ENGINEERING
» THERMODYNAMICS
OF THERMAL

RADIATION

For Solar Power Utilization




Engineering
Thermodynamics of

Thermal Radiation
For Solar Power Utilization



About the Author

Ryszard Petela, D.Sc., Ph.D., is now president of Tech-
nology Scientific Ltd. As a university professor he did
research and taught courses on engineering thermo-
dynamics, energy conversion processes, heat and mass
transfer, combustion, and fuel technology. Dr. Petela is
the associate editor for the Journal of Solar Energy and
the Journal of Exergy.



Engineering
Thermodynamics of
Thermal Radiation

For Solar Power Utilization

Ryszard Petela

G

New York Chicago San Francisco
Lisbon London Madrid Mexico City
Milan New Delhi San Juan

Seoul Singapore Sydney Toronto



The McGraw-Hill Companies

Copyright © 2010 by The McGraw-Hill Companies, Inc. All rights reserved. Except as permitted
under the United States Copyright Act of 1976, no part of this publication may be reproduced or
distributed in any form or by any means, or stored in a database or retrieval system, without the prior
written permission of the publisher.

ISBN: 978-0-07-163963-7
MHID: 0-07-163963-2

The material in this eBook also appears in the print version of this title: ISBN: 978-0-07-163962-0,
MHID: 0-07-163962-4.

All trademarks are trademarks of their respective owners. Rather than put a trademark symbol after
every occurrence of a trademarked name, we use names in an editorial fashion only, and to the
benefit of the trademark owner, with no intention of infringement of the trademark. Where such
designations appear in this book, they have been printed with initial caps.

McGraw-Hill eBooks are available at special quantity discounts to use as premiums and sales pro-
motions, or for use in corporate training programs. To contact a representative please e-mail us at
bulksales@mcgraw-hill.com.

Information contained in this work has been obtained by The McGraw-Hill Companies, Inc.
(“McGraw-Hill”) from sources believed to be reliable. However, neither McGraw-Hill nor its
authors guarantee the accuracy or completeness of any information published herein, and neither
McGraw-Hill nor its authors shall be responsible for any errors, omissions, or damages arising
out of use of this information. This work is published with the understanding that McGraw-Hill
and its authors are supplying information but are not attempting to render engineering or other
professional services. If such services are required, the assistance of an appropriate professional
should be sought.

TERMS OF USE

This is a copyrighted work and The McGraw-Hill Companies, Inc. (“McGrawHill”) and its licen-
sors reserve all rights in and to the work. Use of this work is subject to these terms. Except as
permitted under the Copyright Act of 1976 and the right to store and retrieve one copy of the work,
you may not decompile, disassemble, reverse engineer, reproduce, modify, create derivative works
based upon, transmit, distribute, disseminate, sell, publish or sublicense the work or any part of it
without McGraw-Hill’s prior consent. You may use the work for your own noncommercial and
personal use; any other use of the work is strictly prohibited. Your right to use the work may be
terminated if you fail to comply with these terms.

THE WORK IS PROVIDED “AS IS.” McGRAW-HILL AND ITS LICENSORS MAKE NO
GUARANTEES OR WARRANTIES AS TO THE ACCURACY, ADEQUACY OR COMPLETE-
NESS OF OR RESULTS TO BE OBTAINED FROM USING THE WORK, INCLUDING ANY
INFORMATION THAT CAN BE ACCESSED THROUGH THE WORK VIA HYPERLINK OR
OTHERWISE, AND EXPRESSLY DISCLAIM ANY WARRANTY, EXPRESS OR IMPLIED, IN-
CLUDING BUT NOT LIMITED TO IMPLIED WARRANTIES OF MERCHANTABILITY OR
FITNESS FOR A PARTICULAR PURPOSE. McGraw-Hill and its licensors do not warrant or
guarantee that the functions contained in the work will meet your requirements or that its operation
will be uninterrupted or error free. Neither McGraw-Hill nor its licensors shall be liable to you or
anyone else for any inaccuracy, error or omission, regardless of cause, in the work or for any dam-
ages resulting therefrom. McGraw-Hill has no responsibility for the content of any information
accessed through the work. Under no circumstances shall McGraw-Hill and/or its licensors be liable
for any indirect, incidental, special, punitive, consequential or similar damages that result from the
use of or inability to use the work, even if any of them has been advised of the possibility of such
damages. This limitation of liability shall apply to any claim or cause whatsoever whether such
claim or cause arises in contract, tort or otherwise.



To my Grazyna



This page intentionally left blank



Preface . ...

1 Introduction

Contents

1.1 Objective and Scope of This Book ... ... ..
1.2 General Thermodynamic Definitions . . . ..

2 Definitions and Laws of Substance ...........
2.1 EquationofState . .................
2.2 State Parameters of Substance ... .... ...

221
222

Pressure . ........ ... ... ...,
Temperature ... ..............

2.3 Energy of Substance . ...............
2.4 Energy Transfer . ..................

241
242

Work .. ... .. ...
Heat . ... ... .. .... .. .......

2.5 Entropy of Substance . ..............
2.6 ExergyofSubstance ................

26.1
2.6.2

2.6.3
2,64

Traditional Exergy . ............
Gravitational Interpretation

of Exergy . ......... ... .. ...
Exergy Annihilation Law . ... ... ..
Exergy Transfer During Heat

andWork . ........ ... ... ...

2.7 Chemical Exergy of Substance . .........
Nomenclature for Chapter2 . ... .......

3 Definitions and Laws of Radiation ...........
3.1 RadiationSource . .................

3.2 Radiant Properties of Surfaces . ........

3.3 Definitions of the Radiation of Surfaces . . ..

3.4 Planck’'sLaw . ... .................

3.5 Wien’s Displacement Law . ... ........

3.6 Stefan-BoltzmannLaw ... ...........

3.7 Lambert’'s CosineLaw . ... ..........

3.8 Kirchhoff'sLaw . ..................
Nomenclature for Chapter3 .. .........

31
31
33

37
37
39
41
43
47
48
50
53
55

vii



viii

Contents

4 The Laws of Thermodynamic Analysis ........

4.1

4.2

43

44
45

4.6

4.7

Outline of Thermodynamic Analysis . ... ..
4.1.1 Significance of Thermodynamic
Analysis . ......... ... .. ....
4.1.2 General Remarks and Definition of the
Considered Systems . .. .........
Substance and Mass Conservation . ... ...
Energy Conservation Law . ... ...... ..
4.3.1 Energy Balance Equations . .......
4.3.2 Components of the Energy Balance
Equation ...................
Entropy Growth . . .................
Exergy Balance Equation . ............
4.5.1 Traditional Exergy Balance . .......
4.5.2 Components of the Traditional Exergy
Balance Equation . .............
4.5.3 Exergy Balance at Varying Environment
Parameters . .................
4.5.4 Exergy Balance with Gravity Input
Process Efficiency .. ................
4.6.1 Carnot Efficiency . .............
4.6.2 Perfection Degree of Process . . ... ..
4.6.3 Specific Efficiencies . ... ........
4.6.4 Remarks on the Efficiency of Radiation
Conversion . ................
4.6.5 Consumption Indices ... ........
Method of Reconciliation of the
Measurement Data . .. ..............
Nomenclature for Chapter4 . ..........

5 Thermodynamic Properties of Photon Gas ... ...

5.1
5.2
5.3
54
5.5
5.6
5.7
5.8
59

Nature of PhotonGas . . .. ...........
Temperature of Photon Gas . . . ... ... ..
Energy of PhotonGas . ... ...........
Pressure of PhotonGas . . ... .........
Entropy of PhotonGas . .. ...........
Isentropic Process of Photon Gas . . ... ...
Exergy of PhotonGas . .. ............
Mixing Photon Gases . . .............
Analogies Between Substance and

PhotonGases . ...................
Nomenclature for Chapter5 ... ........

6 Exergyof Emission .....................

6.1

Basic Explanations . ... .............

57
57

57

59
60
62
62

64
66
68
68

70

71
73
79
79
84
86

87
87

89
94

97

97
101
105
106
112
113
113
116



Contents
6.2 Derivation of the Emission Exergy
Formula . ........ . ... ... .. ...... 126
6.3 Analysis of the Formula of the Exergy of
Emission . ............ ... ... ... 129
6.4 Efficiency of Radiation Processes . ... .. .. 132
6.4.1 Radiation-to-Work Conversion ... .. 132
6.4.2 Radiation-to-Heat Conversion . .. .. 136
6.4.3 Other Processes Driven
by Radiation . ................ 139
6.5 Irreversibility of Radiative Heat Transfer 140
6.6 Irreversibility of Emission and Absorption
of Radiation . .................... 143
6.7 Influence of Surroundings on the Radiation
Exergy . ..... .. ... ... 146
6.7.1 Emissivity of the Environment .. ... 146
6.7.2 Configuration of Surroundings . . . .. 147
6.7.3 Presence of Other Surfaces . ....... 149
6.8 “Cold” Radiation . ................. 151
6.9 Radiation Exergy at Varying Environmental
Temperatures .. .................. 153
6.10 Radiation of Surface of Nonuniform
Temperature . .................... 160
6.10.1 Emission Exergy at Continuous Surface
Temperature Distribution ... ... .. 160
6.10.2 Effective Temperature of a
Nonisothermal Surface . ......... 161
Nomenclature for Chapter6 .. ......... 165
RadiationFlux ..................... ... 167
7.1 Energy of Radiation Flux . ............ 167
7.2 Entropy of Radiation Flux . ........... 171
7.2.1 Entropy of the Monochromatic
Intensity of Radiation . .......... 171
7.2.2 Entropy of Emission from a Black
Surface . ........... .. ...... 172
7.2.3 Entropy of Arbitrary Radiosity . .. .. 173
7.3 Exergy of Radiation Flux . ............ 175
7.3.1 Arbitrary Radiation . ........... 175
7.3.2 Polarized Radiation . ........... 178
7.3.3 Nonpolarized Radiation . ........ 178
7.3.4 Nonpolarized and Uniform
Radiation . .................. 179
7.3.5 Nonpolarized, Uniform Radiation in a
Solid Angle2m .. ............. 179

)



X

Contents

7.3.6 Nonpolarized, Black, Uniform Radiation

inaSolid Angle2w . ........... 181
7.3.7 Nonpolarized, Black, Uniform Radiation
Within a Solid Anglew . ... ... ... 181
7.4 Propagation of Radiation ............. 182
7.4.1 Propagationina Vacuum ........ 182
7.4.2 Some Remarks on Propagation in a
Real Medium . ............... 185
7.5 Radiation Exergy Exchange Between
Surfaces . ............ ... . .. . ... 187
75.1 ViewFactor . ................ 187
7.5.2 Emission Exergy Exchange Between
Two Black Surfaces . ........... 194
7.5.3 Exergy Exchange Between Two Gray
Surfaces . ............ ... ... 196
7.6 Exergy of Solar Radiation . ............ 208
7.6.1 Significance of Solar Radiation . .. .. 208
7.6.2 Possibility of Concentration of Solar
Radiation . .................. 211
Nomenclature for Chapter7 . .. ... ... .. 216
Radiation Spectraof aSurface .............. 219
8.1 Introductory Remarks . .............. 219
8.2 Energy Radiation Spectrum of a Surface ... 220
8.3 Entropy Radiation Spectrum of a Surface ... 221
8.4 Radiation Exergy Derived from Exergy
Definition . ............... .. ..... 223
8.5 Exergy Radiation Spectrum of a Surface . ... 227
8.5.1 Spectrum of a Black Surface . ...... 227
8.5.2 Spectrum of a Gray Surface ....... 233
8.5.3 Exergetic Emissivity . ........... 235
8.6 Application of Exergetic Spectra for Exergy
Exchange Calculation . .............. 239
8.7 Conclusion . ..................... 243
Nomenclature for Chapter8 .. ......... 244
Discussion of Radiation Exergy Formulae Proposed
by Researchers ........................ 247
9.1 Polemic Addressees . ............... 247
9.2 What Work Represents Exergy? . ........ 248
9.3 Is Radiation Matter Heat? . ............ 250
9.4 Bejan’s Discussion . ................ 254
9.5 Discussion by Wrightetal. . ........... 259
9.6 Other Authors . ................... 259
9.7 Summary . ........... . ... . . . ... 261

Nomenclature for Chapter9 .. ......... 262



10 Thermodynamic Analysis of Heat from the Sun
10.1 Introduction . .................

10.2 Global Warming Effect ... .........

10.3 EffectofaCanopy ..............
10.4 Evaluation of Solar Radiation Conversion

intoHeat . ...................

10.5 Thermodynamic Analysis of the Solar
Cylindrical-Parabolic Cooker . ... ...

10.5.1 Introductory Remarks .. ... ...

10.5.2 Description of the SCPC . ... ..
10.5.3 Mathematical Model for Energy
Analysis of the SCPC . .. ... ..
10.5.4 Mathematical Consideration of the
Exergy Analysis of an SCPC . . .
10.5.5 Conclusion Regarding the Solar

Cylindrical-Parabolic Cooker . . .

Nomenclature for Chapter 10 . . ... ..

11 Thermodynamic Analysis of a Solar Chimney

PowerPlant .......................

11.1 Introduction . .................
11.2 Description of the Plant as the

Thermodynamic Problem . .........

11.3 The Main Assumptions for the Simplified

Mathematical Model of the SCPP . . . ..
11.4 Energy Analysis .. ..............
11.5 Exergy Analysis . ...............

11.6 Exergy Analysis Using the Mechanical
Exergy Component for a Substance . . .
11.7 Trends of Response for the Varying Input

Parameters . ........ ... .......

Nomenclature for Chapter 11 . . . . . ..

12 Thermodynamic Analysis of Photosynthesis . .
12.1 Objectives of the Chapter ... .......

12.2 Simplified Description of Photosynthesis

12.3 Some Earlier Work About Photosynthesis

12.4 Assumptions Defining the Simplified
Mathematical Model of Photosynthesis

12.5 Properties of Substance . ... .......
12.5.1 Energy of Substance . ........

12.5.2 Entropy of Substance ... .. ...

12.5.3 Exergy of Substance ... ... ...

12.6 Radiation Properties . ............
12.6.1 Energy of Radiation . ........

Contents

.. 265
... 265
... 2066

... 268

... 272
... 279
... 279
... 281

... 282

... 285

... 300

... 300

... 303
... 303

... 304
... 308

... 310
..o 321

... 325

Xi



Xii

Contents

12.6.2 Entropy of Radiation . ..........
12.6.3 Exergy of Radiation . ...........
12.7 Balances Equations . . ...............
12.7.1 Mass Conservation Equations . . .. ..
12.7.2 Energy Equation . .............
12.7.3 Entropy Equation . ............
12.7.4 Exergy Equations .. ...........
12.8 Perfection Degrees of Photosynthesis . . . . .
12.9 Some Aspects Inspired by the Example
Calculations .. ...................
12.9.1 Trends Responsive to Varying Input
Parameters . ... ........... ...
12.9.2 Relation Between the Environment
Temperature, Leaf Temperature, and
Rate of Sugar Generation . ........
12.9.3 Ratio of Vaporized Water and
Assimilated Carbon Dioxide Rates
12.9.4 Exergy Losses in the Component
Processes of Photosynthesis . ... ...
12.9.5 Increased Carbon Dioxide
Concentration in the Leaf
Surroundings . .. ...... ... ...
12.9.6 Remarks on the Photosynthesis
Degree of Perfection . ...........
12.10 Concluding Remarks ... ... ..........
Nomenclature for Chapter 12 . . ... ... ..

13 Thermodynamic Analysis of the Photovoltaic

13.1 Significance of the Photovoltaic . ... ... ..

13.2 General Description of the Photovoltaic

13.3 Simplified Thermodynamic Analysis of a
SolarCell . ........ .. ... ... ... ...
Nomenclature for Chapter 13 . . .. ... ...

References . . ... ... ... iunennn.

Appendix .......... ... . . o i,
A.1 Prefixes to Derive Names of Secondary
Units . ....... ... ... ... ... ...
A.2 Typical Constant Values for Radiation and
Substance . ............... .. .....
A.3 Application of Mathematics to Some
Thermodynamic Relations . ... ........
A4 Review of Some Radiation Energy
Variables . ... .............. ... ..

353

354

356

357
358
362

365
365
366



Contents
A.5 Review of Some Radiation Entropy
Variables . ...... ... ... ... ....... 384
A.6 Review of Some Radiation Exergy
Variables ... .................... 386
A7 Exergy of Liquid Water ... ........... 387

xiii



This page intentionally left blank



Preface

cardinal laws of thermodynamics. Some of the laws—e.g., about

temperature, conservation of energy, and the irreversibility of
processes—were sensed intuitively since the days of ancient civiliza-
tions. However, according to our obtainable knowledge, only in the
nineteenth and the beginning of the twentieth centuries were these
three laws inspiringly articulated together with the other two laws
added later in the last century. Today, the cardinal laws of thermo-
dynamics are applied to more and more problems, on both the micro
and macro scales of specific objects, and they often are formulated,
sometimes unnecessarily, in a complex and sophisticated mathemati-
cal way—multidimensional, differential, vectorial, matrix, statistical,
etc. Through inventing ways the science mainly develops applications
of these old laws to explore newly arising problems or objects.

The reader should not expect to find any new cardinal discov-
eries described in the present book, but what will be found here is
only application of some old laws for exploration of one of the most
admirable natural phenomena—thermal radiation. In the continual
quest for new energy sources, solar radiation, or other radiation, grows
in significance and becomes more and more attractive because its uti-
lization does not pollute the environment. However, we should not
forget that besides solar radiation there are also other sources of ther-
mal radiation, e.g., hot walls radiating at a temperature not as high as
that of the sun but still significant enough to be considered in various
processes, mostly industrial.

Therefore, the aim of this book is to study radiation from any ar-
bitrary source. One specific case is cold radiation, well disclosed by
exergy, which comes from remote cosmic space and is represented by
the lower sky temperature which slightly differs from the tempera-
ture of bodies surrounding daily human existence on earth. However,
although such a source exists potentially, it is still not practically con-
sidered because of the relatively small power available at such a small
temperature difference.

F rom the very beginning, humans have lived together with the

XV
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Preface

It was the end of the 1950s when I tried for the first time to ap-
proach radiation from an exergy viewpoint. In those days exergy anal-
ysis was already relatively well advanced but applied only to the
thermodynamics of substance. The exchange of information between
researchers was not as good as it is today, and generally the com-
munication gap between thermodynamic physicists and engineering
thermodynamicists was visible.

For example, the works on entropy by Planck were not popular in
engineering circles, and some distinguished scientists in engineering
did not recognize the practical benefit of implementing entropy in the
analysis of engineering processes related to radiation. Also, the Second
Law of Thermodynamics was not commonly applied to radiation.

My own doctoral thesis in 1960, in which I derived the formulae
for the exergy of radiation, was met with astonishment mixed with
skepticism and only formally proceeded thanks to a few supportive
individuals (e.g., S. Ocheduszko and J. Szargut). In 1964, I published
in ASME a brief overview of the thesis, but it did not awaken any
significantinterest until years later in the late 1970s. Gradually, but still
very slowly, interest grew to the relatively large focus that is noticed
today due to the growth of the solar energy role.

My theory of radiation exergy seemed to me very simple and basic;
therefore, from the beginning I tried to incorporate it into textbooks on
either thermodynamics or heat transfer. But it was usually rejected as
not fitting, neither to substance thermodynamics nor to engineering
calculation of heat transferred by radiation. Time flew by, and only
recently I came to the conclusion that radiation exergy could be the
pivotal target in a new book defined around the area of the engineer-
ing thermodynamics of thermal radiation. Thus, the present book is
proposed as an introduction to such an area.

Writing my book was also inspired by the solar power chapter
in Bejan’s outstanding book, Advanced Engineering Thermodynamics,
which introduced thermodynamics in many new areas. The present
book, however, is focused mainly only on radiation, which is an im-
portant part of overall thermodynamics. I assume that the reader is
familiar with the fundamentals of engineering thermodynamics and
radiative heat transfer, and only a brief outline of these areas is dis-
cussed here, mostly for comparison of the substance and photon gas.
The book is addressed to the designers, users, and researchers of dif-
ferent devices or installations in which radiation—in particular, solar
radiation—plays a role in generating heat, power, or green plants.

I will be grateful to readers for any comments and suggestions
that could lead to improvement of the present book.

Ryszard Petela



CHAPTER 1
Introduction

1.1 Objective and Scope of This Book

Heat transfer books consider mainly the heat rate during conduction,
convection, and radiation. However, radiation is distinguished from
convection and conduction by the fact that it is not a phenomenon but
a kind of matter and it has properties similar to a substance matter.
In contrast, thermodynamics books consider mainly processes with
substances, neglecting the presence of radiation.

The present book is not about radiant heat transfer, although it is
discussed, but about the thermodynamics of a nonsubstantial medi-
um—the radiation. Thus, the objective of the book is to fill the gap
between most heat transfer and thermodynamics books and explores
the thermodynamics of radiation matter, which recently has become
an attractive source of energy. All the laws and thermodynamic as-
pects of substances are reconsidered with including of radiation. The
working fluid in the considered thermodynamic systems can be either
the substance or a photon gas.

However, because the radiation and substance processes occur
mostly together, some brief background on the thermodynamics of
substances has also been included here. Some processes in which ra-
diation plays an important role, such as solar heating, a solar chim-
ney power plant, photosynthesis, and the photovoltaic effect are an-
alyzed as examples. Thermodynamic analyses of these processes are
developed from both the energy and exergy viewpoints. A new ele-
ment is introduced by including the exergetic influence of the terres-
trial gravity field, which contributes to the buoyancy driven by solar
heating.

An introduction to the present discussion of the thermodynamics
of radiation will be similar to any general introduction to thermo-
dynamics. Thermodynamics is a part of physics and addresses the
energetic phenomena occurring in a collection of sufficiently large
amounts of matter.
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Chapter One

The three categories of thermodynamics are the following:

e theoretical—as a part of theoretical physics;

e chemical (founded by J. W. Gibbs)—concerning the interrela-
tions of heat and work with chemical reactions; and

e engineering (considered in the present book)—concerning par-
ticularly the energy conversion processes occurring in numer-
ous thermal installations, usually on an industrial scale.

In engineering thermodynamics single atoms, molecules, electrons,
or photons are excluded from consideration. Engineering thermody-
namics intentionally gives up complete precision in order to make the
considerations simpler and more comprehensible.

The two methods for investigating energetic processes are called
phenomenological and statistical. Phenomenological thermodynamics
neglects the microstructure of matter, and the mechanisms are ana-
lyzed only on the basis of macroscopic results of experiments. Sta-
tistical thermodynamics, assuming the particle structure of matter,
applies the methods of statistical mechanics and probability. Statisti-
cal thermodynamics, based on the determined microstructure, allows
for the explanation and calculation of many thermodynamic macro-
concepts such as the pressure or specific heat of a substance. However,
the separate considerations of phenomenological and statistical ther-
modynamics are applied only in theoretical thermodynamics.

Energetic processes occur according to Nature’s rules, which are
known as the laws of thermodynamics. These laws are not, and can-
not be, derived, but they have been articulated based on experiments
and many years of observing Nature; never event discordant with the
thermodynamics law was noticed. The following laws of thermody-
namics can be articulated:

The zeroth law defines the concept of temperature.

The first law determines the conservation of energy, which is a fea-
ture of matter, whereas heat and work are examples of energy transfer.

The second law is quantitatively defined by entropy (R. Clausius’s
concept), which can be applied to determining the possible direc-
tion of any phenomenon. However, the application of the second
law is limited to the phenomena occurring in a very large amount of
matter.

The third law (Nernst’s theorem), relating to chemical reactions,
was formulated based on the second law and has no application to
radiation. Planck’s interpretation of the third law is used only in Para-
graph 5.9 for comparison of a substance and radiation depending on
the temperatures near absolute zero.

The rule often called the fourth law of thermodynamics con-
cerns nonequilibrium thermodynamics and can be explained in fur-
ther detail. Classical thermodynamics considers processes occurring
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through successive states of equilibrium. Instead of the name classical
thermodynamics, the name thermostatics was proposed (but it was not
accepted). In principle, application of the classical thermodynamic
laws to nonequilibrium phenomena is possible only if thermodynamic
equilibrium exists in the initial and final states. The increments of the
thermodynamic functions occurring during the phenomenon can be
then calculated because they depend only on these extreme states and
do not depend on the transition path. For nonequilibrium phenom-
ena, classical thermodynamics allows us to formulate only inequality
relations instead of respective equations.

Generally, in Nature and in engineering processes the states of
thermodynamic equilibrium do not occur and, moreover, the nonequi-
librium phenomena most often do not occur alone. Usually any phe-
nomenon, driven by any impulse, is reciprocated by other phenomena.
For example, the temperature gradient in a gas mixture generates not
only the heat conduction but also diffusion of gas components (due to
the density gradient), or, in another example, the gradient of electrical
potential causes not only the electric current but also the generation
of heat due to electrical resistance.

Nonequilibrium phenomena are irreversible and are accompanied
by energy dissipation that manifests itself by the growth of the over-
all entropy of the participating bodies. However, a reciprocated phe-
nomenon restrains the entropy growth. If this phenomenon were to
occur separately, then it would contradict the second law of thermo-
dynamics. For example, spontaneous generation of the concentration
gradient within a single-phase mixture of gases is not possible from
the viewpoint of the second law of thermodynamics. However, the re-
ciprocated phenomenon cannot occur separately but only in the pres-
ence of the other phenomenon. The joint phenomenon, comprised of
all reciprocated phenomena, is irreversible.

Thus, in contrast to classical equilibrium thermodynamics, which
is concerned with matter states in equilibrium, nonequilibrium ther-
modynamics is concerned with the thermodynamic systems of irrever-
sible transformation processes, when the systems are time-dependent,
usually not isolated, and continuously sharing energy with other sys-
tems. Consideration of such systems becomes difficult because, due
to the possibility of fluctuations, the concepts in equilibrium thermo-
dynamics such as entropy production, equipartition of energy, the
definition of temperature, or predicting the heat transfer cannot be
applied. The system behaves as a collection of component processes
that are mutually dependent of one another according to the fourth
law of thermodynamics described in the Onsager reciprocal relations.

One of the simplest examples of reciprocated processes is green
plant vegetation, which reciprocates with the phenomenon of irre-
versible solar energy transferred from sun to earth. The energy dis-
sipation is reciprocated by the accumulation of energy in the plants.
The overall effect of these two phenomena is irreversible because the
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accumulation of energy does not fully compensate the entropy growth
due to theirreversible solar energy transfer. However, the energy accu-
mulation in the plants would be impossible without the reciprocation
with the related phenomena of solar radiation.

In practice, recognition of the thermodynamic processes as being
in equilibrium is usually sufficient, and nonequilibrium thermody-
namics may not need to be considered. More information on nonequi-
librium thermodynamics can be found, e.g., in books by de Groot and
Mazur (1962, 1984) and Kuiken (1994).

The full scope of thermodynamics also embraces the law of con-
servation of substance (which is not valid for radiation and is applied
only in nonnuclear processes), the equation of state and thermody-
namic concepts such as parameters, functions, and so on.

Analysis of radiation problems, aside from knowledge of the ther-
modynamics laws, also requires specific assumptions and principles
for radiation. Thus, the subject of this book is the set of additional
rules applicable to typical processes involving both substantial and
nonsubstantial working fluids (the radiation product).

Optics is not considered in this book.

The ability to emit radiation is a feature of substance. Only thermal
radiation is considered in this book. Other types of radiation such as
emission of light by certain materials when they are relatively cool—
e.g., the phenomena of luminescence or chemiluminescence created
as a low-temperature emission of light by a chemical or physiological
process—are excluded from our analysis.

These types of radiation are in contrast to the radiation emitted
from the sun or by incandescent bodies such as burning wood or coal,
molten iron, or wire heated by an electric current. Luminescence may
be seen, e.g., in neon and fluorescent lamps, television, radar, and
X-ray fluoroscope screens. Luminescence can also be generated by
organic substances such as luminol or the luciferins in fireflies and
glowworms, or by natural electrical phenomena such as lightning or
auroras. The practical value of luminescent materials lies in their nat-
ural ability to transform invisible forms of energy into visible light.
In all these phenomena, light emission comes from the material at
about room temperature, and so luminescence is often called “cold
light.” However, the so-called cold radiation coming at a low temper-
ature (e.g., thermal radiation from the sky) belongs to the category of
thermal radiation considered in this book. Thermal radiation appears
when a substance has a temperature greater than absolute zero with
the exception of the model substance, which, regardless of its temper-
ature, is passive; it neither radiates nor absorbs radiation (a perfect
mirror).

The structure of this book is similar to traditional books on engi-
neering thermodynamics. After some description of the basic defini-
tions, properties of substance, and radiation matter, the conservation
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of mass, thermodynamics laws, and efficiency definitions are dis-
cussed.

Based on the discussed properties of the photon gas, Chapter 6
presents the key derivation of the fundamental concept, which is the
exergy of emission. The reference state for the calculation of radiation
exergy is determined as the temperature of the environment, and we
discuss the effects of variation in this temperature.

The exergy of any thermal radiation is the pivotal problem in radi-
ation thermodynamics. Chapter 7 presents the derivation of exergy of
arbitrary radiation characterized by an arbitrarily irregular spectrum.

Based on the discussion in earlier chapters, the reader is prepared
for Chapter 9 in which we discuss the existing literature on the exergy
of radiation and develop the critical analyses of theories given by other
authors.

Chapters 10-13 present examples of analyses of real thermody-
namic processes in which the substance and radiation take place
jointly. The examples show the possibility of drawing conclusions
both about the processes of solar radiation harvested by heating or
power in a solar chimney power plant and also about the simpli-
fied interpretations of the photosynthesis and photovoltaic processes.
Thermodynamic analyses are approached from the viewpoints of both
energy and exergy.

The considerations are illustrated by quantitative calculation ex-
amples in which only the SI (metric) system of units is used. Some
general data related to considered problems are presented in the Ap-
pendix. Nomenclature is given separately for each chapter at its end.
The book concludes with an index of names and subjects.

General Thermodynamic Definitions

Various situations can be the focus of thermodynamic considerations,
which, to be carried out, require the determination of the system rep-
resenting the problem. The system is the part of space separated by
an imagined shell called the system boundary. The system boundary is
sometimes identified the other way around, e.g., a control volume or
reference frame. The size and shape of the system space is arbitrary.
The system can change in size, shape, and location.

The precise establishment of the system boundary is necessary
for the correct balance of matter, energy, and exergy, as well as for
determination of the overall entropy growth for the system. All deter-
minations of the matter’s parameters and fluxes entering and exiting
the system should be determined at the place where they pass through
the system boundary.

A system is said to be closed if no matter flows through the system
boundary. The system is said to be open if matter flows through the
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system boundary. The rules of conservation of matter are discussed in
Chapter 4. The secluded system is the case when there is no exchange
of energy and matter through the system boundary.

The state of a system is determined by the values of the state pa-
rameters. These are the values of macroscopic magnitudes related to
the system, which can be determined based on measurement—with
no need, however, to know the history or future of the system. Exam-
ples of state parameters are temperature, pressure, volume, amount
of substance, component velocity, coordinates of location in a field of
external forces, and so on. To make sure that a magnitude is really
the state parameter, one has to judge if an increase in the considered
magnitude depends only on the initial and final state of this trans-
formative increase. If this increase depends on the mode of system
transformation, i.e., it depends on system history, then the considered
magnitude is not a state parameter (e.g., heat and work).

The state parameters can be intensive or extensive. The intensive
parameters (e.g., temperature, pressure, and specific volume of a sub-
stance) do not depend on the size of a system and do not change value
after division of the uniform system into parts. The extensive parame-
ters (e.g., volume, energy, entropy and exergy) depend on the system
size and have an additive quality, i.e., the extensive parameter of the
whole system is the sum of the extensive parameters of the system’s
parts (subsystems). Extensive parameters related to the unit amount
of a substance are usually identified by the adjective “specific,” e.g.,
specific enthalpy (J/kg), specific internal energy (J/kmol), and spe-
cific heat (J/kg K), although this latter, beside kg, is also related to the
temperature, K.

Not all the state parameters can vary independently from one
another. However, there can always be an established set of inde-
pendent parameters from which, if they are known, it is sufficient to
determine all other state parameters. The independent parameters can
be selected arbitrarily; however, their number is limited. The state pa-
rameter that does not belong to the independent parameters is called
the state function, e.g., the not directly measurable parameter of the
internal energy, entropy or exergy.

To analyze a system, only essential independent parameters
should be included in the consideration. The essential parameters for
thermodynamic systems can be the thermal parameters such as tem-
perature, pressure, or volume. Only in a special system should the
independent mechanical parameters be considered, e.g., for determina-
tion of component velocities or system coordinates. A uniform system
has the same value for intensive parameters at every point of the
system.

Thermodynamic equilibrium is achieved in a secluded system spon-
taneously after a sufficiently long time. In an equilibrium state
the state parameters are established as being constant. In general,
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thermodynamic equilibrium requires three equilibriums to be
fulfilled—mechanical (equilibrium of forces), thermal (equality of tem-
perature), and chemical (constant composition). In the state of thermo-
dynamic equilibrium the number of independent state parameters is
the smallest. If the system is not in thermodynamic equilibrium, then
the univocal determination of some state parameters may be impos-
sible. For example, in a system with intensive chemical reactions the
temperature in the system cannot be univocally determined. As ex-
plained in Paragraph 1.1, the engineering thermodynamics considers
only the states of equilibrium (thermostatics) and the phenomena of
transformations from one to another equilibrium state.
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CHAPTERZ

Definitions and
Laws of Substance

2.1 Equation of State

Everything that has mass is called matter. Mass is a property of matter
that determines momentum and gravitational interactions of bodies.
Matter appears in substantial and nonsubstantial forms. Substance is
matter for which the rest massis not zero. Thus, substance is the macro-
scopic body composed of elemental particles (i.e., atoms, molecules).
Matter for which the rest mass equals zero (e.g., a radiation photon)
appears in the form of different fields; e.g., the field of electromag-
netic waves (radiation), the gravity field, the surface tension field, and
S0 on.

The significance of substance in engineering thermodynamics is
that the substance amount expresses the number of particles partic-
ipating in thermodynamic processes. Units of substance amount can
be kg, kmol, or a standard cubic meter (defined by values of stan-
dard temperature and pressure). Substance can also be the object of a
conservation equation. Nonsubstantial matter (sometimes called field
matter) can also be considered as a component in processes of en-
ergy conversion; however, it does not fulfill the matter conservation
equation.

The thermal parameters of substance can be determined in nu-
merical value and units. The numerical value depends on the selected
units. To obtain an easily imaginable number, the units multiplied by
10" can be used, where 7 is an integer larger or smaller than 1. The
name of a multiplied unit is created with use of the proper prefix (see
Section A.1).

In practice, a gas that appears in nature consists of a large number
of particles that are in continual motion. The particles translate (linear
replacement), rotate, and can oscillate (the vibrations of atoms in the
molecule). The particles have a volume and they interact with mutual
attraction forces. Because the thermodynamic properties of real gases
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are complex, imagined models of gases are introduced to simplify the
calculation of the thermal parameters of the gas.

One model of an ideal gas is a hypothetical gas in which molecules
donotinteract mutually, have amolecule volume equal to zero (i.e., the
atoms are considered as material points), and are rigid (i.e., there is no
oscillation within the molecules). A more general and less restricted
model of an ideal gas (sometimes called a semi-ideal gas) allows for
oscillation within the molecules. Thus, the atoms in the molecules of
semi-ideal gas are mutually bonded elastically.

The relatively simple dependence between gas parameters such as
pressure, temperature and volume can be derived for a semi-ideal gas,
which obviously is also valid for an ideal gas. For a gas that is not at
excessive density, the following experimentally established laws exist:

e Boyle’s law, according to which, for a given mass of gas main-
tained at a constant absolute temperature T, the pressure p is
inversely proportional to the volume V;

* Charles” and Gay-Lussac’s law which states that for a given
mass of gas held at constant pressure, the volume is directly
proportional to the temperature.

These two experimental results conclude in the form of the relation
p x V/T = constant, for a fixed mass of gas. It can be interpreted that
the volume occupied by a gas, at a given pressure and temperature,
is proportional to its mass. Thus, the constant p x V/T has also to be
proportional to the mass of gas. Expressing mass . in kmol, the univer-
sal gas constant R can be experimentally determined and the equation
of state of an ideal gas or of semi-ideal gas at a not-excessive density
is established as follows:

pV = wRT 2.1)

The constant R has the same value for all gases, R =8314.3 ]/ (kmol
K). If mass in equation (2.1) is expressed in kilograms, then R becomes
the individual gas constant which has individual values for different
gases. If the molar gas density p, = n/V is introduced to equation
(2.1), then the following formula is obtained:

p =puRT (2.1a)

It clearly results from equation (2.1a) that the thermodynamic state
of a gas is determined completely by the arbitrarily chosen pair of
possibly three parameters, either p and p,, p and T, or Tand p,. The
presented considerations are later compared to the considerations of
the thermodynamic state of a photon gas.
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2.2 State Parameters of Substance

2.2.1 Pressure
Pressure is defined as the force exerted by a fluid (e.g., liquid, gas,
or radiation product) on an enclosed surface, divided by the area of
the surface. The total pressure is the sum of both static pressure and
dynamic pressure. Static pressure is measured by an apparatus that is
motionless relative to a flowing fluid. Static pressure can be the abso-
lute pressure when it is measured relative to a vacuum, or the relative
pressure when it is measured from any pressure reference level (e.g.,
measured as a surplus above the atmospheric pressure). The dynamic
pressure is equal to the kinetic energy of a fluid. As a principle, only
absolute static pressure is used in thermodynamic equations.
Pressure can be calculated based on the kinetic theory of an ideal
gas. Consider a gas in a cubical vessel (i.e., each edge has length L),
the walls of which are perfectly elastic. Consider an ith molecule of
velocity w; and of mass m1;, which collides with the wall and rebounds
with the same velocity w;. Thus, the change AP in the particle’s
momentum is:

AP = m;w; — (—m,- w,‘) =2 m;w; (2.2)

Assume that the particle reaches the wall without striking any
other particle on the way. The time required to cross the cube is L /w;
and the time required for the round trip is 2 x L /w;. The number of
collisions of the particle with the wall per unit time is w; /(2 x L), and
the rate at which the particle transfers momentum to the wall is:

w;  m; w?

2 miwii =7 ! (2.3)

The particles in the cube are moving entirely at random. There is no
preference among the particles for motion along any one of the three
coordinate directions. The classical statistical mechanics involves the
equipartition theorem, which is a general formula of equal distribu-
tion and in relation to the gas parameters it concerns the different
components of gas energy. According to the theorem, in a thermal
equilibrium, energy is shared equally among its various forms and
orientation directions. The theorem allows for quantitative predic-
tions, and when applied to the molecules it states that the molecules
in thermal equilibrium have the same average energy associated with
each independent degree of freedom of their motion. To find the pres-
sure p imparted to the wall by all the gas molecules, but traveling only
perpendicularly to the wall, the momentum force represented, e.g., by
the right-hand side of equation (2.3), has to be divided by three, also
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divided by the wall area L? and summed up for all the particles:

i=N
w? (2.4)
i=1

W=
e

p:

where N is the total number of particles in the vessel. Introducing the
number 7 of particles per unit volume, n = N/L?, one obtains from
(2.4):
i=N
1 Yo w}

p= gm nT (2.5)

Taking into account that m x n is the gas density p, mx n=p,
and that the sum divided by N is the average value w? of the square
velocities wiz, the following formula is received:

1
p= gpw2 (2.6)

The result (2.6) was derived by neglecting the collisions between
particles; however, it can be assumed that the result is true even when
such collisions are considered. Based on the probability viewpoint, it
is usually argued that despite the collision between particles during
the numerous exchanges of velocities in the entire system, there are
always certain molecules that collide with the considered wall, which
correspond to certain other molecules exiting the opposite wall with
the same momentum. In addition, the time spent during collisions
is negligible compared to the time spent between collisions. There-
fore, neglecting collisions between particles is only a convenience for
mathematical derivation. A vessel of any shape can be selected for
derivation. The cubic shape of the vessel above is also assumed to
simplify calculations. The pressure exerted only on one wall was cal-
culated; however, following Pascal’s law for fluids, the same pressure
is exerted on all walls and everywhere inside the vessel interior.

2.2.2 Temperature

Temperature is a state parameter that determines ability for heat trans-
fer. The temperature T’ of a body is higher than the temperature T” of
another body if after contact between the bodies the first one transfers
heat to the second one. However, if the heat transfer does not appear
between these bodies when separated from their surroundings, then
between these bodies there is a thermal equilibrium and the bodies
have the same temperature (T' = T").

Maxwell formulated the following law regarding temperature,
known as the zeroth law of thermodynamics. If three systems A, B, and
C arein a state of respective internal thermal equilibrium, and systems
A and B are in thermal equilibrium with system C, then systems A
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and B are in mutual thermal equilibrium, i.e., they have the same
temperature. This law is the basis for using thermometers for the
measurement of temperature. Thus, thermometers allow for differ-
ent systems for measuring temperature. As a principle, in thermody-
namic equations the absolute temperature is given in kelvins (K). An-
other commonly used scale of temperature is the Celsius scale, where
t =T — 273.15, where T is the absolute temperature. The value 273.15
is the absolute temperature for the triple point of water, which is the
temperature at which the three phases (solid, liquid, and gas) of water
can exist in equilibrium.

The temperature of a gas can be also measured based on the kinetic
theory of an ideal gas. Each side of equation (2.6) can be multiplied
by the volume V, and the product V x p represents the gas mass m:

pV = -mw (2.7)

Equation (2.7) can be interpreted with the expression for kinetic
energy m x w?*/2:

pV =" (2.8)

whichreveals that the right-hand side of equation (2.7) represents two-
thirds of the total kinetic energy of the translation of the molecule. A
mass m (kg) can also be expressed as the mass p (kmol) according to
the relation p = m/M, where M is the molecular weight of gas. Thus
equation (2.8) changes to the form:

2 wMuw?
V== 2.
V=35 29)
Combining the state equation (2.1) with (2.9):
1 3
~Muw? = =RT 2.10
FMw =3 (2.10)

one obtains the result that the total translational kinetic energy per
kmol of the molecules of an ideal gas is proportional to the tem-
perature. Equation (2.10) can be considered as the definition of gas
temperature on a kinetic theory basis or on a microscopic basis.

Let us divide each side of equation (2.10) by Avogadro’s number
Np, which represents the number of molecules per kmol (Np = 6.02283

x 10%0):
1/M\ , 3(R
il =—|— T 2.11
2<No)w 2(N0> @1

13
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The ratio M/Nj is the mass of a single molecule and the left-hand
side of equation (2.11) represents the average translation kinetic en-
ergy of the molecule. On the other hand, the ratio R/ Nj is equal to the
Boltzmann constant k:

R
k= N 1.38053 x 1072°J /K (2.12)

0

which plays the role of the universal gas constant of the molecule.

Energy of Substance

Generally, energqy is the ability to perform work and is determined for
an arbitrarily chosen reference state, whereas exergy is also the ability
to perform work, however, when the environment is assumed as the
reference state. Work, heat, energy, and exergy are determined with
the same units. Energy, or exergy, are functions of the state and do
not depend on the history of matter for which energy, or exergy, is
considered. Work and heat are phenomena, lasting longer or shorter,
during which energy, or exergy, is transferred. Work and heat are
not a function of the matter state and depend on the history of such
phenomena.

In addition to the macroscopic components of energy, such as ki-
netic or potential, a substance has its internal energy, the components
of which are:

¢ kinetic energy of translations and rotations of molecules
* energy of oscillations of atoms in molecules
e potential energy in the field of mutual attraction of molecules

* inner energy related to the possibility of chemical restructur-
ing of molecules (called chemical energy)

* energy of electrons states

* nuclear energy

Internal energy does not depend on the velocity of the body and
its location. Most often only changes in internal energy play a role;
thus, the reference state for calculation of the internal energy has to be
assumed and such reference can be chosen arbitrarily. Usually not all
the mentioned components of internal energy vary in thermodynamic
processes; thus the nonvarying components can be neglected. In en-
gineering thermodynamics it is usually assumed that the considered
components of the internal energy depend only on temperature, pres-
sure, and volume, and only two of these three parameters can vary
independently from each other.
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Very convenient in engineering thermodynamic considerations is
the concept of enthalpy, which is the formally incorrect combination
of two different kinds of magnitudes—internal energy U and work
(p x V). This informality however, does not produce any erroneous
consequences. The enthalpy H is defined as:

H=U+pV (2.13)

The expression p x V represents “transportation” work required
during exchanging substance with the considered system through the
determined system boundary. One of the ways of exchanging energy
with a system is the stream of substance passing the system boundary:.
The exchanged energy in such a way is determined by the enthalpy.
The enthalpy can be also interpreted as the sum of the internal energy
(U) of matter in a vacuum and of the required work (p x V) on the
environment to ensure the room for the matter.

In practice, especially important is the consideration of change in
internal energy U of a fluid that absorbs heat Q and, at the same time,
performs work W. The first law of thermodynamics applied to such
process, which starts at parameters with subscripts 1 and ends with
parameters with subscripts 2, takes the form:

Qio=W-U+W_ (2.14)

Equation (2.14) illustrates well that, as mentioned, work and heat
are not forms of energy, because energy is a property of matter; thus,
energy is a function of the matter state, whereas work and heat are
phenomena that disappear. This—what is left after work or heat—is
the changed value of the energy (Ll,— U ) of the bodies that participated
in the phenomena. The values of work Wi_, or heat Q;_, depend not
only on the initial and final states of the considered system but also
on the path of the transition between states 1 and 2. Work and heat are
not state functions, so, e.g., saying that a body contains heat would be
incorrect.

The work Wj_; in equation (2.14) is absolute work, and the heat
Q1- in the case of a real process occurring with friction comprises
the friction heat that is absorbed by a fluid. If the internal energy is
eliminated from equation (2.14) by using equation (2.13), then:

Qio=H —-H + Wi (2.15)

where W;1_, is the work interpreted as the technical work. Equa-
tions (2.14) and (2.15) can be presented, respectively, in differential
form and using the specific (related to the unit of mass) magnitudes,

15
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e.g., as follows:
dg =du+dw (2.16)

dg = dh + dw, (2.17)

Energy Transfer

2.4.1 Work

Work is one of the many ways of exchanging energy.

Mechanical work is defined as the scalar product of force and re-
placement. The force is taken as the projection on the replacement di-
rection. A force gives to a mass its acceleration. The force is expressed
in N (newton), which gives to 1 kg of mass the 1 m/s* acceleration.
The force that is perceptible due to gravitational acceleration is called
weight. Power in W (watt) is the ratio of work and time. Thermal power
can be interpreted as a ratio of transferred heat and time.

The formula for the absolute work performed by a fluid is:

AW = pdV (2.18)

where p is the static absolute pressure of fluid and V is its volume.
The useful work W, is defined in a case when the part of the
absolute work is used for compression of the environment at pressure

Po:
Wi—2 = Wi — po(Va — V1) (2.19)

The same performed work can be interpreted also as a technical
work:

AW, = —Vdp (2.20)

However, a certain generalization of the concept of work is re-
quired because, beside mechanical work, there also are other forms of
work such as the work performed by an electrical current or a mag-
netic field, etc. In such cases, work has to be determined in a specific
way. If work is the only way of interaction between a system and its
environment, then the system is called adiabatic. Another case of the
adiabatic system occurs if there is no heat transfer between a system
and its surroundings.

Work performed by an adiabatic system causes a change in the
energy function of the system. This change is equal to the difference
of the system energy after and before performing work.
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Performing work is one of the ways of energy exchange between
systems. If the systems are closed then only two ways of energy trans-
fer can occur—work and heat. Heat exchange occurs when the tem-
peratures of the considered systems are different.

2.4.2 Heat

Heat as the process of exchanging energy with a system can be con-
sidered from different viewpoints. One viewpoint is the calculation
of heat exchanged between different objects and this is the subject of
many manuals on heat transfer, e.g., Holman (2009).

Another viewpoint, discussed shortly, is the calculation of heat
absorbed by a substance. Heat Q;_, absorbed by a body, during a
change in its temperature from T; to T, is generally the sum of the
heat delivered from outside and the heat of friction occurring within
the body. The elemental amount of heat, dg, absorbed by the unit mass
of the body increases appropriately its temperature:

dg=cdT (2.21)

where ¢ is the specific heat of the body. Equation (2.21) is solved either
for a given function ¢(T):

T
q1-2 = /C dT (222)

T

or for a known mean specific heat used as follows:

fpo=c| (h-T) (2.23)

If during the heating process the substance changes its phase,
equations (2.22) and (2.23) cannot be applied directly because the
latent heat (at constant temperature) of the phase change has to be
included.

The specific heat depends also on the kind of the heating process.
Using (2.21) and (2.20) in (2.16):

cdT =du+pdo (2.24)

The total differential du of the function u(T, v), expressed as fol-

lows,
ou ou
du=(—) dT — | d 2.2
! <3T>v +<aU)T ’ ( 5)

17
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can be introduced to (2.24) and after division by dT,

ou ou dv
=\ —= — — 2.26
<= (i), 1), ] e, 220
where the partial derivative for a given kind m of the considered pro-
cess is used. Generally, the specific heat c depends on the property of
the body, can vary during varying parameters of the body, and de-
pends also on the kind of process. For example, if the process occurs

at constant volume (v = constant) then the second term of equation
(2.26) is zero. Thus, the specific heat for constant volume is:

ou
=|—= 227
Co < 9T >v ( )
For a semi-ideal gas the internal energy u does not depend on
volume; thus:
(a_“> —0 (2.28)
0v /)7

Interpreting (2.28) in (2.25):
u=cydT (2.29)
Further derivations can lead to the formulae:
h=c,dT (2.30)
p—C =R (2.31)

The result is that specific heat at constant volume is used to cal-
culate the increase of internal energy, whereas the specific heat at
constant pressure allows for calculation of enthalpy. The difference
of these two specific heats is equal to the individual gas constant R
discussed earlier.

The ratio of specific heats

Cp
Co ( )

is equal to the isentropic exponent k in the equation representing
varying parameters during an ideal (no friction) adiabatic process
(called the isentropic process). For example, parameters p and V in the
isentropic process change according to the equation:

pV* = const. (2.33)
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The relations discussed above will be compared to similar rela-
tions for radiation.

