T UNIA EUROPEJSKA
KAPITAL LUDZKI ﬂjg EEEEEEEEEE
AAAAAAAAAAAAAA GIA SPOINOSCI Politechnika Wroctawska FUNDUSZ SPOLECZNY

ROZWOJ POTENCJALU | OFERTY DYDAKTYCZNEJ POLITECHNIKI WROCtAWSKIEJ

Wroctaw University of Technology

Automotive Engineering

Anna Janicka, Czestaw Kolanek, Wojciech Walkowiak

APPLIED THERMODYNAMICS
INTERNAL COMBUSTION ENGINE

Laboratory

Wroctaw 2011

Projekt wspétfinansowany ze srodkéw Unii Europejskiej w ramach
Europejskiego Funduszu Spotecznego



Wroctaw University of Technology

Automotive Engineering

Anna Janicka, Czestaw Kolanek, Wojciech Walkowiak

APPLIED THERMODYNAMICS
INTERNAL COMBUSTION ENGINE

Laboratory

Wroctaw 2011



Copyright © by Wroctaw University of Technology
Wroctaw 2011

Reviewer: Zbigniew Gnutek

ISBN 978-83-62098-06-4

Published by PRINTPAP L6dz, www.printpap.pl






Contents:

Greek Alphabet

Prefixes for the International System of Units Sl
1. INTRODUCTION

I. UNDERLYING ISSUES
2. BASIC CONCEPTS

2.1. State marks

2.2. Pressure

2.3 Temperature

2.4 Thermodynamic factor

2.5. The equation of state for ideal and semi-ideal gas
2.5. Mixtures (solutions)

2.7. Thermodynamic processes
3. WORK
4. ENERGY BALANCE
5. FIRST LAW OF THEROMDYNAMICS
6. ZEROTH LAW OF THERMODYNAMICS
7. SPECIFIC HEAT (SPECIFIC HEAT VOLUME)

7.1 Ideal gases

7.2. Semi-ideal gases
8. INTERNAL ENENRGY, ENTHALPY

8.1. Ideal and semi-ideal gas

8.2 Liquids and solids

13

13

13
14
17
21
22
24
26

27

34

37

40

41

41
42

44

44
46



9. SPECIFIC THERMODYNAMIC PROCESSES 47

9.1 Isochoric process 47
9.2 Isobaric process 48
9.3 Isothermal process 49
9.4 Adiabatic process 52
9.5 Polytropic process 55
10. ENTHROPY 61

11. MAPPING THE PROCESSES CHARACTERISTIC TO THE

T-s SYSTEM 64
12. CYCLES 67
13. SECOND LAW OF THERMODYNAMICS (I LT) 73
Il. SELECTED ISSUES 79

14. INTERNAL COMBUSTION ENGINE CIRCULATION

(THEORETICAL AND COMPARATIVE) 79
15. COMPRESSORS 91
15.1. Mechanical efficiency of a compressor 7, 94

15.2. Indicated efficiency 97

15.3 Compression work 98

16. HEAT TRANSFER 99
16.1. Primary types of heat transfer 100

16.2. Basic concepts and interrelations of heat transfer 101

17. REFRIGERATING DEVICES 110






Greek Alphabet

Alpha

Beta

Gamma

Delta

Epsilon

Zeta

Eta

Theta

Iota

Kappa

Lambda

Omicron

Pi

Rho

Sigma

Tau

Upsilon

Phi

Chi

Psi

Omega

DiE|IHE el <=2l olm|Z||Z|l=R—®||Z|IN|| o] > = || w | >

elle xR llc|allale|lalle lox|<l=|>=A |~ ||| |lox|le ||| |||l




Prefixes for the International System of Units SI

The list of the prefixes for the International System of Units (in
French: Systéme International d'Unités) officially approved by the
International Bureau of Weights and Measures, in French Bureau
International des Poids et Mesures, BIPM (in Polish: Miedzynarodowe
Biuro Miar i Wag).

Official SI Prefixes

| Name |[Symbol|| Multiple || Multiple Name |
lyotta ( Greek okto — eight) | Y [ 10® |septillion |
zetta ( Latin septem — seven) | z || 10" |ksextillion |
lexa ( Greek ex — six ) | E || 10" |quintillion |
|peta (Greek penta — five) | P || 10° |lquadrilion |
ltera (Greek teras — monster) | T || 10" |rillion I
“giga (Greek gigas — enormous) | G || 10° |jbillion |
“mega (Greek megas — giant) | M || 10° |million I
lkilo (Greek khilioi _ thousand) ]| k ]| 10° |thousand |
lhector (Greek hekaton —hundred) || h | 10>  |hundred |
deca (Greek deka — ten) | da || 10" fen |
| I 10" |one |
\deci (Latin decimus — tenth) | d || 10" Jlone tenth |
centi (Latin centum — hundred) | ¢ || 10° lone hundredth |
milli (Latin mille — thousand) | m || 10° llone thusandth |
“micro (Greek mikros — small) | uw || 10° |one millionth |
“nano (Greek nanos — dwarf) | n || 107 |One billionth |
[pico (Italian piccolo — small) I p || 107 Jlone trillionth |
femto (Danish. femten —fifteen) || f || 10" |lone quadrillionth |
latto (Danish atten — eighteen) | a || 10™ Jlone quintillionth |
lzepto ( Latin septem — seven) | z || 10" |/One sextillionth |
lyocto ( Greek okto — eight) | v | 10* lone septillionth |




1. INTRODUCTION

Thermodynamics, as a field in mechanics, is the first di scipline in
thermal t echniques, i ncluding not onl yt hermal pow er e ngineering
(boilers, turbines, steam e ngines, pum ps), but also ot her i ndustries, 1ike
refrigeration engineering, cryogenics, internal combustion engines, etc.

Classical the rmodynamics di vides int o statistical, technical a nd
chemical; the two latter qualify as applied thermodynamics because on top
of ba sics i nt heory t hey also i nclude ba sic u sage i n t echniques a nd
chemistry.

Phenomena i nt hermodynamics a re de scribed in a s tatistical o r
phenomenological way.

Thermodynamic phe nomena, t aking placei nc ontinuum, are
described using the phenomenological method, resulting directly from an
experiment. They can also be described using the statistical method.
Media containing small number of particles or media of low density are
better to be described with the statistical methods. In this case, the results
of the statistical contemplation are experimentally tested.

The fundamental laws of thermodynamics have been known since XIX
century in a form of the first, second and third law of thermodynamics.
Later on t here was also the zeroth law o f thermodynamics introduced to
define the temperature c ompensation relation. The O nsager a r eciprocal
relation is regarded the Fourth Law of Thermodynamics.

The basic concepts are accepted as evident. Depictions, in some way
specific f or mos tof authors, asw ella s axiomatics, regard the
development of t he formalt hermodynamics. Thes ubject m atter
development ¢ onsistsi nl earningne w1l awsa nde stablishingt he

interrelations between the basics and applications of thermodynamics.



The term thermodynamics derives from Greek words:

TEPUOG (Warm)

dvvapig (force);

introduced into studies w hen the notion of work as a result of force
and the force itself were still indistinguishable.

The de vices ( power plants, r efrigerators, ¢ ompressors, pum ps,
furnaces, he at e xchangers, e ngines and ot her machines), t hat function
basing on heat and force, are called thermodynamic devices. Because the
relation between heat, force and energy is quite close, the term “po wer
engines” applies as well.

In those devices, the important role of energy conductor falls onto so
called thermodynamic factor, which can be any physical body - usually
liquid, like gas or fluids. Therefore the interrelation laws and qualities of

those factors are always deeply studied.

Basic terminology

The surrounding world is built of matter. The matter that has the
rest mass is called a substance (G). The matter without the rest mass is
called radial matter, e.g. photons of electromagnetic radiation (they have
got mass but no substance).

The substance quantity can be measured by the number of molecules —
gram-molecule or rest mass in standardized thermal conditions (so called

kilogram).
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Since in technology s peed not greater then speed of light (1/100)is
quite common, and the standardized thermal conditions have no influence
on mass, in practice substance G equals mass m.

Thermodynamics us es te rminology di ffering from ot her te rminology
in other science fields therefore requires a separate presentation. Units of
measure applying to a entire object are marked with capital letters, e. g.
V, Q, U, I etc. Units measure, depending on the object quantity, so called
extensive quantities, referring to the substance amount m, are marked with
asmall letter, e.g. © = VIm, @ = Q/m, u = U/m, i= I/m etc.and
additionally t hey ha ve a term for all s pecific measures, e.g. V — specific
volume, i — enthalpy, t he onl y e xemptionis q, called i ndividual he at or
kilogram heat, because the term specific heat is commonly used to describe
another thermodynamic unit.

If a given unit, dependant on time, relates to it, it is usually referred to
as a stream of measure or its intensity and marked with an apostrophe
(like time derivative in Mathematics), e.g.: Q’ = O/t heat stream, |’ —
enthalpy s tream, V' — volume s tream o r v olume i ntensity f low,

M’ = m/t — mass stream or mass intensity flow.

1.1 T able ¢ ompiles m arkings a nd uni ts f or t he ke y ph ysical
measures us ed in thermodynamics. It a Iso ¢ ontains r emarks r egarding
applied terminology, w hich isnot a lways explicitin the f ield of

thermodynamics.

11



Table 1.1. Key markings and measures

Physical Symbol Unit Derivative Remarks
Measure Unit
heat Q J kJ
g=Q/m J/kg kl/kg g — individual heat
0’=0/t W kW Q’ — heat stream
work L J kJ, Wh
energy E J kJ
power N W kW
time T s h h - hour
mass m kg Mg
force K N kN
volume \ m’
v=V/m m’/kg specific volume
V’ m’/s volume intensity flow
pressure p Pa MPa
temperature T K °C

12




I. UNDERLYING ISSUES

2. BASIC CONCEPTS

2.1. State marks

To de termine an obj ect and di fferentiate it from ot hers, t he obj ect’s
qualitiesa reus ed,s oc alled m arks,1 ikel ength, w idth, ¢ olours,
temperature, pressure, smell, etc.

Among those there are some that can be described in num bers, e.g.
length, w idth, t emperature, pr essure, etc. - they are called quantitative
marks andt hey a re q uantities. The ot her m arks, i mpossiblet ob e
described with numbers, e.g. shape, smell, colour, are called qualitative
marks — they are not quantities.

Quantitative marks include marks that never change, e.g. gas constant,
Avogadro constant, and those that may vary, like pressure, temperature or
volume. Quantitative marks able to change are important for determining
object’s state and for that reason they are called state marks.

Two objects are in the same s tate only if the group of all s tate
marks describing the objects is adequately equal, which means that
the object’s state is determined by the group of state marks.

State marks, taken as i ndependent va riables a re c alled state
parameters, and the dependent marks — state functions. Not all
state m arks a re i ndependent from one a nother. Describing a
random object’s state, it is possible to freely choose only a certain
number of state marks, the rest of them depends on the chosen
ones. Thism inimal num ber of pa rameterst hatc anbe c hosen
independently t o describe an y s tate i s ¢ alled absolute state function
system (e.g. foride al gasitis p-v, T-s,or 1i-s). The s tate f unction

13



described by an absolute s tate function system is cal led state equation
(e.g. for ideal gas it is v=RT/p)

2.2. Pressure

Pressure is a very important state mark. If pressure of surface
F is marked as K, than the local pressure p is:

K

- Q1)

p

If pressure is spread evenly than local pressure p is:

)X
F

2.2)

The first pressure unit is 1Pa (pascal), which is 1 N/m?. This
unit is too small to stand for most of the pressures present in technology
therefore its multiples are used, e.g. megapascal (1 MPa = 10° Pa). 1 bar
=10’ Pais an auxiliary unit.

Due t o frequent us age of m easuring de vices, called differential
manometers, which measure pressure by the difference in manometer fluid
level, it is allowed to present pressure in mm on a column of fluid. This
kind of pr essurei sm arked h, exceptf orw hen itsr epresentst he
surroundings pr essure, called ba rometric pr essure, be cause t hani ti s
marked b. Fluid column pressure of Imm Hgat0°C withthe usual
gravitation acceleration is marked as 1 thorium (1Tr), after Torricelli.

The value of measured pressure depends on not only the factor state,
but also on the conditions in which the measurement has been taken.

Pressure measured with a manometer pm, defines the relation between p
and po:

Pm =P —Po (2.3)
given:
pm — manometric pressure,
po — barometric pressure,

p — absolute pressure (pressure found in vaccum).

Depending on whether the measured pressure p is lower or higher from
Po, t he m anometer can show pos itive m anometric pr essure pPm1 (called

14



excess pressure) negative pressure Pmz, presented in the pressure diagram
(Fig. 2.1).

Gas absolute pressure is calculated by adding manometric pressure to
environment pr essure. Environmental pr essure i s m easured us ually
separately, using barometers, which work in a similar way to Torricellie’s
tube, or devices which base on a material elasticity phenomenon, called
aneroids.

The va lue of m anometer m easured gas pr essure also de pends on
whether its macroscopic velocity varies from zero or is static.

pm;

Pm,

Pz

Figure 2.1. Manometric and absolute pressure on the pressure chart

If t he pr essure m easurement i s t aken w hen t he obj ect i s i n m otion,
depending on't he m ethod us ed ( Figure 2.2), t here a re t hree t ypes of
(manometric or absolute) pressure distinguished: static, dynamic and total
pressure.

If the pivot of the pressure conducting impulse tube is directed towards
the f luid ve locity v ector,, w”, t he de vise connected t ot he t ube w ill
measure t he s tatic pr essure. Ifth e tube pi votis c onsistent w ith the
direction of the ve ctor ,,w” and the tube exitis reversedto the ve ctor
direction, the devise connected to the tube will measure the total pressure.
The de vise connected to the both i mpulse tubes will show the d ynamic
pressure.

15
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Figur. 2.2. Measuring of the in-motion fluid pressure: ps — static pressure, pq —
dynamic pressure, p. — total pressure

As it results from this method:
Pc = Pst Pd (2.4)

If the flow is disturbed, the static pressure can be measured only when

none of t he ve locity “w” factors a ffectst he i mpulset ube or t he
manometric fluid.

The flow theory suggests the following interrelation between dynamic
pressure and velocity:

Py=— , (2.5)

in which
y- specific weight of fluid, N/m?,
w —flow velocity, m/s,
g - gravitational accelaration, m/s’.

