and the adiabatic
process in which no heat is exchanged. A set of processes ending at the initial state is called a
cycle.
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2.5. Concepts and Laws

To understand and assimilate complicated events occurring in nature, human mind tends to
identify separate abstract entities, called concepts. But, since the world is unified, to restore the
complete picture, one needs to add laws relating these concepts. Concepts and laws relating
them are inseparable. Changing the set of concepts describing a phenomenon, would
automatically result in a new set of laws. Some laws can be proved using other laws. Hence
there must be a set of starting laws that can only be proved by our longtime and shared
experience. These are called principles, such as the First and Second Laws of thermodynamics.

2.6. Dimensions and units

Any measurable quantity has, by definition, a dimension. A dimension can be expressed
using different units (day, month and year are different units for the same dimension: time).
Physical laws establish relations between different quantities and hence between the dimension
of each (the dimension of velocity is the ratio of length dimension by time). In the international
system of units (S.I. “Systéme International”), seven units were selected (one for each
dimension) as basic units (see Table 2 — 1) out of which all other units can be derived (see Table
2-2).

2.7. Density and related properties

Density p of a system is the ratio of system mass to its volume [kg/m®]. To define local
density, a small volume should be selected around the desired point that is small enough to let
the value be local but not too small to fall in the intermolecular space. Its inverse is called the
specific volume v [m®kg]. Quantity of mater [in kmol] can replace mass to get molal density
p [kmol/m?], or molal specific volume v [m®/kmol]. Obviously p = p/p, V = pVv.

2.8. Pressure

Pressure is the force exerted by molecules impinging and bouncing over a unit area. Again,
to get local pressure, the area should be small enough to let the pressure be local, but not too
small to lie in the area between molecules. In Sl, pressure unit is Pascal (symbol Pa, Equal to
N/m?). Other practical units include bar=10°Pa, kgf/cm?=0.98bar. Atmospheric pressure can be
measured by a barometer; its standard value is 1.013bar. Any other pressure is measured by a
pressure gauge (such as Bourdon gauge or manometer Figure 2-2) which can only measure the
difference between absolute pressure and atmosphere. The difference is called gauge pressure
(Figure 2-1). For a manometer, the pressure difference is given by Paps - Pam = Ap g h, where
h is the difference of height between the two columns, Ap is the density difference between
liquids in the columns and g is the acceleration of gravity.

2.9. Temperature

Although we do have a common feeling of temperature, at least qualitatively, it is difficult
to construct a precise quantitative temperature scale at this level of study. This will be done
after introducing the Second Law. From the microscopic point of view, a clearer understanding
of temperature can be obtained: it is the ability of molecules in a system to transmit their
intensity of excitation (molecular kinetic energy) to another system. Temperature is thus a
function of the average kinetic energy per molecule.

At the macroscopic level, we know, from our senses and our everyday experience, that:

— some bodies are ‘hotter’ than others.
— when they are brought into contact, they tend at equilibrium to be equally hot or cold

— other, measurable, physical properties are affected by their state (hot/cold)

Let us build upon these observations to construct a temporary temperature scale, to use until
the Second Law is introduced. Let us first define thermal equilibrium as the state of two bodies
that are brought into contact in an isolated environment for a long period such as no spontaneous
changes may occur, as can be observed by all other physical properties. This leads us to the
definition of temperature equality:
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If body A is in thermal equilibrium with body B; body B is in equilibrium with body C; then
bodies A and C should be in thermal equilibrium.
The above statement is called the Zero’th Law of thermodynamics.
2.10. Temperature scales
To build a temperature scale, a physical property should be chosen that depends mainly on
temperature, with very low sensitivity to any other effect. Such quantity is called a thermometric
property. It will be used to construct a thermometer. A relation between the thermometric
property and temperature has to be assumed (this will not be needed after introducing the
Second Law). The relation may have a set of arbitrary constants. Their values will be obtained
by subjecting the thermometer to points having fixed temperatures agreed upon internationally
(see Table 2 — 3). In the sequel, thermometers using different thermometric properties will be
briefly described.
2.10.1. The volume of a fixed mass of liquid in a closed glass tube
Liquid used is usually mercury. Volume is measured by the height of a liquid column x.
the relation is assumed as: t = a x + b, where a and b are arbitrary constants. In the Celsius
scale, they are selected such as tc = 0 at ice melting and tc = 100 at water boiling, both are at
atmospheric pressure. In the Fahrenheit Scale, at the same fixed points, tr = 32 and 212.
Fahrenheit and Celsius scales are related by: t; = (5/9) ™ (tr—32) ; tr=32+(9/5) "t
2.10.2. The pressure of a gas at constant volume
The pressure of a gas captured in a constant volume (Figure 2-3) can be easily measured by
a manometer. According to Gay Lussac, for low pressures, pressure is proportional to the
absolute temperature: T = ax. To determine constant a, one needs only one fixed point. Absolute
temperature scales (Tk for Kelvin and Tr for Rankin scales) are related as follows:
Tk =tc +273.15; Tr = t; + 549.67; Tk =5/9 Tr
It will be proven later, after introducing the Second Law, that this scale is identical with the
thermodynamic temperature scale
2.10.3. Electric resistance
Electric resistance is assumed to vary with temperature according to a parabolic law.
Platinum resistance thermometer (Figure 2-4) uses this principle. Three fixed points are needed
to obtain the three arbitrary constants in the parabolic equation.
2.10.4. Electromotive force developed in a thermocouple
When two different electric conductors are joined at both ends, one joint subjected to a hot
medium, the other subjected to a cold medium (Figure 2-5), an electromotive force is created
that is proportional to the temperature difference. Constant of proportionality is called the
Seebek coefficient. This phenomenon is called the Seebek effect, which can be used to measure
temperature.
2.10.5. Radiation intensity
According to Stefan-Boltzmann law, radiation intensity is proportional to the fourth power
of temperature. This can be used to measure high temperature in a furnace when direct contact
with the hot body is undesirable.
2.11. Conservation of mass
The principle of conservation of mass simply states that the rate of masses entering a system
min Minus the rate of masses leaving riout Should be equal to the rate by which system mass ms
accumulates with time, i.e.: dms/dt = rzin — mout. In order to express the rate of masses entering
a system, assume an element of area dA (figure 2-6), having a density p, across which fluid of
velocity v normal to it enters for a short period At. It is clear from figure that the volume entering
through this area dA during that time At is: v At dA. Hence, the time rate of entering masses

through this small area dA is: driin = pvdA. Hence: 7z = | pvdA, which is valid

cross section area
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for both inlet and outlet. At steady state, if fluid enters with a uniform velocity at section 1 and
leaves, also with a uniform velocity at section 2, we receive:

Min = Hitout = P1 V1 A1 = p2 V2 Az.
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Solved Examples 2: BASIC CONCEPTS

13 -2

Example 2. 1 A mass of 10 slugs is to be accelerated to 180 in/s?. Find the force necessary
in poundal, Ibf, N, Dyne and kgf.

Answer:

From Newton's Second Law we get F: F=m"a"/ g%
Where gc is a constant that depends on the units used (see the table below). The elementary

units relations needed are:

1ft=12in,1in=0.0254 m, 1 m =100 cm
1slug =32.174 Ibm, 1 Ibm = 0.4535 kg, 1 kg = 1000 g.

mass accel. force

unit unit unit 9 m a F
Ibm ft/s? Poundal 1.0 321.74 15.00 4826.10
Ibm ft/s? Ibf 32.174 321.74 15.00 150.00

slug ft/s? Ibf 1.0 10.00 15.00 150.00
kg m/s? N 1.0 145.91 4,572 667.10
g cm/s? Dyne 1.0 145910 457.2 66.71710°
kg m/s? kgf 9.81 145.91 4,572 68.03

Note that: 1 Ibf = 32.174 poundal = 0.4535 kgf.

1 kgf =9.81 N, 1 N = 10° Dyne.

Example 2. 2 A mass of 50 Ibm is placed at an altitude where the acceleration of gravity is
30 ft/s?. Find its weight in 1bf, N.

Answer:

Example 2. 3

Applying Newton's second law: F = mY¥a'/ g%
Weight w = 50 lom * 30 ft/s? / 32.174 = 46.62 Ibf
NB: The weight of 50 Ibm is not always 50 Ibf!
To get the weight in N use: F=m a
Weight w = (50 *0.4535 kg) * (30*0.3048 m/s?) = 207.34 N

If the atmospheric pressure is 1 atm, what are
the gage and absolute pressures of gases A and B in bar if
manometer reading was 5" mercury and that of the pressure
gauge is 30 psi?

psi w9

A B

Answer:
Pg gage = £ g h = 13600*9.81* (5*0.0254 m) * 10~ = 0.169 bar

PB abs— PB gage +1atm=0.169 +1.013 =1.182 bal‘

The Bourdon gage reading indicates the difference between the gas pressure to which it is
connected and the gas pressure in which the gage is placed, i.e.:

Pa gage — Ps gage t 30 pSi =0.169+30/14.504=2.237 bar

Paabs = Peans + 30 psi = 1.182+30/14.504 = 3.25 bar

Or = Pagage + 1 atm = 2.237 + 1.013 = 3.25 bar
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Example 2. 4 It is required to construct a liquid-in-glass thermometer of Celsius
temperatures in the range -25°C to 100°C. The following table gives the specific volume
(in cm?®/g) of three different fluids at different temperatures as indicated by an ideal gas
thermometer. Which of the three fluids is more suitable?

Answer:

For the liquid-in-glass thermometer we can assume that the reading t* follows the relation:
t'=ax+b
Where x is the specific volume of the fluid, the constants a, b are determined such that
the reading is exact at 0°C and 100°C, then:
t* = 100* (X-Xo0) / (X100-X0)
Where Xo and X100 are specific volumes at 0°C and 100°C respectively, Applying this
relation we get t” for all three fluids as indicated in the table:

water isopropyl alcohol Mercury
t°C X t X t X t
-25 - - 1.2167 -18.8 0.073220 -25.0
0 1.0002 0.0 1.2475 0.0 0.073556 0.0
25 1.0029 6.2 1.2800 19.8 0.073890 24.9
50 1.0121 27.5 1.3170 42.4 0.074225 49.9
75 1.0259 59.4 1.3604 68.8 0.074561 74.9
100 1.0135 100.0 1.4116 100.0 0.074898 100.0

Water is clearly the worst of the three liquids; besides yielding very poor accuracy, it freezes
at 0°C. Isopropyl alcohol, although better than water, is also unacceptable because its
specific volume dependence on temperature is not quite linear in this range. Mercury is best,
because its specific volume varies linearly with temperature between 0 and 100°C.

Example 2.5 Air enters a 5 cm diameter heating tube at a velocity of 1 m/s and a density of
1.2 kg/m®. Because of heating air leaves the tube at a density of 0.8 kg/m3, what is the
mass flow rate of air and the exit velocity?

Answer:
Assuming that this is a steady flow process,
m=p1Vi Az
= 1.2 *1.0* n*(0.05)%/4 =2.036*10° kg/s
Vo = milp2 Az
= (2.036*10%)/(0.8*1*(0.05)%/4) = 1.5 m/s

Example 2. 6 A thermometer is being designed such as to use a thermometric property
called p, which is assumed to have the following relation with the absolute temperature T:
T =aIn(p/po) + b, where po is a known property value at a reference condition (assume po
= 2) and both a and b are adjustable parameters. The thermometer has been calibrated by
subjecting it to two temperatures belonging to the international set of standard fixed points:
point 1 is the freezinc point of tin (231.928°C), point 2 is the freezing point of zinc
(419.527°C). Thermometer readings were respectively p1 = 3, p2 = 5. Find appropriate
values for parameters a and b.

Answer:
Applying the logarithmic relation at both fixed points: Ti = a In(pi/po) + b, wherei=1or
2, we get two equations in the unknowns a and b. Note that T is the absolute temperature,
which is equal to the Celsius temperature plus 273.15. Hence:

231.928 +273.15=alIn(3/2) +b (1)

419.527 + 273.15=alIn(5/2) +b (2)
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By solving above equations we get a = 367.247; b = 356.172.

Example 2. 7 A barometer is used in an airplane to measure its altitude. At ground level,
barometer reading is 758 mm Hg. At a certain height, the same barometer reads 510 mm
Hg. What is the airplane height, assuming average air density is 1.1 kg/m3?

Answer:

Barometer reading indicates a pressure difference of:

AP barometer = (758 - 510)/1000 * 13 600 * 9.81 = 33 872 Pa

Atmospheric pressure difference between the unknown height H and ground:
AP atmospheric =H * 1.1 * 9.81 = AP barometer = 33 872 Pa

Hence H = 3 066.2 m.

Example 2. 8 In a refrigerator, pressures at evaporator inlet (which lies within the freezing
compartment) as well as at compressor outlet (which is also at inlet of the serpentine lying
behind the refrigerator) were measured giving respectively 120 mm Hg vacuum and 25 psi.
What is the pressure difference in kPa?

Answer:
Since evaporator pressure is vacuum, i.e. negative compared to atmospheric pressure, then

pressure difference is:
AP =25/ 14.504 * 10° + (120/1000 * 13 600 *9.81) Pa
= 172 370 + 16 010 Pa = 188.38 kPa.
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English text &0 gl 10 - 3
3. Energy concepts

3.1. Definition of energy

In order to define an abstract concept, such as energy, one may either use a general statement
that may not give sufficient insight, such as “the capacity to produce a change”. The other
approach used here is to define a set of concrete special cases (concrete forms of energy) and
define in a second step energy as the common feature between all special cases. The common
feature is the ability of one form to be transformed into the other. Each energy form has a datum
reference value, because what matters is always the change in energy level, not its absolute
value. Energies can be classified into either “crossing” system boundaries, or “stored” within
system boundaries.

3.2. Mechanical energies

Mechanical energies include work as well as potential and kinetic energies. Work will be
mainly studied in this section. Work is defined as an energy that crosses system boundaries due
to the action of a force displacing matter. The above definition contains three elements that are
all mandatory. Action and reaction forces lying within the system do not produce work because
they do not cross system boundaries. Free system movement against no resistance does not
produce work because there is no force. Finally, if matter does not move, there is no work either.

Sign convention adopted here is that work is positive when it is done by the system on
surroundings. This entails considering as positive the force exerted by the system Fsys on
surroundings, which is opposed to the force Fex: exerted by external sources on the system.
Since displacement always occur in a certain time, it is natural to expect the appearance of
velocity of a material body vm = dxm/dt. In this book, mechanical power 1 is first defined as
the scalar product of force and velocity:

W= Fsys . V.

Work W is deduced by integration over time:

W= .‘-Wdt = J Fsys .Vm dt = J. Fsys . de.

For rotational motion, if angular velocity was o, revolving around an axe having a unit
normal n in its direction (Figure 3-1), and if the position vector r was a vector from origin (lying
on the axe) to the point in question then: nxr is a vector perpendicular to the plane formed by
nand r having the amplitude: |r| sin 6. Hence, the translational velocity of the point in question
is: v,, = (nxr)o. Out of which we get the power:

W = Foys -(n X r)w =T o ;where T =Fg, -(nxr) is the torque.
It can be easily deduced that: W= T o dt =] Tdo

Forms of work will subsequently be studied according to their spatial distribution.

3.3. Work of forces distributed over the volume

This includes forces due to gravitational, elastic and electric fields. Forces distributed over
volume are sometimes grouped into one force acting in the center of gravity. Therefor, this
section also applies to point forces.

3.3.1. Work due to gravitational forces

If a body of mass m moves in a conservative force field, such as gravity g, due to the action
of a force changing its height z, then the work of this force is transformed into an energy stored
in the body called the potential energy (K is the unit vector vertically upwards):

The force exerted by the system is its weight: Fsy;s = —m g k. Hence:

W=]Fgs.dr=—mgk.dr=—[mgdz Forconstantg: W=—-mg (22— 21)
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Due to the sign convention, work is negative, i.e. done on the system, if the height increases.
Based on a suitable reference level for z, potential energy can be expressed as: PE = mgz.
3.3.2. Work due to a force causing acceleration

If a body of mass m changes its velocity v, due to the action of an external force, then the
work done by this force is transformed into an energy stored in the body called kinetic energy.
From Newton’s 2" law, the force Fext = m dv/dt, hence by integration we easily obtain:

W =] Fgs.dx=—]Fext.dx=—]m (dv/dt) . dx=—[mv.dv=—%m (V22— vi?)

Work is negative, i.e. done on the system, if system velocity increases. Kinetic energy can
thus be expressed using a suitable reference for velocity: KE = % m v2. Similarly, for a body of
inertia | and rotational velocity o rotational kinetic energy KE, is defined by: % | 2.

3.3.3. Work due to elastic forces

For an elastic medium external force is proportional to elongation X: Fext = kX, where k is a

constant called stiffness. Due to sign convention, we obtain by integration:

W =[x = —(k/2) - x2)

The result of this work, if negative (i.e. done on the system), is an increase of stored elastic
energy. The latter is expressed as ¥ kx? where x is the elongation measured from the free length
(length for no applied external force).

3.3.4. Work of an electric field

The electric potential 7i at a given point i is defined as the work done to bring a unit charge
from infinity to this point. Since current I; entering a system at point i is defined as charges
entering system per second, power is thus:

W = —Zi'\'zl/;‘li (where N is the total number of points).

3.4. Work of surface forces

The stress ssys at a point on a surface is defined as the force per unit area exerted by the
surface on its surroundings. It has two main components, a normal component Pn where P is
the pressure and n is the unit outward normal and a tangential component t called the shear
stress. In order for this force to produce mechanical power, the material at the surface must
have a nonzero velocity vim. The velocity of boundaries at the same point vs may have a normal
component that is equal to that of v (closed system: vm. N = vs. n) or different (open system).
Power and work have the general expressions:

W :J.Assys v, dA:
g dAj dt; (dXm=vmdt)

W = [(], 4V 0A )l :IUASSVS' t

For quasi-equilibrium processes, specifically in the absence of friction, t vanishes, which
gives rise to two important special cases, studied below.

dx
d

3.4.1. Work of changing volume
For a closed system (vm. N = vs. n) with uniform pressure (quasi equilibrium), we get,
assuming that t=0, P is uniform and closed system (hence n.dxm = n.dxs):

dx, dv

W J(PIAn " dAjdt I(P - jdt [Pdv

The equality of Ja n.dxm dA and dV can be seen from Figure 3-3. The last simple expression
W = JPdV or equivalently w = [ Pdv, can be represented on a P-v chart by the area under the
curve showing how P varies with v in a given process (Figure 3-4). Obviously, the area, and
hence the work, depends on the process type and not only initial and final states.

It is important to notice that the result is valid if and only if assumptions used to obtain it
were satisfied. Figure 3-5 shows two counter examples were assumptions are not satisfied,
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hence the simple result obtained above does not hold. Case 1 is that of fan work (friction non-
negligible hence t=0), while case 2 is that of free expansion (no resisting force, hence non-
uniform pressure).

3.4.2. Flow work

For an open system, if the pressure and normal velocity were both uniform over each area
where fluid can cross the boundaries (but different over different areas), in the absence of shear
(t=0), work exchanged over a particular area A, say becomes:

W = jAzqssys -dx, JdA= PRy, [ (- dx,, A =PV,

where V- is the volume leaving the system through area A,. If fluid entered the system
through another area A; say, then the work would be:

W = P2 V2 — P1 Vi, which is called the flow work. Flow work at exit area 2 is positive
because it is done by the system on leaving masses, while that at inlet area 1 is negative because
it is done by the surroundings on entering masses.

From the identity: d PV = P dV + V dP one may deduce:

= —[VdP =[P dV - (PV2 - P1V1)

The first term in the RHS represents the work of changing volume, while the second term
represents the flow work, i.e. the work needed to circulate the fluid. Hence the RHS as a whole
represents the useful work in an open system, which can be easily expressed using the LHS.
That is why flow work for an open system never appears as a separate quantity. It is included
in another form of energy called enthalpy (see section below on First Law).

3.4.3. A remark concerning friction

In case friction was present, then the real work that can be obtained from a system (Wactual)
would be less than the ideal work Wigear. Also, the real work needed to compress the system
would be greater in absolute value than that of an ideal frictionless case. But since work done
on the system is negative, the following expression always holds:

Wiriction = Wactual — Wideal <0

Please note that Wiriction does not represent any actual work, it only expresses the difference
between real and ideal cases.

3.5. Work of a force distributed over a line

When two fluids are brought into contact, in presence of a 3™ phase such as solid walls, a
force appears on the interface that is tangential to that surface, tending to retract the interface.
It is called the surface tension. If another surface, which can be real or fictitious, intersects the
interface a line is formed called the contact line. The direction of this force is perpendicular to
the contact line, as well as tangential to the interface, in the sense of retracting the interface.
The unit vector in this direction will be denoted s. The force is proportional to the length of the
contact line. The constant of proportionality giving the surface tension force per unit length of
contact line is called the surface tension coefficient c.

dFss = o dl s (dl is the length of a portion of the contact line).

For the simple case where s does not vary along contact line:

Fys=ols (see Figure 3-6)

Surface tension coefficient depends mainly on the nature of both fluids as well as
temperature. It may also depend on intersecting surface quality if it was a rough solid.

If the fluid at the contact line moves a distance dxm tending to increase interface area (i.e.
opposed to s), this force will produce a work given by:

W=l odls.dxm=-]cdA

where dA is the increase of interface area. That is why surface tension coefficient is also
defined as surface energy per unit area.
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3.6. Internal energy

The precise quantitative description of the internal energy has to be postponed until the First
Law is introduced. The objective of this section is to understand the concept based on
microscopic and qualitative considerations. Suppose we have a system composed of N
molecules, each having the same mass m but a different velocity vi (i €[1,N]). The average
velocity, defined as vayg = (1/N) Zi vi, is the velocity at which the body as a whole moves.
Molecules vibrate around this average velocity, at a relative velocity v’ = Vi — Vayg. SUmming
kinetic energies of all molecules, using their absolute velocity gives, after some algebra, two
terms: kinetic energy of the body as a whole (MN/2) |Vavg|?, plus an ‘internal’ kinetic energy that
is linked with relative (vibration) velocity of molecules (1/N) Zi [v*i°. The latter constitutes part
of the so-called internal energy of the body. It cannot be directly seen, except through a
microscope, but it can be indirectly felt because it increases with temperature. In fact, holding
a hot body gives a painful sensation due to the impact of high velocity molecules on our skin.

Similarly, each molecule possesses a potential energy due to all forces acting on it. Some
of these forces are external, such as gravity or electric field. The potential energy due to them
is the potential energy of the body as a whole. In addition, there are intermolecular forces that
may lead to an ‘internal’ potential energy, which constitutes a second part of the internal energy.
This part plays a role through the work needed to break a solid into two pieces. It also plays a
role through the heat required to evaporate a liquid, resulting in larger molecular separation.

Internal energy is a concept grouping all energies related to molecules of a body. This
includes internal kinetic and potential energies mentioned above. It also includes chemical
energy stored in molecules as well as nuclear energy stored in atoms.

3.7. Heat

Heat is defined as an energy that crosses system boundaries due to a temperature difference,
which is not linked with masses crossing the boundaries. All three conditions are necessary to
describe the related energy as heat. When a body is heated through an impermeable surface,
energy crossing the boundaries is called heat. But when this energy becomes stored in the
system in the form of a temperature increase or a phase change it is called an internal energy.
If a hot mass crosses the boundaries, the energy crossing is not heat, but internal energy and
flow work (also called enthalpy — see later in the section about the First Law).

Sign convention is that heat added to the system is positive. Heat exchanged during a
process depends, not only initial and final states, but also the nature of the process.

3.8. Other forms of energy

Chemical energy stored in molecules as well as nuclear energy stored in atoms can be
considered as part of internal energy. There are other forms including optical, acoustic,
magnetic ... that are not considered in this work.

3.9. First Law of Thermodynamics
3.9.1. First Law formulations
First Law of thermodynamics is simply the principle of conservation of energy.
3.9.2. First Law for a cycle in a closed system
For a system undergoing a full cycle, all stored energies at the end of the cycle would be at
the same level as at the start of it. Hence the sum of all crossing energies should be zero:
Qc =W where Q¢ and W, are respectively heat and work exchanged during the cycle.
3.9.3. Internal energy as a state property
Let us examine the two cycles 1A2B1 and 1A2C1 (Figure 3-7), composed of processes
1A1, 2B1 and 2C1. For both cycles the first law gives:
Q1a2 + Q12 = Wia2 + W12
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Q1a2 + Qzc1 = Wiaz + Waca

Subtracting gives: Qzs1 — Wag1 = Qzc1 - Waca

Since processes 2B1 and 2C1 are totally arbitrary, the difference Q — W over any process
depends on initial and final states only, regardless of the process: Q — W = E> — E1. Energy E is
called the Total Internal energy. It contains all kinds of stored energies. E = U + KE + PE
where U is the internal energy, KE the kinetic energy and PE the potential energy. When divided
by system mass it reads: e = u + v¥/ 2 + g z; where ¢ is the specific total internal energy and u
the specific internal energy.

3.9.4. General form of the First Law

If matter crosses the boundaries, it carries with it its total internal energy (internal, kinetic
and potential energies) into or out from the system. For the sake of convenience, flow work
linked with mass transfer is usually subtracted from the total work and added to other forms of
energies carried by crossing masses. This gives the following energy balance for a process
changing the state of an open system of mass ms from state 1 to state 2, during which mi, and
Mout Masses enter or leave the system (Figure 3-8):

Q12 — Wiz + Min (h+%2 V2+02)|in — Mout (N+%2 V2+92)|out = A (Ms (U+Y2 V2+02)]s)

where h, defined as u+Pv, is called the specific enthalpy. It is a state property, which may
represent energy if and only if it is linked with masses crossing system boundaries. As an
energy, it must have a reference level. Instantaneous energy balance per unit time reads:

. 1 . 1 d 1
Q—W+min(h+§v2+gzj' —mout[h+§v2+gz]0m=a{ms(u+§v2+gzjj

In
where Q, W and m represent respectively thermal power, mechanical power and mass flow
rate. The above form is the most general one, from which the law for a closed system can be
deduced by setting rin = mout = 0. First Law takes then the form:

q—W=AuU+%AV>+ Agz
where g and w are work and heat exchanged per unit mass of the system, while the symbol A
means change over time from an initial to a final state. For an open system undergoing a steady
state process, m;, = m,,;, =m; d[.]/dt = 0. By dividing over rz, the First Law takes the form:

q-Ww = Ah+% AV? + Agz
where g and w here have a different meaning, which is energies per unit entering or leaving
masses. Similarly, the symbol A here does not relate to time (flow is steady) but to the difference
between entering and leaving masses.

Finally note that u has not appeared in the open system undergoing steady flow, not because
it is an open system, but because it is a steady process, hence the term containing u disappears.
In the general case of an open system but not steady state, both u and h should appear.
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Solved Examples 3: ENERGY CONCEPTS
Example 3.1 A room is heated with steam radiators in a winter day. Hot steam enters the

radiators where it condenses giving its energy to the room. Examine the following systems
regarding heat transfer: a) Radiator; b) Room; c) room + radiator

: Room : Cold
In —>—f | atmosphere
: Q !
Hot steam : —Ir—> Q
! 1
out <«——f !
! 1

Answer:

a) Radiators: The energy that enters the radiators with steam is not heat since it is linked
with matter crossing the boundary. Heat leaves the radiators through the surface as
shown = Heat = - Q

b)  Room: Heat enters the room from the radiators and leaves it to the atmosphere. At
steady state (constant room temperature) both heats should be equal and opposite in
sign = Heat = Q+(-Q)=0

C) Room+radiators: Heat=-Q + 0 = -Q

Example 3. 2 A cylinder, in which the piston is restrained by a spring, contains 1 liter of a
gas at a gage pressure of 6 bars. Initially the spring force just balanced the gas pressure the
gas is heated such that the volume reached 3 liters. If the spring constant is 6*10* N/m, the
cross sectional area of the cylinder is 100 cm?, the atmospheric pressure is 1 bar, find the
total work done by the gas. How much is done against the spring alone?

Answer:

P A
bars

19 2

1 Q
1 - Y
Vi V2 v /

Initial height of the cylinder = V1/A = 1000/100 = 10 cm
Final height of the cylinder = V2/A = 3000/100 = 30 cm
Increase in spring force AF = kAx = 6%10*(0.3-0.1) = 12000 N
Final absolute pressure P2 = P1+ AF/A = (6+1) + (12000*10°%/(100*10*)) = 19 bar
Since the spring force varies linearly with the displacement then the pressure P should also
vary linearly with the volume V. hence, the process can be represented as in figure.
The work done by the gas Wi= [PdV =% (P2+P1)*(V2-V1)
=Y (19+7)*10°*(3-1)*10 = 2600 J

Work against spring W, = W1 — work against atmosphere W,

= Wi — Pam *(V2-V1) = 2600 — 1*10°*(3-1)*10" = 2400 J
N.B: Spring work could have also been calculated as ¥ k(x22-x1?) = 2400J
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Example 3. 3 In the vertical piston, cylinder and fan arrangement shown in
figure, the initial air pressure was 2 bars; the fan was set in motion at 300 rpm |_i|
(revolutions per minute) by applying a torque of 10 N.m during 30 minutes,
As a result, the volume of air has changed from 1 liter to 2.75 liters. Taking
air as the system, find the total work of the process as well as the flow work.

Answer:
There is a fan work Ws done on the system (-ve) and a work done on the piston
Wp (+ve).
Wi = - T*o*time = -10* (300*27/60)*(30*60)/1000 = -565.5 kJ
Wp = JFdX
But, the force is constant (weight of the piston)
= Wp = F.AX = PAAX = PAV
= 2*10°*(2.75-1)*10%/1000 = 0.35 kJ
Total work = W+ W, =-565.5 + 0.35 = -565.15 kJ
Flow work =0 (closed system)

Example 3. 4 A water pump has a suction pipe of 6 in diameter and a delivery pipe of 3 in
diameter. Water enters the suction pipe at the datum level and a suction pressure of 300
mm Hg, and leaves the delivery pipe 3 meters above at a gage pressure of 1.2 bars. If the
pump delivers 10 liters/s of water having a density of 1000 kg/m?, find the rate of increase
of potential energy, kinetic energy and the flow work. Calculate the work of changing
volume. Hence, deduce the power required by the pump assuming no friction losses. If the
pump rotates at 300 rpm, find the driving torque.

Answer:
Rate of increase of potential energy Pe = rizgh
= (10*10%*1000)*9.8*3 = 294
Since m = p1 v1 A1= p2 V2 Az from the conservation of mass
The inlet velocity vi =71/ (p1 A1)
=10/ (10°*0.25*n* (6*0.0254)?) = 0.548 m/s

Similarly vz =71 / (p2 A2) = 10 / (10°*0.25*n* (3*0.0254)%) = 2.192 m/s
Rate of increase of kinetic energy Ke = Y% rir (V2% — v1?)
=1 * 10 * (2.192%2 - 0.548%) = 22.5 W
The volumetric flow rate V. = riilp = 10 *10° m¥/s
Rate of flow work Fi, = P2V, — P1V, = (P2-P1) V
=> (water is incompressible so V, = V;= V)
= ((1.2+1.013)-(1.013-300/750))*10°*10*10% = 1600 W
Work of changing 'volu[ne =0 (because water is incompressible)
Pump power = - (Pe+ Ke+ Fu) = - (294+22.5+1600) = - 1.9145 kW
Torque = power / ® =1914.5/ (300*2*r/60) = 61 N.m
N.B: The pump power is negative because work is done on the system

Example 3.5 Repeat the same calculations of Example 3. 4, but replace the water pump by
an air compressor, and let air enters the suction pipe at a density of 0.8 kg/m? and assume
Pvl4 = constant. Consider that the mass flow rate is 0.1 kg/s
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Answer:
Rate of increase of potential energy Pe = iagh  =0.1*9.8*3 = 2.94 W
The inlet velocity vi = 72 / (p1 A1) = 0.1/ (0.8*%0.25*n* (6*0.0254)%) = 6.85 m/s
To find p2: Pivit? = Povpt4
The final density p2 = 1/v2 = (P2/ P1)Y14 *(1/ 1)
= ((1.2+1.013)/ (1.013-300/750)) V14 * 0.8 = 2.0 kg/m®
The outlet velocity vz = 71 / (p2 A2) = 0.1/ (2.0%0.25*r* (3*0.0254)%) = 10.96 m/s
Rate of increase of kinetic energy Ke = ' th (V22 — vi?)
=1%* (.1 * (10.96° — 6.85%) = 3.664 W
Rate of flow work Fi = P2Va — P1Va= i (P2 p2 - P1l p1)
=0.1((1.2+1.013)/2 - (1.013-300/750)/0.8)*10°= 3402.5 W
Work of changing volume W, = rir fPdv = rir Pavit4fdv/vi4
= 7ir Pivat* (v2 04 — v 94/ (-0.4) =i (P1vi- P2v2)/0.4
=0.1((2.013-300/750)/0.8 - (1.2+1.013)/2)/0.4 = -8.5 KW
Compressor power = - (Pe+ Ke+ Fy) + Wy = - 11.9 KW
Torque = power / ® = 11900 / (300*2*7/60) = 379 N.m
Note that potential and kinetic energy changes are negligible, which is often the case for
gases, except for very high velocity flows (usually supersonic). Work of changing volume
dominates, unlike the case of liquids where this work vanishes.