Entropy of Substance

Entropy, expressed in ] /K, is a measure of thermodynamic probability
of the system’s disorder. Entropy can be interpreted from a macro-
scopic viewpoint (classical thermodynamics), a microscopic view-
point (statistical thermodynamics), and an information viewpoint (in-
formation theory). The latter viewpoint differs from the concept of
thermodynamic entropy and contributes to the mathematical theory
of communication. The statistical definition of entropy is a basic def-
inition from which the other two can be mathematically derived, but
not vice versa. All properties of entropy, as well as the second law
of thermodynamics, follow from this definition. In statistical thermo-
dynamics the entropy S is defined as the number Q of microscopic
configurations that are possible in the observed macroscopic thermo-
dynamic system:

S=kInQ (2.34)

where k is the Boltzmann constant discussed earlier.

In classical thermodynamics the entropy is derived from analysis
of the heat engine generating work according to the theoretical model
of the Carnot cycle, which is reversible and has the maximum possible
efficiency:

_h-Ty

T (2.35)

nc

where T and Ty are the temperatures, respectively, of hot and cold
heat sources available for the cycle. In Section 4.6 it will be proven
that the Carnot efficiency expressed by formula (2.35) is independent
of the working fluid; therefore, it can be also applied for a photon gas.

The entropy is a function of the thermodynamic state, as any other
state function, with property depending only on the current state of
the system and independent of how the state was achieved. Entropy
S is defined as follows:

_

d
S T

(2.36)

where T is the temperature at which the elemental amount dQ of heat
is exchanged, whereas dS is a total differential of entropy. The inte-
gral of the total differential is the difference of function between the
initial and final state, whereas, for comparison, the elemental amount

19
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is determined by integrating based on knowledge of the history be-
tween initial and final state. Entropy, introduced by Clausius, allows
for quantitative application of the second law of thermodynamics.
Equation (2.36) can be developed by using, e.g., (2.1), (2.16), and
(2.20), for consideration of a gas with specific values of the magnitudes

ds=c,— — R— (2.37)
which after integration is

T
s2—51=¢In Tj — Rln% (2.38)

Equation (2.36) for entropy can be simply integrated for heat Q
taken from the heat source at constant temperature T:

5= (2.39)

Exergy of Substance

2.6.1 Traditional Exergy

Exergy is one of several thermodynamic functions of state. The func-
tions make consideration easier, allow for interpretation of phenom-
ena, and (most of them) have practical application in thermodynamic
calculations. For example, enthalpy is used to determine the energy
of exchanged matter with the system considered. Internal energy ex-
presses the energy of the substance remaining within the system at the
time of consideration. Entropy determines the thermodynamic prob-
ability of a given matter state. Exergy was introduced to express the
practical energetic value of matter existing in the environment given
by nature. This practical value is determined by the ability of matter to
perform mechanical work. The work was selected as the measure not
only due to the human inclination toward laziness but also because
work represents the energy exchange at the unlimited level.
However, full utilization of the energetic value of matter to per-
form work within the determined environment could not occur with-
out cooperation from the environment. For example, to utilize the
energetic value of natural gas from its combustion, a certain amount
of oxygen contained in the environment air has to be taken. To fully
utilize compressed air at the temperature of an environment, depres-
surizing of the air has to occur at a constant temperature, and to keep
this temperature steady, heat from the environment has to be taken.
The full definition of exergy was given by Szargut as follows: Exergy
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Fieure 2.1 Traditional exergy components.

of matter is the maximum work the matter could perform in a reversible pro-
cess in which the environment is used as the source of worthless heat and
worthless substances, if at the end of the process all the forms of participat-
ing matter reach the state of thermodynamic equilibrium with the common
components of the environment. The environment is the natural refer-
ence state in nature, which consists of an arbitrary amount of the
“worthless” components. The components in the environment that
have apparent energetic value, in limited amounts, are the exception,
and are recognized as natural resources, e.g. natural fuels. The matter
considered in the definition of exergy can be a substance or any field
matter, e.g., radiation.

The total exergy of a substance is composed of components as
shown schematically in Figure 2.1. Usually, only such components
are used, which vary during the consideration. Most often used is
the thermal exergy, which is the sum of physical and chemical exer-
gies. The physical exergy results from the different temperature and
pressure of the considered substance in comparison to its temperature
and pressure in equilibrium with the environment (i.e., dead state).
The chemical exergy results from the different chemical composition
of the considered substance in comparison to the common substance
components of the environment.

If the considered substance has significant velocity, then the ki-
netic exergy can be recognized as being equal to the kinetic energy
calculated for the velocity relative to the environment. Potential ex-
ergy is equal to the potential energy if it is calculated for the reference
level, which is the surface of the earth. The other possible components,
e.g., nuclear or interfacial tension, are rarely used and are excluded
from the present discussion. The sum of most important components
in engineering thermodynamics, physical exergy By, and chemical
exergy By, is called thermal exergy B:

B = B, + B (2.40)
The model shown in Figure 2.2 is used for derivation of the formula

defining the drop of exergy (—A B) of a substance medium. The thermo-
dynamic medium at enthalpy H; and entropy S; enters the machine,
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which operates continuously, reversibly, and at a steady mode. The
medium at enthalpy H, and entropy S, leaves the machine. The ma-
chine utilizes the environment as a source of heat Qywhich is worthless
because it is released at the temperature Tj of environment. Accord-
ing to the definition of exergy the maximum technical work W max
performed by the machine is equal to the exergy drop; Wi max=—AB.
The exergy balance equation for the system boundary, shown in Figure
2.2,1s:

~AB=H, — H,— Q (2.41)

The maximum work can occur only in the reversible process and ac-
cording to the second law of thermodynamics when the overall en-
tropy growth for the considered system is zero:

S-s+2_y (2.42)
To

From equations (2.41) and (2.42) it results:
—AB=H —H,—Tp(5 - %) (2.43)

If we interpret state 2 as the state of thermodynamic equilibrium
with the environment (H, = Hp, and S, = &), state 1, as representing
any state of the considered medium (H; = H, and S; = S), then, from
(2.43), the general formula for the exergy of substance, (B1 - B, = B -
0 = B) is obtained as:

B=H—Hy—Ty(S— ) (2.45)

where B is the thermal exergy of thermodynamic medium at enthalpy
H and entropy S, and Hy and Sy are the enthalpy and entropy, respec-
tively, of the medium in an eventual state of thermodynamic equilib-
rium within the parameters of the environment. The thermal exergy
B expressed by equation (2.45) is for a substance passing through the
system boundary. The exergy B of the substance can be positive or
negative (e.g., for each medium flowing through the pipeline one can
select the sufficiently low pressure at which thermal exergy is smaller
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than zero). However, the exergy B, of any part of the system remaining
within the system boundary is always positive. It is possible to derive
that the exergy B; of the substance remaining within the system is
calculated as:

Bi=B—V(p— po) (2.46)

From (2.46) there results a particular case when the space of vol-
ume V is empty, thus p = 0, as well as B = 0 because there is no
substance. Then the exergy of the empty space is:

(B)p—o = Vpo (2.47)

A similar effect of the finite exergy of the empty vessel, as shown
later by equation (6.19), is observed also for a photon gas.

2.6.2 Gravitational Interpretation of Exergy

The purpose of the concept of exergy is to develop a particular in-
terpretation. However any interpretation is always characterized by a
certain freedom; thus some modification of exergy can be justified. For
example, consider the potential component of exergy. Among possible
potentials thatact on a substance, the potential exergy, shown in Figure
2.1, takes into account only the effect of the gravitational field. How-
ever, to fully reflect the effect of the Earth’s gravity field, Petela (2008)
proposed application of a new component, “mechanical exergy,”
which replaces traditional physical and potential components of ex-
ergy. Mechanical exergy can be called eZergy.

The mechanical exergy concept by, is derived from the difference
between the density p of the considered substance and the density pg
of the environment. Regardless of the temperature T and the pressure
p of the substance under consideration, the substance instability and,
thus, ability to work in the environment at respective parameters T
and py is sensed if either an anchor (p < pg) or a supporting basis
(p > po) is removed. In the first case, the substance moves upwards;
in the other case, the substance sinks.

The altitude of the considered substance is measured from an
actual level x = 0. In both cases the substance tends to achieve an
equilibrium altitude (x = H), at which point the density of the local
environment p , is equal to the density of the considered substance,
p = po.x. The substance motion (at constant T and p) to reach the
equilibrium altitude would generate work called the buoyant exergy,
by. Atlevel H the substance would be allowed to generate additional
work, denoted by by, which would occur during the reversible pro-
cess of equalization of parameters T and p with the respective local
environment parameters, Tp i and po g.

3
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Ficure 2.3 An ideal arrangement for discussing the exergy in a gravitational
field (from Petela, 2008).

For example, Figure 2.3 represents a theoretical model for deter-
mining the exergy of a gas in a gravitational field. The gas of a volume
V, a density p smaller than the density psg of the surrounding air
(p < psy), a temperature T, and a pressure p exists within an imag-
ined ideal cylinder-piston system (system A), at an environmental
altitude (x = 0), i.e., at the locally common level of the earth’s surface.

The cylinder and piston walls at this stage provide perfect heat
insulation (i.e., they do not allow any heat exchange), are hermetic
(i.e., they do not allow exchange of substance), are rigid (i.e., they do
not allow for changing the volume V), and are perfectly weightless
(i.e., the mass of the cylinder and the piston is zero). System A is
connected by a system S; of fixed pulleys and nonmaterial thread to
the system B, containing also a cylinder and piston, and remaining
always at the level x = 0. Due to buoyancy the considered gas lifts
the whole system A upward to position A’, at height H, at which the
density p, remaining unchanged, is now equal to the density p s i of
the surroundings at the level H. During the lifting, work on system B
is performed.

After taking position A’ the system is now able to perform addi-
tional work during an ideal process of equalization of pressure p and
temperature T with the respective parameters of surrounding air at
the level H. Such equalization of parameters is possible because the
restricting assumptions at location A" are now relieved and the con-
sidered substance can exchange worthless heat (at the surroundings
temperature level Ts ), and the piston can move within the cylinder
to change appropriately the initial volume V.
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Thanks to the system S, of the ideal pulleys-and-thread, the work
is fully transferred to the cylinder—piston system C located at the
environment level (x = 0). The above two portions of maximum work
(in systems B and C) performed by the considered gas of initial vol-
ume V represent the full exergy of the gas as a result of the terrestrial
gravitational field and relative to the environment level (x = 0).

By an appropriate rearrangement of systems S; and S, used in
Figure 2.3, one can present also a scheme for consideration when the
density p of the considered substance is larger than the density p s
of the outside air (p > ps) and the volume V moves downward to
the imagined local crater. A liquid or solid substance usually has high
density (p > ps) and thus can represent the remarkable ability to
work when falling down into an imagined crater or sinking into a sea.
For example, theoretically, leveling a 3000-m high conical mountain
with a 45° slope, located by the sea, can take over 10 years, releasing
the power of about 1500 MW, with the additional benefit of acquiring
new land.

The buoyant exergy b, does not depend on the kind of substance.
During repositioning of the substance from actual altitude x = 0 to
x = H, the gravitational acceleration g, is changing, e.g., decreasing
with growing altitude x; thus:

x=H

by = / gx<pg’x—1)dx (2.48)

x=0

Equation (2.48) is significant in the procedure of calculating the
eZergy.

Example 2.1 In practice, the integral in formula (2.48) can be determined as
follows. The formula is valid for any kind of considered substance determined
by density p, whereas ps , and g, have to be determined for the atmospheric air.
Petela (2008) proposed using the literature data for calculation of any required
parameter (y) from the general linear approximation:

y=a+bH (a)

where H is the altitude in meters, and the coefficients values 2 and b are shown
in Table 2.1.

Thus, the height H can be calculated with appropriate substitution x = H
and ps » = p inthe approximation for the density with the respective coefficients
a and b:

H =9.973 x 10°(1.217 — p) (b)

Integrating of equation (2.48) leads to the solution composed of the two
integrals, I and I:

L -I
p

by = (@]
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Coefficients
Dependent variable y a b
Tsx (K) 288.16 —0.0065
ps.x (Pa) 100339.5 —9.699
psx (kg/m?3) 1.217 —9.973 x 107°
& (m/s?) 9.7807 —3.086 x 10°°

TaeLe 2.1 Data for Approximation Formula

where:
x=H
aia aia4 +aza
h= / gepsadx = DB (g — gy 4 NITD02 (0 oy 0 3w @
4 2aj 3a
x=0
x=H
b= [ gwdx="p0-m+ 2 S0 —ao)? ©

x=0

and where the coefficients (according to Table 2.1) are:

a1 =9.7807 m/s? the gravitational acceleration assumed at the level
x =0,

ay =-3.086:107° 1/s2 the rate of growth of gravitational acceleration with
the growing level x,

a3 = 1217 kg/m3 the density of environmental air assumed at the
level x =0,

as =-9.973.107° kg/m*  the rate of growth of air density with growing x.
Introducing (d) and (e) to (c):

1
T R A A 0

The calculated by, from formula (f) is in J/kg. The values of b, in the more
convenient unit kJ /kg, can be approximated by the third-order polynomial:

by = 164.186 — 357.258 p + 253.398 p2 — 58.096 p> k] /kg )

Figure 2.4 shows the comparison of the values from formula (f) (points), to the
values from formula (g) (solid line), and the characteristic equilibrium altitude H
(dashed line) which is the linear function (b) of density p. With growing altitude
H the buoyant exergy by, decreases for heavy substances (p > ps) and grows
for light substances (p < ps,0). The approximation (g) is acceptable for practical
calculations although it is inconveniently imprecise in the vicinity of the density
ps,0 in which it can produce small negative values of by (not truly representing
the real values which are always nonnegative). For example, for p = ps o exact
value from (f) is by = 0 but from formula (g) the value b, = -0.00918 k] /kg is
obtained.
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Ficure 2.4 Specific exergy b, and altitude H as function of density p (from
Petela, 2008).

In case of a gas, during equalizing of the gas parameters T and
p with the parameters Ty i and po g at the altitude H, the following
work (exergy by) can be done:

T
b =c¢, (T — Tow) — Ton <cp In—— — RIn i) (2.49)
To,n po.H

where ¢, and R are specific heat at constant pressure and individual
gas constant, respectively.

On the other hand, the gas at the actual altitude (x = 0) has the
traditional physical exergy b, equal to the work that can be done by
the gas during equalizing its parameters, T and p, with respective
environment parameters Ty and py:

b=c,(T—To)— T (cplnz —Rlnﬁ> (2.50)
To Po

The definition of exergy postulates it to be the maximum possible
work. Therefore, the larger work of the two, b, + by or b, is the true
exergy, called the mechanical exergy; b,, = max[(by + by), b].

For some considerations Petela (2008) introduces also the term of
gravitational exergy b, of substance:

by = by, + (b — b) (2.51)

which is the sum of the buoyant exergy and the difference be-
tween physical exergies for altitude x = H and x = 0. Therefore, the

2
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mechanical | chemical | | others |
(eZergy)

Ficure 2.5 Exergy components including the mechanical exergy.
mechanical exergy can be expressed also as
by, = max[(bg +b), b] (2.52)

or in the form of analytical equation:

(b +J02) (b +b) — (b - J2) b .

" 2b,

where by # 0. If bg <0, then by, = b.

Analogically to mechanical exergy, Petela (2008) proposed also
the correspondent concept of mechanical energy e,,. Including the
mechanical exergy (eZergy) into consideration, the scheme of the all
components of the exergy of substance can be shown in Figure 2.5.

The application of mechanical exergy in the classic exergy balance
equation has some implications that will be discussed in Section 4.5.4.
It is worth emphasizing that both exergy and eZergy are only inter-
pretative concepts. In contrast to exergy, eZergy allows introduction
of the additional factor of gravity into the considered process. There-
fore, disclosure of the gravity input requires application of the eZergy
concept, i.e., the mechanical exergy B,,. eZergy is applied only for
the substance (not for heat or radiation) and replaces the two tradi-
tional exergy components—physical (B,;,) and potential (B,). Thus,
B,=Z= f(B ph» Bp). To better distinguish exergy of substance from
eZergy of substance, different symbols will be used: B for exergy and
Z for eZergy (as shown in Chapter 11).

2.6.3 Exergy Annihilation Law

In realty, there is no exergy conservation equation. Exergy can be con-
served only in ideal processes (e.g., model processes), which are re-
versible because they occur without friction at infinitely small dif-
ferences of concentration and temperature. All real processes occur
irreversibly; the energy is dissipated and thus the processes are ac-
companied by unrecoverable exergy loss.

The exergy loss caused by irreversibility of the process can be
determined by comparison of operation of real and ideal installa-
tions for which the initial and final states of the driving medium are
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respectively the same. Figure 2.6 shows the scheme of thermal instal-
lation, the purpose of which is performing work W. The type of ana-
lyzed processes does not affect the results. The installation receives a
thermodynamic medium of enthalpy H; and entropy S, which leaves
the installation at the enthalpy H, and entropy S,. The installation ab-
sorbs valuable heat Q from the source at temperature T, which differs
from environment temperature Ty. At the same time the installation
extracts worthless heat Q to the environment.

If the installation is considered to be real, then the energy conser-
vation equation can be written as:

W=Q+H —H — Qo (2.54)

To have the ideal installation comparable to the real one, the same
heat Q and enthalpies H; and H, should be considered. Work per-
formed by ideal installation is maximum, Winax, and it requires chang-
ing thereal heat Qp to a value Qo ;for anideal process. Thus, the energy
conservation equation for ideal installation can be used in the form:

Whnax = Q +H - H— QO,i (255)

The exergy loss A B caused by irreversibility of the real installation
isequal to the loss of work (Wnax — W), and such loss can be determined
from equations (2.54) and (2.55) as follows:

AB = Wpax — W = QO - QO,i (256)

According to the second law of thermodynamics, the overall en-
tropy growth IT for all bodies participating in the considered process
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is larger than zero for real installation:

Q QO
n=-= -5+ = 2.57
T+Sz S T (2.57)

and is zero (IT = 0) for the compared ideal process:

Q Qo.i

O:—?+SZ—51+ Ty (2.58)
From equations (2.57) and (2.58) is:
I To = Qo — Qo,i (2.59)
Using equation (2.59) in (2.56) one obtains the formula:
AB=T11Ty (2.60)

which is known as the Gouy-Stodola law expressing the law of exergy
annihilation due to irreversibility. Although the sum IT depends on
temperature Ty the minimum of IT corresponds to minimum AB.

The exergy loss expressed by formula (2.60) is called the internal
exergy loss, because it occurs within the considered system. This loss
is totally nonrecoverable. Internal loss of exergy for multicomponent
system is calculated by summing up the internal loss of exergy occur-
ring in the particular system components.

Each exergy loss contributes to an increase of the consumption of
the energy carrier that sustains the process or to the reduction of the
useful effects of the process. One of an engineer’s principal tasks is
operating the process in such a way that the exergy loss is kept at the
minimum. However, most often, the reduction of the exergy loss is
possible only by increasing capital costs of the process. For example,
the reduction of exergy loss in a heat exchanger is reachable by increas-
ing the surface area of the heat exchange. Therefore, the economy of
such a reduction of exergy loss can be verified by economic calcula-
tions. The exergy analysis explains the possibilities of improvement
of the thermal process; however, only economic analysis can finally
motivate an improvement.

Usually, the thermal process releases one or more waste thermody-
namic mediums (e.g. combustion products), of which the parameters
are different from the respective parameters of such medium being in
equilibrium with environment. The waste medium represents certain
exergy unused in the process. Such exergy, if released into the environ-
ment, is destroyed due to irreversible equalization of the parameters
of the waste medium with the parameters of the environmental com-
ponents. The exergy loss of the system, caused in such a way, is called
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external exergy loss and its numerical value is equal to the exergy of the
waste medium released by the system. External exergy loss is recov-
erable, at least in part, e.g., by utilization in another system.

2.6.4 Exergy Transfer During Heat and Work

By releasing heat Q the exergy of the heat source diminishes. The
exergy decrease Bg of the source at temperature T is measured by
the mechanical work that can be performed with the heat Q in the
reversible engine according to the Carnot cycle for which, as the other
required heat source, the environment at temperature Tp would be
utilized. Therefore:

T-Tp
T

BQ:‘Q

(2.61)

where Q is the heat exchanged between the source and the considered
system. The value By can be recognized either as a positive input to
the system at T > T or a positive output from the system if T < Tp.

For convenience, the acceptable jargon expression “exergy of heat”
can be used while having in mind the exact expression “change of
exergy of a heat source” (exergy is a function of matter state, whereas
heat is only a phenomenon; however, a heat source is recognized as
matter).

Obviously, exergy of any work is directly equal to the work, be-
cause exergy is measured by performed work.

Chemical Exergy of Substance

In this section we outline the significance of the concept of devalua-
tion reaction and the resulting concept of devaluation enthalpy used for
calculation of chemical energy. Based on this concept, as discussed,
e.g., by Szargut et al. (1988), the following quantities can be calcu-
lated: enthalpy devaluation of substance (appearing in the energy
conservation equation), standard entropy of devaluation reaction (in
the entropy considerations), and, consequently, chemical exergy of
substance (appearing in the exergy balance equation).

In a chemical process, in contrast to a physical process, substances
change and only the chemical elements remain unchanged. Therefore,
to calculate the chemical energy of substances the reference substances
have to be assumed.

Existing methods for determination of the chemical energy of sub-
stances differ mainly by the definition of reference substances. For
example, in the enthalpy formation method, the reference substances
are the chemical elements at standard temperature and pressure. In

31



32

Chapter Two

the devaluation reaction method the number of reference substances is
the same; however, they are not the chemical elements but the deval-
uated substances (compounds or chemical elements most commonly
appearing in the environment). For example, the reference substance
of C is gaseous CO», for H it is gaseous H,O, and for O it is just O,.
In any particular case, when a substance is composed only of C, O,
H, N, and S, the devaluation enthalpy of the substance is equal to its
calorific value.

Contrary to the devaluation enthalpies, the values of the enthalpy
of formation are not practical. For example, the enthalpy of formation
for C is zero and the enthalpy of formation of CO, is significantly dif-
ferent than zero (-394 M]/kmol). However, the devaluation enthalpy
of Cis equal to the calorific value ~394 MJ /kmol, whereas the calorific
value of CO; is zero (as it is the reference substance for C).

The reference substances for the devaluation enthalpy and chemi-
cal exergy are the same. Also, the reference temperature and pressure
are the same. Thus, only the devaluation enthalpy method, contrary
to the formation enthalpy method, allows for fair comparison of the
values of chemical energy and chemical exergy.

For comparison, the chemical exergy of C is ~413 MJ/kmol and
devaluation enthalpy (calorific value) of C is only ~394 M]/kmol.
Only the devaluation enthalpy method should be used in thermody-
namic analysis, which simultaneously includes the energy and exergy
aspects.

Devaluation enthalpy is determined based on the stoichiometric
devaluation reaction for a substance. The devaluation reaction is a
combination only of the considered substance and the various refer-
ence substances. A good example of a devaluation reaction is reaction
of photosynthesis:

6 HbO +6 CO; — CeH1204 +6 Oy (2.62)

in which, beside the considered substance of sugar (CsH1,0¢), only
the reference substances appear: CO,, H,O and O,.

The devaluation enthalpy, d,,, is calculated from the energy con-
servation equation for the chemical process in which substrates are
supplied, and products are extracted, all at standard temperature and
pressure.

The physical exergy by, of a substance, at the state determined by
enthalpy H and entropy S, is calculated based on definition (2.45) in
which Hy and Sy are the enthalpy and entropy of this substance at
environment parameters Ty and py respectively.

However, calculation of the chemical exergy b, of a substance is
more complex, depending on its composition and based on the deval-
uation reaction. The calculation procedure is discussed by Szargut and
Petela (1965b) and Szargut et al. (1988), and the calculated standard
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values of the devaluation enthalpy and chemical exergy are tabulated.
If the environment temperature Ty differs from the standard environ-
ment temperature T, then, when using the standard data on d,, and
b, the formula for the chemical exergy of condensed substances (solid
or liquid) should be corrected as shown, e.g., for the specific chemical
exergy by, sy of sugar:

T, — T,
ben.su = busu + T" (st — busu) (2.63)
n

where the chemical exergy of sugar is determined based on the stan-
dard tabulated value b, s;;= 2,942,570 kJ /kmol.

If a substance has a temperature different from the surrounding
environment, then a physical component of energy or exergy has to
be included as shown, e.g., again for the physical exergy b, su of the
sugar:

T
byn.su = csu (T — To) — Ty csy In T (2.64)

Note as well that based on the devaluation reaction, the so-called
standard entropy o, of the devaluation reaction can be determined.
For example, again for the photosynthesis reaction, based on equation
(2.62), the standard entropy of the devaluation reaction, oy, sy, is:

On,su = 6(SH,0 +5¢0,), — (50,)n — Sn.su (2.65)

where sy,0, Sco,, and sp, are the absolute standard entropies of the
respective gases. The stoichiometric factor of six results from equa-
tion (2.62). The above formulae presented for sugar are utilized in the
consideration of the photosynthesis in Chapter 12.

Nomenclature for Chapter 2

A,B,C different cylinder—piston systems
a coefficient in Table 2.1

ay,d,,03, 04 coefficients for calculation of by

B exergy, J

b specific exergy, J/kg

b coefficient in Table 2.1

c specific heat of substance, J/ (kg K)
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devaluation enthalpy, ] /kg

specific energy, ] /kg

gravitational acceleration, m/ s?

level height, m

enthalpy, J

specific enthalpy, ] /kg

Boltzmann constant, k = 1.38053 x 10723 J/K
length, m

molecular weight, kg/kmol

mass, kg

number of particles

Avogadro’s number, N = 6.02283 x10% molecule/kmol
number of molecules per unit volume, molecule/m?
momentum, kg m/s

static absolute pressure, Pa

heat, J

specific heat, J/kg

universal gas constant, ]/ (kmol K)
individual gas constant, ]/ (kg K)
entropy, J/K

specific entropy, ] / (K kg)

absolute temperature, K

standard environment temperature, K
temperature, C

internal energy, J

specific internal energy, ]/ kg

volume, m?®

specific volume, m®/kg

absolute work, J

velocity, m/s

specific work, J /kg

vertical coordinate, m

dependent variable

eZergy, ]

increment

efficiency

isentropic exponent

mass of gas, kmol

overall entropy growth, J/K

mass density, kg/m?

molar mass density, kmol/m?

entropy of the devaluation reaction, J/(K kmol)
number of microscopic configurations



Definitions and Laws of Substance

Subscript

b buoyant

C Carnot

ch chemical

g gravitational

H levelatx = H

i successive number
i ideal

m mechanical

max maximum

n standard

p potential

P constant pressure
ph physical

S system

S surroundings

su sugar

51,5 different mechanical arrangements (systems)
T constant temperature
t technical

u useful

v constant volume

X coordinate

T any process

0 environment

1,2 denotation

I1I denotation
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CHAPTER3

Definitions and
Laws of Radiation

3.1 Radiation Source

Radiation—caused only by the fact that a radiating body has a tem-
perature higher than absolute zero—can be considered from many
different viewpoints. According to its purpose, radiation can be con-
sidered to be electromagnetic waves or a collection of radiation energy
quanta, i.e., photons, which are the matter particles.

The photons constitute a so-called photon gas. Therefore, analo-
gously to a substance gas, a photon gas can be the subject of statistical
(microscopic) or phenomenological (macroscopic) consideration.

Energy supplied to a body, e.g., by heating, sustains oscillations of
atoms in molecules that then become like the emitters of electromag-
netic waves. At expend of internal energy or enthalpy of the body
substance the energy propagates from the body via the waves in a
process called thermal radiation. The terms radiation and emission are
two homonyms and can be used not only for the process but also for
the product of the radiation or emission process, respectively, i.e., the
collection of emitted energy quanta or photon gas. The product of ra-
diation is comprised of matter, the rest mass of which, in contrast to a
substance, is equal to zero.

According to the Prevost law, a body at a temperature greater than
absolute zero radiates energy that can differ depending on different
types of body substance, surface smoothness, and temperature. The
energy of this radiation does not depend on the parameters, proper-
ties, or presence of neighboring bodies.

The different bodies also absorb oncoming radiation in different
amount. Thus, energy exchange by radiation depends on the differ-
ence in emitted and absorbed radiation. For example, if the energy
emitted is greater than the energy absorbed, and the energy of the body
is not supplemented, then the temperature of the body decreases.
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Phenomenologically, heat exchange by radiation is interpreted
as a transformation of internal energy (or enthalpy) into the energy
of electromagnetic waves of thermal radiation, which then travels
through the surrounding medium to another body, at which point the
radiation energy transforms again to internal energy (or enthalpy).
Statistically, heat exchange by radiation is defined as the transporta-
tion of energy by photons that emit from excited atoms and move
until they are absorbed by other atoms.

Radiation energy is composed of electromagnetic waves of length
theoretically from 0 to co. The length \ of the waves is correlated with
the oscillation frequency v and the speed of propagation c as follows:

\v=c (3.1)

The speed ¢y of the propagation of electromagnetic waves in a
vacuum is largest: ¢y = 2.9979 x 108 m/s. The ratio n of speed ¢ to
the propagation speed ¢ in a given medium

n="2 3.2)
c
is called the refractive index and is always larger than 1. For gases, n is
close to 1, but, e.g., for glass it is about 1.5.

In experimental investigations it is usually more convenient to
measure the wavelength. In theoretical investigations, however, it is
usually more convenient to use frequency, which does not change
when radiation travels from one medium to another at different
speeds.

The shorter are the wavelengths, the more penetrable are the
waves. Figure 3.1 shows approximately some characteristic regions
of the wavelengths. As the wavelength decreases, i.e., the frequency
increases, the penetration of the radiation within the matter grows
deeper and deeper. For example, X-rays at ~10'” Hz (Hz = 1/s) travel
through the human body, finding only slight difficulty in penetrat-
ing bones. Gamma rays at ~10?> Hz have no problem penetrating
most substances including metals. Shields used against gamma rays
are made of dense metals, e.g., lead. However, natural cosmic waves
have far greater penetrating power than manmade gamma radiation
and can pass through a thickness even of 2 m of lead. With increasing
radiation frequency, the wavelength becomes very short in compari-
son to even the densest metal lattices. For extremely large frequencies

Thermal radiation

4 A

yrays  X-rays Ultraviolet Visible Infrared Radio waves A

T T T
0 10*um 102um 0.4 um 0.8 um 0.1mm 1cm 1 km

Fieure 3.1 Scheme of the characteristic wavelength regions.
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even the heaviest metals lose their shielding ability and are not able
to reflect the radiation. With diminishing wavelengths the radiation
energy decreases significantly. The shortest possible wavelength limit
is equal to the so-called Planck’s length, which corresponds to a fre-
quency of 7.4 x 10*2 Hz.

All the regions shown in Figure 3.1 overlap and, e.g., radiation
of wavelength 107 m, can be produced either by microwave tech-
niques (microwave oscillators) or by infrared techniques (incandes-
cent sources). All these waves are electromagnetic and propagate with
the same speed ¢j in a vacuum. The properties of radiation depend
on their wavelengths. From the viewpoint of heat transfer, most es-
sential are the rays that, when absorbed by bodies, cause a noticeable
increase of energy of these bodies. The rays that indicate such prop-
erties at practical temperature levels are called thermal radiation.

An electromagnetic wave is said to be polarized if its electric field
oscillates up and down along a single axis. For example, polarized
radiation is comprised of the waves generated by a radio broadcast-
ing with a vertical antenna, which makes the electric field point either
up or down, but never sideways. The light from an electric bulb is
an example of nonpolarized radiation: the radiating atoms are not
organized. Such radiation arriving in the eyes can have, for a while
a vertical electric field, but then it rotates around to horizontal, then
back to vertical in random fashion. The radiation can be polarized,
e.g., with use of a material such as Polaroid that absorbs radiation in
one direction while transmitting radiation in the other direction. For
example, Polaroid sunglasses can absorb horizontally polarized radi-
ation emitted mostly from reflective surfaces such as glass, water, etc.

Radiant Properties of Surfaces
The principles of propagation, deflection, and refraction of visible rays
are valid for all rays, thus also for all invisible rays.

An energy portion E from any surface, striking the considered
body of finite thickness, splits into three parts as schematically shown
in Figure 3.2. Generally, part E,, is reflected, part E is absorbed, and
part E; can be transmitted through the body. The energy conservation
equation for the portion E comes in the following form:

E=E,+Eq+E. (3.3)

The parts can be expressed in relation to the portion E. Thus we
have the definitions: reflectivity p = E,/E, absorptivity o = E./E,
and transmissivity T = E;/E, where:

l=p+a+r (3.4)

The magnitudes p, o, and 7 are dimensionless and can vary for
different bodies from 0 to 1.
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Ficure 3.2 Split of
emission energy E
arriving at the E,
considered body.

Eq

In practice, there are some bodies with different specific properties
that make the characteristic magnitudes of equation (3.4) take values
very close to 1 or 0. In order to systemize considerations, some ideal-
ized body models with extreme values of radiation are introduced.

If a body is able to totally absorb any radiation striking the body;,
ie. @ = 1, and thus from equation (3.4) has the result p =7 = 0,
then such a perfectly absorbing body is called perfectly black (i.e., a
blackbody).

If a body is able to totally reflect any radiation striking the body,
theninsuchacasep =1and a = 7 =0,and the body is called perfectly
white. If, due to the perfect smoothness of the surface, the reflection is
not dispersed, i.e., the incident and reflection angles are identical (spec-
ular reflection), then the body is additionally called a mirror. However,
if reflected radiation is dispersed in many directions (diffuse reflection),
then the surface is called dull.

Monatomic gases (e.g., He, Ar) and diatomic gases (e.g., Oz, N»)
are examples of bodies that practically transmit total radiation. Such
bodies can be considered as a model called perfectly transparent (r =1),
and from equation (3.4) we geta = p =0.

Some bodies are permeable only for waves of a determined length.
For example, a window glass transmits only visible radiation and
almost entirely does not transmit other thermal radiation. Quartz glass
is also practically nontransmittable for thermal radiation except for
visible and ultraviolet radiation.

Solid and liquid bodies, even of very small thickness, practically
do not transmit thermal radiation. They can be considered as a model
of perfectly radiopaque body for which 1 = 0 and:

0L+p :1 (35)

As the results from equation (3.5) show, the better a body reflects
radiation, the worse it absorbs, and vice versa. The reflecting ability of
thermal radiation can be significantly larger for smooth and polished
surfaces in comparison to rough surfaces.
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The body for which the reflecting and absorbing abilities are con-
stant for any wavelength, (i.e., o, = const and p, = const) is called
perfectly gray, and equation (3.5) is then:

ay +pr = 1 (36)

The bodies with oy # const, which are commonly met, are some-
times called varicolored bodies.

Radiation occurring only at a certain value of frequency v or
wavelength )\, i.e.,, within a narrow frequency band dv (or d\), is
called monochromatic, and the radiation occurring within some finite
frequency (or wavelength) band is called selective. In comparison to
monochromatic, the term panchromatic, rarely used, means relevancy to
all wavelengths.

In reality there are no bodies that ideally fulfill the assumptions
for the discussed models. Even black-looking soot has absorptivity
a = 0.9-0.96, and thus is clearly smaller than 1. The perfectly gray
surface does not exist in nature. The absorptive ability of real bodies
is not constant for all wavelengths and temperatures. For example,
the reflectivity of polished metals (which are good electrical conduc-
tors) is large and grows with increasing wavelength. However, the
reflectivity of other technical materials (which are poor electrical con-
ductors) is large for short waves and small for long waves. In spite of
intense shining these materials have a significant ability for absorbing
radiation.

Definitions of the Radiation of Surfaces

Emission E of a surface is the energy radiated at the temperature of the
surface and emitted into the front hemisphere. The emission expressed
in watts (W), related to the emitting surface area 4, is called the density
of emission:

e =

E
= (3.7)

and is expressed in W/m?.

However, generally, the radiation propagating from a considered
surface can be composed of both the emission from such a surface and
the radiation from other surfaces that are reflected by the considered
surface. The particular radiation components can differ depending on
their temperature. In energetic consideration of radiation, the temper-
ature of such components is not distinguished and the total radiation
(emission and reflected radiation) is called the radiosity, ]. The radiosity
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is expressed in the same units as emission and, analogously, the ra-
diosity density j is related also to the surface area:

=3 3.8)

For a blackbody, which does not reflect radiation, the radiosity
equals the emission (J = E). Usually the general term radiation can
mean either emission or radiosity.

The exchange of radiation energy can occur between surfaces of
different size and configuration. In calculations of the exchange be-
tween any two surfaces 1 and m, generally only a part of the radiation
from surface n arrives at surface m. Therefore, one can use the view
factor ¢,_,, which is defined as the ratio of the radiosity J,_, arriving
from surface n at surface m, to the radiosity |, leaving surface n:

Jn—m
Jn

The factor value can be within the range from 0 to 1. If each of
the considered surfaces is uniform in terms of temperature and ra-
diative properties, i.e., the density of radiosity is constant at every
point of the respective surfaces, then the factor depends only on the
location of both the surfaces in space and is sometimes called the view
factor. However, if j is not the same at any point of the considered
surface area A, then the radiosity density has to be considered locally
(j =dJ/dA) as will be discussed later.

The density of emission e consists of the energy emitted at the
wavelength A from zero to infinity. The very small part de of the emis-
sion corresponds to the wavelength range d\. Therefore, for the given
wavelength the monochromatic density e, of emission is defined as
follows:

(3.9)

Pr—m =

de

= — 3.10
ex an ( )

The monochromatic emission density ey, W/ m?, depends on the
wavelength, temperature, and radiative properties of the emitting sur-
face. However, the model of a black surface has determined radiative
properties and the monochromatic density e; ) of emission of the black
surface

deb

- (3.11)

ey =

is only a function of temperature and wavelength.
As shown in Figure 3.3, the total, i.e. panchromatic (for all wave-
lengths), emission density e, of the black surface is represented by the
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Ficure 3.3 The
area representing
the elemental energy N
of emission.
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area under the ¢, spectrum, whereas the total panchromatic emis-
sion of the gray surface corresponds to the smaller area, under the ey
spectrum. The quantity e, can be determined based on equation (3.11)
by its integration over the whole range of wavelengths from 0 to co.

Planck’s Law

Figure 3.4 shows the theoretical model of a blackbody, called the cavity
radiator, which has played an important role in the study of radiation.
The analysis of the nascent radiation in the model led to the birth of
modern quantum physics.

The virtual model of the black surface (Figure 3.4) appears as a
small hole in the wall embracing a certain space. Any radiation por-
tion P entering the space through the hole is the subject of successive
multiple deflections. Each deflection attenuates the portion P, espe-
cially when the interior is lined up with material with high absorpti-
vity. It can be assumed that the portion P is entirely absorbed by the

Ficure 3.4 Cavity
radiator.
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hole; therefore the hole behaves like a perfect blackbody (a = 1). The
radiosity of the hole does not contain any reflected radiation, but it
represents the density of the emission e;, of a perfectly black surface.
Thus, the density of black radiosity j, of the hole is equal to the den-
sity of emission ¢; of the black surface, j, = e;. The cavity space does
not contain any substance; the refractive index n = 1. The emission
density e; expresses radiation energy emitted from the hole into the
front hemisphere, i.e., within the solid angle 21 sr.

In 1900, Planck announced his hypothesis with a detailed model of
the atomic processes taking place at the wall of the cavity radiator. The
atoms that make up the cavity wall behave like tiny electromagnetic
oscillators. Each oscillator emits electromagnetic energy into the cavity
and absorbs electromagnetic energy from the cavity. The oscillators do
not exchange energy continuously, but only in jumps called quanta
hv, where v is the oscillator frequency and / is Planck’s constant,
h=6.625x107]s.

Thus, in radiation processes there arise discrete quanta for which,
if the principle of quantum-statistical thermodynamics is applied, the
following expression can be derived for the energy density u,, J/m?,
of radiation per unit volume and per unit wavelength:

81T]’1C0
A (ex% — 1)

where k = 1.3805 x 102 J/K is the Boltzmann constant.

In order to obtain the radiation energy flux, i.e., the energy emis-
sion ey ), instead of the radiation energy remaining within a certain
volume, the energy density u, should be multiplied by the factor
co/4 resulting from the geometrical considerations discussed, e.g.,
by Guggenheim (1957). Thus, based on the quantum theory, initially
empirically and later proven theoretically, the Planck’s formula for
the black monochromatic emission density ¢; ,, can be established as
follows:

Uy = (3.12)

C1

ep\ = m (3.13)

where

c1 =2mhc} =374 x 107 Wm?  and
h
2= =0 = 14388 x 10 2m K
are the first and the second, respectively, Planck’s constants and T
is the absolute temperature of black radiation. Figure 3.5 presents
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Ficure 3.5 Monochromatic density of emission as a function of temperature
and wavelength.

the curves of the black monochromatic density of emission ¢ as a
function of wavelength \ and for some different temperatures T. The
higher is the temperature T, the larger is the area between the \-axis
and the respective curve. The dashed line in Figure 3.5 represents
points of the maximum values of ¢, \ and it shows that the higher is
the temperature T the smaller is the wavelength \,, corresponding to
the maximum.

For the model of a perfectly gray surface it is assumed that the
panchromatic emissivity €, defined later by equation (3.22), is equal
to the monochromatic emissivity €, as follows:

e=Log = (3.14)
€y €h\

For comparison, Figure 3.6 presents four examples of the different
surface spectra e, for the same temperature. The largest and always
the maximum values of the spectrum appear for the black surface
(dashed—dotted line). The real surfaces (solid line) have the smaller
values of the monochromatic emission ey, (always e, < ey ), which
can be represented by the regular averaged curve (dashed line) cor-
responding to the appropriately selected model of a perfectly gray
surface with a constant value of emissivity €. Thus, the spectra for
the models of black and gray surfaces reach the maximum for the
same wavelength. An entirely different type of spectrum can appear
for a gas. The gas spectrum can be irregular (e.g., dotted line) so that
application of the gray model is too inexact.
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black surface
————— grey surface
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12‘ N | gas
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e

Fieure 3.6 Examples of spectra of three surfaces; black, gray (at € = 0.6),
and real, compared to the spectrum of gas (H,0), at the same temperature.

For some cases the Planck’s formula (3.13) can be simplified to the
two forms; each giving an error smaller than only 1%. First,if \ x T <

3000 wm K, then c;/(AT) > 1 and the following formula derived by
Wien, is obtained:

C c
Coy = )\—ée N (3.15)

Second, if A x T > ¢y, i.e., if A x T > 7.8 x 10~°pum K, then expand-
ing the expression in brackets in the denominator of equation (3.13)

1
1400 T
\.
1200 SN \ .
\ \/FRaer|gh-Jghans
\ \
CE 1000 Z \ C
= A\ \
=< 800
(O] [ WienXKPlanck \
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Fieure 3.7 Comparison of e, , values for 2500 K.
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in series:

9 2 1 rcp\2
exr—]_ﬁ_{_E(ﬁ) + ..

and neglecting further terms, the Rayleigh—Jeans formula can be ap-

plied:

The precision of the Wien formula (3.15), in comparison to Planck’s
formula (3.13), is illustrated in Figure 3.7 for T = 2500 K. The conver-
gence for this temperature is better the smaller is the wavelength.

The Rayleigh-Jeans formula (3.16) for the shown range of wavelength

gives significantly inexact values.

The precision of the Rayleigh—Jeans formula (3.16) in comparison
to the Planck’s formula (3.13) is illustrated in Figure 3.8 for T = 1000 K.
The convergence for this temperature is better the larger is the wave-

length. The Wien formula (3.15) for the shown range of wavelength
gives significantly inexact values.

Wien’s Displacement Law

The wavelength A\, for which the spectrum of black emission reaches

maximum, can be determined by considering the derivative of equa-
tion (3.13) as equal to zero:

debv)\
dan

=0 (3.17)

140

= (3.16)
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Introducing a new variable x as follows:

Cp Cy
N=—, AN = ———d
Tx T2t

d x°
ﬂ(ex—l>:0

which leads to the transcendental equation:

it could be written as:

xe*

=5
eX—1

with only one real solution, x = 4.965. Thus, the considered maximum
value in the spectrum appears for the condition, called the Wien’s
displacement law:

AT =3 (3.18)

where ¢3 = cp/x=2.8976 x 10 m K.
Substituting (3.18) into (3.13), the value of the maximum of the
monochromatic intensity of the blackbody emission is:

epam = 4 T° (3.19)
where

(551 _5
—Q— =1.2866 x 10
Cg’ (e%965 — 1) X md K5

Cqy =

Equation (3.19) presents the hyperbole with asymptotes that are
the axes of the coordination system (\, ¢;\) as shown in Figure 3.5
(dashed line).

Stefan-Boltzmann Law

In order to determine the emission density e, of a black surface, equa-
tion (3.11) can be applied in integrated form:

(e8]

ey = /em\d)\ (3.20)
0

Applying Planck’s relation (3.13) into (3.20), with substitution
x =c/(NT), yields:

4
ey = 1 <£> / X3 ! dx (a)
Co eXx —1
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The fraction in equation (a) can be represented as the sum of the
infinite geometric series:

1 m=00

= m; e (b)
Using (b) in (a):
4 m=o0 X
ep = C1 <Z> /x3e‘"“'dx (©)
Ce
m=1 0

Then, combining consecutively the integration solution
n,ax 1 n,ax n n—1,ax
x"e dx:a—xe - x" e dx (n>0) (d)

given, e.g., by Korn and Korn (1968; integral #452, p. 966, with their
symbols nand a), and after substitution for the present considerations:
n = m and a = -n, integral (3.20) comes finally to the following Stefan—
Boltzmann law:

ey =0T = %"ﬂ 3.21)
where the Boltzmann constant for black radiation:
1T4 C1 _8 W
UZEC—4:5.6693><10 ——

2

and the universal constant:

/

_ -16

are determined theoretically.

From the assumption for the gray surface model, expressed by
relations in equation (3.14), the emission density e;, of the black surface,
givenby equation (3.21), can be used for determination of the emission
density e of the gray surface as follows:

e=¢goT* (3.22)

For convenience in practical calculations, equation (3.22) is some-
times applied in the form:

T \4
in which the radiation constant for a black surface C, = 10® x o. The
experimental value is C, = 5.729 W/(m? K*), which is a little larger
than o /108 = 5.6693.
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Surface Emissivity, Average
Surface material temperature, °C (€)p-o emissivity, €
Gold 20 0.02-0.03 —
Silver, polished 20 0.02-0.03 —
Copper, polished 20 0.03 —
Copper, oxidized 130 0.76 0.725
Aluminum 170 0.039 0.049
Steel, polished 20 0.24 —
Steel, red rust 20 0.61 —
Steel, scale 130 0.60 —
Zinc, oxidized 20 0.23-0.28 —
Lead, oxidized 20 0.28 —
Bismuth, shining 80 0.34 0.366
Clay, burnt 70 0.91 0.86
Brick 20 0.93 —
Ceramics — — 0.85
Porcelain 20 0.91-0.94 —
Glass 90 0.94 0.876
Ice, liquid water 0 0.966 —
Frost 0 0.985 —
Paper 90 0.92 0.89
Wood 70 0.935 0.91
Soot — — 0.96
Asbestos 23 — 0.96

TasLe 3.1 Emissivity Values of Different Materials

In practice, the choice of a proper value of emissivity ¢ is difficult.
Some averaged values of € for different materials are shown in Table 3.1
and more values can be found in related literature, e.g.,, Holman
(2009).

Lambert’s Cosine Law

The radiosity density j can be considered for a body surface or for any
cross section in a space. The radiosity density j determines the total
energy radiated in unit time, corresponding to the unit of surface area
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and in all directions into the front hemisphere, i.e., within the solid
angle 2 sr:

w=2m

j= / ipdo (3.24)

w=0

where i is the directional radiation intensity, W/(m? sr), expressing the
total radiation propagating within solid angle dw and along a direc-
tion determined by the flat angle B with the normal to the surface
(Figure 3.9).

Usually, the practical observations motivate the assumption that
a certain surface A (Figure 3.9), is seen at the same brightness under
any angle B. It means that for any direction determined by B the
radiation intensity is the same as is schematically represented by equal
spacing “x” of the normal rays (at = 0) and for the rays propagating
from surface Aunder arbitrary angle 8. Thus, the directional radiation
intensity ig of surface A along angle B can be replaced by the normal
radiation intensity i of equivalent surface Ag:

Ag = A cosPB (3.25)
If the surfaces Aand Ag have the same temperature and properties,

then the energetic equivalence of radiation of both surfaces leads to
the statement:

Aig = Agig (3.26)

Substituting (3.25) into (3.26) the Lambert’s cosine law is obtained
which states that for the flat surface the radiation intensity ig along a
direction determined by angle § with the normal to the surface is:

ig = ipcos (3.27)

al
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Ficure 3.10 Circular
diagram of radiation
intensity.

where iy is the normal radiation intensity. Equation (3.27) can be illus-
trated by a circular diagram shown in Figure 3.10. With the growing
angle B from 0 to w/2 deg, the intensity ig decreases respectively from
values ij to 0 deg.

Based on Lambert’s cosine law the following consideration can be
developed. As shown in Figure 3.11, the solid angle d w, under which
a surface dA’ is seen from surface dA, is measured as a surface area dA’
divided by the square of distance r of this surface from the observation
point at surface dA:

do = dri; (a)
where
dA =r dp 2wr sinfB (b)

Substitute (3.27), (a), and (b) into (3.24):

B=m/2 B=m/2 1

j=mio / 2sinBcosP dp = m ig / sin2B dB = m io; (~ cos2p) o
p=0 B=0

Ficure 3.11 | rsinB
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and finally:
j =i (3.28)

Based on equations (3.27) and (3.28):
ip= L cos B (3.29)
T

For given values of the radiosity density j and angle B, formula
(3.29) allows for calculation of directional radiation intensity ig.

The result is that when Lambert’s law is fulfilled, the surface emit-
ting radiation has the same radiosity intensity regardless of the direc-
tion from which the surface is seen. For example, this is why heavenly
bodies make an impression like shining flat walls and not like a lump
body.

Kirchhoff’s Law

The relation between the absorptivity a and emissivity € of the surface
can be derived with use of the model of heat exchange shown in Figure
3.12. There are two flat, infinite, and parallel surfaces facing each other;
one is perfectly gray (with any constant values of emissivity € and
reflectivity p), the other is perfectly black (g,=1 and p;=0). The same
and uniform temperature T prevails over both surfaces. Emissione =
€ x ey, of the gray surface is totally absorbed by the black surface.
Emission e;, of the black surface is partly absorbed (a x ¢;) and partly
reflected (p x ep). The system boundary (the dashed line in Figure
3.12) defines the considered system, which is the very thin layer next
to the gray surface.