The interrelation (2.5) is used to de fine the fluid velocity by direct
measurement o f'd ynamic pr essure Py, as as ubtraction pPc-Ps using so
called accumulating tubes — the m ost frequently used are P randtl t ube,
focusing on d ynamic p ressure Pg, a nd P itot tube, f ocusing ont otal
pressure pc. (Figure 2.3).
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Figure 2.3. Accumulative tubes a — Prandtl tube, b — Pitot tube

Fluid pr essure,a sa s tate m ark ( resulting fromt he m icroscopic
movement of the fluid particulates), is the total static pressure. It occurs in
equations of state and all the relating to ones.

2.3 Temperature

Temperature i s a s trong t hermodynamic m easure. Thermodynamic
scale T is the primary temperature scale, relating to the notion of entropy S
and internal energy U by the means of fragmentary derivative, given the
constant volume V, as in the following equation:

T = (3U/5S),

When choosing the te mperature scale it is important to establish the
start (zero) on the scale and the unit.

To measure t emperature, any ph ysical s ystem can beus ed,
provided that at least one of its state marks changes with the temperature
change, and the rest of them stay approximately unchanged. This measure
is called a thermometric parameter.

17



Another i mportant t hing w hen c hoosing the temperature scale is the
presence of t wo c onstant t emperature poi nts. Experiments ha ve pr oven
that there are some processes oc curring at s et temperature. They include
melting, boiling (at constant pressure) or so called triple point — gas, liquid
and solid coexisting at the same time. Processes of this kind could be used
as the foundation for finding the characteristic points of temperature.

Many experiments prove that perceptible temperature change like hot
— cold, lead to altering s ome of the characteristics. The easiest way to
describe such changes, given the correlation between characteristic x and
quality X, is as a direct proportion:

t=AX 2.6)

Thermodynamic property introduced by R. Clausius

or a linear equation:
t=A'x+B' (2.7)
or as a square equation:
t=A"X"+B"x+C" (2.8)

To create a te mperature s cale for the e quation in example 2.6 itis
necessary to define one temperature point,in 2.7 — two points,in 2.8 —
three points.

Thermoelectrict hermometers ( thermocouples) ha veb ecome
widely us ed for t emperature m easuring employing t he t hermoelement
phenomena. T he thermoelement c onsists of two thermoelectrodes, made
of different metals or metal alloys; they are connected end to end, forming
am easuring w eld and the ot her s ides of the el ectrodes ar e t he vol tage
measurement points (Figure 2.4).

18



Figure 2.4. Thermoelectric th ermometer d iagram: 1 — measurement weld,2 —
thermoelectrodes, 3 — compensatory leads, 4 - so called loose ends, 5 — thermostat, 6 —
milivoltometer connection, t - measured temperature, t, - temperature of reference

Measuring temperature using this type of thermometers is based on
the phenomenon of creating electric power in a closed circuit comprising
of two thermoelectrically diverse conductors while the measurement weld
and the loose ends are connected to sources of opposite temperatures.

If t he t emperature o f't he measurement w eld (t) is hi gher th an the
temperature of t he galvanometer co nnected 1 oose ends ('t,), the cl osed
circuit w ill pr oduce t hermoelectric f orce ( TEF) E pr oportional t o
temperature difference (t-t,):

E= f(t'to)a
(2.9)

Value of which depends only on the type of material used to make the
thermoelements and the temperature difference.

Thet ype of m aterial al so influencest he range for m easured
temperature. Mostly used materials include:

e platinum-platinum/rhodium,

e nickel-chromium/nickel

e copper-constantan,

e Jron-constantan,

The basic thermoelement data are presented in Table 2.1 and Figure
2.5.

Table 2.1. Qualities of some of the thermoelements:

Thermoelectric Application limits, °C
Electrode material | force given continuous momentary
t=100°C i measuring measuring
t,=0°C, mV lower upper
platinum- 0,64 -20 +1300 +1600
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platinum/rhodium,
nickel- 4,10 0 +1000 +1300
chromium/nickel
copper- 4,25 -200 +400 +600
constantan,
Iron-constantan, 5,37 -200 +600 +900
60 ————————————
Fe-konstantan
s0l Cu-konstantan 4
Ni-chromonikielina
wl | PEPRN |
>
Eﬂ 30 .
m

_10 Il 1 1 1 1 'l 1
-200 0 200 400 €00 800 1000 1200 1400 1600

t,°C

Figure 2.5. Thermocouple characteristics (electric current generated at the bonds
between the thermocouples while one of the bonds is put in icy water)

The diagram for the thermoelectric thermometer measuring system
with a magnetoelectric milivoltometer is presented in Figure 2.6.

5
3 ==
! ; 4

e WY + 7
] ] | Rm /

DR /

| to Mj

i | | ‘
“L | 1 A
] \ —
Mok LS

Figure 2.6. The thermoelectric thermometer measuring system with a magnetoelectric
milivoltometer: t — measuring weld temperature, t; — temperature of the thermoelectrode
weld, t, — junction temperature, 1 — thermoelectrodes, 2 — compensatory leads, 3 —
junctions, 4 — milivoltometer, 5 — compensatory resistor (in case of using a different to
the compensatory method)
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It is to be remembered that milivoltometer measures electric voltage,
not thermoelectric force of a thermoelement.

The entire circuit resistance comprises of measuring instrument
resistance Ry, and the external circuit resistance R, (thermoelement
resistance ry, compensatory lead resistance rp, junction resistance r,,
compensatory resistance ry,).

Following the description of Figure 2.6., it can be assumed:

R=R,, +R, (2.10a)
R =r +1pk +1p 1,
(2.10b)

The cor relation between T EF (E) and the vol tage conn ected to the
milivoltometer clamps U can be calculated with this formula:

E=U (R/Rp) 2.11)

It results from this formula that E can be calculated by measuring U,
knowing the value of the milivoltometer internal resistance R ,, (stated at
the de vicei nformation plate)and ther esistance va luec of t he
thermoelement me asuring circuit R ,,. If the resistance R , is much lower
than R, (R, «Rp), it is sufficient to calculate the resistance value for R,
at a chos en temperature and take for constant at the specific temperature
range; this will give a precise enough result for E. It is safe to assume, that

(Rm +R,)/Rp=C, (2.12)
And the formula (2.11) transforms into:
E=UC (2.13)

One of the thermoelectric thermometer advantages is small surface of
a j unction ¢ onnected t o t he obj ect of w hich t he t emperature i s be ing
measured, as w ell as t he r elaxation time. The di sadvantages e nlist the
necessity f or t emperature com pensation ( keeping t he ¢ old j unction a t
constant temperature by cooling it down in an ice bath or with electronic
methods).

21



2.4 Thermodynamic factor

Thermodynamic ¢ alculations us e the f ollowing the rmodynamic
factors:

1. Ideal gas is a theoretical gas that obeys the ideal gas law (stated by
Emile Clapeyron) and its specific heat at constant volume is constant ¢c,=
const. Other qualities are discussed further on in this publication. Ideal
gas does not exist in nature.

2. Semi-ideal gas — is gas that does not obey the ideal gas law, but its
specific h eat at ¢ onstant vol ume is pr esented w ith this te mperature
function: ¢, = ¢,(T). This kind of gas does not exist in nature.

3. Van der Waals gas — it does not obey the ideal gas law but it has
more qualities of real gas than the previous two. This kind of gas does not
exist in nature.

4. Real gas — it does not obey the ideal gas law or the Van der Waals
model; s pecifich eat ci san equation of m any v ariables, al though,
depending on t he f actor s tate a nd t he a ccuracy of't he pr oblem t o be
solved, under some circumstances, the real gas can be treated as ideal or
semi-ideal gas.

a) If the real gas has a physically homogenous gas phase, the distance
between the m olecules is bi g ( adequately m ild temperatures and low
pressures) and the calculations are only approximate, it is accepted to treat
real gas as ideal;

b) if the real gas has a homogenous gas phase, temperature fluctuations
are s o big, that, at this te mperature range, itis impos sible to take the
specific heat ¢, for constant heat and the cal culations are more accurate
(e.g. structural), it is accepted to treat real gas as semi-ideal gas (real gas is
similar to semi-ideal gas only if p>0).

2.5. The equation of state for ideal and semi-ideal gas

Boyle-Mariotte’s Law p ropose a gas r elation that forms int o the
ideal gas law:

pv =RT (2.14)
given:

p — pressure (absolute), N/m?,

22



v — specific gas volume, m3/kg,
T — absolute gas temperature, K,
R —individual gas constant, J/(kg ¢ K).

If both sides of that equation are multiplied by mass m, it gives:

pV = mRT, (2.15)
given:
V — total gas volume.
If gas amount is given in kilo moles (m = nM), then the equation (2.15)
changes into:

pV = nMRT, (2.16)

given:
n — number of gas kilo moles
M — mole number (mass)
Product MR for all gases is constant and is called molar gas constant
(also called universal or ideal gas constant):
J

MR =8315——— (2.17)
kmol - K
Considering (2.16) and (2.17) it gives the ideal gas law
equation:
pV=ng8315T (2.18)

Defining the specific mole volume as &= V/n, the equation (2.18)
equals:

pd=8315T, (2.19)

it says that one kilogram of any gas in given thermal conditions (i.e.
at the same p and T) takes up the same space (Avogadro’s law).
Assuming t hat t he a ccepted ph ysical c onditions are as normal —
pressure 1013 hPa (760 T) and temperature 273,2 K — the equation (2.19)
says that in those conditions 1 kilogram of any gas takes up 22,4 m’.
That gives the formula allowing converting the number of kilo moles

into conventional (normal) cubic meters (um®):

Vi=224n (2.20)
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2.5. Mixtures (solutions)

The mixture composition (Figure 2.7) can be determined using so-
called volumetric, weight (mass) and molar shares.

a) b)

DpT WpT WpT

M, Il iy, My Il m M

1l
o 0% A s o a & A L A
o o
ol 20O T Galys o ae R °
& O & o aa
IR P RvEN & gecn A D, a0
LA B 2% a &
o o| & ) g &0 &0
0 £ P <0
] D&J}'ﬂa 4 oo 4 n{l},ﬁ
DDG.:. PR £ o ad 40,0 c-&{‘b o
ol Pga| T S Y g Gaa o, T VS
unonni‘-ﬂa o &ﬁ}ﬂgﬁuﬂ{:}nﬁn
o
R N e p & T0 A g o4 s oA
Vi | Vi | Vm P.T.m,MZ
Vv Vv

Figure. 2.7. Mixing components: a — state before mixing, b - state after mixing.

The volumetric share of a give mixture component is defined as a
ratio of the component volume to the mixture volume.

Those are measured in the same thermal conditions. It can be written

down as follows:
(2.21)

Sr =z{§jw (2.22)

The weight (mass) share of a given component is a ratio of its weight
(m;) to the mixture weight (M), in kilograms:

24



m, (2.23)

Y9, =X —=1 (2.24)

The mole share of that component (z) is a ratio of its amount (Nn;) in
kilo moles to the mixture amount (n) in kilomoles:

L (2.25)
"n
Yz = z% =1 (2.26)

If the mixture complies with the ideal gas law than the mole share
equals volumetric share:

- n8315T _ pV, :(ij 2.27)
n8315T pV V)
and
Zi = Tj

The air mixture can be approximately presented as:
ro2 = 0,21 go2 =0,23

N2 = 0,79 gNe = 0,77

To be able to apply the ideal gas law to gas mixtures in a form of

equations ( 2.14or  2.15),a s upplementary g ascons tant R,
supplementary mixture mole number has to be calculated M.

or

IT IS ASSUMED THATT HEP RODUCT OF THE
SUPPLEMENTARY GAS CONSTANT AND THE SUPPLEMENTARY

MOLE NUMBER EQUALS THE IDEAL GAS CONSTANT.

25



Thei deal ga s1 aw ap plied to ag asm ixtures and any m ixture
component:

pV = mR,T (2.28)
pVi: miR;T (2.29)

After the equation transformation (2.29)

PV, =TXmR, (2.30)

and after dividing both sides of the equation by the equation (2.28):

PRV, _TXmR,
pVv TmR

=1 (2.31)
remembering that 2Vi = V.
The supplementary gas constant equals:
R, = MR, =20R
m

given:
gi=mi/m

is the weight share (mass).
In a similar way it can be proven, that

M, =2 rM, (2.32)

therefore supplementary mole number equals the sum of the products
of the mixture component volumetric shares and their mole numbers.

2.7. Thermodynamic processes

There is a gaseous object in a cylinder (Fig. 2.8). Measurements
describing this object (e.g. p and T) have a definite value all the time.

26



Set of all those measurements describing the object in any moment
determine the state of the object.

The number of the transitional states (from the be ginning state 1 till
the final state 2) is called a process.

Py

Y v,

Fig. 2.8. The object states and the processes in a system of coordinate’s p — »

If any obj ect what in a be ginning state presented in the point 1 ( Fig
2.8),1.e.1ts pressure w as Pi, s pecific volume »v; andintheendthe
pressure and volume changes to p, and v,, which corresponds with point
2, it me ans tha t the ob ject has gone thr ough t he s tates o f tr ansitional
pressures be tween p; and p; as well a s transitional s pecific vol umes
between v and vy,

It means that for an object state to change, a process has to occur.

From a num ber of accepted processes, there are a few that are called
characteristic p rocesses, dur ing which states ch ange in a c omplex w ay,
e.g.

» - for constant pressure — isobaric process,

+ - for constant volume — isochoric process,

e - at constant temperature — isothermal process,

» - for constant enthalpy — isoenthalpic (isenthalpic) process, etc.

27



3. WORK

The concept of work was introduces into mechanics to describe the
effect of any force acting through a distance and causing movement (Fig.
3.1).

Figure 3.1. Work of the concentrated force K at a distance s between states 1 and 2

The definitional formula is:
L_,=/Kcosgpds (3.1)

where:

K - force,

¢ — angle between the force vector and the momentary displacement, s
- displacement.

Figure 3.2 showsa c ylinder-piston system f illed up witha
thermodynamic f'actor, in which there i s ba lance be tween the force K,
acting on the piston rod and the mass force Kq. There is no friction in this
device.
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P, > 2
v v, Y

Figure 3.2. Cylinder-plunger system: 1, 2 — border states of a process: a — cam

The absolute pressure of the thermodynamic factor inside the cylinder
actsont he pi stonr od w ith ¢ oncentrated f orce K. Moving t he r od,
according to the equation (3.1), the following work is done:

L, =/Kds, (3.2)

Force K can be described as:

K=pF (3.3)

given F — a rod surface.

If t he p roduct Fds = dV (compare F ig. 3.2), t he r elation de fining
absolute work is:

2
L, = pdv. (3.4)
1

The equation (3.4) is the primary equation in thermodynamics and it
defines the work of the volume change.