Example 3. 6 QOil flows through a converging nozzle having an inlet diameter of 10 cm and
an outlet diameter of 5 cm. The pressure difference across the nozzle is 1.5 bars, and the oil
density is 750 kg/m3, its viscosity being 0.01 kg/m.s. Knowing that the change in kinetic
energy is due to the change in the flow work, find the inlet and outlet velocities.

Aswer:
From mass balance m = p1 v1i A1= p2 V2 A2
2 V2=V *(Al/Az) =Vi *(10/5)2 =4vy ----- (1)
It's clear that the kinetic energy increases. This means that the flow work should be negative
in order to compensate for the energy required to accelerate the flow.
The flow work Fw = P2Va — P1Vi= it (P2f p2 - Pil p1) = e (P2-P1) [ p
= -rin * 1.5%10%/750 = -200 i1
The increase of kinetic energy Ke = % i1 (V2% — vi?)
Since the increase in kinetic energy is due to the flow work solely we have:
K+ Fy=0
Yo 1ir (V22 — v12) -200 7i2 = 0
2 (V2% —Vvi?) =400 -----(2)
From (1) and (2) we get vi= 5.164 m/s; v.= 20.666 m/s
N.B: - There is no work in this problem because there is no force associated with
displacement, except for the so-called flow work. The latter is, by definition, considered as
part of enthalpy, not of work. The integral /Pdv does not represent work because pressure
is not uniform. Hence, the integral - /VdP has also no physical meaning.

Example 3. 7 Gravitational force F between any 2 bodies is given by the following law:
F =G mi mz/ r?, where G is the universal gravitation constant 6.67 10"** m®/(kg s?) m; and
my are masses of both bodies and r is the distance between their centers of gravity. If earth
radius re is 6400 km and gravitational acceleration at sea level g is 9.81 m/s?, estimate the
mass of earth. Develop an expression for potential energy of a point mass at sea level
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compared to a reference at infinity from earth where gravitational forces vanish. Find the
escape velocity ve, which is defined as the velocity at which a vertically launched body
will never come back to earth, assuming no air resistance.

Answer:

Gravitational force exerted by earth on a body is the origin of its weight. Hence,
assuming my is body mass and my is earth mass:

mg=Gmim/rd ie.

mz =g re? / G = 9.81 * (6400*1000)? / 6.67*10! = 6.02 * 10* kg

Change in potential energy while moving from sea level to infinity is given by:
APE = j:Fdr = j:(G m, mz/rz)dr =Gm,m,/r,

This should be compensated by an initial kinetic energy, given by:

AKE = m; V2 /2

Equating both energies gives:

Ve =2G m, /I, = [\/2* 6.67*107* 6.02*10%/6.4*10° l/looo =11.2km/s

Example 3. 8 An airplane of mass 25 metric tons is flying at a velocity of 900 km/h at an
altitude of 1km above sea level. Air drag force is 28kN. Express kinetic and potential

energies in MJ, kWh and BTU. Express power needed to drive the airplane in MW, HP
and BTU/s.

Answer

KE =% m v? = % * 25000 * (900*1000/3600)? / 10° = 781.25 MJ

=781.25* 1000 / 3600 kWh = 217.01 kWh

=781.25* 10°/ 1055 BTU = 740 521 BTU

PE =m g H = 25000*9.81*1000 / 10° = 245.25 MJ

=245.25 * 1000 / 3600 kWh = 68.13 kWh

= 245.25 *10°/ 1055 BTU = 258 739 BTU

Power = Drag force * velocity = 28000*(900*1000/3600) / 105 = 7 MW

=7 *10°/ 746 HP = 9 383 HP

=7*10°/1055 BTU/s = 6 635 BTU/s

Example 3.9 Aswan High Dam retains incoming water such as to create a water level

difference of 80 m of water level upstream of the dam compared to the water level
downstream of the dam. The dam has gates at its bottom that can control water flow
through the dam. At a given moment, the open area by the gates was 70 m2. Assuming no
friction and that the water density is 1,000 kg/m?, find: a) Water speed through the gates;

b) Water mass discharge; ¢) Maximum electric power a turbine can produce using water
power

Answer
Taking as a system the water upstream of the dam:
There is neither work nor heat exchanged by tis system.
Stored energies inside the system do not change with time (steady flow).
Hence entering masses are at the water high level with a negligible velocity.
Leaving masses through the gates are at the reference level with high speed.
First Law gives: riin (g )in = ritout ( Y2 V¥)out.
= Vout = V(2 g h) = V(2*9.8*80) = 39.6 m/s
From mass balance, mass flow rate is: 7z = p v A = 1,000*39.6*70 = 2.772*10° kg/s
Turbine power: W = 7itin (g h)in = itout ( %2 V¥)ou= 2,173 MW
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English text 4500 ol 8 - 4

4. Pure substance and the equations of state

4.1. Definitions

A pure substance is defined as a matter having a homogeneous and invariable chemical
composition in all its phases. A phase is a large group of molecules having the same chemical
composition and physical properties. Phases include gas, liquid and solid phases for different
crystalline structures. Several phases may co-exist in equilibrium. Some materials containing a
mixture of different chemical compounds, such as air, may be considered as a pure substance
as long as no phase change occurs. In fact, cooling of air at very low temperature would result
in condensation of oxygen before nitrogen. At those low temperatures, chemical composition
of liquid and gaseous phases of air would be different. Otherwise, at normal or high
temperatures, air is in only one phase: gas. It can be thus considered as pure substance under
these conditions. In this chapter properties that will be considered are those previously defined,
I.e. pressure, temperature and specific volume as well as internal energy and enthalpy. There
are other properties that will be defined and studied later, after introducing Second Law.

4.2. Phase change

Phase changes occur in all materials according to the same general scheme presented below.

4.2.1. Evaporation at constant pressure

Suppose we start with a liquid phase in a constant pressure chamber (vertical frictionless
piston and cylinder arrangement (Figure 4-1)). State changes will be shown on T-v chart.
Starting point is liquid (point a). By adding heat, temperature rises, while volume slightly
increases before reaching point b where the first bubble appears. State at b is called saturated
liquid, while along any point on ab it is called compressed or subcooled liquid. Adding more
heat will not raise temperature but will be used to evaporate liquid (large increase in volume)
until we reach state c, where the last droplet evaporates, called saturated vapor, the state of any
point along bc is called wet vapor. It is composed of a mixture of saturated liquid and saturated
vapor in equilibrium. Heat added along bc is the latent heat of evaporation. Adding more heat
will result in a raise of both temperature and volume. States along cd are called superheated
vapor.

In the wet vapor region, as heat is added, the mass of saturated vapor mg having the constant
specific volume vg increases on the expense of the mass of saturated liquid ms having the specific
volume vt. Dryness fraction (or quality) x is defined as the percentage of vapor in the mixture
by mass: x = mg / (mf + mg). Mixture specific volume is the direct sum of the volumes of each
phase: v =x vg + (1-X) vf = Vf + X Vig = Vg — (1 — X) Vig. (Where vig = Vg — V¢).

If the experience is repeated at a higher pressure (P2 > Py, figure 4-2), another curve having
the same general shape will be observed except that evaporation temperature is higher, specific
volume of saturated liquid (b") is slightly higher, while that of saturated vapor is smaller (c").
The locus of all saturated liquid points at different pressures is called the saturated liquid line,
while that of saturated vapor points is called the saturated vapor line. Both lines meet at a point
called the critical point (C) where properties of liquid and vapor are indistinguishable.
Properties at the critical point are called critical temperature T, critical pressure P and critical
specific volume v..

4.2.2. FEusion and sublimation

If heating starts at a solid phase (point e in figure 4-3), temperature will rise until fusion
starts at point f (saturated solid). During subsequent heating, temperature remains constant until
all solid has been transformed into liquid (point g). Heat received during fusion is the latent
heat of fusion. Subsequent heating leads to point ‘a’ from which further heating will proceed as
before. Repeating experience at higher pressures will give saturation lines for solid liquid
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transformation, which do not meet because pressure has a negligible effect on both solid and
liquid specific volumes. Figure 4-3 represents phase changes for materials that expand during
fusion, which is the most common case. Water is one of few exceptions where mater shrinks
during fusion. Phase change for water follows Figure 4-4.

If the previous experience was repeated at very low pressure starting from point k in Figure
4-3, then at a certain temperature point | is reached where solid is transformed directly into
vapor, which is called sublimation. Heating continues until the latent heat of sublimation is
added, in which case only vapor remains (point m).

If experience was repeated at a certain intermediate pressure (point X), point y is reached in
which solid is transformed into both liquid and vapor simultaneously. Further heating results in
a pure vapor phase (point z). The line y-z is called the triple line, because 3 phases coexist.

All above transformations can also be represented on a P-T chart Figure 4-5. Since phase
change at constant pressure is also at constant temperature, phase change lines in previous
figures retract here into a point. Two points are of particular interest: the triple point and the
critical point.

4.3. Tables and charts for thermodynamic properties

In order to construct tables and charts, we need first to know how many intensive properties
are needed to fully describe the thermodynamic state of a system.

4.3.1. Phase rule

Thermodynamic state properties describe system status from the thermodynamic point of
view. This means the ability of a system to exchange energies with its surroundings. Energies
that may cross the boundaries are mainly heat and work. The ability to exchange heat is
governed by one state property, namely temperature. There are many forms of work. For each
form, a state property is needed to describe the ability to exchange. This may include pressure
(work of changing volume), electric potential (work of electric field), elastic deformation (work
of elastic forces), etc.

The number of state properties required to fully describe the thermodynamic state (also
called the number of degrees of freedom F) of a single phase containing a pure substance is
equal to the number of possible ways of exchanging work +1.

In case the only form of work was that of changing volume, then F = 2.

If the phase contained ¢ chemical components, then we need c-1 concentrations to describe
its content (the sum of all concentrations = 1). In case we have p phases, we need:

p(c-1+2)=p(c+1)different properties to describe system status in all phases.

However, between each couple of phases there are equilibrium conditions. This includes
thermal equilibrium (equal temperature), mechanical equilibrium (equal pressure) as well as
chemical equilibrium (to be studied later in part 11) between concentrations of each component
in both phases. This gives a total of: (p — 1) (c + 2) conditions. Hence, the number of degrees
of freedom required to fully describe the thermodynamic state of a system is:

F=p(c+1)-(p-1)(c+2)=c—p+2

For instance, for a pure substance (c=1) in a single phase (p=1) F = 2. For a wet vapor (p=2),
F=1. This means only one property (either pressure or temperature) is sufficient to describe the
state of each phase (liquid or solid). However, the percentage of each phase still needs to be
specified through the quality. Finally, for the triple point (p=3) all thermodynamic properties
of each phase are defined and cannot be changed (F=0), as long as we remain in the triple point.

4.3.2. Thermodynamic surfaces

Figure 4-6 shows the relation between pressure P, temperature T and specific volume v for
a given pure substance. Since, there are 2 independent state properties for any phase, relation
between different state properties are represented by surfaces. States of equilibrium between 2
phases are represented by lines (one degree of freedom).
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4.3.3. Structure of thermodynamic tables and charts

Plans of constant pressure at different values of pressure would intersect thermodynamic
surfaces in lines, called lines of constant pressure. All these lines can be projected on the T-v
plan to build the so-called T-v chart, which were presented above (Example Figure 4-3). The
same can be done with plans of constant temperature that would intersect thermodynamic
surfaces at different lines, which when projected on the P-v plan would result in the so-called
P-v chart.

Constant pressure lines (or equivalently constant temperature lines) are functions relating T
and v (or P and v) each for a given parameter: the pressure P (or the temperature T). These
functions can be tabulated constructing thus the so-called thermodynamic tables.

Tables for the case of a single phase do have two entries, usually pressure and temperature,
giving the specific volume, internal energy and enthalpys for each combination.

For the case where two phases are in equilibrium, tables have a single entry (either
temperature or pressure). They are called saturation tables.

4.4. Equation of state for ideal gases

Tables and charts may give precise predictions of the values of state properties. However,
there are many cases where a mathematical model is useful. For instance, in a design problem
an optimum solution can be easily found using such model.

Mathematical model may be purely empirical or based on a simplified theory. In this section
the Kinetic theory of gases will be used to deduce an equation of state, i.e. an equation relating
state properties. The theory is only approximate. It gives small errors for the so-called ideal
gases, i.e. gases satisfying the following assumptions:

- Gas molecules are very far apart (negligible volume of molecules compared to volume
occupied by the gas, negligible intermolecular forces and negligible time of impact)

— Gas molecules are spherical, smooth and perfectly elastic (motion is purely translational,

no momentum losses by collisions and no preferred direction)

In order for the theory to be applicable, the medium should be a gas, i.e. not a liquid or even
a wet vapor. It must also be ideal, in the sense very low density. All gases at pressures much
less than their critical pressure Pc and/or at temperatures much higher than their critical
temperature Tc, can be considered as ideal. Otherwise, more complicated models should be used
that will be introduced in the next section.

Consider a cube of side L, in which a molecule of gas having a mass mo freely moves (Figure
4-7). Due to its y component of velocity vy, it will hit the face W and bounce back with a velocity
having a y component — vy. Hence, momentum change is 2movy. Time required to come back
again to face W after hitting face W' is: 2L / vy. Hence, force on face W can be deduced from
the time rate of change of momentum, which will give the pressure P on face W exerted by all
molecules: P =[2mo, X V% /(2L)]/ L% = PV =mo X V%, where V = L3 is the volume. Taking
into consideration the principle of equipartition of kinetic energy along the three axes (x, y and
z) due to the randomness of molecular motion, then X v4, = 1/3 N v2ms where N is the total
number of molecules and vims is the root mean square velocity. Hence:

PV=1/3Nme V2rms

Dividing by the number of moles n we get:

P = (N/n) [(1/3)myvZ,]; where Na is the number of molecules per mole, i.e.
Avogadro’s number 6.0225°10% Molecules/ g-mole. The factor between squared brackets in
the RHS is proportional to the translational kinetic energy of molecules. Since it is the only
form of internal energy (no potential energy due to intermolecular motion, no rotational
motion), this factor should be proportional to temperature: (1/3) mo v2ms= k T, where k is
Boltzmann’s Constant: 1.38054*1072% J/K. Hence:
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PV =RT ;where: R = Na.k =8 314 J/ kmol- K is the Universal Gas Constant

This is the ideal gas equation of state. It may take different forms. Multiplying both sides
by n: PV =n R T, dividing by the mass m:

Pv=(n/m) »T=RT  where R is the specific gas constant R = R /u = R (n/m).

4.5. Calorific equations of state (Internal energy and enthalpy)

For a single-phase pure substance, in the absence of electric and magnetic effects, the
number of degrees of freedom is two. The thermal equation of state thus gives any of the three
properties: T, P or v in terms of the other two. Similarly, energy properties u and h have to be
related with other state properties by the so-called calorific equations of state.

4.5.1. Specific Heats
Specific heats, also called heat capacities, are defined as follows:

Constant volume specific heats are: c, = (ou/eT), cv =(ou/aT)

v

Constant pressure specific heats are: ¢, =(h/aT ), Cr = (aﬁ/aT)

P

Specific heat with a letter ¢ without overbar designate the specific heat per unit mass;
while the letter ¢ with overbar is used for specific heat per kmole.

Specific heat ratio is defined as: y = cp/ Cy .

4.5.2. Ideal and semi-ideal gases

It has already been proved, based on the kinetic theory of gases (section 4.4), that for an
ideal monatomic gas (i.e. molecules are composed of one atom):

PV = N,y (mov2y /3= #T

where mo is the mass of one molecule, Na is Avogadro’s number and vrms iS the root mean
squared velocity of gas molecules undergoing translational velocity only. The factor 3 was due
to the principle of equipartition of energy, according to which kinetic energy has to be equally
distributed over all possible degrees of freedom (3 in this case). Since the only form of internal
energy is kinetic (negligible intermolecular forces), internal energy should be:

_ 1 3 _ i 2
u= NA(EmOVEmsj Hence: U :E.%jT ,Le. u :U/H:%iT :%RT

Note that the factor ‘3’ in the above expression was due to the fact that for translational
motion, there are only 3 degrees of freedom, corresponding to velocity components over the
three axes (x, y and z). for diatomic molecules (i.e. containing 2 atoms per molecule), there are
possibly two more degrees of freedom, over which kinetic energy may be distributed,
corresponding to rotation around the two axes perpendicular to that joining both atoms. For a
polyatomic molecule (more than two atoms) there are 3 degrees of freedom for rotation around
the three axes. Moreover, there can be a vibration kinetic energy, corresponding to atoms
moving with respect to each other inside the molecule. This represents one additional degree of
freedom for diatomic gases and many for polyatomic gases. In general, the factor ‘3’ should be
replaced by f, the number of degrees of freedom. Above cases are summarized in Table 4 — 1.

Internal energy thus takes the form: u=f/2R T.

While enthalpy is: h = u+Pv = u+RT = (f/2+1) RT.
From which:

cv=@uloT)=fRI2; cp=(@hloT)p=(Ff/2+1)R;
y=cplev=(Ff+2)/f ;cp —cv=R

Hence:cy =R/ (y-1) ce=yR/(y-1)
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Clearly, specific heats remain constant for an ideal gas as long as f does not change, which
Is the case as long as temperature variations remain moderate. A rough estimate for f (hence v,
ce and cy) for most ideal gases at room temperature undergoing moderate temperature variations
Is obtained assuming they have both translational and rotational velocities only.

For large temperature variations (many hundreds to thousands of degrees Celsius) ce and ¢y
may vary with temperature due to variations of f. In which case, there are tables giving cp(T)
for different gases. Gases at such conditions are called semi-ideal, in the sense: they do satisfy
the ideal gas equation of state (Pv = RT), their internal energy and enthalpy are only function
of T (not P), but their specific heats are temperature dependent. Nevertheless, the relation ¢, —
cv = R still holds. Hence:

.

hy—hy = [ co(THT U, —uy=[“[e(T)-RIT

N

Uz—Ur=ha—h1 —R(T2-Ty)

4.5.3. Multi-phase mixtures

The example considered, to show the general procedure, is that of wet vapor, which is
composed of a mixture of saturated liquid and saturated vapor under thermal and mechanical
equilibrium (same T and P). If specific internal energy and enthalpy for saturated liquid and gas
are denoted us, hy, Ug, hg, respectively; while difference are denoted utg = ug — Us, htg = hg — hy,
respectively, then:

U=X Uug + (1—x) us

u= U + XUfg
u= ug — (1-x)usq
h=x hg + (1—x) hs
h= ht + Xhg

h: hg —(1—X)hfg
Note that hyg is also called latent heat of phase change at constant pressure.
Similar rules can be deduced for any other phase change.

4.6. Equations of state for real gases
4.6.1. Thermal equation of state

For high pressure (closer or greater than Pc), low temperatures (closer to or lower than T¢),
the ideal gas equation of state is not valid. The Beattie Bridgman equation of state is an
empirical relation that fits measured data that has a common form for all gases but with a certain
number of constants that are tabulated for all gases.

Van Der Waals (VDW) equation of state is based on the ideal gas equation of state, after
modifying it to take into consideration, at least partially, effects that were neglected in its
derivation. The volume of molecules may not be negligible compared to gas volume, due to
high density, which is the reason why the factor (v-b) will replace v, where b is a constant. Also,
intermolecular forces will modify observed pressure by attracting molecules hitting the walls.
The force is directly proportional to the square of masses and inversely to the square of the
distance between molecules. That is why the factor (P + a/v?), where a is another constant, will
replace P to give:

(P+a/N?) (v—b)=RT whereaand b are constants that depend on the gas. Constants
will be selected such as to satisfy two conditions that are observed for all gases: The function
relating pressure with volume at constant temperature has a zero first and second order
derivatives at the critical point. This gives:

a:9RTch/8 b:Vc/3 (*)

At critical pressure and temperature Pc and Tc, VDW equation, using above a and b,
predicts a specific volume that satisfies:

Pc = (3/8) R Tc / Vem
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The symbol vem was used to designate the specific volume as predicted by VDW. Using it
in place of v¢ in (*) and substituting in VDW gives:
(Pr + 3/VRm2) (BvrRm—1)=8TRr

where Reduced properties Pr, Tr, Vrm are defined as:

PR =P / Pc TR =T / Tc VRm =V / Vem (Where Vem = (3/8) R Tc/ Pc)

Van Der Waals equation is more precise than the ideal gas equation in a wider range. It is
still not absolutely precise everywhere. It predicts that the behavior of all gases would be the
same if expressed in terms of reduced properties. This is called the law of corresponding states.
It holds experimentally for all gases with a negligible error. Based on it, the so-called
compressibility charts were built to predict the behavior of any gas using the concept of
compressibility Z (defined as Z = Pv/RT) as a function of Pg, Tr (Figure 4-8).

To calculate the compressibility factor Z in high precision, use can be made of the Soave
modification of the Redlich — Kwong equation (SRK).

Compressibility factor Z is defined as:

PV
Z=—
RT

Pressure P above can be expressed from the SRK equation as:

RT g2

P:
V-b  V(V-b)

where:
a=042747(RT,)’ /P,
b=0.08664RT,/P,

(;z:[ler(l—\/T:)}2

m = 0.48508 +1.55171@ — 0.1561¢”
coefficient w is called the acentric factor.

Substituting above expressions in the definition of Z we get an expression that only depends
on reduced properties: Tr = T/T¢, Pr = P/P¢, vr = vlvc. , in addition to w. It is a cubic equation
in v, having a well-known solution.

4.6.2. Calorific equation of state for real gases
For gases at high pressure P and/or low temperature T (compared to their critical point)
specific internal energy u and enthalpy h depend on two state properties. They are tabulated for
common gases in terms of P and T in thermodynamic tables. There are also compressibility
tables for enthalpy deviation from the semi-ideal gas, which can be easily used to predict values
for all real gases. Their derivation is an application of Second Law.

4.6.3. Liquids and solids

Liquids and solids are incompressible, unless pressures were extremely high. In the latter
uncommon case, their calorific properties (u and h) are tabulated in thermodynamic tables
similar to real gases. Otherwise, in the majority of cases, u and h depend on temperature only.
Note that the difference between specific heats vanishes: cp = ¢y = C.

To get calorific properties for a liquid at a given P (not excessively high) and T, imagine
that it has arrived to this point by compressing saturated liquid at the same temperature T
through a reversible adiabatic (q=0) process. Original pressure Psa(T) < P (otherwise it would
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not have been a liquid). If compression was performed in a closed volume, work w=0 (no
change in volume); hence, u (T, P) = usat(T). If compression was performed in an open system,

then: w= _IP;(T) vdP = v, (T P - P, (T)) (specific volume is assumed constant). Hence: h

(T, P) = hsat (T) + Vsat(T) (P — Psat(T)). Second term in the RHS is usually small.
For solids, u depends on T only (h has no meaning). For crystals at ambient temperature:
c =3

4.7. 1deal gas mixtures
4.7.1. Thermal equation of state
Mixtures of non-reacting gases, not undergoing phase change, may be considered as pure
substance. They will be studied here assuming their density is very low, i.e. assuming ideal gas
equation holds. Mass fraction x; and mole fraction y; of any component i in the mixture are
defined as:
Xi=mi/mr ;mr=Zimi ; yi=ni/nr ; nt= Zini
where mi and nj are respectively the mass and number of moles of component i.
Mixture molecular weight is defined as pr = mr/ nt. It can be computed from:
ur =mr/nr = (Zimi) /nr = (Zini wi) / nt=Ziyi Wi
ur=mr/nr=my/(Ein)=me/ (Eimi/ w)=1/Cixi/ w)
Note that: xi = mi/ mt = njwi/( NTut) =i wilur
In order to model gas behavior in a mixture, Dalton has assumed the following:
- Molecules of each component occupy the whole mixture volume V, since they are
free to move everywhere

— Temperature of each component is the same as that of the mixture T, due to
collisions between molecules of different components

— The pressure exerted on the walls containing the gas mixture due to the impact of
molecules of component i alone, also called partial pressure P;, is less than mixture
pressure P. In fact: P = ZP.

Hence, applying ideal gas equation for each component: P; V = nj R T. Summing over all
components gives P V = nr R T. Dividing the first relation by the second gives: Pi/P = yi.

Amagat has used another model in which each gas component i occupies a partial volume
Vi, such that V = ZVi. ; while each component has the same pressure and temperature of the
mixture. Applying ideal gas equation for each component and summing as above: Vi/V = yi.
This is the reason why mole fractions are sometimes called volume fractions.

4.7.2. Calorific equation of state
For ideal gas mixtures, specific and molar calorific properties are obtained by summing
corresponding properties for each component i, assumed it to be at the same temperature as the
mixture, each multiplied by either its mass fraction xi (to get specific properties per unit mass)
or its mole fraction yi (molar properties to get specific properties per kmole).

Unix(T) = 65U (T) - i (M) = 260 (7)) Comnin(T) = i XiCoi(T) - Cumin(T) = 2y xi04i(T)
Umix(T)=ZiyiUi(T) P (T) = 2 il (T) CPmix(T):ZiinPi(T) Cvmix(T)=Ziinvi(T)
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Solved Examples 4: Pure substance and the equations of state

Example 4.1 Compare the specific volume of superheated steam calculated using the ideal
gas equation with the value given by steam tables for the following states: a) 1 bar, 150°C
b) 275 bars, 440°C.
Answer:
The ideal gas equationisPv=RT,R=R/u
For steam (H20): u=1*2+16  =>» R =8314/18 J/kg.k

a) Vaideal = RTa/Pa = (8314/18)*(150+273)/(1*10°) = 1.954 m®/kg
Form steam tables Va tables = 1.937 m3/kg
Hence the percentage error of the ideal gas eq. = 0.87%
Note that the error is small because the pressure is rather small, which provides good
conditions for the application of the ieal gas model.

b) Vb ideat = RTo/Pp = (8314/18)*(440+273)/(275*10°) = 0.01197 m®/kg
From steam tables at P = 275 bars = ‘ 250 bar ‘ 300 bar

By interpolation v | 0.0086986 | 0.0062267

Vb = (275 — 250)* (V300 —V250)/ (300 — 250) +vas0
= 0.00746 m*/kg
Hence the percentage error of the ideal gas eq. = 60.4%
The error is large due to the high pressure, which is close to the critical pressure. Hence
the ideal gas model is not applicable.

Example 4. 2 Wet steam at a pressure of 3 bars and a quality of 0.2 enters a heating tube
where it evaporates at constant pressure. If the quality of the steam leaving the tube is 0.9,
calculate the integrals [Pdv , JvdP, the flow work and heat exchanged.

Answer:
The integral 11 = [Pdv
Since P = const., then 1= P (v2 —v1)
To get va: V1 =X1 Vg + (1 —X1) Vs given: x1 = 0.2
At P = 3 bar from saturated steam table vq = 0.6057 m3/kg, vs = 0.00107 m®/kg
=2 vi =0.122 m¥/kg
To get va: V2 = X2 Vg + (1 —X2) V¢ given: x2 =0.9
= vz =0.545 m/kg
I1= 3*10°*%(0.545 — 0.122)/1000 = 126.9 kJ/kg
The integral I = - fvdP
Since P = const., then 1>=0.
The flow work fu: fw = Pav2 —P1v1 = P (v2 —v1) = 126.9 kJ/kg
The process work w: w =11 -fy =0 (No means to exchange work inside the tube)
The heat q:
Since the quantity of steam that has evaporated in the tube is (x2 — x1) for each kg of mixture,
and since the latent heat of evaporation hsy at 3 bars is (from saturated steam tables): 2164
kJ/kg hence
q = (X2 — X1) htg = 0.7*2164= 1514.8 kJ/kg
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Example 4. 3 Calculate the specific volume of water at the following states: P= 20 bars,
Saturated liquid; b) P= 20 bars, t= 200°C; ¢) P= 100 bars, t= 200°C

Answer:
a) From saturated temperature steam tables:
P | 1908 | 2320
Vs ‘ 0.001173 ‘ 0.001190

vs = 0.001173+ (20 — 19.08)(0.00119 - 0.001173)/(23.20 — 19.08)
=0.0011735 m3/kg
(Note: one could have also used saturated pressure tables)

b) At 20 bars, saturation temperature is: 212.42 < 200°C. Hence water is subcooled.
But the degree of subcoolilng is small. We can use saturated tables at the same
temperature:

From saturated steam tables at t= 200°C
vi = 0.001157 m3/kg

c) Water is at a very high pressure. From subcooled steam tables at P= 100 bars, t=

200°C
vi = 0.001148 m3/kg

Example 4. 4 Using the compressibility chart, find the temperature of CO> at the following
states: a) P= 67 bars, v = 0.0118 m®kg; b) P= 150 bars, v = 2.02*10** m3/kg; c) the critical
point.

Answer:

Critical values for CO», as obtained from standard thermodynamic tables are:
Pc = 73.9 bar, Tc = 304.2 K, vc = 0.0943 m3/kmol

Case a):

Pr = P/P; = 0.9066

VR =V P¢/R Tc = 1.517; (R for COz is 8314.5/44)

Hence from compressibility chart:

Z=0.92

Hence Tr=1.5,i.e. T=456 K
Case b):

Pr=P/P.=2.03

VR =V P¢/R Tc = 1.517,

Hence from compressibility chart:

Z=04

Hence Tr =1.32,i.e. T=400 K

Case ¢):

P= P, =73.9 bar, v = v¢ = 0.002134 m%kg; Pr =1

The critical point is clearly marked on the chart, giving
Tr=1 hence T=T:=304.1K

Example 4.5 Repeat calculations of Example 4. 4 using the ideal gas equation and the Van
der Waals eg. and in each case estimate the error of each predicted value with respect to
the value given by the compressibility chart. In addition, find the same results at the critical

point.
The ideal gas eq. is Pv=RT ------ (1)
The Van der Waals eq. (Pr + 3/Vrm?) (3 VRm — 1) = 8 Tg ------- (2)
For ideal gas:
State | P(oar) | v | T | %error
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a 67 0.0118 420 8%

b 150 2.02*10% | 160 60%

c 73.8 |0.002134 | 83.3 72.6%
Notice that for state (a) the specific volume is about 4 times greater than the critical
volume, which means density is rather low, i.e. the ideal gas equation should give a
rather small error. But for states (b) and (c), the specific volume is very small (high
density) which gives a very big error.

For VDW eq.:
State | P (bar) v Pr VRm TR T % error
a 67 0.0118 0.908 4.05 1.52 463 1.4%
b 150 | 2.02*10* 2.03 0.69 1.11 339 15.2%
c 73.8 | 0.002134 1 0.73 0.98 300 1.4%

Notice that VDW equation is significantly better than the ideal gas equation for all
states, although not always correct (case b). The rather good result at the critical point
is due to the fact we have imposed on this equation to satisfy it.

Example 4. 6 A gas mixture having the following gravimetric analysis 70.5% N2, 29.5%
CO2 is at 3 bars and 150°C. Find the mixture molecular weight, the volumetric analysis
(the mole fraction), the partial pressure of each gas, and the mixture specific volume.

Answer:
The mixture molecular weight pr = 1/ (Zi i / pi)

=1/((0.705/28) + (0.295/44)) = 31.365
The mole fraction is obtained from y; = Xi pu/p;i

For N2 = yn2 = 70.5*31.365/28 = 79%

For CO> => ycor = 29.5*31.365/44 = 21%
The partial pressure follows the relation Pi = y; Pmix

For N2 = Pn2=0.79*3 = 2.37 bars

For CO> = Pco2=0.21*3 =0.63 bars

The mixture specific volume follows the relation Vmix = RTmix/Pmix
Vimix = (8314/31.365)*(150+273)/(3*10%) = 0.374 m3/kg

Example 4. 7 A membrane separates a rigid tank into two rooms. Room A contains 0.4 kg
of Oz at 2 bar and 80°C. Room B contains 0.9 kg of CO at 1.2 bar and 50°C. The
membrane ruptures; gases are mixed and left until their temperature reaches that of
ambient air 27°C. Find the final pressure as well as the partial pressure of each gas.