Fiure 3.12 System
Scheme of energy boundary
radiation balance. ’— e ;
. g e
| A
ey o
IR VAR S
l j pép
Gray Black

surface surface
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The energy conservation equation, applied for the system, yields:
ey —pep=e (3.30)

After elimination of p and e from equation (3.30) by using, respec-
tively, equations (3.5) and (3.14), one obtains:

a=c¢ (3.31)

which is Kirchhoff’s law (also called Kirchhoff’s identity); the surface
emissivity is equal to the surface absorptivity at the same temperature.
In practice, equation (3.31) can be applied if € > 0.5. For smaller values
of £, Kirchhoff’s law can be inexact.

Derivation of the obtained result (3.31) did not require assump-
tions about any parameters, i.e., the result does not depend on the
wavelength \, temperature T, and the angle 3; thus, for any wave-
length, temperature, or direction, we have also:

OO\TR = E\TB (332)

Emissivities of real materials differ from the values for discussed
models, e.g., Lambert’s cosine law, especially for polished surfaces.
The directional emissivity €g, in a direction determined by angle B, is
the following ratio of the respective directional radiation intensities

p
OO
1
30° B
Wood
60°
Black
surface
Bronze
900 8[3

1

Ficure 3.13 Real directional emissivity egof bronze and wood as a function
of angle B (from Petela, 1983).
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ig and 7, g for gray and black surfaces:

g = L (3.33)
g

For example, Figure 3.13 shows the comparison of the directional
emissivities gg for bronze and wood to the emissivity €, g for a black
surface (€53 = 1). There are different surfaces, e.g., bronze, for which,
in the significant range of angle B, the emissivity eg can grow with
the increased angle . However, for all materials, with the angle 8
approaching 90°, the directional emissivity eg rapidly decreases to
zero. Table 3.1 presents some illustrative data on emissivity of different
surfaces, selected from data given by McAdams (1954) and Schmidt
(1963).

Nomenclature for Chapter 3

A surface area, m?

a universal radiation constant, 2 = 7.764 x 1071 J/(m? K*)
c speed of propagation of radiation, m/s

co speed of propagation of radiation in vacuum

co =2.9979 x 108 m/s

c1 the first Planck’s constant, c; = 3.74 x 107 W m?2

co the second Planck’s constant, ¢, = 1.4388 x 1072 m K
c3 the third Planck’s constant, c; = 2.8976x107° m K

C4 the fourth Planck’s constant, ¢4 = 1.2866 x 107> W/ (m? K®)
E emission of radiation, W

e density of radiation emission, W/ m?

h Planck’s constant, i = 6.625 x 1074] s.

i directional radiation intensity, W /(m? sr)

] radiosity, representing a total radiation from a body, W
j radiosity density, W/m?

k Boltzmann constant, k = 1.3805 x 1072 J/K

n refraction index

n,m denotation of different surfaces

r radius, distance, m

x auxiliary value

Greek

o absorptivity

B flat angle (declination), deg

€ emissivity of surface

€p directional emissivity of surface in direction

determined by angle
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Q ©

g < >A

view factor

reflectivity

Boltzmann constant for black radiation,
0 =5.6693 x 1078 W/(m? K*)
transmissivity

wavelength, m

oscillation frequency, Hz, (1/s)

solid angle, sr

Subscripts

3

AT T >>mR OIS

black surface

maximum

denotation of different surfaces
forB =0

absorption

flat angle

wavelength

frequency

reflection

transmission



CHAPTER4

The Laws of
Thermodynamic
Analysis

4.1 Outline of Thermodynamic Analysis

4.1.1 Significance of Thermodynamic Analysis

The significance of thermodynamic analysis is that it can be applied to
the investigations of all energy conversion phenomena. Such analysis
provides different (energy, entropy, and exergy) views of the same
phenomenon. Typical analysis is based on the material conservation
equations that are used for developing energy balances, calculation of
entropies, and, in recent decades, also for providing supplementary
exergy balances.

Energy balance, based on the First Law of Thermodynamics, is
developed to better understand any process, to facilitate design and
control, to point at the needs for process improvement, and to enable
eventual optimization. The degree of perfection in the energy utiliza-
tion of the process, or its particular parts, allows comparison with
the degree of perfection, and the related process parameters, to those
in other similar processes. Comparison with the currently achievable
values in the most efficient systems is especially important. Also, pri-
orities for the required optimization attempts for the systems, or its
components, can be established. Such priorities can be carried out
either based on the excessive energy consumptions or on the particu-
larly low degree of perfection.

However, the energy approach has some deficiencies. Generally,
energy exchange is not sensitive to the assumed direction of the pro-
cess, e.g., energy analysis does not oppose if heat is transferred spon-
taneously in the direction of the increasing temperature. Energy also
does not distinguish its quality, e.g., 1 W of heat equals 1 W of work or
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electricity. Energy analyses can incorrectly interpret some processes;
e.g., environmental air, when isothermally compressed, maintains its
energy (e.g., enthalpy) equal to zero, whereas the exergy of the com-
pressed air is larger than zero.

Entropy expresses the thermodynamic probability of a matter’s
state. According to the Second Law of Thermodynamics, the overall
entropy growth in a process is required always to be positive. This re-
quirement, applied even to an elemental step of any complex process,
determines the only possible direction in which the step can occur.
Entropy analysis allows for identification and location of the sources
of irreversibility contributing to the overall unavoidable degradation
of energy.

Entropy can be used for process optimization by minimization of
entropy generation. The overall or local irreversible exergy loss can be
calculated from the Guoy-Stodola law, equation (2.60), in which the
respective entropy growth is applied. However, the Second Law has
limited application for micro systems containing a countable number
of independent particles. The smaller the number of particles, the less
precisely the Second Law is fulfilled. For example, for any microbi-
ological system containing only a few components, the Second Law
may not be fulfilled.

The highest form of energy is mechanical energy, and work is the
most valuable method of energy transfer. Therefore, exergy is defined
as the maximum useful work obtainable from the considered matter
(substance or field matter) in known environmental conditions. Ex-
ergy alone, not the energy, expresses the real ability to do work. The
full classic definition of exergy, as a function of the states of matter
and environment, is discussed in Section 2.6.

Exergy is a concept derived from simultaneous application of the
First and Second Laws of Thermodynamics. Irreversibility destroys
the exergy. There is no exergy conservation law, and exergy balance is
completed with exergy loss; the greater the loss, the more irreversible
is the process. Exergy balance allows for the development of exergy
analysis according to a similar methodology for energy analysis. Ex-
ergy analysis applies to all applications mentioned for energy analysis.
Whereas thermodynamic probability is expressed in units of entropy,
exergy is expressed in units of energy. Consequently, exergy data are
more practical and realistic in comparison to the respective energy val-
ues. Thus, exergy analysis provides a more realistic view of a process,
which sometimes differs dramatically in comparison with the stan-
dard energy analyses. Exergy analysis can be compared to energy anal-
ysis, such as the second different projection in a technical drawing dis-
closing additional details of the subject seen from a different vantage.

Currently, there exist several different approaches to exergy anal-
ysis; see Moran and Shapiro (1992) or Bejan (1997). They all are
largely mutually consistent, equally valid, and contribute to a better



The Laws of Thermodynamic Analysis

understanding of exergy analysis. Recently, the significance of exergy,
used as a core thermodynamic variable for the investigation of bio-
logical systems, was presented by Jergensen and Svirezhew (2004) in
“mathematical biology.”

However, the considerations in the present book are based on
earlier pioneering approach to exergy analysis, which is the origi-
nal monograph on exergy by Szargut and Petela (1965b, 1968), later
developed also by Szargut et al. (1988). They apply exergy analysis
to various processes, mostly to industrial processes. The analysis is
based on classical thermodynamics and considerations are verified
by numerous examples of applied engineering thermodynamics.

4.1.2 General Remarks and Definition of the
Considered Systems

Knowledge about the environment in nature is continually being
gained through many methods and observations. The scale of ap-
proach may be microscopic (e.g., a microscopic observation, or differ-
ential calculus) or macroscopic (phenomenological considerations, or
integral calculus). Usually, studies are organized by focusing attention
on a particular system that represents the targeted problem well.

Description and definition of the system is then a very impor-
tant stage in any investigative approach. Consideration not based on
a precisely defined system can lead to astonishing—but incorrect—
results. The system has to be precisely determined by separating those
elements included from those that are excluded. This is usually effec-
tively rendered by applying the imaginary system boundary that tan-
gibly separates the system from its surroundings. The best practical
way is to draw a scheme of contents of the system indisputably sep-
arated from the surroundings by the drawn system boundary. Some-
times the investigated problem can be solved easily by introducing
subsystems, also defined precisely.

The balance equations can be applied to each formulated system
or subsystem. Below are discussed conservation equations for mass
and energy. For the considered system one can also apply the equation
of entropy growth and the balance equation of exergy. Each equation
allows for determination of an unknown variable or for establishing
a relation between variables.

The mass and energy conservation equations can be the basis for
designing or exploiting the considered object. Complete data obtained
from mass and energy considerations allows for development of en-
tropy equations to verify the correctness of the mathematical model
of mass and energy results from the viewpoint of the Second Law. The
complete data can be also used to develop the exergy interpretation
of the energy conversion process and mass transformation from the
viewpoint of quality.
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As discussed, the variables obtained from mass and energy anal-
yses are very important; thus, they have to be prepared carefully. The
variables can be measured, assumed, or calculated. If the system is
over-determined, i.e., if the number of unknowns is smaller than the
number of available independent equations, then all variables can be
corrected based on the probability reconciliation calculus. For this rea-
son the principles of exemplary reconciliation method are outlined in
Section 4.7.

In practice, in the considered system the radiation processes are
usually accompanied by processing on substances; therefore the laws
of thermodynamics are considered below for systems in which radi-
ation and substance play a role together.

Substance and Mass Conservation

The human brain understands matter either in the form of substance
(material), i.e., as a collection of elementary chemical particles, or as
field matter that appears as a field force of various kinds. Whereas
substance is always connected with field matter (e.g., in the form of
gravity), the field matter can exist independently of substance (e.g.,
matter of electromagnetic fields). Mass is the property of matter and is
a measure of its inertia. The rest mass of field matter is zero, whereas
the rest mass of substance is different from zero. For this reason the
mass is commonly used as a measure of the amount of substance
whose mass determines a weight in a gravitational field.

The change Am of mass due to the increase Ae of energy is deter-
mined by Einstein’s formula:

A
Am = 28 4.1)

¢
where ¢ is the speed of light in vacuum.

For example, based on equation (4.1) the estimated mass m of the
blackbody emission e, calculated from formula (3.21) is shown in Fig-
ure 4.1 as a function of the emission temperature T. Even for the high
temperatures T, the flux of the emission mass 1 of several mg / (km? s),
as shown in Figure 4.1, is negligible in the common engineering mass
flow rates.

It results from equation (4.1) that conservation laws for mass and
energy are not independent and they both formulate differently the
general law called the law of matter conservation. Thus, the mass con-
servation law corresponds to the energy conservation law.

The energy conservation law is commonly used in engineering
considerations and calculations, whereas application of the mass
conservation law is unnecessary and sometimes even not possible to
apply. However, the substance conservation principle is commonly
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applied, which is independent of the conservation laws of mass and
energy.

The principle of conservation of substance claims that constant is
always the number of molecules in physical processes, or the number
of elements in chemical processes, or the number of nucleons in the
processes of splitting and synthesis of nuclei.

The substance conservation equation does not need to account
for radiation or any other form of matter except substance. Such an
equation is developed for the system defined precisely by the system
boundary. For an elementary process lasting very briefly:

dmin = de + dmout 4.2)

where m;, and oy, kg, is the elementary amount of substance deliv-
ered and extracted, respectively, from the system, and m; is the ele-
mentary increase of the amount of substance within the considered
system. Equation (4.2) can be appropriately modified for the steady
state (dmg = 0), or for certain instants with use of mass flow rates, or
for a certain period of time. The equation can be applied separately to
particular compounds (if there is no chemical reaction) or elements.
The amount unit can be kg, kmol, or the standard m?° of the considered
component.

The substance can be exchanged with the system by diffusion flux.
For example, for gases the diffusion flux can be determined with use
of Fick’s law in a laminar situation or, with use of an equation with
appropriately modified coefficients, in the case of turbulent diffusion.
Due to the diffusion fluxes the enthalpy of the diffusing substance is
carried out and the entropy effects occur, as discussed in Section 4.3.

A particular form of substance conservation equation can be the
equation summarizing fractions of components in the considered
composite material:

Z fi=1 4.3)

where f; is the fraction of the ith component of the material.
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Energy Conservation Law

4.3.1 Energy Balance Equations

The energy conservation equation is the result of observations and
cannot be proved or derived. Throughout the long history of mankind
there has not been recorded any phenomenon that disagrees with the
First Law of Thermodynamics.

Energy balance based on the First Law of Thermodynamics is the
basic method for solving problems of thermodynamics. If one wants
to analyze any problem and helplessly does not know how, the general
advice is to try to make an energy balance of the system that would
represent the targeted problem. The First Law can be applied to a
variety of problems, which, however, require a well-defined system
for consideration. The system boundary should be the same for energy
and matter balances because the matter balance is the basis for balance
of energy. Sometimes only the specific definition of the system and
particular tracing of the system boundary allows for the solution of the
thermodynamic problem. In other cases the solution can be obtained
by defining more of the different subsystems.

Generally, the energy Ej, delivered to a system remains partly
within the system as the increase AEg of the system energy, and the
rest is the energy Ey leaving the system. Thus, the general equation
of energy balance is:

Ein = AEs + Eou (4.4)

Usually, for better illustration of the balance equation, the par-
ticular terms of the equation are shown in the bands diagram. The
principle of such a diagram is shown by a simple example (Figure 4.2)
illustrating equation (4.4).

In principle, for energy considerations, the reference state for cal-
culation of the energy of the matter included in the consideration
can be defined arbitrarily; however, it is recommended to select this
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reference the same as for the exergy consideration in order to make a
fair comparison of both the energy and exergy viewpoints.

Generally, application of the energy balance does not require anal-
ysis of processes occurring within the system boundary. It is sufficient
only to know (e.g., from measurements) the parameters determining
components of the energy delivered and leaving the system, as well as
the parameters determining the initial and final states of the system.
Obviously, if only the one unknown magnitude appears in the balance
equation, then the equation can be used to calculate this magnitude.

Energy balance can be tailored differently depending on the con-
sidered viewpoint and actual conditions. For example, there are possi-
bilities to categorize the case under consideration: (a) energy delivered
is spent entirely for an increase of system energy with no energy leav-
ing the system; (b) energy leaving the system comes entirely from
the decrease of energy of the system with no energy delivered to the
system; (c) there is neither delivered nor departing energy but only
energy exchange within the system; (d) energy delivered is equal to
energy leaving the system, with no change of the system energy. Other
possibilities are that some components of energy can be neglected ei-
ther due to relatively small changes or because they are not changed
at all. The balance equation can be written for the steady or transient
systems, for the system considered on a macro scale or a micro scale
for which differential equations are applied, etc.

For example, for the elemental process lasting an infinitely short
time, the balance equation (4.4) can take the form:

dEin = dES + dEout 4.5)

In equation (4.5), only dEs is the total differential and in order to
demonstrate it clearly it is better to write equation (4.5) as follows:

Ein(Ddt = dEg + Eou(t)dt (4.6)

where E;, and Eoy are the respective fluxes (e.g., in W) of energy
delivered and extracted from the system, and f is the time.

Determination of dEgs requires not only accounting of the change
of the intensive parameters of the system state but also of the eventual
change of the substance amount in the system. If the considered system
contains only the homogeneous substance, then

dEs = d(ms eg) = mg des + es dmg 4.7)

where ms and es are, respectively, the amount of matter and its specific
energy contained within the system.

Sometimes the subject of consideration can be recognized as mov-
ing in space (e.g., solar vehicle, radiometer vane, etc.). The simplest
energy balance equation is then obtained by assuming that the coor-
dinates system determining velocity and location is moving together
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with the system boundary. However, there are some consequences
of such an assumption. Kinetic energy should be determined for the
velocity relative to the moving system. The useful work done by the
system does not appear in the energy balance because the forces acting
on the system do not make replacements relative to the coordinates
system. The useful work can be determined only for velocity and lo-
cation relative to the earth.

Energy and mass calculations are the basis for engineering de-
signs, whereas neither entropy nor exergy are. However, these latter
have interpretative significance, as will be shown in the following
chapters.

4.3.2 Components of the Energy Balance Equation

The energy of a system depends on its state. An increase AEs in the
energy system, changing from its initial to its final state, does not de-
pend on the transition manner between these states, and is a difference
between the final Es g, and initial Eg i energies of the system:

AEs = Esfin — Esinf 4.8)

Generally, the system energy can consist of macroscopic compo-
nents such as Emaceri due to velocity (kinetic energy), surface tension
(surface energy), gravity (potential energy), or any other energy of
field nature (e.g., radiation). The remaining part of the system en-
ergy, containing microscopic components U;, constitutes the internal
energy (discussed in Section 2.3):

ES = Z Emacri + Z u] (49)
i j

where i and j are the successive numbers of the macro and micro
components, respectively, of the system energy.

If the kind of substance before and after the process (e.g., physical
process) is the same, then the reference state for calculation of the
energy of the substance can be established with a certain degree of
freedom. For example, the reference state can be assumed to be the
state of the substance entering the system. Thus, the substance energy
entering the system is zero, whereas the energy of the substance exiting
the system is equal to the energy surplus relative to the reference state.

In addition, the components of negligible or constant value must
not be taken into account. For example, the energy of the surface ten-
sion can be included only in consideration of the fluid mechanics
process of liquid atomization or of the mechanical process of solid
material comminution. Both processes have been analyzed, e.g., by
Petela (1984a,b).

The energy exchange (Ej, and E.) with a system can occur in
different ways.
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Electrical energy can be delivered for heating the system, for driving
an electric motor, or for generating an electromagnetic effect within
the system (e.g., strong electric field effects combustion). In reverse
processes the electric energy can be obtained; e.g., with the use of an
electric generator, energy is obtained from the system. The energy flux
of electric energy (power) is measured by a wattmeter.

Mechanical work can be exchanged with the system by means of a
piston rod with reciprocal motion or with a rotating shaft.

The energy balance of a system should comprise mechanical work
performed by all forces acting on a system boundary. Therefore, if a
substance flux passes through the boundary, then the work performed
by the force acting in the place of passing should be taken into account.
Such transportation of a substance through the boundary is expressed
by enthalpy (discussed in Section 2.3). For some kinds of substance, the
enthalpy can be calculated with a specific formula; e.g., the formulae
for plasma are discussed by Petela and Piotrowicz (1977).

If the considered system is moving relative to the coordinate sys-
tem determining the location and velocity, then the work done by the
forces causing the system displacement has to be considered. The en-
ergy balance should also include the work done by deformation of the
system boundary if its shape changes during consideration.

Kinetic energy should be considered if the substance passes the
system boundary with significant velocity relative to the boundary.

The potential energy of the substance exchanged with the system
is included up to the energy balance if the substance has significant
elevation above the reference level. This energy component results
from the presence of the gravity field.

Energy transferred by heat occurs by direct contact of the system
with the body at a temperature different from the system tempera-
ture, or can occur without contact, via radiation. The effect of contact
during heat exchange appears in heat conduction as well as in heat
convection. The model of pure conduction occurs when the particles of
the contacted body do not change their location (solids). The energy is
then transferred by free electrons and oscillations of atoms in the crys-
tal lattice. Still, pseudo pure conduction can be recognized between
fluids of very laminar flow; conduction occurs in the direction perpen-
dicular to the ordered motion of particles at the component velocity
only in the flow direction. In such a case, excluding the possibility of
diffusion, there is no perpendicular substance flow and in spite of the
medium flow this heat is transferred by conduction.

The essence of heat convection is the motion of substance (fluids),
during which the mixing of hot and cold fluids occurs. However,
the micromechanism of this mode of heat transfer also depends on
the direct effective contacts (conduction) between the hot and cold
fluids portions being replaced. If mixing is caused by the nonuniform
distribution of density (temperature profile), then convection is called

65



66

4.4

Chapter Four

natural convection. In contrast, if the mixing is a result of the action of
a pump or ventilator, etc., then a forced convection occurs.

Energy can be also exchanged with the system due to a diffusive
substance flux. Then, the enthalpy of a diffusing substance has to be
taken into account. For example, consider a system boundary demar-
cated over the laminar zone of a mixture of gases of the nonuniform
temperature distribution. If it is assumed to be a laminar (no convec-
tion) mode of transparent gases (no radiation), then the energy E;,
W, exchanged through the boundary due to the heat conduction and
enthalpy of the diffusing substance is composed of the two respec-
tive terms. The first term represents the heat conducted according
to Fourier’s law and the second term expresses the enthalpy of the
diffusing gas according to Fick’s law. Thus:

:—A(k——f—TZcPZDLZ ) (4.10)

where A, m?, is the surface area; k, W/(mK), is the overall conductivity
of the gas mixture; T, K, is the temperature of the gas at the boundary;
Y, m, is the space coordinate perpendicular to the system boundary
surface and perpendicular to the gas flow direction, c,;, J/(kg K);
D;, m?/s, and c¢;, kg/m?, are, respectively, the specific heat at constant
pressure, the laminar diffusion coefficient, and the concentration of the
gas component, where i is the successive number of the gas mixture
component.

Heat exchanged with the system (by convection, conduction, and
radiation) is considered in related textbooks, e.g., by Holman (2009).

A friction work has to be spent in real processes which occur with
friction. The friction work increases the energy of the system due to
the absorption of heat in an amount equivalent to the friction work.
Friction causes dissipation of energy, which can be only partly re-
covered. The friction heat does not appear as a member of the energy
balance equation; however, it affects the final system energy and the
components of the exiting energy.

The enthalpy and internal energy generally include physical and
chemical components, both discussed in Chapter 2. Chemical energy,
discussed in Section 2.7, is assumed to be the same for the substance
considered as the component of the system and for the substance
component separately exchanged with the system.

Entropy Growth

There are many articulations of the Second Law of Thermodynamics.
They are based on various phenomena for which it has been noticed
that they can occur only in one determined direction. For example,
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heat can flow only in the direction of the negative temperature gradi-
ent; real processes with friction are irreversible; every process occur-
ring in nature is irreversible; a thermal engine cannot work without
having available at least two heat sources at different temperatures,
etc. These qualitative observations became possible for quantitative
formulation with the use of entropy introduced by Clausius. Using
entropy, the Second Law of Thermodynamics states that in nature
there are possible only such phenomena for which the overall en-
tropy growth, i.e., the sum dIT of the elemental entropy increments
dS; of each ith matter participating in the considered phenomenon is
larger than zero:

4Tl = sti >0 4.11)

For any theoretical model of reversible phenomenon 411 = 0; if,
however, dT1 < 0 then the phenomenon is impossible. Equation (4.11)
expresses the overall entropy growth IT in integral form as follows:

m=Y"as 4.12)

where AS; = (Sin — Sin)i is the entropy increase of 7th matter of the
considered system or surrounding participating in the considered
phenomenon.

Equation (4.11) expresses explicitly that the overall entropy
growth has to be positive even in the smallest step (dI1 > 0) in the
course of the process. For example, during the design of a heat ex-
changer, equation (4.12) for entering and exiting media can be fulfilled;
however, in some particular cases within the exchanger can occur an
unnoticed region, a so-called pinch point, for whichlocally dIT <0, i.e.,
the whole process of heat exchange is impossible. Thus, entropy is very
useful in verifying the design of new processes. The larger is the over-
all entropy growth, the more irreversible is the considered process.

There are some special cases for calculation of the overall entropy
growth. If a certain substance remains unchanged during the pro-
cess (e.g., a physical process), then only the respective increases of
the substance entropy exiting and entering the system are taken into
calculation of IT. In some cases one must take into account that the
system can exchange substance on either a macro or micro scale (diffu-
sion) as illustrated by equation (4.10). If a certain substance disappears
(e.g., in a chemical reaction) then its absolute entropy has to be used
with a negative algebraic sign. If a certain substance appears, then the
positive sign of entropy should be used.

A heat source is defined as the body at given temperature T
that can absorb or release infinitely large amounts of heat without
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a change in the heat source temperature T. Therefore, regarding the
heat sources, the appropriate term based on equation (2.36) for the
increase or decrease of entropy of the heat source should appear in
equation (4.11) and (4.12), respectively.

The radiation entering or absorbed into the considered system has
anegative sign of radiation entropy, whereas the radiation leaving the
system, or being emitted, has positive entropy. The radiation entropy
is recognized as absolute.

The components on the right-hand side of equation (4.12) can be
the entropy of the substance, heat source, or radiation. The overall
entropy growth IT does not include entropies of work (mechanical
or electrical) nor the effect of fields such as the gravitational field or
the surface tension of a substance. These magnitudes, although they
contribute to the disorder, have no thermodynamic parameters and
act only indirectly by changing parameters of involved matters.

Exergy Balance Equation

4.5.1 Traditional Exergy Balance

The exergy balance equation is the basis of the exergetic part of ther-
modynamic analysis. Exergy analysis can be applied to a range of
problems that, like energy analysis, require an appropriately well-
defined system for consideration. The system boundary should be
the same as for the matter balance.

The exergy conservation equation can be applied only for re-
versibly occurring processes. For real processes the exergy conser-
vation equation is fulfilled only when the unavoidable exergy loss,
due to irreversibility of the process, is taken into account. Thus, cor-
respondingly to energy equation (4.4), the following exergy balance
equation is applied:

Bin = ABS + Bout + dB (413)

where B, and By are the respective sum of exergy delivered and re-
leased from the system, A B is the change in the exergy of the system,
and 3B is the exergy loss due to the process irreversibility, calculated
from the Guoy-Stodola law, equation (2.60).

The bands diagram for exergy balance is shown in Figure 4.3. In
comparison with the respective diagram for energy balance (Figure
4.2), the exergy diagram shows the exergy 8B that disappears within
the system.

Like the energy balance, the exergy balance can be tailored differ-
ently depending on the considered problem and the actual conditions.
For example, some components of exergy can be neglected either due
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to relatively small changes, or because they are unchanged. The bal-
ance equation can be written for steady or transient systems, for a
system considered on either a macro or micro scale using differential
equations, etc. Obviously, for the calculation of exergies, there is no
freedom in defining the reference state, which is only the environment,
as determined by the definition of exergy.

In order to formulate the exergy balance it is required to know the
parameters determining components of exergy delivered and leaving
the system, the parameters determining the initial and final state of the
system, and the parameters determining the environment. As in the
energy balance equation, if only the one unknown magnitude appears
in the exergy balance equation, then the exergy equation can be used
to calculate this magnitude.

Asdiscussed for the energy balance in Section 4.3, for the elemental
process lasting an infinitely short time, the exergy balance equation
can take the form:

Bindt = dBs + Bou dt + 8B (4.14)

where Bi, and B,y are the respective fluxes of exergy delivered and
extracted from the system, and dBs is the total differential exergy
growth of the system.

The differential dBs should be determined analogously to equation
4.7):

dBs = d(ms bs) = mg dbs + bs dmg (4.15)

where ms and b are, respectively, the amount of matter and its specific
exergy contained within the system.

If the subject of consideration is moving in space, then the simplest
exergy balance equation is obtained by assuming, as for the energy bal-
ance equation, that the coordinates system determining velocity and
location is moving together with the system boundary. The assump-
tion of the moving system boundary requires some specific exergy
interpretation as shown, e.g., by the exergy balance for a jet engine
discussed by Szargut and Petela (1965, 1968).

69



10

Chapter Four

4.5.2 Components of the Traditional

Exergy Balance Equation
An increase A B; of the exergy system, changing from its initial to its
final state, does not depend on the path of change between these states
and is equal to the difference of the final and initial components:

ABs = [Z(B)ﬁn_i =Y (B, j] (4.16)
i j S

where the sum of the initial or the sum of the final components is:
(B)g = Bx+ By + Bs+ By + - - (4.17)

and where i and j are the successive numbers of the final and initial
exergy components, respectively, By is the kinetic exergy, B, is poten-
tial exergy, Bs is the thermal exergy of the system calculated with the
use of formula (2.46), and B, is the exergy of the photon gas (black
radiation) calculated, e.g., based on equation (5.29). Also, the other
eventual components in equation (4.17), as shown in Figure 2.1, can
be added if necessary, e.g., the exergy of the surface tension which is
equal to the energy of surface tension, etc.

The reference state for calculation of the exergy cannot be estab-
lished arbitrarily as it can for the energy. The components of negligible
or constant value may be not taken in the calculations.

Exergy exchanged with the considered system can occur in differ-
ent ways described for the energy balance.

Electrical exergy is equal to electrical energy. Exergy of mechanical
work is equal to work. Exergy of substance flux is calculated with the
use of formula (2.45); however, kinetic exergy (calculated as the kinetic
energy for absolute velocity) and potential exergy (equal to potential
energy relative to the earth’s surface level) should be calculated sep-
arately. The exergy of heat exchanged with the system is determined
by formula (2.61).

Exergy can also be exchanged with the system by way of a diffusive
substance flux. The exergies of diffusing substances are then taken into
account as the exergy determined by formula (2.45) interpreted for
the partial pressure of the substances.

The exergy loss 8B caused by friction is determined by assump-
tion that the friction heat Qr, equal to the friction work, is entirely
absorbed by the substance at temperature T. For the heat absorption
process, assuming the entropy growth Iy = Qr/T, the exergy loss
can be calculated from formula (2.60) as follows:

T;
8Br = Qr ?0 4.18)
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The smaller is the exergy loss, the higher is the temperature of
the absorbing substance. The exergy loss 8 Br can be smaller or larger
than the friction heat Qr depending on the temperature ratio To/T.
This observation is particularly important for refrigerating processes
where often T < T.

The chemical exergy, discussed in section 2.7, is assumed to be
the same for the substance considered as for the component of the
system and for the substance component separately exchanged with
the system.

4.5.3 Exergy Balance at Varying Environment Parameters
Exergy balance is usually carried out with an assumption of constant
parameters of the environment during the time of consideration. The
effects of varying environmental parameters are usually small, and
the assumption of the mean environmental parameters is sufficient
for the exergy analysis. The inclusion of the variations of the environ-
mental parameters would make analysis more difficult because the
considered exergy values should be taken for instantaneous environ-
ment parameters; i.e., the values used in the balance equation would
need calculations by integration over the assumed time period.

Moreover, the balance equation would usually need the introduc-
tion of an additional member without which the equation could not
be fulfilled. For example, such a need is shown by consideration of a
perfectly insulated container that has been closed while being filled
with a substance in equilibrium with the environment. Thus, the sub-
stance in the system (container) has zero initial exergy (Bg in = 0). If,
meanwhile, the environment parameters are changed, then the en-
closed substance gains the positive exergy (Bs ¢n > 0) and the exergy
of the system ABs = Bg in — Bgini > 0.

However, during the change in the environment there were no
processes occurring, thus the overall growth of entropy IT = 0, which
means 8B = 0. No substance was exchanged with the system; Bj, =
Bout = 0. The above statements show that in the considered example
the exergy balance equation (4.13) is not fulfilled; ABs # 0, and the
environmental variation has generated a certain exergy (Bs fin). How-
ever in another example, it can happen that also due to variations in
the environment, there is no change in exergy or some exergy dis-
appears. For example, ice stored during the summer has significant
exergy, whereas the exergy of such ice in winter would be close to zero.

Therefore, generally, the exergy balance equation for the process
occurring at the varying environment should contain the compensa-
tion term A B,, which modifies equation (4.13) as follows:

fin fin fin
/ Bin dt = ABs + / Bout dt + / I To dt + AB, (4.19)

inl inl inl
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Ficure 4.4 Bands SX/stem boundary
diagram of the
exergy balance
with positive
compensation
term (ABe > 0).

where AB, is the exergy gain due to variation of environment from
initial state (inl) to the final (fin) state, B is the respective rates of ex-
ergy, and I1is the overall entropy growth. As mentioned, the A B, can
be positive or negative or zero. The bands diagram for the exergy bal-
ance at varying environment parameters is shown in Figure 4.4. Direct
calculation of A B, is not easy; thus, the best method is to calculate this
value as the completion of the balance equation.

The Gouy-Stodola law, represented by equation (2.60), was de-
rived for constant environment temperature Ty. If Ty is varying, then
the law can be applied only for the infinitely short process expressed
by the presence of the appropriate integral term in equation (4.19).
The Gouy-Stodola law cannot be applied to the processes that occur
at the varying environment temperature if such variation is caused by
the considered process.

The variation of environmental parameters can instantaneously
generate or destroy exergy with no role in the internal processes of the
examined system. The processes, wherever possible, should be orga-
nized to utilize the instantaneous positive value of A B,. The effective
prediction of change in the environment parameters would be helpful.

The fluctuation of parameters in the environment is one of the nat-
ural low-value resources, such as, e.g., waste heat at low temperature,
etc. The fluctuation of these parameters has relatively insignificant
influence on the high-value natural resources, e.g., natural fuels.

It is also possible to consider the variation of environmental pa-
rameters with altitude. Such consideration leads to the concept of
mechanical exergy and to the determination of gravity influence on
the exergy balance equation discussed in the following section 4.5.

A particular problem related to the temperature of the
environment—with specific significance for radiation processes, es-
pecially occurring on the earth during night time—is the effective sky
temperature, which can be used, e.g., for determination of the radiant
heat lost from the earth’s surface. Related problems are discussed, e.g.,
by Duffie and Beckman (1974).

Note that the energy balance is traditionally not considered at the
varying reference states even if they are equal to the state determined
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by the environment parameters. As a result, consideration of the pro-
cesses from an energy viewpoint does not show the interpretative fea-
tures of the exergy approach with regard to the varying environment.

A calculation example illustrating the effect of the varying envi-
ronment temperature is given in Section 6.9.

4.5.4 Exergy Balance with Gravity Input

Exergy analysis is an interpretative method for the study of energy
conversion processes. The interpretive feature of exergy tolerates cer-
tain freedom in exergy application for disclosing as many as possible
new viewpoints. Therefore, in some situations, the exergy balance
equation requires the introduction of a special term to fulfill the tra-
ditional equation. For example, in Section 4.5.3, we discussed how to
modify the traditional exergy balance equation for the situation where
varying environment parameters are used as the reference states for
the determination of exergy. The proposed solution in such a situation
introduces a new compensation term to the exergy balance equation.

In another situation, when mechanical exergy (eZergy) is applied,
the effect of gravity appears, which requires also an additional term
in the exergy balance equation. Petela (2009a) proposed to insert an
appropriate term, called gravity input G, as an additional exergy input
in the left-hand side of the exergy balance equation. Thus, equation
(4.13) for the constant environment parameters becomes:

Bin + G = ABs + By + 9B (4.20)

The gravity input G can be positive, zero, or negative. The bands
diagram for the exergy balance with included gravity input is shown
in Figure 4.5. Usually the value of G is calculated from the exergy
balance equation.

Prediction of the algebraic sign of gravity input is not discussed;
however, interpretation of the sign from an exergy viewpoint can be
proposed as follows. The gravity input can appear only when a sub-
stance is considered in the exergy balance and if eZergy is applied to
the substance.

Ficure 4.5 Bands 5§ System boundary
diagram of fmdmm e .

exergy balance
interpretation,
including gravity
input, in the case
G > 0.
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In the case G < 0, as a result of the effect of the gravity field on
the considered process, the process product expressed by the total
exergy value of the right-hand side of the exergy balance equation
diminishes and has to be balanced by the negative gravity input G
added to the left-hand side of the equation. The considered process
can be recognized as opposing the effect of the gravity field.

In the case of G > 0, the presence of the gravity field during the
considered process generates a certain “surplus” of exergy disclosed
by the right-hand side of the exergy balance equation. This surplus has
tobebalanced by a positive gravity input G added to the left-hand side
of the equation. The gravity field favors the process by contributing
some exergy input.

Inthe caseof G = 0, thereis no change in the traditional exergy and
this means that the work of the substance during theoretical expansion
at altitude H (to obtain the equilibrium of densities), considered in
Section 2.6.2, has no accountable importance.

Example 4.1 The gravity input significance is considered, e.g., by Petela (2009b).
A chimney removes the hot waste gas (assume dry air) from a certain installation.
The fresh air for installation is taken from the atmosphere at parameters To, po,
po, and x = 0, where x is the altitude measured from the earth’s surface. The
parameters of air leaving the installation (the magnitudes at this point have
subscript 1) are the parameters at the chimney inlet (bottom): Ty, p1, p1, and
xp = 0. The air parameters at the chimney exit (the magnitudes at this point
have subscript 2) are To, p2, p2, and xo = H, where H is the chimney height.
The chimney is a cylindrical tube of constant inner diameter D; thus, the cross-
sectional area of the chimney is also constant.

For a given H, the chimney diameter D is determined from the assumed
ratio D/H. The hot air leaves the installation with velocity w; = 10 m/s and
leaves the chimney at velocity wy =~ w; x p1/p2. The pressure p; at the chimney
bottom p1 = py + gx X H x (p1 + p2)/2, where gravitational acceleration g, is
determined to be the arithmetic average of the values for x = 0and forx = H.For
the latitude assumed to be zero the approximation for gravitational acceleration
gy, m/ 2, is:

gx = 9.780327 — 3.086 x 107x’ (@

where x’ is the altitude above sea level.

Air is assumed as the ideal gas with the individual gas constant R = 287.04
J/(kg K) and with the specific heat at constant pressure, ¢, = 1000 ]/ (kg K). For
the considered air the state equation p = p x R x T can be applied. The density
of the atmosphere is pg = 1.225 kg/m?>. The same reference state is assumed
for calculations in analyses of energy and exergy; po = 101.325 kPa and Ty =
288.16 K.

Energy: Interpretation of the chimney process can be based on the following
energy conservation equation:

E1+ Ew1 + Ep1 = Ex + Ewa + Epo + Eg (b)

where E1 and E; are the enthalpies at the chimney bottom and top, respectively,
calculated as E = m x cpx (T — Tp), and where m is the mass flow rate of air.
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Magnitudes E;;1 and Eyp are the kinetic energies at points 1 and 2, respectively,
calculated as E, = m x w2 /2.
Heat transferred from the chimney wall to the environment is:

EQ:h(T/—T())’ITDH (©)]

where T’ = (Ty + T2)/2 is the average temperature and / is the coefficient for
the convection heat transferred from hot air to the environment.

The potential energy Ej, of air is calculated as the possible work performed
during the buoyant vertical replacement of the considered air from the actual
locality to a certain equilibrium height H,. The replacement occurs until the
difference between the constant density, p (e.g., p1 or p2), of the actually con-
sidered air and the density of the atmospheric air, py, achieves zero (p = py).
Such potential energy, which is equal to the respective potential exergy, can be
expressed from equation (2.48) as:

x=Hy

Ey=m /gx(%b—l>dx (d)

x=0

The reference altitude x = 0 is at the earth’s surface. Using the solution of
equation (d) in form of density p; as function of altitude H, according to equation
(f) (Example 2.1) is:

=M 6 (o —aa)?

= a4p[6a4(p a3)” + = (p aa)] (e)
where a1 = 9.7807 m/s%, a; = —3.086 x 1070 1/s2, a3 = 1.217 kg/m3, and a4 =
—9.973 x 1075 kg/m* are the constant values.

If all values are expressed as fractions of E1 the normalized form of equation
(b) can be written as:

100 + ew1 +ep1 = €2 +ew2 +ep2 +eQ ()
Exergy: balance equation for the considered chimney is:
B1 + Bw1 + By = Bo + Byo + By + Bg + AB (g)

The subscripts of exergy streams B in equation (g) are, respectively, the same
asinequation (b) and theadditional term A B is the exergy loss due to irreversibil-
ity of the chimney process. According to the Gouy-Stodola law, equation (2.60),
the exergy loss is calculated as the product of temperature Ty and the overall
entropy growth (entropies of heat and air):

_ EQ T2 P2
AB =T, [? —+—m(cpln?l RIn E)] (h)

The exergy of heat E is calculated for the average temperature T’ of air in
the chimney:

Bg=Eq (1* ?) @)

The exergy of the air (B or By) is derived from the definition of the physical
exergy of a gas:

T .
B:m[cP(T—TO)—To (cpln%—Rm%)] G

[}
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The potential exergy is equal to the potential energy, B, = Ej, so thatequation
(e) may be used.
The exergy balance can be normalized as well:

100 + b1 + byt = bo + b + by +bo + Ab )

Notice that, although By1 = Ew1, Bu2 = Ew2, By1 = Ep1 and By = Epo, the
corresponding percentiles are not equal (by1 # w1, bw2 # ew2, be1 # ep1 and
by2 # ep2) because the respective dimensional reference values are different:
E1 # By.

The eZergy balance equation for the considered chimney is:

Zl+Zzul+G=Z2+ZwZ+ZQ+AZ (V)

Equation (1) is used for calculation of G which supposedly is a measure of
the effect of terrestrial gravity field on the considered process.
In dimensionless form, the eZergy balance becomes:
100 + zw1 + 26 = 22 + Zw2 +2Q + Az (m)
Note again, that although Zw1 = Bw1 = Ewi1, Zw2 = By2 = Eyp, ZQ = BQ
and AZ = AB, the correspondent percentiles are not equal (zy1 # bw1, Zw2 #
bw2, zg # bo, and Az # Ab) because the reference Z; for percentage values is
generally different than By or E1, (Z; # Bi). The terms corresponding to poten-
tial exergy do not appear in equations (1) and (m) because the potential exergy
is already interpreted by eZergy.

Computation Results: While preparing results for Table 4.1 it was observed that
moderate changes in Ty, po or a similar kind of gas (varying R and c,) have a
negligible effect on the output data.

Reference Mono-variant changes of input
Quantity | Units value parameters and resulting outputs
1 2 3 4 5 6 7
Input
Ty K 430 520 — — —
H 300 — 400 — —
D/H — 0.07 — — 0.08 —
h W/m? K|  0.005 — — — 0.2
Output
D m 21 21 28 24 21
[ Pa 97385 97385 96106 97385 97385
T, K 428.85 518.58 428.46 428.86 | 428.72
P2 kg/m® | 0.791117 | 0.654238 | 0.781451 | 0.791107 |0.79136

TaBLe 4.1 Output Trends Responsive to Change of Some Input Parameters; from
Petela (2009b)
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Reference Mono-variant changes of input
Quantity | Units value parameters and resulting outputs
1 2 3 4 5 6 7
p1 Pa 99738 99326 99216 99738 99738
p1 kg/m3 | 0.808072 | 0.665458 | 0.803843 | 0.808072 | 0.80808
m kg/s 2798.94 | 2304.89 | 4949.68 | 3655.63 | 2798.85
Energy
e % 100 100 100 100 100
e % 99.192 99.387 98.912 99.196 | 99.098
€1 % 0.035 0.022 0.035 0.035 0.035
€. % 0.037 0.022 0.037 0.0368 0.037
ep1 % 7.151 9.663 7.338 7.151 7.151
ep % 7.922 10.233 8.389 7.923 7.911
eq % 0.035 0.043 0.035 0.031 0.141
Exergy
by % 100 100 100 100 100
b, % 90.66 96.229 87.312 90.672 90.490
bo % 0.0652 0.074 0.067 0.057 0.261
b1 % 0.198 0.083 0.202 0.198 0.198
b2 % 0.207 0.086 0.214 0.207 0.207
byt % 40.262 37.283 42.039 40.262 | 40.261
by % 44.605 39.481 48.057 44,608 | 44.539
Ab % 4,918 1.497 6.591 4.917 4.963
eZergy
z1 % 100 100 100 100 100
Z5 % 101.161 | 100.573 | 101.566 | 101.166 |101.036
Zu1 % 0.063 0.033 0.063 0.063 0.063
Zyo % 0.066 0.034 0.067 0.066 0.066
Zo % 0.0208 0.0291 0.021 0.018 0.083
Az % 1.567 0.593 2.054 1.567 1.581
G % 2.751 1.196 3.644 2.753 2.703
N MW 5.4965 6.9208 | 12.9854 7.1791 | 5.4951

TaBLe 4.1 Output Trends Responsive to Change of Some Input Parameters; from
Petela (2009b) (Continued)

mn
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Column 3 of Table 4.1 represents an example of results for input data:
T1 = 300K, H=300m, D/H = 0.07 and h = 0.05 W/(m?2 K). In the results, the
temperature drop in the chimney is relatively small (T; — T, = 1.15K). The pres-
sure decreases from p; = 99.738 kPa to p, = 97.385 kPa. The densities at point 1
and 2 differ insignificantly from each other although they both are clearly smaller
than the density of atmosphere at x = 0, (po). For the considered chimney dimen-
sions (H = 300mand D = 21 m) the mass flow rate of airis m = 2.799 x 10*kg/s
and the power required for drawing air through the installation is N = 5.4965
MW.

For calculation of the percentage values for the balances of energy, exergy
and eZergy the 100% bases are E; = 397 MW, By = 70.5 MW and Z; = 221 MW,
respectively. These values also illustrate the estimation of waste loss, which is
the largest in terms of energy (397 MW), smaller in terms of eZergy (221 MW),
and only 70.5 MW as interpreted by exergy. Column 3 shows also the split of
the 100% input between other terms in the energy, exergy, and eZergy balances.

The terms representing the exit air differ a little from the terms for the inlet
air: e; —ex = 0.81% and by — by = 9.34% for energy and exergy, respectively,
whereas in the eZergy balance the difference is negative: z; — zo = —1.16%.

The respective values of the potential energy and exergy expressed in W are
equal, but their percentage values are different. As mentioned, in the eZergy
considerations the altitudinal potential of air is interpreted by the eZergy value.

Factors such as a large mass rate of air, relatively small surface of the chimney
wall, and low coefficient of heat transfer, all contribute to relatively small heat
loss. The value of this loss is below 0.1% for all three balances. Exergy of lost heat
(equal eZergy of this heat) is significantly smaller than the respective energy of
this heat, obviously, because of its relatively low temperature.

Irreversibility loss (AB = AZ = 3.47 MW) of chimney process is disclosed
obviously only in exergy and eZergy considerations; however, their percentiles
are different (Ab = 4.918% and Az = 1.567%).

Gravity input, revealed only in eZergy considerations, is positive (2.751% or
6.09 MW), which reveals the extent to which the gravity field favors the chimney
process.

Columns 4-7 of Table 4.1 illustrate the trends of the output data in response
to changes in input parameters. The values in column 3 are considered as the
reference values for studying the influence of the varying input parameters on
the output data. Therefore, each of the next columns (4-7) corresponds to the
case in which the input is changed only by the value shown in a particular
column, whereas the other input parameters remain at the reference level.

Column 4 corresponds to a change in the air temperature T;, which increases
from 430 K to 520 K. The 90-K T; increase causes, e.g., a gravity input decrease
from 2.752% to 1.196%. The change in temperature T; causes also an increase of
T, and decreases of p1, p1, p2, and m. The increase in Ty also remarkably changes
some terms of the exergy balance, e.g., by growing from 90.66% to 96.2%, Ab
drops from 4.918% to 1.497%, and potential exergy grows from —4.343% to
—2.198%.

The results shown in other column (5-7) can be analyzed similarly.

Column 5 shows the effect of increasing the chimney height from 300 m to
400 m. That change causes, e.g., the increases of power (from 5.4965 to 12.9856
MW) and gravity input (from 2.751% to 3.644%).

Column 6 shows that the increase of the D/ H ratio (from 0.07 to 0.08) causes,
e.g., growth of power (from 5.4965 to 7.18 MW).

Column 7 shows the influence of heat lost from chimney to the environment.
An increase of coefficient /i from 0.05 to 0.2 W/(m? K) (e.g., due to worsened
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Ficure 4.6 Gravity input as a function of chimney height H and air tem-
perature T, at the chimney bottom (D/H = 0.07 and k = 0.05 W m~2 K~ 1);
from Petela (2009b).

insulation or strong wind), causes, e.g., a drop of gravity input (from 2.751 to
2.703) and the decrease of power.

The gravity input is shown (Figure 4.6) as function of chimney height H
and air temperature Ty at the chimney bottom. Gravity input increases signif-
icantly with increasing height H and with decreasing temperature T;. Figure
4.6 takes into account very high chimneys, up to 1500 m, keeping in mind the
solar chimneys for which rather lower temperature Ty (e.g., ~370 K) would be
considered.

In this example the three different thermodynamic interpretations (energy,
exergy, and eZergy) were applied to the chimney phenomenon. The positive
gravity input that represents the effect of the terrestrial gravity field was deter-
mined. The traditional exergy, contrary to eZergy, does not reveal the gravity
input (G).

Other examples of the calculation of gravity input—adiabatic ex-
pansion of air in a turbine and drawing air through a throttling valve
followed by a fan—are discussed by Petela (2009a). Further applica-
tion of gravity input interpretation is also discussed in Chapter 11.

Process Efficiency

4.6.1 Carnot Efficiency

Work, or the efficiency of its generation, is one of the principal
problems of technological progress being continually investigated by
researchers. Some findings come from observations of nature. The

7
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continuous generation of a useful effect (e.g., work or heat) or conver-
sion of energy is possible only in a situation when at least two heat
sources with different temperatures are available. (The heat source
has the feature that it can release or absorb an infinitely large amount
of heat without changing temperature.)

The main mechanism for utilizing heat sources is by way of a
working fluid, the parameters of which vary because the cyclical ab-
sorption of heat from the hotter source is followed by the release of
heat to the colder source. One of the required heat sources can ob-
viously be the freely available environment. Thus, practically, only
one valuable heat source, different from the environment, is required
for arranging the cyclic process. The parameters of the working fluid
vary in successive subprocesses in such a way that the final state of
the fluid cycle is identical to the initial state of the cycle. Illustration of
the parameters varying in the cycle is a closed curve in the coordinate
system of any two fluid parameters.

By searching for the most effective cycle process, which would
occur reversibly without any losses, the ideal model was established
by Carnot (1824). Real cycles can be designed close to this ideal model
by applying different “carnotization” efforts. The model cycle of re-
leasing and absorbing heat (at no entropy change) should consist of
only ideal (reversible) processes. Thus, the cycle processes should oc-
cur with an infinitely small temperature difference between the heat
source and the working fluid, and the flow of fluid should be friction-
less. The other cycle processes, during which work is generated or
consumed, should occur also reversibly (at constant entropy), which
is possible if the fluid does not exchange heat (i.e., it is adiabatic) with
its surroundings and, additionally, it expands or is compressed with
no friction (i.e., it is isentropic).