If the device (Fig. 3.2) is in an environment at pressure Po, the
displacement is caused not by force K but K' (compare Fig. 3.3):
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== = >
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Po
Ltz
V1 VZ v
Figure 3.3. Useful work of the process
Work used to lift the weight Kq is:
2
L,» =jK’ds 3.5)
1
Given K' =(p - po)F, Fds = dV, then
2
L = [(p—py)dV (3.6)
1

Equation (3.6) determines so-called useful work.

The i ntegral ont he r ight ha nd s ide of t he e quation ( 3.6)canb ¢
presented as a difference of integrals:

2 2
L :I pdv _J. PodV (3.7
1 1

In this equation
2

J' pdV
1
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Is the known absolute work, and at constant environment pressure the
integral

2
J. p,dV  =Po(Vo— Vi)
1

andi tr epresentst he w ork of g as Lyi2,us edt oc ompresst he
environment, therefore the equation (3.7) could change into

Lo =L, Ly (3.8)

In a real cylinder there is always some friction, on the inside as well as
inside the mechanism, e.g. the piston rod rubbing against the walls of the
cylinder.

Figure 3.4. The influence of the friction K; on the cylinder-piston system.

If the force Ky represents the summary of the generalized frictional
force occurring in the cylinder-piston system (including friction inside the
mechanisms as well as inside the fluid), after the movement from position
1 to 2, the work done to overcome the external force acting on the gas
will be decreased by the work done to overcome the frictional force:

L;o=Luz - Luo (3.9)
The thermodynamic factor is delivered into technical devices and

flow engines through isobaric “input” and isobarically removed by so-
called ,,exhale” Both processes influence the quantity of the work done, it
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can be observed in the functioning of a so-called ideal flow engine (Fig.
3.5).

The ideal flow engine characteristics:

- compressive capacity equals zero,

- there is no friction of any kind inside an engine, so there is no
pressure drop in the valves,

- during the input and exhale the heat does not travel,

- the piston is tight.

The work cycle of such an ideal flow engine is illustrated by Fig. 3.5.

(oD @

i

L1
— o

%

p
plA 1

Fis

=

pB 2

\fj V‘.'.

Figur. 3.5. The ideal flow engine diagram: BDC — bottom dead centre, TDC — top dead
centre, a — connecting lead for the thermodynamic factor in state 1, b — connecting lead
for the thermodynamic factor in state 2, ¢ — inlet valve, d — outlet valve,:

L Laa= P1V1L Lop= pzvzmﬂmﬂﬂlik2 = Jz. pdv.g‘ =L,,= —jV

1

W

Any volume and pressure changes occurring during the work cycle
have characteristic names, connected to the change nature, as in Fig. 3.6.
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a: / \ d:
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Figure 3.6. Thermodynamic processes in the system of coordinates p-V:
dV>0 — expansion, dV<0 — compression, dp>0 — reduction, dp<0 — decompression

The w ork Lai and Lj., donew hilet he f actor e xpansion, i s
positive (dV> 0) and work done while compression is negative (dV< 0).

The algebraic sum of those works isde finedb y A-1-2-B field
and in this case it is positive, i.e. work done by a machine is "received" — a
machine is an engine. Devices requiring some “input” into their driving
force, like ventilators, compressors, etc., are called working machines.

The sum of work in the isobaric input, 1-2 process and isobaric
exhale is called technical work.

Lu2 = Laa+Liz-Lap = Lio+ p1Vi -p2Ve, (3.10)
which has the following mathematical equivalent:

L :_dep‘ (.11

The integral value (3.11) can be calculated if 1-2processes are given.
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In every flow machine or de vicet he w ork is al ways equ als
technical work as a total of input, change and exhale works.

If the work done in flow machines is encumbered with friction, that
the friction is present in every work phase, i.e. during input, change and
exhale.

This is friction work Lt per cycle.

In flow machines (engines and working machines) external work L,
equals technical work diminished by work L,, which is:

L; = Lu2-Lt, (3.12)
In working m achines the external work L, which is t he al gebraic
total of the negative technical work diminished by the friction work,

treated as a positive quantity, is called motive work L:

L,=-L, (3.13)

4. ENERGY BALANCE

The rule for the energy saving:

,» THE ENERGY OF AN ISOLATED SYSTEM IS CONSTANT”,
where "isolated"m eans" notex changing energyw ith the
environment".

To isolate a system from the environment, the concept of a balance
shield was introduced.

Objects inside the shield are a system - outside - environment. The
balance shield is a theoretical enclosed surface — it does not change or
restrict any of the phenomena.

An exemplary energy balance is presented by Fig. 4.1.
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Figure. 4.1. The energy balance presented as a Stankey diagram: a — balanced system, b
— balance shield

If the system exchanges energy with the environment, the system
energy increase (change) AEu during the phenomenon can be calculated
using the energy balance equation:

AE, =E; - E3,
4.1

given:
E1 — so-called ,,imported energy” into the system,
E; - ,,exported energy” from the system.

Transferring energy through a pipeline is commonly applied method
for importing/exporting the energy from the system using another
medium.

Hi

Figure. 4.2. Energy transfer through a pipeline
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If the factor coming onto the system has volume m, than the quantity
of the energy E, delivered with the factor is proportional to volume m.

Er=me;

The factor mass m=1kg, coming into the system at height H and with
speed W, brings kinetic energy.

m w%/2
as well as relative potential energy
mgH
To transfer a factor with mass m=1kg through a section F at pressure
p, that factor has to be moved by a path elementAs, which means that

work (pressing) has to be applied

pF As/m=pV/m
pVim=po

where V =F As

The factor mass m=1Kkg also brings in the energy related to the state of
object’s microparticles, their motion, so-called internal energy u,—that is
the amount of the actual energy €, delivered with the factor is:

2

er:u+pu+w7+gH. (4.4)

where U — actual internal energy.
The internal energy U is an extensive thermodynamic function (state
function). It is safe to assume:

U=mu

In many cases in technology, if W< 50 m/s and the relative height is
H<50 m

2

w
7+gH <<U+pv 4.5)
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that 1s

e ~U+po (4.6)

The sum of u+pv is treated as a definitional equation of (actual)
enthalpy i:

i=u+po 4.7

Enthalpy i s also t he s tate function, since U aswell as p and are
functions or state marks.

The equation (4.4) transforms into:
W
er :|+7+ gH (48)
and respecting conditions (4.5.)

E, ~mi=| (4.9)

The energy imported through the pipeline by the factor is
approximately equal the enthalpy of that factor.

5. FIRST LAW OF THEROMDYNAMICS

In a cylinder there is gas which is in a process.
As aresult of external heat Q,1-, added to the gas, the state has been
changed and the piston has been moved 1-2 (gas performed external work

Lz-2)

The energy balance for the system is presented in Fig. 5.1.
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LE'I-I

Figure 5.1. Cylinder-plunger-gas system: a — balance shield

In this particular case the imported energy is E1 = Q;|2; the exported
energy is E; = Q.2 therefore, basing on the equation (4.1) it is:

AE, =Qu2- Lo, (5.1)

With the semi-static (almost static) piston movement and the same
energy of the cylinder walls and the piston:

AE,=U; -Uq,
(5.2)

where:
U, - internal gas energy at the end of the transition,
U; - internal gas energy at the start of the transition.

The two equations (5.1) and (5.2) give a relation:

Qz2=Uz-U; +L,2,
(5.3)

which is called the first law of thermodynamics, written down using
the external heat and external work.

If in the system, presented in Fig. 5.1 appears some friction, than the
following equation is in place:

Qr2 = Luo (5.4)

Work used to overcome the friction work while displacement 1-2
equals friction heat.
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Adding equation (5.4) to (5.3) bilaterally gives:
Qz12 ¥Qr12 = Uz — Uz +L712 + L1 2. (5.5)

The sum of the external heat and the heat created by friction inside the
system gives heat of transition Qi.,.

The sum of L;1.2 + L1.2, according to equations (3.9) and (3.8), equals
the absolute work of transition L., as the result equation (5.5) forms:

Qi2=Uz-Ug+ L1y,
(5.6)

the mostly used form of the equation of the first law of
thermodynamics (ILT).

If the absolute work is presented with the transformed equation (3.10)
Liz =Lt12 +p2 V2 -p1 Vi (5.7)
and put into (5.6) then
Qu12=Uz +p2 Vp -Us-p1 Vi +Lti2, (5.8)
can be written down as
Qua2=la=Il1+L12 (5.9)

This equation is called the second form of the first law of
thermodynamics (11LT).

Both of the ILT equations (5.6.) and (5.9.) can be written as
differentials:

dQ=dU+dL, (5.10)
dQ=dl+dL., (5.11)

Where d Q, d Li d L. are di fferential equ ations, used to calculate
adequately heat, absolute work and technical work (e.g. d L = pdV, a d L
= -Vdp). dU and dI are adequately differentials of the internal energy and
enthalpy.
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The internal energy depends on the substance state and it changes
only when the extreme states change.

Heat and work depend not only on the extreme states changes, but
also on the path on which the states transform, meaning a process.

Heat and work are not energy, but their partial changes (constituent):

work comes from acting on forces, heat comes from temperature changes
and other with a similar effect.

6. ZEROTH LAW OF THERMODYNAMICS

There is a container with adiabatic (stopping any heat exchange with
the environment) walls, containing systems A, B and C. Systems A and B
are in unbalanced states and therefore they will thermally contact the third
system C, but will not contact each other at the same time (Fig. 6.1).

AQgC@QgB

RS

R

S

o

Figure. 6.1. Systems in the adiabatic container: a — adiabatic wall, b — diathermic wall

After some time they will reach a stable state, with all the parameters
reaching a certain level and not changing over time.
Systems A and C are in balance, so are B and C.
Intuitively, it is safe to assume, that systems A and B are in
thermal balance despite the lack of the physical contact.
A postulate describing this relation is called

ZEROTH LAW OF THERMODYNAMICS
(called ,,zeroth” because it was formulated after the ,,first law of
thermodynamics” got established). There are no experimental facts
contradicting it.
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The zeroth law of thermodynamics goes:

If two thermodynamic systems are each in thermal equilibrium with
a third system, then they are in thermal equilibrium with each other.

7. SPECIFIC HEAT (SPECIFIC HEAT VOLUME)

The definitional formula for the specific heat is based on the formula
for the average specific heat ;- of the process occurring between the
extreme states 1-2

=T =
_1:. G, _ 6 (7.2)
c= -
lim =47

Basing on the formula (7.2) it is possible to write a general formula for
heat transformation:

Q. = [ medT (7.3)

The heat transformation can be calculated basing on the formula (7.1)

Q. =mc_,(T,-T). (7.4)

7.1 Ideal gases

Ideal gas obeys the ideal gas law; the specific heat for that gas is
constant at constant volume

c,= idem
as well as at constant pressure

Cp = idem
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From the gasthe ory in Kkineticsitr esults, thatinc reasing the
temperature of 1 kilomole by 1K at constant volume requires increase of
the kinetic energy of the particles by MR/2 per each degree of freedom in
the advanced and rotary movement. In the case of ideal (and semi-ideal)
gas:

Mc, — Mc, = MR
Mc, / Mc, =k

where: k — adiabatic exponent.

Numeric illustration of the quantities in question is shown in Table
7.1.

Table 7.1. The degrees of freedom, molar heat and adiabatic exponents for various gases

Gas The degr;es of movement Mc, Mc, k=Mc, /
reedom Me
advanced rotary kJ/kmol K v
movement movement
monoatomic 3 0 12,5 20,7 1,667
biatomic 3 2 20,7 29,0 1,400
triatomic or more 3 3 24,9 33,2 1,333

7.2. Semi-ideal gases

The semi-ideal gas obeys the ideal gas law and the specific heat of the
isochoric process of such gas is only a temperature function:

c,=f(T) or Co = 0(1), (7.5)
Since the semi-ideal gas

Cp-C =R,
Cp is only the temperature function for this gas.
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With this function interrelation given ¢, = ¢(t) (Fig. 7.1) it is possible
to calculate the heat of the isochoric process.

Cv
2 __
1
/ q vi-2
t
t 1 t 2

Figure. 7.1. Heat of the isochoric process of the semi-ideal gas.

In practice, calculations apply the concept of the average specific heat
of the isochoric p rocess (or isobaric), assuming one of the states as an
accepted definite state, the other — free variable state.

In the definite state it is assumed 0°C that the gas temperature equals
and in the free state it is t.

The average specific heat of such process is described as:

t
CI), 0-t or CU 0

According to the equation (7.1)

t_ 00t _ Qu.0-t (7.6)
A0 t-0 0t




Using the relation (7.6) heat, required by the semi-ideal gas for it to
increase its temperature form 0°C to t, can be calculated.
(7.7)

t
qU,O—t = Cl) 0t

8. INTERNAL ENENRGY, ENTHALPY

The internal energy of the thermodynamic factor is its state function. It
is specifically determined for a given object, given the complete system of
the state parameters.

8.1. Ideal and semi-ideal gas

To calculate ideal and semi-ideal gas

U=U(p,T, m) (8.1)
per 1 kg of the object

u=u(p, T) (8.2)
or (given, thatpo =R T):

u=u(, o) (8.3)

Differentiating the equation (8.3), gives
du :[a—“j a7 +(8—“j do  (84)
ar ), ov J;

The first law of thermodynamics in a form of differentiation per 1 kg
of an object is

dg=du+pdo (8.5)
Replacing du with the equation (8.4) and adding up all the du elements
it gives
dq = [a_“J dT + (a—“j + pldo (8.6)
a1 ), ov );

Dividing both sides of (8.6) by dT and replacing the specific heat ¢ of
the process with dg/dt, it gives:

(8uj (ﬁuj do
C=|—| +|| — | +Pl—
ot ), ov )¢ dT



(8.7)

For the isochoric process (v = idem a ¢ = ¢,) the equation (8.7)
changes into
8.8
This formula is us€d th.calculate the internal energy of the ideal and
semi-ideal gas.
After integrating (8.8) it is:

u=Jlc,dT + f(v) (8.9)

Basing on t he Gay-Lussac and Joule’s experiment, c onducted on
air in conditions making it very similar to an ideal or semi-ideal gas (it
obeys the ideal gas law), itis safe to state that internal gas energy does
not depend on its volume.

Since u does not depend on Vv, the function f{») in the e quation
(8.9) will equal the value of the constant integrated Uo:
(8.10)

u=[c,dT +u,

The formula (8.10) shows that the internal energy of the ideal and
semi-ideal gas is a solely temperature function. Constant Ug is the absolute
value of the internal gas energy at a certain state of reference.