Answer:

For O. p=32; R =8314/32 = 259.8 J/kgK

For CO p = 28; R = 8314/28 = 296.9 J/kgK

Hence the volume of each room can be obtained from the ideal gas eq. PV=mRT:

Va = 0.4*259.8*(80+273)/(2.0*10°) = 0.1834 m®

Vg = 0.9%296.9*(50+273)/(1.2*10°) = 0.7193 m®

Hence total tank volume V = Va + Vg = 0.9027 m?

In order to obtain mixture molecular weight as well as partial pressures, we need first to get
mol fractions (also known as volume fractions). Note that volume fractions are NOT Va/V and
Ve/V. They are obtained as follows:

Moles of O2: na =0.4/32 = 0.0125 kmol

Moles of CO: ng =0.9/28 = 0.0321 kmol

Volume fraction of O2: ya =0.0125/(0.0125 + 0.0321) = 0.28 (28%)
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Volume fraction of CO: yg =1-0.28 =0.72 (72%)

Hence pmix = Zi i ni = 0.28 * 32 +0.72 * 28 = 29.1

Mixture pressure can be obtained from the ideal gas equation :
Pmix = (0.4+0.9) * (8314/29.1) * (27+273) / 0.9027 / 10° = 1.23 bar
Parial pressure of O2: Pa =0.28*1.23 = 0.345 bar

Parial pressure of CO: Pg = 0.72*1.23 = 0.888 bar

Example 4.8 A 35 litre rigid tank contains initially 4.2 kg of Oz at 50 bar. The tank has a
safety valve that is adjusted to open if the pressure reaches or exceeds 55 bar. The tank
recieves heat, which raises its pressure. The safety valve opens to relase 10% of the initial
mass. Find initial and final temperatures assuming the gas obeys the following equation of
state: a) ideal gas; b) Van Der Waals.

Answer:
The initial specific volume is: v1 = 0.035/4.2 = 8.33*10°m?%kg
Final specific volume is: v2 = 0.035/(4.2*0.9)= 9.26*10°m%/kg
Specific gas constant R = 8314/32 = 259.8 J/kgK
a) Gas follows ideal Gas equation Pv = RT
Initial temperature Ty = 50*10° * 8.33*10%/(259.8*4.2) = 160 K
Final temperature T, = 55*10° * 9.26*10%/(259.8*4.2*0.9) = 196 K
b) Gas follows Van Der Waals equation (VDW) (Pr + 3/Vrm?)*(3Vrm — 1) = 8Tr
Critical constants for O2: P = 50.4 bar; Tc = 154.6 K
Vem = 3/8 R T / Pc = 2.99*10° m¥/kg
Initial reduced specific volume: Vrm1 = V1 / vem = 2.79
Initial reduced pressure: Pr1 = P1/Pc = 50/50.4 = 0.992
Hence by substitution in VDW equation: Tr1 = 1.27; Ty = Tri*Te = 196 K
Final reduced specific volume: Vrm2 = V2 / vem = 3.1
Final reduced pressure: Prz2 = P2/Pc = 55/50.4 = 1.09
Hence by substitution in VDW equation: Trz = 1.46; T2 = Tro*Tc = 225 K

Example 4.9 A rigid tank of volume 1m?® contains 2kg of H2O initially at 3 bar. Tank is

cooled until its temperature reached 105°C. Find the full initial and final states of steam.

Answer:

Since tank is rigid, initial and final specific volumes are: vi=v,=V/m=1/2=0.5m%kg

At P=P1=3 bar, vi= 0.001073 m®/kg, vg1= 0.6058 m®/Kkg.

Since vi<v<vg, hence tank contains wet steam.

Hence T1 = Tsat = 133.55 °C

X1 = (V1 — vr)/(Vgr — vr1) = 0.825

At T=T,=105 °C, vi,= 0.001047 m3/kg, vgo= 1.4194 m3/kg.

Since vi<v<vg, hence tank contains wet steam.

Hence P2 = Psat = 1.208 bar

X2 = (V2 — vi2)/ (Vg2 — V2) = 0.352

Example 4. 10 A rigid tank of volume 0.6 m® contains 0.05 kg of wet steam at 40°C.
Extraction of 0.003 kg of saturated water has resulted in a pressure decrease, which was
accompanied with heat transfer to reach equilibrium at a final mixture temperature of 30°C.
Find initial and final masses of both saturated water and saturated steam.

Answer:

Initial specific volume vi = 0.6/0.05 = 12 m3/kg

Initial saturation specific volumes: v = 0.001008 m3/kg; vg1 = 19.523 m®/kg
Hence initial dryness fraction: x1 = (v1 — vf)/(Vg1 — vi1) = 0.6146
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Hence initial masses: mg1 = x1*m1= 0.0307 kg; ms=(1-x1)*my = 0.0193 kg

After extracting 0.003kg of saturated water, the total mass has decreased to:

mz = 0.05 —0.003 = 0.047kg

New specific volume = v, = 0.6/0.047 = 12.766 m%Kkg

Extraction of a certain amount of saturated liquid has resulted in a pressure decrease and
hence a temperature decrease. At the new lower pressure and temperature, depending on new
saturation values, evaporation or condensation may occur.

At final state (T=30°C):

Final saturation specific volumes: v, = 0.001004 m3/kg; vg2 = 32.893 m®/kg

Hence Final dryness fraction: X2 = (V2 — v2)/(Vg2 — vi2) = 0.388

Hence Final masses: mg2 = x2*mo= 0.01824 kg; mp=(1-x2)*m2 = 0.02876 kg

Example 4. 11 A vertical frictionless piston and cylinder arrangement contains R22, having
an initial volume of 140 liters. Piston mass is 40 kg and diameter is 10 cm, while
atmospheric pressure is 1 bar. Heat was added to R22 to raise its temperature from — 25°C
to — 10°C. Find final pressure and volume, mass as well as heat and work exchanged.
Answer:

A vertical frictionless piston and cylinder arrangement means the process is conducted at
constant pressure.
Initial and final pressures are: P atmospheric + piston mass*g/piston area
=1+ 40%9.8/(n (0.1)%/4)/10° = 1.499 bar
From R22 superheat tables at point 1: 1.5 bar, — 25°C; point 2: 1.5 bar, — 10°C
vi=0.15236 m?/kg; ui= 373.36 kJ/kg; vo= 0.16296 m?/kg; u.= 381.31 kJ/kg
Hence:
R22 mass m =V /vy =0.14/0.15236 = 0.9186 kg;
V2 =m vo=0.14974 m®.
Work W =P (V2 — V1) = 1.5*10° (0.14974 — 0.14)/1,000 = 1.461 kJ
Heat Q =m (u2 — uy) + W =8.766 kJ
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5. Applications of First Law
5.1. Closed system processes
Most common processes will be studied in this section, which are usually performed at a
constant property. For simplicity, electrical, magnetic, chemical ... effects will be neglected.
Unless otherwise stated, the only possible form of work is that of changing volume. Similarly,
kinetic and potential energies will be neglected, unless explicitly stated.
5.1.1. Isochoric (or constant volume) process
For a quasi-equilibrium process, work is zero (Figure 5-1), hence: g2 = U2 — us.
For an ideal or semi-ideal gas, this gives (in addition to P2/P1 = T2/T1):

Quz=Uz—U1= ITle 6, (T)T = J.TTl2 [ep(T)~RT =ho —hy —R(T2 - T2).

For moderate AT : uz—u1=¢y (T2—T1);
5.1.2. Isobaric (or constant pressure) process
For a quasi-equilibrium process (Figure 5-2), work is wi2 = [P dv = P(v2 — v2); hence:
Ju=Wi+U2—Ur=P(v2—Vv2) +u2—ui=ha—hy
The appearance of enthalpy in a closed system process is merely a coincidence. For ideal
or semi-ideal gases this gives (in addition to: v2 / vi = T2/ T1):

quz=hz—h1= jTTf cp(T )AT . For moderate AT : h, —hi=cp (T2 — Ta)

5.1.3. Isothermal (or constant temperature) process
If a gas expands (or is compressed) very slowly such as to let heat be exchanged sufficiently
with its surroundings, its temperature may be kept constant.
For an ideal or semi-ideal gas this means that its internal energy also remains constant, i.e.:
012 — w12 = 0. Since for an ideal or semi-ideal gas PV = RT = constant, work of changing
volume is (Figure 5-3):
wy, = [ Pdv=RT [ dv/v=RT In(v, /v;)=RT In(R,/P,)
5.1.4. Adiabatic (no heat exchanged) process
If the system was thermally insulated, or the process was too fast for heat transfer to take
place heat can be neglected: — w12 = u2 — uz (Figure 5-4).
For a system containing ideal gas undergoing an adiabatic quasi-equilibrium process and
the only form of work was that of changing volume:
Pdv=rc/dT;
I.e. using ideal gas equation of state:
cowdT/T=-Rdv/v ;
Hence by integration:
In (T2/Ty) =— (Rlcy) In (Valv)) = To/Ty = (o /v, X% = (vy /v, )7
Since cv =R/ (y—1). Using state equation applied at points 1 and 2 we get:
Tvi=Const; T/P(Yv=Const; PV =Const.
Work is :
— W12 = U2 — U1 =Cy (Tz — T1) = (Cv/ R) (P2V2 — P1V1) = (P2V2 — P1V1) / ('y — 1)
5.1.5. Polytropic process
Many processes can be represented by a general relation (Figure 5-5) in the form:
P V" = Const. where n is the index. The process is called a polytropic relation. This is
NOT the most general process, although many processes are special cases of it, such as
isochoric (n=00), isobaric (n=0), isothermal (n=1) and adiabatic (n=y).
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Work of changing volume can be deduced from the process relation, assuming quasi-
equilibrium and n = 1 as follows:

W, = [2Pdv = B! [V v = R v —1vs )/ (n—1) = (Ry, — Pov, )/(n 1)

For the case n = 1, the result is the same as that deduced earlier for the isothermal process.

5.2. Open system processes

Fluid flow across an open system may be steady or unsteady. A steady flow process is
defined as an open system process during which all properties at any point in the system are
time independent. Properties may be different at different points, but each is constant in time.
This means that mass flow rate at inlet is equal to that at outlet, in order for system mass to be
constant. As in the previous section, electric, magnetic and chemical effects are neglected, as
well as kinetic and potential energies unless explicitly stated.

5.2.1. Steady flow in ducts (without heat or work)

Since g =w = 0 ; min = ritout and d(.)/dt = O; First law reads:

(h+ % v? + g2)in = (" + Y2 V2 + gz)out . Buth =u + Pv, Hence:

Au+APV+A (V) +A(gZ)=0

For a liquid, if friction was negligible, temperature remains constant, hence : Au=0 i.e.:

Palp2 + V222 + gz2 = P1/p1 + v1?/2 + gz1 ; which is called Bernoulli’s Equation. It is valid if
and only if it was for a liquid in a steady adiabatic flow without friction or work. For gases,
potential energy is negligible, hence: h2 — hy + (V22 — v12) /2 = 0. The latter is valid for adiabatic
steady flow without work exchange and with or without friction. In a duct of variable cross
section, velocity (and hence kinetic energy) may change due to the mass balance (see section
2-10). A duct is called converging (or diverging) if its cross-sectional area decreases (increases)
along flow direction. If velocity increases (decreases) along the flow it is called a nozzle
(diffuser).

5.2.2. Steady flow in heat exchangers

Heat exchangers are equipment to exchange heat between two fluids. They are usually
thermally insulated from ambient to prevent losses (unless ambient air was one of the two
fluids). No work is exchanged except that of overcoming friction, which is usually negligibly
small compared to heat exchanged. Same goes for kinetic and potential energies. Three different
systems may be studied (see Figure (5-6)). System A (or B) is the zone occupied by fluid A (or
B) inside the exchanger. Finally, system C encompasses the whole exchanger. First law for each
system is:

System A: mA(hA,out Aln) QA

System B: mB(hB,out Bln) Qs Note: Q=-Q5
System C: rhA(hA,Out - hA,in)— —rﬁB(h&out - hB,in) Note: (sum of previous balances)

Mixers are equipments where two or more fluids that may have different enthalpies are
mixed. They are also usually thermally insulated with negligible work exchange. They are
governed by the following energy and mass balances:

Z mlout iout — Z mjln jin Zimi,outZijj,in
5.2.3. Steady flow in work exchanging devices
Equipment exchanging work with fluid energy, in a steady flow process, are depicted in
Figure (5-7). If work is obtained from fluid, they are called turbine. If work is done on the fluid,
they are called a pump (for liquids), a compressor (gas, high pressure), a blower (gas, moderate
pressure) or a fan (gas, negligible pressure). Usually: —w = h, —h1. Compressors are sometimes
cooled to reduce work, in which case: q —w = h, — hy. For fans:
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—-w=hy—-h1 + (Vz2 - V12)/2

5.2.4. Throttling process

If an obstacle obstructs fluid flow (Figure 5-8) then fluid pressure drops across the obstacle,
which is called throttling process. It is encountered in valves. Usually, device is too small to
allow heat exchange, or to manifest potential energy variation. Unless fluid was gas manifesting
large pressure drop, Kinetic energy variation is also neglected. There is no mean for work
exchange; hence the process is done at constant enthalpy. If the fluid was ideal or semi-ideal
gas then temperature remains constant. For real gases, temperature may increase or decrease.
Joule and Thompson have conducted the following experiments (Figure 5-9):

— Throttling at constant enthalpy (insulated system) to measure temperature variations
for real gases at constant enthalpy (Figure 5-10)
— Throttling with heat transfer to get constant temperature.
Experiments have produced the following Joule-Thomson coefficients:
Joule-Thomson coefficient u = (0T / oP)|n
Joule-Thomson coefficient ur = (6h / oP)|r
All properties of real gases can be deduced from these coefficients as shown in Part I1.

5.2.5. Unsteady flow
Filling or emptying gas tanks are important special cases of unsteady flow. If a tank of

volume V initially containing a mass Mpefore and internal energy Unefore Was connected to a line
where gas flows at higher pressure, enthalpy hiine and velocity viine, tank will be filled by a mass
Min to reach a mass maser and internal energy uaster. NO Work is exchanged in such process.
Energy and mass balances give:

Q = Mafter Uafter — Mbefore Ubefore — Min (hline+1/2 V2Iine) » Min = Mafter — Mbefore

Note that tank specific volume changes from Vbefore = V / Mpefore 10 Vafter = V / Mafter .

Hence, energy and mass balances, in addition to equations of state written at initial and final
conditions, provide sufficient relations to solve such problem.

As for emptying, process is usually very fast leaving no room for heat exchange. It would
be easier in this case to consider the closed system containing the mass that will fill the whole
tank at the end of emptying process. This mass initially occupies part of tank volume. It
undergoes an adiabatic expansion. For simplicity, it may be considered reversible.

5.3. Problem solving methodology

Since energy plays a key role in most natural and industrial phenomena, dealing with energy
problems usually requires a global vision according to a methodology proposed here. It consists
of asking ourselves 7 questions, the answer to which will give us this global vision.

The first 3 questions form a group to be considered simultaneously:

Question 1: What is the system?

All studied laws are applied to a given system. Heat and work are, by definition, energies
crossing system boundaries. Hence, system must be chosen judicially such as to have as many
unknowns as necessary (no more, no less). Sometimes it is better to consider a large system
containing many elements to eliminate interactions between them from the unknowns list.
Sometimes many systems are considered concurrently to get as many equations as unknowns.

Question 2: What are conservation laws involved?

In other words, are there mass, momentum, charge or energy exchanges?

Question 3: What are energies involved?

Deciding whether heat and/or work exchanges are involved is usually a key decision in
problem solving. For each of them there are 3 conditions that are all needed to decide whether

98



work and/or heat are present, which were amply described in chapter 3. A decision must also
be made about the presence or absence of other forms of energy changes (internal energy,
enthalpy, kinetic and potential energies ...).

The second group also contains 3 questions that need to be considered simultaneously:

Question 4: What is the process?

Is it a constant property process? Is it a steady flow process? ...

Question 5: What are known initial and final states?

Make a complete list of available properties. If the number of state properties at initial (or
final) state was sufficient, all other properties are considered as known. Process nature may
give a useful relation between initial and final state properties.

Question 6: What is the model used to relate state properties?

Is it an ideal (or semi-ideal) gas (low pressure and/or high temperature)? Is it a two phase
mixture? Can we use equations of state or should we use thermodynamic tables? This question
has an impact on the previous one, since specifying wet vapor pressure for instance immediately
gives its temperature.

Last question is separate:

Question 7: Are there any extensive data?

If all state properties given are intensive and if either work or heat are not given or any of
them is given per kilogram then it is only possible to calculate intensive properties and/or work
or heat per kilogram. If, however, any extensive property is given (for instance mass or volume)
or if either work or heat is given, then we can calculate other extensive properties and/or heat
or work. If, finally, more than one extensive property was given, their ratio may give a useful
specific property.
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Solved Examples 5: The first law of thermodynamics

Example 5.1 A 1 m? rigid vessel containing 10 kg of steam is initially at 15 bars. The
vessel is cooled by extracting 10 MJ of heat. What are the final pressure and temperature in
the vessel?

Answer:

System: steam in the vessel (closed)

Conservation: Only energy

Energies: Heat, internal energy.

Process: constant volume

Properties: State 1 complete: m, V (hence v), P. State 2: only V.
Model: Steam tables

Extensive: yes: m, V, Q

The first law for a closed system without KE or PE changes:
Qu-Wi=U-U;
But, W =0, so for 1 kg we have:
(12 = U2 — Uz
At the initial state: P; = 15 bar, vi = 1/10 = 0.1 m%kg (this corresponds to wet steam since at 15
bar vgi> v1)

To get the quality xu: Vi = X1 Vg1 + (1-X1) v
Knowing that at P, = 15 bar; Vg1 = 0.1317, vy = 0.001 m3/kg =» x1 = 0.7575
Hence to get ua: U1 = X1 Ug1 + (1-X1) Un

Knowing that at P1 = 15 bar; Ug = 2595, un = 843 kJ/kg = u;= 2170 kJ/kg
But g12 = Q/m = -10000 kJ/ 10 kg = -1000 kJ/kg
Then from the first law u, = 2170 — 1000 = 1170 kJ/kg
Initially, we had wet steam; after cooling, final phase might be either wet or liquid.
At final state we have wet steam since v, = v1 > 0.001 m3/kg
So we obtain the following equations:
Uz = 1170 = X2 Ugz + (1-X2) Ugp -------- (D)
Vo =vy =0.1=x, Vg2 + (1-X2) Vip ==---- (2)
The unknowns are x», P> (from which we can get ug, Ur, Vg2, Vi2)
By trial and error:
Assume P, =5 bar (ugp = 2562, up = 639, Vg = 0.3748, vi, = 0.001093)
Fromeq. 1: x, = 0.276, from eq. 2: X, =0.2648
Assume P, = 6 bar (ugp = 2568, up, = 669, vg = 0.3156, v, = 0.0011)
From eq. 1: x, = 0.2638, from eq. 2: xo = 0.3147
Eq.1 is arelation between P, and X, that can be drawn (assuming it to be a straight line) knowing
two points: (5 bar, 0.276), (6 bar, 0.2638)
Similarly, for eq.2 we have the points: (5 bar, 0.2648), (6 bar, 0.3147)
The solution is obtained at the intersection: P, = 5.18 bars, x, = 0.2737
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Example 5. 2 Steam enters a steam turbine at 3bar and 250°C and a rate of 15 kg/s. It leaves
the turbine at 0.15 bar giving a power of 6.6 MW. Find the outlet temperature, and quality
if wet.

Answer:

System: steam in the turbine (open, steady flow)
Conservation: Only energy

Energies: Work, enthalpy.

Process: unknown

Properties: State 1 complete: T, P. State 2: only P.
Model: Steam tables

Extensive: yes: m, W

The first law for steady state open system neglecting KE, PE
Q12 - W2 = (ha — hy)
But, usually for a turbine g = 0, so for 1 kg we have:
-Wi = (hz - hl)
At initial state: P, = 3 bar, t; = 250°C =>from steam tables h; = 2968 kJ/kg
Wi = 6.6 * 1000 / 15 = 440 kJ/kg
So from the first law we get h, = 2968 — 440 = 2528 kJ/Kkg (this corresponds to wet steam since at
0.15bar: hg > hy)
At P2=0.15bar hy = 2598.5, ht = 226 kJ/kg (by interpolation)
Then h, = 2528 = thg + (l — Xz) hs = x, =0.97
The saturation temperature corresponding to 0.15bar is from table: 53.95°C.

Example 5.3 Oxygen (O) is being compressed in a piston cylinder arrangement from 1 bar
and 30°C to 5bar according to the relation Pv*3 = constant. Find the final temperature, the
work and heat interaction assuming: a) Ideal gas; b)Semi-ideal gas, the constant pressure
specific heat being temperature dependent according to: ¢, (T) = 37.432 + 0.0202 6*° —
1.78.57 6°1° + 236.88 02 kJ/kmol.K, where 6 = T/100 K.

Answer:

System: O inside the cylinder (closed)
Conservation: Only energy

Energies: Heat, work and internal energy.
Process: polytropic n=1.3

Properties: State 1 complete: T, P. State 2: only P.
Model: Ideal and semi ideal gas

Extensive: No

The first law for closed system neglecting KE and PE reads:
Q2 —Wi2 =U2— U
Where w1, = [Pdv, and knowing that Pv'* = constant
W12 = (P1V1 — P2V2)/ (n -1) =R (T1 — Tz)/ (n — 1)
(Since Pv = RT for both cases a and b)
To get T, for both cases a and b:
TolT. = (Pz/P1) (-1
T2 = (273+30) (5/1) @313 = 439.3 K
Hence we can calculate the work:
w2 =R (T1 - Tz)/ (n - 1)
= (8314/32) (303 —493.3)/ (0.3*1000) = - 118 kJ/kg
Case a:
Up—Ui=¢Cy (T2—Ti)
Wherec, =R/ (y-1) =>(y = 1.4 because O is diatomic)
= (8314 /32) / (0.4*1000) = 0.6495 kJ/kg.k
. Uz — U1 = 0.6495 (493.3 — 303) = 88.53 kJ/kg
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And hence g2 = 88.53 — 118 = -29.47 k/kg
Case b:
Uz — Uz = fcdT
Where ¢, =c¢,— R=(cp—8.314) / 32
Substituting and integrating we get:
S Uz2—ur = 91.76 ki/kg
And hence 012 =91.76 — 118 = -26.24 kJ/kg

Example 5.4 An airplane is flying at a velocity of 800 km/h in an atmosphere at 0.6bar,
10°C. The first step of the jet propeller is a diffuser having an area ratio of 20. If air enters
the diffuser at a rate of 20 kg/s and leaves at a velocity of 10 m/s, find the inlet and outlet
areas, the outlet pressure and temperature and index of the process assuming it is
polytropic.

Answer:

System: air in the diffuser (open system moving with the airplane, steady flow)
Conservation: mass and energy

Energies: Enthalpy and Kinetic energy.

Process: polytropic with unknown n

Properties: State 1 complete: P, T and vi. State 2: only v..

Model: ideal gas

Extensive: yes:

The first law for a steady state open system neglecting PE changes:
012 — Wiz = (h2 — hy) + %2 (Vo2 — v4?)
But in the diffuser qi2 = w1, =0
S ho—hi =% V12 —V22 =Cp (TZ - Tl)
The conservation of mass for steady state gives:
m=p1ViAL=p2V2 A
. p1= 11 = P4/RT, = (0.6*10°*28.97)/ (8314*283) = 0.7388 kg/m?
Then A; =rh/p; vi= 20/ (0.7388*800/3.6) = 0.1218 m?
And A, =20A;1=2.436 m?
To get T substitute in the first law
. T2 =283 + ((800/3.6)? — 10%)/ (2*1004) = 307.5 K
To get P, we first have to calculate p, from the mass balance
p2= 20/ (2.436*10) = 0.821 kg/m?
Hence from the ideal gas relation
P2 = RTa/v2 = RTp2 = 8314*307.5*0.821/ (28.97*10°) = 0.7245bar
Finally to get the index: (T2/T1) = (P2/Py) ™D
(n-1) /' n =1In (T2/T1) / In (P2/P1) = 0.44
n=1.786

Example 5.5 In an insulated mixer enters 12 kg/s of CHs at 5 bar and 120 °C and 6 kg/s of
O2 at 5 bar and 30 °C. The mixture leaves at 4 bar. If the constant pressure specific heat of
CHas = 2.254 kJ/kg K, while that of O is 0.9216 kJ/kgK, find the mixture mass flow rate,
temperature and specific heat ratio.

Answer:

System: gases inside the mixer (open, steady flow)
Conservation: mass and energy

Energies: enthalpy.

Process: mixing

Properties: Inlet states complete: P, T . Outlet state 2: only P.
Model: ideal gas

Extensive: yes: m
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In the absence of heat, work, KE and PE the first law for the mixer (steady state open system):
(72 h)cha + (i D) 02 = (1 W) mix
And the conservation of mass gives:
Hicha + Moz = Fimix = 12 + 6 = 18 kg/s
Assuming ideal gases we have h = ¢cpt (taking 0 °C as a reference)
But cp mix= Zi Xi Cpi = (12/18)*2.254 + (6/18)*0.9216 = 1.81 kJ/kg
Substitution in the first law we get tmix
tmix = (12*2.254*120 + 6*0.9216*30)/ (18*1.81) = 104.7 °C
Ymix = Cp mix / Cy mix
Cvmix = 2i Xi Cvi
CvcH4 = Cpcha — R cha = 2.254 — (8314/16) =1.734 kJ/kg K
Cvo2 = Cpo2— R 02 =0.9216 — (8.314/32) = 0.6618 kJ/kg K
“Cumix = 1.377 kJ/kg K, ymix = 1.314

Example 5.6 An insulated tank having a volume of 0.5 m? contains CO; at 1 bar and 30 °C.
The tank is filled by connecting it to a line where CO> flows at 7 bar and 45 °C, until the
pressure is equalized. Find the final mass and temperature in the tank.

Answer:

System: CO2 in the tank (open, NOT steady state)
Conservation: mass and energy

Energies: enthalpy, internal energy.

Process: constant volume, but different masses

Properties: State 1 complete: P, T. Inlet gas complete P, T.
Model: ideal gas

Extensive: yes: V

Subscriptb means before filling
a means after filling
I means in the line
The general expression of the first law neglecting KE and PE and noting that no mass leaves the
tank becomes:
Q12 — W12 + mihy = Malla - MpUp
But here Q12=W1, =0 =>» mih; = Mala - MpUp
From the mass balance we have:
M =Ma-Mp
Substituting in the first law:
(Ma - M) i = Mala - MpUp
Assuming ideal gas (h = ¢, T, u = ¢,T) and dividing by c,
(Ma - Mp) y Ty = MaTa - MpTp -=------mmm--- 1)
For CO- take y = 1.33 because it is triatomic.
To get my, use the ideal gas relation PV, = mpRTp
mp = 1*10°*0.5*44/ (8314*303) = 0.8733 kg
Similarly, for m, we have:

MaTa = PaV/ R = 7*10°%0.5*44/ 8314 = 1852.3 ------- 2
Substituting in (1) we get:
ma = 4.6275 kg

And hence from (2) T.=400.3 K=127.3°C

Example 5. 7 In a throttling calorimeter, the quality of wet steam (having a high quality)
can be calculated knowing the following: Pressure before throttling = 30 bar, pressure after
throttling = 1.2 bar and temperature after throttling = 150 °C. Find the quality before
throttling.
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Answer:

System: steam in the calorimeter (open system, steady flow)
Conservation: Only energy

Energies: enthalpy.

Process: constant enthalpy

Properties: State 1: P. State 2: complete P, T.

Model: Steam tables

Extensive: No

In a steady state open system where throttling occurs, g:2, wi2 and PE can be neglected. If we neglect
KE also, we get from first law:

h2 = hs
From table at t = 150 °C: p | 1 bar | 1.5 bar

h | 2777kIkg | 2773 kl/kg

Hence by interpolation we find at P, = 1.2 bar: h, = 2775.4 kJ/kg
Then h; = thgl + (1-X1) hy =hy, =2775.4 kJ/kg
But at P; = 30 bar hy = 2803 hs = 1008 kJ/kg = X =98.5%

Example 5.8 A membrane separates an insulated rigid tank into two rooms A and B. Room
A contains 1 kg of N at 3 bar, 20°C. Room B contains 3 kg of H; at 3 bar, 50 °C. If the
membrane ruptures and the two gases mix, find the mixture pressure and temperature. Find
also the partial pressure of both gases in the mixture

Answer:

System: 3 systems: Room A before mixing, Room B before mixing, Tank after mixing (closed)
Conservation: mass and energy

Energies: Internal energy.

Process: constant total volume

Properties: State 1 complete: P, T for both A and B, State 2: none (except from process).
Model: Ideal gas

Extensive: yes: m

Since total volume remains constant, we need to know the volumes of A and B before mixing
Since total internal energy remains constant, we need to know that of A and B before mixing
System A:
Va=maR Tal pa Pa=0.29 m?
Ua =ma Cy n2 Ta =218.226 kJ (CV n2 = 0.7448 kJ/kgK)
System B:
Ve=mgR Ta/ s Pe=13.43m3
Ug =mMg Cy 2 Te = 9772.65 kJ (Cv He = 10.085 kJ/kgK)
System: whole tank:
From the mass balance: ma+ mg = Mpix => Mnix = 4 kg
From the first law since q:2 = w12 = 0 and neglecting KE, PE

Ma Ua+ Mg Ug = Miix Uiy ============- 1
Finally the tank volume is the sum of the volume of both rooms:

Va + Vg = Viix =======mmmmmmmmmmmm oo (2)

Cvmix = Zi Xi Cvi = 0.7448*1/4 + 10.085*3/4 = 7.75 ki/kg K
We get directly from eq. (1): Tmix = 322.3 K=49.3 °C
Finally substituting the ideal gas relation PV = mRT in (2)
Vimix = mmixR Tmix/ Mmix Py ------- (3)
Lmix = 1/ (Zi xil ) = 1/((0.25/28)+(0.75/2)) = 2.605

Hence we find from eq. (3) that Pmix = 2.9996 = 3 bar
The mole fraction of each gas in the mixture can be obtained from yi = Xi zmix/ ti

yn2 = 0.25%2.605/28 =2.33% yrz = 0.75%2.605/2 = 97.67%
And the partial pressure of each gas is Pi= Pmix Vi
Pn2=0.0233*3 = 0.07 bar, Ph2=0.9767*3 = 2.93 bar
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Example 5.9 In Example 3. 2, assuming gas was N initially at 27°C, find heat exchanged,
final temperature as well as spring elastic energy change. Reminder: A piston and cylinder
arrangement, with spring acting on the piston having an initial force just balancing gas
pressure, was heated to increase its volume from 1 to 3 liters. Initial gage pressure 6 bars,
atmospheric pressure 1 bar, cylinder cross sectional area 100 cm? and spring constant
6*10* N/m.

P A
bars

19 2

Q
A ]
/ |—)x

V1 V2 7V

Answer:

System: 3 systems: spring; piston; N inside the cylinder

Conservation: momentum (force balance) and energy

Energies: Spring: work and elastic energy; Piston: work; N,: Work, heat and internal energy.
Process: linear relation between pressure and volume (see proof below)

Properties: for N, State 1: complete P, T, V. State 2: only V.