For example, the parameters changing in the Carnot cycle with a
photon gas as the working fluid is shown in the temperature-entropy
(T, S) coordinates system in Figure 4.7. It is worth noting that the con-
siderations of any cylinder—piston model system allows application
of the obtained conclusions generally; not only to the cylinder—piston
cases but also to the many other situations of the considered fluid
and in different geometrical configurations. The piston bottom and
the wall are generally mirrorlike except for the cycle phases during
which heat is transferred from the heat sources of temperatures T
(hot) or Ty (cold) to the photon gas within the cylinder. There is no
substance in the cylinder. The considerations below use relations be-
tween the parameters of black radiation introduced later in Chapter
5. The four component processes of the cycle occur successively:

Process 1-2
Figure 4.7 presents the situation at the beginning of the first process
1-2; the piston is in the extremely left-hand position and the heat
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Ficure 4.7 Carnot
cycle.

Ifi
Heat sources

source (1Ij) is in contact with the cylinder bottom, so the cylinder is
being gradually filled up with black emission of the cylinder bottom
radiating into the cylinder space. The filling process occurs at tempera-
ture Ty equal to the photon gas temperature T; (T; &~ Tp) and, according
to equation (5.21), at constant pressure. During this process, the piston
moves to theright and performs work received through the piston rod.

Process 2-3

In the second process the piston moves continuously up to the extreme
right-hand position performing work during expansion of the photon
gas according to equation (5.26). In this process no heat source is in
contact with the cylinder bottom, and the bottom is assumed to be
mirrorlike inside.

Process 3-4

The heat source of Ty is in contact with the cylinder bottom through
which heat transfer occurs at the infinitely small temperature drop
Ty ~ Ts.Heatisreleased from the photon gas at a constant temperature
and constant pressure; however, the volume occupied by the gas is
decreasing until the gas state 4 is achieved.

Process 4-1
The cylinder bottom has no contact with any heat source and the
compression of photon gas occurs up to the state of point 1.

The net work W performed in the cycle results from the energy
conservation law:

W = QI —_ QH (4.21)
where Q and Qy are the amounts of heat exchanged, respectively,

between the heat sources and the photon gas during processes 1-2
and 3—4. The efficiency nc of the considered Carnot cycle is the ratio of

81



82

Chapter Four

work W to the cycle input Qr; mc = W/ Qr, where work W is expressed
by formula (4.21). Additionally, as the exchanged heat is changing the
energy of photon gas according to formula (5.13) and the processes at
varying volume occur according to equation (5.25), the following rela-
tion can be derived: Qr/ Qi = Tii/ Ty and thus the Carnot efficiency is:

T
nc=1—@=1—l 4.22)

Q Ti

The Carnot efficiency expressed by temperatures was already
mentioned as formula (2.35).

The commonly called Carnot efficiency is in fact the efficiency of
the Carnot cycle and is the most important efficiency in thermodynam-
ics. All other defined efficiencies are less general, mostly arbitrary or
specifically adjusted to the objects or situations.

One of the most significant properties of the Carnot efficiency is
that it is valid independently of the nature of the working fluid and
can be applied to any material or field matter used as the working
fluid. For example, consider the two machines cooperating in Carnot
cycles (Figure 4.8). In machine I the working fluid is photon gas and in
machine II the working fluid is the ideal material gas. Both machines
operate between the two heat sources at the constant temperatures
Tq (hot) and Ty (cold), respectively. The machines are linked together

Heat source hot

Machine | |[] I H 4| Machinell

Og “’ ! QS
Ti
P Heat source cold P

Ficure 4.8 The two machines cooperating in two respective Carnot cycles.
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and the unit does not exchange work with the surrounding. The two
possibilities can be analyzed:

(i) Machine I is an engine whereas machine II plays the role of
a heating pump. The directions of the heat fluxes for this possibility
are shown in Figure 4.8. In the lower part of the figure the change of
parameters in the cycle process is illustrated by diagrams in the p,x
system of coordinates, where x is the distance of the piston motion
proportional to the volume of working fluid in a respective cylinder.
According to the Second Law of Thermodynamics, in the global effect
of operating both machines, the cold heat source cannot lose heat and
the hot heat source cannot gain. Thus the following inequalities result:

Q1> Qs (@)
Q> Qs (b)

(ii) Machine I is a heating pump and machine II acts as an engine.
The directions of the heat fluxes are opposite to those shown in Figure
4.8. Due to the assumed reversibility (Carnot cycle) of both machines
the absolute amounts of heat remain unchanged. However, accord-
ing to the Second Law of Thermodynamics the following inequalities
result:

Q1= Q4 (o)
Q=<Qs (d)

Relations (a) and (c) can be satisfied at the same time only when

Qi=Q (e)

and from relations (b) and (d):

Q=0 ®

Interpreting equation (4.21) for the Carnot efficiencies nc and
mc, i1 of the considered machines and taking into account equations (e)
and (f), one obtains:

ne=1-221- 2

Qi Qs

Equation (g) shows that the Carnot efficiency does not depend on

the nature of the working fluid and can be also applied for radiation.

The Carnot efficiency can be used as a reference value for calcu-

lation of exergy efficiency of a thermal engine. Consider the energetic
efficiency of an engine:

=Mcn (g)

144
ME, eng = @ (h)
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and exergetic efficiency of the engine:

1% .
MB, eng = B—Ql @d)

Based on formulae (2.35) and (2.61) the ratio of energetic and
Carnot efficiencies is:

ME. eng w TI W n
= — = —— =",
ule O TTi—Ty Bo e

§)

The exergy efficiency of the engine demonstrates how much the
real energy efficiency departs from the ideal efficiency represented
by the Carnot efficiency. In the ideal case (ME,eng = Mc) the exergy
efficiency approaches 100%.

4.6.2 Perfection Degree of Process

Practically, process efficiency can be defined in different ways. For
example, energy or exergy can be used for expressing the numera-
tor and denominator of the efficiency. However, the best method for
reviewing the process seems to be the application of the degree of
perfection recommended by Szargut et al. (1988) for measuring the
thermodynamic perfection of a process.

The energy and exergy degrees of perfection are defined analo-
gously for convenient comparison. To determine the degree of per-
fection, all terms of the energy (or exergy) balance equation are cat-
egorized either as useful product, or process feeding, or loss. The
perfection degree is then defined as the ratio of useful product to the
process feeding. The loss is not disclosed in the perfection degree for-
mula because it is a compensation of the perfection degree to 100%.

The losses can be of two kinds. The first loss appears in most pro-
cesses during the unavoidable release of the waste heat or matter.
The thermodynamic parameters of the waste usually differ from the
respective parameters of the environment. Thus, the waste still has
certain energetic or exergetic values that are dissipated in the envi-
ronment unless utilized somehow beyond the considered system in
an additional process of “waste recovery.” The loss due to waste is
called the external loss and such loss can be partially recovered. The
second loss, noticed only in exergy analysis, appears within the sys-
tem due to thermodynamic irreversibilities of component processes
and such internal loss cannot be recovered even partially.

Energy balance can disclose only external loss, whereas the ex-
ergy balance can contain the terms of the external and internal losses.
Internal loss is calculated from the Guoy-Stodola law. External loss is
equal to the energetic or exergetic value of the waste. Internal losses
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in multiprocess systems can be summed in contrast to external losses,
which theoretically can still be utilized in one of the other subsystems.

The concept of perfection degree can include exergy change due
to the varying of environment parameters and the specific terms (e.g.,
gravity input). Thus, in the modified version it can be proposed that
the denominator of the degree of perfection represents the feeding
terms, gravity input, and exergy change due to the environment vari-
ation, whereas the numerator expresses the useful products. For ex-
ample, for the steady process in which numerous fluxes of energy
are exchanged, the exergy degree n of perfection can be proposed as
follows:

Z Buse,i + Z BQ.use,k + Wuse
k

1

N Z Bfeed.j + Z BQ,feed,m + vaeed + G- ABE
j m

MB (4.23)

where

i is the number of useful exergy fluxes By obtained from the
process, including substance and radiation,

k is the number of useful exergy fluxes B s Of heat,

j is the number of entering exergy fluxes Bgeeq, including sub-
stance and radiation,

m is the number of entering exergy fluxes Bg fced Of heat,

Wise is the total work produced,

Wheed 18 the total work consumed,

G is the gravity input, considered if eZergy is applied and

AB, is the exergy gain in case of variation of environment pa-
rameters.

Formula (4.23) can be applied also for combined processes in
which more than one intended product is obtained (e.g., the combined
generation of heat and power-cogeneration). A particular example of
application of the energy and exergy perfection degrees, with no work,
G and AB,, is discussed, e.g., in Chapter 12, for photosynthesis.

Contrary to the not discoverable internal energy loss, the inter-
nal exergy losses have particularly practical significance. The exergy
balance should be developed with possibly the most detailed distri-
bution of the internal losses in order to obtain the most exact informa-
tion about the possibility of perfection improvement of the considered
system. For example, the internal exergy loss can be divided into the
components corresponding to friction, heat transfer at a finite temper-
ature difference, radiation emission and absorptions, etc.

If, in any part of the considered system, several irreversible phe-
nomena occur, then, in principle, it is possible to calculate only the
overall internal exergy loss caused by the phenomena. The splitting of
the effects of these irreversible phenomena, occurring simultaneously
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at the same place and time, is impossible because these phenomena
interact mutually (as is mentioned in the discussion of the Fourth Law
of Thermodynamics). The splitting of the exergy loss in such a case can
be based only on the assumed agreement. For example, for the com-
bustion process the radiative heat exchange occurs between the flame
and the surrounding wall. In order to split the effects of irreversible
chemical reactions of combustion from the irreversible radiation ex-
change, it can be assumed that first combustion occurs and then heat
exchange takes place. However, with such an assumption the temper-
ature differences in the heat exchange are larger than they really are.

Therefore, it is better to split exergy losses according to the instant
and site of occurrence, instead of according to the causes, unless the
examined causes occur in different spots and different instants.

Theoretically, distribution of the exergy losses according to loca-
tion can be also carried out even in a more detailed way than the
common method. Application of the thermodynamic equation of the
irreversible processes allows for calculation of the rate of entropy gen-
eration at a given location of the system, i.e., for calculation of the so-
called entropy source. The entropy source can be used for calculation
of the local exergy loss due to irreversible phenomena occurring at
the given point of the system. However, the calculation of the local
exergy losses based on the entropy source method is difficult because
in practical cases the calculation of the entropy source of complex
irreversible phenomena is difficult.

4.6.3 Specific Efficiencies
Generally, the efficiency of a process can be arbitrarily defined to ex-
pose the most important aspect.

For example, the exergy of the hot water generated from solar
radiation can be related either to the exergy of heat Q at the sun’s
surface Tsun, Q X (1 — To/ Tsun), to the exergy beuy of the sun’s radia-
tion, or to the exergy of heat Q absorbed at the water pipe tempera-
ture Ty, Q x (1 — To/ Tw). The exergy efficiency increases successively
through the above three possibilities due to the decreasing values
of the denominators in the efficiency formulas: Q x (1 — To/ Toun) >
beun > Q x (1 — To/Tw). An exergy efficiency that relates the process
effect to the decrease of the sun’s exergy, Q x (1 — Tp/ Tsun), is unfair
because the exposed surface of the water pipe obtains only the so-
lar radiation exergy and the water pipe is independent of irreversible
emissions at the sun’s surface. Relating the process effect to the exergy
of heat absorbed, Q x (1 — Tp/Tw), favors the exposed surface by ne-
glecting its imperfectness during the absorption of heat Q. Thus, from
these three possibilities, comparing the heated water effect to the ex-
ergy bgqun of the sun’s radiation is the best estimation in this analysis.

Other examples of variously defined efficiencies are applied and
discussed in the following chapters. However, from the comparative
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viewpoint of different processes, the best justified definition of the
efficiency seems to be equation (4.23).

4.6.4 Remarks on the Efficiency of Radiation Conversion

The following discussion focuses on thermal radiation; however,
among available sources of thermal radiation of significant value (high
temperature), first of all is solar radiation. Until today there have been
observed four possibilities of conversion of radiation (photon gas) into
other forms of energy.

The conversion of radiation to work, so far not well developed,
is one possibility. The theoretical efficiency of such a conversion is
discussed in Section 6.4.1. An example of such conversion is the idea
of sailing in space due to a photon wind. Another example is the
concept of the light-mill, which is also used for measurement of the
radiation pressure according to experiments by Lebedev (1901) as well
as by Nichols and Hull (1901). The light-mill with its spinning action
of a mirror placed on an arm and using the effect of radiation pressure
is described by Halliday and Resnick (1967). There are also likely other
photon devices or processes using the effect of radiation pressure that
have not been invented yet.

Work performed directly by the photon gas can be obtained also
within an enclosed space, which, e.g., explains the model considered
in Section 5.7. Besides these already-mentioned direct applications of
the photon stream, some indirect utilizations of solar energy to per-
form work can also be achieved. An example of indirect utilization of
radiation would be the effect combined with gravity and buoyancy
observed in the solar chimney power plant. In Chapter 11, such a prob-
lem will be analyzed in more detail, using the concept of gravity input.

The conversion of radiation into heat, which, e.g., can increase the
enthalpy of any working fluid, is based on the absorption of radiation
on a surface exposed to solar radiation. The harvesting of heat from
solar radiation is discussed in Chapter 10, which also discusses the
parabolic solar cooker as a typical example of a device that absorbs
solar radiation.

The conversion of radiation into chemical energy of substance oc-
curs during the process of photosynthesis, the simplified model of
which is discussed in Chapter 12.

The direct conversion of radiation into electrical energy occurs in
photovoltaic devices; the simplified analysis of such conversion is
discussed in Chapter 13.

4.6.5 Consumption Indices

Sometimes instead of efficiency, specially defined indices are used for
the estimation of processes. For example, there are some processes
that occur spontaneously due to interaction with the environment.
Drying, cooling, vaporization, and sublimation are examples of such
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processes in which the self-annihilation of exergy takes place. Often
these processes, especially in industrial practice, are accelerated with
the use of the appropriate input. Exergy application for estimation of
perfections of these processes reveals some problems.

For example, applying the common exergy efficiency definition—
effect and input ratio—leads to the negative or infinite value of the ef-
ficiency. Therefore, instead of efficiency some specially defined criteria
have to be used for the evaluation and comparison of processes perfec-
tion. For example, for drying processes the unit exergy consumption
index is defined as the ratio of the exergy of the drying medium used
to the mass of the liquid extracted in the form of vapor. In the case
of the application of solar energy for drying, the index would express
the exergy of absorbed radiation per mass of the vaporized moisture.

Another index can be used for the process occurring in a water
cooling tower. Szargut and Petela (1968) propose the evaluation of the
process with the index defined as the ratio of the sum of exergy lost
in the tower and the heat extracted from the water. The typical value
of the index for the cooling tower of a steam power station is about
0.088 k] of exergy per k] of heat.

Yet another example of processes which can occur spontaneously
in thenatural environment is desalination of sea water. In result of such
desalination the separated salt and water vapor are obtained. How-
ever, desalination can be artificially accelerated, e.g. in a proper instal-
lation utilizing solar radiation, and the water vapor can be acquired in
form of a condensate. Exergetic evaluation of such combined process
can be based on a certain performance index taking into account the ex-
ergy input of utilized solar radiation. The exergetic effect of the process
is the difference in chemical exergy of the sea water and condensate.

Petela (1990) proposed a specific approach to the exergy annihila-
tion due to spontaneous processes. He considered the natural exergy
annihilation rate that expresses the ability of the environment to spon-
taneously reduce the exergy of the substance or radiation. The natural
wind velocity, the environment air temperature and composition, par-
ticularly humidity, as well as the solar radiation, the local surrounding
surfaces’ configuration, and its emissivities, all taken together into ac-
count can determine the available exergy effect for annihilation of
exergy in the spontaneous processes of drying, cooling, etc. The so-
called “wind chill factor” is an example of the concept expressing a
certain ability of the environment air.

Therefore, the exergy B of any considered matter not being in
equilibrium with the environment, exposed to interaction with the
environment, experiences a reduction in its exergy at the natural ex-
ergy annihilation rate:

oB
rO(t) T <E>natural (424)
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where t is time. The rate r(, always nonnegative (rg > 0), can be even
recognized in some specific problems as the additional property of the
environment together with environment temperature, pressure, etc.

Usually, for economicreasons, the natural approach to equilibrium
with the environment is enforced by applying the rate:

oB
r(t) T <E)forced (425)

which also is always nonnegative (r > 0). Both rates can be used in the
definition of the instant value e, of the exergetic index (dimensionless)
of process annihilation effectiveness:

B —rol®)
e (t) = 7Bm(t) (4.26)

where By, is the driving exergy input flux of the considered process.
The cumulative exergetic index &, of the annihilation process ef-
fectiveness within the time period from #; to t, can be determined as
follows:
f

[ Ir(t) —ro(H)]dt
b

e |p = — 4.27)

h

An example of the application of formula (4.27) is discussed by
Petela (1990) for the forced cooling of small balls that fill up the space
with air flow. For the spontaneous processes without any technical
input for acceleration of the process, the exergetic effectiveness ¢, is
the maximum and is equal to infinity. The idea of the index e, can
be developed further in some specific exergy problems related to the
spontaneous annihilation of exergy.

Method of Reconciliation of the Measurement Data

From the balance equations of mass, energy, and exergy one can
calculate some unknowns that, for different reasons, were not
measured. Number u of such unknowns cannot be larger than the
number r of available equations. If u =r, the solution obtained is
unique. However, the best situation is when u < r, i.e., the problem
is overdetermined, because there is the possibility of the introduc-
tion of new unknowns as the corrections to the measured values.
Unavoidable errors of the measurements may cause the equations
without introduced corrections to not be fulfilled accurately. Without
using the corrections, called the reconciliation, it appears that the
values of calculated unknowns depend on the calculation variant; i.e.,
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they depend on the selected equations for the calculation procedure,
whereas the not used equations are not fulfilled.

The purpose of the reconciliation of balance equations is also to
calculate the unique and most probable values of the unknowns, veri-
fication of the assumed precision of measurements, and the estimation
of real errors as well as their decrease. After the reconciliation the mea-
surement errors decrease the most for the larger errors.

The convenient reconciliation method is proposed by Szargut and
Kolenda (1968). The method theory is vast and only its outline is de-
scribed and illustrated here with a simple calculation example.

The first step of the method is proper preparation of the equations
set, called the conditions set, which is under consideration. The condi-
tion equations have to be independent and the unknowns have to be
calculable. Then the following denotation is assumed:

k=1,2,3,...,r,is the successive number of total number r of
condition equations,

o; wherei =1, 2, 3,..., n, is the successive magnitude being
measured,

Bj where j =1,2,3,...,u,is the successive unknown.

Thus the condition equations are the set of functions:
Fr=Fc(ou, ..., 00, B1, ..., Bw) (4.28)

where u < r < n+ u. The next step is calculation of the approximate
values, x;, of unknowns from some condition equations or their com-
bination. Then the following substitutions to the condition equations
(4.28) are made:

* measured values (observations) z; in place of «;,

* approximate values x; of unknowns in place of j3;.
Obviously, the obtained equations are not fulfilled:
Fr=(z1,....20, X1, ..., Xy) = —Wk (4.29)

where wy is the discrepancy of the kth condition equation. To obtain
the agreement of all the condition equations, i.e., to obtain wy = 0 for
every k, the following are introduced:

e corrections v; for the observations,

* corrections y; for the unknowns.
Thus from equations (4.29) is:

Fe=[z+v),....(z+0v), a+y),....0+y)]=0  (4.30)
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For linearization of equations (4.30) the Taylor’s series expansion
is applied in the neighborhood of experimentally measured values z;
and calculated values x;:

Fr=[zi+v1),....@+0), 1 +m), ..., O+ 1)l

oF oF
zFk(zi,...,zn,x,-,...,xu)—i—(—k> vl+-~-,< k) Un
dag /g doy /g

3Fk> <3Fk>
+ 4o, 3 (4.31)
< P 0 s By 0 4
where

(BF k) =ag; (4.32)

ooy 0 '

oFy

— ) = ; 4.

(as,» )O b (4.33)

are the partial derivatives of functions F for the measured magnitudes
«; and unknowns {; calculated at point (z1, ..., z,, X1, ..., Xu).

Relation (4.29) and the abbreviations (4.32) and (4.33) are intro-
duced into (4.31) and the linearized equations are as follows:

j=n

Zin: a,ivi+ Z by jyj = wy (4.34)
io1 ‘

j=1

Relation (4.34) represents the set of r equations with number # of
unknown v; and number u of unknown Yi thus nn + u > r. Therefore,
the number (n + u —r) of additional conditions can be introduced
for determining the way to choose the corrections. The most logical
policy is the method of least squares applied to corrections v; with a
normalization factor of m; (the standard deviation of the experimen-
tal data) as the experimental uncertainty in the measurement of the
independent magnitudes y;. Thus:

i=n v 2
> (—) = min (4.35)
iz \Mi

The minimum expressed by equation (4.35) is conditioned by
equations (4.34). The conditional minimization can be solved by the
method of Lagrange’s multipliers A with the Hamiltonian H. Thus,
the simultaneous fulfilling of conditions (4.34) and (4.35) occurs when

9
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the following relations are fulfilled:

k=

i=n s 2 r i=n j=u
H= (m—l> — 22)% (Zak,ivi + Zbk’jyj — wk> = min
i i i=1 =1

i=1 k=1
(4.36)
Applying the necessary conditions for the extreme:
oH oH
=0 and — =0
av,- ayj
one obtains:
v k=r
m—lz = Zak,i)\k (437)
k=1
k=r
> b h=0 (4.38)
k=1

The sets of linear equations (4.34), (4.37), and (4.38), whose number
is n 4+ u + r, allow for calculations of the same amount of unknowns
which are v;, y;, and A. Accuracy of measurements and the effect of
reconciliation of the balance equations can be estimated based on the
values of wy, v;, and y;. For example, the correction v; should not be
larger than the respective standard deviation m;; (v; < m;).

Example 4.2 Heat is exchanged by radiation between two parallel, infinitely
large black surfaces with a vacuum between the surfaces. As shown in Table 4.2
measured were temperature T; and T> of the surfaces, heat flux g4 and tempera-
ture Ty of the environment. The exergy loss 8b due to irreversible heat transfer
has to be calculated.

The considerations are based on the two equations, one determining the heat
flux g per 1m?, as:

g=0(T- 1) @
Measured or

Symbol | Units | calculated value | Calculated correction | Corrected value
Ty K oy =720 vy = 0.128958548 720.128959
To K ap = 320 vy = —0.01132146 319.988679
To K az =291 v3=0 291
q kW/m? ag =131 vy = —1.5241912 11.5758088
b kW/m? B; =6.853 y1 = —0.76866431 6.08433569

TaBLe 4.2 Data for the Considered Heat Exchange
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where o = 5.6693 x 107" kW/(m? K*) is the Boltzmann constant for black
radiation, and another equation for exergy loss db as:

_(4_41
d3b = (Tz Tl) To (b)

The considered problem is overdetermined because two independent equa-
tions are available and only one unknown has to be calculated; there are two
condition equations (r = 2), one unknown (u = 1) and four measured values
(n = 4). Equation (a) and (b) are rewritten as function F; with the use of mea-
sured data:

F1 = Cpaf — Cpaj — ag = wy = 1.53518618 ©

and as function Fy, from which the preliminary value of unknown Py is calcu-
lated, thus the discrepancy w, = 0:
o403 0403 @

B pi=w =0
(6% aq

F =

For reconciliation of the measurement data the following relations have to
be formulated. From equation (4.34), (k = 1):

Cp4d 0L13Z)1 —Cpd Otgvz — Uy =W (e)
and for (k = 2):
a o 0( a
&;170(4—23v2+<%7f4> +<—37—3>v47y1=w2 )
o 5 a aq a o

From equation (4.37) we have:

fori =1, ():
(% Q
= =Caain+ 20 ®
my o
i =2, ()
22— _Cpaodn - E2), ()
m; ]
i =3, (a3):
S04+ My, @
3 o
i =4, (o)
”—‘§=—m+<%—5>xz i)
on a2 o

From equation (4.38):

N =0 (k)
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Seven equations (e)—(k) contain seven unknowns: v, v, v3, v4, 1, A1, and \;.

For simplification the standard deviations are assumed to be equal: m; = my =
m3 = my = m = 2. On the other hand, if standard deviations are equal, then they
eliminate themselves from calculations; thus their values are not important. The
corrected values of measured magnitudes are shown in the last column of Table
4.2. The Lagrange’s multipliers are A; = 0.381047794 and A, = 0.

Nomenclature for Chapter 4

A

MRS gl O TS S W

§§>\~3‘IEOQ Q- ™

"332

surface area, m?

abbreviation, formula (4.32), in a reconciliation procedure

= 9.7807 m/s?, constant

= —3.086 x 107° 1/s2, constant

= 1.217 kg/m?, constant

= —9.973 x 10 kg/m*, constant

exergy, J

exergy rate, W

specific exergy, ] /kg

exergy percentile, %

abbreviation, formula (4.33), in a reconciliation procedure

concentration of component, kg/m?3

specific heat at constant pressure, J/ (kg K)

diffusion coefficient, m?/s

diameter, m

energy, |

energy rate, W

emission density, W/m?

specific energy of substance, ] /kg

energy percentile, %

exergetic index of process effectiveness

cumulative exergetic index of the annihilation process
effectiveness

function in reconciliation procedure

composition fraction,

gravity input, J

gravitational acceleration, m/s?

height of chimney, m

Hamiltonian

convection heat transferred coefficient, W/(m? K)

thermal conductivity, W/ (m K)

mass, kg, or mass flow rate, kg/s

standard deviation of the experimental data in reconciliation
procedure

power, W

number of measured unknowns in reconciliation procedure

absolute static pressure, Pa
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heat, J

heat flux per 1 m?, W/m?

individual gas constant for air, R = 287.04 J / (kg K)
number of available equations in a reconciliation procedure
exergy annihilation rate, W

entropy, J/K

absolute temperature, K

time, s

internal energy, |

number of unknowns in reconciliation procedure
volume, m?

correction of observation in reconciliation procedure
work, J

flow velocity, m/s

equation discrepancy in a reconciliation procedure
altitude measured from the earth’s surface, m

distance, m

approximate value in place of B in a reconciliation procedure
altitude above sea level, m

coordinate, m

correction of unknown in a reconciliation procedure
eZergy, ]

eZergy percentile, %

measured observation on « in a reconciliation procedure

measure variable in reconciliation procedure
unknown variable in reconciliation procedure
increment

loss

efficiency

Lagrange’s multiplier

overall entropy growth, J/K

density, kg/m?

Boltzmann constant for black radiation o = 5.6693 x
10~ kW/(m? K*)

Subscripts

CFHOSST ™

eng

exergetic

black

buoyant replacement
Carnot

energetic

environment compensation
engine
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F friction

fin final

i successive number
j successive number
in inlet

inl initial

k successive number
L laminar

macr macroscopic

out outlet

p pressure

Q heat

S system

sun sun

w velocity

W water

X altitude

0 environment
1,2,3,4 denotations

LI denotations



CHAPTER5

Thermodynamic
Properties of
Photon Gas

5.1 Nature of Photon Gas

Modern physics is founded on two theories: general relativity and
quantum mechanics. Both theories are defined by Einstein’s postulates
and are supported experimentally. Although these theories do not
directly contradict each other theoretically, they are resistant to being
incorporated within one cohesive model. General relativity is the most
successful gravitational theory, whereas quantum mechanics has had
enormous success in explaining many of the features of our world.
The individual behavior of subatomic particles (electrons, protons,
neutrons, photons, etc.) appearing in all forms of matter can often be
described satisfactorily only by using quantum mechanics.

Radiation is one of the main phenomena appearing in surround-
ing nature and is described by quantum theory. During radiation of
substantial bodies (solids, liquids, and some gases) a part of their en-
ergy (e.g., internal energy or enthalpy) trasforms into the energy of
electromagnetic waves at a length theoretically from 0 to co. Radiation
does not require a medium for its propagation. The radiation energy is
noncontinuously emitted in the form of the smallest indivisible energy
portions, called photons. If the energy of a body is not simultaneously
supplemented from an external source, then the temperature of the
body decreases. The phenomenon of such radiation is called emission.

Electrons orbit the nucleus of an atom at fixed orbital distances
(called orbital shells) which for each atom are different and discrete.
In a certain atom the electrons can orbit only at particular distances
which are different from those for atoms of other chemical elements.
In a stable state the electrons remain at a so-called ground state, which
is the lowest energy level of an orbital distance.
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An orbital shell is associated with a certain energy level. The
greater the distance is from the nucleus, the greater is the energy
level. Electrons, when excited by the absorption of energy, jump to
a higher shell. Photons must have the exact amount of energy to re-
place electrons in the next shell and, e.g., a nonexact amount of energy
in the photons cannot move electrons part of the way between shells.
The excited atom stays in such an unstable state until the excessive
energy is taken out and then the electron returns to a ground state.
Because the amount of energy carried by a photon depends on the
wavelength, the atoms of gas can absorb, or emit, energy only at a
particular wavelength.

A theoretical model of a perfectly reflecting surface, discussed in
Section 2.2.2, reflects 100% of the incident radiation. This means that
the surface emits one photon of the same frequency and energy per
each such photon absorbed. If a system is surrounded by a boundary
with such a perfectly reflecting surface, then the system is radiatively
adiabatic. However, the perfectly reflecting surface can participate in
heat exchange by conduction and convection if the surface is in contact
with any substance.

According to quantum mechanics an arbitrary potential may be
approximated with the analogue of the classical harmonic oscillator
in which the potential oscillates at the vicinity of a stable equilibrium
point. In a one-dimensional harmonic oscillator the particle momen-
tum is specified by a single position coordinate. In an N-dimensional
analogue of an oscillator the momentum is considered for N position
coordinates.

From a theoretical consideration of oscillators it may be concluded
that the energies are quantized and may take only the discrete value
multiplied by 1/2, 3/2, 5/2, etc. The lowest achievable energy is not
zero but half of such a discrete value. This lowest energy is called the
zero point energy (or the ground-state energy). In the ground state an
oscillator performs null oscilations and its average kinetic energy is
positive, although this zero energy is not perceptible as a meaningful
quantity. Oscillators make no noise, probably because they have no
rest mass. The ground-state energy has many implications, particu-
larly in the quantum gravity problem.

Another conclusion is that the energy levels are equaly spaced,
unlike in the Bohr model of an atom (which is a positively charged
nucleus surrounded by electrons traveling in circular orbits around
the nucleus) or in the “particle in a box” problem of a particle moving
in a straight line, always at the same speed, until it reflects from a
wall. For a randomly behaving oscillator the ground-state probability
is concentrated at the origin. This means the particle spends most
of its time at the bottom of the potential well at the state of little
energy. When any energy is supplied, the probability density becomes
concentrated at the classical turning point, at which the energy coincides
with the potential energy.
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Ficure 5.1 Electric field
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Thus, asnoted, electromagnetic radiation consists of discrete pack-
ets of energy (photons). Each photon consists of both an oscillating
electric field component and an oscillating magnetic field component.
The electric and magnetic fields are perpendicular to each other; they
are also orthogonal to the direction of propagation of the photon.

Thermal radiation is a case of mathematical description by the
famous Maxwell equations for the general relation between electrical
and magnetic fields in nature. The main Maxwell’s equation, with
three equation terms, expresses a magnetic field, respectively, to set up:
(a) a changing electric field, (b) a current, and (c) the use of magnetized
bodies.

The photon electric and magnetic fields flip direction as the pho-
ton travels. Figure 5.1 shows the recorded hypothetical history of a
photon traveling over some distance and leaving a trail of electric and
magnetic fields. The number of flips, or oscillations, that occur in one
second is called the frequency (v) and is measured in hertz (1/s). The
distance in the direction of wave propagation over which the electric
and magnetic fields of a photon make one complete oscillation is called
the wavelength N, m, of the electromagnetic radiation. As mentioned
in Section 3.1, the radiation propagation velocity c is equal c = \ x v.
The energy E ;, of a photon depends on its frequency:

Epi = hv (5.1)

where /1 is Planck’s constant. The rest mass of a photon is zero. How-

ever, considering a photon as a relativistic particle, its energy can be

equalized as h x v = m x ¢o? and the mass m multiplied by speed ¢

determines the particle momentum P as follows:
hv

P (5.2)

c

The electromagnetic nature of all photons is the same; how-
ever, photons can have different frequencies. The record of energy
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corresponding to a particular frequency or wavelength is the elec-
tromagnetic spectrum of radiation. Radiation can be examined by a
spectrometer in which the radiation is dispersed by a spectrometer
prism into its intensities, which are then measured. The spectrum
represents the intensity components of radiation arranged in order of
wavelengths or frequencies.

Because of a dual nature assigned to the radiation, the product of
radiation can be considered either as the energy of photons or the en-
ergy of electromagnetic waves. The concept of the photon, introduced
in quantum theory, leads to a certain interpretation of the space be-
tween surfaces exchanging heat by radiation. A radiation process can
be understood either as a macroscopic effect of heat transfer consid-
ered in engineering thermodynamics or as a process of energy ex-
change by the energy carrier which are the photons. One can perceive
not only aradiative heat transfer between surfaces of different temper-
atures but also the radiation product (photon gas) existing between
the surfaces.

Therefore, the radiant heat transfer interpreted as the phe-
nomenon of the electromagnetic wave propagation, can be also de-
scribed as the behavior effect of a collection of particles (photons)
within the space between the surfaces. Such photonics perception al-
lows consideration of the thermodynamic properties of a radiation
product, recognizing this product as a collection of energy quanta sim-
ilar to a substance, which is recognized as a collection of molecules.
The quanta generated in the oscillating way can be described by the
theory of oscillation. The space with “photon gas” can be studied
analogously to a substantial gas and the properties of such a nonsus-
btantial working fluid (photon gas) and its behavior in space is one
of the subjects of this book on the engineering thermodynamics of
thermal radiation.

During emission of radiation by a body the absorption of radia-
tion can occur simultaneously. During absorption of electromagnetic
radiation the energy of photons is taken up by the electrons of a body
atom. The photon is destroyed when absorbed and its electromagnetic
energy is then transformed to other forms of energy, e.g., either electric
potential energy, or emission of radiation, or to heat the body and raise
its internal energy or enthalpy. It is also possible that due to absorp-
tion electrons can be freed from the atom as in the photoelectric effect
(photo electrochemical or photovoltaic, discussed in Chapter 12) or in
the Compton scattering of energy. The body absorptivity, discussed in
Section 3.2, quantifies how much of the incident radiation is absorbed;
the remaining amount of incident radiation can be reflected or trans-
mitted. The absorption of radiation during its propagation through a
medium is often called attenuation.

Usually the absorptivity of substances varies with the wavelength
of the radiation because the energy of the incident photon must be
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similar to an allowed electron transition. As a consequence, a sub-
stance can absorb radiation in a range of selected wavelengths. For
example, if a substance absorbs radiation in the wavelengths corre-
sponding to the colors blue, green, and yellow, then the substance ap-
pears red (i.e., in the unabsorbed radiation wavelength range) when
viewed under white light.

Absorption spectroscopy permits identification of a substance by
precise measurements of absorptivity at different wavelengths if a
substance is illuminated from one side and the intensity of the exiting
radiation from the substance is measured in every direction.

From the thermodynamic viewpoint the photon gas can be con-
sidered as black radiation. There is no such concept as the emissivity
of radiation because radiation is always black and emissivity is re-
lated only to the radiating surface, which emits black radiation at a
rate determined by the surface property such as the surface emissivity.
Therefore, the photon gas cannot have assigned properties such as the
emissivity, which should be applied only for surfaces.

This observation can be supported by the following consideration.
In the vacuum enclosed within white walls exists an elemental mass
dm of black substance. In an equilibrium state the space is filled up
with photon gas of black radiation. There is no possibility to exchange
energy between the space and outer environment. Therefore, based on
the energy conservation law, the energy of the gas will not change if,
theoretically, the emissivity of the elemental mass decreases. As a re-
sult, the same photon gas (black radiation) will exist in the space in the
presence of an elemental mass even at a very low value of emissivity.
The element dm of emissivity smaller than one will absorb and emit
radiation, but in the space the same black photon gas will always exist.

Temperature of Photon Gas

The key thermodynamic parameter is temperature, which has been
used already in previous considerations (Chapter 2), although in terms
of radiation it requires a more detailed interpretative discussion.

A photon is amodern physics model of a single energy quantum—
an electromagnetic wave—which appears as a disturbance in the geo-
metric properties of space. The concept of temperature does not apply
to a single energy quantum, because temperature is a macro property
of matter. The Boltzmann constant, which couples the kinetic energy
and temperature of a substance molecule (~kT) in the suggestive re-
lation T = ~hv/k, should not be applied for assigning a temperature
to a photon. The concept of temperature in radiation problems can be
applied only to a batch of photons.

Geometrically, the simplest model space for consideration of an
enclosed photon batch is the space between two flat, parallel, and
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infinitely large surfaces facing each other, separated by a distance that
is large enough to accommodate the radiation with the longest mean-
ingful wavelengths. In such a model space the history of reflections is
simple: the whole radiosity of one surface arrives at the other surface,
and vice versa. There is no need to involve the complex geometry of
surfaces because this does not affect the final results in consideration
of the radiation mechanism.

Thus, in such a simple model space the method of the test body
and the Zeroth Law of Thermodynamic, discussed in Section 2.1.2,
can be used for determination of the temperature of a certain photon
population. The temperature of thermal radiation can only be deter-
mined indirectly, i.e., by measuring the temperature of the substance
with which the radiation is in equilibrium.

There are three illustrative and instructive examples of equili-
birum radiation, as suggested by Bejan (1997). The surfaces of the
model space are perfectly white and initially the space does not con-
tain any substance. Thus, the system of any considered photon batch
within the space would be adiabatic.

First, assume that into the model space is inserted a substance I
with the property that it can emit and absorb only a certain single fre-
quency v (to be exact, in a narrow frequency band from vy to v; + dv).
This means that if photons of many other frequencies are present in the
considered space, then substance I will behave as completely trans-
parent to those photons. After a sufficiently long time, the space will
fill with the monochromatic radiation of frequency v and the system
(substance and photon gas) will achieve equilibrium at the initial sub-
stance temperature Ti. Substance I does not lose its energy; thus, the
substance maintains a constant temperature, because any substance
emission is reflected back and no energy is lost to the outside of the
system. The initial emperature T; was measured and the radiation can
be determined as having temperature T;.

Second, substance I is replaced by substance II, which is perfectly
black. In time, the space fills with photons of all frequencies and the
state of equilibrium is achieved. Similar to case I, the considered sys-
tem with substance Il also does not lose energy. The initially measured
temperature Ty of substance Il remains unchanged, and the radiation,
which is an instantaneous collection of photons, can be determined as
having tempetaturue Ty;.

Third, both substances I and II, with initially measured temper-
atures, respectively, T; and Ty, are inserted into the space. At total
equilibrium, both substances achieve the same temperature, Tyr. The
equilibrium at temperature Ty prevails also between substance I and
the monochromatic radiation in the space. Moreover, the equilibrium
between substance II and black radiation prevails also at temperature
Trr. Therefore, for temperature Ty, the monochromatic radiation (of
substance I) and the sample of photons in the frequency band (from vy
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Ficure 5.2 Three considered cases (I, I, and Ill) of equilibrium.

tov; + dv) of the black radiation spectrum (of substance II) became the
same. Since the frequency v was taken to be arbitrary, it is possible,
with the same result, to vary and analyze in a similar way, band-by-
band, the frequency dependence of blackbody radiation. The result
is that the batches of radiation, which contain photon collections of
different numbers and frequencies, achieve the same temperature at
the equilibrium state.

Summing up, the three considered cases are schematically shown
in Figure 5.2. In case I, the substance I and monochromatic photon
gas at the equilibrium state have the same temperature Ti. In case II,
the substance I and the black photon gas at the equilibrium have the
same temperature Ty;. However, in case III, substance I, substance II,
and the black photon gas, all at the joint equilibrium state, have the
same equilibrium temperature Ti.

In practice, radiation temperature can be determined based on
the measured radiosity density. It is assumed that based on equations
(3.17), (3.20), (3.28), and (3.35) the radiosity density j can be inter-
preted as the emission density of the gray surface, j = e =€ x ox T%
Therefore, based on measured value of j and assumed value of emis-
sivity € of the examined surface, the temperature T can be determined

as follows:
N
]
T=— 5.3
(2) 53)

The idea of measured temperature based on equation (5.3) is ap-
plied in a pyrometer. The radiosity j of the target object is used to
deduce the object temperature T as the output signal. The pyrometer,
in very simple terms, consists of an optical system and detector. The
optical system focuses the energy radiated by an object onto the radia-
tion detector. The output of the detector is proportional to the amount
of energy radiated by the target object (decreased by the amount ab-
sorbed by the optical system), and to the response of the detector to
the specific radiation wavelengths.

For example, the infrared pyrometer measures the energy being
radiated from the target only in the 0.7-20 pm wavelength range. To
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increase the output and make it more readable, the detector can be
a thermopile consisting of a number of thermocouples connected in
series or parallel. The emissivity of the examined surface has to be
known because it is an important variable in converting the detector
output into an accurate temperature signal. There is no need for di-
rect contact between the pyrometer and the object. A pyrometer is also
suitable for measuring the temperature of moving objects. A cham-
ber such as the cavity radiator (Figure 3.4), submerged in a bath of
the known constant temperature, can be used for the calibration of
pyrometers.

The radiation temperature allows determination of the emitted
energy. For example, frequently considered is the radiation energy
only within a specified wavelength range. Such energy can be calcu-
lated in a fashion similar to the calculation of the mean specific heat,
equation (2.23). In the case of radiation, both sides of equation (3.29)
can be divided by T°:

-5
o GGl (5.4)
T exp [O\—ZT)] -1
Function (3.29) with two variables, A and T, is now changed into
function (5.4) of only one variable, (A x T). For the given temperature
T, the fraction of the total energy radiated between 0 and \ can be
introduced:

A
feb)\ dN
(:h’o—h> . = OAT oy (55)
b, 0—c0 /T fEb)\ an
0 T

The dimensionless values eyr are tabulated, e.g., by Holman
(2009). Table 5.1 shows some exemplary values of eyt for the (A x T)
ranging from 1000 to 50,000 pm K. For any wavelength range (A, \2)

AXxT AXxT

pm K er pm K er
1000 0.321 x 1073 6000 0.73777
2000 0.06672 7000 0.80806
3000 0.27322 8000 0.85624
4000 0.48085 10,000 0.91414
5000 0.63371 50,000 0.99889

TaBLe 5.1 Radiation Function
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the energy radiated from the black surface is:
b, (M=), T = €bT Zj =0 T*(epry, — eory) (5.6)

Example 5.1 A furnace interior, assumed to be a black surface at temperature of
2000K, is viewed through a small window in the furnace wall. The window glass
plate has the surface area A = 0.006 m2. The emissivity € and transmissivity
of the glass are considered for different two wavelength ranges. For A < 3.5 pm:
€=0.3,7=0.5;and for \ > 3.5 pm: € = 0.9, 1 = 0. Energy absorbed in the glass
and energy transmitted can be calculated as follows.

The values (A x T); = 0.2 x 2000 = 400 pm K and (A x T)2 = 3.5 x 2000 =
7000 wm K. From Table 5.1 (ext)1 ~ 0 and (ext)> = 0.8081. Using formula (5.6)
the energy of incident radiation within wavelengths from 0.2 to 3.5 pm is:

Ao T* (eqr), — eo),) = 0.006 x 5.6693 x 1078 x 2000* x (0.8081 — 0)
= 4.398 kW

The energy radiation transmitted is: 0.5 x 4.398 = 2.199 kW. Radiation energy
absorbed within the wavelength from 0.2 to 3.5 pm is 0.3 x 4.398 = 1.319 kW
and within wavelength from 3.5 pm to oo, is:

Ao T* (1 —eur),) = 0.006 x 5.6693 x 107 x 2000* (1 — 0.8081) = 2.199 kW

The total absorbed radiation energy is 1.319 + 0.94 = 2.26 kW.

5.3 Energy of Photon Gas

Now, with knowledge of the radiation temperature, the energy of
the photon gas can be considered. As mentioned in Section 3.4, the
cavity radiator model shown in Figure 3.4 is usually the basis for
consideration of radiation. Now, it can be assumed that (a) the cavity
is filled only with radiation in the form of photon gas, i.e., there is no
substance within the cavity and the refractive indexis n = 1; (b) under
conditions prevailing in the cavity the gas remains in thermodynamic
equilibrium; (c) the gas has the temperature of a blackbody surface;
and (d) the principle of classic phenomenological thermodynamics
can be applied to the photon gas. If the dimensions of the cavity are
significantly larger than the meaningful radiation wavelengths, the
radiation can be recognized as isotropic, i.e., the state of the gas is the
same at each cavity point.

A photon gas has rest mass equal to zero. Therefore, energy U, in
J, of the gas cannot be related to its mass but rather to its volume V.
Thus, the photon gas energy density u, J/m?, i.e., density of radiation
energy, is:

U= % (5.7)
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The normal radiation intensity iy is discussed in Section 3.7. Now,
let us introduce into consideration the black normal radiation intensity
ip.0, W/(m? sr), which is the product of u and the light velocity c:

l.b,o = UCy (58)

When considering radiation in a volume (not radiation flux emit-
ted from a surface), the intensity ij ¢ can be interpreted as being free
to vary within the spherical solid angle w equal 4 sr; thus:

4

1
U= ipodow (5.9)
Co
0

Using equation (3.28) with interpretation of radiosity j as a black-
body radiation (emission) present in the cavity (j = e;), one obtains:

4
1
u=— / % dw (5.10)
Co mw
0
Integrating (5.10):
4
_ o /d :—T4 (5.11)
m™Co

and using (3.21), the internal energy of photon gas is:
u=aT* (5.12)

Equation (5.12) leads us to the conclusion that if the temperature
T of the photon gas is held constant, then the radiation energy density
u also remains constant. The total energy U of the photon gas within
volume V can be calculated by using relations (5.12) and (5.7):

U=aVT* (5.13)

Formula (5.12) can be derived also in a different fashion as shown
in Section 5.4. Radiation energy u is a similar quantity to the specific
internal energy of a substance.

Pressure of Photon Gas

Electromagnetic waves may transport linear momentum, i.e., it is pos-
sible to exert radiation pressure on an object by shining a light on it.
Obviously this pressure is relatively very small. The existence of ra-
diation was predicted theoretically by Maxwell, and was confirmed
experimentally by several researchers many years later. For example,
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solar radiation is so feebly weak that it can be detected only by allow-
ing the radiation to fall upon a delicately poised vane of metal of high
reflectivity (a Nichols radiometer). Thus, radiation pressure is a real
effect of exerting a positive force due to momentum given up during
the interaction of electromagnetic waves with substance matter. Using
quantum terminology, radiation pressure is an effect of the photons
hitting a target.

Electromagnetic radiation pressure is proportional to the energy
intensity of the electromagnetic field and inversely proportional to
the speed of light. The pressure acts in the same direction as the
wave propagation represented by the Poynting vector (which is the in-
stantaneous vector cross-product of the electric and magnetic fields).
While the electric and magnetic fields oscillate in transverse mode, the
Poynting vector oscillates in longitudinal mode. The vector can travel
through a vacuum, and the vector’s magnitude is always positive.

However, saying that electromagnetic waves are transverse waves
is not exactly true, because the electric and magnetic fields may ran-
domly alternate their polarity, although then the Poynting vector
varies its amplitude in at the unchanged vector direction. Thus, the
momentum transfer between a wave and a material target is only due
to the existence of this vector.

Radiation pressure in pascals (N/m?) is equal to the time-averaged
Poynting vector magnitude divided by the speed of light. The Poynt-
ing vector describes the rate of energy flowing through a surface and
has the dimensions of power per unit area. The pressure within the
electromagnetic field is considered here as being independent of the
properties of the target eventually hit. The nature of the Poynting vec-
tor can be considered as the radiosity density j. The radiation pressure
p of electromagnetic radiation can be defined either as the force F per
unit area A, or using momentum P, or by the radiosity density j, as
is shown by the following multi-equation:

F_%_ ]

where ¢ is time and c is the speed of light.

The above explanations suggest that the radiation mechanism re-
sponsible for the pressure effects can be analyzed from two view-
points. First, the pressure interaction between radiation and substance
can be considered, and second, the pressure effect only within the
internal structure of the radiation field can be examined. Both view-
points are outlined as follows.

The pressure exerted on an object by a given amount of radiation
depends on whether the radiation is absorbed, reflected, or transmit-
ted. If radiation is reflected, then the object that reflects must recoil
with enough momentum to stop the incoming wave and then send it
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Radiation

Walls =0 %/ o=1 MT=O

cr=2 cr=1 ¢ =0

Ficure 5.3 Examples of walls of typical values ¢, of the radiation pressure
coefficient.

back out again. When radiation is absorbed, then the object must only
stop it. If radiation is transmitted through the object, then there is no
pressure effect on the object.

Consider a parallel beam within radiation that neighbors a wall
for a time t and that the incident radiation is totally absorbed by the
wall (i.e., the wall is perfectly black, a = 1). This means the momentum
P delivered to the wall is equal to energy divided by radiation speed,
P = Ufc, where U is the radiation energy in . However, if the radiation
energy is totally reflected (i.e., the wall is perfectly white, a = 0), the
momentum delivered to the wall is twice that given during absorption,
P =2 x Uf. If the incident radiation is partly absorbed and partly
reflected (0 < a < 1), the delivered momentum lies between U/ and
2U/c. The transmission of radiation through the wall occurs without
momentum effect. Thus, generally, the momentum can be expressed
with use of the radiation pressure coefficient ¢, as follows:

P=c— (5.15)

The value of ¢, can vary theoretically from 0 to 2. Typical examples
of momentum are shown schematically in Figure 5.3.

Example 5.2 A parallel beam of radiation with energy flux of 4 W/m? falls for 10
s on a white surface (¢, = 2) of 3 m? area. The energy arriving at the surface is:

U=4x10x3=120]

From equation (5.15) the momentum delivered after 10 s of illumination (at ¢ &~
3 x 108 mp) is:

u 120
P=c¢—=

_ -7
E 3)(108_8><10 N's

Based on Newton’s law, the average force on the surface is equal to the average
rate at which momentum is delivered to the surface:

F:E:8x10*7:

108N
; 0 8 x 10
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whereas the pressure exerted by radiation on the surface is:

F 8x107®

p=="7 =27x10"%Pa

The radiation pressure within the electromagnetic radiation field, with
no material target, can be now considered for comparison.