Technical c alculations r equire t he us age of t he r elative i nternal
energy, cal culated withthe given T = 0, U = 0. In this situation the
formula for the relative internal energy of the ideal and semi-ideal gas is:

P (8.11)
u:jqﬂT
0
Since for the ideal gas c,= idem,
u=c, T (8.12)

Using the formula (8.7)

[au) (au] do
c=|—| +||—| +p]l—
o1 ), |\ov). " dT

for the isobaric process and combining it with the relation (8.8)

)
c,=| —
oT ),



it gives:

C.=C + (8_uj +p](d—u) 8.13
P ov ); dT ), (8.13)

Since ideal and semi-ideal gas

p=RL (8.14)
p
at constant pressure
(d_‘)) _R (8.15)
arj, p

At the same time, Gay-Lussac and Joule’s experiment proves, that
at constant temperature in a calorimeter, so at constant gas temperature as

well:
(a—“) =0 (8.16)
ov )¢

Formulas (8.15) and (8.16) in the equation (8.13) prove that the
difference between the specific heat in the isobaric and isochoric process
is constant.

Co-C, =R (8.17)
According to the definitional equation, the enthalpy for every
thermodynamic factor is

i=u-+tpo (8.18)

For the ideal gas u = ¢, T, and pv = RT, as a result
i=(c, +R)T (8.19)

which means that for the ideal gas the formula describing enthalpy is
I =cpTl. (8.20)

8.2 Liquids and solids

In case of liquids and s olids, w ith s mall vol umetric e xpansion, t he
actual heat at the constant volume is practically the same as the actual heat
at the constant pressure, which is
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Co~cp = C(t). (8.21)
In correspondence with the equation (7.1)

0> =C, :Iz t,-1) (8.22)

Applying the ILT to the object at the volume » = idem, it gives

0, =U, —U, (8.23)
(l1-2 = 0 because dv = 0)

From (8.22) and (8.23) it results

u,-u, =g,

Pt —t) (8.24)

Taking the relative value of the internal energy in state 1 at the given
temperature t; = 0°C as equal to u;= 0; for any state 2 at the temperature t;
=t it gives the formula describing the relative internal energy of solids and
liquids

u=clyt (8.25)

Ignoring t he s pecific he at ¢ hangeability and t he t emperature, w hich
can be done only in case of less precise calculations, or when the factor
temperature ¢ hanges are not vital, itis allowed to use the approximate
equation for the internal energy of the solids and liquids

u=ct (8.26)

9. SPECIFIC THERMODYNAMIC PROCESSES

9.1 Isochoric process

The line copying the isochoric process in a complete parameter
system is called an isochore (Fig. 9.1).
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L vz '
m=idem

v - / o
/Q V2
Figure 9.1. Isochoric processes in the system of coordinates p-V

Absolute work of the process (dV=0)

2 9.1)
Lul—2 :j pdV =0
1
Useful work of the process
2
L == [Vdp =V (p, - p,) 9.2)
1

Heat of the isochoric process: basing on the ILT (L,;.2=0) is
Q. =U,-U, 9.3)
and from the formula (7.3)

2
Q,» = [ me,dT (9.4)
1

9.2 Isobaric process

The isobaric process (p=idem) canoccurina cylinder with a
movable pi ston ( Fig. 9.2). The w eighti s c hosent o g ive t he de sired

48



cylinder pressure p. As a result of heat, the gas volume increases from V;
to V», and the temperature from t; to t,. The absolute work is Ly, the
technical work is L., and the process heat is Qp1.-2,;

O

1 2 N

ol

Lp1-2 . .—

Y /Qm-z

Figure 9.2. Isobaric processes in the system of coordinates p-V

2
Lpl—2 :I pdV = p(V, -V,) ©-5)
1

2 (9.6)
Ltp1—2 = —J.Vdp =0,
1

The heat of the isobaric process, basing on t he s econd form of ILT
(Ltpl.ZIO) iS

Qpl—2 =1,-1, ©.7)

and from the formula (7.3):

2
Qpi» = [ me,dT (9.8)
1

9.3 Isothermal process

If the gas volume increases, and the focusisto keep it at the same
level (T = idem), it has to be adequately heated up.
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The isothermal process (Fig. 9.3) uses the absolute work Lt1-, and the
transferred heat Qri-2; the technical work Liri-; equals.

@qiﬂdef_@

pp 1 \ Qm-2
1

pV = idem

LtTl-Z

P e S

V v,

Figure 9.3. Isothermal processes in the system of coordinates p-V

The absolute work Ly;-; of the isothermal process

2
Ly, = [ pdv (9.9)
1
Solving the integral requires finding the relation p = p(V) given T =
idem. For this purpose the factor is assumed to be an ideal or semi-ideal
gas, where
pV = mRT (9.10)
If T is constant, given that m and R are constant, then

pV = idem (9.11)

According to (9.11) the isotherm p -V is illustrated by an equilateral
hyperbole.
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After putting p = idem / V into (9.9) it gives

2
. dv
L, = |dem.!'7 9.12)
Because idem = p;V; =p, V>, that gives
Vv, 9.13
or Lo =PV, lnv_ ©-13)
T1 , = p1V ln pl (914)

2

Technical work L¢r;-, of the isothermal process
Since the result of (9.11) is V = idem/p, therefore

0 o td (9.15)
that is Lrin = —IVdp = —Idem'f?p
1 1
Ly, =—pV,(Inp,—Inp,)
L, =PV, In— b (9.16)
P,

Comparing ( 9.14)and (9.16),itresultsin Lt = Lirip fort he
isothermal pr ocess of t he i deal and semi-ideal g as ( the abs olute w ork
equals technical work of the process).

Heat in the isothermal process
Using ILT formula in the analysed process results in

Q. =U,-U +L;, (9.17)

For ideal and semi-ideal gases U = U(T), which means at constant
temperature U, — U1= 0, and the equation (9.17) transforms into

Qr =L,
Qr,=pVIn gl (9.18)

2

Using (7.3) to calculate the heat of the isothermal process,
2

Q., J mcdT.
using (6.1) on the specific heat,

_9%
AT
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it gives the indeterminate symbol, since the specific heat of the
isothermal process (47=0) is infinite Ct = co.

9.4 Adiabatic process

In the adiabatic reversible process (Fig. 9.4)

O1-2= 0; dg=0

@X R B s | L ad1-2
1 —>
L o |

P 1 pv = idem

P

pv*= idem
pv = idem'

D 2

2

%am-z/ y

Vl V2

Figure 9.4. Adiabatic processes in the system of coordinates p-V

Applying ILT in the adiabatic process (dq=0) results in

0 = du + pdv (9.19)
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The assumption is: the factor is an ideal or semi-ideal gas.
Differentiating po = RT gives:

1
dT =E(pd0+vdp) (9.20)

Putting (9.20) into (9.19) and exercising du = ¢,dT (8.8), it results in:

Ozcué(pdu+udp)+pdu 9:21)
it transforms into
O—(C—“+1jpdu+c—“udp (9.22)
R R '
that is

0=(c,+R)pdvo+c,odp  (9.23)
The equation (9.23) is bilaterally divided by the product pv, given c, +
R =cp; it giveg:
() — _pd_l) + %

2ot (9.24)

Given the ratio and the integrated equation (9.24), (for ideal gases k =
idem) it gives the relation

0= idem 9.25
P
or

pV¥ = idem’ (9.26)

The equations (9.25) and (9.26) are called equations of the adiabatic
curve of the ideal gas and the factor K is called an adiabatic exponent.

Verification of integration:
Applying the algorithm on (9.25) it gives

Inp+kino=idem 9.27)
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differentiating leads to the form equal to the equation (9.24)

Aoy (9.28)
p v
The absolute work of the adiabatic process
The adiabatic equation leads to
idem

(9.29)

and after replacing p from the general work formula with equation
(9.29)

Ly, = [pdv (3.4)
it gives
2 .
idem
Lagio = I—Vk dv (9.30)
that is 1
idem _
Logi > =—— (V3 =V{™) (9.31)
Si 1-k
1mce
idem=pV ¥=pV (9.32)

therefore a dequately multiplying the phrase from the e quation (9.13)
by idem it gives the absolute work formula in the adiabatic process of the
ideal gas.

1
Lagioa =H(DM -pV,) (9.33)

Using the adiabatic equation and the gas state equation, (9.33) can be
reduced to

(9.34)
mR
o adlfzvz 1 (Tl _Tz)
_ Y Ps | -1k
L = 1-(— 9.35
ad1-2 k _1 r ( pl ) :| ( )

Technical work of the adiabatic process:



Technical work of the adiabatic process:
The kth root of the adiabate is

p"*V =idem (9.36)
that is
idem
V=— (9.37)
hence
2 tidem
Lt,adl—z = _Jl.Vdp = _'!-de (938)

After the integration

idem _
Lt,ad1—2 :_1 pll e p; v
1-—

K
Multiplying adequately the phrase in parentheses from the right side of
the equation (8.39) by

)- (9.39)

idem = pll/kvl - p;/kvz

it gives the formula describing the technical work of the adiabatic
process

k
Ltadl—z = m( p1V| - pzvz) (9-40)

Comparing (9.33) to (9.40) it follows
Ltad12 = Klag1-2 9.41)

The specific heat of the adiabatic process(Q1-,=0) according to (7.1)
equals zero

=0 (9.42)
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9.5 Polytropic process

The pol ytropic process is a process in w hich the relation be tween p
and V is

pV"=idem (9.43)
where n =idem ( any constant from - oo to +o0).

The absolute work in a process

2 2 -
idem
L., :! pdV = ! v v (9.44)
After the integration
idem ... .
Ly = V3"V (9.45)

Since

idem=pV| =p,\V) (9.46)

multiplying adequately the equation by idem it gives — changing the
phrase order in the de nominator of the first right hand side factor — the
relation describing the absolute work of the polytropic process.

1
L= m( PV, — P.V,). (9.47)

The equation (9.47) can be written in other forms useful in solving
problems:

mR
ni-2 :Tl(Tl -T,) (9.48)
Y B (n=1)/n
Los = P 1_(&j ] (9.49)
n-1 P
(n-1)
LBV, 1_(v_lj ] (9.50)
ni-2 —
n-— Vv,

Technical work of the polytropic process
The nth root of the equation (9.43)
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pV"= idem

it gives
idem
v = (9.51)
For the polytropic process
2 9.52)
idem (
Lnis = _J.de
1
After the integrdation
idem o0 im
Ltz = 1 11 " P, " (9-33)
-
given: n
(9.54)
idem = p;""V, = p,""V,

Multiplying a dequately by idem and t ransformingit,it givest he
formula for the technical work of the polytropic process

n
Ltmfz :m(plvl - pzvz)

(9.55)
Comparing ( 9.55) w ith ( 9.47) r esultsi na relation between the
absolute and technical polytropic process:
L =nlyis (9.56)
Specific heat c, of the process
According to (7.2), adjusted for the polytropic process
.G, _ €q
c= e
WIUAT a7 (7.2)
and the first law of thermodynamics
cdlT=du+pdo (9.57)

Assuming, the factor contains the ideal and the semi-ideal gas, where
du =c, dT (8.8), the result is

cdT =, dT + p dv (9.58)
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it can be transformed into
0=(c,-Cn)dT + p dv (9.59)
Differentiating the Clapeyron's relation
pdv+odp=RdT (9.60)

using this equation in (9.59) it leads to

0=(c, —cn)(pdu+udp)%+ pdov (9.61)
after transformation it is
cC —C cC —C
0: 1% n l)d v n 1 d . 2
5 p+( . + jp v (9.62)

The equation (9.62) can be transformed using the relation

c,tR=¢ (9.63)
into
c,—C,
0=uvdp +- pdo (9.64)

Dividing (9.64) by the product pv gives the differential relation
between p and v

¢, =G dv dp_, (9.65)
c,-C, v P
integrated, given (C, — Cp)/(C, — Cy) is not the V nor p function, is

o' € _jdem (9.66)

Since in the polytropic process

po" =idem (9.67)
therefore
S5 _ (9.68)
Cu —C,
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this, with some transformations, leads to the formula for the specific
heat of the polytropic process

c,—nc,
C, = P , (9.69)
1-n
it can be reduced to
K—n (9.70)
C,= CU _—,
1-n

The e quation (9.70) pr oves, t hat t he s pecific he at of t he pol ytropic
process of the ideal gas, where ¢, and K are constant, is also constant. For
the semi-ideal gas, the specific heat of the polytropic process is a function
focusing only on the temperature.

Heat Qpni-2 of the process
Using ILT formula in the polytropic process results in

Qu =U,-U, +L,, (9.71)
or
Qm-z = |2 - Il + Lml_z (972)

or using the formula for the specific heat of the process

2
Qu, = jmcndT (9.73)
1

Comparison of the chosen polytropic processes

Assuming adequate values of the pol ytropic index n in the e quation
(9.43) as wells as in (9.70), describing the specific heat of the polytropic
process, it gives the record of the characteristic processes ( presented in
Fig. 9.5), where:

n = O, p = idem - the isobaric process at the specific heat ¢, = Cp

n=1, pV=idem- the isothermal process of the ideal and semi-ideal gas
at the specific heat c,=co,

n =Kk, ka = idem — the adiabatic process of the ideal process at the
specific heat c,= 0

n =+ o0,V =idem — the isochoric process at the specific heat ch=C,.
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n = oo n=-1

0

Figure. 9.5. Polytropic processes in the system of coordinates p-V

The chosen relations between the parameters describing the
extreme states 1-2 in the polytropic processes

Polytropic equation can be expressed as

pV" = idem (9.74)
or, with the volume ousted, as the Clapeyron’s relation

Tp - "/"= jdem (9.75)
or as

TV " ! =idem (9.76)

given the pressure in (9.74) is shown as mRT/V.

Using the mentioned forms of polytropic equations of the extreme
state 1 and 2 of the process, it leads to the following relation:

(1-n)/n
T [&J (9.77)
T, \p
(n-1)
T_(Va (9.78)
T2 Vl
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n/(n-1)
p_Ty
p, (T, (9.79)

V T n/(n-1)
2= (—IJ (9.80)
Vl Tz

10. ENTHROPY

Work in any process ( the abs olute as well as the technical) can be
presented with the state parameter system p-v (Fig. 10.1) as

[l = [pdv
[a1=[vdp

(corresponding fields under the transition line 1-2).

b 3
! N
P R g AN
2 2
\"
dv
dn
Figure. 10.1. The absolute work mapping Figure. 10.2. Mapping of the heat of
transition

Is it possible to map the HEAT of transition in a similar way?
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Itis assumed, thatthe marks & i # (Fig. 10.2)form aframeof
reference, where the field underneath the process line in this frame is the
heat of transition. The di fferential f ormula &dy will be a pplied to
calculate the heat of transition - dg:

dq =&dn (10.0)
The differential of ILT is

dq = du + pdv (10.1)
according to the assumed requirements,

&dn = du + pdo (10.2)
In case of the ideal and semi-ideal gas du = ¢,dT, while pressure p is

p=RT (10.3)
v

therefore for the ideal and semi-ideal gas
T
Edn = ¢, dT + R;du (10.4)

In the case of ideal gas, where c, is not dependant on T and is constant,
the equation (10.4) is a first-order diferential.