Model: ideal gas

Extensive: yes: V

System: Spring
Force balance: AF =— k Ax
(F is force exerted by spring, sign of x is as shown in figure)
Energy balance: Work + A elastic energy = 0
A Elastic energy = % k (x2% — x1%)
System: Piston
Force balance: Fspring + Fatmosphere +Fn2 =0
(Signs of forces selected to be force exerted by piston, compared to positive x)
Fspring = K X ; Fatmosphere = Pa *A; Fn2 = —Pn2 * A
(A = Area; P, = Atmospheric pressure)
Hence: APn2 = K AX/A = (k/A%) AV (V = volume)
I.e. relation between Pn2 and V is linear.
Initial force in spring just balanced gas pressure, hence from piston force balance:
kx1/ A + Pa = Pnzinitial
i.e.: X1 = (Pnzinitial — Pa)*A/k = 6*10° * 100*10%/ (6*10*) = 0.1 m
From geometry: Ax = AV /A = (3-1)*10°/100*10* = 0.2m =x2 = 0.3m
System Na:
Energy balance:
Q-W=(Uz—-Uy)
Work is the area under the curve in P-V chart (see figure).
P1=6+1=7 bar
P2 = P1+ APn2 = 7 + (6%10%(100%107%)?) *(3-1)*107/10° = 7+12 = 19 bar
= W = (P1+P2)*AV/2 = (7+19)*10%*(3-1)*10%2 = 2600 J
Uz—Ui=mecy (T2—-Ti)
To get m apply ideal gas equation to initial state:
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P1Vi=mRT1 = m=7*10°* 1*10° *28 / (8314*300) = 0.00786 kg

To get T2, apply the same equation to final state:

P2 V2 = mRT, = T, = 19%10° * 3*107°*28/(8314*0.00786) = 2440 K
cvnz = 0.7448 k/kgK

Uz — Uy = 0.00786 * 0.7448* 1000 *(2440 — 300) = 12500 J

= Q =2600+12500 =15100 J

Increase in spring elastic energy

= Work done by nitrogen on piston — Work done by piston on atmosphere
=W — Pa*A*AX = ¥4 K(X2? — x12) = 2400]

Example 5. 10 A bipolar junction transistor has 3 nodes collector C, emitter E B ¢

and base B. If potentials at C, B are E respectively 5V, 1.7 V et 1V and the

constant currents entering C and B were respectively 200 mA and 4 mA,

and if the transistor was maintained at constant temperature by the cooling E
system, find the work and heat exchanged per second by the transistor.

Answer:

System: Transistor

Conservation: Charge and energy
Energies: Work and heat.
Process: constant temperature
Properties: irrelevant

Model: solid phase

Extensive: yes: |

Charge conservation: sum of entering currents = 0

Ic+Ilg+1e=0

= le = —(0.2+0.004) =-0.204 A

Energy balance:

Q-W =dU/dt

But at steady state, due to cooling, temperature remains stable hence internal energy also
(solid material):

du/dt=0

Power due to electric current:

W =3V;l; =5%0.2 + 1.7*0.004 + 1*(— 0.204)= 0.803 W

Q=W =0.803W

Example 5. 11 Example 5.11 Carbon Monoxide CO is being compressed in a piston and
cylinder arrangement from 1 bar and a specific volume of 0.2 m3/kg to 48 bar in a
polytropic process of index 1.3. What is the work of CO per kg? a) Assuming CO behaves
as an ideal gas, find initial and final temperatures; b) Assuming CO behaves as an ideal gas
only at the initial state, what would be the final temperature as predicted by
compressibility charts?

Answer

System: CO in compressor, closed
Conservation: Energy

Energies: Work, heat and internal energy
Process: Polytropic, index 1.3
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Properties: initial: P4, v1 given = complete; final: P, given (knowing process = complete)
Model: ideal gas in a), real gas using compressibility in b)
Extensive: No

For a polytropic process, model is not required to calculate final v and work:
V2 = v1 (P1/P2)Y" = 0.01018 m®/kg

Work per kg w = | Pdv = Py v1 | dviv" = (P1vi — P2 v2)/(n — 1)
W = (P1vi —Pav2) / (n—1) =—-99.22 kJ/kg

a) Model: All ideal gas:
R =8314.5/ 1= 8314.5 / (12+16) = 296.95 J/kg K

Ti=P1vi/R=67.35K
Same for T, =Py v2/ R=164.56 K

b) Model: Final state is real gas:

First get critical values:

Tc=132.92 K Pc = 34.9 bar (table page 91) = v¢’ = RT¢/Pc = 0.011309 m3/kg
Use compressibility chart (page 106) at Prz = P2/ Pc = 1.375 & Vr2 = V2/ve” = 0.9
GetZ>,~088=getT’= Z>P,v,/R=187K

Example 5. 12 In a refrigerator, 2 g/s of Propane are circulating. Propane enters the
condenser at 14 bar and 60°C. It leaves the condenser as saturated liquid. Find the rate of
work and heat exchanged per second.

Answer

System: Propane in condenser, open, steady flow

Conservation: Energy

Energies: Heat and enthalpy, No Work

Process: Isobaric

Properties: initial: P1, T1 given = complete; final: saturated liquid (knowing process = complete)
Model: Real gas use saturation/superheat charts

Extensive: Only one, mass flowrate m

Energy balance gives (Steady state, No work, neglect kinetic and potential energies):
O = m (h2— hy);

Hence, we only need initial and final enthalpies using tables:
Propane superheat table @ 14 bar, 60°C: h1 = 675.46 kJ/kg
Propane saturation table @ 14 bar: h, = hs = 310.26 kJ/kg

=0=-6944W

Example 5. 13 Nitrogen is throttled at a rate of 0.9 kg/s from a pressure of 10 bar to 1.5 bar,
the outlet diameter is 10 cm. If outlet temperature was 37°C, calculate velocity at outlet
and deduce temperature at inlet assuming negligible velocity at inlet. Find work and heat
exchanged per second during this process.

Answer

System: Nitrogen in throttle, open, steady flow
Conservation: Mass & Energy
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Energies: Enthalpy, Kinetic energy, No Work and No Heat

Process: Throttling

Properties: initial: P1=10 bar, vi=0m/s; final: P, T, given, v, can be calculated ( = complete)
Model: Ideal gas

Extensive: Only one, mass flowrate m

Mass balance:
1 = p V2 A2, where Area A = D?/ 4 = 1t (0.1)?/ 4 = 0.007854m?
Energy balance (only enthalpy and kinetic energy; Q =W =0):
ritin (N)in — ritout (N + Y2 V¥)out = 0; (7itin = ritout because steady flow)
To get vz, from mass balance we need first to get p2 (from ideal gas eq. of state):
p2=P2/ (RTp) = 1.5%10° * 28 / (8314.5 *(37+273)) = 1.6295 kg/m?
= from mass balance v>=70.32 m/s
= From First law of thermodynamics
KE = % V22 = hin — hout = Cp (Tin — Tout)
For ideal gases we may get cp from tables if available.
Otherwise use the formula for ideal gases cp =y R/ (y — 1); (y = 1.4 since diatomic).
Tables between 300 and 400 K give cp ~ ¥2 (29.125+29.149) / 28 = 1,042 J/kg K
Formula for ideal gases gives cp ~ 1,039 J/kg K
Let us use the formula:
= T1=312.38 K
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English text & 5aNb oall 7 -6

6. Second Law of thermodynamics

The description of energy exchanges and/or transformations, which are at the kernel of all
processes occurring in the material world, depends on two main pillars: The First and Second
Laws of thermodynamics. In this chapter the Second Law will be presented in a rather
qualitative way, as a first step, which will be completed in the next chapter to get the general
quantitative form. At the end of next chapter, general and important consequences of both laws
will be deduced.

6.1. Definitions

In general, the result of any process may be a change in the state of a system and/or its
surroundings. If the actions can be reversed such as to let both the system and its surroundings
restore their initial settings, then the process is said to be reversible. Processes may not be
reversible (irreversible) if any dissipative phenomenon (such as friction) was present.

A heat reservoir is defined as a body having a huge thermal capacity that may give or receive
any amount of heat without any noticeable change in its temperature, in a manner that is similar
to adding a glass of water to the ocean, which will not change sea level.

6.2. Sources of irreversibility

6.2.1. Mechanical friction

If a body was thrown upwards over an inclined surface with a certain initial velocity, most
of its initial kinetic energy will be transformed into potential energy. The remaining part will
be transformed by mechanical friction with the surface into heat. The body will eventually come
back to its initial position, but with a kinetic energy that is less than the original. Heat dissipated
to ambient air by friction cannot be used to restore initial kinetic energy. The process is
irreversible. Irreversibility is considered as internal or external depending on the place where
friction takes place: inside the system or outside it at system boundaries.

6.2.2. Fluid excitation

If a fluid was excited, by stirring for instance, vortices created will eventually damp out by
viscous friction. This process cannot obviously be reversed. If fluid is the system, then the
process is internally irreversible.

6.2.3. Free expansion

Imagine an enclosure internally separated into two compartments by a wall. One of the
compartments contains gas at a certain pressure and ambient temperature; the other is void. If
an aperture was opened in the wall, gas will freely expand to occupy the void zone. Freely here
means against no resistive force. It is not possible to ‘convince’ molecules to get back into their
original compartment, leaving the other one void, except by doing work. If this work was done,
and the whole system was left enough time to cool down to ambient temperature, gas will come
back to its original state, but not the surroundings, which have exerted work on the system. The
process is thus irreversible.

6.2.4. Mixing

Mixing between two materials can be considered as a double free expansion process in
which each material expands to occupy the space that was originally occupied by the other
material. Obviously, there is no way we can ‘convince’ mixed molecules to separate from each
other except by an external action implying work and/or heat transfer.

6.2.5. Heat transfer

From our everyday life experience, we know that heat flows from a hot body to a colder
one. Heat cannot flow in the opposite direction; unless an external work was supplied (using a
refrigerator). If the temperature difference across which heat flows was within the system the
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process is internally irreversible. If, on the opposite, system temperature was almost uniform,
and temperature difference was with surroundings, it is called externally irreversible.

6.3. Heat engines

Heat engines are machines that work according to a thermodynamic cycle in order to
exchange heat and work with surroundings repeatedly. If the objective was to produce work, at
the expense of an added heat, it is called a motor. If the objective was to produce a cooling
effect, at the expense of work, it is called a refrigerator. Finally, if the objective was to produce
a heating effect using supplied work, it is called a heat pump.

As an example of a motor, the steam power plant (Figure 6-1) will be studied. It is based on
the observation that work needed for compressing/expanding a liquid is much less than that
required for a vapor between the same pressures, due to the large volume of vapor compared to
that of a liquid. The plant can be divided into two zones: the low-pressure zone (below the
dotted line in Figure 6-1) and the high-pressure zone (above the dotted line). Let us start from
pump entry. A work |Wp| is exerted to raise water pressure, which is followed by adding heat
|Qn| in the boiler (evaporator) at constant pressure, from an external heat reservoir at Th. Heat
source can be either burning fossil fuel (petrol, coal) or burning agricultural or urban wastes or
nuclear or solar energies, etc. Hot steam at high pressure enters the turbine to produce work |W|
before leaving as low-pressure steam. Finally, steam condenses in a condenser, by giving heat
|Qc| to another colder heat reservoir at Tc. Liquid water at low pressure is fed to the pump to
close the cycle.

There are two important remarks:

— Heat |Qn| has been added to the cycle at a higher temperature Th than the temperature
Tc at which heat |Qc| was rejected, because evaporation pressure is much higher than
condensation pressure. Hence, it is not possible to reuse rejected heat |Q¢| in the
cycle, since a cold reservoir at T cannot give heat to a hot reservoir at Th.

- The quantity |Wi - |Wp|, is positive, since the open system work (w=JvdP) of
compressing a liquid having a small volume in the pump is much smaller than the
work of expanding vapor having a large volume, in the turbine, both operating
between the same pressures. This quantity represents the net cycle work |Whet|.

As a consequence: From energy balance: |Qn| = |Whnet| + |Qc| and since |Qc| is not zero, cycle
efficiency n defined as work gained |Whet| divided by the heat paid |Qn| is always: 1 < 1. Please
note that efficiency is the ratio of sought for work to the price paid to obtain it: |Qn|.

As for refrigerator and heat pump, they both operate according to the same cycle (Figure 6-
2), which is the inverse of that of the motor seen above. In the reversed cycle, heat and work of
each process change sign. Hence, evaporator and condenser exchange their roles. The turbine
becomes a compressor. The pump should have been transformed into a liquid turbine. However,
work gained is too small, so it is usually replaced by a throttle to reduce pressure. If the objective
was to obtain the cooling effect |Qc|, the device is called refrigerator. If the objective was to
obtain the heating effect |Qn| the device is called heat pump. Performance of each of the above
engines is measured by the so-called coefficient of performance, defined as the ratio of what
we get as a useful output (|Qc| or | Qn|) to the price paid to obtain it (work):

Coefficient of performance of a refrigerator: COPretrig = |Qc| / [W|

Coefficient of performance of a heat pump: COPhneatpump= |Qnl / [W|
NOte that COPheatPump > 1

6.4. Second Law statements
Second Law completes the First Law, which states that energy is conserved, by stating that
some energetic transformations are impossible, even though the total sum of energies involved
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is conserved during the transformation. There are many statements of the Second Law that are
equivalent as will be shown below.
6.4.1. General statement
“All actual processes are irreversible”. If dissipative phenomena causing irreversibility had
a small effect that can be neglected, the process is called “quasi-reversible”. Sometimes, the
previous expression is shortened to “reversible”, which is only an approximate non-precise
denomination.
6.4.2. Clausius statement
“Heat cannot spontancously flow from a colder body to a hotter body”. In more general
words, the flux of any material quantity cannot be spontaneously transferred from a lower
potential to a higher one. Examples of fluxes include the flux of heat, of electric current or of
mass, etc. Examples of corresponding potentials include temperature, electric potential or
concentration, etc..
6.4.3. Kelvin-Plank statement
“It is impossible to build a heat engine that satisfies the following conditions altogether:

- Works according to a cycle
- Exchanges heat with one reservoir

- Produces work”

For instance, consider a stone that is being dragged over a rough horizontal surface back
and forth. This system operates in a cycle exchanging heat (generated due to friction) with one
reservoir (ambient air); but it does not produce work, in fact it consumes work to overcome
friction. In an isothermal expansion process, work is produced at the expense of heat added
from one reservoir; but it does not work according to a cycle. Finally, a heat engine works
according to a cycle to produce work, but it exchanges heat with two reservoirs.

6.4.4. Caratheodory statement

“Two different reversible adiabatic processes cannot have a common state”. This less

obvious statement is quite helpful in deducing quantitative relations in next chapter.

6.5. Equivalence of Second Law statements
6.5.1. Equivalence of Clausius and Kelvin-Plank statements

This will be proved by ‘reductio ad absurdum?’, i.e. the converse will first be assumed to
prove that this converse is impossible. Let us assume that Kelvin-Plank statement was incorrect,
i.e. assume we have a 100% efficiency motor, transforming all heat |Qn| coming from a reservoir
at Th into work |W|. This work can be used to drive a refrigerator (Figure 6-3) taking heat |Qc|
from a reservoir at T to reject heat |Q| to the reservoir at Th. From energy balance: |Q| = |[W| +
|Qc| = |Qn| + |Qc|.- Hence, if we take the impossible motor + the refrigerator altogether as a
system, the latter will be transferring heat |Qc| from a cold reservoir at T¢ to a hotter reservoir at
Th, without consuming work from an external source, which is impossible from Clausius
statement. It is also possible to prove that the violation of Clausius statement would lead to a
situation in contradiction with Kelvin-Plank statement, which is left to the reader. Both
statements are thus equivalent.

6.5.2. Equivalence of Kelvin-Plank and Caratheodory statements

This will also be proved by ‘reductio ad absurdum’. Suppose a reversible adiabatic process
was drawn on a P-v chart (Figure 6-4) starting from state 1 to 2. Suppose another (‘impossible”)
reversible adiabatic process was drawn from the same initial state 1 to other states not including
2. Let us draw an isothermal process starting from point 2 that intersects with the other
(‘impossible’) process at the state 3. Since process 1-3 is reversible, it will be reversed to be 3-
1. The cycle 1-2-3, exchanges heat with only one reservoir at T> = Tz and produces work, which
is impossible from Kelvin-Plank statement.
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6.6. Carnot cycle and its consequences
6.6.1. Carnot cycle description

The objective of Carnot, by designing the cycle named after him, was to explore maximum
limits of heat engine efficiency. It is composed of 4 reversible (precisely quasi-reversible)
processes (Figure 6-5). Starting from point 1, heat is added |Qn| at constant temperature from a
heat reservoir at Th. During heat addition, gas expands until point 2. Next, expansion continues
adiabatically to point 3. Gas is then compressed isothermally by rejecting heat |Q¢| to a cold
reservoir at Tc until point 4 is reached. Compression continues adiabatically to the initial point
1. From energy balance, net cycle work |W| = |Qn| — |Qc|- In case cycle processes were reversed,
it becomes either a refrigerator or a heat pump.

6.6.2. Carnot Principles

First Carnot principle states that:

“It is impossible to construct a motor operating between 2 reservoirs having an efficiency
that is better than a reversible motor”

It will be proved by Reductio ad absurdum. The reversible engine can be reversed to work
as a heat pump, which will be driven by another engine (Figure 6-6). Let us temporarily assume
that the other engine has a higher efficiency than that of the reversible engine (to prove later
that this is not possible). This would mean that for the same work |W|, the other engine needs
to take a heat |Qn'| from the hot reservoir (at Ty) that is lower than the heat |Qn| given by the
reversible engine to the same reservoir. From energy balance, heat |Qc'| exchanged with the cold
reservoir (at T¢) will also be less than the corresponding heat |Qc|. If we consider a system
composed of both heat engines, it would continuously transfer an amount of heat |Qc| - |Qc'|
from the cold reservoir to hot reservoir without requiring any external work, which contradicts
Clausius statement.

The second principle is a direct consequence. All reversible heat engines working between
the same reservoirs have the same efficiency, since none of them could have an efficiency that
is lower than the other.

The third and last principle is also a direct consequence, which states that the efficiency of
a reversible heat engine does not depend on the nature or quantity of the material used, but only
on the temperatures of heat reservoirs attached to them.

6.6.3. Carnot cycle efficiency

Since reversible efficiency does not depend on the materials used in the heat engine,
Carnot’s efficiency will be deduced for an engine using 1 kg of an ideal gas.

Process 1-2: Isothermal expansion: [Wiz| = |Qn| = R T In (V2 / V1)

Process 2-3: Adiabatic: Tz / T2 = Tc/ Tn = (V2/Va)r!

Process 3-4: Isothermal compression: [Was| = |Qc| = R Tc In (V3 / Va)

Process 4-1: Adiabatic: T4/ T1=Tc/ Tn = (Vi/Va)' L

Comparing adiabatic processes we find: V2/V3 =Vi1/V4s = Vo/V1 =V3/V4

= 1Qc|/|Qn| = TeIn (Va/Va) ThIn (V2/ V1) = Te/Th = |Qc|/ Tc = |Qn|/Th
But, net work |W| = |Qn| — |Qc|
= Cycle efficiency = |W|/|Qn| =(|Qn| — |Qc|)/|Qn| =1—Te/Th

6.6.4. Thermodynamic temperature scale
Since Carnot’s efficiency only depends on temperature, not the nature of fluids involved, it
is a convenient mean to build the objective thermodynamic temperature scale. The new
temperature will be denoted T*, which may not, in principle, be the same as the commonly used
temperature T appearing in the whole text so far.
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Derivation will proceed as follows. Consider two heat reservoirs at temperature, Trh* and
Tc* (Tn* > Tc*). Two sets of reversible heat engines will be attached to them (Figure 6-7), each
taking a heat |Qn| from the hot reservoir. Since both sets should have the same efficiency, each
set should produce the same amount of work |W/| and reject the same amount of heat |Qc| to the
cold reservoir. The first is composed of a single motor (number 1). Its efficiency is:

N1 = Wil /1Qn| = £ (Te*, Tn*) = 1 — [Qcl/|Qn|

where f is a universal function that does not depend on the material used by the motor. The
second set is composed of two motors in series (number 2 and 3). The first of them takes the
heat |Qn| from the hot reservoir to produce work |W>| and rejects heat |Qi| to an intermediate
stage at Ti* (Th*>Ti*>Tc*). The second motor is fed at the intermediate point to produce work
|Ws3| and reject heat |Qc'| to the cold reservoir. Obviously, the total work of both sets should be
the same, because each set is a reversible engine, which implies having the same efficiency.

Hence: |W1| = |W2| + |W3| = |Qc| = |Qc|. But

n2 = [Wa| /|Qn| = f (Ti*, Tn*) = 1 —|Qil /|Qn|

ns = [Wsl /|Qi| = (Te*, Ti*) = 1 - [Qc1/Qil =1 - |Qcl/|Qil

Hence by defining the complementary function to efficiency: fo= 1 —f:

fo (Te™, Tn*) = 1Qel/|Qnl;  fo (Ti*, Th*) = |Qil/|Qnl; fo (Te*, Ti*) = [Qdl/|Qil;

From which one can easily deduce:

fc (Tc*, Th*) = fc (Ti*, Th*) fc (Tc*, Ti*)

Since Ti* is totally arbitrary, above relation could only be verified if and only if:

fo (Tc*, Th*) = g (Tc*) / g (Trh*)

The latter function can take any arbitrary form. For simplicity, take: g(T*)=T*.

Hence Carnot’s efficiency becomes:
TNcCarnot = f (Tc*, Th*) =1-Tc*/ Th*
In other words, the thermodynamic temperature scale gives the same temperature as the
ideal gas thermometer.
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Examples 8l osidll o Aglaadlial 8- 6
Solved Examples 6: Second law of thermodynamics

Example 6. 1 A steam power plant uses a nearby river having an average temperature of
18°C, as a heat sink. The maximum temperature is dictated by metallurgical considerations
to be 700 °C. Heat is added at a rate of 110 MW. Find the maximum power that this plant
could possibly generate. What are the actual efficiency and the heat withdrawn to the river
if this plant produces 45 MW?

Answer

System: The steam power plant (closed)

Conservation: Only energy

Energies: Heat, Work.

Process: A cycle

Properties: highest and lowest temperatures

Model: Carnot efficiency for maximum power and real efficiency for real power
Extensive: yes 2: Input heat and power=> ratio gives efficiency

The maximum efficiency is that of Carnot
Nmax = Ncamot = 1 - (273+18) / (273+700) = 70.1%
Hence the maximum power Wimax= Q 7Jmax = 110*0.701 = 77.1 MW.
The actual efficiency 7actuar = W/ Qn = 45/110 = 40.9%
The heat rejected Q; = Qn— W =110 — 45 = 65 MW

Example 6. 2 A Carnot cycle is working between a maximum temperature of Tn and
ambient temperature To. In order to increase the efficiency an engineer proposes the
following solution. The heat sink of this Carnot cycle will be a cold box at T¢ (Tc < To). In
order to keep its temperature T constant, a refrigerator (using the reversed Carnot cycle)
will withdraw heat from the cold box to the ambient air, using part of the engine work.
Evaluate this solution.

Answer:

System: 4 systems: 1) The original Carnot cycle; 2) The modified cycle with new cold
temperature; 3) The refrigerator 4) combination of the last two systems (closed)

Conservation: Only energy

Energies: Heat, Work.

Process: A cycle

Properties: highest, ambient and lowest temperatures

Model: Carnot efficiency and Carnot COP

Extensive: yes 2: Heats and powers of all systems = ratio gives efficiency and COP

System 1: The original Carnot cycle

efficiency 71 =1 —To/Th Q)
System 2: The modified Carnot cycle:
If the engine takes Qn from the hot reservoir then it rejects

Qc = Qh.Tc/Th (2)
And the engine work
We = Qn (1 To/Tr) 3)

The heat that should be withdrawn from the cold box equals the heat added to it: Q.
System 3: The refrigerator
COP of the refrigerator working between T,, T, according to the reversed Carnot cycle is:

COPcamot = Qc/Wc =T/ (To - Tc) (4)
The work required to drive the refrigerator W, is:
WC = Qc / COP = Qc (To - Tc) / Tc (5)

System 4: The combined system of modified Carnot + refrigerator
The net work is Whet = We — W,
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Using equations (3) and (5):

Whet = Qh (1 — Tc/Th) — Qc (To — Tc)/Tc
Using eq. (2) we get:

Whet = Qn (1 - Tc/Th) —Qn (To - Tc)/ Th
Hence:

Whet / Qh=1- To/Th = m

Comments:

1) Theoretical efficiencies of both systems are the same

2) New devices have been added in the proposed new system (cold box and refrigerator), which
is a useless investment because efficiency has not improved. In practice, the situation is even
worse since the added refrigerator will never have a COP as good as that of the reversed
Carnot cycle, hence the efficiency will decrease!

Example 6. 3 In a heat pump catalogue, one can read: “Device is designed to obtain an
inside temperature: 27°C by delivering heat to the room at a rate of: 1500 W. Electric
Power consumption depends on outside temperature. For an ambient temperature of 10°C,
it consumes 80 W. For an ambient temperature of 7°C it consumes 100 W. For an ambient
temperature of 0°C, it consumes 140 W. Comment on electric power consumption data for
each ambient temperature.

Answer

System: The heat pump (closed)
Conservation: Only energy

Energies: Heat, Work.

Process: A cycle

Properties: Ambient and room temperatures
Model: Carnot COP

Extensive: yes 2: Input heat and power= ratio gives COP

For each case, we will calculate both COP actual and COP Carnot

COPgctua = Qn / W (where Qn = 1500, and W is the given electric power consumption)

COPcamot = Th / (Th — T¢) (where Tp=273+27=300K)

Case 1: T;=273+10 = 283K
COP actual = 1500/80 = 18.75 COP Carnot = 300/(300-283)=17.647
Comment: impossible; data given are obviously wrong.

Case 2: T=273+7 = 280K
COP actual = 1500/100 = 15 COP Carnot = 300/(300-280)=15
Comment: theoretically possible but practically impossible

Case 3: Tc=273+0 = 273K
COP actual = 1500/140 = 10.714 COP Carnot = 300/(300-273)=11.111
Comment: possible

Example 6. 4 A computer room contains 30 servers, each consuming 300W. Outside
conditions are 1bar, 47°C. It is required to let inside temperature be 25°C. Due to
temperature difference with outside conditions, heat will infiltrate through walls and
windows at a rate of 2500W. In order to carry both heats (computer dissipation and
infiltration) an air conditioning system will be installed that injects a supply air at 1bar and
17°C. Return air (i.e. air leaving the room) is at the same conditions as inside the room.
Supply air is cooled from ambient to 17°C by an air conditioning system that rejects heat to
ambient. If the air conditioning coefficient of performance is only 50% that of a reversible
system, what is the electrical power required to drive the air conditioner? What is the heat
rejected to ambient air?

127



47°C

Answer:

System: 3 systems: 1) Air in computer room (open, steady flow); 2) Supply air (open, steady
flow); 3) The refrigerator (i.e. the air conditioning device, open steady flow)

Conservation: Only energy

Energies: Heat, Work, Air Enthalpy.

Process: A cycle

Properties: Ambient, supply and room temperatures

Model: Carnot COP (a ratio of it) for refrigerator; ideal gas for air

Extensive: yes 2: Input heat and power= ratio gives COP

System 1: Air in the computer room:
Room is in a steady state steady flow process
wW=0
O: The room receives two sources of heat:
From computers: 30*300 = 9 kW
and by infiltration: 2.5 kW
= 0 =11.5kW.
= Energy balance: O = 71 (Nout — hin) = 72 Cp (Tout — Tin)
= m=115/(1.005 * (25 - 17)) = 1.43 kg/s
System 2: Supply air:
Air flows in a steady flow process while being cooled by the refrigerator from 47°C to 17°C.
w=0.
= energy balance: O — W =rcp (17 — 47)
0=1.43*1.005* (17 —47) = —43.115 kW
System 3: Refrigerator (air conditioner)
|O¢| = heat extracted from supply air = 43.115 kW
Actual COP =50% of Carnot COP
But Carnot COP = T¢/(Th— T¢) = (17+273)/(47 — 17) = 9.666
= Actual COP = % Carnot COP = 4.833 = |Q| / ||
= |W| =43.125/4.833 = 8.92 kW = 12.12 HP.
Heat rejected to ambient air by the refrigerator = |Qc|[+|#] = 52.035 kW

Example 6. 5 Ocean temperature at its surface is 27°C. Temperature decreases as we go
deep inside the ocean, because solar rays are absorbed, to reach 17°C. It is possible to use
this temperature difference to produce electricity, by placing a thermocouple between those
temperatures. Two models exist in the market; each of them absorbs 30 W of heat at the
hot temperature. Catalog of model 1 states it delivers 0.72 W of electricity, while catalog
of model 2 states 1 W of electricity. Which one would you recommend?
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Answer

System: Thermocouple

Conservation: Only energy

Energies: Heat, Work.

Process: A cycle

Properties: Upper and inside ocean temperatures

Model: Carnot efficiency as compared to real effiicency
Extensive: yes 2: Input heat and power=> ratio gives efficiency

Assume first reversible process and get the corresponding efficiency:
Th=27+4273 =300 K
¢ = 174273 =290 K
Hence efficiency for a reversible cycle (Carnot):
n Carnot — 1- Tc/Th =1/30 = 3.3333%
In a second step compare with actual data:
n case 1 = 072 / 30 = 0024 < n Camot:
Comment: possible, irreversible

n case 2 = 100 / 30 = 33333% = T] Carnot
Comment: theoretically possible, practically impossible

General comment: Recommend case 1, because case 2 is impossible in practice

Example 6. 6 It is required to heat a room by adding 2kW at 29°C, while outside
temperature is 5°C. Heat will be provided for 1,000 hours per year over 2 years. Two
options are available. The first option is to buy an electric heater of price 150 EGP. The
second option is to buy an air conditioning system of price 2,000 EGP. The system can be
considered as a heat pump having a COP that is 40% that of a Carnot engine working at the
same temperatures. Knowing that the price of a kWh is 0.75 EGP, calculate the sum of
initial and running costs of both options over the two years. Which is cheaper?

Answer

System: 2 systems to be compared: 1) The electric heater; 2) The heat pump
Conservation: Only energy

Energies: Heat, Work.

Process: A cycle

Properties: Room and outside temperatures

Model: Carnot COP (a ratio of it) for the heat pump

Extensive: yes 2: Input heat and power=> ratio gives COP

For both systems, total heat required
Q= Heat power x number of hours = 2 kW*2,000hr*2years = 4,000 kwWh
A) Electric heater:
Electric energy required = heat required = 4,000 kWh
Running cost = 4,000 x 0.75 = 3,000 EGP
Total cost = 3,000 + 150 = 3,150 EGP
B) Heat pump (air conditioner):
Carnot COP = (27+273) / (27 — 5) = 13.64
Actual COP = 13.64 x 0.4 = 5.4545
Electric power = Heat power / COP = 733.33 kWh
Running cost = 733.33 * 0.75 = 550 EGP
Total cost = 2,000 + 550 = 2,550 EGP
Comment: Heat pump is cheaper
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Example 6. 7 A refrigerator freezer compartment is maintained at —18°C. Refrigerator
consumes 0.25 kW of electric power when ambient temperature is at 37°C. Its coefficient
of performance (COP) is 40% that of Carnot working between the same temperatures. A)
Find the amount of heat power extracted from the freezer. B) Find the time needed to cool
and freeze 10 kg of meat starting from ambient temperature until its temperature is —18°C,
knowing that: i) Heat capacity of meat BEFORE freezing is: 3.24 kJ/kg K; ii) Meat
solidifies at —2°C with a latent heat of 190 kJ/kg; iii) Heat capacity of meat AFTER
freezing is: 2.31 kJ/kg K

Answer

System: 2 systems: 1) The refrigerator; 2) Meat to be frozen (closed)

Conservation: Only energy

Energies: Heat, Work for refrigerator; Heat and Internal energy for the meat.