In the quantum theory viewpoint, although photons have nomass,
they do have momentum and can transfer that momentum to other
particles upon impact. The pressure observed within the electromag-
netic field, regardless of any hit target—thus regardless of the prop-
erties of the target (a or 7)—can be considered, however, based on
the interaction of photons only with an exceptional wall, which is a
perfectly white wall.

Then, similar to substance, the equipartition theorem is also ap-
plied to the number N of the photons. Analogously to equation (2.6)
for a substance gas, the gas energy expression p x w? in this equation
can be substituted by the radiation energy density u, (J/m®), deter-
mined with use of equation (5.1):

u = NE,, = Nhv (5.16)

and according to the equipartition theorem, equation (2.6) changes
the interpretation respectively for black radiation as follows:

Using formula (5.12) in (5.17) to determine the internal energy u,
the pressure can be expressed as a function of temperature T.

However, the same result can be obtained if the internal energy u
is derived from one of the general mathematic relations applied for
thermodynamic functions, which are discussed in Section A.3. Taking
into account that u is independent of volume:

(&)
JE— =u
0o J ¢

equation (A.16) is:

(%) _
u_T(8T>U p (5.18)

From equation (5.17) the derivative in (5.18) can be determined as:

3_P> _L(fom
aT ), 3\aT/,
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and, substituted together with (5.17), to (5.18):

_Tdu u

After separating variables in (5.19) and rearranging to:
du ar
g Rt
u T
one can integrate:
Inu=4InT +InC (5.20)

The integration constant in equation (5.20) can be interpreted as
the constant C = g, and thus, from (5.20), equation (5.12) can be ob-
tained.

Substituting (5.12) into (5.17) the pressure of the photon gas can
be expressed by temperature:

p="2r4 (5.21)
3

The considerations of pressure from both viewpoints allow for
some additional comments and conclusions. For example, from equa-
tion (5.21) we obtain the result that if the temperature T of photon
gas is held constant, then the constant remains not only the radiation
energy density u, according to equation (5.12), but also the pressure
p. Thus, the thermodynamic state of the photon gas is completely de-
termined by arbitrarily choosing one of the possible parameters: u, T,
and p. For comparison, determination of the thermodynamic state of
substance according to equation (2.1a) requires two parameters.

Radiation pressure can be extremely different in special situations.
For example, the solar radiation power incident on the earth’s surface
is about 1370 W/m?. Thus, from equation (5.15), at ¢, = 1, the radia-
tion pressure at the earth’s surface is only 1370/co = 4.57 pPa. How-
ever, the flux density from the NOVA experiment laser beam is about
10® W/m?, which corresponds to the radiation pressure of the target,
3.3 GPa.

Interaction between solar radiation pressure and the earth’s grav-
ity can be observed for various dust particle sizes suspended in the air
atasmall particle density—about 2 g/cm?. From the whole particle size
range only particles of diameter about 0.4—..8 pm remain stably sus-
pended, whereas smaller and larger particles drop. For this particular
size range of particles the forces caused by gravity and solar radiation
pressure are equal. Explanation of this lies in the relation between
particle diameter and wavelength. The 0.5-um-diameter particles re-
sult in the best momentum transfer from the 0.5-um wavelength of
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the solar radiation spectrum (discussed in Chapter 7) for which the
peak of radiation intensity occurs. For this wavelength there appears
the maximum radiation pressure, lowest dissipation, and maximum
of radiation pressure coefficient (c, ~ 2).

The radiation pressure for the condition of a particle diameter
equal to the wavelength is usually referred to as the Mie-scattering
regime of a maximum momentum transfer. The particle of a diameter
close to the wavelength of a single laser beam can levitate. The dimen-
sions of the actual body or its constituents are very important when
considering the radiation pressure coefficient that relates to proper-
ties such as absorptivity and transmissivity. A large body can have
a large surface area; however, if its diameter, or atomic diameter, is
not close to the incident radiation wavelength, then the body has a
lower radiation pressure coefficient, and thus a lower momentum is
imparted to the body. The Mie’s scattering mechanism describes the
problem of heating up or increase in mass, and, based on equation
(4.1), it explains the source of internal energy of matter that comes
from the relatively small difference in energy between the incoming
radiation wave and the outgoing reflected wave. The theory for deter-
mination of the conditions for radiation pressure coefficient to equal
the gravity is beyond the scope of the present book.

Two other examples of radiation pressure aspects are both the
radiation pressure used in the design of solar sails and that used in
analysis of the so-called Casimir effect.

Solar sails, or any light sails using sources other than the sun, are
considered for spacecraft propulsion with the use of mirrors with a
large surface area. Relatively small solar thrust can be powered by a
laser from the earth.

The Casimir effect appears as a small attractive force between the
two conducting uncharged plates, which are close to and parallel to
each other. According to modern physics, a vacuum is full of oscil-
lating electromagnetic waves of all possible wavelengths that fill the
vacuum with a vast amount of invisible energy. With a gradually nar-
rowing gap between the plates, the larger wavelengths are eliminated
and fewer waves can contribute to the vacuum energy, which falls
below the energy density of surroundings. As a result of the differ-
ent pressure, a tiny force pulls the plates together. The idea can be
developed for different applications.

The nature of the radiation pressure of a photon gas is that ra-
diation with an extremely high frequency can be confronted with the
gravity effect especially so that such radiation penetrates any material
and acts all over its constituent particles, not just over the material sur-
face. The shadow of a shower of such radiation, imparting impulses
of momentum to all bodies in space, can be imagined as the carriers
of the gravitational force assigned to the new theoretical concept of
gravitons.
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Whereas photons represent the luminance of electromagnetic ra-
diation, the gravitons represent shadowing and are considered to be
negative energy waves, i.e., having no photons or photon-holes. Such
considerations, not related to solar radiation, which does not affect
gravity, can be carried out for the source of rays in the upper gamma
region called cosmic radiation. Such considerations represent the sam-
ple of a new scientific avenue in which the concept of radiation ex-
ergy would be enigmatic. Many problems of radiation pressure can be
novel subjects for exergy analyses. It is also noteworthy that if radia-
tion propagates in space filled with substance, then the total pressure
in the space is the sum of radiation and substance pressures.

Entropy of Photon Gas

The concept of entropy, discussed in Secrion 2.5 for a substance and
heat, applies also to radiation. The entropy of heat transferred by
conduction or convection, in the case of fluids, is calculated as the
exchanged heat divided by the appropriate temperature; thus many
thermodynamic texts imply erroneously that the entropy of radia-
tion can be determined similarly, i.e., as the transferred radiant heat
divided by a surface temperature. However, such an interpretation
neglects the effects of the growth of entropy during the irreversible
processes of emission and absorption, which are unavoidable in the
mechanism of radiant heat transfer. Entropy of the photon gas is dif-
ferent from the entropy of exchanged heat.

Entropy can be derived in different ways. The simplest is the
derivation of the entropy density ss, JAK m®), of a photon gas in an
equilibrium state residing in a system. Based on Maxwell’s relation

(A11c):
10(d
5= - /(a—g)vdv (5.22)

The derivative in equation (5.22) can be determined from
equation (5.21) and then, after calculation of the obtained integral, one
obtains from (5.22):

55 = %a T3 (5.23)

Analogously to the emission density e determined by formula
(3.22) for the gray surface of emissivity €, the entropy of the emission
density s, W/(m? K), can be introduced. The formula on s is obtained
by multiplying the entropy ss by the factor cy/4. Using relation (3.21):
a x cg/4 = o,as well introducing the surface emissivity ¢, the entropy
s of the surface emission density can be determined as:

4
s = £§0T3 (5.24)
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Itis noteworthy that the emissivity €, defined for the surface emis-
sion of energy is applied in formula (5.24) for determination of the
emission of entropy. Motivation of such application is discussed in
Section 8.1. The entropy of radiation can be used in analyses of the
irreversibility of different radiation processes.

Isentropic Process of Photon Gas

One of the possible processes of photon gas is the isentropic process
during which the photon gas does not exchange heat with its sur-
roundings. The isentropic process occurs reversibly and the entropy
in each elemental process stage remains constant. The entropy in J/K
of the gas occupying volume V is determined based on formula (5.23),
and the condition of constant entropy in the process is:

4
Vga T3 = const.

or also
VT® = const. (5.25)

Eliminating temperature T by pressure p with use of formula
(5.21), the following condition for other pairs of parameters (V and p)
results:

pV% = const. (5.26)

Dividing side-by-side equations (5.25) and (5.26), the conditions
for the third possible pair of parameters, p and T, can be obtained:

pT4 = const. (5.27)

Relations (5.25)—(5.27) can be used for determining one of the un-
known parameters. For example, if the initial pressures p; and T; are
known, then at the end of the considered isentropic process of the pho-
ton gas at the known temperature T», the unknown temperature p, can
be determined based on relation (5.27) as follows: p, = p1x (T1/T»)*.

Exergy of Photon Gas

In engineering thermodynamics, the exergy of radiation, like e.g., en-
ergy or entropy, is considered for macro objects that consist of multi-
element populations of photon gas. Traditionally, to make the con-
sideration easier, the model of the cylinder—piston system with the
considered medium is usually applied. The conclusions established

13
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Ficure 5.4 T,
Adiabatic process Ty =

of a photon gas |
within the cylinder b [
with a piston.

by

Po 0

<

with the use of such a model can have a general meaning and can be
applied to the medium in other appropriate situations.

Based on the cylinder—piston system (Figure 5.4), the formula
for the exergy of photon gas was first derived by Petela (1964).
The cylinder-piston system, from which work can be received
through the piston rod, is situated in a vacuum and contains only the
trapped black radiation at an equilibrium state at the initial absolute
temperature T;. Heat exchange by conduction or convection does not
occur because there is no substance. The cylinder walls and piston
base are white; thus there is no heat exchanged by radiation and
the process occurring in the cylinder is perfectly adiabatic. On the
outer side of the piston there is only black radiation in equilibrium
at the constant environmental absolute temperature Ty. The initial
pressure p; of the photon gas in the cylinder and the pressure py
of the environment radiation are determined by formula (5.21). The
piston moves frictionlessly to the right if T > Ty or to the left if
T; < Ty, due to different pressures p; and po.

Hence it is evident that the system performs work regardless of
whether the considered photon gas has a higher or a lower tempera-
ture than the environmental temperature. In other words, for all tem-
peratures T different from the environmental temperature, the work
performed by the system is positive. The objective is to determine the
exergy by, s of radiation enclosed within the system.

Consider the adiabatic (isentropic—frictionless) process (1-0) in
which the final pressures on both sides of the piston become equal
and the photon gas approaches the final state at pressure py. The pro-
cess occurs according to equation (5.26), as shown in the p, V diagram
(Figure 5.4).

According to the definition of exergy the useful work w, J/m?,
performed in the considered process is equal to the exergy b; s of the
photon gas (black radiation) at the initial state 1. The useful work
w = by s, shown in Figure 5.4 by the shadowed area, is determined as
the absolute work with subtracted work py x (Vo — V;) spent on the
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Ficure 5.5 Exergy of a photon gas as a function of temperature.
compression of the environment:
V=1
bis= [ pav-p(to- 1) (5.28)
V=W

Assuming V; = 1 m® and using (5.21) and (5.26) in (5.28) the fol-
lowing formula for exergy by s of the photon gas within the system is
obtained:

bhs=- BT+ Ty —4TTY) (5.29)

SIS

The exergy of the photon gas, calculated from formula (5.29) for
Typ = 300 K is shown in Figure 5.5. With growing temperature Ty, equal
to any arbitrary temperature T, the exergy by s diminishes to the 0
value for environment temperature Ty and then continuously grows.

The correctness of the discussed model is confirmed by the fact
that the derived formula is exactly the same as the formula derived by
the method of exergy balance of the radiating surface. Such a method is
discussed in Chapter 6. Unfortunately, the authors ignore the method
of surface exergy balance for verification of their consideration.

Certain modification of the discussed cylinder—piston model is
possible in order to make it more realistic and convincing. For ex-
ample, the enclosed photon gas can be imagined as existing at the
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presence of the gaseous substance, which is nonradiative (i.e., not
emitting and not absorbing). The amount of this substance can be
continuously adjusted appropriately to maintain the substance pres-
sure constant and equal to the constant environment pressure. As the
substance pressures inside and outside the cylinder always counter-
balance, so work is performed only due to the isentropic expansion of
the photon gas.

Mixing Photon Gases

One of the possible processes to be considered is mixing n portions
of photon gas of different temperatures T; and occupying respective
volumes V;. Initially, the portions are separated and enclosed within
white walls. Then, the separating walls are removed and all the por-
tions are brought together within a white-wall enclosure of volume V
that is the sum of the volumes of the separated portions:

V=>V (5.30)

i=1
The energy conservation equation for the process of bringing the
portion together is:

Vu=> Vi (5.31)
i=1

where u is the energy density of the photon gas (black radiation) at
a resultant temperature T, determined by using equation (5.12) in

equation (5.31):
T =rT! (5.32)

where 7; is the volume fraction r; = V;/V. Using (5.21) in (5.31) the
formula for resultant pressure p can be also obtained as follows:

n

p=) ripi (5.33)

I
—

where p; is the pressure of the ith separated portion.
The irreversibility of the mixing can be measured by the overall
entropy growth I1, J/(m? K), using formula (5.23) as follows:

4 i=n
M= za <T3 -y Tf) (5.34)
i=1

Formulation of the exergy balance equation is discussed in detail
in Chapter 4. In the considered case the exergy balance applied for
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Component | Volume, | Temperature, | Energy, | Pressure, | Entropy, | Exergy,
i m3 K J wPa mJ/K J

1 30,000 400 0.5809| 6.455 1.937 | 0.0613
2 40,000 600 3.9212 | 32.677 8.714 | 1.3888
3 55,000 350 0.6243| 3.784 2.378 | 0.0231
Total 125,000 — 5.1264 — — —

Resultant — 482.5 — 13.670 | 14.165|1.1322

TaBLe 5.2 Input and Output Data for Example 5.2

the considered mixing process of the photon gases consists only of
decreases of the exergy of photon gases, before (by s,;) and after (b, s)
mixing, and of the exergy loss 8b due to process irreversibility:

bys = Zh‘bb,s,i —ab (5.35)
i-1

The exergy loss 8b can be determined by formula (2.60) with ap-
plied formula (5.34). The exergy of radiation portions by s; can be
determined from formula (5.29) used for respective temperature T;.
The exergy by s of the radiation mixture results from formula (5.35)
but can be also determined from (5.29) in which temperature T is
determined by formula (5.32).

Example 5.3 Within the white walls the three portions of photon gas are mixed
together. The initial data were used in calculations according to formulae (5.29)-
(5.34), and the output data are shown in Table 5.2.

As shown in Table 5.2 the overall entropy growth is 14.165 — 1.937 — 8.714 —
2.378 = 1.136 > 0; thus the process is irreversible.

5.9 Analogies Between Substance and Photon Gases

Some analogies noticed in thermodynamics problems can be helpful
in better understanding and interpreting problems. One example is
the analogy amongst mass, heat, and momentum transfer. Obviously,
acknowledgment of the analogy is not necessary for effective con-
sideration. The manifestation of analogies originates from a certain
formalism, although consideration of the analogies provides a basis
for mutual verification of analogous processes and satisfaction. Ther-
modynamics of the gaseous phase of a substance and of the photon
gas also indicates some analogies. Some such analogies for the ideal
substance gas and the black radiation can be discussed as follows.

u7
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One feature suggesting the analogy is that the substance consists
of small elements (molecules), whereas the photon gas is a population
of small indivisible portions of energy (photons).

Five typical reversible processes are considered in the thermodynam-
ics of substance. Each such process has a constant value of a charac-
teristic parameter: a temperature T for isothermal, a pressure p for
isobaric, a volume V for isochoric, entropy S for isentropic, and the
fifth process, polytropic, being a kind of process generalization, occurs
at the constant exponent n in the constant value expression p x V".
For a properly taken value of 1 the polytropic process becomes appro-
priately one of the four other processes.

The corresponding processes for the photon gas are trivial for
isotherm, isobar, and isochoric because only one parameter of the
possible three, T, p, and V, is required to be known in order to de-
termine the other two parameters. However, the isentropic process,
which for a substance is determined by equation (2.33), has its ana-
logical counterpart in the form of equation (5.26) for radiation.

The kind of process affects the specific heat of the processed matter.
The relations for radiation can be derived from the general thermody-
namic relations discussed in Section A.3. As for the unit of the amount
of matter, instead of kg for substance, the unit of m?is applied for radi-
ation. The specific heat ¢, J/(m> K), of a photon gas at constant volume
is derived from relation (A.12) in which the derivative is calculated
from equation (5.23):

s
co=T(-— ) =4aT* 5.36
(), -

The radiation process at constant pressure occurs at constant tem-
perature; thus the isobar simultaneously is the isotherm and dp = dT
= 0. The specific heat ¢, of the photon gas at constant pressure is
determined from relation (A.13) as follows:

s
cp = T(—) =00 (5.37)
P aT ) ¢
The specific heat ct of the photon gas, at constant temperature,
can be determined from relation (2.21) as follows:

or = <ﬁ>T =00 (5.38)

As mentioned in Section 2.3, in the thermodynamics of substance
the internal energy represents the ability to do work by the substance,
which remains during the consideration within the considered sys-
tem, even if the substance would be in a local motion. Engineering
thermodynamics of a substance introduces the concept of enthalpy,
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which expresses the energy exchanged with the system due to the
exchange of the substance. The energetic effect of transportation of
the substance through the system boundary is then included in the
enthalpy value. Thus, the enthalpy H is defined, according to equa-
tion (2.13), as the internal energy U with the added work term p x V
representing the transportation through the boundary system, H = U
+pxV.

Equation (2.13) interpreted for V = 1 m® of radiation at tempera-
ture T, and after using equation (5.17), is

4
hy =u+p= U (5.39)
where h, and u are the enthalpy and energy of the black radiation,

respectively.

However, in practice, the energy brought into a system by black
emission would be e;, expressed by formula (3.21), which, when using
(5.12), becomes:

Co
ey = 1 u (5.40)

It results that for determination of energy exchanged with the sys-
tem, the enthalpy of radiation hj cannot be used as used is the enthalpy
h of substance (I, # e), not even mentioning that the dimensions of
ep and hy, are different. Eventually, other possibilities can be examined.
The exchanged radiation energy, e.g., expressed as a certain radiation
flux f,, can be defined by the product of 1/3 (division by 3 is according
to the equipartition theorem) and radiation speed cy:

f = %Ou (5.41)

The obtained value f, is also different from e;, (f, # ep), as well as
is different from hy; fj, # hp. In conclusion; only the energy u should
be used for expressing radiation within the system. and only emission
ep can be used to express energy of radiation exiting or entering the
system. There is no direct analogy between the enthalpy of substance
and any magnitude for radiation.

Searching for a radiation analogy to the state equation for a gas
(2.1), Bosnjakovic (1965) formulated the following state equation for
radiation:

pog = 0.9 RT (5.42)

where p is the pressure, vg is Bosnjakovic’s concept of the specific
volume, m?/kmol, R is the universal gas constant, R=_8316]/(kmolK),
and T is the absolute temperature. Some numerical data are used in
Table 5.3 to illustrate the calculation with formula (5.42). For a given
temperature, the pressure is determined by formula (5.21) and then
vp is calculated from (5.42). With growing temperature the radiation

19
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T,K p, kPa 1/vg, kmol/m? Comments

1000 2.52 x 107° 3.37 x 1071*

5700 2.66 x 10°° 6.24 x 107° Approximate temperature

of sun’s surface

104 2.52 x 1074 3.37 x 1078

10° 2.52 x 1071 3.37 x 107%

108 2.52 x 10° 3.37 x 1072

2 x 107 4,03 x 108 2.7 x 102 Approximate temperature

at the sun’s center

TaBLe 5.3 Some Values of Temperature T, Pressure p, and the Bosnjakovic’s
Radiation Density (1/vg)

density represented by the value 1/vp also grows. In practice, equation
(5.42) can be considered as a simple function of a single variable, e.g.,
vg(T), determined as vp = 2.97 x 10'%/T3.

A peculiar property of photon gas is the Gibbs free energy g, J/m?,
which in contrast to substance is equal to zero. This value can be
determined by expressing all the members of the formula on g:

g=u+p—-"Ts

by the temperature as follows:
L T
g=aT +§T —gaT =0 (5.43)

Equation (5.43) is valid for either monochromatic or black radia-
tion. From equation (5.43) the chemical potential w, of the photon gas
is also zero:

_(38) _
= <8N>T =0 (5.44)

where N is interpreted as the number of photons in the considered
volume of 1 m>. The expression dN is mathematically informal be-
cause N is an integer. Another comment is that even if the photon gas
is perfectly isolated the number of photons is not conserved. Proper-
ties such as the Gibbs free energy, energy, or entropy are introduced
for statistically predicted amount of photons in a considered volume,
and these properties do not depend on the number of photons that
instantaneously exist in the volume.

The influence of temperature T on exergy of photon gas, shown
in Figure 5.5, can be compared to the physical exergy of substance
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varying with temperature. The specific physical exergy b, ] /kg, based
on formula (2.45) is:

b=h- ho - To (S - So) (545)

where Tj is the environment temperature; 1 and s are the specific
enthalpy and entropy, respectively; and o and s are the specific en-
thalpy and entropy, respectively, of gas in equilibrium with environ-
ment. In order to examine the value b near absolute zero temperature
one can use the Third Law of Thermodynamics, which, according
to Planck, states that the specific heat and entropy of all substances
approaches zero for the temperature diminishing to absolute zero.
The quantum considerations have led Debye to the conclusion that the
specific heat ¢ of crystals near absolute zero varies according to the
cubic parabola:

c=CpT? (5.46)

where Cp is constant. Thus, near to the zero temperature the specific
enthalpy is:

h=cT* (5.47)

whereas the specific entropy is:
r C
C D 3
= —dT = —T 5.48
s= [ gar =1 (5.48)
0

After inserting (5.46) and (5.47) into (5.45) the exergy of substance
near absolute zero becomes:

CpT3
b=CpT*—hy—Tp ( % - so> (5.49)

Thus, for the temperature T diminishing to absolute zero the phys-
ical exergy of substance approaches the finite positive value

lim (b);_o = Toso — ho >0 (5.50)

Figures 5.6 (left) shows how the substance temperature varies
with entropy s at constant pressure p. Exergy of such a substance,
as a function of temperature T, is shown in Figure 5.6 (right). The
straight parts of the plots in Figure 5.6 correspond to the phase
changes.

12
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So To

Ficure 5.6 The isobar (left) and exergy (right) of a substance (after Petela
1964).

Generally, the variation of the exergy of substance and radiation
with varying temperature is similar. Neglecting linear sections of the
plot in Figure 5.6 (right) the analogy in variation of exergy with tem-
perature can be noticed by comparison to Figure 5.5. In both cases
(substance and radiation) the exergy is positive for any temperature
different from Ty. The exergies assume zero value for T = Ty and have
finite values for temperature approaching absolute zero. For T > Ty
the exergies continuously grow with growing temperature. There are
characteristic temperatures for substance and for radiation, respec-
tively, for which the energy is larger than the exergy (for large tem-
perature T) and smaller (for small T). This consistent analogy can
be also recognized as a certain confirmation of the correctness of the
derived formula for radiation exergy.

Nomenclature for Chapter 5

A surface area, m?2

b exergy of radiation, J/m?

b specific physical exergy of substance, J/kg

a =7.564 x 1071 J/(m3 K*), universal constant

Cp constant, J/(kg K*)

c speed of light, m/s

c specific heat of solid, J/(kg K)

co speed of light in a vacuum, m/s

1 = 3.743 x 107 W m?, the first Planck’s constant

Co = 1.4388 x 1072 m K, the second Planck’s constant

ol radiation pressure coefficient

cp specific heat of photon gas at constant pressure, J/(m® K)
cr specific heat of photon gas at constant temperature, J/(m® K)
Co specific heat of photon gas at constant volume, J/(m> K)

E energy, J
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density of emission energy, W/m?

force, N

auxiliary concept of radiation flux, W/m?

Gibbs free energy for radiation, J/m?

enthalpy of substance, |

= 6.62 x 107* J s, Planck constant

specific enthalpy of substance, J/kg

black normal radiation intensity, W/(m? sr)

radiosity, J

radiosity density, W/m?

= 1.3805 x 1072 J/K, the Boltzmann constant

mass, kg

number of photons

number of dimensions of the oscillator analogue

refractive index

integer number

polytropic exponent

momentum, kg m/s

static absolute pressure, Pa

heat, J/m?

volume fraction

entropy of emission density, W/(m? K)

specific entropy of substance, J/(kg K)

entropy of photon gas, J/(K m?)

absolute temperature, K

environment temperature, K

time, s

black radiation energy, |

internal energy of substance, |

density of radiation energy, J/m>

specific internal energy of substance, J/kg

volume, m?

Bosnjakovic’s concept of the specific volume of radiation,
m?/kmol

work, J/m?

absorptivity of surface

emissivity of surface

wavelength, m

“chemical potential” of the photon gas, J/m?

oscillation frequency, 1/s

mass density, kg/m?

= 5.6693 x 10~8 W/(m? K*), Boltzmann constant for
black radiation

transmissivity of surface
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Subscripts

b black

i successive number
ph photon

S system

T temperature

1,2 different cases

I, 11, IIT different cases

0 environment

0, oo zero or infinity

A wavelength



CHAPTER 6
Exergy of Emission

6.1 Basic Explanations

A photon gas trapped in a space surrounded by mirrorlike walls was
considered in Section 5.7. The product of the emission process is the
photon gas, which is black radiation with a temperature equal to the
temperature of the emitter. Emissivity of the emitter, e.g., the emissiv-
ity of a solid surface, determines the surface ability measured by the
rate at which the black radiation is produced. Thus, e.g., the perfect
gray surface of the emissivity € emits black radiation in an amount
determined by the emissivity €. In other words, the density of emis-
sion e, expresses the amount of emitted black radiation energy from
1 m? of black surface at € = 1, whereas density e(e = € x ¢;), deter-
mined by formula (3.22), expresses the amount of emitted black radi-
ation energy from 1 m? of gray surface, at a rate reduced by ¢ < 1.

For example, the measured emission of radiation from any body
allows for directly determining the temperature of the body only if it
is black, as discussed in Section 5.2. However, if the examined body is
gray, its real temperature can be determined if the emissivity € of the
body is known or guessed. Since the emissivity is smaller than one,
the examined real temperature of the body is appropriately higher
than the temperature resulting from the measured emission.

The black emission ¢, has exergy b,; however, the rate of emis-
sion e of the gray surface is smaller (e =€ X ¢;) and has exergy b of
emission e, also reduced by ¢:

b =¢by (61)

If the exergy b;, of the black surface emission at temperature T is
known, then the exergy b emitted from the gray surface at temperature
T and emissivity € can be determined from equation (6.1).

The definition of exergy, given by equation (2.45), can be inter-
preted for the photon gas. Exergy is a function of an instant state of a
matter (e.g., a photon gas at the considered instant) and of the state of
this matter in the instant of equilibrium with the environment. Such
equilibrium is the basis for determination of the reference state for the
exergy of the photon gas.
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The environment consists of many bodies at different tempera-
tures and with different radiative properties (e.g., emissivities or trans-
missivities). The dominant temperature of the environmental bodies
can be assumed to be the standard (averaged) environmental tem-
perature Ty. As discussed previously, the surface always emits black
radiation; thus the environment surface at temperature Ty, regardless
of the surface properties, emits black emission at temperature Ty. The
properties of the surface determine only the rate at which the emission
occurs. Thus, the environment space permanently contains the black
radiation at temperature Ty and this radiation is in equilibrium with
the environmental surfaces at Tj.

Suchreasoning leads to the conclusion that the exergetic reference
state for a photon gas (black radiation) is its state at temperature Tj;
such a reference state depends only on temperature T and does not
depend on diversified values of emissivities of the environmental
bodies. All surfaces emit only black emission and the emissivities of
the surfaces (e.g., of any two surfaces x and y) determine only the
effect of exchange of emission energy (ex—_,) or exergy (b,_,) between
the surfaces.

The black emission exergy b,, expressed by formula (6.1), is al-
ways a function only of temperature T of the considered surface
and of the environmental temperature Ty, b, = f (T, Tp). No pressure
has to be considered for establishing the exergy reference state for
radiation. The pressure of the environmental substance does not
affect the radiation, which is not a substance, whereas the pressure
of radiation is determined only by the radiation temperature.

It can also be stated that the concept of a perfectly black surface
plays a basic role in the exergetic considerations of radiation, and the
concept of emissivity is applied only for a surface but not for a
photon gas.

Consideration of the interaction between surfaces can be signifi-
cantly simplified in the case when the considered surfaces are models
of black surfaces. The obtained results of such a consideration, al-
though valid exactly only for the model surfaces, often allows for
obtaining practical qualitative information with acceptable accuracy
for situations with nonblack surfaces.

Derivation of the Emission Exergy Formula

Determination of the radiation exergy of surfaces is very important in
practice. Radiation exergy allows evaluation of energy resources rep-
resented by the hot radiation of the sun, or by any other hot radiation
(i.e., a surface hotter than the environment), and also by cold radiation
(i.e.,asurface colder than the environment). Thus, the radiation exergy
of a surface is the pivotal problem in the engineering thermodynamics
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Ficure 6.1 Radiating A Ao
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of thermal radiation and deserves particular attention. The formula
for exergy by s (J/m®) of the photon gas enclosed in a system was
derived in Section 5.7. Now, the exergy b, (W/m?) of the emission
density of a black surface, or any flux of propagating radiation, will
be determined.

Simple derivation of the emission exergy of a black surface, pub-
lished for the first time by Petela (1961b) in Polish and then repub-
lished in English, Petela (1964), is based on the balance of the emitting
surface according to the model shown in Figure 6.1. The two surfaces
Aand Ay are black, flat, infinite, parallel, facing each other, and they
enclose the space without substance (vacuum) and interchange heat
by means of radiation. This model is often selected for consideration
because the space is enclosed by the simplest possible geometry in-
volving only two surfaces. Each surface is maintained at a constant
temperature due to the exchange of the compensating heat with the
respective external heat sources. Surface Ay at temperature T repre-
sents the environment, whereas surface A at arbitrary temperature T
emits the considered radiation. The simplicity of the model of black
surfaces is that there is no reflected radiation to be considered.

In order to derive the formula for the emission exergy density by,
of a black surface the following exergy balance for surface A4, in the
steady state, is considered:

by + by = by + b 6.2)

where the terms in equation (6.2) or in Figure 6.1, all in W/m?, are:

by, by exergy of emission density of surfaces A and A,
respectively;

by, byo change in exergy of respective heat source;

db, dbg exergy loss due to irreversibility of simultaneous

emission and absorption on the respective surface.

From the definition of exergy, the radiation of a surface at the
environment temperature is:

bo=0 (6.3)
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The change in exergy of the heat source, based on formula (2.61), is:

T-T
where g, W/m?, is the heat delivered by the heat source of tempera-
ture T. This is the amount of heat that allows surface A to emit and
maintain its constant temperature T. This is also the heat exchanged
by radiation between surfaces A and Ay and calculated from the
energy balance of surface Abased on formula (3.21):

g=0(T*"-T) (6.5)

The overall entropy growth IT due to simultaneous emission and
absorption of heat taking place at surface Ais:

H=—%+s—% 6.6)

where —q/T is the decrease in entropy of the heat source at tem-
perature T, based on formula (2.39); and s and sy are the entropy of
emission densities from surface A and A, respectively, determined
by formula (5.24) (ate = 1).

Based on the Gouya-Stodola law (2.60), the exergy loss &b is:

b = Tyll (6.7)

Making use of (5.24) and (6.3)-(6.7) in equation (6.2), and after
some rearranging, the formula for the exergy of emission density by,
W/m?2, of the black surface A is obtained:

m=%@ﬂ+w—uwﬂ 6.8)

The term in parentheses in equation (6.8), characteristic for radia-
tion exergy, is discussed in Section 6.3.

The convenient form of equation (6.8) for practical calculation of
the total exergy By, (W) of emission for the whole black surface area A
can be obtained by application of constant C, used already in formula
(3.23), as follows:

T\" [T\ o\(TY
By, = ACy |:3 (m> + <m> -4 (m) (m) (6.9)
where C, = 5.6693 W/(m? K*).
Based on formula (6.1) as well as on formulae (6.8) and (6.9), the
exergy of the gray surface with emissivity € can be determined as
follows:

b:s%(mﬂ+13—4nTﬂ (6.10)

s[5 (k) + () 4 () () ] om
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Formula (5.29), derived based on study of the expansion of a pho-
ton gas in the cylinder with a piston, also contains the characteristic
expression in parentheses in formula (6.8). The derivation of formula
(5.29) may give rise to some doubts because the work carried out by
the considered system during the filling of the cylinder with photon
gas was not taken into account. However, such filling is achieved by
means of emitting the radiation of a certain body, at the cost of energy
of that body, or of some heat that is conducted to that body. Therefore,
the process of filling cannot be taken into account if the exergy of a
photon gas, already existing within the cylinder, is considered. The de-
rived formula (6.8) confirms the correctness of the above discussion in
neglecting the filling cylinder in the derivation procedure of formula
(5.29). The exergy values from formulae (5.29) and (6.8) differ only by
a factor of co/4, which results from purely geometrical consideration.

The method of exergy balance of radiation surface allowed for
undisputed derivation of formula (6.8) on the exergy of black emis-
sion. However, it is noteworthy that the possible application of such a
method to any considered exergy radiation problem is usually missed
by many authors. The exergy balance method may be used not only
for the surface of known temperatures and properties but also for any
arbitrary radiation reaching certain surfaces and coming from an un-
known source. For example, in Chapter 7 such a case is analyzed to
determine the exergy of arbitrary radiation of an irregular spectrum,
e.g., determined by measurement.

Finally, it can be shown that the exergy of the density of black
emission can be derived also based on the exergy definition equation
(2.45) in which enthalpy has to be interpreted as the emission density,
according to (3.21), and the respective entropy of the emission density,
according to (5.24). Substituting appropriately to formula (2.45) the
following equation is obtained:

4 4
by=0T*—oT} - T <30T3 - gaTg) (6.12)

which can be rearranged to the exact formula (6.8). This method of
derivation of by, applied by Petela (1974), confirms again the correct-
ness of formula (6.8), although the correctness of this method was pre-
viously uncertain until it was disclosed that the substance enthalpy
and entropy in formula (5.24) can be replaced, respectively, by emis-
sion and its entropy of black radiation. The method is also applied for
any arbitrary radiation, as shown in Section 8.4.

6.3 Analysis of the Formula of the Exergy of Emission

Analysis is carried out on the exergy of emission from the perfectly
gray surface expressed by equation (6.10). As the subject of the fol-
lowing analysis, equation (6.10) is now rewritten:

b=e (37" + T —4TT?) (6.13)
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where ¢ is the emissivity of the considered gray surface, T is the tem-
perature of this surface, and Tj is the environment temperature.

The mathematical analysis published for the first time by Petela
(1964) reveals first of all that exergy b determined by equation (6.13)
is always positive and has the lowest value zero when T = Tj:

(b)T:Tg =0 (6.14)

The above conclusions result even more explicitly after transfor-
mation applied by Planck for the entropy considerations. According
to this transformation the expression in brackets of equation (6.13) can
be presented in another form:

3T*+ Ty —ATT® = (T — To)* (3T* + T¢ + 2Ty T) (6.15)

The right-hand side of relation (6.15) is the product of two always-
positive expressions. For any different temperatures T # Ty, the ex-
ergy of radiation is positive.

The exergy b also reaches zero if the considered surface is white
(i.e., perfectly reflecting, € = 0). From (6.13) it results:

(0)e—o =0 (6.16)

It results from formulae (6.13) and (3.22) that the exergy of emis-
sion, for the environment temperature approaching absolute zero, is
equal to the emission:

limy, .o (b)) =eoT* =e (6.17)

It is noticed that the characteristic term in brackets in formula
(5.29), appearing also in formula (6.13), was derived by Petela (1964)
from consideration of the work done by the cylinder-piston system
and without using the Stefan-Boltzmann law (3.21). The obtained
equation (6.13) can be recognized as being independent of equation
(3.21). Therefore, the energy of emission e can be interpreted as the
particular case of the exergy of this emission at the theoretical condi-
tion Ty = 0, or that the Stefan-Boltzmann law expresses the exergy of
emission when the environmental temperature equals absolute zero.

In the conditions of cosmic space, interpretation of the environ-
ment becomes specific and significantly different from the earth’s en-
vironment. The environmental temperature in such conditions, con-
sidered within the large range from zero to infinity (0 < Ty < o0), is
justified, whereas under earth’s conditions the environmental temper-
ature ranges only a little.

As the surface temperature T approaches absolute zero, the exergy
of emission expressed by formula (6.13) approaches the finite value:
g
3

This means that the so-called “cold” radiation (discussed also in
Section 6.8) emitted by the surface at temperature smaller than Ty
represents a certain practical value.

limr_ (b) = &= Ty (6.18)
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Equation (6.13) changes to the form of equation (5.29) if the photon
gas enclosed within a system is considered. Petela (1964) mentioned
for the first time that there is a peculiar theoretical case of the lack
of radiation in a so-called “empty tank.” It appears that the exergy
of radiation matter in the case when its amount is zero, which corre-
sponds also to the theoretical case of the photon gas temperature T =0,
has an exergy value larger than zero, similarly to the exergy for the
substance matter.

We obtain this result from the following reasoning. Neglecting all
field matter (e.g., gravity) and neglecting interpretation of a ground-
state energy, discussed in Section 5.1, according to which even in a
vacuum there still exist the null oscillations (“idling” photon oscilla-
tions), one can imagine the empty tank, with all mirrorlike walls, as
the case of no radiation, thus no radiation temperature, T = 0 . For
such interpretation of the empty tank situation the exergy bgr of the
radiation vacuum results from equation (5.29) for T = 0 as follows:

a

3T04 = bET >0 (619)

limr . (by,s) =
Equation (6.19) expresses a certain exergetic value for the theoret-
ical situation in which the exergy of an “empty tank,” from the radi-
ation viewpoint, is proportional to the environment temperature in
the fourth power. This peculiarity of radiation exergy was mentioned
later also by Parrott (1979).
Based on equation (6.13), Figure 6.2 illustrates the exergy b; (solid
thick line) of emission density of a black surface (¢ = 1) at the constant
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-200

Fieure 6.2 Emission e,, exergy by, difference (e, — bp), and the exergy/
energy ratio ¢ as a function of surface temperature T, at To = 300 K.
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Ficure 6.3 Emission e,, exergy by, difference (e, — bp), and the exergy/
energy ratio ¢ as a function of surface temperature T in a very large range,
at To = 300 K.

value of the environment temperature Ty = 300 K. As shown, the ex-
ergy by has its minimum at point D. There are the inflexions at points
A and C. For comparison, Figure 6.2 presents also energy e, (solid
thin line) of emission density according to equation (3.21). At point
B the energy emission equals the exergy of emission. Point B can be
determined by comparison of equation (6.13) and (3.21) (b, = e;). The
exergy of black emission is larger than the energy of such emission if
the radiation temperature T is small enough (T < Tg), and the tem-
perature at point Bis Ty = To/4!/.

Figure 6.2 presents also the exergy/energy radiation ratio (dotted
line) and the difference e, — b, (dashed line) which, together with
other peculiarities of radiation exergy, are discussed in the following.
Figure 6.3, in comparison with Figure 6.2, presents the considered
variables for the wide range of temperature T.

Efficiency of Radiation Processes

6.4.1 Radiation-to-Work Conversion

Thermal radiation can be converted by different processes. Work is a
process of energy transfer during which the energy does not degrade.
For this reason the work is used to define the exergy. A real energy
conversion efficiency, ng, of thermal radiation into work can be defined
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as the ratio of work W, performed due to utilization of the radiation,
to the energy e of this radiation:

~ =

ME (6.20)

In an ideal (reversible) process the maximum work Wpax can be
obtained from radiation energy. Then, such work is the exergy of the
radiation, Wiax = b, and efficiency mg changes to the maximum con-
version efficiency ng max Which is equal to the so-called exergy/energy
radiation ratio  defined for the first time by Petela (1964):

b
E = MNE,max = llJ (621)

If the emission density e from formula (3.22) and exergy b of emis-
sion density from formula (6.10) are used in (6.21), then:

1 (To\* 4T,
=1+- (=) -2 22
W +3(T) 3T (622)

where T is the temperature of the considered radiation.

Therefore, { represents the relative potential of maximum energy
available from radiation. This characteristic ratio { has the signifi-
cance similar to that of the Carnot efficiency for heat engines. The
term s is reluctantly called the efficiency because, as also Parrott (1979)
showed later, it can have values larger than unity.

The exergy conversion efficiency mg of thermal radiation into work
can be defined as the ratio of the work W, performed due to utilization
of the radiation, to the exergy b of this radiation:

w
"= (6.23)

Introducing (6.20) to (6.23) to eliminate the work W, and then
using equation (6.21) to eliminate the exergy b, one obtains that the
exergy efficiency of conversion of radiation exergy to work is equal to
the ratio of the real and the maximum energy efficiencies:

m=—r <1 (6.24)

ME ,max

Using equation (6.21) in (6.24) to eliminate Mg max, the ratio | is
equal also to the ratio of energy-to-exergy efficiency of the radiation
conversion to work:

=2 _.1=10r<1 (6.25)
MB

which can be larger than, equal to, or smaller than unity.
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It is noteworthy that, in the consideration of the heat engine cycle
with a working fluid, an interpretation the same as in (6.25) can be
derived.

The ratio (s is a function of the two temperatures

(b1 (T\' 4T
U (T, TO)_<5>T,T(,_1+5<T> ~37 (6.26)

Figure 6.2 presents the example of the ratio s (dotted line) for
To = 300 K. With the growing temperature T from zero to infinity the
value  decreases from infinity to the minimum value zero for T = Ty
and then increases, with inflexion point E, to the unity:

. . 1(h\" 4T
However, in spite of {s approaching unity for infinite temperature
T the difference (e, — by) between energy e and exergy b does not
approach expected zero, but it does approach infinity:

1 4
lim7_, (e — b) = limr_ o0 {80‘ [T‘* -3 <3T4 + T04 _ 5T()T3>:|} =00
(6.28)

The difference (ep — bp) from the growing temperature T of the
negative values grows indefinitely as shown (dashed line) in Figure
6.2. For the large values of temperature T, the influence on the differ-
ence and  is shown also in Figure 6.3.

The ratio { is dimensionless because energy and exergy are ex-
pressed in the same units; however, for some interpretations ¢ can
be recognized as the amount of k] of exergy per amount of k] of en-
ergy for any radiation at given temperatures T and Ty. The ratio s
has a certain practical significance: although the ¢ was not defined
as efficiency, it can be recognized in the same way as the efficiency of
the maximum theoretical conversion of radiation energy to radiation
exergy. For example, for any arbitrary radiation of the known energy
and at certain presumable temperature T, the exergy of this radiation
can be approximately determined as the product of the considered en-
ergy and the value (s taken for this temperature T. Table 6.1 presents
some data for the characteristic values of temperatures.

The ratio §s can be expressed in a more general way as a func-
tion only of one variable, by using the temperature ratio x = T/Tj in
equation (6.26) as follows:

() =1+ -—— — (6.29)



Exergy of Emission

T & e =t Point in

K wW/m? (] Fig. 6.2
0 0 153.1 -153.1 00 A
100 5.67 136.1 -130.4 24.0 —
189 72.3 72.3 0 1 B
200 90.7 62.4 28.3 0.6875 C
300 459.2 0 459.2 0 D
407 1556 179.8 1376 0.1156 E
1000 56,693 34,169 22,524 0.6027 —
3000 4,592,000 3,980,000 612,000 0.8667 —
6000 73,474,000 | 68,570,000 | 4,898,000 0.9333 —
o0 o0 o0 o0 1 —

TaBLe 6.1 Some Data on ey, by, (65 — by), and s for Different T (To = 300 K)

Figure 6.4 shows that with growing x from 0 to 1 the ratio |

decreases from infinity to zero, and then with growing x from 1 to
infinity the ratio s increases asymptotically to 1.

Example 6.1 The value iy = 0.2083 for a black emission at temperature T = 473
K (200°C) can be calculated from formula (6.26) at Ty = 300 K and x = 473/300
= 1.577. In Section 7.3.5, Example 7.1, the i, value for water vapor at 473 K
and Ty = 300 K is calculated as {5, = 0.185. The smaller value of ratio {5, for
water vapor, in comparison with black surface radiation (s, < ) results from

Y = ble

0 2 4 6 8 10
x=T/Ty

Ficure 6.4 Ratio s as a function of ratio x.
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significant difference in spectra of the water vapor and the black surface. In
Example 7.5 (Section 7.6.1) for solar radiation, the difference between calculated
Ys = 0.9326 for the considered solar spectrum and the value § = 0.9333 for a
black surface at 6000 K is insignificantly smaller because the solar spectrum is
not much different from the black surface spectrum.

6.4.2 Radiation-to-Heat Conversion

Besides work, heat is another process of radiation conversion. For
example, such conversion can be considered based on a scheme de-
picting the absorption of incident radiation (Figure 6.5).

Figure 6.5 shows schematically the fluxes of energy, exergy, and
entropy. To simplify considerations it is assumed that the surface of
temperature T is black (¢ = 1) and the emission ¢ of this surface arrives
at the absorbing gray surface of temperature T, and emissivity €,. The
heatreceiver at temperature T, absorbs the radiation heat g exchanged
between the surfaces:

q=¢(e—eq) (6.30)
wheree and ¢, are the black emission densities calculated, respectively,
for temperatures T and T,. The energy conservation equation for the
balanced system (i.e., absorbing surface) is:

e=(1—¢)e+¢e,+9g (6.31)

The enerqy conversion efficiency Mg can be interpreted as an output-
to-input ratio g /e, and after using relations (6.30) and (3.21), is deter-

mined as:
4
=g, |:1 — <%> :| (6.32)

The energy efficiency does not depend on the environment tem-
perature Ty. The higher is the emissivity €, of the absorbing surface,

NE =

R

Ficure 6.5 Scheme Ta €a T e
of emission and g 7_4_6 N
absorption by the 2—»—(1_83) e
surface at . Ta g ——e,
temperature T, === - < b
(from Petela, 2003). Heat by —»—— (1-e5) b
receiver L b,
\
— <4+— s
Balancedﬁ/F » (1-eq) s
system /] Sa
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the higher is the efficiency. The highest efficiency is for the black ab-
sorbing surface (¢, = 1). The smaller is the surface temperature T,
the higher is the efficiency. For example, for temperature T, = Ty the
efficiency is high, whereas the practical value of heat absorbed at Tj
is zero.

In contrast to the work, heat is marked by temperature, which de-
termines the quality of the heat. A conversion of radiation energy into
heat occurs at the exergy loss during irreversible absorption accom-
panied by emission, and the value of the radiation matter is degraded
to the level marked by the temperature of heat.

The effectiveness of conversion of the incident radiation into heatg
can be evaluated by the exergy conversion efficiency ng. Again interpret-
ing appropriately the terms in the following exergy balance equation
for a balanced system (Figure 6.5), completed by exergy loss 8b due
to irreversibility:

b=(1-¢,)b+¢eb, +b;+3b (6.33)
the exergy efficiency mgz of conversion, as the ratio of the useful effect

expressed by the exergy b, of heat, and the exergy of incident radiation
b, is determined as follows:

b
g = Zq (6.34)
where exergy b, of the heat receiver is:
T, —T,
b, = 6.35
1 =9 (6.35)

Using equations (6.10), (6.30), and (6.35) in equation (6.34) and
expressing the energy density emissions with formula (3.22), one ob-
tains:

TO) -7 (6.36)

Me = 3¢ (1 T,) 3T+ T} —4T,T3
In contrast to the energy efficiency, the exergy efficiency does de-
pend on environment temperature Ty. The lower is the environment
temperature, the higher is the efficiency. The higher is the emissivity
g, of the absorbing surface, the higher is the efficiency, and the highest
efficiency is achieved for the black absorbing surface (¢, = 1).

For the given emissivity €, of the absorbing surface, environment
temperature Tp, and the temperature T of the arriving black emis-
sion exergy b, the efficiency np depends on the temperature T, of
the absorbing surface. The temperature T, can be controlled in the
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Ficure 6.6 Effect of varying temperature T, of the adsorbing surface at
constant T = 6000 K, To = 300 K, and g, = 0.8.

determined range by a proper arrangement of the withdrawn heat
g, and it can be shown that the efficiency mp has its maximum. The
condition:

onp
0T,

=0 (6.37)

allows for derivation of the following equation from which the tem-
perature T; = T opt can be determined:

AT 3T, T*  —T*Ty=0

a,opt a,opt

(6.38)

For example, for (T /1000) = 6, and (T5/1000) = 0.3, one obtains
(Ta.0pt/1000) = 2.544 which corresponds to Tj opt = 2544 K.

The calculated results were used to illustrate (Figure 6.6) the val-
ues of some terms in equation (6.33). With the growing temperature
T, of the adsorbing surface, the exergy b, of emission of this surface
increases, whereas the exergy loss 8b that occurs on this surface de-
creases. Both the efficiency mp and the exergy b, of heat delivered to
the receiver have their maxima.

Therefore, the optimal utilization of any radiation arriving at the
absorbing surface occurs at the determined temperature of this sur-
face. This means that the heat extraction should be arranged in such
a way that the temperature of this surface would be maintained at
the level of the optimal (exergetic) temperature T; opt. This conclusion
should be used for designing systems utilizing any hot radiation, e.g.,
solar radiation, by a device in which the exergy of solar radiation is
harvested by an adsorbing surface.

The exemplary comparison of the considered formulae for the en-
ergetic and exergetic radiation conversion efficiencies is summarized
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Efficiency Radiation to work conversion | Radiation to heat conversion
Energetic v =\ = b e L)
Ne MNe = e > ME,max =Y = e Ne = e = T
: w bq
Exergetic n;g n = m g = B

TaBLe 6.2 Comparison of Some Exemplary Radiation Conversion Efficiencies

in Table 6.2. The exergetic efficiency problems for various different
processes were discussed also in Section 4.6.