This formula can be reduced to a diferential using so-called integrating
factor, which in this case is the phrase |/T. Multiplying the equation (10.4)
bilaterally by I/T it results in

2dp=c,—+R—
Tdn=c,~ s (10.5)

The right side of the equation (10.5) is the function differential

c,InT + R Ino
This means, that the & parameter is the object’s absolute temeperature
E=T (10.6)
therefore
dT d
dp=c,—+R— (10.7)
T v

which after the integration is

n=c,InT +Rlnov+const (10.8)

The # function in thermodynamics is marked s and called the specific
enthropy. Particularly the formula for the ideal gas enthropy is
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S = C,InT + R Inv + const (10.9)

The equation (10.9) states, that s is specified for the set value of T and
v, which means that enthropy is the function of the state of an object; thus
enthropy is a state mark of an object.

To calculate the absolute numeric value of enthropy with the equation
(10.9), it is vital to know the constant value of the integral.

Technology uses the relevant value of enthropy.

It is assumed, that with the agreed state parameters po, To, Vo
enthropy so equals zero.

Diferentiating the equation (10.7), starting from the accepted state, in
which enthropy e quals zero, up t o any state with p, 7, v, parameters, in
which enthropy equals s, it gives

T v
s=¢, lnTO +RanO (10.10)

The e quation ( 10.10) ¢ alculates t he num eric v alue of e nthropy,
provided that the state of the ideal gas is defined with T, v. This equation
can be reduced to one, with the object’s state defined by p, T, which is:
basing on the C lapeyron’sr elation with the p arameters p, v, T and
accepted pg, vg, To, forming the following equation

po T

=— 10.11
Py Ty ( )

after applying an algorythm and then tidying it up

nY =int —nP (10.12)
Uy T Po
Putting (10.12) into (10.10) and transforming it, it gives

T p
s=(,+R)In——RIn— (10.13)
TO pO
Since C,+*R = cp, the final enthropy formula, with the ideal gas state
defined by parameters p, T, is

T p
S=CplnT——Rln— (10.14)

0 Po
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Given t hat t he g as s tate i s de fined b y t wo parameters p a nd v,
applying the C lapeyron’s relation ( equation 10. 11) and an algorithm, it
gives

(10.15)
and after inserting it into (9.10)

s=c,In>+c I’ +Rln’ (10.16)
Po by Uy
and tidying it up, it gives a formula for the enthropy of the ideal gas,
where the state id defined by p, v:

s=c,In+c (10.17)
Po 0

Thanks to the enthropy properties, the heat of a random process can be
expressed with the equTtion

TdS
i (10.18)

1-2 =

Since S = ms, the specific enthropy S can be applied to calculate the
process heat.

2
Q. :Jdes (10.19)
1

11. MAPPING THE PROCESSES CHARACTERISTIC TO THE T-s SYSTEM

Isochoric process

Describing t he flow of the i sochoric processinthe T -s s ystem
means finding t he interrelation be tween T and S, where v = idem ( Fig.
11.1). The equation (10.1-P) can beUused for this purpose:

s=C,In—+RIn—
T )

which, after the transformation, is:
s=C,(InT =InT))+R(Inv —Inv,)



With o = idem the equation is
S=¢,InT+idem (11.1)
this means, that in the T-s system the isochore for the ideal gas is an
exponential function.

¥ = idem

iy

Figure. 11.1. Isochoric process in the T-s system Figure. 11.2. Isobaric process in the
T-s system

With the higher value of v1> v in the equation (11.1), the value of the
constant idem idem' > idem will increase to the value, which means the
parallel movement of the isochore v; = idem in relation to » = idem.

Isobaric process

To map the flow o f't he i sobaric p rocess o ft he i deal gas, the
equation (10.14) can be applied,

s:Cplnl—Rln£

if p is constant, it is ag followsPo
S=CpIn T + idem (11.2)

As a result, the isobaris an exponential curve (Fig. 11.2), but ata
different an gle. While mapping the isobar at the pressure p1>p, it is sure
that ide m w ill de crease by b (Fig. 11.2) . T he i sobar, t he ¢ xponential
function py, will automatically move by the length of b.

Isothermal process
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Isothermal process

Isothermal process in the T-s system (Fig. 11.3) is a straight line
with the formula T = idem.

T = idem s =idem

Figure. 11.3. Isothermal process in the T-s system  Figure. 11.4. Adiabatic process in
the T-s system

Adiabatic process

The process heat (-, consists of two parts: heat supplied from the
outside source (1.2 , and the friction heat gf-2. The adiabatic process (Fig.
11.4) takes place only when 1-=0. The heat of the adiabatic process Q-
»= 0 equals zero only when there is no friction - gs1-2 = 0. Looking into the
adiabatic process without any friction, it is known, that

2
Quar > = | TdS (11.3)
1
that is
TdS=0 (11.4)
Given T >0,
dS=0 (11.5)
hence
S =idem (11.6)

The a diabatic pr ocess without f rictioni s a pr ocess w ith ¢ onstant
enthropy, called an isentropic process.
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Polytropic process

The flow of the pol ytropic process (Fig. 11.5) inthe T-s system
can be mapped using the flows of some characteristic processes.

T

Figure. 11.5. The flow of the polytropic process in the T-s system

12. CYCLES

A process, in which the end state equals the beginning state, is
called a cycle.

The graphic illustration of the circulation in the state parameter system
isacl osed curve. A cycle process can be modelled by so-called c ycle
engines or cycle devices.

Thereis a power cycle (engines) - a di agram s hows a ¢ lockwise
rotatory direction, and a heat pump cycle (refrigerators) — a diagram
shows an anti-clockwise rotatory direction.

Power cycle engines and devices
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Power cycle engines and devices

A power cycle engine (Fig. 12.1) has one characteristic feature - no
valves. An ideal power cycle engine is tight and there is no friction. Any
thermodynamic factor can be a circular factor.

When the piston is in the TDC, the gas state is defined by point A in
the p-V diagram.

BDC

L/

m -V

Figure. 12.1. The model of a cycle and a cycle engine in the p-V diagram

The gas, during the expansion from state A to D, has to be heated and
it receives the heat Qa.p. Further expansion from the state D all the way to
piston BDC marked with the point B requires cooling and the heat equals
Qo-s-

After the crankshaft passes BDC, the gas enclosed inside the cylinder
starts to compress. Compress from state B to C requires cooling. The heat
of cooling is Qg-c .

The final compression phase from state C to A requires heating, where
the supplied heat equals Qc-a.

The total supplied heat Qc.a + Qa-p = Qop is t he pos itive pa rt of
the cycle heat. The cooling heat from state D to C, though state B, equals
Qp-s + Qs.c and is the negative part of the cycle heat. Qob-

The absolute cycle heat is Qgp,
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Qob = Q+ob Q'ob-
The c ycle and all the cycle he at t ypes c an be presented by a T -S
diagram (Fig. 12.2 and 12.3).

Smin Smsx s

Figure. 12.2. A cycle mapped in the T-S diagram.

Vrin

TI'I'IHK

T
[
o o
Y 7
N2 D

Tein

n

Srmax

Figure. 12.3. Cycle heat in the T-S diagram. a — cycle heat Qq,, b - negative heat Q o,
(cooling), ¢ — positive heat Qy, (heating)
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The cycle falls between Vyax and V pnin, Smax and Smin, as well as T pax
and Tmin.
Work done during the 1 cycle of the engine is Lgp.

The efficiency of the power cycles (engines)

The work done by a power cycle is positive, that means a device
with such cycle produces work. The work done during expansion Lex in
this cycle is bigger than the work done during compression Ly(Fig. 12.4).
In that cycle the heating heat is also greater than the cooling heat, which
means that the cycle heat is also positive.

Between the cycle heat and cycle work there is a relation, which
can be found by applying ILT to the cycle formula.

Q12 =Uz- U+l (121)
Since in the cycle Q1.2 = Qop and Ly, = Loy state 1 equals state 2, U, =
U1, that means

Qob = Lop (12.2)
The cycle heat equals the cycle work
7P
P uoeetey T
LA
Y#Té

S

\'
] =Leb, = Qob,
NN =Lk, = A,
L = Lex L= Qex
Figure 12.4. Engine cycle in the p-V and T-S diagram
To create heat during a power cycle, fuel or other forms of energy are
used.

The concept of EFFICIENCY, in general sense, is the ratio of effects
(results) to input (costs).
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In case of a power cycle engine the effect is work and the input — heat,
which means, the cycle efficiency is the ratio of the cycle work to the
positive part of heat in the cycle:
py = - Q= Qo Qo (12.3)
Qv  Qu Qo
The bigger is the cycle efficiency, the lower the cooling heat is and the
higher the heating heat.

Carnot cycle

The Carnot Cycle is a s ystem with two isotherms and two isentropes
(Fig. 12.5).

Y
T \%
Tmad 1 2
Tmin 4 > 3
S

Figure 12.5. Carnot cycle in the p-V and T-S diagram.

Heating heat in the Carnot cycle
Q! QJ = Trax (S2-S1)
Cooling heat
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Q¢ Q(; =Thin (83 - S4)

The efficiency of the Carnot power cycle

Qc Thin (S5 =S,)
Ne=l-—-=1-—"—"7- 12.4
Qc Tmax(s2 _S]) ( )

since S, — S; = S3 - Sy, as a result

Tmin
e =1—T— (12.5)

max

Any free c ycleha sa corresponding C arnot ¢ ycle t hat can  be
assigned to that free cycle (Fig. 12.6).

Tmax

|- Tdeg _

Tare |

Tmin

5

Figure 12.6. A free cycle (circular as an example) and a corresponding cycle (square 1-
2-3-4).

This is the cycle 1-2-3-4, occurring at the temperatures T and Tin.
Given:
Ts-¢ — temperature for the average height of the heating heat field in

the cycle,
T4 — temperature for the average height of the cooling heat field in

the cycle,
it can be calculated (compare Fig. 12.7)

T, 4(5,-5)=Qq (12.6)
Ta(S;-S)=Qq (12.7)
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a) Tsrg|
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T
b)
ek
>\>>~ 4 3
S

Figure 12.7. Calculating the average cycle temperatures

The free cycle efficiency can take a form of

_ Qb —Qu _;_Tia (12.8)

Q;b Tv'r. g
The following inequality is true:

770b

T, T (12.9)
Uobzl_ - <1_ﬂ:77c
Ts’r.g Tmax

that means, the most efficient is the Carnot cycle corresponding with
the specific free cycle (at Tmax and Tmin given for that free cycle).

13. SECOND LAW OF THERMODYNAMICS (II LT)

The second law of thermodynamics has more than one definition. They
are logically similar but put in different words. According to the laws of
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logics, theorems are equal only if denying one of them causes fallacy of
the other one.

According t o Ostwald, the s econd 1 aw of th ermodynamics is as
follows:
It is not possible to build a perpetuum mobile of second type.
Perpetuum mobile of the second type (PM I1) is an engine or a power
cycle device with the efficiency cycle equal unity.

Perpetuum mobile of the first type (PM 1) — a machine that can work
“for free” [2].

The formula (12.3) . B .
poo ke _QQu Qo
T oQn Q Qo
defining t he ¢ ycle e fficiency, indicates, thatt he ef ficiency r eaches
unity (i.e. 100%), only when the cooling heat of the cycle equals zero.

The PM 1I can be presented on the T-S diagram as an engine working
with only the top heat source (Fig. 13.1) — with no cooling involved.

For comparison only, Figure 13.2 presents the work of a real engine,
requiring a cooling system (for the bottom heat source).

Q =L ob=Q ob=L Pm1I

T > Trmax |

|

Figure. 13.1. Perpetuum mobile of the Il type
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Tmax
%
™M v
>7* 'n ab =
Tin <\< 147
S
Lob

T < Tl'ﬂil' I

Figure. 13.2. Diagram for the work of a real engine

Clausius had a different definition of the IT LT:

Heat does not travel spontaneously (e.g. through a direct c ontact)
from an object of lower temperature onto an object of higher
temperature.

Transferring he at f rom a 1 ower t emperature ob ject ont o t he hi gher
temperature obj ect requires com pensation and it can happen in a heat-
pump cycle.

Transferring heat from a cooler to a hotter object causes the decrease
in the total enthropy of the two objects. This can not happen through a
direct contact. If a phenomena of this kind occurs that means a third or
even more objects are involved. The increase in the enthropy of the agent
objects compensates the decrease of the enthropy of the two objects in
question. That is called “compensation”.
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Given an extreme situation, where heat is transferred between two
objects w ithout t he t emperature di fference, building IIP M would be
possible only if it was possible to cool the circular factor with a body at
temperature 0K.

It results from the third law of the rmodynamics (III LT), thatitis
impossible to reach temperature of 0 kelvins.

Enthropy has and additive character and an enthropy of the system of
objects S,y is @ sum

S;

n
i=1

entropies of all the n elements of the systems taking part in the
phenomenon.

A ma thematical de finition of Il LT is so-called the enthropy
increase rule, defined by Clausius as:
In a real system of objects only those phenomena are possible
which come with the increase in those object’s enthropy.

Calling the increase in the object’s entropy =, it leads to:

T = Ssystz - Ssystl = ZAS|>O (131)
i=1

Reversible and irreversible processes

A process is reversible if, using a differential environment
change, it is possible to create a process reverse to the current one, i.e.
following the same path but in the opposite direction.

Inr eality all the processes are irreversible, but c¢ onducting
experiments carefully enough, it is possible to get close to the reversible
processes.

A's trictly reversible processi sas implea nd qui teus eful
theoretical concept; its relation to the real processes is the same as the
abstract ideal gases to the real ones.
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In an adiabatic process, heat does not enter nor exit the system. An
adiabatic process can be either a reversible or irreversible process — the
definition does not exclude any of them.

During the adiabatic compression of a factor inside the cylinder, the
gas t emperature i ncreases, sincei ft he pr ocesst emperature Q = 0,
according to I LT, work L done by moving piston changes into internal
energy increase AU in the system.

Different speeds of the piston movement give different work values L.
Only in case of the reversible pr ocesses (where p has a pr ecise v alue)
work is as follows:

lpav,

i.e. it equals the area under the adequate curve in the p-V diagram.

Accordingly, AU and the corresponding temperature c hange 4T will
be different for the reversible and irreversible processes.