Process: A cycle for the refrigerator; Cooling for meat

Properties: Ambient, solidification and final freezing temperatures

Model: For refrigerator: Carnot COP (a ratio of it); For meat: specific heats (thermal capacities)
and latent heat are given

Extensive: yes 2: Input electric power and meat mass = ratio gives required freezing time

System 1: The freezer:
COP Carnot = (— 18 + 273) / (37 — (— 18)) = 4.636
Actual COP = 0.4 x 4.636 = 1.8545
Heat power extracted = 0.25 x 1.8545 = 0.4636 kW
System 2: The meat:
Heat to start freezing = m cp1 AT =10 x 3.24 X (37 — (— 2)) = 1,263.6 kJ
Heat during solidification = m x Latent heat = 10 x 190 = 1,900 kJ
Heat extracted after solidification = m cp2 AT =10 x 2.31 X ((— 2) — (— 18)) = 369.6kJ
Total heat required: Sum of all above heats = 3,533.2 kJ
Time required = Total heat / Heat extraction power = 3,533.2/0.4636 = 7,621 s
Time required = 7,621/ 3,600 = 2.117 hr
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Aanal) 03 e i sty Ablaall Bl Al o iatall Jiud dalaadl 05S5 cell€inY) Llaal 13
Ll s Cun g «Jadll Jia culS P-v dasd & eha) Jaud dalad) of LY

T-5, h-s ahod e Aahiadl cehay) csd Lashal adsiall (Sl s Lad (uytis

constant volume lines aall cigfilghi 1-4-7
iy aaal) sl Ol (U8 e ) LS cgeatl) il Alls
Tds =du+0 =cdT = T = Toexp(s/cv)
Ll aaall cisd ate of G AL 38 (e . JalSill 2ie (520 saic) maje To Bhall day 2aly @llig
h e Jyanlicp b dnlad) Aslaal) iyl yim S HS dlava o Bl Al g TS ddasa (6 Gyl
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ety Jaal) sd 8 (Ul e Ll LS oyl clad) Alls b
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sl daia 83l daall May Bhall das (golaw e Al Lgily daiinn Unshd Liad moeas ciliasiall of (gl
Aspal) il die padill isial Lulas Jadl) aasy il )l Aoy

constant temperature lines 3\l 43 3 cigdi haghd 3-4-7
o Cilsinial) Gl h-s ddaa 8 Ll LAk dasii aee aghad el & Cliiaial) Gl TS dday &l 4o il
dad e ) Al 8L 4 ol (g5aat Sla) Hlaal) Joa us caadill aghad oo Laatl 13) dgdl Uaglad
Sl el e AlaBl Bl h-s LA 8 lhall das sl hashd mead (il Gaie e QUYL LT 5))ad)
LS5 LS daacall gl Jaghad lgwsii o Bhall Ao cugh daghad Gl caba)ll i) dakaie Jalay Wl . gyp il
Ll Loiee Jaghad (gl ol

Entropy of a non-uniform system c«iaia) & Bl Plaakl  5-7
Bgall (B (il (Ao (g e Y JSS ool Al alaS Lav il Bliall dajn Cupels ¢l ol B
radl e jal L LSS dumies lly ¢ S @ 5ilall L)
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2 agle Allag 1 adia Al ioalla G DlaaY) il
oo IS e hall adall Jaliy 38 Lol e agla siaan e &0 alall dgn e Cipeills sl of sy
B3 i 8 e Bhal Jols d S el dabie o WS cdadans o dilide Lls je o)l jreas
heat ¢ hall (muil) 2 Capnin . ailatia je 4313 (Ghall ) €13 cdibinad) Ll G 5hall cls)
Oe Ve IS s 0A Bl alasdl e clalsdl sang) Gaill g Bhall ol Jaes 4 flux density
e GAY Ak (e Bl dajs 135 LUK oda ik 8 W/M? & LS o3 Clang abaill mha s dal e
1)l Ll &S e JalSall (DA (e Gavny Gl g Bhall Jols Jane (8 adde g dacdl)
Q= §Areaq dA
Loyl Le 13) a8y ST 8)gumy 43S Bale] and codhel 53)5l) S 03l 8ygual ald) oyl (e J¥) aall L
ke b mdaddl Ll A81S e el cilays s i sl
dS/dt =§, __(¢/T)dA+dS,,, /dt
fshn ol e Al A IS
AS = [|f,..(A/T)dAL + AS, .,
Glabid) ga N agane 3 ye 2 phall Jols of el bl Gaidlal) 3 JalSl Jaas ooy L S
Hlgie dalua OS o i Y Ti phall dags ofy platl) mlacd i ) A, i€ [1N]
Frea@/T)AA=2, ([, adA)/T, =N, 0/,
el Bangd A daluall Ao dlalid) 5yl Jia O Gus
iBygeall yeaity Plawal) 55 Ol (ail) ae Liad am ¥V shall da s cilS 13 L
AS = ftHArea (/T )dA]dt + ASiprey = Xt Qi /Ty + ASirey
Go a8 wild UK S el 8aY) il L ebaY) ) DS Lehla @ A shall LS o Qi Cus
e dag 5 Adjen (g (U (S S Aalall )5l (ho ety payns Lehlini by L L LiSly ¢ palcadl)
galadnny

Entropy of an open system g sidall all) Plaadl 6 -7
dalad) ) guall Jaluit) 1-6-7
pdaill Jaly ABSH cul€ Aol 8 .(5-7 J<E) ov hlaial i ccontrol volume zgise alas Alls (pil
Mout A 7,35 Sin o5l WeDlaaal Min laylae ABS 2daill 138 3 . Sev,before =5l LePlaaaly Moy before
OsS5 A spnal) dalad) PUA e 4l (s laadl ye s dobi o alaill (e WS .Sout o1 gDlaa )
Bangly lalall Bangl il cadll Hhall § Jici Cun (GAA ey Jarw Bla J38 T (goluiy &l hall da)
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(muscv) before (mcv-sc:) after EEIH
\ Control /

For the control mass Volume But: S,=m,, s, +(m,s.,)
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— > Forthe control volume

d(ma CI )/dt + mOu[ out rrev /dt

mz‘nsin § qu ik dS

sl plaill Plaacal 5-7 (<&

Aatinal) A pladials (zsape bads 57 AN 8 3paadll) Zitd) sl Plaea) sl Gl JaY
5-7 J<all 4 agaaall) em hlois) iy control mass sliall adaill duhs Yol fas o ¢ glaal) alaill oMle
ell) ) Aday & adasic ) solall ALYl sl Al Jaly salal) amy sliall aladl) 138 . (32l Jaslly
Bolall 8Ll b gl aladl) Jalay 5ol eha}) Ales b i ) oLl 038 iy 985 (57 JSAN o yeaY)
tsp oliye ol o CM 3l alail) 138 Dlacacal & jxill L (5-7 <& e al) acdll) e cinps
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S'cm,after - Scm,before = L(§A aT dAj dt + AS|rrev
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faia) JanaS Aalaall s 1S Layl 13

At =(5), =)+, S0n 15,0,

140



L = giaall alill Ll alaally (3l Lin Cajgls ) A wlSadl DU dais Plaaal) b sabl) of Laal
iyl @hs Ol Gl Bhall s IS I WL (e adall Gadals ol ou Hha Gl (il disial)
a4l U Layla haaan e lld (8 ¢(deyon Bhall Jii Jugul msla el ag) adill o el 55a
Cseny Nivie L Bhal) had A8l oYl die dalally 4 Al Sl el adail) e (ys<a ST Akt Al cany
O G Ao sanall Plaeal 8 puaal) aail L el SLaSH pani @ ias o alas IS Plaeal b il
U Plae V) o Jath liga (5Sas olizaen Lo i loal) ae sale Yy Bla Jolis Y Yimie Lalai Jidh de ganal
Al DU e

Isentropic efficiency &laad) 3 sl 2-6-7

Reversible —ul<ail Jali Y elay) oS 13l .dS = dSirrev 1) ¢(Q12 = 0) LUl el
aay: -Isentropic Process Mlaaa¥) cisiy maas sha) of (6l hia Dlaaa¥) & il ol Adiabatic
sl Dbl dlin IS 13 (el B daps Mally dlene d8lk) el ol L3S TS, hs ihud e elal) 1
caaa dlia IS 13 Jawy

i Jall Coaig (23w ol Dabiail) ehal) oladl OIS L aira Plaecal) f ulSad elaY) oIS 13) Ll
(67 JS2) Coadl dga DLl Jala DU el

b Al ) Jeasd cpad) S Siniall Caaty Py daia ) P2 i vie @ Allad) e caaill Alla b sl (o
Oe Yud ) dead Lol el ) niall Copas € A (e Jagiiall (e o Blaeal¥) Alls g b' e Yo
Ll 5l nozzle Gs ol turbine ganss 3 expansion sl el st il dusdlsl Celal) o s3a .d°
Isentropic  ADlaccalDUl 5oLl e aadl . diffuser il s compressor kel & compression
sl canlsl) e Lala U uny JEa wlSa) ehaYls aBlsl) ehal) om daS Efficiency nis

Nis,expansion = (Na — hp)/(ha — hy); Nis,compression = (Na' — he)/(ha — he)

. h
Adiabatic
Adiabatic expansion
compression
h, —h - ha — hb
o h,—h a b’
d c 3
oW
c
S

D emPUl sl 6-7 JSa
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Entropy from Caratheodory 525808 &8lua (a Plawy) 7 -7

total (or exact) differentials 4\l c3Ualidl) 1-7-7
Ol dalal) cilasleall Gy aagivs o Wil ¢(55358)S Al (o Plawad dlales Glasl Ja
sl g oy Al asy U Le Al e Aa1 (du) JL—alall lagdl o) total differentials ALl
Y e ) A Aull) AL e aiay oyl o L cnlil) i) el s of o .deu=u2—ul
oalsd oo Laas Las QIS dulay 8 olilaal (3 agghall sy .okl Gl Gn Jy—agl LdS Aol
JiaS abia) Liad jieall Jo5 ogd e PAV Ll jlaaall Ll .ol Jucalis asf Lalinll laal) 13g) JUay . adlal)
il Algilly Aol i o Jadh adiay ¥ (QlSiaY) Che b Jadll ey 38 (63lg) s o 4lelSs oSl (dU
Jid dalasdl (i el (e gl A [PV 2 [PV :0obiill (sla o Joeall 2 e L sainy
A Jadl) e Uhaas Lais ol Lo L g8y . iaiall IS e aaied Wil (ol canall g il jas Jaie
2l el 435S saey ¥ kel S5 Lol e Jualis adl ) Ll kel Jliy cdlls deals Gads e
Gl g (o1 Jualis g pll) Als dald 136 Cras o oSa ) LSl G el zgiall By b L]
ek Bl alds GaeS lin kS 1Y) cale §y5ms - (Ll Salis ad g ull) Als AalaS gamy oS Y
) 138 e lal €Y A1 Lol Slalin culS o Capas o (X, y) dX+ g (X, Y) dy  Dlie yuia e ST L
PLals Sl ladal) 138 praar S deals Cije (g3l N Jayl) Javiad (30 Euller bl
(@ f/oy)k= (097X ‘
dh = (X, y) dx+ g (X, Y) Y 15 Jnlls Bypem 3 Ll o) qmy (e i e op el iy
105S o) oy Alulall Bacls ulasy Mvie Y o) 83sage i€ of ddjaal awi Alla & h o Cas
dh = oh/ox dx +oh/oy dy
= f=0h/ox ; g=ohloy;
= o*hloxoy =ofloy=0g/ ox
integrating Alelal dalee (o) Jalae 8 4syami o Llad (Sa Japll 13 Lalial) laiall s ol 13
- Sl Jbd) gy WS (factor
tLalal) il aila
2ydx + xdy )
o(2y)loy=2 # o(x)/ox=1 &) gals
2xydx + X2y s ke o deani X 8 bl o) qapeas oKlg Ll Sl Gl sgd 0
O(2xy)loy=2x = O(X)OX=2X : Jars Sl Jlaal
Pl 138 (pe A1 bt (Say aBlgll A Lal Dlalis el a3l (g
h = x%y = dh = 2xydx + x2dy
= Jf (2xydx+ xzdy)z h, —h,

G945 8 ielua (e gal Al gﬁl.u Dlaazy) C A8l 3laLE) 2-7-7
o paall (goluss of haxcall (gylud Jaghad Adg e Alls Lalsd Ll 8a3as Alls P-v ddana e dhai 4 Jis
Sl adai A die L (Lea) culall 7-7 (<) daba JIKET Ll linie de sena lgie IS i Bl daja (gl

142



Ula s & (glos bsha o e -l e ) Taghadll e 535l adll o Al als ()6 ddasal) o3
Lol Gfied g s of e Y Akl A vie Al Al (Y (el lgaan o ahalim Y
LK) 20U lehal) b i deloal) oda saas Als Lald Gyl g (5)558H\S dela ()
ONebal) Q13 Y Legin A5 de Alls @llin 0585 of oSa Y (gl) Baaly ddais 8 alali of oa Y ddhial)
Y oeha) ol ol Al QIS Gy (S Leraaing) saan Alls Lald fdn of aobiian Ll 138 Jiee (bl (palaie
irreversible A alSaBUl A0l cehay) Lo dihid Lad 346 Lay reversible adiabatic —wlSa) sl
Lo sag) adalin Ao ala1 LD clehay) cul€ o ail maly . (Ga) cuilall 7-7 (<) dabisd) adiabatic
Skl dhag vie laiabin dad L Vs Lalad) s3a 0peS (Sl W (59208 Al saniid
sl Clehaly) 8 il 13 dgisns L (gl Y1 Lealid) laid) il
du+Pdv (%) ' -
H(olSad) ehal) of Loas il Cum) Jadll Jha B a8 alSal AN Y oha) dlls
Wrev dt = Pdv
LAY shal 4l Laas Wl s e (a5 A Jie IS (*) Dl Jieadl Jlsiall ol Julls
du + Pdv =du + vrev dt = grey dt =0 (because reversible and adiabatic)
el S AU el el jia (gl (*) (ealidl) laaall o8 Ul

Impossible

Reversible Possible
Pa , \\ Pa Adiabatic Reversible
__Processe Adiabatic
C Processes

/

———T-T,

» v » v

» »

fuas Al dalaS Placal Al ala 7-7 IS

saell ()5 pwm oy s gag ¢Lals Scalds Gl 43 s8aal hae chyglladll Jag y 8 paen (Boay Lualill laid) 13
shg iy atl) el Alls b aas GlaY) SAUC S s3a o of gobicn ALalSe Jalaa @llin Ja LAl dals e
LS ols (8 dupem ey el lagall (oSilh celld sy T (gl

(du+Pdv) / T= (c//T) dT+ (P/T) dv .
f b Dbl daya
[o(c, /T)/ov], =0
[o(P/T)/eT] =[a(R/v)/aT], =0

Caags 4xly Aale Bygm laay Yy Aoyl il Galed o adiel claY) 13 Lol Jalin dadlly a3l (6

Bale &Y dawalls die Cans (1) Al Jualiil) dgasl (paliall oo (592980 delia) SN Gslall () L praia il ot
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Gyt Al e Jant Il . g)suail Lkl Aasticedl) A8al) (ot pladiils bygead Bl 55yl crusd (531
t s dS Ailiie e ley Wl olind] L s Als LalaS Plaaay)

ds=(du+Pdv)/T
ds=0 For reversible adiabatic processes

aryy SN sl G Baadl o sy G ¢Sl Y Y eha) Alls b L calil) laad) sl e ol
Wl alSa¥) Jall e i agle Jyamnll €ar (53 Jadll (8 Sl SllSial dgag Alla 6. adall Jadl) (e
0sS BLEY) slelyas Jallg (SN d5ny (b Alllae AaiS a dadll o8 () Lo Johue) Wil Jadl) oIS 13
i) s (b Aana A0 Anladl)
Wreal dt < Pdv
t by (ol Y ebaYl) hia (gl greal of Cum Linse (oS el lsaall old Nl
qreal dt=0=du+ Wreal dt = du + Pdv + (Wreal dt — PdV)
oyl (e Sy J5V) cpand) goana b (Dlef dacagal) diliiall Cuen) Al Cpansd o Aaelll o g
thia ) Calal) 05S Gia S base 06$ O s oalY)
du + Pdv >0 (adiabatic, but not reversible)
Bbad) Jol olady las Wl f Linvge 058 38 Laalitl) laiall ol eghall dols as 13) Ll

e ela¥) Jas e ST Ll S ehal) dad 058 (ol i) gl Jlae¥) kel < Lol
:OTCE;QSEFwULQY\
ds/dt>g/T ;i.e.:ds/dt = G /T + dSirrev / dt.
dsirrev / dt = O for a reversible process

dsirrev / dt > O for an irreversible process
dsirrev / dt < 0 is impossible

Entropy and thermodynamic 48l ga il Adlaia¥ly PMaas) 8- 7
probability

Llg) o i) 2203 Ll e Canglly ¢ 3iae oo Lalal it dugly (e ENtropy Plaea¥) oyt all 13
S YL ()l gl aBgill (e g alag) Jalbs (bind abiad de—n (S 2l 3aall asgiall 18 (e ddbias
LaS Dasis Ll oy 4l G el oS1g - glaaiil) gl 82l ) olatly Plae ¥l dad 8 hass congi
Batee Clhilaas eha) W aian @lld o1 3) ¢ eall Claaall 3 Joadll 138 bl lali o o 43 Y1) Dlaaad
Ay Y ls Ay S el Statistical thermodynamic 4ibuasy) Sualiyse il aelgd a2an il dasise
o suas il Aliag D) (e die ST agll) (g cdanpan il ileany) Sualinnga il aclsh g ans
Al Kbl e ae sl daleill JaY (59 3 (Buaal) 53 jmal) asalaall sl Clegins)

Lyl oot by Sy 43 aay) Sulingasill 35l e ENtropy Placal) aseial Load Joai of (Sao
stochastic 4y sl Cibilealls & alall aclgall (jans daalyes fai o .Theory of Probability ciylaay)
-processes
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L5 g ySaal) )y Axaall Aoy SL VA mgd 17 Jgandl (il i) 3 e JlS
N=4 Al b ellyy Saalisasil) Jaiall 3ylaliad)

On e Of gl Y Wl s g A g Sl cV A o g e of oSa A eVl of Dl
gl e gl epaall Gadi b (nisase lds

N3 oipaal) aal 8 agreat o Ylan) i dlls o gaiaal) o sl cliiall 555 o Jeaall (e 53
Glisall ge laa € ae o aldl e G aha 6l me ccliall JlaY) sl sl B 1
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7. Entropy

The previous chapter has introduced the Second Law in a rather qualitative form. A very
simple quantitative expression was given for a cycle. In this section, Second Law will be fully
analyzed to obtain a quantitative expression for a process, as well as important immediate
consequences. The concept of Entropy will be introduced through three different approaches in
order to grasp its physical meaning.

7.1. Clausius inequality

It has been proved in the previous chapter that for the Carnot cycle: |Qn|/ Th =|Qc¢| / Tc where
|Qn| and |Qc| are the absolute values of heats exchanged with the hot (index h) and cold (index
c) reservoirs; while Tn and T¢ are their corresponding temperatures. Since actual signs of both
heats are opposite to each other, then: (Qn/ Th + Qc/ Te)rev = 0, where the index rev was inserted
to stress upon the fact that this result is valid for a reversible cycle only. Any other irreversible
cycle working between the same temperatures would have a lower efficiency, i.e. a lower work
W for the same heat added Qn, i.e. a larger negative heat rejected Qc, i.e.: (Qn/Th+ Qc/ Tc)irrev
< 0. In order to generalize above results to any cycle, the general reversible process ab (Figure
7-1) during which heat Qan and work Wap are exchanged will be transformed into the following
set of equivalent reversible processes. Two adiabatic processes ax and yb passing through initial
and final states a and b, as well as an isothermal process xy that is positioned such as to let the
area under axyb be the same as the area under the original process ab in a P-v chart. Comparing
the original process ab with the equivalent one axyb we find that they are equivalent, in the
sense they both exchange the same work Wa, (Same area under the curve) and that they both
have the same internal energy change Uy - Ua. Hence, they should both exchange the same
amount of heat Qab. Note that heat transfer in the equivalent process is only performed in the
process xy which is isothermal.

If an engine was working according to any reversible cycle (not necessarily Carnot),
exchanging heat with the surrounding at a variable temperature (not only 2 temperatures as in
Carnot); it is always possible to divide the cycle into a large number of small Carnot cycles
(Figure 7-2). A large number of reversible adiabatic lines can be drawn to divide the cycle into
small portions. Between every adiabatic pair of lines two isothermal lines can be drawn to create
a small Carnot cycle enclosing the same area as the portion of the original cycle enclosed
between the pair of adiabatic lines. The set of small Carnot cycles created are thus equivalent
to the original cycle. In the set of Carnot cycles, heats Q1, Q2 , Qs ... are added at temperatures
T1, T2, Ta.., while heats Qn-1, Qn, Qn+1.. are rejected at temperatures Tn-1, Tn, Th+1... Hence
for the set of equivalent cycles:

ZiQi/Ti<O0 (equality only holds for a reversible cycle)

When the number of small equivalent Carnot cycles goes to infinity, every heat exchanged
in each Carnot cycle becomes infinitesimal. It is NOT possible to express it as dQ, because heat
is NOT a state property (see below about total differentials). In some thermodynamic books,
the symbol 8Q or dQ are used. Both are, mathematically speaking, not precise. The symbol Qdt
(where Q is the time rate of heat addition and t is time) will be used here. Hence:

.[cycle (th/T )S 0
There is another form that frequently appears in thermodynamic books:

.[cycle (SQ/T ) =0

However, it is mathematically questionable as the integral of a small quantity that is not a
true differential is meaningless.
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The above inequality (in both forms) is called Clausius inequality. It applies to any
reversible (where equality holds) or irreversible cycle.

7.2. Entropy (closed uniform system)

As for the First Law, a cycle for a closed system will first be considered, before deducing
an expression for a process in a closed system, followed by a generalization for an open system.
A slight modification is needed though, which is the assumption of a uniform temperature,
which may vary with time only. This assumption will be relaxed before generalizing to an open
system.

Assume we have two states 1 and 2 that are connected by three reversible processes 1A2,
1B2 and 2C1 (Figure 7-3). Two reversible cycles can thus be created 1A2B1 and 1A2C1,
Applying Clausius inequality to both reversible cycles:

J1,,(Qclt/T )+ [, (Qdt/T)=0
lez(th/T)+ IZCI(th/T): 0

Subtracting above equations gives:
[,,,(Qdt/T)= [, (Qdt/T)
Since processes between 1 and 2 are quite general, except that they must be reversible, we

conclude that above integral does not depend on the path, but only on initial and final states.
Hence a state property can be defined, which will be called entropy S, satisfying:

82 - Sl = ,[re\/]_z (th/T) (*)
where the subscript revl2 means any reversible process between states 1 and 2. Specific
entropy s is the entropy per unit mass while molal specific entropy s is the entropy per kilo

mole.
The cycle 1D2C1 is irreversible because it contains an irreversible process 2C1. Hence:

f15,(Qclt/T )+ [, (Qdt/T ) <0
= J-1D2 (th/T ) < _.[201(th/-|- ) - _Izm(th/T ): IlAZ (th/T ) =535
= S,-§5; = le (th /T)+ ASirevs  ASiey 20 (equality holds for reversible processes)

Above inequality has a meaning as long as state 2 is chronologically after state 1. It
would be better to rewrite as follows to avoid any ambiguity:
dS/dt = Q/T + dSirrev/dt dSirrev/dt >0

7.3. Relations between entropy and other state properties

Suppose an irreversible process has taken place in a closed system during an infinitesimal
time dt: Heat (from the second law) and work exchanged (assuming only work of changing
volume, i.e. assuming no elastic, electric, magnetic ... effects) are:

Qrev dt = TdS Wrev dt = PdV

The First law then gives:

Qrev dt— Wrev dt =dU = TdS - PdV

= TdS =dU + PdV

which is called Gibbs formula. Note that it only contains state properties. Hence, it is true
for reversible or irreversible processes. Its derivation has not assumed any state property
relation that would depend on material chemical composition or phase. It is hence a universally
valid relation. Let us consider an irreversible process between two states, compared to a
reversible process between the same states. The change in internal energy is the same for both
processes, because it is a state property. Hence irreversible actual heat and work (Qirrev dt and
Wirrev dt) would both be different from their ideal reversible values (TdS and PdV) by the same
amount. In fact, from the First Law:
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du = Qirrev dt— VVirrev dt = Qrev dt— Wrev dt = TdS — PdV
= Qirrev dt—TdS = PdV — Vi/irrev dt
= TdSirrey / dt= VVfriction >0

In the above relation, Wriction is the difference between actual and ideal mechanical power,
which is obviously always positive (or zero if no friction).

Gibbs formula can be rewritten in terms of enthalpy:
TdS =dU + PdV =dH - dPV + PdV =dH - VdP
Dividing by mass and temperature T and integrating gives:

2du  2Pdv  2dh 2vdP
S,-8=| —+| —=| ——| —

1T A 7T 1T 8 T
Above relations will be used in next sections to get a relation between s and other state
properties for different phases and models.

7.3.1. Entropy change for a gas

For an ideal gas, du = ¢, dT ; dh = cp dT (both cp and cy are constant) and P v =R T. Hence,
by substituting in above relations and integrating:

s, =81 =¢, In(T, /Ty)+ RiIn(v, /v, )= ¢ In(T, /T,) - RIn(R,/R,)

For a semi-ideal gas, the only difference compared to an ideal gas is the fact that cp and ¢y
are temperature dependent. Hence, the following quantities are usually defined and tabulated:
o) [ C(T) _ T c,(T) ool [ C2(T)
$°(T)= J'TO T dT v.(T)= exp(— ITO RT dT P.(T)=exp ITO T dT

where To is a certain reference temperature. Using above quantities gives:
, Co (T

1= = [ T _Rin(p, /R) - o1, )-Rin(p, /)

For an isentropic process s, = s1, we have:

P,/P, = eprT2 ﬂde :M V, /v, = eXp(—J‘T2 CV(T)de = Vr(TZ)
T RT R.(T,) T RT v, (T;)

which are simple and convenient relations to calculate state properties in this process.

For real gases use can be made of thermodynamic tables giving specific entropy as a
function of pressure and temperature. These tables were constructed using Maxwell’s
thermodynamic relations (partial differential equations) that will be studied in part 2.

7.3.2. Entropy change for solids and liquids

Since volume of solids and liquids remains essentially constant:
S2—51=5%(T2) —s°%(T1) ~cIn(T2/ T1)

7.3.3. Entropy change during phase change

Because entropy is an extensive property, the specific entropy of a wet steam, for instance,

can be calculated from specific entropy of saturated liquid s and saturated steam sq as well as
dryness fraction x through:

S=XSg+ (1 —X)St =S+ XStg =Sg— (1 —X) Srg (Stg= Sgq - Sf)

Note that during phase change at constant pressure, temperature remains constant. Hence:
Tds = dh = ng = hfg /T

7.3.4. Entropy change for gas mixtures

For an ideal gas mixture, having mass fractions x; and mole (or volume) fractions yi, mixture
entropy can be calculated as the sum of the entropy of each constituent si based on Dalton’s

model: Every gaseous constituent occupies the full volume of the mixture and has the same
mixture temperature, but its pressure is the partial pressure Pi:
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S =2 XS; S=2.ViS

Note that mixing is an irreversible process. Hence, entropy increases during mixing. To
show it, consider the following simple example. Two gases occupy two adjacent thermally
insulated rooms having initially the same pressure, volume and temperature:

P1=Po=P; T1=T,=T,; V1=V=V

The mass of each gas is calculated from ideal gas equation of state: mj = p; (PV / .4T)

The wall separating the two rooms will be eliminated allowing them to mix. Rooms are
insulated, which means mixture final temperature will remain constant (no work is done by or
on the system):

Thix=T1=T>

Each gas will expand at constant temperature to occupy double of its initial volume.

Vmix:V1+V2:2V

Hence the partial pressure of each gas will be half of the initial pressure:

P1-after= P2-after= P/2

Mixture pressure is the sum of partial pressures; i.e. mixture pressure is the same as initial
pressure:

Pmix = P/2 + P/2 = Pl = P2.

Despite the fact that pressure and temperature have not changed, entropy should change due
to mixing which is an irreversible process. In fact, each gas has freely expanded in the space
occupied by the other.

AS=(PV/.T) { 1 [CpIn(Tmix/T1)+RaIN(Vmix/V1)]

+H2 [Cpln(Tmix/T2)+R2|n(Vmix/VZ)]}
= (PVIT) { 1/R1 [0+R1In(2)] + 1/R2 [0+R2In(2)] } = (PV/T) 2In(2)>0
This is also ASirrev Since process is adiabatic.

7.4. Thermodynamic charts T-s and h-s

Thermodynamic charts can be built using any two properties as coordinates. The specific
entropy s is usually taken as the abscissa in thermodynamic charts. The ordinate is either
specific enthalpy h (h-s chart) or temperature T (T-s chart). The area under the curve describing
a process in T-s chart has a special meaning. From the definition of entropy:

TdS = Qdt + TdS,,, . Hence by integration: [*TdS =Qy, + [ TdS; e, -

Neglecting sources of irreversibility (friction for instance) means that the area under the
curve is simply the heat exchanged. Remember, the area under the curve in P-v chart was the
work, neglecting friction. This is the reason behind the popularity of both charts.

7.4.1. Constant volume lines

For ideal gases, as seen before, undergoing an isochoric process:

Tds =du+0 =c,dT = T = Toexp(s/cy)

(entropy was considered s=0 at the reference temperature To). Hence, constant volume lines
match an exponential function in a T-s chart. For the h-s chart, both sides can be multiplied by
cp to get h. Curve shape hence does not change. For real gases, the curve is not exponential, but
the increase is very rapid anyway (Figure 7-4).

7.4.2. Constant pressure lines

For ideal gases, constant pressure implies:

Tds = dh-0 =cpdT = T = Toexp(s/cp)

(entropy was considered s=0 at the reference temperature To). Hence, constant pressure lines
also match an exponential function, except that the rate of increase is slower than constant
volume lines since cp > cy. This also applies for the h-s chart, as before. For real gases, curves
do not represent an exponential function, although they are rather similar to it (Figure 7-4). For
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the wet vapor region, constant pressure implies constant temperature. Hence constant pressure
lines are straight horizontal lines in T-s chart within the wet vapor region. As for the h-s chart,
note that constant temperature and pressure implies:

Tds =dh = dh/ds = T = const

This means that constant pressure lines in the wet vapor region of the h-s chart become
straight lines having a slope that increases as pressure (hence temperature) increases. At the
critical point, constant pressure line becomes tangent to saturation lines.

7.4.3. Constant temperature lines

In a T-s chart, constant temperature lines are trivially straight horizontal lines. This is also
true in a h-s chart, only as long as we are far enough from saturation lines, i.e. as long as the
gas behavior is close enough to an ideal gas, for which enthalpy is simply proportional to
temperature (Figure 7-4). Inside the wet vapor region, constant temperature lines are the same
as constant pressure, i.e. they are straight inclined lines. In fact, horizontal straight constant
temperature lines in the saturation region bend to match inclined lines as we approach saturation
line.

7.5. Entropy of a non-uniform system

In the previous section, for simplicity, temperature was considered uniform within the
system that can only vary with time. This gave:

dS/dt = Q/T + dSirrev/dt dSirrev/dt >0

The time rate form was used here, which will be integrated with time later in this section to
get an expression for entropy from an initial state 1 to a final state 2.

Note that heat is an energy that crosses system boundaries from an external source. System
may concurrently exchange with different sources, having different temperatures, at different
points on the boundaries. Heat flux density ¢ will be defined as the time rate of heat exchange
by unit area through an infinitesimal area dA. Its units are W/m?. Hence, by integration over the
whole system boundaries:

Q = §Areaq dA

Similarly, the first term in the quantitative expression of the Second Law becomes:

dS/dt =4, _(d/T)dA+dS,,, /dt

Integration wrt time gives:

AS = [[f,..(a/T)dAGEt + AS, .,

It is usually possible to simplify above expression by assuming that heat is exchanged over

a limited number of areas Ai, ie[1,N], such that temperature remains uniform over each area Ti.
Hence:

§Area (q/T )dA = ZiNzl(in qu)/Ti = Z:\ilQ| /Ti

where Qi is the time rate of exchange of heat across the area Ai. If, in addition, temperature
does not change with time:

AS = J.tH;Area (Q/T )dA}jt + ASirrev = ZiNlei /Ti + ASirrev

where Qi is the heat exchanged across the area A; during process time. The latter expression
is very common that frequently appears in many references. In this section it was properly
deduced to realize conditions of its validity.

7.6. Entropy for an open system
7.6.1. Deducing the general form
Let us study a control volume cv (i.e. open system, which is delimited by the double line
wall, Figure 7-5) over a certain period of time during which a mass mi, enters and a mass Mout
leaves. Mass stored in the system may change from mcy before t0 Mev,atter. The System may also
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exchange heat across any portion of its boundaries. Consider a portion dA of system boundaries
having a temperature T across which heat power is gdA, where 4 is the heat per unit area and
time.