6.4.3 Other Processes Driven by Radiation

Besides processes of the conversion of radiation to work or heat, there
are also other various processes in which thermal radiation (not nec-
essarily solar radiation) is meaningful or plays the driving role. The
thermodynamic analysis and exergy efficiency for such processes,
mentioned already in Section 4.6.4, has to be considered individu-
ally according to the process specificity, although a certain general
methodology exists and can be applied. Examples of such other pro-
cesses can be the conversion of solar radiation energy to:

* heat, particularly from solar energy
e power in process combined with the buoyancy effect
 chemical energy of green plant substance

* electricity

The methodology for these processes was outlined respectively in
Chapters 10-13.

Whereas Section 6.4.2 concerned mainly conversion of any ther-
mal radiation to heat, Chapter 10 presents analysis particularly for
solar radiation with its specific geometry and spectrum. and it also
discusses the strategic viewpoint about the example of a cylindrical-
parabolic cooker.

Chapter 11 develops exemplary thermodynamic analysis for the
conversion of solar radiation into power, but in contrast to the general
evaluation shown in Section 6.4.1, it presents more detailed aspects,
in particular including the effect of the gravitational field of the earth.

A simplified approach to the energy and exergy analyses of pho-
tosynthesis is outlined in Chapter 12 by considering the conversion of
solar energy into the substance of the green plant represented by the
model of a leaf.

Chapter 13 briefly outlines the photovoltaic in which, specifi-
cally for the photovoltaic, a conversion of solar radiation energy into
electricity has unavoidably to occur with simultaneous conversion of
part of this energy into heat.
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The energy and exergy analyses of these processes show the dif-
ferent values of energetic and exergetic magnitudes compared to each
other based on the common background of the same reference states.

Irreversibility of Radiative Heat Transfer

Whereas the irreversibility of processes with a substance is caused by
friction, diffusion, and heat exchange at a finite temperature, the irre-
versibility of radiation processes occurs due to basic phenomena such
as emission and adsorption. The irreversibility mechanism of many
radiation processes, e.g., the dilution or attenuation of propagating ra-
diation, can be explained based on the irreversibility of emission and
absorption. Obviously, in the combined processes in which substance
and radiation take place, all the sources of irreversibility should be
considered—those for substance as well as those for radiation.

The irreversibility of radiative heat transfer was considered by
Petela (1961b). Consideration of a radiation system can be carried
out conveniently based on a vacuum enclosed within solid surfaces.
Again, the simplest configuration is the system with two parallel flat
surfaces, x and y, infinitely large and facing each other as shown in
Figure 6.7. The system is in the steady state and the heat exchanged
by radiation between the surfaces occurs at constant rate g, W/mZ2. The
considered surfaces are black (e, = €, = 1) at the respective temper-
atures, T, and T,, uniformly distributed over these surfaces, and the
heat sources, at the respective temperatures T, and T, are in direct
contact with the respective surface x and y. The irreversibility will be
examined based on the second law of thermodynamics by determina-
tion of the overall entropy growth IT for the examined object, which,
e.g., is surface x.

The heat g exchanged by radiation between surfaces x and y is
equal to the difference in the surfaces emission e, and e,, and with
use of formula (3.21):

g=e,—ey,=0 (T} -T)) (6.39)

7Jsurface x Surface Y N
~]

€x &y

x ex Ty
w %/h
e e
=—=) ==
Heat source x e Heat source y

Ficure 6.7 Radiative heat transfer between two surfaces, x and y.
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The respective entropies s, and s, of emissions are calculated from
formula (5.24) as follows:

4 4
Sy = g"Tf and s, = 5aTj (6.40)

The overall entropy growth I, for surface x consists of the entropy
decrease (-q/Tx) of heat source x, entropy of the generated emission
(sx), and entropy of the disappearing emission (-s,); thus:

M, = —% + 5y — 5y (6.41)

Using equations (6.39) and (6.40) in (6.41):

o T4
M,=—(T3+3 L —473 6.42
x 3<x+ T, y (6.42)

The entropy growth is a function of temperatures: I, (T, T,). To
find the extreme of the function the first partial derivatives are as-
sumed zero:

oIl o 5 Ty4 oI, o TyS 5
=2 (372322 ) =0 and =2 (122L —1272) =0
0T, 3( © 0T me oo, T \T y

(6.43)

Both results of (6.43) indicate that the function reaches extreme

T, = T, at which IT, = 0. The second derivative of function (6.42) at
the extreme point (T, = T), e.g.:

aT2 3 T3

2 4
ity _ o <6Tx n 6T—y> — 46T, >0 (6.44)
* /11,
is always nonnegative which means that the extreme is a minimum (at
T, = T,and IT, =0). Thus, for temperatures T > T, the heat transfer is
possible and irreversible, except the case of Ty = T, when IT, = 0 and
g = 0. Figure 6.8 illustrates function I, (T, T,) for exemplary ranges
of T, and T,. The plane on the left-hand side from the line of IT, = 0
represents the case when T, < Tj,. Such a case occurs also at IT, =0 (is
possible although irreversible); however, the effective heat exchange
is from surface y to surface x (g < 0).

Analogically, the considerations can be carried out also for surface
y and the overall entropy growth IT, can be calculated as:

1, = —% — s +sy (6.45)
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Line of TIx=0 s

Ficure 6.8 Overall entropy growth II, as function of temperatures T, and T,.

from which:

T4
M, =2 (1) +3% — 4T3 (6.46)
3 T,

The sum of the overall entropy growths IT, and IT, for both sur-

faces is equal to the overall entropy growth IT for the whole process
of heat transfer:

11
n:nx+ny=q<T_T> (6.47)
y x

Equation (6.47) confirms correctness of the consideration of irre-
versibility.

The entropy growth does not depend on the environment temper-
ature Ty. However, any exergy loss due to irreversibility does depend
on and can be calculated according to formula (2.60) as the product of

Tp and the respective overall entropy growth. For example, the exergy
loss dby at the considered surface x is:

by = Tyl (6.48)
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In conclusion, the process of simultaneous emission and absorp-
tion occurring on any surface during radiative heat transfer is possible
although irreversible. The irreversibility grows with the growing tem-
perature difference during transfer of radiative energy. The larger is
the irreversibility, the larger is the degradation of transferred energy.
The reversible process of simultaneous emission and absorption oc-
curs only in case of equal temperatures (T, = T,), but then the net heat
transferred is zero.

Irreversibility of Emission and Absorption
of Radiation

As previously mentioned, one of the possible methods of utilization of
the radiation exergy is application of any absorbing surface exposed to
this radiation. From the exergy viewpoint, the possible processes that
then occur on such a surface were first considered by Petela (1961b).
Due to the irreversibility of the processes of emission and absorption
of radiation, the loss 8b of exergy appears, which can be calculated
according to the Gouy-Stodola law (2.60) as the product of the overall
entropy growth IT and the environment temperature Tp:

b = T (6.49)

Consideration can be based on the scheme (Figure 6.5) of the emis-
sion and the absorption of the surface of emissivity €,. It can be as-
sumed that the absolute temperature T, of the considered surface is
constant due to the appropriate amount g of heat exchanged between
the surface and a heat sink or a heat source. (In the case of a source,
heat g in Figure 6.5 has the opposite direction.)

During alone emission (e = b = s = 0) itisassumed that the emitted
energy, due to heat q delivered from the heat source, according to the
energy conservation law for the steady state, is equal to this heat g
(ea = q), and is calculated with the use of formula (3.22). The entropy
s, of this emission, based on formula (5.24), is:

4
5. =&, g(rTf (6.50)

The overall entropy growth for the considered emission process
consists of the entropy drop (—) of the heat source and of the entropy
of the produced (+) emission:

1= _% + s, (6.51)
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Using equations (3.22) and (6.50) in (6.51), one obtains the expres-
sion for calculation of IT which appears to be always larger than zero

M=¢, %Tf >0 (6.52)

and this proves that the emission alone (not accompanied by any
adsorption) is possible; however, it is irreversible. An approximate
example of the emission without absorption is the radiation of the sun.
If one assumes, that the sun is surrounded by a vacuum at temperature
practically Tp ~ 0 and emissivity €y & 1, then no radiation comes to
the sun, and its surface represents the case of alone emission from the
surface at temperature T, equal to the sun temperature Ts (T, = Ts).
At the sun’s surface the conversion of heat transferred from the sun’s
interior to its radiative emission occurs at an exergy loss determined
by formula (6.49). The percentage value of the exergy loss can be
determined by the exergy loss divided by the sun radiation exergy.
Using equations (6.10), (6.49), and (6.52), one obtains:

(%> = ! (6.53)
b sun Ts To ’ 4
* ( Ts )

As aresult of equation (6.53), the larger is the environmental tem-
perature, the larger is the exergy loss. For Ty — 0, we obtain 3b —0.
For example, for the sun’s surface temperature, Ts = 6000 K and from
the viewpoint of the earth’s conditions (assuming, e.g., To = 300 K),
equation (6.53) gives db/b = 1.786%. This conversion of heat from the
sun to its radiative energy is relatively very effective because it occurs
at a high temperature.

During alone absorption of any incident emission e by the surface
with temperature T, (Figure 6.5), it is assumed thate, = b, =5, =0
and the absorbed heat q (7 = g,¢) is transferred to the sink of tem-
perature T,. Again, to simplify considerations the incident emission
is assumed to be black (¢ = 1). The overall entropy growth for the
considered absorption process consists of the entropy increase (4) of
the heat sink and the entropy disappearing (—) during absorption:

M= % —s (6.54)

Using equations (3.22) and (6.50) in (6.54), one obtains:

1T 1
M=¢g40T3(> = - = .
€,40T ( 1T, 3) (6.55)
Analysis of the alone absorption phenomena should be carried out
at the same temperatures of the absorbing surface and of the incident
emission (T = T;). Otherwise, if T # T;, analysis takes into account
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not only the pure absorption process but also the consequences of the
degradation of energy. Thus, assuming the condition T = T, in (6.55),
one obtains the expression on IT that happens to be always smaller
than zero:

o
3

and this proves that the absorption alone, without accompanying
emission of the considered surface, is impossible. This conclusion is
in agreement with the Kirchhoff’s identity, stating that the emission
ability of any surface is equal to its absorption ability at the same tem-
perature. In contrast to this conclusion, De Vos and Pauwels (1986)
argue that the absorption without emission is irreversible.

The simultaneous emission and absorption can be considered based
also on the scheme depicted in Figure 6.5. An emissivity e of a black
radiation (¢ = 1) from a surface of temperature T arrives at the con-
sidered surface of emissivity €, and temperature T,. Between the two
surfaces the heat g is exchanged:

M=-¢-T><0 (6.56)

q=¢0(T*-T}) (6.57)

The overall entropy growth in such a case consists of the entropy
increase (+) of the heat receiver, of disappearing (—) entropy of ab-
sorbed radiation, and of the entropy produced (+) due to emission of
the considered surface:

M=1 _gs+s, (6.58)
Tz

where s, based on formula (5.24), is calculated as follows:

4
s = 50‘T3 (6.59)

Using equations (6.50) and (6.57)—(6.59) one obtains:

m=e278|3(L (T 3+1 >0 (6.60)
BRI T, T, - '

The expression in the quadratic brackets is always nonnegative,
except for T = T, when there is a minimum that amounts to zero.
This means that the simultaneous emission and absorption for T #
T, is always possible, although irreversible. If T = T, the process is
reversible, but there is no heat exchange.

In conclusion, the exergy of radiation reaching any surface can be
reflected (i.e., re-radiated) and the reflected radiation has its exergy at
the temperature of the original radiation, which is not utilized by the
absorbing surface. If the reflection process does not change the radia-
tion temperature, then this process is reversible and does not generate
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any exergy loss. However, the radiation emitted by the absorbing sur-
face has its own exergy determined by the emissivity and temperature
of the absorbing surface. This is the problem of the efficiency of the
absorbing surface, or any other device utilizing the radiation some-
how, in how much of the whole incident exergy b the surface, or the
other device, can grasp and utilize. The efficiency of the absorbing
device or surface is an entirely different thing and does not depend
on the theoretical potential represented by b. Acceptance of such an
interpretation is very important in correct reasoning about the theory
of radiation exergy, because if not noticed by some researchers, this
can mislead to strange conclusions.

Influence of Surroundings on the Radiation Exergy

As mentioned earlier, the exergy of radiation matter, which is the emit-
ted photon gas, is a function of the instant state of the matter and of the
state of such a photon gas in the case of radiative equilibrium with the
environment. Such a function of radiation exergy does not depend on
the history of the considered matter or on the way in which the matter
was created. It can be shown that radiation exergy does not depend on
any external contemporary factors such as the environmental emis-
sivity, configuration of the emitting surfaces under consideration, or
the presence of any other surfaces at a temperature different from the
environment and radiating on the considered surface.

In other words, besides parameters of the considered radiation,
the only factor that counts in determination of the radiation exergy
is environment temperature Ty. Except Ty there are no other environ-
mental characteristics (geometrical configuration, properties, or any
nonuniformity) that could influence the work used to measure the
exergy. This rule can be commonly experienced in practice.

Additionally, as mentioned in Section 6.1, the emissivity of the
considered surface does not affect the exergy of black emission radi-
ated from the surface at its temperature.

The same formula for exergy emission can be derived based on the
exergy balance of a surface of any temperature T or based on exergy
balance of any environment surface (at Tp) at which arrives the exergy
emission of the temperature T.

The independence of the radiation exergy on some environmental
factors is discussed in the following section.

6.7.1 Emissivity of the Environment

As emphasized before, the practical observations reveal that any sur-
faces at different emissivities, facing each other, but at the same tem-
perature Tj, remain in thermodynamic equilibrium, and the pres-
ence of such emissivities diversity does not demonstrate any practical
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(exergetic) significance, i.e., any possibilities to perform work. Even
in the case of the close neighboring surfaces of extreme emissivities,
such as white snow and black soot, the surfaces remain in thermal
equilibrium if their temperatures are remained equal to Tj.

However, at temperature T # Ty, for any surface of arbitrary prop-
erties (gray surface) the properties of the considered surface and the
environment (e.g., € and €p) play a role in determining the exchanged
exergy of emission at temperature T.

In other words, from a radiation viewpoint, the diversified emis-
sivity values of the environment bodies have no exergetic significance.
However, if any environment body would change its temperature,
then the other bodies immediately disclose their diversified abilities
to affect the rate of exchange of emission exergy between bodies of
different temperatures.

It is noteworthy that the diversified emissivity of the bodies of the
environment can be compared to the problem of the reference sub-
stances applied in calculation of the chemical exergy of the considered
substance. At different locations in the environment the same refer-
ence substance can appear under a different concentration although
at the same temperature Ty. There is the problem of which of the
concentration values should be chosen for exergy calculations as the
reference because in case of a substance, the difference of concentration
can be theoretically utilized to do work in an isothermal theoretical
process of equalization of the concentrations. However, as only one
concentration value can be taken for exergy calculations, thus, to solve
the problem for a substance, only one of the existing concentrations of
the reference substance in the environment, is defined as the standard
concentration reference. Such choice is based on the agreement or
any specific reasoning or just selecting the one that dominates.

The problem of choosing the reference emissivities of environmen-
tal bodies does not exist in the consideration of radiation. If we recog-
nize that the environment space contains the black radiation that is in
equilibrium with the environment surfaces, then the only problem left
is to establish the standard environmental temperature representing
the only sufficient reference for calculation of radiation exergy.

6.7.2 Configuration of Surroundings
Regarding the effect of the configuration on the radiation exergy, the
Prevostlaw (Section 3.1) can be quoted, according to which the surface
radiates independently of the presence of other surfaces existing in the
surroundings. Confirmation of this law for exergetic considerations
can be illustrated with the following example.

Consider the model shown in Figure 6.9. The two spherical sur-
faces A; and Ay, at thermodynamic steady state, are exchanging heat
Q by radiation through a vacuum. The constant temperatures T; and
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Ficure 6.9 Two
concentric surfaces.

Ty are maintained due to the connection of the surfaces with the re-
spective heat sources. The outer surface A simulates environment of
the temperature Tj.

The concentric spherical shapes of the surfaces are assumed for
convenience of consideration in which the local view factors are uni-
form over the whole respective surfaces. The view factor was intro-
duced by formula (3.9) and is discussed with some more detail in
Section 7.5.1. The configuration of the surface is described by the
following values of the view factors: ¢;_¢ = 1 (the whole radiation
of surface A; arrives in surface Aj), ¢1_1 = 0 (surface A; is noncon-
cave), ¢p_1 = A1/ Ao (based on the reciprocity rule), and ¢y_o =1 -
¢o—1 (based on the complacency rule).

The value of the environmental surface emissivity €y has no in-
fluence on the exergy of the radiation of the considered surface Aj;
thus, for convenience, it is assumed that €y = 1 and the consideration
of reflected radiation of surface A; is avoided. Emissivity €; of the
considered surface A is arbitrary. Based on the exergy definition, the
radiation exergy of surface Ay is by = 0.

First, the exergy balance equation for surface A; is considered. The
exergy balance input consists of the exergy of heat Q determined
by formula (2.61). The exergy output consists of the emission exergy
of surface A; and of the exergy loss of irreversibility at surface 1,
determined by the Gouy-Stodola law (2.60). Thus:

T
Q(1-=2) = Ay + Ty | Ars1 — Aoy 15081 — £ (6.61)
T1 Tl

where by is the unknown in the consideration and represents the emis-
sion exergy of surface per 1 m? of this surface. The entropies of the
emission densities s; and sp, respectively, for surfaces 1 and 0, are
determined from formula (5.24).

Heat Q exchanged between the two surfaces can be determined
from the energy balance equation, e.g., for surface 1. The energy input
consists of heat Q and of the emission energy arriving from surface
Ay in surface A; and absorbed at absorptivity equal to emissivity €.
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The energy output is represented only by the emission of surface 1,
entirely absorbed by surface Ag. Thus:

Q+ Aspo-1€0 &1 = Areq (6.62)

where ¢; and ¢ are the emission density of surfaces A; and Ay, re-
spectively, and they are determined by formula (3.22).

Afterusing (6.62) in solving equation (6.61) on by, the exact formula
(6.10)is obtained. The geometrical magnitudes such as A;, Ay, or shape
factor ¢p_1 have been cancelled out and do not appear in the derived
result, which means that these magnitudes of configuration have no
effect on the universal formula (6.10).

Now, the exergy balance of surface Ay will also be applied to
confirm correctness of the derived formula (6.10). The exergy balance
equation is:

Tt
Arby 4+ Arer—og1bo + Avpo—oeobo = Apgobo + Q (1 — TZ) + 3By
(6.63)

If all terms containing emission exergy of surface Ay (by = 0) are
neglected, as well as the exergy of heat Q at temperature Ty, then the
exergy balance equation is reduced to A;b; = 8By. Thus, expressing
the exergy loss 8By at the surface Aj by formula (2.60), one obtains:

Aiby =Ty [Tg

-~ A1 + Apso — Agsoo—1 (1 —€1) — A050€P070:| (6.64)

After solving equation (6.64) on by again the exact formula (6.10),
containing no configuration parameters, can be obtained.

6.7.3 Presence of Other Surfaces

From interpretation of the Prevost law it results that the radiation
exergy of the considered surface in the system of other surfaces of dif-
ferent temperatures is not affected by the other surfaces. The Prevost
law for radiation exergy can be illustrated by the following example
of the four different surfaces of the system shown in Figure 6.10.

A very large flat surface of area A, split into two parts (1 and 2),
faces other flat parallel surfaces of area A that is also split into two
parts (3 and 4). All the four surfaces are black and remain in thermal
equilibrium at uniform and constant respective different temperatures
(Th, T, T3, and T4). The areas of the surfaces are expressed with the
factors: a1 = A/Aap=1—ay,a3 = A3/A, a4 =1—a3 where A=
A+ Ay = Az + Ay
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parallel surfaces.
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The exergy balances are considered for the four surfaces. Each
surface receives the exergy of heat at the surface temperature and
the radiation exergies from the two opposite surfaces. The output of
the exergy balance equation consists of the radiation exergy from the
considered surface and of the exergy loss due to irreversibility at the
considered surface. Thus the four exergy balance equations are:

bg1 + a1azbs + arasby = arby + ToTly ()
bga + azazbs + axasby = azby + ToTl, (ii)
bq3 + aszai1by + azasby = asbs + Tolls (iii)
bys 4 asa1by + asaszby = aghy + Tolly (iv)

where the values of heat delivered to surfaces:

g1 = a1 (e1 — azez — ases) v)
g2 = az (e2 — azes — agey) (vi)
q3 = as (e3 —aier —azer) (vii)
Ja = a4 (e4 —arer —azey) (viii)
exergy of heat:
To .
bql =1 1- ?1 (IX)

bpp=q2(1~-

1—

S| &

bz =q3

1—

e N N
S5
—r’ N N T
=
N—

s

bq4 = {4
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and the total entropy growth for the surfaces:

Iy = a1 (s1 — a3s3 — a454) — [;—1 (xdii)
1
q2 .
H2 =y (52 — 353 — 11454) e (XIV)
T
qs3
H3 = a3 (S3 —a181 — LIQSz) - — (XV)
T3
4 .
[y = a4 (s4 — a5 — azsy) — T (xvi)
4

Radiation energies e and entropies s are determined, respectively,
from formula (3.22) and (5.24) (for e = 1).

The numerical solution of the system of equations (i)—(xvi) gives
the values of the emission exergies by, by, b3, and by identical with
the respective values obtained on the other hand from equation (6.8)
applied for temperatures T1, T>, T3, and Tj at given Ty. This sameness
occurs independently on surfaces temperature values (T1, T, T3, or
Ty), areas factors (a1, az, a3, or a4) and environment temperature T.
Thus, it results that radiation exergy determined by formula (6.8) for
any considered black surface does not depend on the presence of other
surfaces of arbitrary temperatures, configuration of the surfaces, and
the level of environment temperature.

Example 6.2 The four very large black surfaces (Figure 6.10) have temperatures
T1 =6000 K, T, =1200 K, T3 = Ty = 300 K, and Ty = 200 K. The surfaces areas
are determined by factors a1 = 0.1 and a3 = 0.7. From the system of equations
from (i)-(xvi) the following values of emission exergies can be obtained: by =
68.576 MW/m?, by = 78.525 kW/m?, b3 = 0, and by = 62.36 W/m?. Identical val-
ues are obtained from formula (6.8) used respectively. The obtained values do
not change with varying a1 and a», but they do change at the changed surface
temperatures.

“Cold” Radiation

“Cold radiation” can be distinguished from “cold light” emitted by
luminescence, discussed in Section 1.1. By cold radiation one can un-
derstand radiation at temperature T. smaller than the environment
temperature, T, < Ty. Exergy of cold radiation is positive and for suf-
ficiently low temperature is even larger than energy of this radiation
(e.g., Figure 6.2). However, the exergy of cold radiation is relatively
small. For example, the significance of the cold emission, relative to
the emission at a temperature larger than the environment, can be es-
timated based on formula (6.8), which is used to equate the exergy of
black emission at T > Tj to the exergy of black emission at T, < Ty:

3T 4+ Ty —ATyT® = 3T 4 Ty — ATy T (6.65)
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Ficure 6.11 Equivalent radiation temperature T (at T > Ty) to the cold
radiation temperature T..

Figure 6.11 illustrates equation (6.65) for the three different en-
vironment temperatures Ty (250, 300, and 350 K). The higher is the
environment temperature Ty, the higher is the equivalent tempera-
ture T.

Example 6.3 Based on Figure 6.11, it results that exergy of radiation at T, =200K
(at To = 300 K) is equivalent to the exergy of radiation at T = 367.9 K. However,
for the unchanged T, = 200 K but at the increased environment temperature to
To =350 K, the equivalent temperature T = 442 K.

Generally, the exergy of the radiation flux at temperature T is, e.g., decreas-
ing as it travels through the environment at decreasing temperature Ty within
range T > Tp. There could be mentioned the case, nowadays recognized as very
academic, in which, e.g., a human exists (obviously within a perfectly insulated
capsule), on the surface of Venus, thus in an environment with a temperature of
about 740 K. Such a human might recognize the exergy of emission of the Venu-
sian surface as being equal to zero; however, the exergy of emission of the earth’s
surface at about 300 K would be interpreted on Venus according to formula
(6.8) as: by Venus = (1/3) x 5.6693 x 1078 x (3 x 300* 4 740* — 4 x 740 x 300%) =
4.615 kW/m?. For comparison, a human on the earth’s surface might recognize
the exergy of emission of the surface of Venus as by venus = (1/3) x 5.6693 x
1078 x (3 x 740* 4 300* — 4 x 300 x 740%) = 7.964 kW/m?.

A similar comparative analysis for the earth and sun would give the val-
ues: by earth = (1/3) x 5.6693 x 1078 x (3 x 300* + 6000* — 4 x 6000 x 300%) =
24.48 GW/m? and, respectively, by sun = (1/3) x 5.6693 x 1078 x (3 x 6000* +
300* — 4 x 300 x 6000%) = 68.576 GW/m?.

In practice, the example of cold radiation can be radiation of the
sky, which can be determined by the effective temperature of the sky.
The concept of the sky temperature Ty, arises, e.g., when considered
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is aradiative heat transferred to space from objects (at temperature Ty)
on earth. The characteristic difference T} — Ts‘iy is a measure of such
heat, which can be sometimes negative if Ty < Tgyy.

As mentioned by Duffie and Beckman (1991), many models of
the sky have been considered that take into account the beam and
reflected radiation. The sky is usually considered as a blackbody at
effective temperature Tyyy. In fact, the atmosphere is not at a uniform
temperature and it radiates only in some wavelength bands. For ex-
ample, the atmosphere is practically transparent in the band from 8
to 14 pm, and beyond this range absorbs much of the infrared radi-
ation. Determination of temperature Ty is proposed to be based on
the measured meteorological parameters such as water vapor content
or dew point temperature. For example, for a clear sky the Swinbank
(1963) formula, based on the environment temperature Ty, is applied:

Tay = 0.0552 T (6.66)

Obviously, the presence of clouds would increase the sky temper-
ature in comparison to a clear sky. Experiments show that the sky
temperature Ty, can be lower than the environmental temperature T
by about 5 K in hot and humid conditions and by about 30 K in cold
and dry conditions.

Distinguishing between Ty and Ty, in thermodynamic processes is
illustrated, e.g., in Chapter 11 on the thermodynamic analysis of a
solar chimney power plant.

Radiation Exergy at Varying Environmental
Temperatures

Variation in the average environmental temperature Ty can appear,
e.g., for the local environment depending on time, or when different
climate zones are considered, or eventually when the radiation flux
travels through the remote environments of different temperatures.

The exergy of emission at constant temperature T varies with the
varying environment temperature Ty of which the effect of Ty can
be determined based on equation (6.10) by the partial derivative of
the exergy b in regard to Ty:

ab 4
— =e-o(T>-T° 6.67
(aT())T:const 3 ( 0 ) ( )

The radiation exergy b, with the decreasing environment temper-
ature Ty, proportionally to the third power of this temperature, grows
for Ty < T and diminishes at Ty > T.
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Asmentioned already in Section 4.5.3, the exergy balance equation
for the process occurring at varying Ty should contain the appropriate
compensation term (A B, ) as is generally shown in equation (4.19) for
processes in which radiation together with substance take place.

Sensitivity of radiation exergy to the varying T can also be illus-
trated with the following example. An adiabatic tank of a volume 1
m?® is fulfilled with black radiation (¢ = 1) at temperature T; at the
initial environment temperature Ty ;. After some time, the environ-
ment temperature changes to the value Ty ,. If nothing more happens
(no work, no heat, no matter exchange so no exergy loss), then all
the components of exergy balance equation (4.19) are equal to zero
except the term Abg which expresses the system exergy increase due
to the change of environment temperature. The increase Abs can be
calculated by respective application of formula (5.29) as follows:

a
Abs = 3 [To — Tyt — 4T (Toz — To)] (6.68)

For Tp1 # Ty, the term Abg is different from zero and thus, as
shown by equation (5.19), the correction AB, has to be included to
complete the exergy balance equation for the radiation system con-
sidered at varying environment temperature.

In a particular case, when temperature T; would be equal to Tp 1,
(T = To,), e.g., some radiation at Tp; would be trapped initially in
the tank; then after changing the environment temperature to a value
Tp,2, the initially worthless radiation would gain the value determined
from (6.68) as follows:

a

3 (B3Ty + Ty, — 4To2Ty4) (6.69)

(AbS)leTo,l =

Referring to a radiation flux, the varying environment tempera-
ture can occur, e.g., when the flux travels through different spaces
characterized by different local environment temperatures or when
the local environment temperature varies due to atmospheric changes.

Determination of radiation exergy during traveling through dif-
ferent environments (e.g., on earth or in cosmic space) is obvious. One
of the formulae discussed in Chapter 7 can be selected to fit the kind
of considered flux and change in environment temperature taken into
account. It is worth emphasizing that the energy of the considered
radiation traveling through various environments remains constant
and only exergy of this radiation expresses variation of the practical
thermodynamic values of the traveling flux.

However, considering the variation of the environment during
analysis of the determined system requires, as in the case of tank, the
appropriate correction term in the exergy balance equation (4.19). The
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term can be different from zero and calculated as the completion of
the balance equation.

When the environment temperature changes from Tp ; to Tp , then
the exergy radiation flux, considered as a black at temperature T,
changes its exergy by

(o2
Amﬁzg[m;—pg—4n%ni—ﬂmﬂ (6.70)

The right-hand sides of formulae (6.70) and (6.68) differ only by
the algebraic sign and the constant (@ and o, respectively).

It is worth noting that any variation in the environment tempera-
ture Ty can be interpreted as a certain form of natural exergy resource.
This variation can appear periodically, during a day, a month, or a
year, and the amplitude of variation can be taken as a certain measure
of this natural resource.

Example 6.4 The influence of varying environment temperatures can be illus-
trated by the following example. Consider a ball (Figure 6.12) with black sur-
face at temperature T and at conductivity close to infinity, which motivates the
consideration of the uniform distribution of temperature over the whole ball
volume. The ball cools down in a vacuum (i.e., no convection and conduction
beyond the ball) surrounded by a black wall of temperature Tp.

The surface area of the ball is 1 m?; thus the ball diameter is D = (1/%)%> =
0.564 m and the ball volume is V = 7 x D3/6 = 0.094m>. The density of ball
material is p = 7860 kg/m? and the specific heat c = 452 J/(kg K). The ball mass
ism =V x p = 738.8 kg. The ball absorbs emissione¢g = o x T# of environment
and emits energy e = o x T*, where o = 5.6693 x 1078 W/(mg K*). Initial tem-
perature of the ball is Ti,; = 400 K.

(A) Environment temperature T) = 280 K is constant
For the system shown in Figure 6.12, the energy balance equation for an infinitely
short time period dt is:

eo dt = mc dT + e dt (a)
Assume the solution for T in the form:
T = Ty e (®)

where Ay is a constant for the considered case A. Dividing equation (a) by
m x ¢ x dt, expressing ep and e by respective temperatures Tp and T, and

Ficure 6.12 The €0
cooling ball.

Ball ™ / /- System
- boundary
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Tin K Ap1/s
350 -4.2973 x 107
400 -8.2561 x 10°°
500 -1.9133 x 10°°
600 -3.493 x 107°
1000 -1.6872 x 10~*

TaBLe 6.3 Constant A, for the Considered Example as
a Function of Initial Temperature T, of the Ball

calculating the derivative dT/dt based on equation (b), equation (a) becomes
as follows:

A o 4 4
T Ase™ = - (T — %) ©

For the initial instant for which ¢ = 0, the ball temperature is T = Ty, thus
from (c):

An= — (Tél - Tiﬁl) (d)

mc Tinl

Substituting data for the considered example to equation (d) one obtains
Ajp = —8.2561 x 107° 1/s. However, as it comes from equation (d), the constant
Aa depends on some parameters. For example, for m, ¢ and Ty assumed constant
in the considered example the constant A4 depends on initial temperature Tiy;
of the ball as illustrated in Table 6.3.

Now, the emission terms ey and e in equation (a) can be expressed by the
respective temperatures, whereas temperature T is given from (b). After inte-
grating from 0 to t:

t
ch04t =mc(T — Tin) + /O’ (Tinl eA/‘t)4 dt (e)
0

After calculating integral and rearranging, equation (e) yields:

o T
T=T T4t— inl (,4Aat 1 f
1nl+mc|:0 4AA(E ) ()

For example, from formula (f), temperature T = 389 K is obtained when the
substitution is t = 3600 s.

Thus, consider other data for the cooling ball during the time period t =3600s
from Ty = 400 K to Tgn 4 = 389 K. Based on calculated terms of equation (e)
the drop of the internal energy of the ball (assumed as basic 100%) is equal to
Epanl, 4 = 3,671.5 kJ and the absorbed environment emission (34.17%) are spent
for the ball emission (-134.17%), as shown in column 2 of Table 6.4.
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Energy Exergy Energy Exergy
balance balance balance balance
Item % To=280K | To= 280 K | To # const | T, # const
1 2 3 4 5
Environment emission 34.17 0 44.20 0
Internal energy of ball 100 100 100 100
Emission of ball -134.17 -63.72 -144.20 -15.72
Irreversibility loss — -36.28 — -75.25
Effect (Abg) of To # — — — -9.03
const
Total 0 0 0 0

TaBLe 6.4 Calculation Results from Example 6.4

For the considered system (Figure 6.12) the exergy balance equation for an
infinitely short time period dt is:

t t
/bodt:O:—bba11+fbdt+§b
0 0

(8)

where, based on the exergy definition: by = 0 and &b is the exergy loss due
to the irreversibility occurring during the considered time period. Interpreting
formula (2.64) for the ball, the ball exergy by,y drop is:

bpan = mc <Tin1 —389 — Tyln

Tinl
389

(h)

To calculate the exergy b of the ball emission, formula (6.8) can be applied:

b=0'<T47

4 1
ZToT3 + =
30 T3

T04)

)

Expressing the instantaneous ball temperature T from formula (b) the total
exergy emitted by the ball in the considered time ¢ is:

t t
4
/b dt = ¢ (/ T etArtdr — 3T
0 0

T_4
inl (,4Aat _
o |:4AA (e

t

0

3 3Aa

1
/ T e3AAtdr 4 gTé dt

)

4 ToT3 1
- - 04in] (ESAAt —1)+ 5Tét:| (])

Based on the calculated terms of equation (g) the drop of the internal exergy

of the ball (assumed as basic 100%) equal Bpay, 4 = 1065.5 K] is spent for the
exergy of the ball emission (-63.72%) and on the exergy loss (-36.28%) due to
irreversibility, as shown in column 3 of Table 6.4.
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The same value 36.28% on the exergy loss can also be obtained based on
the Gouy-Stodola law, equation (2.60), according to which the overall entropy
growth IT is multiplied by Ty. The entropy growth IT consists of entropy calcu-
lated according to formula (5.24) for the entropy at the environment temperature:

4

S0 = §UT03t (k)
for the ball emission entropy:
4 4 40T
s = go/TSalt = go/Tiile“Afdt =2 (;T}f:(ewf —1 )
0 0

and for the ball material entropy drop, calculated based on equation (2.38),
neglecting the pressure term:

Tinl

Spall = —mc In
ball T

(m)
Thus:

3b = To I = To (—s0 + Spalt + 5) (n)

(B) Environment temperature T is varying in time :
Assume now the environment temperature growing in time, e.g., as follows:

To = To it e (0)

where A; = 2.5 x 107> 1/sis the assumed constantand To.in1 =280Kis theinitial
value of the environment temperature which, for better comparison, is equal to
the environment temperature assumed to be constant in case A: Ty in] = (To)a =
280 K.

Assume the solution for T in the form analogous to (b):

T = Tine”#! %)

where Ap is a constant for case B.

Equation (a) has to be modified accordingly to the considered case (B) for
Tp # const. Dividing equation (a) by m x ¢ x dt, expressing eg and e by respective
temperatures; Ty from equations (o) and T, and calculating the derivative dT/dt
based on equation (p), equation (a) becomes as follows:

A g A
Tini Age Bt = poe (T(;l_inle4 i T4) (r)

Substitute the condition that for t = 0, the ball temperature hastobe T = Tjp;.
Then equation (r), with constant Ap instead of A4, becomes exactly the same
as condition (d). Thus, Ap = Ax = 8.2561 x 107¢ 1/s. Obviously, the deter-
mined value A is valid only for m, ¢, and (To) 4 = (Tp in1) B assumed to be like
case A.
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For the considered case B, equation (a) can be now used again; with the
emission ep and e expressed by the respective temperatures from equations (o)
and (p). Integrating from 0 to t:

t t
fo' To.inl eAtt dt =me (T — Tinp) + / o (Tinle AB1)" gt
0 0

and after calculations of integrals and rearranging:

(o2
T=Tin1+{

o T
O.inl (4 At _ 1) — inl (4, Agt _ 1
T | A =D = e >] ©)

At

For example, when substituting ¢ = 3600 s in formula (s), the obtained tem-
perature is T = 389.77 K which is a little larger in comparison to values 389.00
K obtained in case A.

Further, consider the cooling ball during time period t = 3600 s from
Tin1 = 400 K to Tgn g = 389.77 K. Based on the calculated terms of equation
(a), interpreted for case B, the drop of the internal energy of the ball (assumed
as 100%) equal to Epanp = 3416 k] and the absorbed environment emission
(44.20%) are spent for the ball emission (-144.20%), as shown in column 4 of
Table 6.4.

For the considered case B (Tp # constant), the exergy balance equation for an
infinitely short time period dt, is:

fbgdt:O:—bba11+/bdt+8b+8be t)

The drop of ball exergy:

— Tin1,B + To.inl + To.in1 In

Ttin. B Tint, B
inl, i r (u)
To.fin To,in1

bpanr = mc (Tﬁn,B — To.fin — To.fin In

Based on equation (i) the exergy of the ball emission:

To,im T 1Ty
/bdt i inl (€4AB[7 )7§ AO—:IBXIB[ (Ap+3Ap)t _ 1]+§ 401-:';1 (e4A[tl)} (W)

The exergy loss 8b due to irreversibility can be presented by a formula with
three members corresponding to three entropy changes: negative (disappearing)
entropy of environment emission, negative (cooled ball) entropy change of the
ball, and positive (appearing) entropy of the ball emission:

t t t

b = 7/Tosodt+/ToS dt—/TOSballdt:_
0 0 0

T4
= Oinl - 4At 1
3714, © )

4 ToimTy o(Art3Ap)t Tinl_ .,
— i -1 Toint 1 th_q
+3 A +3AB[ ] =mcTyimIn —— Tan s (e ) ()
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The exergy loss 8b, due to increasing environment temperature is calculated
from equation (t). Based on the calculated terms of equation (t) the drop of
the internal exergy of the ball (assumed as basic 100%) equal Bpayi,3 = 3,504.1
k] is spent for the exergy of the ball emission (-15.72%), for the exergy loss
(-75.25%) due to irreversibility, and for the exergy loss (-9.03%) due to increased
environment temperature, as shown in column 5 of Table 6.4.

On the other hand, from equation (t) the following formula on &b, for the
considered example can be derived:

T T4
— 0,inl 4Ait 1y _ inl, B 4Apt o N .
b, ({—4& (e 1) TAs (e 1):|+mc[(T0,m1 To, fin) = (Tint,B — Tfin,B)]
Ti“ Tin Tin
Thin, B To.inl To fin

Formula (y) shows that in the considered case B the value of 8b, with chang-
ing environment temperature is not simple. The effect of the varying environ-
ment temperature can be studied based on the exemplary numerical results
shown in Table 6.4.

6.10 Radiation of Surface of Nonuniform Temperature

6.10.1 Emission Exergy at Continuous Surface
Temperature Distribution

In practical engineering calculations, isothermal surfaces for which
the temperature distribution is uniform and expressed with a con-
stant value for the surface temperature at every point of the surfaces
are usually considered. In real situations the surfaces usually are not
isothermal and the surface temperature varies from point to point. The
conductive heat transfer within a body renders the temperature of
the body surface to be changing most continuously (smooth tempera-
ture distribution). For an elemental part dA of the considered surface
A, the emission exergy dB can be determined based on formula (6.10)
as follows:

dB=¢ % (3T* + T¢ — 4T, T%) dA 6.71)

where the environment temperature Ty = const, the local surface tem-
perature T depends on location on surface; e.g.,, T = T(x, y), and
the emissivity € can depend on the local temperature; e =&(T) =
e[T (x, y)]. The element of area A is dA = dx x dy. The integration
of equation (6.71):

B— / e % (3T* + T¢ — 4T, T%)dA (6.72)
A
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can be difficult and the numerical interpretation of (6.72) would be as
follows:

B=Y" [e % (BT*+ T4 — 4TDT3)]'AA1' 6.73)

1
1

where B (kW) is the total emission exergy radiating from the consid-
ered surface of area A.

Example 6.5 A flat ceramic surface has dimensions 10 x 9 m. In the considered
case, for rectangular coordinates xand y, (0 < x <10)and (0 < y <9) the surface
temperature T (x, y):

T = 400 + 2x° + 0.5 (a)

and the surface emissivity (T):

T
€ =0.86+0.153 (1 - @) (b)

To calculate the emission exergy, equation (6.73) is applied as follows:

i=10 j=9
B= e(T,)) (3T, + Ty — 4ToTY, ) (Ax Ay ©

j=

—.
I

Il
=
S

i

If the constant increments Ax = Ay =1 m are assumed, then (Ax x Ay); j =
1 and x; =i and y; = j. The temperature and emissivity are then calculated
based on equation (a) and (b), respectively, as follows:

T j =400 +2i' 4+ 0.5;2 (d)
& = 0.86+0.153 (1— L (e)
A : 400

For example, based on equation (d), Figure 6.13 shows the temperature dis-
tribution over the considered surface.

Figure 6.14 presents two different distributions (for To =303 K and Tp = 243
K) of the emission exergy b radiated from the considered ceramic surface. Exergy
values of the unchanged surface temperatures differs significantly and for high
temperature Ty = 303 K (30 °C), are smaller than those for Ty = 243 K (-30 °C).
The total emission exergy at Top = 303 K is B3gz = 44.211 kW, whereas at Tp = 243
Kis Bz = 78.719 kW.

6.10.2 Effective Temperature of a Nonisothermal Surface

In some situations the considered surface, although nonisothermal,
has its temperature not significantly diversified. If high exactness is
not required in practical calculations, then, for better convenience and
simplification, the effective temperature of the surface can be introduced
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FiGuRE 6.14 Emission exergy distribution for the considered surface for two
different environment temperatures (To = 303 K and Tp = 243 K).
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into consideration. Three different cases of energy analysis are possi-
ble. First, if only the convective heat transfer is considered, then the
energetic convective effective temperature Tof £ ;, can be used. Second,
if only the radiation is analyzed, then the energetic radiative effective
temperature T g, can be applied. In the third case the convection
together with radiation is taken into account and then the energetic
effective temperature Te¢ £ can be considered. The definitions of these
temperatures take into account the equivalence based on the averaged
potential, which is the heat transfer coefficient /1 and surface temper-
ature (for the convection) and the surface temperature to the fourth
power (for the radiation).

For these three temperatures the definition equations for any sur-
face A, together with numerical interpretation, are:

Energetic Effective Temperature
Pure convection:

AT g = /l’lT dA (6.74a)
A

or numerically:
AhTest gl = ZhiTi AA; (6.74b)

pure radiation:
AoThp, =0 / T*dA (6.75a)

A

or numerically:

AoThp, =0 ) TIAA (6.75b)

combined convection with radiation:

AhTep + AcTog; p = / hTdA+ o / T*dA (6.76a)
A A

or numerically:

A(hTese +0Th ) =Y WTAA +0 ) T'AA  (6.76b)
i i

Analogically for exergetic consideration the effective tempera-
tures for any surface A can be defined as follows:
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Exergetic Effective Temperature:
Pure convection:

AhTesi B.n (1 — ) / hT (1 - —) dA (6.77a)
eff B.,h

numerically:

AhT, 11— hiTi(1— = )AA; 6.77b
off, B.} ( efth) Z ( ) (6.77b)

only radiation:

A%(3Te“,+TO ToT 5, _%/ (3T + T — T, T%) dA
A

} (6.78a)
numerically:

Az (BTetrp, + To — ToTike5,) = % Y BT+ T — TT)AA

3 i
. . . o (6.78b)
including convection and radiation:
AhTe. g (1 - Teff,B) tAZ 2 (BTds +To — TS )
(6.79a)
/hT (1 — —> dA+ 3 f (BT*+ T — T T°)dA
A
numerically:
o
AhTett, B (1 - ) +A < (BT + Ty — ToTege )
Tett. B 3
(6.79b)

T
=Y T, (1 - %) AA+~ Z BT+ T — TTY)AA;
1

1

Example 6.6 The accuracy of the effective temperature of a surface can be eval-
uated as follows. A black surface has a linear temperature distribution that can
be approximated with three equal increments of a surface with three respec-
tive surface temperatures T;, (i = 1, 2, 3). It is assumed that a constant value of
convection heat transfer coefficient 1 = 5 W/(m? K) and an environmental tem-
perature Ty = 288.16 K. Table 6.5 demonstrates numerically calculated values of
the effective temperatures from respective equations. As a result, for a moderate
growth of surface temperature (from 320 to 340 K) all the effective temperatures
vary insignificantly. However, for the larger growth of surface temperatures,
e.g., from 320 to 720 K, except Tofj, all the other effective temperatures change
significantly. As might be expected, the effective temperature for radiation is
higher than the effective temperature for radiation together with convection.
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Tica| Tica | Tiza | Tetien | Tefrer Tetr,E Tettgn | Tefi,Br Tett,B

320| 330 | 340 330 330.30 | 330.19 330 330.98 | 330.17
320| 420 | 520 420 442.21 | 437.64 420 454.12 | 440.15
320| 520 720 520 585.41 | 578.83 520 601.84 | 588.03
Applied equation (6.74b) | (6.75b) | (6.76b) | (6.77b) | (6.78b) | (6.79b)

TaBLe 6.5 Calculated Values of the Effective Temperatures of a Black Surface

Nomenclature for Chapter 6

surface area, m?
constant value, 1/s
points in Figure 6.2
specific heat, J/(kg K)
= 5.6693 W/(m? K), constant for black radiation
speed of light in a vacuum, m/s
diameter, m

A
A

A B,C D, E

i,j

wxxg<qwmQ§

emission density, W/m?
exergy of emission density, W/m?

convective heat transfer coefficient, W/(m? K)
successive numbers
mass, kg

heat, W/m?2
entropy of emission density, W/(m? K)
time, s

absolute temperature, K
volume, m

3

work, J
temperature ratio T/T

coordinate, m
coordinate, m

exergy loss due to irreversibility, W/m?2
exergy loss due to irreversibility, W

increase
emissivity of surface
view factor
overall entropy growth, W/(m? K), or W/K
density, kg/m?
= 5.6693 x 1078 W/(m? K*), Boltzmann constant for black

radiation

ratio of emission exergy to emission energy
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Subscripts
A B
A,B,C,D,E

oS R

S ™o

ET
eff

inl

»n.a o
§mm7'
~<

=R
N

different cases
points in Figure 6.2
absorption
black

exergy

ball

cold

energy
emission
empty tank
effective
convection
inlet
environment
heat

sky

system

solar

water vapor
denotation
denotation
denotation



CHAPTER 7
Radiation Flux

7.1 Energy of Radiation Flux

In Section 5.7, the energy u, ] /m?, of trapped radiation within a space
was discussed. In practice, radiation can also be considered as a flux,
J /s, which originates from a surface of known properties. For example,
emission energy can be calculated for the black or gray surfaces with
equations (3.21) or (3.22), respectively. However, generally, the radi-
ation flux propagating in space can consist of many emissions from
unknown surfaces and with unknown temperatures. Such radiation
flux can be categorized as the radiosity of an arbitrary spectrum. The
radiosity can be calculated if the spectrum is determined, e.g., from
measurement.

The elemental radiation energy flux, J/s, expressed as an elemental
radiosity d°] (the elemental order is selected based on the number of
component elementals) propagating within a bundle of rays within a
solid angle dw and passing through an elemental surface dA is calcu-
lated as:

d®] =iy cosB dAdw (7.1)

where B is the angle between the normal to the elementary surface
dA and the direction of the considered solid angle dw. The magnitude
io, W/(m? sr), is the normal radiation intensity and, as mentioned in
Chapter 3, expresses energy passing within a unitary solid angle, in
unit time and through a unitary surface area perpendicular to the
direction of propagation. Generally, when radiation is polarized:

Z'0 = / (iO,v,min + iO,v,max) dv (72)
v=0
The quantities 7o, min and ip , max depend on frequency v, 1/s, and
are the principal (smallest and largest) mutually independent (inco-

herent), polarized at right angles to each other, values of the monochro-
matic component of radiation intensity, J/(m? sr).
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However, for nonpolarized radiation 7y , min = 0,s,max = i0,, and
from (7.2):

V=00

ip=2 / io , dv (7.3)
v=0
or:
A=00
ig=2 f iox dA (7.4)
A=0

where ig,, and ip ) are the normal monochromatic radiation intensity
of the linearly polarized radiation depending on frequency, J/(m? sr),
and wavelength, W/(m? sr), respectively.

Equations (7.3) and (7.4) express the same amount of energy.
As mentioned already in Section 3.1, in experimental physics the
spectrum of this energy is considered to be a function of wavelength,
whereas for theoretical analysis it is more convenient using the
spectrum as a function of the frequency, which does not change
during propagation of radiation through different media. The rela-
tion between the wavelength and frequency (v = co/\) is shown by
equation (3.1).

If the algebraic sign is assumed the same for the considered in-
tervals dv and d\, then, from (3.1), for propagation of radiation in
vacuum is:

dv = Coi—i\ (75)

Equating the right-hand sides of equations (7.3) and (7.4) and us-
ing (7.5), one obtains:

. Colo,
o = =3 > (7.6)
The relation between the normal radiation intensity iy o\, and the
black monochromatic emission density e;, \ expressed by equation
(3.13) is as follows:

eb)\ = 21Tl'byoy)\ (77)

where factor 2 appears because the two components shown in equa-
tion (7.2) are taken into account, and the value  results from equation
(3.28). Using the expressions for the constants ¢; =2 x 7 x h x ¢ and
c2 = h x ¢o/k, equation (3.13) can be applied in the following form:

czh 1

L (7.8)
N exp () — 1

ipon =
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Combining relation A x v = ¢y with equations (7.5) and (7.6), one
obtains the formula for the normal monochromatic (given frequency v)
radiation intensity of linearly polarized black radiation at temperature
T as a function of frequency:

. hv3 1
1p,0v = 2 N 4 (79)
¢ exp () — 1
Expression (4.14) can be interpreted for calculation of any radia-
tion energy from a certain surface A’ arriving in the considered surface
A. Therefore, the radiosity density ja, W/m?, is considered as follows:

w=2m

ja = / igcosB dw (7.10)

w=0

where w is the solid angle under which surface A’ is seen from element
dA of surface Aas shown in Figure 7.1. The relation between distances
shown in this Figure 7.1isr = R x sin B; thus the elemental solid angle
dwis:

dA” _ (RdB) (rde)

do = R R

=sinB dB do (7.11)

The flat angles of B (called declination) and ¢ (called azimuth) are
defined in Figure 7.1. For a polarized radiation, using equation (7.2)
and (7.11) in equation (7.10):

B=7 ¢=2m v=c0

ja = / / / (10.v.min + 0,v.max) COS B sinPB dB de¢ dv (7.12)
B=0 ¢=0 v=0

Ficure 7.1
Scheme for
calculation of
radiation flux (from
Petela, 1962).