There are a number of other processes that can take place and bring the
system b ack to its original s tate of ba lance; t hisis c alled a circular
process, or a cycle.

If all the following processes of the cycle are reversible, that means it
is a reversible cycle.

0 v

Figure. 13.3. Reversible cycle
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Figure 13.3. presents a reversible cycle on a p-V diagram. The abc
curve represents the system decompression and the area under the curve is
the work done during that decompression.

Following the cda curve the system returns to its original state. In this
case the system is being compressed and the area under the curve is the
work done during the compression. The resultant of the work done by the
system equals the area within the curve. That work is positive.

If the cycle followed the reverse path, i.e. the gas was de compressed
along the adc curve and compressed along the cba curve, the resultant of
that w ork w ould equal, w itha minus, t he w ork f rom t he pr evious
example.

The increase in enthropy rule
After conducting a number of observations and experiments, it was
established as follows:

1. In all the irreversible processes, the sum of enthropy of all the
participating objects increases. (The sum of the enthropy increases of all
the participating objects is greater than zero)")

2. In all the reversible processes, the sum of entropy of all the
participating objects stays constant. (The sum of the enthropy increases
of all the participating objects equals zero).

3. In all the reversible processes, the sum of entropy of all the
participating objects stays constant. (The sum of the enthropy increases
of all the participating objects equals zero).

Assuming that the sum of all the enthropy increases of the
participating objects is z, the entropy increase rule is as follows:

>0 irreversible processes,

7 = 0 reversible processes,

< 0 impossible processes.

1) it does not mean that enthropy of a single participating object cannot decrease
(entropy increase of a single object might be negative).

%) considering the enthropy increase rule, the system of participating objects has to be
separated from the rest of the objects (not included in the experiment).
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II. SELECTED ISSUES

14. INTERNAL COMBUSTION ENGINE CIRCULATION (THEORETICAL
AND COMPARATIVE)

Thermodynamic pr ocessest aking pl acei nsidet hei nternal
combustion engines have not been fully studied nor explained yet. High
temperature and pressure, variable physicochemical state of an object, a
very short time per a particular process, they all comprise major disruption
in the oc curring phe nomena a ssessment. This type of e valuation c an be
carried out by c omparing t he real c irculation ( occurring i nside 1 nternal
combustion e ngines) w ith t he t heoretical on es - a result of t heoretical
deliberations, which, after mul tiple a ssumptions a nd simplifications,
produced an easy to analyse circulation form, representing a cyclic process
of transforming heat energy into mechanical one.

Depending on t he num ber of s implifying a ssumptions a pplied,
there ar ¢ theoretical work circulations and comparative circulations
with ar eal f actor. Toa nalyset hose,i ti sc ommont ous e the
thermodynamic f actor e quationsa ndt heba sice quationsof t he
characteristic thermodynamic processes. The real circulation, occurring in
an internal combustion engine, can be completed in a form of a diagram
only through the research using an indicator. Such a circulation is called
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an indicator diagram.

A theoretical circulation and a comparative one with the real factor
are al so called “at heoretical i ndicator di agram” and “‘a com parative
indicator diagram with the real factor” — but those terms are less correct. If
the theoretical circulations, the theoretical circulations with the real factor
and the real circulations are presented in a p-V diagram, they stand for
work. That w ork, pr oportionatet ot hea rea of't he e nclosed ¢ yclic
circulation, is cal led adequately: theoretical w ork, c omparative di agram
work with the real factor, and the indicated work.

The indicated work is the real circulation work - the internal work
of an engine. With the internal w ork de fined as w ork done by an ideal
machine, w ith no f riction r esistance. On occasions, the t erm “i ndicated
work” suggests work calculated basing the comparative diagram with the
real factor, butin that cas e the term r eplaces “comparative ci rculation
work".

Theoretical internal combustion engine circulation

The t heoretical c irculation ¢ orresponds with t he t hermodynamic
process, e mploying a c onstant vol ume of gas, Heat goes in and out of
external heat sources (called upper and lower) through the walls enclosing
gas inside the cylinder. Heat can enter the system in an isochoric, isobaric
or isochoric and isobaric way.

During the heat transfer the cylinder walls do not put up any heat
resistance (diathermic walls). During compression and decompression, on
the other hand, they act as perfect insulation. As a result all the processes,
connected to the volume changes, are adiabatic.

There is no friction between the cylinder sleeve and the bush.

Considering the ideal gas a f actor means assuming that the specific heat
remains cons tant at co nstant pr essure as w ell as at cons tant vol ume.
Accordingly, the internal gas energy is a linear function of temperature.
Assuming, that this process is extremely slow - the gas speed is close to
zero — it results in a reversible thermodynamic process.

Theoretical circulation, the most precise match for work an internal
combustion engine, is a mixed circulation with an isochoric and isobaric
heat addition. It is called the Sabathe cycle.

Calculating the parameters of a theoretical circulation

The gas quantity in the circulation is free. It can be assumed that it
is in m kg or, expressing mass units in kilo moles, n kmol.
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The initial gas parameters in point 1 are p;, Vi, T; (Fig. 14.1).

Qa3
P 3 3
Qzz =
2

4
—— Q41
)

Vk Vs V

Figure. 14.1. Sabathe cycle

Between points 1 and 2 gas gets adiabatically compressed and at point 2,
at volume V; it reaches temperature of T, and pressure at p;.

From the point 2 to 3, gas is hit with heat at Q23 = mc,(T3-T,), and from 3
to 3' - isobarically - heat at Qa3 = mCp(T3-T3).

Between points 3 a nd 4, t he factor i nside t he ¢ ylinder i s a diabatically
decompressed, be tween 4 and 1 i sochoric heat removal occurs at Qg1 =
mc, (T4-Ty).

Because t he ci rculation i s cl osed, thereisno mass ex change w ith the
environment.

During compression a nd de compression t he ¢ ylinder w alls a re t ightly
insulated.

Thermal parameters of the points 2, 3, 3’ , and 4 are calculated using the
adiabatic equations as well as equations for the gas state.

1-2 compression:

Using an adiabatic equation:

pV*= idem,
where k = idem 1is:
k_ k
p1Vi = p2V2
hence:

po=p1(V1/V2)"

Given V1/V2 = g (geometrical compression ratio), the result is:
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P2 = P

Given this relation, the temperature in point 2 is evaluated using
the state equations

p1V1 = mRTl,
p2V2 = mRT,.
The result is following:
T, =T (14.1)

If is the ratio of pressures ps/p,, o is the ration of volumes V3/V3, then

P p=pa/pz, p=ValN3 (14.2)

Since the 2-3 is an isochoric transformation, V = idem, it is safe to
conclude

P3= P2 &,

and taking into consideration that p,= plak,
3_
op°=p1g &
¢T3 = Tlﬁ Ek—l.

Correspondingly

(14.3)

From the isobaric process flow of 3-3” it follows that

@3 =Pz = prg &
P =Tid p & (14.4)

as well as

It is possible to evaluate the point 4 parameters using an adiabatic
equation for the decompression process
k k
Ps Vg = ps Vg
where

Ps = p3 (Va/ Vo) (14.5)

Because the 3-4 decompression equals the volume ratio V4/V3-, the
relation is

Ve,  V, Vs

Var Vg Vay
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As a substitute

E="== and p=

Var
Va Va Va

It gives an equation for the decompression ratio:

Ve
8[': _— = E (14.6)
Var B

It results from (14.6), that the decompression ratio & is lower than the
compression ratio &. Substituting (14.6) for (14.5) gives:

k
. p 4 P
P, =2 =p., 5% (14.7)

Substituting the right side of the equation (14.4) for p3’, gives

$ons= P10
(14.8)

Another interrelation can be derived in a similar way

PpTa=Tig o
(14.9)

In the table be low, there are all t he e quations for pr essures a nd
temperature for points 2, 3, 3' a nd 4, put together in correlation with the
pressure and temperature for point 1.

Table 14.1. Comparison between equations for pressures and temperatures for points 2,
3,3"and 4

Pointl | ) 3 3 | 4
P1 pzzplak P3:p1¢8k P3:P1¢5k ps=pid Pk-
T, T,=Te"! Ty=Tp "' T:=Tope' |T=T¢p"

Deriving the equation for the Sabathe’ cycle e fficiency leads to a
statement that the difference between the heat energy supplied in total to
2-3 and 3-3’ and the energy drained from 4 and 1 equals technical work,
illustrated with the cr osshatched area of t he di agram 14.1. The ¢ ycle
efficiency, equal to the ratio of the heat turned into work to the added heat,
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is

T % -~ (T T G i
T +men (Te,—Te)—me i T,—T. )
2 p~"E

R A WY

~ T
MC T —
me Ty

He = P ;
- St T T it (T, =T
mep\ Ty =T ) vmey, (T, -1z )

Replacing T,, T3, T3, T4 with the e quations from the Table 14.1,
after simplifying it and substituting k = ¢, / C,, the new relation is:

1 r,o,c""'—l

n,=1- (14.10)

EX1 p—14ke(p-1)

Considering the isochoric and isobaric heat addition, the presented cycle is
called a mixed cycle. It is the best match for the thermodynamic process of
the s pontaneous i gnition e ngine w itha di rect f uel i njection. The
exceptions are the following:

b) with the isochoric heat addition (given p=1),

d) ¢with the isobaric heat addition (given ¢=1),

A process with an isochoric he at addition, also called the Otto cycle, is
applied as a com parable pa ttern of t hermodynamic pr ocesses i n spark-
ignition engines.

pTheoretical e fficiency in this c ase is obtained b y s ubstituting p =1 in
(14.10), where

e =1~

1
P (14.11)
nThis formula, being a special case of (14.10), gives the highest 77 value
for the chosen compression ratio.

Theoretical efficiency, with the isobaric heat addition, can be obtained by
substituting =[]l in (14.10).

n.=1-—= . (14.12)

A cycle with the is obaric heat addition shows s imilarities to the
combustion process, which occurs in big slow-speed compression-ignition
engines. Combustion in out-of-use air-blast injection engines is very alike.
This cycle is called the Diesel cycle.

nComparing ef ficiencies of t he S abathe’ Cycle (formula 14.10),
Otto cycle (formula 14.11) and Diesel c ycle (formula 14.12), w here the
combustion ratio ¢ is the same - 7 reaches the highest value for the Otto



cycle, medium for the Sabathe’ one and the lowest for the Diesel one.

Figure 14.2 shows the comparison of the Sabathe, Otto and Diesel
diagrams, at the same & value.

q1

Fig. 14.2. The cycle comparison a-Sabathe’, b-Otto and c-Diesel

Analysing the f ormulas f or the the oretical e fficiency 7 resultsin a
conclusion that its va lue inc reases w ith the ¢ ompression ratioe. If t he
compression ratio is heading towards infinity the efficiency #n is heading
towards unity. The curve 7 presented in Fig. 14.3, using the simplest
formula (14.11), shows a high increase for small & values. The large values
show as lower i ncrease. The hor izontal | ine, corresponding w ith t he
ordinate equalling unity, is called asymptote 7;.
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Figure. 14.3. Theoretical efficiency

The range 6 < £< []L0 approximately corresponds with the typical
engine s olutions w ith spark i gnition, w hereas 13 < &< 23[] corresponds
with spontaneous ignition. The selected ranges and the border values are
estimated and should not be taken for final and impassable.

In c ase of t he s pontaneous i gnition e ngines, t he va lue of t he
compression ratio &, is usually higher than 15. The choice comes from the
necessity for an easy starting (the minimum required air temperature at the
end of ¢ ompression process for acold enngine is 350-400 °C). For t he
multi-fuel eng ines t he air t emperature at t he end of't he com pression
should be e ven hi gher — above 600 °C. Itis ne cessary to bringthe
compression ratio up to £ > 20.

Comparative work circulation with the real factor
The com parative circulation with ther eal f actor, Fig. 14.4,1s

comparable w ith the Sabathe ¢ ycle. Nevertheless, therea res ome
significant differences between the two of them, than need to be discussed
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in detail.
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Figure. 14.4. Comparative circulation with the real factor

Gas, athermodynamic factorin acom parative ci rculation, is a
semi-ideal gas, unlike in the Sabathe cycle, which is based on ideal gases.
Gases, when they a re atm uch higher p ressure and temperature t han
required for gas to turn into liquid and, at the same time, lower than the
ones t hat ¢ ause di ssociation, ha ve qua lities o f s emi-ideal ga ses. The
specific he at of s emi-ideal ga ses i s cont ingent on temperature. If't he
temperature range is narrowed down to positive temperatures up to 2500
°C, it is observable that, at the constant volume ¢, and constant pressure Cp,
the s pecific h eat i ncreases cons tantly. ~ As ar esult, t he hi ghert he
temperature - the lower the value of the adiabatic exponent of the semi-
ideal gases. The root formulas are

c
k= £ and R=¢Cp-C,,

Cu

resulting in
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k=1 +t_E (14.16)

v

Since the individual gas constant R depends only on the gas type,
not the temperature, it is obvious from ( 14.16) that, i f the s pecific he at
increases, the adiabatic exponent value drops.

Evaluating the comparative circulation, it is assumed, that the heat
travels from gas into the cylinder walls and vice versa, in contrast with the
theoretical circulation. At the start of the compression process, heat moves
from the heated cylinder walls towards the cooler gas. At the end, the heat
path is reverse, because the gas temperature is higher than the temperature
of the cylinder walls.

Iti squi te ac omplicated pr ocess, w hich, f or t he c alculative
purposes, is replaced with a polytropic index nj.

The index value is:

n;= 1,35-1,40

During the entire decompression process the heat travels from the
hot gas towards much cooler cylinder walls. Still, simultaneously to this
occurrence, at the be ginning of the de compression (pass point 3 i n Fig
14.4) there is the effect of dieseling, which gives extra heat.

A complicated decompression process as it is, can be explained as
a s eries o f pol ytropic p rocesses with di fferent polytropic i ndexes. It is
accepted t o t ake on j ust one r eplacement pol ytropic i ndex dur ing t he
calculations. The value of it is

n,=1,22-1,28.

It can be observed that the decompression polytropic index is much
lower i n va lue ¢ omparing t o t he ¢ ompression one f ort he f ollowing
reasons:

e Decompression temperature is much hi gher than the compression
one The adiabatic exponent of t he s emi-ideal gas dropsasthe
specific heat increases (formula 14.16)

e Thereis asubstantial amount of fumesin the factor. Fumes
contain carbon dioxide (CO,) as well as (overheated) water vapour.
Both components, carbon dioxide and water vapour especially, are
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characterised by v ery low adi abatici ndex. Dieseling att he
beginning of the decompression is very important be cause, as its
result, s ignificant a mount of he at i s i ntroduced i nto t he f actor
despite the cooling effect that the cylinder walls would have. This
reaction causes the decompression polytropic index to drop, which
continuously stimulates drop in the average index.