In order to get an expression of entropy change based on the expression derived earlier for
a closed system let us consider the control mass cm (i.e. closed system, which is delimited by
the single line wall), which initially (left part of Figure 7-5) encloses the initial mass in the open
system Mey,before @S Well as the mass that will enter min. The closed system moves with this mass,
in order to contain at the end of the process the mass finally stored mey afer plus the mass that
leaves mout (right part of Figure 7-5). Entropy change of the control mass cm is:

_ q
Scm,after - Scm,before - J;(§Area? dA} dt+ ASirrev

where ASirrev €Xpresses internal sources of irreversibility. But:
Sem,before = MinSin + (MS)cv,before Scmafter = MoutSout + (MS)cv,after
The change of entropy for the control volume cv is thus:

(ms)cv,after - (ms)cv,before = (ms)in - (ms)out + L(§Area% dAj dt+ ASirrev

which can be rewritten in a time rate form:
d (ms)/dtcv = (ms)in - (ms)out + (§Area% dA} + dSirrev /dt

Please note that the last term in the RHS expresses only internal sources of irreversibility.
As for external sources, such as heat transfer with a reservoir at a temperature that is higher or
lower than system temperature, it has to be calculated as follows. Consider an isolated system
composed of the open system, masses entering and leaving as well as the reservoir. Calculate
entropy change of each part. The sum of all changes is the total entropy production during the
process.

7.6.2. lsentropic efficiency

In an adiabatic process, since there is no heat exchange, ds = dsirrev. If the process was also
reversible, then entropy change would vanish. A reversible adiabatic process is an isentropic
process, which is represented in both T-s and h-s charts as a straight vertical line, going up
(higher enthalpy and/or temperature) in case of compression or down in case of expansion. In
case of an irreversible process, entropy will increase in either compression or expansion (Figure
7-6). In case of expansion from state a at P1 to P, the curve bends towards the right to reach
state b instead of b'. In case of compression between same pressures from state ¢ the curve
bends towards d instead of d'. These are actual processes of expansion in a turbine or nozzle as
well as compression in either compressor or diffuser. To describe them the isentropic efficiency
nis has been defined as a ratio between real and reversible optimal process such as to let the
ratio be always less than 1, i.e.:

TNis,expansion = (ha — hb)/(ha - hb'); Nis,compression = (hd' — hc)/(hd — hc)

7.7. Entropy from Caratheodory
7.7.1. Total (or exact) differentials
Before deriving a relation for entropy from Caratheodory statement of Second Law, some
relations concerning total differentials has to be revised. The differential du of a continuous

function u, satisfies the obvious relation: jlzdu:uz—ul. This means that the integral only
depends on initial and final points, not the path followed between these points. This is the
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concept introduced in the beginning of the book called state properties. In mathematical
wording, the differential of a state property is a total differential. The differential quantity Pdv
is also an infinitesimal quantity, but its integral depends on both initial and final points as well

as the path followed between them (| Pdv = [Pdv). The result of any of these integrals is the

area under the curve in a P-v chart, which obviously depends on the curve shape. That was
stated in the beginning of this book about work as a path function. In mathematical wording we
say that this quantity is not a total differential. In general, a differential quantity depending on
two variables must satisfy a certain condition in order to be a total differential. Euler has
developed a condition for the quantity:

f(x,y) dx+g(x, y) dy

To be a total differential the following condition must be satisfied:

(0f/oy)lk=(09/x)ly

To prove it, suppose a function h exists such as to transform it into a total differential:

dh =1 (x,y) dx+g (x, y) dy

If this function exists, it should satisfy, applying the chain rule:

dh = oh/ox dx +aoh/oy dy

= f=0h/ox; g=o0ohloy;

= &*hloxoy = o floy=0og/ ox

If the above differential was not a total derivative, it is sometimes possible to transform it
into a total differential by multiplying it by the so-called an integrating factor as shown by the
following example. Examine the differential quantity:

2ydx + xdy

Clearly: o(2y)loy=2 # 0(x)/ox=1. Hence, it is not a total differential. If it was multiplied by
x we get the new quantity: 2xydx + x2dy. Euler test gives: 8(2xy)/oy= 2x ; o(x?)/ox=2x. This
means it has become a total differential. In fact the required function h exists:

h = x%y = dh = 2xydx + x2dy

= LZ (2xydx+ xzdy)z h, —h,

7.7.2. Deriving entropy relation with other properties

Any point on a P-v chart represents a given state. Constant pressure, constant volume or
constant temperature lines represent each a family of curves (Figure 7-7, left part). At each
point in this chart, state properties are the values of each constant property line passing by it.
Obviously, lines of constant property cannot intersect, because the state property cannot have
two different values at the same state.

Caratheodory’s statement of the Second law allows us to define a new state property. It
states that no two reversible adiabatic lines can intersect, which means a state property can be
defined, which will be called entropy s, such as to remain constant on any reversible adiabatic
line (Figure 7-7 right part).

Let us study the following differential quantity:

du + Pdv *)
For a reversible process, the term Pdv will represent work:
Wrev dt = Pdv

Hence the whole expression (*) would represent heat exchanged per unit mass. If the
process was both reversible and adiabatic, then the above expression would vanish.

du + Pdv = du + 1irey dt = grev dt =0 (because reversible and adiabatic)

if the process was adiabatic but irreversible, due to friction for instance, then:

Wreal dt < PdV
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If work was done by the system, friction would reduce its absolute value. If work was done
on the system, friction would increase its absolute value, but since work is negative in this case,
the above inequality is always true. Hence, for an adiabatic irreversible process:

q.real dt=0=du+ Wreal dt = du + Pdv + (Wreal dt — PdV)

= du+ Pdv>0 (adiabatic, but not reversible)

In case heat was transferred, the expression (*) may be either positive or negative depending
on the direction of heat transferred. This expression is not, however, a total differential because
of the term Pdv.

In order to construct a state property out of it, we need an integration factor that can be
easily derived for the special case of ideal gases, which is (1/T). For ideal gases:

(du+Pdv) / T= (c/T) dT+ (P/T) dv .

Euler condition gives:

[o(c, /T)/av], =0
[o(P/T)/eT] =[a(R/v)/oT], =0

This means that this quantity is in fact a total differential and that we can write:

ds=(du+Pdv)/T

ds=0 For reversible adiabatic processes

This does not constitute a proof of the Second Law, because it is only a special case related
to ideal gases. Caratheodory’s statement ensures that such state property exists in general for
any material.

Considering the fact that reversible work is always greater than irreversible one, above
expression can be rewritten as:

ds/dt>g/T;i.e.:ds/dt = ¢ /T + dSirrev / dt.

dsirrev / dt = O for a reversible process

dsirrev / dt > O for an irreversible process

dsirrev / dt < 0 is impossible for any process

7.8. Entropy and thermodynamic probability

Statistical thermodynamics is a powerful, though complicated, tool to study physical
phenomena. It will be used here in a very simple set of cases, with the purpose of understanding
the concept of entropy, when and why it should increase or decrease, rather than a tool to model
or calculate its value in engineering applications.

Let us revise some data about stochastic processes. If a system can exist in a set of mutually
exclusive states and if the specific state it occupies was determined in a fully random way, then
the probability of occupying a state is equal to that of occupying another state. This is called
the principle of equal probabilities. For instance, a dice used in backgammon or many other
games, has six faces numbered from 1 to 6. If the dice density was perfectly uniform, the
number obtained will be perfectly random. Hence, the probability of having the number 2 for
example is 1/6. Th probability of occurrence of either of two mutually esculent events is the
sum of probabilities of each. For example, the probability of having either 2 or 5is 1/6 + 1/6 =
1/3. The probability of occurrence of two independent events is the product of probabilities.
For example the probability that a pair of dices give 6 each, is: 1/6 . 1/6 = 1/36. Finally, the
number of ways N different objects can be arranged in N different rooms is factorial N: N!.

Consider a box having an internal partition separating it into two rooms A and B of equal
volume. The partition has a hole allowing molecules movement between rooms. The box
contains N numbered (hence distinguishable) molecules. Molecules move freely and randomly,
hence the probability for each molecule to occupy one room is the same as that of occupying
the other room. Any distribution of molecules between both rooms that takes into account their
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identity is called a Microstate. A distribution that is given in terms of the number of molecules
in room A (Na) and that in room B (Ng = N — Na) regardless of the identity of molecules is
called a Macrostate. For example, if N = 4, one of the possible macrostates is Na = 1, Ng = 3.
There are 4 different microstates corresponding to this macrostate given by:

— Molecule no. 1 isin room A, all other molecules in room B
— Molecule no. 2 is in room A, all other molecules in room B
— Molecule no. 3isin room A, all other molecules in room B

— Molecule no. 4 is in room A, all other molecules in room B

The probability of any microstate is equal to that of another microstate, due to the random
and free motion of molecules. The thermodynamic probability of a given macrostate is defined
as the number of corresponding microstates. It is similar to the usual concept of probability of
the macrostate itself, except that it is not divided by N.

The number of arrangements of N distinguishable molecules in the whole box is N!I. The
number of arrangements of Na distinguishable molecules in room A is Na!, and that of Ns
molecules in room B is Ng!. Hence, the thermodynamic probability Wag of the macrostate: Na
in A, NginBis:

Wag = NI/(NATNg!)

As an example, Table 7-1 was constructed to show the result of application of this relation
for all macrostates related to N=4.

Please note that we can only measure (or be influenced by) macrostates; because we cannot
distinguish between two similar molecules present in the same room. From this table we can
see that the probability of equal distribution is higher than that of all molecules in one room.
The difference between both probabilities increases with the number N. a gram-mole of any
material contains a large number of molecules (Avogadro’s number). Hence if we put all
molecules in one room and leave them to their random motion, they would tend to be equally
distributed between both rooms after a short time. This is called the free expansion process,
which is accompanied by an increase in the thermodynamic probability. Please note that the
proof has not involved any physical law concerning pressure difference between both rooms:
only stochastic analysis comparing probabilities in a fully random process.

The same can be said about temperature. If room A was filled with a gas at higher
temperature than room B; molecules in room A will have a higher kinetic energy. Through
random motion of molecules between both rooms, as well as random collisions between
molecules, the average kinetic energy (i.e. temperature) will tend to equalize between rooms.
Please note again that this result did not involve any physical law depending on temperature
difference between both rooms: only stochastic analysis.

Doesn’t this resemble Clausius statement of the second law? It does indeed! We can now
formulate a new statement of the Second law, based on statistical thermodynamics:

“All real spontaneous processes (i.e. without any external action such as exchanging
energy) occur from a macrostate having a lower thermodynamic probability to another
macrostate having a higher thermodynamic probability as long as the number of particles
involved is large”

Obviously, there is a relation between the thermodynamic probability and entropy:

S=f(W)

To find it, let us use the following reasoning.

Consider two independent systems A and B, having each a certain macrostate of
thermodynamic probability Wa and Wsg respectively. Since both systems are independent, the
thermodynamic probability Wag of the combined system AB, grouping both systems A and B
should be:

Wag =Wa . Ws
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Meanwhile, the entropy Sas of the combined system should satisfy:

SaB =Sa + Sg

Hence:

f(Wa Wg) = f(Wa) + f(Wg)

By differentiating above relation once wrt Wa, then again wrt Wg, we get:

WaWg " (WaWsg) +f'(WaWg)=0

Put W=Wa . Ws:

WE" (W) +f' (W)=0

Which is a differential equation having the general solution:

fW)=C1InW+C, (=9)

To get the constants C1 and Co, let us study a simple special case, which is that of 2 moles
of an ideal gas undergoing free expansion adiabatically such as to double its initial volume. In
the absence of heat and work, internal energy and hence temperature remains constant. Since
the volume doubles, the pressure would be reduced to half its initial value. Change in entropy
is thus:

S, =8, =2(c, In(T/T)+ R In(V, M))=2R In(2)  (+T,=Tp;V, =2V)

Meanwhile, before expansion, the thermodynamic probability of all molecules present in
one room Wy = 1. After expansion, the thermodynamic probability of having equal distribution
between both rooms, each containing one mole, i.e. Avogadro’s number of molecules, is:

W, = (ZNA)!/(NA!)2

Applying Sterling formula for large numbers N: In (N!) ~ N (In(N) — 1)

In(W,) = (2N JIn(2N 4 )—1]-2[N o (In(N 4 ) —1)] = 2N , In(2)

Hence, we can get C1 by substitution

S, —S, =2® In(2) = C,(In(W, ) - InW,))=C,(2N,In2-0) =C, =k /N, =k

In which k is Boltzmann Constant k=1.380 6488x1072* J/K. As for C it can be considered
as 0 for the reference value of S when W=1. Hence C> =0, i.e.:

S=kIn(W)

This important result was derived for only one goal: understanding the physical meaning of
entropy rather than using it to solve problems. Entropy is clearly related with the level of
disorder.

7.9. Principle of entropy increase

For an isolated system, since Q = 0 by definition, entropy should continuously increase:
dS/dt = dSirrev/dt > 0, which is known as the Principle of Entropy Increase. It is true for isolated
systems containing a large number but finite of molecules. This means that all mechanical
energies stored in it are in continuous decay by friction being transformed into internal energy.
Any temperature gradient inside the system is also in continuous decay either by direct heat
transfer from hot to cold zones, or by transformation into a mechanical energy through a heat
engine that will ultimately be also transformed into internal energy.

Some would rapidly conclude that the world is continuously heading towards a thermal
death, when all forms of mechanical energy disappear and when the whole world is at a uniform
temperature. It has been proven in the previous section that the Second Law only holds for a
large number of molecules, not a small number. Does it hold for the whole universe? Is the
number of molecules in the universe finite or infinite? Can the universe be considered as an
isolated system? All these are questions that do not have a unique answer agreed upon by all.
It is not easy to design an experiment at the scale of the universe to test the validity of the
Second Law at this level. Examining the history of universe so far, it seems world is not in a
state of ‘decay’ but rather in a state of evolution due to endless new scientific achievements. IS
this evolution only apparent? Is it real but temporary? All these are questions that have popped
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up during the study of thermodynamics, without having a ‘final’ answer. They represent an
additional proof of how thermodynamics as the science of energy transformations is in the heart
of all aspects of human life at large.
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Examples Slaedy) o Ugaadlia] 12 - 7
Solved Examples 7: Entropy

Example 7.1 A heat reservoir at 227°C loses 600J of heat to an ambient air at 27°C.
Assuming process within the reservoir is reversible (uniform T), find the entropy change of
the reservoir, of air and of the whole universe.

Answer

System: 3 systems: 1) The heat reservoir; 2) Ambient air; 3) Universe (sum of all systems)
Conservation: Only energy

Energies: Heat.

Process: Heat transfer

Properties: Reservoir and air temperatures

Model: Second Law

Extensive: yes, 1 value: Heat

Common model to all systems: AS = Z Qi/Ti + ASirrev

System 1: Heat reservoir:
Within the reservoir ASirrev = 0 (internally reversible).
= ASreservoir = — 600 / (227+273) = - 1.2 J/K (heat is rejected)

System 2: Air:
Within air ASirrey = 0 (internally reversible).
ASair  =+600/( 27+273) = +2.0 JJK (heat is added)

System 3: Universe = Reservoir + Air:
Total heat = 0 (no heat crossing universe boundaries).
ASuniverse = ASreservoir + ASair = 2 — 1.2 = 0.8 JJK > 0 (irreversible process)

Example 7.2 A cycle is performed on 1 kg of
air as shown in figure. Process 12: Reversible T 2
isobaric heating from 11 bar and 60 °C to 280
°C; Process 23: Irreversible adiabatic
expansion to 0.7 bar and 4.5 °C; Process 34: 1
Reversible isothermal cooling; Process 41.:
Isentropic compression. Calculate the entropy
change, the internal entropy production and <
i qi /Ti for each process as well as for the 4 33
cycle, assuming that air behaves as: a) Ideal s
gas; b) Semi-ideal gas. Find also the
efficiency of the cycle 1234 and that of the
reversible cycle 123'4, and compare both to the Carnot's efficiency between the same
maximum and minimum temperature

Answer:

¢ ———————

System: Air (closed system)
Conservation: Only energy
Energies: Heat, Work and Internal energy.
Process: A cycle composed of 4 given processes
Properties: State 1: P4, T1 given = complete;
State 2: T, given, process 1-2 isobaric: P> = Py = complete;
State 3: P3, Tz given = complete;
State 4: process 3-4 is isothermal Ts = T4, Process 4-1 is isentropic s3 = s4 = complete
Model: Second Law + ideal gas for air
Extensive: yes, 1 value: mass m = 1kg
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In general:

We need to use both forms of the second law:
As =% i /Ti + ASirrev = f (dh — vdp)/T
a) Cp=1.005kJ/kg.K, As=cpIn To/T1—R In Po/Py
b) As =5°(T2)-s°(T1)-R In P2/P;1 s°values are obtained from air tables as a function of T
Process 1-2: Reversible isobaric ASjrrev =10
S2—81=2i Qi /[T
a) S2—S1=CpInT2/T1 =1.005 In (553/333)
=0.5098 kJ/kg.K =% i /T
b) s2—s1=5%T2) —s°(T1) = 2.324 — 1.807 = 0.517 kJ/kg.K
=% qi/Ti  (from air tables at T,, T1)
Process 2-3: Irreversible adiabatic X qi /Ti=0
AS = ASirrev
a) S3—S52=0Cp In T3/T2 —RlIn P3/P2
=1.005 * In (277.5/553) — (8.3143/28.97)* In (0.7/11)
= 0.0975 kJ/kg.K = ASirrev
b) ss—s2= s°(T3) —s°(T2) — R In P3/P;
=1.624 — 2.324 — (8.3143/28.97)* In (0.7/11)
= 0.0905 kJ/kg.K = ASirrev
Process 3-4: Reversible isothermal ASirrev=0
As =% Qi T
But, 54 =51 = Sa—S3=- ((S3—S2) + (52— 51))
a) Ss—S3=-0.0975-0.5098 = - 0.6073 kJ/kg.K = Zi qi /Ti
b) ss—s3=-0.0905-0.517 =-0.6075 kJ/kg.K =X qi /T
Process 4-1: Isentropic compression As = X Qi /Ti = ASirrey =0

For the cycle 1234: As = 0 because it is a cycle

a)

b)

% qi /Ti=0.5098 + 0 —0.6073 + 0 = - 0.0975 kJ/kg.K

N.B.: Above quantity is negative because cycle is irreversible — Clausius inequality

ASirrev =0 + 0.0975 + 0+ 0 = 0.0975 kJ/kg.K

N.B.: Above quantity is positive because irreversible

gnh = 012 = ho —h; = 1.005 * (553 — 333) = 221.1 kJ/kg

|0c| = [Qza] = T |52 — S5 (reversible isothermal)
=277.5*0.6073 = 168.5 kJ/kg

Mirrev=1— (QC/qh) =1- (1687/2211) =23.8%

%iqi/Ti=0.517 + 0- 0.6075 + 0 = —0.0905 kJ/kg.K

ASirrev = 0 + 0.0905 + 0+ 0 = 0.0905 kJ/kg.K

gnh = Q12 = ho —h; =557.9 — 333.4 = 224.5 kJ/kg.K

0c| = |34l = T (S5 —s4) = 277.5 * 0.6075 = 168.6 kJ/kg

Rirrev= 1 — (QC/Qh) =1- (1686/2245) =24.9%

For the cycle 123'4:

Ogh=0qiz=ha—hy as before
|Gc| = |0lsa| = Ta (52— 1) since sy =S, S4 = S1
a) On=221.1kJ/kg.K

b)

lac| = 277.5* 0.5098 = 141.5 kJ/kg

nrev=1—(qc/qn) =1 —(141.5/221.1) =36 %

N.B. reversible efficiency is greater than irreversible cycle efficiency — Carnot principle
On = 224.5 ki/kg.K

gc=277.5*0.517 = 143.5 kJ/kg

Mrev=1— (qz:IQh) =1- (1435/2245) =36.1%

Carnot cycle efficiency between Th =553 K, T=277.5K is

Neamot = 1 — (Te/Th) = 1- (277.5/553) = 49.8 %
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N.B. Cycle efficiency is lower than Carnot, because heat is added at an average temperature that is
lower than the highest temperature based on which Carnot efficiency has
been calculated.

Example 7.3 Airat 1 bar and 24 °C is adiabatically compressed in a
steady flow process to 1.7bar with an isentropic efficiency of 85%.
The inlet and outlet velocities are 10 and 40 m/s respectively.
Determine the final temperature, work and entropy change
assuming that air behaves as: a) Ideal gas b) Semi-ideal gas.

AnNswer:

System: Air in compressor (open steady flow)

Conservation: Only energy

Energies: Work, Enthalpy and Kinetic energy; No Heat.

Process: Compression with an isentropic efficiency

Properties: Point 1: P4, T1 given = complete; Point 2: P, given; other property from process
Model: a) Ideal gas; b) Semi-ideal gas

Extensive: None

First, we have to calculate the isentropic process between the same pressures
e To get the final temperature
Process 12': we now consider the reversible adiabatic process 12"

a) Isentropic + Ideal PV =c

But for air y = 1.4 then

Tr=T: (Pz/Pl) Dy

=297 * (1.7/1) 0414 = 345,62 K

b) Isentropic + Semi-ideal

P2/P1 = Pr2/Pn (From tables at 297 K, Pr1 = 1.34)

P> =1.34%(1.71/1) = 2.278

From gas tables at the obtained P, get T» = 345.61 K

Process 12: we now consider the adiabatic irreversible process 12:

Nis = (h2"hl)/ (hZ'hl)
a) Forideal gas h =c,T then:

0.85 =(345.62-297)/ (T»-297) =T,=3542K
b) Using gas tables to relate h and T then:

0.85 = (346.07-297.2)/ (h—297.2) =h, = 354.7 kJ/kg, T, = 354.2 K
e To get the work, from the first law we have:

iz — Wiz = (hz — hy) + (V22 — v4?)/2 qi2=0 then:
a) Forideal gash=cpT

W12 = 1.005(354.2 — 297) + (402 — 102)/2000 =W, = -58.24 kJ/kg
b) Using gas tables

W12 = (354.7 — 297.2) + (402 — 10?)/2000 = Wiz = -58.25 kJ/kg
e To get the entropy change
a) S2—S1=CplInTofT1—R InP/Py

=1.005 In (354.2/297) — (8.3143/28.97) In (1.7) = 0.0247 kJ/kg.K
b) So—S1 = SO(Tz) — SO(Tl) —RlIn Pz/Pl
= (1.8698 — 1.6885) — (8.3143/28.97) In (1.7) = 0.029 kJ/kg.K

Example 7. 4 Steam expands in a turbine from 30 bar, 500 °C to 0.2bar adiabatically. If the
steam flow rate is 2 kg/s, what is the maximum power that could be obtained from this
turbine? What is the power and the final state of the steam when the isentropic efficiency is
90%

Answer:
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System: Steam in turbine (open steady flow)

Conservation: Only energy

Energies: Work, Enthalpy; No Heat.

Process: Expansion with an isentropic efficiency

Properties: Point 1: P4, T1 given = complete; Point 2: P, given; other property from process
Model: Steam tables

Extensive: Yes 1: mass flow rate m

The 1% law for steady flow without KE, PE is

12 — W12 = (h2 — hy) but for adiabatic process g1 =0 = - W2 = (h2—hy)
Maximum work (and hence power) is for reversible process.
Process 12 is reversible adiabatic
From steam chart at 30 bar, 500 °C: h= 3456.5 kJ/kg s=7.234 ki/kg.K
From steam chart at 0.2 bar, s= 7.234:
st= 0.8319 kJ/kgK sq=7.9085 kJ/kgK  =si<s<sy hence wet steam
X2 = (S-S1)/(Sg-S7) = 0.9047
ht = 251.38 kJ/kg hg = 2609.7 kJ/kg
h, = x hg + (1-x) hy =2384.9 kJ/kg
Maximum power = 2 (hy — hy) = 2*(3456.5 — 2384.9) = 2143.2 kW
The actual (irreversible) adiabatic process is 13

IJis = (hs-h1)/ (h2-h1) = 90%

hs = 3456.5 — 0.9*(3456.5- 2384.9) = 2492 kJ/kg
Power = []is Pmax = m1 (hs — h1) = 0.9*2143.2 = 1928.8 kW
Final state at 0.2 bar, hs= 2492 < hq wet steam = t=60.1°C,
X3= (h3-hf)/(hg-hf) =0.95
S3=X3 Sy + (1-x3) St = 7.555 kJ/kgK

Example 7.5 Steam is compressed isothermally in a reversible steady flow process from
1.2bar and 250°C to 10bar. Find the change of entropy, the heat and work exchanged in

this process assuming that the steam is a) Real gas b) Ideal gas  c) Semi-ideal gas
Answer:

System: Steam in compressor (open steady flow)

Conservation: Only energy

Energies: Work, Heat and Enthalpy.

Process: Isothermal compression

Properties: Point 1: P4, T1 given = complete; Point 2: P, given, T, = T1 = complete
Model: 3 models: a) Steam tables; b) Ideal gas; b) Semi-ideal gas

Extensive: None

a) Since the process is reversible = ASirrev = 0
And since T is constant =%-51=0u2/T
At 1.2 bar and 250 °C: s1 = 7.957 kJ/kg.K hi1 =2974.2 kl/kg
At 10 bar and 250 °C: S2 = 6.923 kJ/kg.K h, = 2942 kJ/kg

S2 —S1=6.923 — 7.957 = -1.034 kJ/kg.K
Q2 =T (S2 — S1) = (250+273)*(-1.031) = — 540.78 kJ/kg
From the 1% law for steady flow
Wiz = iz — (h2 — hy) = - 540.78 — (2942 — 2974.2) = -508.8 kJ/kg
b) If the steam is assumed to be ideal gas:
S2—51=Co INTo/T1 — R In Po/P4
= -(8.3143/18) In (10/1.2) = - 0.979 kJ/kg.K
Q2 =T (2 — 1) = (250+273)*(- 0.979) = - 512 kJ/kg
The work could be obtained either from the 1% law:
W12 = (12— Cp (Tz — Tl) =Qur=- 512 kJ/kg
Or from: w1, = [Pdv = RT Jdv/v = RT In (va/v1)
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= - RT In (P2/P1) = - (8.3143/18)*523 In (10/1.2) = — 512 kJ/kg
c) The only difference between ideal and semi-ideal gas is that c, depends on T. when T is
constant both cases give the same results!

Example 7. 6 A membrane separates an insulated vessel into 2 rooms A and B. Room A
contains 2 kg of CO at 120°C and 3bar. Room B contains 3 kg of O at 5bar and 75 °C. if
the membrane ruptures, and the two gases mix, find the final temperature and pressure, the
partial pressure of each gas in the mixture and the change in entropy

Answer:

System: 3 systems: A) CO in room A; B) O2 in room B; mix) Mixture; all are closed

Conservation: Mass and Energy

Energies: Internal energies; No Work, No Heat.

Process: Mixing in a confined space (Volume of each system is fixed)

Properties: System A: Pa, Ta given = complete; System B: Pg, Ts given = complete; System 3:
all properties are to be calculated from process

Model: ideal gas mixtures

Extensive: Yes 2: masses of A and B = deduce mass of mix

System A:
Initial volume of A: Va = ma Ra Ta/ Pa = 2*(8314.5/28)*(120+273)/(3*10°) = 0.778 m*
Initial internal energy: cva = Ra/(ya-1) = (8314.5/28)/(1.4 — 1)/1,000 = 0.742366 kJ/kg K
= Ua =ma Cwa Ta = 2*0.742366*(120+273) = 583.5 kJ
System B:
Initial volume of B: Vg = mg Rg Te / Ps = 3*(8314.5/32)*(75+273)/(5*10%) = 0.543 m*
Initial internal energy: cve = Re/(ye-1) = (8314.5/32)/(1.4 — 1)/1,000 = 0.64957 kJ/kg K
= Ug = mg Cig Tg = 3*0.64957*(75+273) = 678.15 kJ
System mix:
e The conservation of mass gives:
mmixzmA+mB=2+3=5kg
And hence the mass fraction of each gas is
Xco = 2/5=04 Xo2 = 3/5=0.6
From which we can get the mixture molecular weight
pur=1/(Zixi/ w) =1/ ((0.4/28) + (0.6/32)) = 30.27
And hence the mole fraction can be calculated
Yco = ur fco / Uco = 30.27 * (04/28) =0.432
Yo2 = ur foz / Ho2 = 30.27 * (06/32) =0.568
e The conservation of energy gives:
Q — W = AU + AKE + APE
Uatter = Uefore
Unix = Mmix Cvmix Tmix = Ua + Us (assume ideal gas)
But, cvmix = Zi Xi ¢i = (0.4*0.742366) + (0.6*0.64957) = 0.6869 kJ/kg K
= Tmix = 367.46 K = 94.46°C
e The volume of the mixture is equal to the sum of the volumes of the two rooms:
Vimix = Va + Vs
From which we can easily calculate Pmix = M mix Rmix Tmix / Vimix
= Pmix=3.82 bar
e To get the partial pressures:
Pco = Pmix Yco = 3.82*0.432 = 1.651 bar
Po2 = Pmix Yoz = 3.82*%0.568 = 2.171 bar
e To get the entropy change:
AS = X X; AS;
AS co = Cpco IN Trmix/Ta — Reo In Pco/Pa
=1.039 In (367.46 /393) — (8.314/28) In (1.651 /3)
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=0.1075 kJ/kg K
AS 02 = Cpoz IN Trix/ Te — Roz In Po2/Ps
=0.909 In (367.46 /348) — (8.314/32) In (2.171/5)
=0.2663 kJ/kg K
AS=0.4*0.1075+ 0.6 * 0.2663 = 0.20276 kJ/kg K
N.B.: Entropy increases because mixing is an irreversible process

Example 7. 7 Water is sprayed in an insulated de-superheater where it mixes with an
entering superheated steam, to obtain saturated steam at the outlet. The conditions are:
Inlet steam: m= 0.3 kg/s , P= 27 bar, t=300 °C; Inlet water: P= 29 bar, t=40 °C; Outlet
steam: P= 26 bar, saturated; Find the mass flow rate of water and outlet steam. Find also

the entropy change of the system and the rate of entropy production assuming steady flow.
Answer:

System: Water (all phases) in the mixer (open steady flow)

Conservation: Mass and Energy

Energies: Enthalpies; No Work, No Heat.

Process: Mixing in a steady flow process

Properties: Inlet steam: Psin, Tsin given = complete; Inlet water: Py,n, Tw,in given = complete;
Outlet steam: Ps ot given, saturated = given

Model: Steam tables

Extensive: Yes 1: mass of inlet steam

The mass balance gives
ms,out = ms,in + fi’lw,in

SO Ms,out = 0.3+ Titw,in (1)
The energy balance gives (neglecting KE and PE):
Q-W=Zm; hi = Hls,in hsin + Hw,in hw,inzms,out hs,out (2)
From steam tables at:
27 bar, 300 °C = hsin= 3004 kJ/Kg, Ss,in = 6.609 kJ/kg K
26 bar, saturated = hiout = 2803 kJ/KQ, Ss,out = 6.24 kJ/kg K
Water 40 °C = hy,in = 170 kJ/Kg, Sw,in = 0.572 kJ/kg K

Substituting in (1) and (2)
0.3*3004 + ritw,in * 170 = (0.3 + rirw,in)™* 2803
mw,in = 0.023 kg/s
ms ot = 0.323 kg/s
the change in entropy for the system = 0 because it is in a steady state flow.
To get the rate of entropy production:
dS irrev / dt = i m2i Si — QT
= ms,in Ss,in = mw,in Sw,in + ms,out Ss,out
- 0.3*6.609 — 0.023*0.572 + 0.323*6.242
0.0203 kW/K
N.B. Process is irreversible; hence dSiqre/dt must be positive

Example 7.8 A vertical frictionless piston and cylinder arrangement has a cross-sectional
area of 100 cm? contains air initially at 27°C. Piston mass is 120kg, while atmospheric
pressure is 1bar. Air is heated by an external heat reservoir having a temperature of 527°C,
as a result cylinder height has increased from 20 to 40 cm. Assuming (a) ideal gas as well
as (b) semi-ideal gas, find final temperature, as well as heat and work exchanged. Find also
change of entropy of air, as well as entropy production of the universe due to this process.