169



170

Chapter Seven

The monochromatic components 7g , min and i, max iN equation
(7.12) depend on angles B and ¢ (Figure 7.1), frequency v, and the
direction of polarization.

For nonpolarized radiation the components are equal, ig, min =
ig,v.max = ip,» and from (7.12) is:

B=7 =27 v=00

ja :2/ / / ig, ycosP sinPB dp de dv (7.13)

B=0 ¢=0 v=0

To calculate the integral of equation (7.13), for each point P of
surface Aone has to know how the monochromatic radiation intensity
depends on the angles § and ¢ (Figure 7.1) and on the frequency v:

ion.p =i0v.p (B @, V) (7.14)

When radiation is nonpolarized and propagates uniformly in all
directions, then the monochromatic radiation intensity depends only
on frequency, i, (v), and the density of radiosity of such radiation is:

ja =2 //COSB sinB dB de /iO,v dv (7.15)
B o

v

Additionally, if from any point of surface A the surface A’ is seen
within the solid angle 2, then the double integral in equation (7.15)
has value 7 and the density of radiosity is:

j= 217/1'0,,, dv (7.16)

v

and, in such a case, the density of radiosity is the same at any point of
the space between surfaces Aand A'.

Another case to be considered is uniform radiation propagating
in an arbitrary solid angle. Then, using equation (7.3) in (7.15) one
obtains:

ja =ip // cosP sinP dB do (7.17)
B e

or, dividing side by side equations (7.15) and (7.16):

ja = %//COSB sinp dp de (7.18)
B e

For the black radiation of given temperature T, the energy spec-
trum is determined by formula (7.9). After substituting equation (7.9)
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into (7.16) and after integrating, we obtain:

. . ac
ja=jp= TOT‘1 =e¢ (7.19)

Comparison of formulae (7.19) and (3.21) confirms that for black
radiation the radiosity is equal to the emission.

In conclusion, the formulae for radiosity presented in this section
can be applied to many possible cases of radiation.

Entropy of Radiation Flux

7.2.1 Entropy of the Monochromatic Intensity of Radiation
Formula (5.23) for the entropy density of a photon gas residing in a
system in an equilibrium state was derived in Section 5.5. However,
the radiation entropy in the general case can be discussed by the fol-
lowing historically first derivations by Planck. The derivations are still
recognized as leading to a sufficient approximation.

In analogy to equation (7.1) for radiosity, the elemental entropy of
radiation, W/K, expressed as the radiosity entropy d>S propagating
within a bundle of rays in a solid angle dw and passing through the
elemental surface dA, is:

d3S = LycosB dAdw (7.20)

where B is the angle between the normal to the elementary surface 4A
and the direction of the considered solid angle dw. The symbol “L”
is assumed after Planck (1914); however, in the present consideration
the subscript “0” is added to emphasize the meaning of the symbol;
L = Ly, W/(K m? sr). The magnitude L, is the entropy of the direc-
tional normal radiation intensity, which is the entropy passing within
a unitary solid angle, in unit time, and through a unitary surface area
perpendicular to the direction of propagation. Generally, when radi-
ation is polarized:

LO = (LO,v,min + LO,v,max) dv (721)
v=0
where Loy min and Lo, max depend on frequency v, 1/s, and are the
principal (i.e., smallest and largest) mutually independent (incoher-
ent), polarized at right angles to each other, values of the monochro-
matic component of the entropy of radiation intensity, J/(K m? sr).
For nonpolarized radiation, Lo, min = Lo,s,max = Lo, and from
(7.21) is:

V=00

Lo=2 / Lo, dv (7.22)
v=0

m
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or

A=00

Lo=2 f Loxd\ (7.23)
A=0
where Lo, and L are the entropies of monochromatic intensity of
linearly polarized radiation dependent, respectively, on frequency,
J/(m? K sr), and on wavelength, W/(m® K sr). Equations (7.22) and
(7.23) express the same amount of entropy.
Now, the pivotal formulae derived by Planck for the entropy con-
siderations of black radiation are:

2 .
Loon = klz [(1+ X)In(1+ X) — XIn X] where X = Colg’;l)’v
3 -
(7.24)
or
50
Lpor = Cok [(1+Y)In(14+Y)—YInY] where Y = Nibox
M cah
(7.25)

where iy, o, and i, o are the monochromatic normal directional inten-
sity for black radiation.

7.2.2 Entropy of Emission from a Black Surface

The entropy s, W/(K m?), expresses the entropy density of radiation
emitted by the unit surface area of a body in all the directions of the
front hemisphere in unit time:

w=2T
s = / LocosB dw (7.26)
w=0
where Ly, W/(m? K sr), is the entropy of the directional normal radia-
tion intensity of the emitting surface. If the emission of the surface is
the same in all directions, then L is constant and after using equation
(7.11) in equation (7.26), is:
=21 B=m/2
s=1Lg / de / cosPB sinB dp = wLo (7.27)
=0 =0
If at any point P the surface element dA emits energy only within
a solid angle w < 2m, and if the emission within this solid angle is
uniform (Lo = constant), then the entropy of such emission from point
P is:
B=m/2 ¢=2m
Se = Lo / / cosB sinB dB de (7.28)
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Another form of formula (7.28) can be obtained by division of
equations (7.27) and (7.28) side by side:

B=m/2 ¢=2w
/ cosP sinB dp de (7.29)

B=0 ¢=0

s
Sp = —
™

Equation (7.9) for the black emission of entropy can be inserted
into (7.24) and the other Planck’s formula is obtained:

hv3 1 kv? —hv
Lpow= T (1—exp 7.30
00 dTexpft—1 ¢} n ( P T ) (7.30)

Now, the formula for entropy of the uniform emission s; from a
black surface at temperature T will be obtained. For a black surface
the entropy Ly of radiation intensity is denoted as Ly, (Lo = Ly 0)-
Inserting equation (7.22) and (7.30) into (7.27), and integrating, as
shown, e.g., by Petela (1961a), the following relations are obtained:

8wk 5 aco 4
=——T'=—T=_0¢T° 7.31
= B 3 37 73D

Similar to equation (3.22) for the emission density, the entropy
density of emission from a perfectly gray surface can be determined
as follows:

4
s = esp =8%T3 =8§0'T3 (7.32)

7.2.3 Entropy of Arbitrary Radiosity

Now, let us introduce the entropy flux, W/(K m?), which is the entropy
of radiosity density s; 4 passing the unit control surface area A’ in a
space, in unit time, and falling on the element dA of the considered
surface A. Obviously, in certain particular case which is excluded for
the time being, such entropy can be also interpreted as the entropy of
emission in unit time and from the surface area of a body. The entropy
S jA 1S:

SiA :fLo cosB dw (7.33)

w

where w is the solid angle under which the surface A’ is seen from the
element dA of the surface A.

Further presentation of entropy formulae is analogous to the en-
ergy formulae discussed in Section 7.1. For polarized radiation, after
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using (7.21) in (7.33), we obtain:
g (
B=m/2 ¢=2m v=00

sia= [ [ [ Qoo+ Lowmo)cos sinp dp de av
B=0 =0 v=0
(7.34)
The monochromatic components Loy min and L, max in equation
(7.34) depend on angles  and ¢ (Figure 7.1), frequency v, and on the
manner of polarization.

For nonpolarized radiation, the components are equal, Loy min =
Lo.v.max = Lo and from (7.34):

B=7/2 ¢=2m v=00
sja =2 / / / LoycosP sinBdB dedv (7.35)
B=0 =0 v=0
For calculation of the integral in equation (7.35) the function (7.14)
has to be known and used in (7.24).
If the entropy of radiosity density of surface A’ is the same for

all its points and in all directions, then the entropy of the radiosity
density coming from surface A’ to surface Ais:

sja=2 //cosB sinB dp de¢ /LO_vdv (7.36)
B ¢

v

The entropy Lo, depends only on the frequency v and for calcu-
lation of this entropy from equation (7.24) the function iy, (v) has to
be known.

For a radiation falling upon surface A within solid angle 2 the
double integral in equation (7.36) has the value 7 and the entropy of
radiosity density is:

Sj = 21T/L0,v dv (737)

and in such case the radiosity density s; is the same at any point of
the space between surfaces Aand A'.

For uniform radiation arriving at a point P of surface A within
a solid angle w the entropy of radiosity density is obtained by using
equation (7.22) in (7.35):

Sjw = Lo // cosPB sinB dp de¢ (7.38)
B e

or by division side by side of equations (7.35) and (7.22):
Sjw = % /f cosPB sinB dB de¢ (7.39)
T
B e
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where B and ¢ are the coordinates of directions within the solid
angle w.

For uniform black radiation of given temperature T the energy
spectrum is determined by formula (7.9). After substituting equation
(7.24) and (7.9) into (7.36) and after integrating, we obtain:

Sip = ?# =5 (7.40)

Comparison of formulae (7.31) and (7.40) confirms that for uni-
form black radiation the entropy of radiosity is equal to the entropy
of emission.

In conclusion, the formulae presented in this section concerning
the entropy of radiosity can be applied in many possible cases of
radiation.

Exergy of Radiation Flux

7.3.1 Arbitrary Radiation

Often the temperature and properties (e.g., emissivity) of the radia-
tion source from which the considered radiation arrives are unknown.
Such radiation is categorized as arbitrary radiation, which is the radia-
tion of any irregular spectrum that is not expressible, e.g., by the ideal
black or gray model. The arbitrary radiation can be specified by the
radiosity calculated from the results of spectral measurement deter-
mining the solid angle of the arriving radiation and its components of
monochromatic intensity as a function of wavelength. The following
formulae for the calculation of exergy in various cases of arbitrary
radiation flux were derived for the first time by Petela (1961) and then
modified by Petela (1962, 1964).

As was explained in Section 6.1, the exergy of radiation is related
to black radiation (i.e., photon gas) at the environment temperature
Tp and does not depend on environmental emissivity; it also does not
depend on the emissivity or temperature of any other surrounding
surfaces that are not components of the environment. Thus, when
considering the exergy of arbitrary radiation arriving at a certain sur-
face, the properties of this surface do not affect the final results of
calculating the exergy. These properties can be assumed appropri-
ately to make the calculation simplest. Thus, it is further assumed
that a certain considered surface absorbing arbitrary radiation is the
environment surface for which within the solid angle w emissivity is
€ =1 and beyond the angle w the emissivity is € = 0.

In order to calculate the exergy b4 of arbitrary radiation, at its
radiosity ju, originating from certain unknown surface A’ and arriv-
ing in the point P of surface A, one can consider the element dA at
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Ficure 7.2 Scheme
of energy and
exergy balances
for arbitrary
radiation (from
Petela, 1962).

point P of the surface A (Figure 7.2). The elemental surface dA, due to
connection with a heat source, maintains a steady environment tem-
perature Tp. Surface Ais black (i.e., radiosity is equal black emission)
and able to emit and absorb radiation within the solid angle w. The
energy fluxes (solid arrows) and exergy fluxes (dashed arrows) shown
in Figure 7.2 are referred to 1 m? surface. The energy balance equation
for the elemental surface dA is:

ja =g+ jasa (a)

where g is heat transferred from the considered elemental surface 4A
to the heat source at environment temperature Ty. Quantity ja_, 4 is
the energy radiating from the element dA within the solid angle v and
can be determined by the following interpretation of formula (7.18):

(ep)

Jasa = ;zTO//CosB sinB dB do (b)
B e

where ¢;, in formula (b) is the emission energy of the black surface at
temperature Tp, determined by formula (3.21). Substituting (b) into (a)
the heat q can be determined as:

q =]'A'—(6b)%//cosﬁ sinB dp de (c)
B o

According to the definition of exergy, the change of exergy of the
heat source of the environmental temperatures is zero, and also zero is
the exergy of emission at the environmental temperature. Therefore,
the exergy by of unknown arbitrary radiation can be calculated from
the following exergy balance equation (for 1 m? surface):

by = b (d)



Radiation Flux

where 8b is the exergy loss caused by the irreversibility of simul-
taneous emission and the absorption of radiation occurring at the
considered surface dA. The exergy loss &b is calculated from the
Gouy-Stodola law (2.60):

b = TpIl (e)
in which the overall entropy growth IT, is:

= %} —SjAa+8jAsa (®)
where s; 4 is the entropy of radiosity of radiation arriving at the el-
emental surface dA. Quantity s; 4. 4 is the entropy of emission of
surface A within a solid angle w, determined from formula (7.39) as
follows:

Sj A-A = %/‘/COSB sinB dB de (g)
B ¢

where s;, in formula (g) is the entropy of the emission of the black
surface at temperature Ty, which can be determined based on formula
(7.32).

After using (f) and (g) in (e):

(Sb)T:To
T

db=q—T|sja— //COSB sinB dB de¢ (h)
B e

Substituting now (h) and (c) into (d) and expressing entropy s
based on equation (7.32), and after rearranging, one obtains:

T4
by = ja — Tosja + (;—0 // cosP sinB dB de¢ (7.41)
™
B¢

Formula (7.41) can be used for any categorized case of radiation
for which radiosity j4 and entropy s; 4 have to be determined ap-
propriately. Total exergy Ba_4, W, of arbitrary radiation arriving at
surface A from the unknown surface A’ can be determined as:

Buoou = / by dA (7.42)
A

Further, some typical formulae for categorized radiation cases are
developed based on formula (7.41).

1
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7.3.2 Polarized Radiation

Exergy of Arbitrary Polarized Radiation

The exergy b4, W/m?, of the arbitrary polarized radiation originating
from an unknown surface A’ and arriving at point P of the consid-
ered surface A per unit time and unit absorbing surface area, can be
calculated from the formula derived by substituting (7.12) and (7.34)
into (7.41):

by = / / f (0.0 + 0 5.mex) <O B sin B dB do dv

/// (Lo.v.min + Lo.v.max) cos B sinB dp de dv

cosPB sinB dp de¢ (7.43)

In order to utilize formula (7.43) one has to determine the solid
angle o within which the surface A’ is seen from point P on surface A,
and to make measurements for determination of i ;, min and g ;. max as a
function of frequency v and direction defined by § and ¢. Dependence
(7.6) between ig  min and iy, max, and respective ip x min and ip x max can
be useful. The respective entropy components Loy min and Lo,y max are
determined based on formula (7.30). The total exergy of the considered
arbitrary radiation arriving at all the points of surface Ais calculated
from formula (7.42).

7.3.3 Nonpolarized Radiation

Exergy of Arbitrary Nonpolarized Radiation
The formula for such radiation is obtained after substituting (7.13) and
(7.35) into (7.41):

bAr:///io,,,cosB sinB dp deo dv
B e v
—///LO.VCOSB sinB dp de dv
B e v
4

cosPB sinB dp de (7.44)

In order to utilize formula (7.44) one has to determine the solid
angle w within which the surface A’ is seen from point P on surface
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A, and based on measurements, the iy, as a function of frequency v
and direction defined by 8 and ¢, has to be determined. The formulae
(7.6), (7.30), and (7.42) can be also useful.

7.3.4 Nonpolarized and Uniform Radiation

Exergy of Arbitrary, Nonpolarized, and Uniform Radiation
The formula for such radiation is derived by substituting equations
(7.15) and (7.36) into (7.41):

v v

T4
by = 2/i0,vdv—zT0/Lo,vdv+‘;_0 //cosBsianBd@
n
B e

(7.45)

Before utilizing formula (7.45) the solid angle w within which the
surface A’ is seen from point P on surface A, has to be determined
and based on measurements the radiation spectrum as function of
frequency, iy ,(v), has to be given. Again, the formulae (7.6), (7.30),
and (7.42) can be useful.

7.3.5 Nonpolarized, Uniform Radiation in a Solid Angle 2+

Exergy of Arbitrary, Nonpolarized, and Uniform Radiation
Propagating Within a Solid Angle 27

The formula for such radiation is derived by substituting equations
(7.16) and (7.37) into (7.41):

b= 2m / o, dv — 27T, / Lovdv + 2T} (7.46)

v v

To utilize formula (7.46) the function iy, (v), based on measure-
ments, is required. Formulae (7.6) and (7.30) can be useful. The total
exergy of the considered radiation arriving to all the points of the
surface Ais calculated as follows:

B =bA (7.47)

Example 7.1 Figure 7.3 shows the measured monochromatic normal radiation
intensity i\ (solid line) of radiation, as a function of wavelength \, for the water
vapor layer of the equivalent thickness 1.04 m at temperature 200°C according to
Jacob (1957). The product of the thickness and the partial pressure for the vapor
is 10.4 m kPa. The monochromatic normal intensity i3 o, for black radiation,
calculated from equation (7.8), is also shown for comparison (dashed line). For
approximate calculation, instead of the surface area under a solid line, the area of
seven rectangles (dotted line) is taken into account as the integral energy emitted
by the vapor upon the hemispherical enclosure. The areas of these rectangles
can be recognized as the absorption bands of width AN spread symmetrically
on both sides of wavelength \, the values of which are given in Table 7.1.
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Ficure 7.3 Radiation of water vapor layer of thickness 1.04 m at
temperature 473.15 K and pressure 0.1 MPa (from Jacob, 1957).

Exergy of radiation arriving in 1 m? of the enclosing hemispherical wall can
be calculated from formula (7.46), in which the frequency should be eliminated
by wavelength. Each integral in formula (7.46) can be replaced by the sum of
appropriate products:

b= %To‘wzqum AN =27 Ty Y Lo nAN (7.48)
A | AX |io, x 10 ‘ foa X AN | Loy x 104 ‘mem\
w w

# L m m?3 sr m?2 K sr

1 2.69 0.66 5.0 3.3 1.07 | 0.0071
2 6.15 2.8 45.7 1280 | 1172 | 0.3282
3 7.95 0.8 17.2 13.8 5.41 | 0.0433
4 9.8 29 3.7 10.7 156 | 0.0452
5 148 7.1 6.4 45.4 2.38 | 0.1690
6 210 53 5.1 27.0 1.83 | 0.0970
7 268 6.3 2.2 13.9 0.78 | 0.0491
Total 242.1 — 0.7389

TaeLe 7.1 Radiation of Water Vapor Layer of Thickness 1.04 m at
Temperature 473.15 K and Pressure 0.1 MPa
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For the assumed temperature Ty = 300 K formula (7.48) yields:

_ 5.6693 x 1078
- 3
= 0.153 4 1.521 — 1.393 = 0.281 kKW /m?

b 300* + 27 x 0.2421 — 27 x 300 x 0.7389 x 1073

The ratio of the exergy of radiation of the vapor to its energy emission is b/e
=0.281/1.521 = 0.185. More details of the considered example are discussed by
Petela (1961a).

7.3.6 Nonpolarized, Black, Uniform Radiation in a
Solid Angle 27

Exergy of Arbitrary, Nonpolarized, Black, and Uniform Radiation,
Propagating Within a Solid Angle 277
The formula for such radiation is derived by substituting equations
(7.19) and (7.40) into (7.41):

by = % (3T* + T} — 4Ty T?) (7.49)

To utilize formula (7.49), only the temperature of the black radia-
tionis required. The total exergy arriving at surface Acanbe calculated
from formula (7.47).

It is noteworthy that equation (7.49) is identical to equation (6.8)
derived for the black emission. Formula (7.49) is also as formula (6.30),
ate =1, derived from the exergy balance of a gray surface. This same-
ness is a confirmation that the exergy of the black radiation is equal to
the exergy of the emission of the black surface, consequently to this
that the radiosity of the blackbody is equal to its emission.

7.3.7 Nonpolarized, Black, Uniform Radiation Within a
Solid Angle @

Exergy of Nonpolarized, Uniform, Black Radiation Propagating
Within a Solid Angle ®

The formula for such radiation can be established analogously to for-
mula (7.18) for radiosity:

by = Z;T—bf/COSB sinB dp de¢ (7.50)
B e

where the solid angle w has to be determined by the appropriate ranges
of variation of the both flat angles B (declination) and ¢ (azimuth).
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Propagation of Radiation

7.4.1 Propagation in a Vacuum
The radiation exergy formulae derived in Section 7.3 are for any radi-
ation arriving at certain surface. The surface can be recognized either
as a body surface, i.e., a certain cross section situated infinitely near
to this surface (abutted on it), or as any arbitrary plane imagined in
space. On its way, the propagating radiation flux can experience dif-
ferent energetic and optical adventures that can affect the radiation
energy, entropy, and exergy.

In the simplest case the radiation propagates in a vacuum or within
a neutral (nonradiating and nonabsorbing) and homogeneous (con-
stant density) medium. For example, such a medium can practically
be a monatomic gas (e.g., He, Ar, etc.) or a diatomic gas (e.g., pure
air, CO, etc.), or their mixture. However, even these gases in the vicin-
ity of any condensed body surface can affect the radiation process
by generating the convective heat transfer that influences the surface
temperature and thus the surface emission. Thus, only the vacuum is
a perfectly nonaffecting propagation of radiation. In a vacuum, dif-
ferent radiation fluxes can propagate independently, unless they are
trapped in the enclosed space lined up with the mirrorlike walls. Then
the equilibrium state of the black photon gas appears at a uniform
temperature. The trapped radiation was discussed in Section 5.2.

Although the intensity of propagating radiation decreases with
the distance to the second power, the directional intensity in the neu-
tral medium remains unchanged. The directional intensity has been
considered, e.g., by Petela (1984), in the situation shown in Figure 7 4.
A surface element dA is the source of the normal directional radiation
intensity ip, W/(m? sr), which arrives within the cone of the solid an-
gle dw to the element dA’" of another surface. The consideration was
carried out under the assumption that the surface dA represented a
blackbody. Thus, the eventual radiosity of element dA is equal to the
emission of radiation of the determined spectrum corresponding to
the surface temperature. Consideration of radiosity would be more

Ficure 7.4 Irradiated surface elements.
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complex because it would generally require inclusion of a number of
fluxes of different temperatures and respective spectra.

The surface dA is irradiated by a certain normal directional inten-
sity i;, which arrives within the solid angle dw’. The comparison of
the energy that leaves the element dA for dA’ with the energy arriving
in the element dA’ from dA leads to the following equation:

iodw dA =i} dw dA (7.51)

After determining the solid angles: dw = dA'/r? and dw’ = dA/r?,
wherer is the distance between dA and dA’, it yields iy = ij. This means
that the normal directional radiation intensity does not depend on the
distance from the source. It also means that temperature (determined
by spectrum) does not change; however, the amount of energy radi-
ated within the solid angle is changed. The temperature measurement
from a distance is based on such a rule.

A similar reasoning can be carried out with the entropy or exergy
of radiation and, respectively, the same result can be obtained. In the
considered propagation of radiation there is no irreversible process,
such as, e.g., absorption, and the distributed energy of radiation can
be theoretically reversibly concentrated by a perfectly (nonabsorbing)
optical device. Therefore, radiation propagation in a vacuum or in a
neutral medium is a reversible phenomenon and occurs without any
loss of exergy.

The aforementioned attenuation of radiation in space during prop-
agation can be considered as presented, e.g., by Petela (1983). Again,
for simplicity, instead of radiosity j, only the emission ¢ of the black
surface element dA; shown in Figure 7.5, is considered. The element
dA; radiates into the front vacuumed hemisphere, but only a part of
the radiation arrives in an arbitrarily situated other surface element
dA,. The distance between the two elements is r.

The flat angles B; and {3, are between the straight line linking
the surface elements, and the respective perpendicular straight lines
(normal) 11 and n; to these elements (dA; and dA;). From element dA;
the element dA; is seen within a solid angle dw, and the element dA,
can be replaced for the considerations by dA} determined as follows:

dA, = dA; cos B (7.52)

The element dA) is a projection of element dA; on the surface of
hemisphere of radius r. Therefore, the solid angle dw can be deter-
mined as follows:

. dA, cos By

do
1/2

(7.53)

The directional radiosity density expressed by formula (3.29) can
be applied to the emission density (jg = eg) of element dA; in the
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Figure 7.5 Surface elements.
direction determined by angle 3;:
e
erp = — cos By (7.54)
™

and the total energy emitted from dA; and arriving in A, within dw
is:

EdA1—>dA2 = d2E1_2 = €1, dAl do (755)
Using (7.53) and (7.54) in (7.55):
dA
d2E1_2 = 6_1 CcOos Bl dAl #SBZ (756)
T r
and after integration:
Ey,=2 / / cosPr cosBe 4, da, (7.57)
™ r
A A

Formula (7.57) determines this part E;_, of the emission E; prop-
agating from the whole surface A;, which arrives at the surface A,.
There is the characteristic inverse square of distance (r2), which deter-
mines the energy attenuation of the radiation propagating in a neu-
tral medium. Based on the consideration in Section 7.5.3, by replacing
emission energy e; with the exergy by of this emission in equation
(7.57), the calculation of the respective amount of exchanged exergy
Bi_, is possible.
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7.4.2 Some Remarks on Propagation in a Real Medium

It was shown in the previous section that, except for attenuation due
to the geometric divergence of flux, nothing happens to the radiating
beam if the beam travels through a vacuum or eventually through
a nonradiative (i.e., perfectly transmitting medium) gas. However,
in general, the radiation flux can fall partly, or totally, upon bodies,
e.g., a cloud of absorbing gas (CO,, H,O CHy, etc,), condensed par-
ticles (droplets, dust, etc.) dispersed in the gaseous medium through
which the beam is traveling. The radiation can weaken, which can
then result in a reduction of energy and a change in the radiation
spectrum.

The dispersed bodies can to some extent absorb, reflect, or trans-
mit the beam. An absorbing body emits its own radiation, at its own
temperature. Reflection can be specular or diffuse (see Section 3.2).
Both reflected and emitted portions can then fall again upon other
bodies, and thus the original radiation can be transformed in multiple
processes into radiation with less energy, a changed spectrum, and a
changed solid angle of propagation. In addition, e.g., in the case of
a solar radiation beam, some other beams from the sun initially not
aimed at the considered surface on the earth can be redirected to the
considered surface. Therefore, the surface at which received radiation
is considered can also receive emitted and reflected radiation redi-
rected from beyond the solid angle within which the radiation source
is seen from the considered surface.

Perfect transmission and specular reflection of radiation are re-
versible and do not change the exergy of radiation. Besides absorption
and emission, which are irreversible (due to temperature difference
as discussed in Section 6.6), radiation can also be subjected to dif-
fuse reflection, dispersion, refraction, and other simple or combined
phenomena that belong to the area of optics. To date, the energy, en-
tropy, and exergy analyses of these optical phenomena have not been
developed much—see, e.g., Candau (2003)—and are open for future
analyses not considered in the present book.

In comparison to energy, the calculation of exergy propagation
in a real medium is even more difficult because the newly emitted
radiation of a suspended body generally occurs at a different tem-
perature from the emitting body, and each absorption and emission
causes losses in exergy. The global exergy loss cannot be estimated
by comparison of the exergy from the radiation source aimed at the
considered surface when entering the medium, to the exergy esti-
mated based on the measured spectrum of exergy of the source radia-
tion arriving at the considered surface. This is because, as mentioned,
some undetermined exergy from the radiation source, initially not
aiming at the considered surface, can be redirected to the considered
surface.
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As an alternative to the approximate calculations of the real radia-
tion energy or exergy arriving at the considered surface is the method
of measuring the radiation spectrum and geometry directly at the
considered surface.

In summary, if the medium has the properties of a specular surface
of emissivity € = 0—i.e., the medium does not absorb the radiation, but
at most is exposed only to the multiple reflections or refractions—the
annihilation process of the exergy of radiation does not occur. How-
ever, there can appear some geometric consequences, i.e., to the given
surface there can arrive the radiation of the directional distribution of
energy, or exergy, which differs from the case when between the radi-
ation source and given surface there is a vacuum or perfectly neutral
medium. In other words, the radiation can come within the changed
solid angle.

However, if the medium has even a small ability to absorb (g > 0)
and so to emit, and the medium temperature differs from that of the
source surface, then radiation traveling through such a medium partly
loses its exergy and, due to reflections or refractions, its geometric pa-
rameters in respect to the given surface also change as in the previous
case.

An example of radiation traveling through a real medium is solar
radiation arriving at the earth through the atmosphere. This process
is particularly important for life on earth. The total radiation received
by the surface of the earth can consist of the direct solar radiation
arriving within the solid angle under which the sun is seen and of
the diluted radiation arriving usually under the solid angle of the
hemisphere. Radiation traveling through a real medium is considered,
e.g., by Landsberg and Tonge (1979). Recently, using the solar spectral
radiation databank developed by Gueymard (2008) and based on the
radiation exergy interpretation by Candau (2003), some new data on
the extraterrestrial and terrestrial solar radiation exergy were obtained
by Chu and Liu (2009).

With a clear sky, the surface of the earth receives direct solar radia-
tion at a high temperature and at high energy at a high exergetic value
within a small solid angle. With an overcast sky, the energy received
can be even larger than from a clear sky because the radiation arrives
within a large solid angle; however, such diluted radiation can have
a lower exergetic value.

Exact description of the fate of radiation penetrating a real medium
and the heat transfer through such a complex medium are both very
difficult. In the specialist books in this area, the formulated various
mathematical models, involving a number of simplifying assump-
tions, allow for calculation of energy propagation. However, the ob-
tained results are usually only a rough approximation. To date, the
exergetic interpretation of such real propagation of radiation has not
been considered.
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7.5 Radiation Exergy Exchange Between Surfaces

7.5.1 View Factor

Propagation of radiation from different surfaces results in energy ex-
change between the surfaces. The effect of such exchange is described
in textbooks on heat transfer. The exchange depends on the properties
of surfaces and on the view factor defined in Section 3.3. The same en-
ergy exchange process can be also interpreted by the respective exergy
exchange which, beside the surfaces, properties, and the view factor,
depends also on the environment temperature.

Generally, for any two surfaces 1 and 2, the view factor ¢;_, for
surface 1 is defined as the ratio of radiosity Ji_, arriving from surface
1 to surface 2 to the total (in all directions) radiosity J; of surface 1:

o1 = 1122 (7.58)
Ja
Interpreting formula (7.57) for the radiosity (E = J) and taking
into account that J; = A; x jj, the average view factor results from
definition (7.58):

1
Q)= —— f/ M dA; dAy (759)
’lTAl r2
A A

However, because the different elements dA; and dA; of surfaces
A; and A can be differently situated, the local view factor ¢; 1, of
any element dA; relating to the total surface A, may be appropriately

defined:
d*J1»
= 7.60
®d.1-2 i (7.60)
Assuming dJ; = j; x dA; and introducing (7.56) to (7.60):
1 cos 31 cos
qaaa = [ SRR g, 761)
T r
A

The significance of the local view factor is illustrated in Figure
7.6. The spherical surface 1 is surrounded by the spherical surface 2
with two elemental surfaces dA, and d A}. Due to different solid angles
(o’ > w), there are significantly different respective view factors, ¢}, , _;
> @;.2-1. The uniform values of the view factor @721 = ¢p—1 = const
would be for the case of concentric surfaces 1 and 2.

To apply numerical interpretation of formula (7.61) the surface A;
canbe divided into k finite elements A A; in such a fashion that for each
surface element the constant value @ 1_» = const can be assumed. To



188

Chapter Seven

Fieure 7.6 Two different local view factors.
determine the average value of the view factor, instead of formula
(7.59), the following formula can be used:

k
(pa1-2); AA;

1

i
P12 =

I
—

— (7.62)
S AA
i=1

where i is the successive number (i =1, ..., k) of the finite elements
of the surface and of the respective local view factor, whereas

i=k
AA = Ay (7.63)

i=1

A simple application of the view factors in calculation of ex-
changed energy or exergy between surfaces will be demonstrated later
in Example 7.2. Calculation of the view factor from formula (7.59) for
the complex configuration of considered surfaces can sometimes be
very difficult, and application of various graphical or optical methods
described in textbooks on heat transfer can often be useful.

As a result from formula (7.58), radiation energy Ji_» propagat-
ing from any surface 1 to surface 2 can be determined if we have the
radiosity J; of surface 1 and the respective view factor ¢;_,. In order
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to determine radiation energy exchanged between many different sur-
faces enclosing a certain space, not only the radiosities of these sur-
faces but also the view factors for the given surfaces, configuration
have to be known. The real situation often is considered under the
assumptions that the enclosed space is a vacuum or filled up with
a neutral medium (with neglected eventual convection of heat), and
additionally, the surfaces are perfectly gray. In such a case the view fac-
tors represent only the geometry of the considered system of surfaces
embracing the space.

To calculate the set of required view factors for the system some
rules can be applied. One of them is the reciprocity rule applied for any
two surfaces. To derive the rule, the formula (7.59) can be interpreted
also for propagating radiation from surface 2 to surface 1 as follows:

1
1= — / / COsPICosBa A, (7.64)
1TA2 r2
A A

Dividing equations (7.59) and (7.64) side by side one obtains:
¢1241 = ¢ Ay
or for any ith and jth surfaces:
¢i_jAi =i Aj (7.65)

which is the general reciprocity rule.

The complacency rule results from the energy conservation equation
applied for any of n surfaces, numbered from 1 to n, enclosing the
system space. The radiosity J; of surface 1 distributes as follows:

Ji=ha+Nhio+is+-+]1a (7.66)

Dividing equation (7.66) by |1 and applying the general definition
(7.58) of the view factor, equation (7.66) changes as:

l=¢gi1+eo2+@3+ -+ @iy (7.67)

Formula (7.67) expresses the complacency rule. The view factor
@1-1 represents the possibility of a concave curved surface that may
radiate on itself.

In certain situations, the Polak’s rule of a “crossed-string,” de-
scribed, e.g., by Gray and Miiller (1974), can be applied. The rule
can be applied to the two considered surfaces (i and j) when they
are the sides of parallel and infinitely long cylinders, not necessarily
circular but not concave. In practice, the rule can be applied also for
the finite but sufficiently long cylinders. The method introduces the
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Ficure 7.7 The profiles of cylindrical surfaces i and j.
two lengths of imagined strings, shown in Figure 7.7, which cross (L)
or do not cross (L) when they gird the surfaces:

LC + Lrl
L;

$ij= (7.68)

Figure 7.7 shows the cross-sections of the two considered cylinders
(i and j). The two tangents (n and m) to the surface profiles determine
the four tangency points A, B, C and D. The total length L, of the
noncrossed string is measured from Ato C and from B to D. The total
length of the crossed string is from Ato D and from B to C. The length
L; is measured from A to B over the profile of surface i.

Sometimes Polak’s rule can be applied to certain two surfaces for
which it is difficult at first glance to recognize the crossed and non-
crossed lengths required for formula (7.68). In such a case, it is helpful
to apply imaginary displacement of the two surfaces as far from each
other until the lengths become easy to notice. Then, while displacing
the surfaces back to their original position, it can be noticed how the
lengths vary. For example, the system of a long circular cylindrical sur-
face laid along a plate is shown in Figure 7.8. In the original situation
(a), at first glance, it is not easy to identify the crossed and noncrossed

a) b) c)

\
/

N\
/
A——

Ficure 7.8 Example of the strings interpretation.
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lengths. However, after replacement of the surface in situation (b), the
strings appear clearly. By restoring the initial situation (c) it is clearly
seen that, when approaching the surfaces, the right-hand side of the
noncrossed string disappears, whereas the crossed string consists of
the length of the cylinder profile and of the width of the plate.

In determination of the view factor the characteristic geometric
feature of the considered surface system can be additionally used. For
example, if any xth surface is flat, then ¢,_, = 0. If any xth surface is
entirely unseen from any yth surface, then ¢,_, = 0. If any surfaces,
e.g., surfaces 2, 4, and 6, are geometrically situated in the same way
regarding surface 1, then ¢1_» = ¢1_4 = @16.

In order to increase the radiating flux from any gray surface of
emissivity € the surface can be grooved, which increases the effective
emissivity €, according to Surinow’s formula:

_ €
1-po¢

&g (7.69)

where p is the surface reflectivity and ¢ is the view factor expressing
the depth of the grooves. If the grooves are very deep then the view
factor is close to unity (¢ ~ 1). Then, from formula (7.69), using for-
mulae (3.5) and (3.31), the result is &, ~ 1, which means that the effect
of the deep groove is similar to the model of a black surface shown in
Figure 3.4.

Example 7.2 A space (e.g., a vacuum or a space filled with a neutral medium
for which the convective effect is neglected) is enclosed with n different surfaces
(j =1,...,n). Figure 7.9 shows the example in which #n = 3 and the surfaces
belong to the long and parallel cylinders. The surface system is in the steady state
and each surfaceis ata constant and uniform temperature due to connection with
the heat sources of the respective surface temperatures. Radiative heat is positive
if delivered to the surface or negative when taken off the surface. The space
contains radiation (photon gas), which is not in an equilibrium state because the
radiating fluxes are traveling between the surfaces at different temperatures.

If the system, defined by the system boundary shown in Figure 7.9, is in
thermal equilibrium, then the algebraic sum of all the heat fluxes is zero:

j=n
> Qj=0 (7.70)
j=1

Referring to any ith surface selected from all n surfaces, the energy balance
can be considered for the subsystem which is a thin layer of the ith surface. The
input to such subsystem is heat Q; and the absorbed part of radiosity arriving
from all other surfaces to the considered ith surface. The part of radiosities
reflected from the ith surface may not be considered in the balance because it
cancels out. The subsystem output is the emission of the ith surface. The energy
conservation equation takes the form:

j=n
Qi+aiy ¢ji]j=E (7.71)
j=1
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. T~
- . System
: \/ , < boundary

Enclosed
space

Surface 1
Surface 3

Ficure 7.9 Space enclosed with three nonconvex surfaces 1, 2, and 3.

wherei =1, ..., nisthe successive number of considered surfaces selected from
nsurfaces and «; is the absorptivity of the ith surface. The variables J; appearing
in formula (7.71) can be determined in a way as shown, e.g., for surfacei =1 (at
n=3):

J1i=E1+p1(e1-1J1 + ¢2-1/2 + ¢3-1]3) (7.72)

In the general case of a multisurface system, formula (7.72) for the ith surface
takes the form:

j=n
Ji=Ei—piy il (7.73)
=1

The surface emissions can be determined from equation (3.22), at valid re-
lation (3.5). If additionally the reflectivities and temperatures of the surfaces as
well as all the view factors are given, then equation (7.73) represents the set of n
equations with #n unknowns, which are the radiosities of all the surfaces.

For numerical illustration there is further consideration of three surfaces
(n = 3). There are nine different view factors determining the configuration of
radiating surfaces; thus the nine equations are needed for calculations of the
factors. The three equations are obtained by assuming the surfaces to be flat;
¢1-1 = ¢2—2 = ¢3-3 = 0. The other six equations follow from the complacency
rule (7.67):

l=¢1+¢12+¢1-3 ()
l=@mi1+@o+es3 (b)
1=¢3-1+¢32+¢3-3 (c)
and the reciprocity rule (7.65):
P1241 = @14 (d)
¢34 =@ 24 (e)

o134 = @3-143 ()
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Assuming L1 =10 m, L, = 7 m and L3 = 8 m the view factors calculated
from relations (a) to (f) are ¢1_» = 0.450, @13 = 0.550, ¢p—1 = 0.643, ¢»_3 = 0.357,
@3-1 = 0.688, and ¢3_» = 0.312. The surfaces are very long and their emissions
E; are calculated in relation to 1 m of the length. The surface areas are expressed
by the respective lengths L; of the surface profiles. All the surfaces are perfectly
gray with reflectivities at p1 = 0.1, p2 = 0.2, and p3 = 0.3 and from (3.5) the
absorptivities are ay = €1 =0.9,p =€, =0.8and a3 = €3 =0.7.

E; = Ligio T} (g)

For Ty =400K, T, =600 K, and T3 = 1000 K the calculated from (g) emissions
are: E;1 = 13.06 kW/m, E; = 41.15 kW/m, and E3 = 317.48 kW/m.

According to (7.73) the radiosities, also related to 1 m of surface length, are
calculated from the following set of three equations:

Ji=E1+pi(ei-1)1 + ¢2-1]2 + ¢3-1/3) (h)
Jo=Ex+pa(ei-2J1+ ¢2-2]2 + @3-2]3) @)
Js = Es+p3(e1-3J1 + ¢2-3]2 + 3-3]3) G

Calculated values of radiosities, higher than respective emissions, are |1 =
40.03 kW/m, [, = 65.44 kW/m, and [3 = 331.10 kW/m. Heat fluxes, related to 1
m of surface length, result from (7.71):

Q1 =E1—aa(e1-1]1 +92-1)2 + ¢3-1]3) (k)
Q=Ey—w(e12J1 + ¢2-2]2 + ¢3-2]3) )
Qs = E3 — a3 (¢1-3J1 + ¢2-3/2 + ¢3-3]3) (m)

and their values are Q7 = -229.67 kW/m, Q; = —56.04 kW/m, and Q3 =
285.71 kW/m. According to (7.70) the sum of heat fluxes is zero: —229.67 —56.04 +
285.71 = 0.

The following calculations of exergy are simplified. All the considered sur-
faces are now assumed to be black (p; =0, a; = 1). For the same temperatures of
surfaces (T1 =400 K, T = 600 K, and T3 = 1000 K) and for unchanged configu-
ration of the surfaces (i.e., the same values of all the view factors), the calculated
emissions, equal to respective radiosities (E; = J;), are respectively smaller: Eq
= 14.51 kW/m, E» = 51.43 kW/m, and E3 = 453.54 kW/m. The heat fluxes
are significantly changed (Q1 = -330.36 kW/m, Q> = -96.83 kW/m. and Q3 =
427.19 kW/m) and their sum is zero.

Exergy B; radiating from the surface can be calculated based on formulas
(7.47) and (7.49) adjusted as follows:

ag
Bi :L;§(3 T+ Tf —4 TT?) (n)

Using equation (n) at Ty = 300 K yields: By = 1.53 kW/m, B, = 18.22 kW/m,
and B3 = 273.35 kW/m. These calculated values can be used in the exergy bal-
ance equations for a particular surface. The exergy input considered for any ith
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surface consists of radiation exergy arriving from other surfaces and of exergy
of heat exchanged with the considered ith surface. On the output side of the
equation is exergy radiating from the considered ith surface and the irreversible
exergy loss due to absorption and emission occurring at the ith surface. Exergy
balance equations for the consecutive surfaces 1, 2, and 3 are:

T

e1-1B1 + @-1B2 + ¢3-1B3 + Q1 <1 - ?(1)) = By + 3B (0)
To

@3-2B3+ ¢ 2By +¢10B1+ Qo (1— )= By + 8B (p)
To

¢1-3B1 + ¢ 3Ba+¢33B3 + Q3|1 — )= Bs +8Bs (q)

The sum of the exergy loss terms from equations (0) to (q) expresses the ex-
ergy loss of the whole surface system: 8B = 8B1 +8B2 + 8B3 =115.52 + 19.48 +
33.03 = 168.03 kW/m. The same value of the global exergy loss 3B can be also
determined from the Guoy—-Stodola law presented by equation (2.60):

_ _ Q, Q@ O
BB_TOH_T(](T] + . + T

Obviously, the same value of the exergy loss for a particular surface can be

also determined from formula (2.60) which, e.g., for surface 1 can be used as

follows:
4 5 O
§0T3 — ?1)

(r)

4 3 4 3 4 3
3B1 =To L1§0 7 — Ligr11 gUTl —Lagp— §UT2 — L3z
(s)

7.5.2 Emission Exergy Exchange Between
Two Black Surfaces

The radiative exergy exchange based on formula (7.49) can be ana-
lyzed with more details. The simple example for considerations is as-
sumed. The model of two parallel surfaces 1 and 2, as determined in
Figure 6.5, is applied. The surfaces parameters are denoted with sub-
script 1 and 2. The surfaces are black (g1 = €, = 1) and flat (¢1-1 = ¢2»
=0and ¢1_» = @1 =1). Temperature T; is constant whereas temper-
ature T varies from 0 to T, = Tj.

The exchanged exergy bi_» per 1 m? of surface is equal to the
difference by and b, which are the exergy of emission densities of the
surfaces 1 and 2:

b1, =by — by (7.74)
where by and b, are determined from formula (7.49). Heat q1_» ex-

changed by radiation is equal to the difference ¢ and e, of emission
densities of the surfaces:

J1—2=¢€1—€ (7.75)

where e; and e, are determined from formula (3.21). The changes
of exergy b;1 and by> for both the heat sources, according to
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80

i T,=1000 K
To=300 K

Wim2.10-3

1200
oK
Ficure 7.10 Exchanged heat and exergy between black surfaces at
temperatures T, and T».
formula (2.61) are:
To To
bql =q1-2 (1 — —) and qu = |q1-2 (1 — —)‘ (776)
T1 TZ

Figure 7.10 shows the emission densities, e; and e,, exergy of
emission densities, by and b,, and the exergy change of the heat
sources, b;; and qu as function of temperature T, at constant tem-
peratures T7 = 1000 K and Ty = 300 K. With the growing temperature
T, there grow the emission density e, and the exergy of emission
density by, whereas e; and b; remain constant due to the constant
temperature T;. The exchanged exergy bi_, decreases from 34,016
W/m? to zero and the exchanged heat q;_, also decreases to zero
but from 56,693 W/m?. The exergy change b, of the heat source at
temperature T; decreases from 39,685 W/m? to zero (because g1-2
reaches zero). However, the exergy change b,> of the heat source at
temperature T, decreases from infinity to zero at T, = Ty and then
it grows reaching the maximum (~24,673 W/m?) for T, = ~600 K,
and then diminishes to zero. The appearing maximum is the effect
of the growing value of the exergy of heat due to growing its tem-
perature and, on the other hand, of the decreasing amount of this
heat.
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7.5.3 Exergy Exchange Between Two Gray Surfaces

7.5.3.1 Significance and Description of the Problem

One of the important problems of radiation is the practical calcula-
tion of the exchanged radiation energy or exergy between different
surfaces. Consideration of systems composed of black surfaces is rel-
atively easy because each black surface can only emit and absorb ra-
diation without any reflection. However, a system of gray surfaces
is more complex and the calculation accounts for the successive re-
flections of each emitted radiation. Simplification of the problem by
neglecting reflections to calculate the approximate value of the ex-
changed energy (heat) is eventually acceptable only in the case of the
surfaces with emissivities not much different than 1.

The calculation methods for exchanged radiation energy are rel-
atively well described in the heat transfer textbooks, e.g., Holman
(2009). However, calculation of exchanged exergy is not well discussed
and is more complex. Generally, each flux of radiation exergy, arriving
at a nontransmitting surface, can be partly absorbed, partly reflected,
and the remaining part is lost due to irreversibility. The exergetic con-
siderations have to account for many multiprocesses of absorption,
emission, reflection, and losses.

The mechanism principle of the exchange of exergy between two
gray surfaces can be sufficiently analyzed based on the simple system
of a vacuumed space (no heat transfer by conduction or convection)
enclosed only with the two surfaces, which are infinitely large, facing
each other, parallel, and flat as shown in Figure 7.11. Temperatures of
the surfaces are constant in time and at every place on the respective
surfaces (i.e., isothermal surfaces). The properties of surface 1, denoted

a
Surface 2 Surface 1 Surface 2 b Surface 1
T, : €10 2,0 :
= -/ —= ;/5
€20 %’/
by 4
by g
+
€12
by 4
by g
<-- -<-
€4 -
ya
by 7
—e
ers by g ;
by 10

Ficure 7.11 The scheme of exchange of radiation energy (a) and exergy (b)
between surfaces 1 and 2.
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with subscript 1, are temperature Tj, emissivity €;, absorptivity ay,
and reflectivity p1. Analogically, the same properties (T2, €2, o, p2) of
surface 2 are denoted with subscript 2.

7.5.3.2 Transfer of Radiation Energy

As mentioned, consideration of the net heat exchanged between the
surfaces is commonly known and here is briefly recalled only to give
a comparison background for consideration of exergy exchange. Fig-
ure 7.11(a) presents the scheme of the radiation emission from both
surfaces. The energy stream ¢, related toa 1 m? surface area, is labeled
with the two number subscripts (1 and m); the first number (1) deter-
mines the surface (1 or 2), whereas the second number (1) determines
the stage of the stream after successive happening.

For example, considering surface 1, energy stream eq o represents
heat transferred from the heat source at temperature T; to surface 1.
The same energy is then emitted from surface 1 to surface 2 (e1,0 =e1,1).
Energy ey 1 arrives in surface 2 and is partly (e1 ») absorbed by surface
2 and partly (eq3) reflected back to surface 1. The portion e; 3 arriv-
ing in surface 1 is again partly (e 4) absorbed by surface 1 and partly
(e1,5) reflected into surface 2. In the same way the successive reflec-
tions and absorptions continue, and the energy streams are gradually
diminishing.

Analogously, the energy e of heat transferred from the heat
source at temperature T, takes part in the successive happenings. The
values of successive streams of both surfaces are developed as follows:

€1,0 = €16p,1

€11 = €18p1

€12 = ©€1€p1

€13 = p2€1€p,1

€14 = P1P28€1€p,1
€15 = P1P2€1€p,1
€16 = 2P1P2€1€p,1
€17 = 919581%.1
etc.

where, the density of emission energy e; 1 of a black surface at tem-
perature T is:
ep1 =0T} (a)

and for the energy streams of surface 2:
€2,0 = €2€p2
€21 = €2€p2

€22 = 1€2€p 2
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€23 = P1€26p2

€24 = P2P1€2€p,2
€25 = P2P1€2€p,2
€26 = Q1P2P1€2€p2
€7 = pzpfszeb,z
etc.

where, the density of emission energy e;» of a black surface at tem-
perature T is:

ep2 =0Ty (b)

Surface 2 absorbs the sum e; of the energy portions (e12, €16, etc.)
from surface 1 as follows:

e1 = werep (1+pip2+pips + ) = (12€1€b$1# (0)
1—pip2
The expression in the brackets is replaced by the sum of the terms
of the infinite geometric progression with the common ratio p; x po.
Absorbed energy ey is transferred to the interior (heat source at tem-
perature 1) to maintain the steady state of radiating surfaces.
Analogously, surface 1 absorbs the sum e of the energy portions
(e2.2, 2.6, etc.) from surface 2 as follows:

ex = augzep (14 pap1 + P3Pt + - )= 0‘18265,2; (d)
1T —=pip2

Also, the absorbed energy e, is transferred to the interior (heat
source at temperature T;) to maintain the steady state of radiating
surfaces. It is to emphasize that the processes occurring at both sur-
faces occur simultaneously; only for calculation purposes are they
considered separately.