The en gine speed increase s ubstantially affects the increase of n;
and decrease of Ny, since t he he at f low tow ards the c ylinder w alls is
weaker.

The value of the linear dimension (mainly the cylinder diameter) is
also vital. If the D diameter goes up, t he ratio of the cooling surface and
the factor volume grows smaller. Consequently, there is less heat moving
per factor volume unit, which causes increase of n; and decrease of ns.

It is to be remembered that, not like in the theoretical process, in
the ¢ omparative c irculation t here i s a va riable f actor num ber dur ing
combustion.

It is impor tant to realise, before the calculations r egarding th e
comparative circulation with the real factor even starts, that even if they
areas tep towards es tablishing t he r eal pr ocesses t hat oc cur i nside a
running ¢ ylinder, t hey ¢ annotbe us eda spr oofdue t os implified
assumptions, w hich have t o be us ed t o m ake t he c omplex c alculations
even possible. In practice, even if the course of one thermal parameter of
the g asi nsidet he ¢ ylinder — meaningt he pr essure — qualifya s
approximately ¢ orrect, itis impos sibleto gets uch accuracy w ith
temperature flow, at least not during combustion. The reason for it is that
the c ombustion process is assigned to the mixed isochoric-isobaric he at
addition, which is wrong. The maximum temperature values are not taken
into ¢ onsideration s ince t hey are t oo hi ghin comparisont ot he one s
corresponding with the real circulations at the same indicated pressure and
the same maximum pressure.

Calculating the average indicated pressure p;. Definition of p; and p.

The av erage 1 ndicated pressure p; is ¢ onstant pr essure, w hich,
during one piston cycle, does work equal work represented in an indicator
diagram
It c an be e stimated t hrough comparative m easuring of t he i ndicator
diagram by a pl animeter. The value of p; can also be c alculated using
theoretical interrelations.

Knowing pj pressure, given 7, value (mechanical efficiency),
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allows calculating effective pressure pe or establishingznm, basing on pe
determined using other methods (e.g. engine testing on a test bed).

Pe= Pi Mm

The area of the comparative diagram can be compared to indicated
work.

Li=V; pi

In the comparative diagram (Fig. 14.5)

Figure. 14.5. Comparative indicator diagram

Li=L +Ly-Ly
hence
Vspi= L+ Ly- Ly
(14.17)

Work L, equals

PPl = pa(Va - V3) =psVa(p-1) = ¢p Vi (p-1) =
¢ &™p1 Vi(p — 1)

Since
&= (Vs + Vk) I Vi
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it leads to
L = pe" (Vs + Vigps ™
(14.18)

Work Ly, equals the absolute work of the polytropic decompression
from point 3’ to 4

L” = ﬁ [-E-:!: -1 _ l}

fig—1 ™"’

After substituting p4 and transforming it, the result is

Ly=g@p™ “_—_1,01 (V. +1,) (:g;'_!:—i _ 1}
(14.19)
Work Ly equals the absolute work of polytropic compression from

point 1 to 2
Lip= ,,Jli V+v (e - 1)

(14.20)
After substituting (14.18), (14.19) and (14.20) for (14.17) and
transforming it, the result is

P =%_1 olp—1)e™ 1 L ppmi— (g7t 1) -2 ]

n,—1 n,—1

(14.21)

15. COMPRESSORS

The purpose of compression is:

a) to increase the factor pressure,

b) to store the factor by increasing its density,
c¢) to increase the factor temperature.

There are two types of compressors, relying on the built type and the
method of compression:

a) piston

b) rotodynamic

c) rotary

In rotary compressors, t he pr essure goes up b y de creasing t he gas
volume, w hichi s done b ya r otation e ngine i nside t he ¢ ompressor

91



chamber. It is a similar process as in the piston compressors, in which the
piston moves in an alternating motion (Fig. 15.2).

Rotodynamic compressor

A rotodynamic compressor (Fig 15.1) comprises of
- arotor accelerating gas
- a stator, it brings gas to a stop.
A rotor and a stator are so-called stages.
A compression ratio attained f rom one s tage of m ulti-stage
rotodynamic compressor is not big (within p, / p1 = 1,25-1,20 or less).

P

Fig. 15.1. Centrifugal single-stage compressor, a — rotor, b — stator, ¢ — diffuser, d —
inlet, e — transmission shaft

Reaching higher compression ratio requires more stages.

Depending on the gas flow direction in the rotor, there are centrifugal
compressors (it employs a radial motion in relation to the axis of rotation)
and axial compressors (the fluid flows parallel to the axis of rotation).

A single-stage rotodynamic compressor is also called a ventilator, if
the pressure increase does not go over 100 mm H,O.
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Piston compressors

In pi ston c ompressors, pr essure i ncreases du et o de creasing gas
volume i nside t he c ylinder c aused b y t he a Iternating pi ston m ovement
(Fig. 15.2).

To control the fluid flow, valves are us ed (usually s elf-closing), i .e.
they close and open influenced by the pressure differences.

A suction valve opens, when the cylinder pressure is lower that the
pressure inside a suction pipe 1, and it closes when the cylinder pressure
starts increasing.

A delivery valve opens, w hen t here i s ga s pressure s urplus i n t he
cylinder, comparing to the gas pressure in a delivery pipe 2, and it closes
when the cylinder pressure starts dropping.

ol 2

{
| _
|
@{/':'

p

l Vik
Vss
Py —
Vi Vs v
Ve

Fig. 15.2. Piston compressor diagram: Vg — suction volume, Vy — delivery volume,

For the constructive reasons, every piston compressor has got so-called
clearance volume V. It is volume, sealed off by a piston in its TDC.

A piston, moving between TDC and BDC marks out so-called engine
displacement V..
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The sum of the en gine displacement and clearance vol ume is cal led
complete volume V..

15.1. Mechanical efficiency of a compressor nm

L 15.1
M =7— ( )
Le
To evaluate a com pressor, iti s com pared with as o-called ideal
COmMpIessor.

If the compression purpose is to increase pressure of fluid storing, an
ideal ¢ ompressor tha t will do the job with the mini mum w ork is a
reversible isothermal compressor, marked T at point 2 of the
diagram, (Fig. 15.3).

pv=RT

T = idem, R = const; p v = idem

ot

pV = idem

Vss

\

Fig. 15.3. Diagram of ideal work of an isothermal compressor

The ¢ omparison of t hei ndicator di agrams o fa reala ndi deal
isothermal compressor is illustrated with Fig. 15.4.
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Vss
Vi Vs V

Ve

Fig. 15.4. Indicator diagram of a real compressor and an ideal isothermal compressor:
V- complete volume, Vs — engine displacement, V, — clearance volume, V,s — suction
volume.

An ideal compressor is tight and for the gas suction it uses the total
engine displacement, provided that clearance volume is Vi = 0.

It uses the same gas quantity per cycle as a real compressor.

An ideal isothermal compressor requires cooling system.

A cooling system in a real compressor lowers the required work input.

If the compression purpose is to increase temperature, this kind
of compressor does not need a cooling s ystem. An ideal compressor for
the described process is a reversible adiabatic compressor, i.e. isentropic
compressor, marked s in point 2 of the diagram (Fig. 15.5). It is based on
the process po* = idem.
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Fig. 15.5. Diagram of ideal work of an isentropic compressor

The work of an ideal isothermal and isentropic compressor is

illustrated with Fig. 15.6.

a)

P 2T .2S

V = idem /

ka= idem

b)

2T e

Vss

S

/) =LerT,
N = Los,

= Ler,
L= Los,

Figurel5.6. Contrasted work of the ideal compressors: Isothermal and isentropic
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15.2. Indicated efficiency

Indicated efficiency of a compressor is the ratio of work done by an
ideal compressor to work done by a real indicated compressor. It equals:

for the cooled compressors
Lot
Nir = (15.2)

For the not-cooled compressors

LDS

Nis = m (15.3)

The t otal c ompressor effectiveness is the ratio of work done by an

ideal compressor to the effective work (isothermal compression):

Lot

Ner = T (15.4)

which can be transformed into

Ner = —= Nt m

[

LOT L*
L, L

or in case of isentropic compression:

Loz
Mes =7 (15.5)

after the transformation
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= 5

Nas = _bL_ = Nislm

=

15.3 Compression work

An isothermal compressor is anideal compressor to achieve the
same com pression ratio pp/p; of t he g iven gas qua ntity a pplying t he
minimum work.

It e mploys the ma ximum ¢ ooling of f luids ¢ omparing to the
environment temperature, i.e. the temperature during suction.

Cooling below the environment temperature employs more work (e.g.
refrigerators).

Gas in the real compressors, even during heavy cooling of the cylinder
during t he ¢ ompression pr ocess, doe snot r eacht hee nvironment
temperature, which means that compression is not isothermal.

The maximum temperature atthe end of co mpression is r eached
only during the adiabatic compression (higher than that is achieved only
by heating gas up during the process from the outside).

a) b)
T

P 2T 2n 28 2ad 2ad
2

2

2
1 o 1
VSS

Vv S

Figure. 15.7. Course of the polytropic compression: 2T — isothermal, 2n — polytropic, 2S
— isentropic, 2 ad — adiabatic with friction
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Figure. 15.7 p resents compression ¢ ourse i nt he pol ytropic f orm
without c ooling, w ith p artial ¢ ooling and with full c ooling down to the
environment temperature. It proves that the higher the temperature at
the end of the compression process, the greater the work put into the
process.

16. HEAT TRANSFER

Heat transfer is present, when there is a temperature di fference inside
some s ystem or be tween a num ber of s ystems, w hich ¢ an i nteract.
According to II LT, the systems transfer energy as well, while a part of the
system or the system with the higher temperature transfers energy onto the
lower temperature system.

Cogitations of t his ki nd are the subject of the heat t ransfer s tudies.
Quantative relations, de fining t he quantity of e xchanged energy, obey I
LT.

There is the close and substantial correlation between the heat transfer
studies a ndt hermodynamics. Sincet het emperature di fferencei s
absolutely vi tal a s a c ondition f or he at t ransfer, he at t ransfer studies
analyse cases with no thermodynamic balance. Thus it is a s cience based
on unbalanced thermodynamic relations.

There are two very important consequences of that conclusion: the first
oner elates t o t he que stion, w hether t he ba sic ¢ oncepts a nd 1 aws of
thermodynamics, de fined ba sing on a b alanced t hermodynamic s ystem,
could be applied to an unbalanced one.

That que stion ¢ ould be answered pos itivelyonlyifitis possibleto
separate a part of that system and define in it the momentary values of the
thermodynamic pa rameters, i.e. temperature, pr essure and  specific
volume. Ina llt he ¢ ases, w hich h eat t ransfer s tudies f ocus on, t his
condition has been prevailed and therefore the basics of thermodynamics
can be applied.

The s econd result of the thermodynamic unbalance is thatin all the
cases of heat tr ansfer time plays a very impor tant r ole, while itis not
present in the basic laws of thermodynamics.
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The theory of thermal conduction is a part of applied mathematics and
it amounts to s olving pa rtial di fferential e quations ( PDE) w ith various
boundary conditions.

Convection relates to fluids motion — hydrodynamics — and m any of
the i nterrelations ar e b ased on semi-empirical methods of di mensional
analysis and the theory of probability.

Lastly, heatr adiation ism ainlyb ased on the achi evementso f
theoretical physics, focusing on the radiation theory.

Technical questions concerning heat transfer process are usually quite
complicated and very often require many simplifications in order to solve
equations for particular cases. Those simplifications have to be adequately
applied to the theoretical solutions of the practical problems

In practice, he at transfer issues am ount to calculating the amount o f
heat transferred from one system to another or within just one analysed
system.

The he at t ransfer pr oblem di versity i s i mmense and all t hose i ssues
touch different scientific fields.

16.1. Primary types of heat transfer

Talking about the types of heat transfer, there are three major ones:
a) thermal conduction

b) convection

¢) radiation

The difference is in the mechanism for the transfer of thermal energy,
but in practice those types are rare in their pure form. They usually come
in certain combinations, which should be allowed for in the calculations.

Thermal conduction is phe nomenon of ¢ nergy t ransfer i nside a
material m edium or from one m edium to another by a di rect ph ysical
contact, f rom t he hi gher t emperature t o t he 1 ower one , w here s ingle
particles of the analysed system do not show major movement.

Thist ypeo fhe attr ansferis c¢ onsistentw ith solids.
For liquids and gases, pure t hermal ¢ onduction, w ithout any additional
heat transfer methods involved, is very rare.
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Convection takes pl ace, when single m olecules, that car ryh eat,
change their position.

This process is characteristic of liquids and gases, while heat transfer
is done mainly by fluid mixing but, to some extent, through conduction as
well.

Thermal radiation — heat is transferred by quanta of electromagnetic
radiation at a certainr ange of t he wavel ength. Not like th ermal
conduction and convection, thermal radiation does not need a medium to
travel in, because it propagates in vacuum as well.

Regardless t he 1 ntroduced c lassification, he at t ransfer di vides i nto
stable a nd uns table. Stable he at t ransfer ha ppens w hen the t emperature
distribution in t he a nalysed s ystem doe s not change overtime and the
transferred heat quantity stays the same. During the unstable heat transfer,
the temperature distribution and the transferred heat quantity change over
time.

In practice, most of the cases concern the stable heat transfer.

16.2. Basic concepts and interrelations of heat transfer

The m ain pu rpose o f's olving t he he at t ransfer pr oblemsisto
calculate t he qu antity o fhe at Q transferred in the i nvestigated system.
Such a system is usually restricted to some surface F, e.g. surface of a heat
exchanger, and, i n pr actice, i ti st he he at qua ntity t ransferred b y t hat
surface that is calculated.

Next to a total heat quantity Q, heat flux density is another often used
term. Heat f lux de nsity g is a qua ntity de scribed w ith t he f ollowing
equation

Agr

where AQ’ ist he he at qua ntity t ransferred by the s urface 4AF per
certain time unit.
Ifitis a s table heat transfer, than g for the given area of the surface

does not change over time, in case of unstable heat transfer, q is a time
function.
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At the fixed heat transfer, heat flux density can be stable on the entire
surface, or its va lue c an ¢ hange upon t he I ocation of t he e lement AF
within the surface area. In the first case it is correct to assume:

q=Q/F

the total heat quantity transferred by the surface F within time 7 can be
calculated with the following equation:

0=0't=qFt (16.2)

If g on the considered surface is variable, the equation for calculating
Q is as follows:

g = J qTdF

Asitresults fromthe above, t he he at flux de nsity e quals t he he at
quantity transferred within a unit of time through 1 m” of surface, with the
given heat t ransfer and eve n heat t ransfer t hrough the ent ire he ating
surface.