Answer:

System: 4 systems: 1) Piston; 2) Air in the cylinder (closed); 3) Reservoir; 4) Universe
Conservation: Momentum in system 1; Energy in system 2 and 3

169



Energies: Heat, Work and Internal energy

Process: Isobaric for system 2

Properties: System 1: mass, area and atmospheric pressure = pressure in cylinder; System 2)
initial state: T, and V1 given, P1 from system 1 = v; and my;r final state: V> given, P
=P = given ; System 3: T given

Model: a) Ideal and b) semi-ideal gas

Extensive: Yes 2: Vi and V»

System 1: Piston
Absolute pressure is the sum of air pressure and piston weight:
P = 120*9.8/(100%10#)/10° + 1 = 2.18 bar
System 2: Air in cylinder
V1 =100*10"** 20*102 = 0.002 m3; V2 = V1 *4/2 = 0.004 m®
Mair = PV1/RT1 = 2.18*10° * 0.002/ ((8314.5/28.9)*(273+27)) = 0.005052 kg
T2 =T1*V2/V1 =300 * 4/2 = 600 K (isobaric and ideal gas)
Work W = [PdV = 2.18*10%*(0.004 — 0.002) = 436 J
Heat Q: Qair = W + mair AU
a) ldeal gas: Au=cy(T2—T1) =716.86 * (600 — 300) = 215,357 J/kg
Qair = W + mair Au = 436 + 0.005052 * 215,357 = 1,526 J
ASair = Mair Cp In (T2/T1) = 3.5258 J/IK
b) Semi-ideal gas: Au = uz — uz = 435.59 — 213.95 = 221.64 kJ/Kg
Qair =436 + 0.005052*221.64*1,000 = 1,555.63 J
ASair = Mair (s°(T2) —s°(T1)) = 0.005052 *(2.4106 — 1.7015)*1,000 = 3.582 J/K
System 3: Reservoir
Qres =- Qair
ASres = Qres / Tres
a) ldeal gas: ASres = —1.9075 J/K
b) Semi-ideal gas: ASres = — 1.9445 J/K
System 4: Universe
ASirrev = ASres + ASair
a) ldeal gas: ASirrev = 3.5258 — 1.9075 = 1.6183 J/K
b) Semi ideal gas: ASirrev = 3.582 — 1.9445 = 1.6375 J/K
(NB.: positive because irreversible)

Example 7.9 Water enters a frictionless tube at 2 bar, 50°C and a rate of 0.5 kg/s. The tube
is heated by an external heat reservoir at 290°C, until a dryness fraction (quality) of 0.9 is
reached at exit. Find final temperature as well as mechanical power and rate of heat
exchanged. Find the rate of entropy production.

Answer:

System: 1) Water (all phases) in the (open steady flow); 2) Reservoir; 3) Universe

Conservation: Energy

Energies: Heat and Enthalpy; No Work.

Process: Isobaric in a steady flow process

Properties: Inlet steam: Psin, Tsin given = complete; Inlet water: Pw,in, Twin given = complete;
Outlet steam: Psout given, saturated = given

Model: Steam tables

Extensive: Yes 1: mass flowrate of inlet steam

System 1:
At inlet, pressure is higher than saturation pressure at the same temperature:
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Psat(50°C) = 12.35 kPa < 2bar. Hence inlet fluid is in liquid state
Knowing that at 50°C: vf =0.001012; ht = 209.3 kJ/kg; st = 703.7 J/IkgK
Hence hy = hitvs (P — Psat) = 209.5 kJ/kg; s1 = s = 703.7 J/kgK
For exit conditions at P = 2bar, x> = 0.9: wet steam.

T2 = Tsat = 120230C

ht = 504.68 kJ/kg ; hg = 2706.6 kJ/kg;

st = 1.53 ki/kgK; sq = 7.1271 kJ/kgK.

Hence:

h2 = (1-x2) ht + X2 hg = 2486.4 kJ/kg

S2 = (1-x2) St + X2 Sg = 6.5674 kJ/kgK

For isobaric flow in a frictionless tube:

W=0

From first law for a steady flow process:

O = (h—h1) = 0.5 * (2486.4 — 209.5) = 1138.4 KW

System 2: Reservoir
Sres = Ores | Tres = —1138.4 / (290+273) = — 2.022 KW/K
System 3 : Universe
Rate of entropy production:
Rate of entropy production is the total rate of entropy increase of the universe
It is composed of two components: change in Reservoir + change in Steam
e Entropy change of the heat reservoir: — 2.022 kW/K
e Entropy change of steam:
The latter is composed of two parts: steam inside tube and steam outside tube
o Steam inside the tube
Inside the tube: dS/dt = 0 because steady state
o Steam outside the tube
Outside the tube: 0.5 kg/s have changed their entropy from s; to s,
Ssteam = 71 (S2 — $1) = 0.5*(6.5674 - 703.7/1000) = 2.932 kW/K
— Total rate of entropy production is:
Sirrev = 2.932 - 2.022 = 0.91 kW

Example 7. 10 When a handheld gun is triggered, powder confined in a small chamber
behind the bullet, is rapidly transformed into gases at high pressure and temperature that
will propel the bullet. Bullet outside diameter is 9mm. Chamber height is 1cm. Bullet
travels a distance of 12 cm before leaving the gun at high speed. Initial conditions in the
chamber after triggering were 40 bar and 927°C. Bullet mass is 0.030 g. Expansion can be
considered as adiabatic and frictionless. Gas properties can be considered as those of air.
Find bullet exit velocity.
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Answer:

System: 1) Expanding gas (closed); 2) Bullet

Conservation: Energy

Energies: System 1) Work and internal energy, No heat; System 2) Work and kinetic energy.
Process: isentropic expansion

Properties: System 1): initial state: Py, T1 given = complete, V; final state: V> given

Model: ideal gas

Extensive: Yes 3: Vi, V,, mass of bullet

System 1: Gas

P1 =40 bar

T1 =927 + 273 = 1200K

Cross sectional area A = nt/4 (0.009)? = 6.36*10° m?

V1 = Initial height * A = 0.01 * A = 6.36*10" m?

V. = Total height * A =(0.01+0.12) * A =8.27*10°m?

Assuming gases properties are those of air:

Mass of air ma = PV / RT = 40*10° * 6.36*10° / (8314/28.9%1200) = 7.36*10° kg
Assuming reversible adiabatic:

= PV = Constant

= T2/ T1= (V1 / Vo)

T2 = 1200 (1/13)%4 = 430.13K

From firstlaw: Q - W =U;-U; (Q =0)

=W=ma*c,* (T1—T2) =7.36*10° * 719 *(1200 — 430.13) = 4.08 J

System 2 : Bullet
Part of the work received by expanding gases is lost in pushing outside air at the other side
of the bullet: W, = P, (V2 — V1) = 10° * (8.27 — 0.636)*10° = 0.7634J
-W=AKE
—(0.7634 — 4.08) = Y2 Mpyitet V2
v =470 m/s
NB : temperature variations are high. It would be more accurate to use the semi-ideal model:
Vr(Tz) / Vr(Tl) =V / Vi=13
Vi(T2) =vi(T1) *13 = T,=481.42K
W =ma (U1 — Up) = 7.36*10° * (933.13 — 345.75) = 4.323 ]
For which bullet velocity would have been: 487 m/s

Example 7. 11 Example 7.11 In a jet engine enters 0.3 kg/s of fuel as well as 3.6 kg/s of air.
After combustion exhaust gases are at 6 bar and 517°C. Their properties may be considered
as those of air, semi-ideal. Gases expand in a nozzle in a reversible adiabatic process to
exit from it at 1 bar and very high speed to produce a thrust. Find exit temperature and exit
velocity. Find exit density as well as exit cross-sectional area. What is the entropy change
during expansion?

Answer

System: 1) Combustion chamber; 2) Nozzle (open steady flow)

Conservation: System 1: Mass; System 2: Mass and Energy

Energies: System 1) No need; System 2) Enthalpy and kinetic energy, No Heat, No Work.
Process: isentropic expansion

Properties: System 2): initial state: Py, T1 given = complete; final state: P2 given

Model: Semi-ideal gas

Extensive: Yes 2: mass of fuel and mass of air
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Systems 1:
Mot = Miuel + Mair = 3.9 kg/s

System 2:
Initial, final states: For nozzle: Py = 6 bar, T1 = 517+273 = 790 K; P2 = 1 bar
e Mass balance:
Mot = p2 V2 Az
e Energy balance:
(h2 — h1) + ¥ (v22 — v1?) = 0. (v1=0 negligible compared to vz (very high speed))

= In order to obtain T2, v2, A2, we need to get hy, hz, p2
h: =h(T1) = 811.77 kJ/kg ; (from semi-ideal air tables)
To get hy, T2: use Pr and h from air semi-ideal gas tables:
P2/ P1=Pr(T2) /P{(T1)=1/6
but Pr(T1) = 45.65 = P(T2) =7.61 = T>=486.7 K
ho = h(T2) = 489.8 kJ/kg ;

= from first law: v, = (2 (811.77 — 489.8)*1000) * = 802.5 m/s

= From ideal gas equation of state: p, = P,/ R T, = 10° / (289 * 485) = 0.7142 kg/m®
= from mass balance: Az = Mt / (2 V2) = 0.0068 m?

Entropy change = 0 because reversible adiabatic
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English text & sy gall  5-8

8. Exergy or availability

8.1. Preamble

During this chapter, our previous knowledge of First and Second Laws will be used to obtain
an expression for the maximum work Wmax that can be obtained starting from any source of
energy that does not violate the second law. The objective is to be able to qualify actual
industrial processes objectively in order to detect areas of potential improvement for a better
energy usage.

8.2. Maximum work and irreversibility

Work exchanged by a system during any process between states 1 and 2 depends on the
process type. However, among all possible processes, the maximum work that can be obtained
IS a unique quantity, which will be derived in this section. Let us rewrite First and Second Laws
in the following unified form:

%[msys(u +V2/2+ gzlsys} =m, (h +V2/2+ gzl - mout(h +V2/2+ gzlOut +Q-W

in

d (ms)sys/dt = (ms)in - (ms)out + (ifArea%dAj + dsirrev/dt

The integral appearing in the second law will be simplified by assuming heat is exchanged
across N segments, each having an area Ai and each is at a uniform temperature Ti:

ffArea% dA= le\il '[Ai qu/Ti = Zi,\ilQi /Ti

Multiplying the Second Law by ambient temperature To and subtracting from the First Law,
gives:
W =21 Qi-To/T)
iy (= Tos +v2/2+ gzl — i —Tos +v2/2+ gzl

in out

d
—a[msys(u ~Tys+V?/2+ ngSyJ

_TO dSirrev/dt
The last term in the expression above is either negative or zero for reversible processes only.

Hence, the reversible work is always higher than the irreversible one:
W =W, —To dSirrev/dt

Wrev :ZiNlei (1_T0/Ti)
iy (h—Tos +v2/2+ gzl g =Tes +v2/2+ gz]

in out

d
—a[msys(u ~Tos+V2/2+ gz]SyJ

The expression above gives the maximum theoretical work that can be obtained out of any
source of energy in a process between two given states.

The difference between theoretical and actual work is called the irreversibility:

I, =W,, —W =T,dS;., /dt

which is a concept that generalizes the friction work defined earlier.

8.3. Exergy or availability

After obtaining the maximum work between two states in the previous section, in this
section we will go a step further by obtaining the maximum work starting from any state,
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regardless of the final state. This work is called the exergy or availability i.e. the ability to
transform any form of energy into work.

The final state should be one that cannot be used to produce any work. Hence, the final state
should be in equilibrium with neighborhood. This means pressure and temperature should be
equal to ambient. Final velocity and potential energies should vanish. Let us integrate the above
expression wrt time in order to reveal the final state explicitly. Assume for simplicity that
incoming and outgoing masses in an open system are equal. Hence, the availability A is:

A= ZiNlei (l_TO/Ti)+ min (\V + V2/2 + gZ)+ msys(¢'+vz/2 + gZ)
v =h-hy _TO(S_SO); ¢=u-—u, _To(s _So)

8.3.1. Awvailability of mechanical energies
In the absence of any form of energy other than kinetic and potential energies, the
availability is the sum of these energies.
8.3.2. Auvailability of heat
If the only existing form of energy is heat, the availability is simply Carnot efficiency
multiplied by heat, as shows the first term in the expression of availability, as long as heat

source temperature remains constant. Otherwise, we need to integrate the term f Areal%dA taking

into consideration the variation of T in the denominator.
8.3.3. Auvailability of enthalpy

In an open system in steady flow, disregarding kinetic and potential energies having known
availability, the maximum work that can be obtained from incoming masses at a given enthalpy
per unit mass is:

a=y=h—hy—Ty(s—s;)

where the subscript O indicates ambient conditions. If ambient conditions were considered
as reference values to both h and s, then the function y becomes a state property that can be
represented in h-s chart as in Figure 8-1. Note that the tangent to the constant pressure line
passing by the ambient state (To, Po) is the temperature To, since:

Tds=dh—-vdP; dP=0=dh/ds=T

The vertical distance between the any given state and the line drawn as a tangent to the
constant pressure line passing by the surroundings (see Figure 8-1) represents the availability.

8.3.4. Availability of internal energy

Consider a closed system, disregarding kinetic and potential energies as above. The
maximum work that can be obtained from a given internal energy can be calculated from the
availability expression given above after a slight modification. In fact the work given by the
system is partly exerted against ambient pressure. This part of work is not useful and should be
deducted from the expression above. The availability, before deducing work against
surroundings a":

a=¢=u—U;—To(s—5)

Deducing work against surroundings gives a:

a=¢=u—uy—To(s—5)—Py(vo—V)

This is also a state property, assuming ambient conditions are reference.

8.4. Second Law efficiency

There are two different views of efficiency. From the First Law, expressing energy balances,
efficiency is the (useful) energy gained divided by the energy paid:

ni = Energy gained / Energy Paid
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The Second Law view, expressing exergy losses, efficiency is the exergy gained divided by
the exergy paid:

nu = Exergy gained / Exergy Paid

Both views are complementary. For a heat engine, useful energy gained is work which is
obtained after paying an added heat. We know that the availability of heat to produce work is
rather small, even with the best design reducing all forms of irreversibilities into a negligible
value. Efficiency from the First Law has a practical objective that is very clear: the price needed
to obtain work. As for the Second Law efficiency, it is to qualify a given design: how far has it
been successful in obtaining the maximum possible work. It reaches 100% if all processes were
reversible. Any deviation from this optimum value indicates a potential improvement in the
design for a better energy usage.

For instance, paid and gained availabilities used to get Second Law efficiency in different
systems are:

- In aturbine, availability paid is the decrease in fluid availability between inlet and
outlet, while availability gained is work

- In a compressor, availability gained is the increase of availability in fluid between
inlet and outlet, while the availability paid is work.

- In a heat exchanger availability paid is the decrease in the hot fluid availability,
while the availability gained is the increase of cold fluid availability

- FEtc...
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Examples 4440 o Adglaadlial 6 - 8
Solved Examples 8: Availability
Example 8.1 In example Example 7. 6, assuming ambient temperature is 27°C, find the
availability loss.
Answer:

Availability loss is the irreversibility | = Tamb ASirrev
Availability loss = (273+27) * 0.20276 = 60.828 ki/kg

Example 8. 2 In example Example 7. 6Example 7. 7, assuming ambient temperature is
27°C, find the rate of availability loss.
Answer:
Rate of availability loss is the irreversibility rate / = Tamb dSirres/dt
Availability loss = (273+27) * 0.0203 = 6.09 kW

Example 8.3 A rigid tank of volume 0.2 m? initially contains 0.652 kg of H20 at 2 bar. A
heat reservoir at 500°C is used to heat the tank until the pressure inside it reaches 10 bar.
Find initial and final temperatures inside the tank, heat and work exchanged by H20,
entropy change of the universe as well as availability change due to this process (ambient
temperature 27°C). Is it reversible?

Answer

System: 3 systems: 1) Water (all phases) in the tank (closed); 2) The heat reservoir; 3) Universe
(sum of all systems)

Conservation: Only energy

Energies: Heat, internal energy. No Work.

Process: Isochoric

Properties: The tank: Initial: m, V (= get v1), P1 = complete; Final: P2, v2 = vi = complete; The
Reservoir: Tres given

Model: Steam tables

Extensive: yes, 2 values: mV in tank = v

System 1: Tank
e Initial state:
specific volume vi =V / m = 0.2/0.652= 0.306748 m®/kg, pressure P1=2 bar.
From saturation steam tables at 2 bar: vi1 = 0.0010605, vg1 = 0.8857
For wet steam; x1 = (0.306748 - 0.0010605) / (0.8857 - 0.0010605) = 0.346
ur = 504.49; ug1 = 2529.5; = U1 = un + X1 (Ugz — Us1) = 1204.2 kJ / kg
spp = 1.5301; Sq1 = 7.1271; = S1 = S1 + X1 (Sg1 — Sr1) = 3.4641 kJ / kg K
e Final state:
Given: v2 = v1= 0.306748; P2 =10 bar
From saturation steam tables at 10 bar: vg> = 0.1944 < v, = superheated
From superheat tables at P2, vo: T2 = 400°C
uz from steam tables at 10 bar, 400°C: 2957.3 kJ/kg
s> from steam tables at 10 bar, 400°C: 7.4651 kJ/kg K
= Qtank =M (U2 — u1) = 1143 kJ
System 2: Heat Reservoir
For reservoir ASres = Qres / Tres = -1143 / (500+273) = - 1.4787 kJ/K
System 3: Universe
AS for Universe = m(s2 — s1) — 1.4787 = 1.13 > 0 = irreversible
Loss of availability = Tamp * AS Universe = (273+27) * 1.13 = 339 kJ
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Exercises (i .9

1 Introduction

1.1

What are the applications of thermodynamics for an engineer?

2 Basic concepts

2.1

2.2
2.3
2.4
2.5

2.6

2.7

2.8

2.9

2.10

2.11

2.12

2.13

2.14

Write short notes on the following:

Thermodynamic properties, state, path, process, closed system, open system,
isolated system, extensive properties and intensive properties.
What is meant by quasi-static process

Describe the thermodynamic equilibrium of a system.

Determine the absolute pressure of a gas in a tank if the pressure gauge mounted in the
tank reads 120 kPa pressure? [221.3kPa]

What shall be the volume of a fluid having its specific gravity as 0.0006 and the mass
as 10 kg? [16.67mq]

Determine the pressure of compressed air in an air vessel, if the manometer mounted
on it shows pressure of 3 m of mercury. Assume density of mercury 13600 kg/m?.
[501.25kPa]

If the gauge pressure of oil in a tube is 6.275 kPa and oil's specific gravity is 0.8, then
determine depth of oil inside tube.[80cm]

Determine the barometer reading in mm of Hg if the vacuum measured in a condenser
is 74.5 cm of Hg and absolute pressure is 2.262kPa. [760mm]

Determine the absolute pressures for the following ;

A. gauge pressure of 1.4 MPa

B. vacuum pressure of 94.7 kPa

The barometric pressure 77.2 cm Hg and density of mercury as 13600 kg/m?3
Determine the pressure acting upon surface of a vessel at 200 m from the surface of

sea. Take barometric pressure as 101 kPa and specific gravity of sea water as 1.025.
[2.11 MPa]

A vacuum gauge gives pressure as 76 cm of mercury column, g=9.8 m?/s, density of
mercury = 13.6 g/cm®.  [0.91 bar ]

Calculate the actual pressure of air in the tank if the pressure of compressed air
measured by a manometer is 30 cm Hg and the atmospheric pressure is 101kPa.
Determine the gauge pressure at a depth of 1m in a tank filled with oil of specific
gravity 0.8.

Calculate the gas pressure using mercury manometer with one limb open to
atmospheric as shown. Barometer reading is 76 cm and the density of Hg = 13600
kg / md,

3 Energy concepts

3.1
3.2
3.3
3.4

State thermodynamic equilibrium of work; also differentiate between heat and work.
What is energy? What are different forms of it?

What is the difference between the macroscopic and microscopic forms of energy?
What is work? What are different forms of it?
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3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

When is the energy crossing the boundaries of a closed system heat and when is it work?

Determine the energy required to accelerate an 800 kg car from rest to 100 km/h on a
level road. [ 309 kJ]

Determine the energy required to accelerate a 1300 kg car from 10 to 60 km/h on an uphill
road with a vertical rise of 40 m.[686 kJ]

Determine the power required for a 2000-kg car to climb a 100-m-long uphill road with
a slope of 30° (from horizontal) in 10 s. (a) at a constant velocity, (b) from rest to a final
velocity of 30 m/s, and (c) from 35 m/s to a final velocity of 5 m/s. Disregard friction, air
drag, and rolling resistance. [(a) 98.1 kW, (b) 188 kW, (c) -21.9 kW]

Calculate the kinetic energy of a static satellite revolving around the earth with velocity
of 1 km/s. Assume acceleration due to gravity 9.91 m?/s and gravitational force of 5kN.
[254.8 MJ]

Determine the work required for displacing a block by 50 m and a force of 5 kN. [250kJ]

Determine the work done upon a spring having spring constant of 50 kN/m. spring is
stretched to 0.1 m from its un-stretched length of 0.05 m. [0.0658kJ]

A spring balance is used for measurement of weight, at standard gravitational acceleration
it gives weight of an object as 100 N, determine the spring balance reading for the same
object when measured at a location having gravitational acceleration as 8.5 m/s?.

Wind is blowing steadily at a certain velocity (10 m/s). At a certain location, wind is
blowing steadily at 10 m/s. Determine the mechanical energy of air per unit mass and the
power generation potential of a wind turbine with 60-m-diameter blades at that location.
Take the air density to be 1.25 kg/m3. [1770 kW]

A water pump that consumes 2 kW of electric power when operating is claimed to take
in water from a lake and pump it to a pool whose free surface is 30 m above the free
surface of the lake at a rate of 50 L/s. Determine if this claim is reasonable.

At winter design conditions, a house is projected to lose heat at a rate of 60,000 Btu/h.
The internal heat gain from people, lights, and appliances is estimated to be 6000 Btu/h.
If this house is to be heated by electric resistance heaters, determine the required rated
power of these heaters in KW to maintain the house at constant temperature.[15.8 kW]

4 Pure Substance and Equations of state

4.1

Define perfect gas.
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4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

411

Differentiate between characteristic gas constant and universal gas constant.

What is meant by real gas? Why ideal equation of state cannot be used for it?

Write equations of state for real gas.

Find the missing properties.

a. H.O T =250°C,v=0.02m3/kgP =?u="7
b.HO T=-2°C,P=100kPau=?v="?

Find the missing properties of T, P, v, u, h and x if applicable and plot the location of the
three states as points in the T-v and the P-v diagrams

a. Water at 5000 kPa, u = 800 kJ/kg
b. Water at 5000 kPa, v = 0.06 m3/kg.

Find the missing properties and give the phase of the substance.

a. H.OT=120°C,v=05m3/kgu=?P=?x="?
b. HLOT=100°C,P=10 MPau=?x=?2v="?

Saturated liquid water at 20°C is compressed to a higher pressure with constant
temperature. Find the changes in u and h from the initial state when the final pressure is
a) 500 kPa, b) 2000 kPa, c) 20 000 kPa.

The volume of a high altitude chamber is 40 m3. It is put into operation by reducing
pressure from 1 bar to 0.4 bar and temperature from 25°C to 5°C. How many kg of air
must be removed from the chamber during the process? Express this mass as a volume
measured at 1 bar and 25°C. Take R = 287 J/kg K for air.

A steel flask of 0.04 m?® capacity is to be used to store nitrogen at 120 bar, 20°C. The flask
is to be protected against excessive pressure by a fusible plug, which will melt and allow
the gas to escape if the temperature rises too high. (i) How many kg of nitrogen will the
flask hold at the designed conditions? (ii) At what temperature must the fusible plug melt
in order to limit the pressure of a full flask to a maximum of 150 bar?

A balloon of spherical shape 6 m in diameter is filled with hydrogen gas at a pressure of
1 bar abs. and 20°C. Later, the pressure of gas is 94 per cent of its original pressure at the
same temperature, what mass of original gas must have escaped if the dimensions of the
balloon are not changed.
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4.12 The gravimetric analysis of air and other data are as follows:

Constituent Percentage Molecular weight
Oxygen 23.14 32
Nitrogen 75.53 28
Argon 1.28 40
Carbon dioxide 0.05 44

Calculate: (i) Gas constant for air;

(i1) Apparent molecular weight.

4.13 Following is the gravimetric analysis of air:

Constituent Percentage
Oxygen 23.14
Nitrogen 75.53
Argon 1.28
Carbon dioxide 0.05

Calculate the analysis by volume and the partial pressure of each constituent when the total
pressure is 5 bar.

4.14 A mixture of hydrogen (H2) and oxygen (02) is to be made so that the ratio of H2 to 02

4.15

4.16

4.17

is 2: 1 by volume. If the pressure and temperature are 1 bar and 25°C respectively, if there
is 1 kg of H2 calculate: i) The mass of O2 required; ii) The volume of the container.

A gaseous mixture of composition by volume, 78% H2 and 22% CO is contained in a
vessel. It is desired that the mixture should be made in proportion 52% H2 and 48% CO
by removing some of the mixture and adding some CO. Calculate per mole of mixture
the mass of mixture to be removed, and mass of CO to be added. Assume that the pressure
and temperature in the vessel remain constant during the procedure.

The following is the volumetric analysis of a producer gas: CO = 28%, H2 = 13%, CH4
= 4%, CO2 = 4%, N2 = 51%. The values of Cp for the constituents CO, H2, CH4, CO2
and N2 are 29.27 kJ/mole K, 28.89 kJ/mole K, 35.8 kg/mole K, 37.22 ki/mole K, 29.14
kJ/mole K respectively. Calculate the values of Cp, Cv in (kJ/kg K) and (kJ/mole K) for
the mixture.

The analysis by weight of a perfect gas mixture at 20°C and 1.3 bar is 10% 02, 70% N2,
15% CO2 and 5% CO. Determine:

(i) Partial pressures of the constituents;

(i)  Gas constant of mixture.

4.18

A mixture of ideal gases consists of 4 kg of nitrogen and 6 kg of carbon dioxide at a
pressure of 4 bar and a temperature of 20°C. Find:
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(i) The mole fraction of each constituent,

(ii) The equivalent molecular weight of the mixture,
(i) The equivalent gas constant of the mixture,

(iv) The partial pressures and partial volumes,

(v) The volume and density of the mixture, and

(vi) The Cp and Cv of the mixture.

Take y: for CO2 = 1.286 and for N2 = 1.4.

4.19 Consider a gas mixture that consists of 3kg of 02, 5kg of N2, and 12kg of CHA4.
Determine:

a) The mass fraction of each component

b) The mole fraction of each component

c) The average molar mass

d) The gas constant of the mixture

[(a) 0.15, 0.25, 0.60; (b) 0.092, 0.175, 0.733; (c) 19.6kg/mol; (d) 0.424kJ/kg.K]

4.20 A mixture of carbon monoxide and oxygen is to be prepared in the proportion of 7kg to
4kg in a vessel of 0.3 m2 capacity. If the temperature of the mixture is 15 °C determine
the pressure in the vessel. If the temperature is then raised to 40 °C what will be the new
pressure in the vessel? [29.94 bar, 32.54bar]

4.21 A mixture of 6kg of oxygen and 9kg of nitrogen has a pressure of 3bar and a temperature
of 200C. Determine for the mixture:

a) The mole fraction of each component;

b) The specific gas constant;

c) The volume and density;

d) The partial pressures and volumes.

[(a) 0.369, 0.632; (b) 0.282kJ/kg.K; (c) 4.13m?, 3.63kg/m3; (d) 1.11 bar, 1.53m3, 1.9
bar, 2.61m?3].

4.22 A mixture of 1kmol CO2 and 3.5kmol of air is contained in a vessel at 1 bar and 150C.
The volumetric analysis of air can be taken as 21% oxygen and 79% nitrogen. Calculate:

a) The masses of CO2, O2 and N2 and the total mass;

b) The percentage of carbon content by mass;

¢) The molar mass and the specific gas constant for the mixture;

d) The specific volume of the mixture

[(a) 44kg, 23.55kg,77.5kg, 145.05kg; (b) 8.27%; (c) 32.2kg/mol, 0.2581kJ/kg.K; (d)
0.7435m3/kg].

4.23 A producer gas has the following volumetric analysis: 29% CO, 12% H2, 3% CHA4,
4%C02, 52% N2. Calculate the value of cp and cv for the mixture. The values of ¢, for

the constituents are as follows: for CO, ¢;,=29.27kJ/kmol K; for H2, ¢;,=28.89kJ/kmol K;
for CH4, ¢,=35.80kJ/kmol K; for CO2, ¢,=37.22kJ/kmol K; for N2, ¢,=29.14kJ/kmol
K.The molar masses may be taken as follows; for H2, 2kg/kmol; for CH4, 16kg/kmol,
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4.24

4.25

4.26

4.22

for CO2, 44kg/kmol; for N2, 28kg/kmol. [29.6707kJ/kmol.K, 21.3562kJ/kg.K,
1.1793kJ/kg.K, 0.8488kJ/kg.K].

An exhaust gas is analyzed and is found to contain by volume, 78% N2, 12% CO2 and
10% O2. What is the corresponding gravimetric analysis? Calculate the molar mass of
the mixture and the density if the temperature is 5500C and the total pressure is 1 bar.
[72%, 17.4%, 10.6%; 30.32kg/kmol; 0.443kg/m3].

Determine the mass of oxygen contained in a tank of 0.042 m? at 298 K and 1.5*10 Pa
considering it as perfect gas. Also determine the mass using compressibility charts [8.25
,8.84].

What will be specific volume of water vapor at 1 MPa and 523 K, if it behaves as perfect
gas? Also determine the same considering generalized compressibility chart.
[0.241m%/kg,0.234m3/kg].

Calculate the pressure of CO, gas at 27°C and 0.004 m®/kg treating it as ideal gas. Also

determine the pressure using Van der Waals equation of state. [14.17 MPa,
6.9MPa].

4.27

4.28

4.29

4.30

4.31

4.32

Determine molecular weight and gas constant for a mixture of gases having 65%No,
35%CO2 by mole. [33.6kg/K mol, 0.247kJ/kg.K] .

Considering air as a mixture of 78% N2, 22% O by volume determine gas constant,
molecular weight, Cp and Cv for air at 25°C.
[0.2879kJ/kg.K,28.88kg/K mol,1.0106kJ/kg.K, 0.722kJ/kg.K].

What minimum volume of tank shall be required to store 8 kmol and 4 kmol of O and
COarespectively at 0.2MPa, 27°C? [149.7m3].

Two tanks A & B containing O, and CO2 have volumes of 2 m® and 4 m?® respectively,
tank Ais at 0.6 MPa, 37°C and tank B at 0.1 MPa and 17°C. The two tanks are connected
through some pipe to allow for adiabatic mixing of two gases. Determine final pressure
and temperature of mixture. [0.266MPa, 30.6°C].

Determine the molecular weight and gas constant for some gas having Cp = 1.969kJ/kg.K,
Cv=1.507kJ/kg.K. [18.04kg/kmol,0.461kJ/kg.K].

In 5 kg mixture of gases at 1.013 bar and 300 K the various constituent gases are as
follows: 80 % N2, 18 % O, and 2 % CO.. Determine the specific heat at constant pressure,
gas constant for the constituents and mixture and molar mass of mixture taking y = 1.4
for N2 and Ozand y = 1.3 for CO>. Universal gas constant = 8314 J/kg.K.
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4.33 A gas mixture comprises of 75 % N2, 18 % O2, 7 % CO by volume at 0.5 MPa and 107°C.

For 5 kg mass of mixture carry out gravimetric analysis and determine the partial pressure
of gas mixture.

4.34 A steel insulated tank of 6 m3 volume is equally divided into two chambers using a

partition. These partitions of tank contain N2 gas at 800 kPa and 480 K and CO: gas at
400 kPa and 390 K. determine the equilibrium temperature and pressure of the mixture
after removing the partition. Use y = 1.4 for N2, y = 1.3 for COa.

4.35 A mixture of 18 kg hydrogen, 10 kg nitrogen and 2 kg carbon dioxide is put into a vessel

at atmospheric conditions. Determine the capacity of the vessel and the pressure in vessel
if it heated up to twice of initial temperature. Take ambient temperature as 27°C.

5 First Law of Thermodynamics

5.1

5.2

5.3

5.4

5.5

In an internal combustion engine, during the compression stroke, the heat rejected to the
cooling water is 50 kJ/kg and the work input is 100 kJ/kg. Calculate the change in internal
energy of the working fluid stating whether it is a gain or loss. [50 kJ/kg].

In an air motor cylinder, the compressed air has an internal energy of 450 kJ/kg at the
beginning of the expansion and an internal energy of 220 kJ/kg after expansion. If the
work done by the air during the expansion is 120 kJ/kg, calculate the heat flow to and
from the cylinder. [110 kJ/kg].

0.3 kg of nitrogen gas at 100 kPa and 40°C is contained in a cylinder. The piston is moved
compressing nitrogen until the pressure becomes 1 MPa and temperature becomes 160°C.
The work done during the process is 30 kJ. Calculate the heat transferred from the
nitrogen to the surroundings. [3 kJ].

When a stationary mass of gas was compressed without friction at constant pressure, its
initial state of 0.4 m3 and 0.105 MPa was found to change to final state of 0.20 m3 and
0.105 MPa. There was a transfer of 42.5 kJ of heat from the gas during the process. How
much did the internal energy of the gas change? [21.5 kJ].

A container is divided into compartments by a partition. The container is completely
insulated so that there is no heat transfer. One portion contains gas at temperature T1 and
pressure pl while the other portion also has the same gas but at temperature T2 and
pressure p2. How will the First Law of Thermodynamics conclude the result if partition
IS removed?
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5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

Air enters a compressor at 105 Pa and 25°C having volume of 1.8 m3/kg and is
compressed isothermally to 5 x 105 Pa. Determine: (i) Work done ; (ii) Change in internal
energy ; and (iii) Heat transferred. [- 289.7 kJ/kg, 0, — 289.7 kJ/kg].

A cylinder containing the air comprises the system. Cycle is completed as follows: (i)
82000 N-m of work is done by the piston on the air during compression stroke and 45 kJ
of heat are rejected to the surroundings. (ii) During expansion stroke 100 kN-m of work
is done by the air on the piston. Calculate the quantity of heat added to the system. [63
kJ].

A paddle wheel stirs a tank containing air. The work input to the paddle wheel is 9000 kJ
and the heat transferred to the surroundings from the tank is 3000 kJ. Determine: (i) Work
done. (ii) Change in internal energy of the system. [0, 6000 kJ].

In a system, executing a non-flow process, the work and heat per degree change of
temperature are given by dW/dT = 200 W-s/°C and dQ/dT = 160 J/°C .What will be the
change of internal energy of the system when its temperature changes from T1 = 55°C to
T2 =95°C ? [- 1.6 kJ].

A fluid system, contained in a piston and cylinder machine, passes through a complete
cycle of four processes. The sum of all heat transferred during a cycle is — 340 kJ. The
system completes 200 cycles per min. Complete the following table showing the method
for each item, and compute the net rate of work output in kW. [ 1133.33 kW]

Process  Q/(kJ/min) W (kJ/min) AE (kJ/min)
1—2 0 4340 —

2—3 42000 0 —

3—4 —-4200 — —-73200
4—1 — — —

The power developed by a turbine in a certain steam plant is 1200 kW. The heat supplied
to the steam in the boiler is 3360 kJ/kg, the heat rejected by the system to cooling water
in the condenser is 2520 kJ/kg and the feed pump work required to pump the condensate
back into the boiler is 6 kW. Calculate the steam flow round the cycle in kg/s. [1.421
ka/s].

A closed system of constant volume experiences a temperature rise of 25°C when a
certain process occurs. The heat transferred in the process is 30 kJ. The specific heat at
constant volume for the pure substance comprising the system is 1.2 kJ/kg°C, and the
system contains 2.5 kg of this substance. Determine: (i) The change in internal energy;
(if) The work done. [75 kJ, -45 kJ].

A fluid system undergoes a non-flow frictionless process following the pressure-volume
relationas p =5V + 1.5 where p is in bar and V is in m3. During the process, the volume
changes from 0.15 m3 to 0.05 m3 and the system rejects 45 kJ of heat. Determine: (i)
Change in internal energy. [-25 kJ] (ii) Change in enthalpy. [-50 kJ].
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5.14

5.15

5.16

5.17

5.18

5.19

5.20

The properties of a system, during a reversible constant pressure non-flow process at p =
1.6 bar, changed from v1 = 0.3 m3/kg, T1 = 20°C to v2 = 0.55 m3/kg, T2 = 260°C. The
specific heat of the fluid is given by the equation:
/5
Cp= [7.5 + mj
Where T is in °C. Determine: (i) Heat added/kg; (ii) Work done/kg; (iii) Change in
internal energy/kg; (IV) Change in enthalpy/kg. [475.94 kJ/kg, 40 kJ/kg, 435.94 kJ/Kg,
475.94 kJ/kg].

1 kg of gaseous CO2 contained in a closed system undergoes a reversible process at
constant pressure. During this process 42 kJ of internal energy is decreased. Determine
the work done during the process. Take cp = 840 J/kg°C and cv = 600 J/kg°C. [- 16.8
kJ].

90 kJ of heat are supplied to a system at a constant volume. The system rejects 95 kJ of
heat at constant pressure and 18 kJ of work is done on it. The system is brought to original
state by adiabatic process. Determine: (I) The adiabatic work ; (ii) The values of internal
energy at all end states if initial value is 105 kJ. [13 kJ].

0.2 m®of air at 4 bar and 130°C is contained in a system. A reversible adiabatic expansion
takes place until the pressure falls to 1.02 bar. The gas is then heated at constant pressure
until enthalpy increases by 72.5 kJ. Calculate: (i) The work done; (ii) The index of
expansion, if the above processes are replaced by a single reversible polytropic process
giving the same work between the same initial and final states. Take cp = 1 kJ/kg K, cv
=0.714 ki/kg K. [85.454 kJ, 1.062].

A housewife, on a warm summer day, decides to beat the heat by closing the windows
and doors in the kitchen and opening the refrigerator door. At first she feels cool and
refreshed, but after a while the effect begins to wear off. Evaluate the situation as it relates
to First Law of Thermodynamics, considering the room including the refrigerator as the
system.

A cylinder contains 0.45 m3 of a gas at 1 x 105 N/m2 and 80°C. The gas is compressed
to a volume of 0.13 m3, the final pressure being 5 x 105 N/m2. Determine:

(i) The mass of gas.

(ii) The value of index ‘n’ for compression.

(iii) The increase in internal energy of the gas.

(iv) The heat received or rejected by the gas during compression.
Take y=1.4,R=294.2 J/kg°C.[ 0.433 kg, 1.296, 49.9 kJ, -17.54 kJ].

Air at 1.02 bar, 22°C, initially occupying a cylinder volume of 0.015 m3, is compressed
reversibly and adiabatically by a piston to a pressure of 6.8 bar. Calculate : (i) The final
temperature ; (ii) The final volume ; (iii) The work done. [507.24 K, 0.00387 m?, -2.751
kJ].
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5.21

5.22

5.23

5.24

5.25

5.26

5.27

5.28

0.44 kg of air at 180°C expands adiabatically to three times its original volume and during
the process, there is a fall in temperature to 15°C. The work done during the process is
52.5 kJ. Calculate cp and cv.

1 kg of ethane (perfect) gas is compressed from 1.1 bar, 27°C according to a law pV1.3
= constant, until the pressure is 6.6 bar. Calculate the heat flow to or from the cylinder
walls. Given: Molecular weight of ethane = 30, cp = 1.75 kJ/kg K. [ 84.45 kJ/kg].

0.1 m® of an ideal gas at 300 K and 1 bar is compressed adiabatically to 8 bar. It is then
cooled at constant volume and further expanded isothermally so as to reach the condition
from where it started. Calculate: (i) Pressure at the end of constant volume cooling. [4.4
bar]. (ii) Change in internal energy during constant volume process. [- 20.27 kJ]. (iii)
Net work done and heat transferred during the cycle. [ 5.45 kJ].Assume cp = 14.3 kJ/kg
K and cv = 10.2 kJ/kg K.

0.15 m® of an ideal gas at a pressure of 15 bar and 550 K is expanded isothermally to 4
times the initial volume. It is then cooled to 290 K at constant volume and then
compressed back polytropically to its initial state. Calculate the network done and heat
transferred during the cycle. [81.03 kJ].

10 kg of fluid per minute goes through a reversible steady flow process. The properties
of fluid at the inlet are p1 = 1.5 bar, p1 = 26 kg/m3, C1 =110 m/s and ul = 910 kJ/kg and
at the exit are p2 = 5.5 bar, p2 = 5.5 kg/m3, C2 = 190 m/s and u2 = 710 kJ/kg. During the
passage, the fluid rejects 55 kJ/s and rises through 55 meters. Determine: (1) the change
in enthalpy (Ah). (11) Work done during the process (W). [-105.77 kJ/kg, —39.46 kW.].

In a gas turbine unit, the gases flow through the turbine is 15 kg/s and the power
developed by the turbine is 12000 kW. The enthalpies of gases at the inlet and outlet are
1260 kJ/kg and 400 kJ/kg respectively, and the velocity of gases at the inlet and outlet are
50 m/s and 110 m/s respectively. Calculate: (i) The rate at which heat is rejected to the
turbine, and (ii) The area of the inlet pipe given that the specific volume of the gases at
the inlet is 0.45 m3/Kkg. [828 kw, 0.135 m?].

In an air compressor air flows steadily at the rate of 0.5 kg/s through an air compressor.
It enters the compressor at 6 m/s with a pressure of 1 bar and a specific volume of 0.85
m3/kg and leaves at 5 m/s with a pressure of 7 bar and a specific volume of 0.16 m3/kg.
The internal energy of the air leaving is 90 kJ/kg greater than that of the air entering.
Cooling water in a jacket surrounding the cylinder absorbs heat from the air at the rate of
60 kJ/s. Calculate: (i) The power required to drive the compressor. (ii) The inlet and
output pipe cross-sectional areas. [118.5 kw, 0.0708 m?, 0.016 m?].

In a steam plant, 1 kg of water per second is supplied to the boiler. The enthalpy and
velocity of water entering the boiler are 800 kJ/kg and 5 m/s. The water receives 2200
kJ/kg of heat in the boiler at constant pressure. The steam after passing through the turbine
comes out with a velocity of 50 m/s, and its enthalpy is 2520 kJ/kg. The inlet is 4 m above
the turbine exit. Assuming the heat losses from the boiler and the turbine to the
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5.29

5.30

531

5.32

5.33

5.34

5.35

surroundings are20 kJ/s, calculate the power developed by the turbine. Consider the boiler
and turbine as single system. [458.8 kW].

A turbine, operating under steady-flow conditions, receives 4500 kg of steam per hour.
The steam enters the turbine at a velocity of 2800 m/min, an elevation of 5.5 m and a
specific enthalpy of 2800 kJ/kg. It leaves the turbine at a velocity of 5600 m/min, an
elevation of 1.5 m and a specific enthalpy of 2300 kJ/kg. Heat losses from the turbine to
the surroundings amount to 16000 kJ/h. determine the power output of the turbine. [616.53
kw].

Steam at a 6.87 bar, 205°C, enters in an insulated nozzle with a velocity of 50 m/s. It
leaves at a pressure of 1.37 bar and a velocity of 500 m/s. Determine the final enthalpy of
steam. [2726.25 kJ].

The working fluid, in a steady flow process flows at a rate of 220 kg/min. The fluid rejects
100 kJ/s passing through the system. The conditions of the fluid at inlet and outlet are
givenas C1 =320 m/s, p1 = 6.0 bar, ul = 2000 kJ/kg, v1 = 0.36 m3/kg and C2 = 140 m/s,
p2 = 1.2 bar, u2 = 1400 kJ/kg, v2 = 1.3 m3/kg. The suffix 1 indicates the condition at
inlet and 2 indicates at outlet of the system. Determine the power capacity of the system
in MW. The change in potential energy may be neglected. [2.4718 MW].

A stream of gases at 7.5 bar, 750°C and 140 m/s is passed through a turbine of a jet engine.
The stream comes out of the turbine at 2.0 bar, 550°C and 280 m/s. The process may be
assumed adiabatic. The enthalpies of gas at the entry and exit of the turbine are 950 kJ/kg
and 650 kJ/kg of gas respectively. Determine the capacity of the turbine if the gas flow is
5 kg/s. [1353 kw].

A centrifugal air compressor delivers 12 kg of air per minute. The inlet and outlet
conditions of air are C1 = 12 m/s, p1 = 1 bar, vl = 0.5 m3/kg and C2 =90 m/s, p2 = 8
bar, v2 = 0.14 m3/kg. The increase in enthalpy of air passing through the compressor is
150 kJ/kg and heat loss to the surroundings is 700 kJ/min. Find: (i) Motor power required
to drive the compressor. (ii) Ratio of inlet to outlet pipe diameter. Assume that inlet and
discharge lines are at the same level. [-42.46 kW, 5.175].

In a test of water-cooled air compressor, it is found that the shaft work required to drive
the compressor is 175 kJ/kg of air delivered and the enthalpy of air leaving is 70 kJ/kg
greater than that entering and that the increase in enthalpy of circulating water is 92 kJ/kg.
Compute the amount of heat transfer to the atmosphere from the compressor per kg of
air. [- 13 kJ/kg].

At the inlet to a certain nozzle the enthalpy of fluid passing is 2800 kJ/kg and the velocity
is 50 m/s. At the discharge end, the enthalpy is 2600 kJ/kg. The nozzle is horizontal and
there is negligible heat loss from it. (i) Find the velocity at exit of the nozzle. (ii) If the
inlet area is 900 cm? and the specific volume at inlet is 0.187 m3/kg, find the mass flow
rate. (iii) If the specific volume at the nozzle exit is 0.498 m3/kg, find the exit area of
nozzle. [634.4 m/s, 24.06 kg, 0.018887 ).
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5.36

5.37

5.38

5.39

5.40

541

The gas leaving the turbine of a gas turbine jet engine flows steadily into the engine jet
pipe at a temperature of 900°C, a pressure of 2 bar and a velocity of 300 m/s relative to
the pipe. Gas leaves the pipe at a temperature of 820°C and a pressure of 1.1 bar. Heat
transfer from the gas is negligible. Using the following data, evaluate the relative velocity
of gas leaving the jet pipe. For the gas at t = 820°C, h = 800 kJ/kg and at 910°C, h =915
kJ/Kg. [565.7 m/s].

A centrifugal pump delivers 50 kg of water per second. The inlet and outlet pressures are
1 bar and 4.2 bar respectively. The suction is 2.2 m below the centre of the pump and
delivery is 8.5 m above the centre of the pump. The suction and delivery pipe diameters
are 20 cm and 10 cm respectively. Determine the capacity of the electric motor to run the

pump. [22.2 kW].

During flight, the air speed of a turbojet engine is 250 m/s. Ambient air temperature is —
14°C. Gas temperature at outlet of nozzle is 610°C. Corresponding enthalpy values for
air and gas are respectively 250 and 900 kJ/kg. Fuel air ratio is 0.0180. Chemical energy
of fuel is 45 MJ/kg. Owing to incomplete combustion, 6% of chemical energy is not
released in the reaction. Heat loss from the engine is 21 kJ/kg of air. Calculate the velocity
of the exhaust jet. [455.16 m/s].

Air at a temperature of 20°C passes through a heat exchanger at a velocity of 40 m/s
where its temperature is raised to 820°C. It then enters a turbine with same velocity of 40
m/s and expands until the temperature falls to 620°C. On leaving the turbine, the air is
taken at a velocity of 55 m/s to a nozzle where it expands until the temperature has fallen
to 510°C. If the airflow rate is 2.5 kg/s, calculate: (i) Rate of heat transfer to the air in the
heat exchanger; (ii) The power output from the turbine assuming no heat loss; (iii) The
velocity at exit from the nozzle, assuming no heat loss. Take the enthalpy of air as h =

cpt, where cp is the specific heat equal to 1.005 kJ/kg°C and t the temperature.[ 2010 kJ/s,
504.3 KW, 473.4 m/s].

12 kg of a fluid per minute goes through a reversible steady flow process. The properties
of fluid at the inlet are p1 = 1.4 bar, p1 = 25 kg/m3, C1 =120 m/s and ul = 920 kJ/kg and
at the exit are p2 = 5.6 bar, p2 = 5 kg/m3, C2 = 180 m/s and u2 = 720 kJ/kg. During the
passage, the fluid rejects 60 kJ/s and rises through 60 meters. Determine: (i) the change
in enthalpy (Ah) and (ii) work done during the process (W). [Ah = —93.6 kJ/kg; W = -
44.2 KW].

In the turbine of a gas turbine unit the gases flow through the turbine is 17 kg/s and the
power developed by the turbine is 14000 kW. The enthalpies of the gases at inlet and
outlet are 1200 kJ/kg and 360 kJ/kg respectively, and the velocities of the gases at inlet
and outlet are 60 m/s and 150 m/s respectively. Calculate the rate at which the heat is
rejected from the turbine. Find also the area of the inlet pipe given that the specific volume
of the gases at inlet is 0.5 m3/kg. [119.3 KW (heat rejected); 0.142 m3].
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5.42

5.43

5.44

5.45

5.46

5.47

5.48

Air flows steadily at the rate of 0.4 kg/s through an air compressor, entering at 6 m/s with
a pressure of 1 bar and a specific volume of 0.85 m3/kg, and leaving at 4.5 m/s with a
pressure of 6.9 bar and a specific volume of 0.16 m3/kg. The internal energy of air leaving
is 88 kJ/kg greater than that of the air entering. Cooling water in a jacket surrounding the
cylinder absorbs heat from the air at the rate of 59 kJ/s. Calculate the power required to
drive the compressor and the inlet and outlet pipe cross-sectional areas. [104.4 KW; 0.057
m2; 0.014 m2].

A turbine operating under steady flow conditions receives steam at the following state:
pressure 13.8 bar; specific volume 0.143 m3/kg; internal energy 2590 kJ/kg; velocity 30
m/s. The state of the steam leaving the turbine is: pressure 0.35 bar ; specific volume 4.37
m3/kg ; internal energy 2360 kJ/Kg ; velocity 90 m/s. Heat is lost to the surroundings at
the rate of 0.25 kJ/s. If the rate of steam flow is 0.38 kg/s, what is the power developed
by the turbine? [102.8 kW].

A nozzle is a device for increasing the velocity of a steadily flowing stream of fluid. At
the inlet to a certain nozzle the enthalpy of the fluid is 3025 kJ/kg and the velocity is 60
m/s. At the exit from the nozzle, the enthalpy is 2790 kJ/kg. The nozzle is horizontal and
there is negligible heat loss from it. (i) Find the velocity at the nozzle exit. (ii) If the inlet
area is 0.1 m2 and specific volume at inlet is 0.19 m3/kg, find the rate of flow of fluid.
(iii) If the specific volume at the nozzle exit is 0.5 m3/kg, find the exit area of the nozzle.
[688 m/s; 31.6 kg/s; 0.0229 m2].

Steam at 7 bar and 200°C enters an insulated convergent divergent nozzle with a velocity
of 60 m/s. It leaves the nozzle at a pressure of 1.4 bar and enthalpy of 2600 kJ/kg.
Determine the velocity of the steam at exit. [701 m/s].

A centrifugal pump operating under steady flow conditions delivers 3000 kg of water per
minute at 20°C. The suction pressure is 0.8 bar and delivery pressure is 3 bar. The suction
pipe diameter is 15 cm and discharge pipe diameter is 10 cm. Find the capacity of the
drive motor. Neglect the change in internal energy and assume that the suction and
discharge are at same level. [11.8 kW].

In a steam power plant, 1.5 kg of water is supplied per second to the boiler. The enthalpy
and velocity of water entering into the boiler are 800 kJ/kg and 10 m/s. Heat at the rate of
2200 kJ per kg of water is supplied to the water. The steam after passing through the
turbine comes out with a velocity of 50 m/s and enthalpy of 2520 kJ/kg. The boiler inlet
is 5 m above the turbine exit. The heat loss from the boiler is1800 kJ/min and from the
turbine 600 kJ/min. Determine the power capacity of the turbine, considering boiler and
turbine as single unit. [678 KW].

A centrifugal compressor delivers 15 kg of air per minute. The inlet and outlet conditions
of airare C1 =10 m/s, p1 =1 bar, vl =0.5 m3/kg and C2 =80 m/s, p2 = 7 bar, v2 = 0.15
m3/kg. The increase in enthalpy of air passing through the compressor is 160 kJ/kg, and
heat loss to the surroundings is 720 kJ/min. Assuming that inlet and discharge lines are
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at the same level, find: (i) Motor power required to drive the compressor. (ii) Ratio of
inlet to outlet pipe diameter. [52.7875 kW, 5.2]

6 Second Law

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

A heat engine receives heat at the rate of 1500 kJ/min and gives an output of 8.2 kW.
Determine: (i) The thermal efficiency. (ii) The rate of heat rejection. [32.8 %, 16.8 kJ/s].

During a process, a system receives 30 kJ of heat from a reservoir and does 60 kJ of work.
Is it possible to reach initial state by an adiabatic process?

Find the co-efficient of performance and heat transfer rate in the condenser of a
refrigerator in kJ/h, which has a refrigeration capacity of 12000 kJ/h when power input is
0.75 kW. [4.44, 14700 kJ/hr.].

A domestic food refrigerator maintains a temperature of — 12°C. The ambient air
temperature is 35°C. If heat leaks into the freezer at the continuous rate of 2 kJ/s determine
the least power necessary to pump this heat out continuously. [0.36 kW].

A house requires 2 x 105 kJ/h for heating in winter. Heat pump is used to absorb heat
from cold air outside in winter and send heat to the house. Work required to operate the
heat pump is 3 x 104 kJ/h. Determine: (i) Heat abstracted from outside. (ii) Co-efficient
of performance. [170 MJ/h, 6.66].

What is the highest possible theoretical efficiency of a heat engine operating with a hot
reservoir of furnace gases at 2100°C when the cooling water available is at 15°C ? [87.8
%].

A Carnot cycle operates between source and sink temperatures of 250°C and — 15°C. If
the system receives 90 kJ from the source, find: (i) Efficiency of the system; (ii) The
network transfer. (iii) Heat rejected to sink. [50.6%, 45.54kJ, 44.46 kJ].

An inventor claims that his engine has the following specifications : Temperature limits
...... 750°C and 25°C

Power developed ... 75 kW
Fuel burned per hour ... 3.9 kg
Heating value of the fuel ... 74500 kJ/kg
State whether his claim is valid or not. [Claim of the inventor is not valid].

A fish freezing plant requires 40 tons of refrigeration. The freezing temperature is — 35°C
while the ambient temperature is 30°C. If the performance of the plant is 20% of the
theoretical reversed Carnot cycle working within the same temperature limits, calculate
the power required. Given: 1 ton of refrigeration = 210 kJ/min.[191.25 kW].
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6.10

6.11

6.12

6.13

Source 1 can supply energy at the rate of 12000 kJ/min at 320°C. A second source 2 can
supply energy at the rate of 120000 kJ/min at 70°C. Which source (1 or 2) would you
choose to supply energy to an ideal reversible heat engine that is to produce large amount
of power if the temperature of the surroundings is 35°C? [Source 2 is better].

A reversible heat engine operates between two reservoirs at temperatures 700°C and
50°C. The engine drives a reversible refrigerator, which operates, between reservoirs at
temperatures of 50°C and — 25°C. The heat transfer to the engine is 2500 kJ and the
network output of the combined engine refrigerator plant is 400 kJ. Determine: (i) the
heat transfer to the refrigerant and the net heat transfer to the reservoir at 50°C. (ii)
Reconsider (i) given that the efficiency of the heat engine and the C.O.P. of the
refrigerator are each 45 per cent of their maximum possible values. [6298.6 kJ, 2618 kJ].

An ice plant working on a reversed Carnot cycle heat pump produces 15 tons of ice per
day. The ice is formed from water at 0°C and the formed ice is maintained at 0°C. The
heat is rejected to the atmosphere at 25°C. The heat pump used to run the ice plant is
coupled to a Carnot engine, which absorbs heat from a source, which is maintained at
22001C by burning liquid fuel of 44500 kJ/kg calorific value and rejects the heat to the
atmosphere. Determine: (i) Power developed by the engine; (ii) Fuel consumed per hour.
Take enthalpy of fusion of ice = 334.5 kJ/kg. [5.3 kW, 1.082 kg/h].

A Carnot heat engine draws heat from a reservoir at temperature T1 and rejects heat to
another reservoir at temperature T3. The Carnot forward cycle engine drives a Carnot
reversed cycle engine or Carnot refrigerator, which absorbs heat from reservoir at
temperature T2 and rejects heat to a reservoir at temperature T3. If the high temperature
T1 =600 K and low temperature T2 = 300 K, determine: (i) the temperature T3 such that
heat supplied to engine Q1 is equal to the heat absorbed by refrigerator Q2. (ii) The
efficiency of Carnot engine and C.O.P. of Carnot refrigerator. [400 K, 33.33%, 3].

7 Entropy

7.1

7.2

7.3

300 kJ/s of heat is supplied at a constant fixed temperature of 290°C to a heat engine. The
heat rejection takes place at 8.5[1C. The following results were obtained: (i) 215 kJ/s are
rejected. (ii) 150 kJ/s are rejected. (iii) 75 kJ/s are rejected. Classify which of the result
report a reversible cycle or irreversible cycle or impossible results.

A steam power plant operates between boiler temperature of 160°C and condenser
temperature of 50°C. Water enters the boiler as saturated liquid and steam leaves the
boiler as saturated vapor. Verify the Clausius inequality for the cycle. Given: Enthalpy of
water entering boiler = 687 kJ/kg. Enthalpy of steam leaving boiler = 2760 kJ/kg
Condenser pressure = 0.124 x 105 N/m?,

An iron cube at a temperature of 400°C is dropped into an insulated bath containing 10
kg water at 25°C. The water finally reaches a temperature of 50°C at steady state. Given
that the specific heat of water is equal to 4186 J/kg K. Find the entropy changes for the
iron cube and the water. Is the process reversible? If so why? [1177.24 J/K].
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7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

7.12

7.13

An ideal gas is heated from temperature T1 to T2 by keeping its volume constant. The
gas is expanded back to its initial temperature according to the law pv" = constant. If the
entropy change in the two processes are equal, find the value of n in terms of the adiabatic
indexy.

Air at 20°C and 1.05 bar occupies 0.025 m3. The air is heated at constant volume until
the pressure is 4.5 bar. Then it is cooled at constant pressure back to original temperature.
Calculate : (i) The net heat flow from the air. (ii) The net entropy change. Sketch the
process on T-s diagram. [-8.62 kJ, -0.013 kJ/K].

0.04 m® of nitrogen contained in a cylinder behind a piston is initially at 1.05 bar and
15°C. The gas is compressed isothermally and reversibly until the pressure is 4.8 bar.
Calculate: (i) The change of entropy, (ii) The heat flow, and (iii) The work done. Sketch
the process on a p-v and T-s diagram. Assume nitrogen to act as a perfect gas. Molecular
weight of nitrogen = 28. [-0.02216 kJ/K, -6.382 kJ, 6.382 kJ].

1 kg of gas enclosed in an isolated box of volume v1, temperature T1 and pressure pl is
allowed to expand freely till volume increases to v2 = 2v1l. Determine the change in
entropy. Take R for gas as 287 kJ/kg K. [198.9 kJ/kg.K].

0.04 kg of carbon dioxide (molecular weight = 44) is compressed from 1 bar, 20°C, until
the pressure is 9 bar, and the volume is then 0.003 m3. Calculate the change of entropy.
Take cp for carbon dioxide as 0.88 kJ/kg K, and assume carbon dioxide to be a perfect
gas. [-0.00966 kJ/K].

Calculate the change of entropy of 1 kg of air expanding polytropically in a cylinder
behind a piston from 7 bar and 600(1C to 1.05 bar. The index of expansion is 1.25. [0.1626
kJ/kg.K].

In an air turbine, the air expands from 7 bar and 460°C to 1.012 bar and 160°C. The heat
loss from the turbine can be assumed negligible. (i) Show that the process is irreversible;
(i) Calculate the change of entropy per kg of air. [0.02681 kJ/kg.K].

A fluid undergoes a reversible adiabatic compression from 4 bar, 0.3 m® to 0.08 m?
according to the law, pv1.25 = constant. Determine: (i) Change in enthalpy; (ii) Change
in internal energy, (iii) Change in entropy, (iv) Heat transfer and (v) Work transfer. [234.8
kJ, 187.84 kJ, zero, -187.84 kJ].

An insulated cylinder of volume capacity 4 m3 contains 20 kg of nitrogen. Paddle work
is done on the gas by stirring it until the pressure in the vessel is increased from 4 bar to
8 bar. Determine: (i) Change in internal energy. (ii) Work done, (iii) Heat transferred,
and (iv) Change in entropy. Take for nitrogen: cp = 1.04 kJ/kg K, and cv = 0.7432 kJ/kg
K. [4006.4 kJ, -4006.4 kJ, zero, 10.3 kJ/K].

A rigid cylinder containing 0.004 m3 of nitrogen at 1 bar and 300 K is heated reversibly
until temperature becomes 400 K. Determine : (i) The heat supplied. (ii) The entropy
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7.14

7.15

7.16

7.17

7.18

7.19

7.20

7.21

change. Assume nitrogen to be perfect gas (molecular mass = 28) and take y=1.4. [0.333
kJ, 9.584*104 kJ/kg.K].

A piston-cylinder arrangement contains 0.05 m3 of nitrogen at 1 bar and 280 K. The
piston moves inwards and the gas is compressed isothermally and reversibly until the
pressure becomes 5 bar. Determine: (i) Change in entropy. (ii) Work done. Assume
nitrogen to be a perfect gas. [-0.0287 kJ/K, -8.036 kJ].

1 kg of air initially at 8 bar pressure and 380 K expands polytropically (pv1-2 = constant)
until the pressure is reduced to one-fifth value. Calculate: (i) Final specific volume and
temperature. (ii) Change of internal energy, work done and heat interaction. (iii) Change
in entropy. Take: R = 0.287 kJ/kg K and y= 1.4. [0.5211 m3/kg, 290.6 K, -64.14 kJ/Kg,
128.29 kJ/kg, 64.15 kJ/kg0.193 kJ/kg.K].

A closed system contains air at a pressure 1 bar, temperature 300 K and volume 0.018
m3. This system undergoes a thermodynamic cycle consisting of the following three
processes in series: (i) Constant volume heat addition until pressure becomes 5 bar, (ii)
Constant pressure cooling, and (iii) Isothermal heating to initial state. Represent the cycle
on T-S and p-V plots and evaluate the change in entropy for each process. Take cp =
0.718 kJ/kg K and R = 0.287 kJ/kg K. [0.0241 kJ/K, -0.0338 kJ/K, 0.00965 kJ/K].

Determine the entropy change of 4 kg of a perfect gas whose temperature varies from
127°C to 227°C during a constant volume process. The specific heat varies linearly with
absolute temperature and is represented by the relation: cv = (0.48 + 0.0096 T) kJ/kg K.
[4.268 kJ].

An insulated vessel of 0.5-m3 capacity is divided by a rigid conducting diaphragm into
two chambers A and B, each having a capacity of 0.25 m3. Chamber A contains air at 1.4
bar pressure and 290 K temperature and the corresponding parameters for air in chamber
B are 4.2 bar and 440 K. Calculate :(i) Final equilibrium temperature,(ii) Final pressure
on each side of the diaphragm, and (iii) Entropy change of system. For air take cv =0.715
kJ/kg K and R = 0.287 kJ/kg K. [389.6 K, 1.88 bars, 3.72 bars, 0.0165 kJ/K].

In an insulated duct, air is flowing steadily. The pressure and temperature measurements
of the air at two stations A and B are given below. Station Pressure Temperature A 140
kPa 60°C B 110 kPa 15°C. Establish the direction of the flow of the air in the duct. For
air assume that: cp = 1.005 kJ/kg K h=cp T and vT =0.287 p where p, vand T are
pressure (in kPa), volume (in m3/kg) and temperature (in K) respectively.

3 kg of water at 80°C is mixed with 4 kg of water at 15°C in an isolated system. Calculate
the change of entropy due to mixing process. [0.16 kJ/K].

(a) One kg of water at 0°C is brought into contact with a heat reservoir at 90°C. When
the water has reached 90°C, find: (i) Entropy change of water. (ii) Entropy change of the
heat reservoir. (iii) Entropy change of the universe. (b) If water is heated from 0°C to
90°C by first bringing it in contact with a reservoir at 40°C and then with a reservoir at
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90°C, what will the entropy change of the universe be. (c) Explain how water might be
heated from 0°C to 90°C with almost no change in the entropy of the universe. [1.193
kJ/kg.K, -1.038 kJ/K, 0.155 kJ/K, 0.0818 kJ/K].
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