Thermal conduction

Heat ¢ onduction a pplies Fourier's law, w hich sayst hat he at flux
density is pr oportional t o t he t emperature gr adient, m easured a long t he
heat transfer flow.

The mathematical representation of it is following:

. dt
q=—2 (16.3)

The minus sign in (16.3) results from the fact that heat flows from a
hotter spot to the cooler one, which means the segment dx, measured along
the he at t ransfer di rection, ¢ orresponds w ith t he ne gative v alue of t he
temperature increase -dt.

The ¢ onstant f or proportionality 4 isal soca lled a thermal
conductivity factor, it characterises the medium’s ability to conduct heat.
The unit of thermal conductivity is [A] = W/m K.
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If F is the size of the surface m easured perpendicularly to the he at
transfer flow, the quantity of the he at conducted within the unit of time
through that surface is:

.'=_1F_
Q “ dx

Given that the fixed heat conduction through a ¢ thick flat wall at the
heat conductivity 4, which does not depend on temperature, as well as the

wall surface temperatures are constant and equal ty and t; (Fig. 16.1), the
heat flux density can be calculated with the following formula:

q =3ty —t2) (16.4)

which results from (16.3).

For walls of a different shape, the equations are more complex, but can
be always brought down to

Figure. 16.1. Thermal conductivity through a flat wall
A
q= E {P(fw - fz) (16.5)

where:
¢ — factor depending on the shape of the conducting wall,

103



tw, t, — temperatures of the wall surface.

The total heat quantity conducted through the surface F of the wall is:

Q' =ZoF(t, —t.) (16.6)

and for a flat wall ¢ = 1.
Using the equation (16.6) in reference to a wall in the shape other than
flat, the surface of reference F, which might change al ong the heat flow

direction and the size of which influences the factor ¢, has to be carefully
chosen.

Adopting heat

The he at transfer inside fluid e mploys c onvection, although very
close to the wall there is a layer that uses conduction to transfer heat.

Itis illus trated with Fig. 16.2, w hichs howst het emperature
distribution in the fluid close to the wall emitting heat.

tz

Figure. 16.2. Temperature distribution in fluid close to the wall

During the fixed heat transfer, the constant heat flux density q travels
from the wall into the fluid and the more intense the heat transfer is, the
smaller the temperature drop per a length unit perpendicularly to the wall.
There is a significant temperature drop close to the wall, caused by the fact
that in that thin layer conduction dominates the heat transfer comparing to
the fluid further away from the wall, where there is also convection.

104



Heat transfer between the w all and the fluid is c alled heat
adoption. The ma thematical r epresentation of itis as follows and it is
called Newton’s law of cooling.

q = a(ty-t), (16.7)

where:

tw — wall temperature,

tr — fluid temperature measured far from the wall, where the method of
calculating t; is not predetermined.

The qua ntity de scribing the he at tr ansfer int ensity is c alled a heat
adoption factor. The unit for that factor is [o] = W/m? K.

If heat travels from the fluid flow to the wall, then t,, < t; and in the
equation (16.7) t; - t,, substitutes for ty, - t;.

The va lue of t he he at ado ption f actor m ay va ry a cross t he w hole
considered surface. Therefore it is im portant to distinguish be tween t he
local value ayk of the factor and its average value a. The local value a o is
defined by the equation (16.7) and since according to (16.1)

_dg’
1= ar
hence
_dg’ 1

L =t
Y dFt, —t;

which means that a o« refers to a very small part of the surface dF,
surrounding the considered point.

The average value of the heat adoption factor relates to the local one as
follows:

oc= %jg o, dF (16.8)

If the value of a |0k is c onstant for t he ¢ onsidered s urface then t he
equality applies:
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& = ok

The quantity of heat transferred within a unit of time through adoption
by the surface F is:

Q' =a FAT (16.9)

where AT is the difference be tween the a verage s urface t emperature
and the average fluid temperature.

Thermal radiation

In the theory of thermal radiation the concept of a black body is
crucial. Iti sa ni dealized ph ysical bod yt hata bsorbsa 111 ncident
electromagnetic radiation, without reflecting or emitting any of it.

Thermal radiation obeys the Stefan-Boltzmann law, which states that
the total heat radiated by a black body is directly proportional to the fourth
power of the black body's absolute temperature.

The mathematical representation of it is:

T _,
=C.[—)"
7 = Col5q)

where Cyis called the Stefan-Boltzmann constant.

The total heat radiated by the unit surface F in the unit time is:

Q' = CF(—)* (16.10)

100

Real bodies are not black bodies and at the same temperature radiate
less energy than a black body.

If the ratio of heat radiated by a real body to heat radiated by a black
body in the same conditions does not depend on the length of the radiation
wave, that body is called a grey body.

The heat transfer between grey bodies is:
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Qis = CoFy®y 5 [(-2)* — (=

100 100

%] (16.11)

where:

T, and T, — temperatures of bodies transferring heat,

F1 — body surface at temperature Ty,

@;-, - factor allowing for real body qualities deviation from the black
body qualities and the geometric system of the two bodies.

Complex heat transfer

Heat transfer basing on pure conduction, convection or radiation is
a very rare phe nomenon. Those t hree m ajor he at transfer t ypes us ually
appear at the same time in different combinations.

Technologically impor tant ex ample is the case of he at transfer from
one m edium t o a nother t hrough a di viding s olid w all. Itisacom plex
process ¢ onsisting i n a dopting he at t hrough a w all f rom hot f luid,
conducting it through the same wall and then acquiring it from it through
much cooler fluid.

Naturally, the he at t ransfer be tween the w all and environment on
either s ide o ft he w all can ha ppen t hrough ¢ onduction, ¢ onvection o r
radiation.

The e xample, illustrated in Fig. 16.3, s howst he di agram of
temperature di stribution in both fluids and the w all its elf; itis ¢ alled
thermal transmission.

®
er

a
—>
t,

2] 2.

t

t,,

[—
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Figure 16.3. Thermal transmission through a flat wall

Assuming, that the wall surface temperatures are constant and equal ty
and t;, as well as heat transfer is fixed, it results in an equation, describing
heat t ransfer t hrough a doption be tween t he w all a nd t wo f luids, a nd
through conduction in the wall itself:

O '=owFu(tg-tw) (16.12)
Q" = (19) ¢ Fo(tw—1;) (16.13)
0’ = aF4(t-to) (16.14)

In the equations mentioned above, Fy and F, define the wall surfaces
on the cool fluid side as well as the hot fluid side, which do not have to
equal; Fo is the surface of reference for calculating the ¢ factor and the
heat transfer via conduction.

Usually, it is assumed that Fg equals Fy or F;,

If the heat transfer between the wall surface and the fluid took place
through convection and radiation, the factors ay and o, would have to be
substituted with a + a,.

The equations (16.12) + (16.14) allow to determine the temperature
differences

t,—t, = Q
= . Ix'-\ F\
i
t,—t = Q °
= @F A

Q

. —t, =
U o F

Adding the sides of those equations up correspondingly gives
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1 1l & 1

t. —t, =0 + —+
s TG R TR TR E

=

)

which can transform into

Q=——555(t,~t) w615

xwFyw @Fod &zFz

The e quation ( 16.15) c an be br ought down in form to t he N ewton
equation (16.17), describing the heat adoption, which is:

Q' = kFy(t, —t;) (16.16)
where

o 1

k=155 (16.17)

xwFw @A «zFz

is called the heat transfer coefficient.

Surface Fo ist he s urface of r eference, allowingt o determine t he
coefficient k.

In the case of the flat wall bor dering the two media Fo = Fy = F;
(p=1), the equations (16.15) and (16.17) get simplified as follows:

1
k=713
Sy A

(16.18)

1
Xz

The unit of the coefficient k is [k]=W/m?K, which is the same as the
unit of thermal transmission factor.

In general case, when Fy, # F;, the heat transfer coe fficient k usually

refers to only one ofthe surfaces, i.e. Fy, = Fg, or F, = Fg and then the
equation (10.13) can be adequately simplified.
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From (16.17) and (16.18) it results, that from the three quantities: ay,
a;12/0 the biggest influence on the coefficient K has the expression of the
lowest value. That is why, in practice, it is assumed that k = a,, if the value
of /0 and a; are significantly higher, comparing to ay,.

17. REFRIGERATING DEVICES

Loweringt he obj ect’st emperaturet o thet emperature of t he
environment does not require special devices.

Itcanbe don eb ye .g. di rectc oolingw itha iror w atera tt he
environment temperature.

Lowering the object’s temperature below the environment temperature
in this w ayis impos sible;itw ould contradictthe s econdla w of
thermodynamics.

It requires special equipment called refrigerating devices.

The tendency is to divide the cooling process into:

- cooling — the p rocess of low ering the obj ect’s te mperature to the
environment temperature,

- chilling — lowering the object’s temperature below the environment
temperature.

Currently, t he de vices used for t he s econd pr ocess a re commonly
called refrigerating or cooling devices.

Small refrigerating de vices are called refrigerators (coolers), after the
first devices that used ice for the cooling process.

Considering the construction, the refrigerators divide into:

e compression refrigerators,

e absorption refrigerators.

Absorption r efrigerators di vide i nto ¢ ogenerations and trigenerations
with so-called inert gas.

Heat pump cycle can be used for other purposes than cooling a room

or an object. It can be heating a room or an object using a circular factor at
a high temperature.
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A device, which takes the energy for heating from a s ource at l ower
temperature ( lower s ource) and transfersittoahe ated room ( upper
source) using the heat pump cycle, is called a heat pump.

A cooler, with the environment as the lower source, is such a device.

Compression refrigerators

Compression devices employ the heat pump cycle.

The circular factors, used in the heat pump cycles, are gases, w hich
during the cycle do not change the state of aggregation and the factors that
during the cycle go through phase changes.

A proper circular cooling factor presents the following qualities:

- low coagulation or solidification temperature (within the pressure

range used in refrigerating devices),

- high evaporation temperature (less factor required),

- low specific volume of vapour (small compressor size),

- non-toxic,

- non-corrosive and

- cheap.

The mostly used cooling factors include:

+ ammonia (NHs),

* chloromethane (CH,C1,),

* sulphur dioxide (SO,),

» carbon dioxide (CO,),

+  propane (C3Hs),

» cthane (C,Hg) and

* chlorifluoric derivatives of hydrocarbons, so-called freons.

Some industrial refrigerating devices usually use ammonia, despite it
being toxic and highly corrosive for copper and its alloys, but it is cheap
and the highest evaporation temperature of all. All the elements that come
in contact with ammonia have to be made of steel.

Devices used for intense cooling are filled with ethane or propane.

Small house refrigerators and the ones in the public places - up until
1990s - were filled with freon R12 (contemporary replacement is R134a —
hydrogen instead of chlorine).

Carbon dioxide presents very good cooling properties, but due to low
heat transfer coefficient for vapours CO, condenser has to be big.

111



Principle of operation for a compression refrigerator

The principle of operation for a compression refrigerator is shown
in Fig. 17.1. Compressed circular f actor i ncreases i ts pr essure and
temperature, reaching stage 1, and then it flows into a condenser.

1U| .—__I

\ap.p

B /\\/N N/

Figure. 17.1. Compression re frigerator s ystem: A — cooling factor,b — throttle, ¢ —
condenser, d — compressor, ¢ — evaporator, f — cooling chamber.

A condenser is a surface heat exchanger, inside which the vapour of
the circular factor be comes condensed, due to cooling with water or air,
through the dividing wall; smooth for water and ribbed for air.

Condensed circular factor in stage 2 is expanded inside the throttle
reaching stage 3. As a result of choking, the pressure of the circular factor
drops a nd pa rtially t hat f actor evaporates. It1 eadst ol oweringt he
saturation temperature, which depends solely on pressure.

A cold circular factor flows into the evaporator, w here, absorbing
heat from the cooling chamber, it cools it down.

Evaporized circular factor reaches stage 4 (dry saturated steam). This
created vapour gets vacuumed by a compressor and compressed to stage 1.
The cycle repeats itself.

A comparable circulation for the discussed cycle is the Linde cycle
(Fig. 17.21 17.3), given, that

e The compression is adiabatic and isentropic,

e there is no pressure loss (choking) in the piping, in the condenser

and evaporator,
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e Choking occurs only inside a throttle.

Figure. 17.2 The Linde cycle in the p-v diagram Figure. 17.3. Linde cycle in the T-S
diagram.

The phase balance line: x= 0 — vapour with the dryness de gree 0
(liquids); K — the critical point;
x=1 — dry saturated vapour (gas)

The line 1-2 shows the isobaric condensation of vapour, forced into
the condenser by a compressor.

Approximate f low of t he pr ocess 2-3 (adiabatic throttle) is the
continuous line, the dashed line is the isenthalpic flow.

The 2 and 3 stages are on the same isenthalpy, which is typical of
isenthalpic throttle.

The 3 -4 process oc curs in an e vaporator — isobaric evaporation of
moist and c old s team c oming into t he e vaporator. When the processis
completed, the vapour is sucked in and compressed in an adiabatic and
frictionless way back to stage 1.

Cooling efficiency ¢ of a r efrigerating cycle is a ratio of the heat
introducedi ntot hec ycle Qg s o-called ¢ oolinge ffect ( cooling
productivity), t o t he c irculation w ork w ith t he m inus s ign ( so t hat t he
cooling efficiency is a positive number):
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+
g =Job (17.1)
—Lab

For the Linde cycle it is:

g, = 2% (17.2)

The i ndividual he at of t he i sobaric pr ocess 3 -4, a ccording t o t he
second form of I LT is:

O34 =g — I3 (17.3)
and for the isentropic process 4-1

lg1 =ia—1i1 (17.4)

R

The process heat 03-4 and work l4.1 can be presented in the T-S diagram
with corresponding areas (Fig. 17.4).

Substituting (17.3) and (17.4) into (17.2) results in:

Ig—ig

£

L (17.5)

—7

Iy—lg
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3 =1
S
-q:b lea= 1o

Fig. 17.4. Cooling effect and work in the T-s diagram

The efficiency of a real cooling device is smaller than the one
calculated with the equation (17.5) because of the flow resistance inside
the pipelines.

During the adiabatic compression there is some friction in the factor
and the compressor mechanisms. Chocking the factor in the throttle is not
adiabatic.

The cooling effect cannot be used up entirely due to piping insulation

flaws at the stretch from the throttle to the cooling chamber and from the
chamber to the compressor.

The actual efficiency & equation is:

_%
=7 (17.6)

“e

where
Q’c — useful cooling effect,
L’ — effective compressor power.
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