The effective heat e;_, transferred from surface 1 to surface 2 is:

€12 =¢€1 —¢€2 (e)

Taking into account that a + p = 1, a = €, and substituting equa-
tions (a)—(d) to (e) the known formula is obtained:

€12 = €120 (T14 - T24) ®
where
1
el =—4—7— (8
i

Formula (g) is used for calculation of the net heat exchanged be-
tween surfaces 1 and 2.
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7.5.3.3 Transfer of Radiation Exergy

Analogously to the radiation energy exchange, the exchange of radi-
ation exergy streams between the same considered surfaces [Figure
7.11(b)] can be analyzed.

The exergy stream b, related toa 1 m? surface area, is also denoted
with the two number subscripts (1 and m); the first number (1) deter-
mines the surface (1 or 2), whereas the second number (1) determines
the stage of the stream after successive happening. For example, con-
sidering surface 1, stream b o represents the exergy of heat transferred
from the heat source at temperature T; to the surface 1. The surface 1
supplied by the exergy stream b1  is able to emit exergy b » although
at the irreversible exergy loss by ;.

Exergy b1, arrives in surface 2 and is partly (b1,3) absorbed by
surface 2, partly (b1 5) reflected back to surface 1 and the rest (by 4) is
lost due to irreversibility occurring at surface 2. The exergy portion
b5 arriving in surface 1 is again partly (b1,6) absorbed by surface
1, partly (b;g) reflected into surface 2 and the rest of exergy (b 7) is
lost due to irreversibility occurring at surface 1. In the same way the
successive reflections and absorptions are continuing, and gradually
diminishing the exergy streams.

Analogically, the exergy b, of heat transferred from the heat
source at temperature T, takes part in the successive happenings.
The values of successive streams of both surfaces are developed as

follows:
To
b = 1 —_ —
1,0 = €16p,1 ( T1>

bi1=b1o—bip
b1y = e1bp

T
b1z = werepn <1 - %)

bia=b1p—bi3—bis

bis = p2g1bpa
T
bie = a1pagiep 1 (1 - —0>

b1,7 = b1,5 - b1,6 - b1,8

b1g = p1p2g1bya
T
b19 = cupipagiep (1 - F)
2
bi10 =b1g —b1o—bin

b1 = p1paeibp1

To
bi12 = cup1p3 €161 <1 - —)
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b1z =bi11 — b2 —bia
bi1s = pipieibya
etc.

where the emission exergy by, 1 of a black surface at temperature Tj is:
o
3
and for the exergy radiation of surface 2:

To
bo=¢ 1-—
2,0 2€h.2 ( T2>

bhi=~- BT+ T —4 TT}) (h)

by = by —bao
byp = &by

T
by3 = 1——
2,3 = ®1€26p,2 ( T1>

b2,4 = b2,2 - b2,3 - b2,5

bys = p1€abp 2
To
bag = cwopieaep 2 <1 - —)

by7 =bys —bye —bag

bag = pap1€2aby 2

bag = aupapi€aep 2 (1 - E)
T

ba10 = byg —boo —bo1

bai1 = pipagabyo

etc.

where the emission exergy by, » of a black surface at temperature T is:

o .
by o = 5(3 T4 T —4 T0T23) (i)
The portions of the radiation exergy of surface 1 delivered to sur-

face 2 are:

b1 = (b1 —b15)+ (b1g —bru)+---
2 2 ae1by 1 .
= axe1by1 (L+pip2+pips +--7) = T—pip2 ()
—p1p2

The portions of the radiation exergy of surface 2 delivered to sur-
face 1 are:

by = (boo — bas) + (bag —b211) + - -

o €2bp »
= &by (1 + p1p2 + P%P% + - ) =

= k
1-pip2 (k)
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The net radiation exergy by, transferred from surface 1 to surface
21is:

b1y =01 —by @

After taking into account that o + p = 1, a = ¢, and substituting

equations (h)—(k) into (1) the net radiation exergy transferred from
surface 1 to surface 2 is:

4
b1_2 = €12 (bb,l — bb,Z) = €120 |:T14 — T24 — gTo <T13 — T;’)] (777)

where €, is determined by formula (g) and in derivation of formula
(7.77), the formulae (h) and (i) were used.

7.5.3.4 Exergy of Heat Sources

Analysis of the streams of exergy can take different forms. For ex-
ample, following the history of the exergy streams in Figure 7.11(b),
the exergy decrease by 1,1 of the heat source 1, caused by radiation of
surface 1, can be determined as:

bq.l,l = bl,O - b1.6 - b1,12 -

thus:

T
bq,l,l = €1€p,1 (1 - F(l)) [1 — a1p2 (1 + p1p2 + plng + .. )]

To Q1p2
— 1 20) (1o P2
eren ( Tl) ( 1- Plpz> ()

The exergy increase by 1,» of the heat source 1, caused by radiation
of surface 2 is:

o Tt
bji2="bo3z+bro+br1s+--- = Ezeb’zl 1 <1 _ _0) )
— P1p2

Analogously, the exergy decrease b, » » of the heat source 2, caused
by radiation of surface 2, can be determined as:

T o
bq.2,2 = bZ,O - b2.6 - b2,12 — =826 (1 - %) (1 N 1 —2;)11p2>

(0)
The exergy increase by » 1 of the heat source 2, caused by radiation
of surface 1 is:

o Tt
bjo1=b1z+brg+bris+---= 81617,11_7;”)2 (1 - %) )

The total exergy decrease b, 1 of the heat source 1 is:

bq,l = bq,l,l - bq,l,Z @
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and the total exergy increase b, » of the heat source 2 is:

byo=Dbg21—bg22 (r)

7.5.3.5 Exergy Losses
Another aspect of the exergy exchange mechanism shown in Figure
7.11(b) can be the analysis of exergy losses.

Itis worth emphasizing that any partial exergy balance, e.g., equa-
tions expressing exergy streams by 1, b1 7, by 13 etc., are used only for
simplicity of calculations, and the losses determined by such equa-
tions can produce unrealistic negative values. However, real positive
values of the losses are always obtained if the partial exergy balances
are taken together appropriately for the processes occurring simul-
taneously. Thus, the applied simplification for calculation does not
violate the second law of thermodynamics according to which the
overall entropy growth should be nonnegative even in the elemental
step of the process.

After such an explanation, let us consider the calculative partial
exergy loss dby 1 caused only by emission of surface 1 and absorption
of the portions of this emission reflected from surface 2 and absorbed
on surface 1. Based on the partial exergy balances:

dbi1=bi1+biy+briz+---
= (b1 — b12) + (b15 — b1 — b1g)
+ (111 —biio—biaa)+ -

the following formula can be derived:

T b
db1.1 = €1€p,1 (1 - —0> (1 __Eap ) _ &281by ©
' I 1—p1p2 1—p1p2

The calculative partial exergy loss 8b; > caused only by emission
of surface 2 and absorption of the portions of this emission reflected
from surface 2 and absorbed on surface 1, can be defined as follows:

db1p =bra+brio+Dbois+---
= (b2 —basz —bos)+ (bag — boog —bo11)
+ (1,14 —b115 —b117) + -

from which:

€ Tt
dbyp = — [Szbb,z —€6p2 (1 - —Oﬂ (t)
1—pip2 T

The joint exergy loss 8b; on surface 1 is:

dby = dby,1 + by (v)
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By analogy the respective exergy losses can be derived for surface
2. The calculative partial exergy loss &b, 1 caused only by emission
of surface 2 and absorption of the portions of this emission reflected
from surface 1 and absorbed on surface 2, is:

T b
8b2,1 = &26p2 (1 — —O> (1 — €2p1 ) _ €1€20p 2 (W)
T2 1_p1p2 1—p1p2

The calculative partial exergy loss 8b, > caused only by emission
of surface 1 and absorption of the portions of this emission reflected
from surface 1 and absorbed on surface 2, is:

€ Ti
dbyp = 2 |:81bb,1 —€1ep1 (1 - —0)] ()
1—pip2 T

The joint exergy loss 8b, on surface 2 is:
db, = sz,l + 5b2,2 (y)

The correctness of the all presented considerations can be con-
firmed by fulfillment of the exergy balance equation for the global
process. The exergy decrease of the heat source 1 is spent for the ex-
ergy increase of the heat source 2 and for the irreversible exergy losses
occurring on both surfaces (1 and 2):

T¢ T
e1-2 <1 — T()) =e1-2 (1 — T()) + dbq + &by (Z)

1 2

Interpretation of the radiative heat exchange between two gray
surfaces was analyzed in terms of energy and exergy viewpoints. The
significant differences in the viewpoints were disclosed, and Figure
7.11 particularly illustrated the difference in energetic and exergetic
interpretations of occurring mechanisms.

The simplified configuration was considered to clearly demon-
strate the method. In various complex situations the principle of the
method can be also be applied—however, together with appropriate
inclusion of the view factors.

Example 7.3 The presented considerations can be illustrated by the calculation
example for the two surfaces, shown in Figure 7.11 and having temperature
T1 = 1000 K, T, = 500 K, and respective emissivities €1 = 0.95 and &; = 0.9.
Environment temperature is To = 300 K.

The numerical values of the particular energy and exergy streams, respec-
tively, e, and by, are calculated according to formulae given in Sections
7.5.3.2 and 7.5.3.3 and are shown in Table 7.2. The subscript denotation of en-
ergy or exergy stream is given in column 1. Columns 24 illustrate the streams
of heat emitted, absorbed, and successively reflected between surfaces 1 and 2.
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Subscript
n,m

Energy streams e, ,,, W

Exergy streams b, ,, W

Surface 2

Space

Surface 1

Surface 2

Heat

Loss

Space

Surface 1

Heat

Loss

1

2

3

4

5

6

7

8

Surface 1:

1,0

—53,858

—-37,700

1,1

53,858

5240

1,2

48,473

32,460

1,3

5385

19,389

1,4

5116

9825

1,5

269

3246

1,6

242

3581

1,7

27

—497

1,8

25.7

162

1,9

1.3

97

1,10

1.2

48.8

1,11

0.12

16.2

1,12

17.9

1,13

—-2.5

1,14

0.80

0¢

uanag 1ajdeyy



Surface 2:

2,0

—3189

—1275

2,1

3189

499

2,2

3030

776

2,3

159

2121

2,4

—143

—1384

2,5

16

39

2,6

15.2

57.4

2,7

0.8

—-22.3

2,8

3.9

2,9

10.6

2,10

—8.6

2,11

0.19

Total

45,671

-45,671

18,269

10,352

-31,970

3349

Symbol

€12

€12

(o)

db,

bq, 1

dby

TaeLe 7.2 The Calculated Streams of Energy (e, n) and Exergy (b, ») Shown in Figure 7.11
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For example, from heat source 1 the amount ey o = -53,858 W/m?2 (column 4) is
transferred to surface 1 and then the same amount ¢1 1 = 53,858 W/m? (column
3) is emitted to surface 2. However, surface 2 absorbs only 90% (e, = 0.9), i.e.,
e = 48,473 W/m? (column 2) of the arrived emission, and the rest is reflected
as e1.3 = 5385 W/m? (column 3).

Analogously to the above energy consideration, the fate of heat e; ¢ (column
2) transferred from heat source 2 to surface 2, and then, the further emissions
and absorptions, can be tracked.

The process of successive absorptions and reflections progresses to infinity
with gradually reduced values of the processed streams. The energetic effect in
the form of the net rate of transferred heat e1_, is determined from formulae (f)
and (g):

5.669 x 1078 (1000* — 500%) )
e12 = i i = 45.67kW/m

Columns 5-9 illustrate the streams of exergy emitted, absorbed, and succes-
sively reflected between surfaces 1 and 2. Each step of emission or absorption is
accompanied by the respective exergy loss due to irreversibility. For example,
from heat source 1 the exergy amount b1,9 = -37,700 W/m? (column 8) is trans-
ferred to surface 1 and then the reduced amount of exergy by » = 32,460 W/m?
(column 7) is emitted to surface 2. The difference between b1 g and by 7 is the
exergy loss by 1 = 5240 W/m? (column 9). However, according to the emissivity
€ = 0.9, surface 2 absorbs only 90%, of the arrived emission, and the rest, at the
reflectivity pp = 0.1, is reflected as by 5 = 3246 W/m? (column 7). Meanwhile, the
absorption at surface 2 causes the exergy growth by 3 = 19,389 W/m? (column
5) of heat source 2 at the involved exergy loss by 4 = 9825 W/m?2 (column 6).

Analogously, to the above exergy consideration, the rate of exergy decrease
bs.g =-1275 W/m?2 (column 5) of heat source 2, transferred to surface 2, and then
the further emissions, absorptions, and losses can be tracked.

The process of successive absorptions, losses, and reflections is progressing
to infinity with gradually reduced values of the processed streams. The exergetic
effect in the form of the net rate of transferred exergy b1_, is determined from
formulae (7.77) and (g):

4
5.669 - 108 [10004 —500% — 3300 x (10003 —500° }

1+1 1
09 09

=28.62 kW/m?

b2 =
The total exergy decrease b, 1 of the heat source 1 can be determined from
formula (q):
bg1 =bg11—bg12=—34,101 +2131 = —31,970 W/m?
and the total exergy increase b, > of the heat source 2 from formula (r) is:
bgo=bgo1—bgor=19,486 — 1217 = 18,269 W/m?
The joint exergy loss 8b1 on surface 1 from formula (u) is:

by = 8b11 + Obp1 = 4740 — 1392 = 3349 W/m?
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Fieure 7.12 Scheme of the radiation exergy exchange considered in

Example 7.3.

The joint exergy loss 8b, on surface 2 from formula (x) is:

8by = dby 1 + by = 447 + 9875 = 10352 W/m?

The correctness of the all presented calculations is confirmed by the complete

exergy balance equation (y) for the global process:

Ti Tt
e1-2 (1 - ?O) —e1-2 (1 — %) — 8b1 — dby = 31970 — 18269 — 3349 — 10352 =0
1 2

It is also worth noting that the change in exergy sources is

[bg.1| = |bg.2| = 31.97 — 18.269 = 13.701  kW/m?,

whereas the radiation exergy transferred from surface 1 to 2 is larger bi_»
= 28.43 kW/m?. The difference is caused by the two exergy losses occurring
on the surfaces 1 and 2, of which the loss on surface 2 is larger (3b > 8b1).

Figure 7.12 shows schematically the calculated values in the exergy balance of

the considered surfaces 1 and 2.

The consideration addressed was the case of two parallel infinite
surfaces facing each other as shown in Figure 7.11. In a real case, the
considered surfaces can usually be finite, relatively small, and arbitrar-
ily situated in regard to each other. In the calculations for such cases
the view factors should be involved for determination of the mul-
tireflected fluxes between surfaces. This necessity seemingly make
the consideration more complex; however, multiplying the consid-
ered fluxes by the view factors causes such quick weakening of the
exchanged fluxes that for practical purposes it is usually sufficient to
take into account only the first reflections or even to entirely ignore
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the reflections, especially in cases of low values for the view factors
and surface reflectivities.

Real systems are composed mostly of more than two surfaces and
the presented principles of determination of the radiation exergy ex-
change has to be appropriately applied taking into account all the
possible combinations of the mutually radiative interaction between
system surfaces.

Exergy of Solar Radiation

7.6.1 Significance of Solar Radiation

Solar energy is the most important renewable source of energy on the
earth. Solar energy is a high-temperature source; however, harvesting
occurs inefficiently due to extensive degradation of the energy. The
degradation of solar energy is well demonstrated by consideration of
exergy. Therefore the engineering thermodynamics of thermal radia-
tion addresses mainly exergy analyses of diversified problems for the
utilization of solar radiation. The potential for maximum work pro-
duced from radiation has been the subject of intensive research. For a
better understanding of possible utilization, some basics of solar ra-
diation are described in the following. More details are discussed by
Duffie and Beckman (1991).

Solar energy, although rich, is poorly concentrated, and thus it
requires a relatively large surface to harvest the sun’s radiation. From
this viewpoint, solar radiation is especially valuable for countries that
have large unused areas (e.g., deserts). The small concentration of
energy needs intensive theoretical studies in order to obtain acceptable
efficiency of energy utilization. Effective method for such purpose is
exergy analysis.

Solar radiation is the result of the fusion of atoms inside the sun.
Part of the fusion energy delivers heat to the outer layer of the sun (the
chromosphere), which is much cooler than the sun’s interior. Thus, the
solar radiation incident on earth is the chromosphere radiation, not
much different from the radiation of any surface at about 5800 K.

Extraterrestrial solar radiation is about 47% in the visible wave-
lengths (380-780 nm), about 46% in the infrared wavelengths (greater
than 780 nm), and about 7% in the ultraviolet wavelengths (below
380 nm). A large portion of the ultraviolet radiation is absorbed and
scattered by the atmosphere. For example, air molecules scatter the
shorter-wavelength radiation more strongly than the longer wave-
lengths, i.e., they scatter out more blue light, making the sky appear blue.

Generally, solar radiation passing through the atmosphere is ab-
sorbed, scattered, and reflected not only by air molecules but also
by water vapor, clouds, dust, pollutants, smoke from forest fires and
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volcanoes, etc. These factors cause diffusion (called also dilution) of
solar radiation. The portion of solar radiation that reaches the earth’s
surface without being diffused is called direct beam solar radiation. Thus,
global solar radiation (global irradiance) consists of the diffuse and di-
rect solar radiation. For example, during cloudy days the atmosphere
reduces direct beam radiation to zero.

If the considered surface is tilted with respect to the horizontal,
the global irradiance consists of the incident diffuse (dilute) radiation
of the normal irradiance projected onto the tilted surface and of the
ground-reflected irradiance that is incident on the considered surface.
The amount of direct radiation on an arbitrarily oriented surface can
be calculated from Lambert’s law and is based on direct normal irra-
diance.

The solar radiation incident outside the earth’s atmosphere is
called extraterrestrial radiation and its average value is 1367 W/m?2. This
value varies 3% as the earth revolves around the sun in an elliptical
orbit; the earth’s closest distance to the sun is on around January 4,
and it is the furthest from the sun on around July 5. The orientation of
the earth relative to the sun is schematically shown in Figure 7.13. The
earth’s axis always points in the same direction as it orbits around the
sun. The 23.45° tilt in the earth’s axis of revolution results in longer
days in the northern hemisphere from March 21 to September 22 and
longer days in the southern hemisphere during the other six months.
The solar angle varies at a given spot on earth throughout the year,
causing the year’s seasons and determining the length of daylight
each day.

Atnoon on a cloudless day about 25% of the extraterrestrial solar
radiation is scattered and absorbed by the atmosphere and only about
1000 W/m? reaches the earth’s surface as direct normal irradiance
(beam irradiance).

To describe the sun’s path across the sky or to determine the instant
position of the sun in the sky as seen from the earth, one needs the
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values of two parameters, which are declination and azimuth shown,
e.g., in Figure 7.1 as B and ¢, respectively. Declination { is a flat angle
measured from the north—south axis and azimuth ¢ is measured from
the 0 meridian (passing at Greenwich, England).

Because the earth is round, the sun’s rays arrive at the earth’s
surface at different angles ranging from the 0° declination (just above
the horizon) to the 90° declination (directly overhead). The vertical
rays supply the most possible radiation energy. The more slanted are
the rays, the longer are their path through the atmosphere, and the
sunlight is therefore more scattered and diluted.

Only a part of scattered sunlight reaches the earth because some
sunlight is scattered back into space. Also some radiation of the earth,
together with sunlight scattered off the earth’s surface, is re-scattered
into the atmosphere. This effect can be significant, e.g., when the
earth’s surface is covered with snow.

Solar radiation is difficult to calculate because, as discussed, the
radiation energy reaching the surface of the earth is composed of di-
rect and diluted radiation components, and depends on geographic
location, time of day, season of year, local weather, and even on lo-
cal landscape. One relatively effective method of determining solar
radiation is by spectral measurement and application of the obtained
results in the formulae derived in Section 7.3.

Example 7.4 Regarding the solar radiation as nonpolarized, black, uniform, and
propagating within a solid angle w, the exergy of the extraterrestrial solar radia-
tion may be approximately calculated by means of equation (7.50). The required
exergy by of emission density can be calculated from (7.49) for the sun surface
temperature T = 6000 K and for the environment temperature Ty = 300 K as
follows:

_ 5.6693 x 1078

b
b 3

(3 x 6000* 4 300* — 4 x 300 x 60003) =685 MW/m?
(a)
Approximately, the radius of the sun is Rs = 695,500 km and the mean
distance from the sun to the earth is L s = 149,500,000 km. The integral in formula
(7.50) expresses the solid angle » and is equal the area of circle of radius Rg
divided by the square distance Ls , thus :

RZw
//COSB sinp dp de = LSZ =216 x 1077 sr (7.78)
S
B e

By substitution of (a) and (7.78) into (7.50):

2.16 x 10751 = 1.48 kW/m> (b)

68, 500
bb, w =
m

From formulae (7.50) and (7.18), in which radiosity can be interpreted as
emission (j = e), the ratio of exergy to energy of emission is by ,/ep,, = 0.9333.
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Example 7.5 More exact computations of the exergy of solar radiation were
carried out by Petela (1961a) based on the extraterrestrial radiation spectrum
determined experimentally by Kondratiew (1954). Calculations are based on
equation (7.45) for nonpolarized and uniform radiation. Table 7.3 presents some
exemplary Kondratiew’s data on the intensity of radiation 7\ (column 2) as
a function of wavelength N\ (column 1). The part of the spectrum is shown in
Figure 7.14 together with three spectra (dashed lines), for comparison, for black
radiation at temperatures 6000, 5800, and 5600. The i\ values in Table 7.3 are
assumed to be constant for the respective ranges of wavelengths A\ (column 5).
Corresponding ranges of frequency Av calculated based on equation (7.5), for
co = 2.9979 x 108 m/s, are shown in column 6, whereas equation (7.6) was used
to determine ig , in column 4. The v values in column 3 were determined from
equation (3.1). The Ly, values of column 8 are calculated from equation (7.30).
Columns 7 and 9 are calculated as respective products of columns 4 and 6;
(io,y x Av),and 6 and 8; (Lo, x Av).

Formula (7.45) is applied in the following numerical form:
by =2 iowAv—2Tp Y LoyA +U—Té //cosBsianBd (7.79)
‘A = 0.vAV 0 [URTRANZ 3 ¢ .

B e

Assuming the environment temperature Ty = 300 K, substituting formula

(7.78) into (7.79) and using data from Table 7.3:

5.6693 x 1078 x 300*
by = (2 x 10,079,300 — 2 x 300 x 22633 + . )

3w

X x2.16 x 107°
= 1367.9 — 92.151 + 0.0033 = 1275.8 W/m?

The obtained result 1275.8 W/m? is the exergy of the extraterrestrial solar
radiation arriving at the 1 m? surface, which is perpendicular to the direction of
the sun. The obtained ratio of radiosity to exergy is 1275.8/1367.9 = 0.9326.

7.6.2 Possibility of Concentration of Solar Radiation

The possibility of concentrated radiation can be illustrated with use
of a simple model of two surfaces shown in Figure 7.15. The imag-
ined surface of area Ags represents the black (es = 1) solar irradiance
IR at constant temperature Ts. The other surface of area A is gray
at emissivity €, and its temperature T is controlled by the cooling
heat Q. The vacuum space between the two surfaces is enclosed by a
cone-shaped surface that is mirrorlike (gp = 0). The surface areas ratio
as = Ag/A. The energy balance of the cooled surface Ais:

ase IR=eoT* + k(T —Tp) (7.80)

where k is the heat transfer coefficient at which heat Q is extracted
from surface A. The heat rate

g =k(T —Ty) (7.81)

yiil



A X101 | jp, x1071° | v x10 | jp, x102 | AAXx10'° | v x10712 io, X Av Lo, x10% | Lo, X Av
w 1 J 1 w J w
m m3sr s m2sr m s m23sr m2s sr m2K sr
1 2 3 4 5 6 7 8 9
2200 10 13,627 15 100 62.0 960 0.03 0.205
2300 26 13,035 47 100 56.7 2650 0.10 0.540
2400 31 12,492 59 100 52.1 3090 0.12 0.639
60,000 500 1765 10,000 0.714 1260 7.19 0.514
70,000 428 1201 10,000 0.535 640 5.48 0.293
Total 10,079,300 — 2263.306

TaeLe 7.3 Spectrum of the Extraterrestrial Solar Radiation (from Petela, 1962)
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Ficure 7.14 Spectrum of extraterrestrial solar radiation (from Petela, 1962).

can be used to express the total heat Q absorbed by surface A:

=5y (7.82)

The energy efficiency ng of concentration of solar radiation can be
measured as the ratio of absorbed heat Q and the solar irradiance IR:

Q

TIEZE

(7.83)

For comparison also exergetic efficiency mp can be considered
based on the following definition:

Bg
= — 7.84
MB IR 0 ( )
Ficure 7.15
Scheme of
concentrated

radiation.
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where { is the exergy energy ratio discussed in Section 6.4.1 and the
exergy Bg of heat absorbed by surface Ais:

Bo = Aq (1 - %) (7.85)

The reality of the discussed effect of concentration of solar radia-
tion can be evaluated by the calculated value of the overall entropy
growth I1, which consists of the positive entropies of heat Q, of the
emission of surface A, and of the negative entropy of absorbed solar
radiation:

4
= % + Ae §O'T3 — Ase SR (7.86)

where SR is the entropy of irradiance IR. The magnitude SR can be
evaluated from the assumed ratio SR/IR to be equal the ratio s/e of
the black emission entropy and emission energy, SR/IR = s/e. With
the use of formulae (3.21) and (5.24) the following relation can be
derived:

4 IR

SR=-—
3 Ts

(7.87)

The overall entropy growth determined from equation (7.86)
should be positive (IT > 0). If the overall entropy growth is nega-
tive (IT < 0), then the concentration of solar radiation is impossible
because it is against the second law of thermodynamics.

Example 7.6 The concentration of solar radiation can be considered, e.g., at IR =
800 W/m? arriving at the imagined surface of area As = 1 m?, as shown in Figure
7.15 (thin solid line). Assuming also that k = 3 W/(m2K) and the environment
temperature Tp = 300 K, equation (7.80) allows for determining temperature
T of surface A as a function of the surface ratio as. With the growing as the
temperature T grows; also, the heat rate g grows, determined by formula (7.81),
as is shown in Figure 7.16 by a long-dash line.

However, according to formula (7.82), with growing as the total heat Q is
varying (short-dash line) with a maximum of about 134 W at about as ~ 2. The
maximum appears because with growing as its effect becomes stronger than the
effect of the growing heat rate g.

The energy efficiency mg of the concentration of solar radiation, based on
definition (7.83), is varying as shown with the thick-dashed line in Figure 7.16.
The efficiency ng has a maximum of about 16.8% appearing also at aboutas ~ 2,
correspondently to the maximum of Q.

Exergy Bg of absorbed heat is determined by (7.85) and is shown in Figure
7.16 by a dotted line. The exergy B varies and has a maximum of about 45.8
W, which appears at the surface area ratio about as ~ 6. The maximum is a
result of two factors varying with growing as: one is the growing exergy of heat
due to growing temperature T; the other is due to a decrease of the absorbed
heat Q.
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Ficure 7.16 Exemplary effects of the concentration of solar radiation.

Assuming s = 0.933, as for black radiation at temperature Ts = 6000 K the
efficiency mp can be determined from formula (7.84) and shown in Figure 7.16
(thick solid line). The efficiency np has a maximum of about 5.34%, which also
corresponds to a value of a5 ~ 6.

The overall entropy growth determined from equation (7.86) for the data
used in the example is always positive (IT > 0) and with growing as diminishes
to zero (IT = 0) for as = 91,843 corresponding to temperature T = 6000 K. For
further growing of a5 the overall entropy growth becomes negative (IT < 0), i.e.,
the further concentration of solar radiation is impossible.

Based on the calculations, the process of “deconcentration” of solar radiation,
which would correspond to reducing as below 1, is irreversible and can occur
but heat absorbed by the surface A is negative which means that the surface
should be heated.

The data used in the present example were also used for the computation
of the results shown in Table 7.4. These data illustrate the trends of the output
data in response to changes in some input parameters. The values in column 3
of Table 7.4 are considered to be the reference values for studying the influence
of varying input parameters in the output. Therefore, each of the next columns
(4-6) corresponds to the case in which the input is changed only by the values
shown in a particular column, whereas the other input parameters remain at the
reference level.

For example, column 4 corresponds to a change in the emissivity €, which
increases from 0.9 to 1. The 10% € increase causes the increase of temperature
T from 517.8 to 519.9 K, g from 653.3 to 659.5 W/m2, Q from 108.9 to 109.9 W,
ne from 13.61% to 13.74%, Bg from 45.79 to 46.49 W, and mp from 5.34% to
5.42%.

Columns 5 and 6 can be similarly interpreted. For example, increasing the
heat transfer coefficient k from 3 to 5 W/(m? K) causes an increase in the exergetic
efficiency from 5.34% to 8.04%, which is the result of increased heat rate g from
653.3 to 1021 W/m?.
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Reference Mono-variant changes of input
Quantity Units value parameters and resulting outputs
1 2 3 4 5 6
Input:
€ 0.9 1
k W/(m? K) 3 5
To K 300 270
Output:
T K 517.8 519.9 504.2 514.8
q W/m? 653.3 659.6 1021 734.6
Q w 108.9 109.9 170.2 122.4
Bo w 45.79 46.49 68.94 58.23
Me % 13.61 13.74 21.28 15.30
B % 5.34 5.42 8.04 6.79

TaBLe 7.4 Responsive Trends of Output to Change of Some Input Parameters (for
IR = 800 W/m?, Ts = 6000 K, { = 0.933, As =1 m?)

Nomenclature for Chapter 7

A
A/
a
as
B
b

Co

C1
C2

—_ 0
5T m

N T e T

surface area, m?

comparable surface area, m
universal radiation constant, a = 7.764 x 107 J/(m> K*)
surface area ratio
exergy flux, W
exergy emission density (rate), W/m?
speed of propagation of radiation in vacuum
co = 2.9979 x 108 m/s
the first Planck’s constant, ¢; = 3.74 x 1071 W m?
the second Planck’s constant, ¢, = 1.4388 x 102 m K
energy emission, W
energy emission density, W/m?
Planck’s constant, h= 6.625 x 107%*] s.
solar irradiance, W/m?
directional radiation density, W/(m? sr)
successive number
radiosity, W
radiosity density, W/m?
successive number
number of elements
Boltzmann constant, k = 1.3805 x 102 J/K
heat transfer coefficient, W/(m? K)
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normal entropy radiation intensity, W/(K m? sr)
length of crossed strings, m

length of profile of surface i, m

length of not crossed strings, m

normal entropy radiation intensity, W/(m? K)
successive number of happening

successive number of the considered surface
number of elements

point on a surface

heat, W

heat rate, W/m?

radius, m

distance, m

entropy of radiosity or emission, W/K
entropy of solar irradiance, W/(m? K)
entropy of emission density, W/(m? K)
entropy of radiosity density, W/(m? K)
absolute temperature, K

expression in formula (7.24)

expression in formula (7.25)

absorptivity

flat angle, (declination), deg

increment

irreversible loss of exergy, W/m?

irreversible loss of exergy, W

emissivity of surface

view factor

flat angle, (declination), deg

efficiency of solar radiation concentration

wavelength, m

oscillation frequency, 1/s

overall entropy growth, W/(m? K)

reflectivity

Boltzmann constant for black radiation,
o =5.6693 x 10~ W/(m? K*)

solid angle, sr

Subscripts

AA

SOy

comparable surfaces
exergetic

black

local

energetic

radiosity
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max maximum
min minimum

q heat

S solar

A local

A wavelength
v frequency
o solid angle
0 for =0

0 environment
1,2 denotation



CHAPTER8

Radiation Spectra
of a Surface

8.1 Introductory Remarks
In the present chapter the analysis of spectra and emissivities of sur-
faces is developed according to Petela (2010).

The surface emission spectrum depends on the temperature and
properties of the emitting surface. Radiation reflected from a surface
affects neither the temperature nor the properties of the considered
surface. However, the radiation absorbed by the surface can affect
the surface temperature and thus can also affect the surface spectra
emission. A spectrum of surface radiosity is the effect of many different
spectra including the emission from the considered surface and all the
radiation fluxes reflected. The untainted radiation spectrum of a body
can be measured only if the body is not irradiated from other radiation
sources. In practice, such a pure spectrum of a body does not occur,
and consideration of such a spectrum has a rather theoretical meaning,
allowing for better understanding of radiation processes.

The following example illustrates the problem of a spectrum.
Snow that is strongly irradiated by the sun remains at a low tem-
perature because the solar radiation is mainly reflected, not absorbed.
The radiosity of the snow consists of the reflected solar radiation, the
reflected radiosities from other surfaces, and the emission of the snow.
Thus, the radiosity spectrum of snow consists of different spectra in-
cluding the spectrum of the snow’s emission, the spectrum of the sun,
and the spectra of other surfaces contributing to the snow’s radiosity.
On the other hand, because the emission of snow at a temperature
close to 0°C is relatively small, and the emissions of other surfaces are
usually small also, the solar radiation dominates in the snow’s radios-
ity. Thus, any measurement of the snow’s radiosity spectrum will be
near the sun’s emission spectrum.

A body always emits black radiation, although the rate of this
black emission depends on the properties of the body. The emission
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ability is generally different for every wavelength \ (range d\) or
respective frequency v (range dv). The possible maximum value of
any monochromatic emission appears in the theoretical model of a
black surface. The monochromatic emission of a real surface is al-
ways smaller, and the departure from the value for monochromatic
black emission is determined by the monochromatic emissivity (gy)
of the real surface. For the model of a perfectly gray surface, it is as-
sumed that the monochromatic emissivity of the surface is smaller for
all wavelengths, by the same ratio as the respective monochromatic
emissivity of a black surface.

In order to emphasize the role of this property in further consid-
erations of emissivity €, which determines the rate of black emission
from any nonblack surface, it can also be called the energetic emissivity
€ = er. Any real surface, e.g., a gray surface, in spite of its nonblack
emission rate, emits a photon gas that is black radiation. Correspond-
ingly, any real surface, e.g., a gray surface, emits black emission en-
tropy and emits the black emission exergy in spite of the nonblack
properties of the surface. The amount of the entropy or exergy of the
black energy emission, coming from a nonblack surface, is determined
also by the energetic emissivity e.

The spectrum of an emitting surface should be distinguished from
the spectrum of the emitted photon gas, which is always black. The
concept of emissivity has application only for the surface.

Badescu (1988) proposed a formula for the exergy spectrum com-
ponent per volume unit, which is a function of the unclear reference
state determined by both the environment temperature and the atmo-
spheric pressure. The black photon gas has the exergy reference state
sufficiently defined only by temperature or pressure, since both these
are related. In spite of this, Moreno et al. (2003) developed the for-
mula alteration according to the reduction and splitting of the photon
quantum states.

The radiation exergy for an arbitrary energy spectrum has also
been considered, e.g., by Karlsson (1982) and Wright et al. (2002).
The formula for monochromatic radiation exergy was introduced by
Candau (2003); however, diagrams for spectra have not been consid-
ered.

Exergy is an interpretive concept that can be proposed for describ-
ing the properties of any matter. Thus, beside the rates of black emis-
sion energy and its entropy and exergy, the spectra of the surface ra-
diating the energy, entropy, or exergy can also be separately analyzed.
Consequently, since we have considered the energetic emissivity we
also will consider the respective entropic and exergetic emissivities.

Energy Radiation Spectrum of a Surface

The formula (7.8) for the monochromatic normal directional inten-
sity iy 0,5, for linearly polarized black radiation propagating within a



8.3

Radiation Spectra of a Surface

unit solid angle and dependent on wavelength \, was established by
Planck (1914):

oo <l 1
b,ON = N ol
exp T -1

where ¢y = 2.9979 x 10® m/s is the speed of propagation of radiation
in vacuum, 1 = 6.625 x 107%4] s is the Planck’s constant, k = 1.3805 x
1023 J/K is the Boltzmann constant, \ is the wavelength, and T is the
absolute temperature.

The energetic emissivity e¢ can be applied to the radiation inten-
sity and is defined as the ratio of the black radiation intensity emitted
by the gray surface to the black radiation intensity emitted by the black
surface at the same temperature. Therefore, the intensity represented
by formula (8.1) can be used as follows:

(8.1)

J € ipoadN
A

EE= | —F 75—
f lb,O,)xd)\
N

Il
om

(8.2)

T

where €g ) is the monochromatic energetic emissivity of a surface.
For example, the spectrum of

ign = €ipon (8.3)

for the five values of emissivity € and temperature T = 6000 K, is
shown in Figure 8.1 for the gray surface. The presented radiation
energy spectra are commonly known (and are shown here only for
the convenience of comparison to other spectra discussed later), have
smaller values the lower is the value of €, and the spectrum maxima
appear for the same wavelength.

Entropy Radiation Spectrum of a Surface

Considerations on entropy are based on equation (7.25) established
by Planck (1914), which for the entropy of monochromatic directional
normal radiation intensity and for linearly polarized black radiation
propagating within a unit solid angle and dependent on wavelength
A, is:

Nip o
czh
(8.4)

k
Loor = % [(1+Y)In(1+Y)—YInY] where Y=

2
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Ficure 8.1 Examples of energetic spectra of surface at temperature 6000 K
and for five different values of emissivity .

If replacement of the black radiation intensity iy, o\ by the product
€ X iy, is justified, then equation (8.4) can be interpreted for a gray
surface as follows:

7\581';,’0’)\
czh
(8.5)

k
Loy = % [A+Y)In(1+Y) - YInY,] where Y, =

Figure 8.2 shows examples of the entropic surface spectra calcu-
lated from equation (8.5) for a temperature of 6000 K and for five
different values of energetic emissivity €. It can be noticed that the
ordinates of the spectra points are slightly larger than the values that
would correspond to the values determined by the respective ener-
getic emissivities. This means that for certain A the monochromatic
entropic emissivity €5 would be larger than the monochromatic en-
ergetic emissivity €, for the same temperature:

L
€5\ = 3 LU EEN=E = —— (8.6)

The average entropic emissivity e for the whole spectrum, in the
wavelength range from 0 to oo, can be determined as the ratio of
the areas under the entropy spectrum curve for the considered gray
surface—equation (8.5), and under the entropy spectrum curve for the
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Ficure 8.2 Examples of entropic spectra of a surface at temperature of 6000
K and for five different values of energetic emissivity € (from Petela, 2010).

black surface—equation (8.4):

(flmmdx)
0 T.e

gg=— L€ (8.7)

<f1¢ﬂmdx)
0 T

Both the integrals in formula (8.7) can be solved analytically or
determined graphically (numerically) as the surface areas under the
respective spectra curves. After using formula (8.7) in the numerical
calculations of both integrals, the results are shown in Figure 8.3. The
entropic emissivity € is always larger than the energetic emissivity
€ and differs more from € with the decreasing value € and with the
growing surface temperature.

The discussion in the present section was inspired by Candau
(2003). In his analysis of the entropy of a gray surface, he called atten-
tion to the fact that the entropic emissivity can be different from the
energetic emissivity.

Radiation Exergy Derived from Exergy Definition

Considerations of the exergy spectrum are convenient when they are
based on the radiation exergy formula derived in the shape resulting
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Ficure 8.3 Ratio of the energetic emissivity € to the entropic emissivity €5 as
a function of temperature T (e < &s) (from Petela, 2010).

from direct interpretation of the general exergy definition for a sub-
stance. The methods of obtaining of such a formula will now be out-
lined.

There are several methods for derivation of exergy of radiation,
some of them developed by Petela (2003). Historically, the formula for
exergy by, of a black surface emission density given by:

by = % BT+ T —4 LT (8.8)

where T and Ty are temperatures of the considered surface and
environment, respectively, and o = 5.6693 x 10~8 W/(m? K*) is the
Boltzmann constant for black radiation, was derived for the first time
by Petela (1961) based on consideration of the exergy balance of radi-
ating surfaces. For an enclosed photon gas, independent derivation of
a formula with the characteristic expression shown in the brackets of
formula (8.8), was also shown by Petela (1964) through consideration
of the useful work performed by isentropic expansion of the photon
gas in the cylinder with a piston. Petela (1962) also derived for the
first time the formula (7.43) for exergy b of the arbitrary and polar-
ized radiation (as a function of frequency), which is equivalent to the
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following formula as a function of wavelength:

b= ///(io,x,mm + ig.n.max) COS B sinB dB d¢ d\
B o A

- / / / (Lo,x,min + Lo,xmax) cos B sinB dB de d\
B e A
oTy .

+—//COSB sinB dB de¢ (8.9)
3

B e

where:

B, -flat angle coordinates (declination and azimuth),
deg;

i0.x.max» 10.A.min - maximum and minimum monochromatic
directional (normal) radiation intensity,
W/(m? m sr);

Loxmaxs Loamin - maximum and minimum monochromatic
entropy of directional radiation intensity,
W/(m? m sr K).

In all these methods mentioned above, and in many other later
derivation methods, the mathematical definition (2.45) of exergy for-
mulated for a substance was not applied for radiation. The interpre-
tation of variables appearing in the definition was not obvious for
radiation, nor was the version (components of exergy to be included—
physical, chemical, kinetic, potential, etc.) of the substance formula to
be selected for interpreting radiation. The problem of corresponding
variables was already discussed in Section 5.9.

Now, when the shape of the formula of exergy of black radia-
tion is already known without doubt, it is possible to discuss another
derivation method, shown by Petela (1974), based on the analogy to
the definition formula for the thermal exergy B of a substance:

B=H-Hy—Ty(S—S) (8.10)

where H, S, and Hy, Sy are, respectively, the enthalpies and entropies
of the considered substance (H, S) currently, and (Hp, S) in the case
of equilibrium with an environment at temperature Tp. The successful
interpretation of the analogy between the substance and the radiation
discloses that the substance enthalpy corresponds to the radiosity j,
and the substance entropy corresponds to the radiosity entropy s;.
The interpretation of B for the radiation exergy b (B — b), is based on
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the following analogies:

H — ] = ///(io,k.max + iO,)\,min)T dzC dN (811)

I_IO - jO = ///(io,k,max + iO,)\,min)To dzC dN (812)
B e X

5— Sj = ///(LO,A,max + LO,)\.min)T dzc d7\ (813)
B o X

So—sj0 = ///(Lo,x,max + Loxmin), 4°C dX (8.14)

where the abbreviation:

d*C = cosBsinB dp de (8.15)
and where:
j. jo  -radiosity density of considered radiation and environment,
W/m?;

sj,sjo -entropy of radiosity density of considered radiation and
the environment, W/(m? K);

T,Ty - absolute temperature of the radiating surface and the
environment, K.

For nonpolarized radiation ipmax = ioamin, thus iox max +
iO,)\,min =2x 1'01)\. Additionally, LO,)\,max = LO,)\.minr thus LQ’)\,maX +
Loxmin =2 x Lo.

For example d2C used for the case of surface radiating to the for-
ward hemisphere is:

B=m/2 ¢=2m

//dzC— / /CosBsianBdcp:Tr (8.16)

=0

Substituting in formula (8.10) the formulae (8.11)—(8.15) and the
value () of the integral (8.16), the interpretation of the exergy b of a
nonpolarized radiation is:

B—>b:2wl/(i0>\) d)\—/(im)Tod)\

A

[ [ @ / (Low)r dx} ] (8.17)
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Formula (8.17) can be rearranged to a form identical to formula
(8.9), obtained by consideration of the exergy balance of the elements
of the radiating surface. Equation (8.17) confirms that the formulae for
the exergy of radiation can be derived from the formulae for the ex-
ergy of a substance. Additionally, the equation shows how the analogy
between the substance and the radiation allows for derivation of the
verified formula for the exergy of arbitrary (i.e., with nonregular spec-
trum) radiation. Studies have pointed out an analogy between such
variables as the specific energy of a substance (related to the unit of the
substance) and the density of radiation related to the units of the sur-
face area. However, such a derivation, derived after a long time from
other methods, has mainly didactic significance because it confirms
the general possibility of interpreting the variables of formula (8.10)
for eventual application to matter other than substance or radiation.

The general formula (8.17) for exergy of arbitrary radiation is es-
pecially convenient for analyzing the radiation spectrum. Because for-
mula (8.17) can be applied to any arbitrary case of radiation, it can also
be applied to different ranges of wavelengths. In particular, equation
(8.17) can be used to determine the monochromatic exergy, which was
discussed by Candau (2003).

Exergy Radiation Spectrum of a Surface

8.5.1 Spectrum of a Black Surface

Formula (8.17) is convenient to determine the exergy of the monochro-
matic radiation intensity. Any black radiation at the environment tem-
perature Tj is in thermodynamic equilibrium with the environment,
regardless of the diversified values of emissivities of the environment
surfaces, which all have temperature Ty. Therefore, the reference state
for determination of the exergy of radiation is the black radiation at
the environment temperature Tp.

Practical observations confirm that beside the fluctuation of the
environment emissivity, the variation of the solid angle or the wave-
length range of propagating radiation of the environment radiation
at temperature Tp, can never be utilized in practice for obtaining use-
ful work, which is the measure of the exergy value. Such statements
determine a freedom of assumptions about all other parameters of
the environment except the environment temperature Ty. This is in
accordance with the fact that the exergy is one of the thermodynamic
functions of the instant state, and such a state can be defined only by
the instant thermodynamic parameters, without the need of using any
geometric or other nonthermodynamic properties.

Based on formula (8.17) the exergy by, \ of black radiation prop-
agating within an elemental solid angle dw and within a wavelength

21
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range d\ (monochromatic) canbe derived. For this purpose, the exergy
b of equation (8.17), taken for black radiation, b = by, can be related
to the unit solid angle of a hemisphere (b, = by/27), and the exergy
by, can be interpreted for the elemental wavelength range d\. Thus
the exergy spectral component by , ) is:

by

- (8.18)

bb,w.)\ =
and from equation (8.17):

by,wx = (ip,00)1 — (6,00)1, — Tof[Le,0x (b,00)]7 — [Loox (b.00)]7}

(8.19)

where i, ) is the directional intensity of black monochromatic emis-
sion and Ly ) is the respective entropy of monochromatic radiation
intensity. The formula for monochromatic radiation exergy was intro-
duced by Candau (2003), and applied later by Chu and Liu (2009);
however, the spectrum diagrams have not been considered for per-
fectly gray surfaces.

The black radiation exergy/energy ratio | = by/e,, expressed by
formula (6.22), is:

1/To\* 4T,
=1+-(2) -2 2
¥ +3(T> 3T (8:20)

and can be analogously used for the monochromatic exergy/energy
ratio:

bb,m,)\

Uy = (8.21)

ip,0n

For comparison, Figure 8.4 shows the calculation results of the ra-
diation spectra of energy (dashed line) and exergy (solid line) for the
temperature T = 1000 K. In comparison to the energy spectrum, the
spectrum curve for exergy has a similar shape; however, it represents
smaller values. The ratio s, (double dotted line) determined from
formula (8.21) is monotonically decreasing with the growing wave-
length. Figure 8.4 shows also the constant value of ratio s (dotted line)
defined by formula (8.20).

The wavelength Apax, g, which corresponds to the maximum value
of by, max, is smaller than the respective wavelength Ay, ¢ for which
the maximum energy value ij , \ max appears, as presented in Figure
8.5, e.g., for three different temperatures (1100, 1700, and 2000 K).
In comparison to the energetic spectra, the maxima of the exergetic
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Ficure 8.4 Comparison of energy emission, exergy emission, and exergy/
energy ratios for a black surface at T = 1000 K and To = 300 K (from

Petela, 2010).

spectra at the same temperature, although smaller, appear displaced
toward the smaller wavelength. This could mean that based on the
exergy interpretation, the radiation at smaller wavelengths (or larger
frequencies) is more valuable.
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Fieure 8.5 Different maxima of energy and exergy black spectra (from

Petela, 2010).
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In contrast to Wien’s displacement law (3.18):
Amax T =2.8976 x 107> mK (8.22)

the product of the temperature T and the wavelength Ap max is not
constant; it depends on temperature and is smaller than the respective
product for the energy spectrum:

T)\max,B < T)\max,E (823)

The ratio Nmax, B/Amax,E grows with temperature T and tends to 1
(for T — 00), for which the energy and exergy spectra overlap each
other. For example, Figure 8.6 shows the ratio values for the tempera-
ture range from 600 to 6000 K. However, Figure 8.7 for the temperature
range T < 350 K, shows that the ratio has the singular point of zero
for T = Ty = 300 K because for T = Ty, regardless of the wavelength,
the exergy spectrum is always zero.

In comparison to Figure 8.4, Figures 8.8 and 8.9 present two ex-
amples of high (1500 K) and low (350 K) temperatures T, respectively.
With growing temperature T (Figure 8.8) the energy and exergy spec-
tra tend to overlap each other. However, with decreasing temperature
T and approaching Ty (Figure 8.9), the exergy spectrum gradually
disappears.

The energy and exergy spectra of radiation for T < Ty are shown
in Figures 8.10 and 8.11. They show the comparison of diagrams for
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Fiure 8.6 Ratio Amax 5/Amax.£, @S a function of temperature T in the range
from 600 to 6000 K (from Petela, 2010).
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Ficure 8.7 Ratio Amax.5/Amax.£, @s a function of temperature T smaller than
350 K (from Petela, 2010).

the two different temperatures T (200 K and 100 K, respectively). It
can be observed that with decreasing T the components of the energy
spectrum decrease, whereas on the contrary, the exergy spectrum com-
ponents increase.
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Ficure 8.8 Comparison of energy emission, exergy emission, and exergy/
energy ratios for a black surface at T = 1500 K and To = 300 K (from

Petela, 2010).
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Ficure 8.9 Comparison of emission, exergy of emission, and
exergy/emission ratios for a black surface at T = 350 K and To = 300K
(from Petela, 2010).

Based on Figures 8.4 and 8.8-8.11, the comparison of the exergy/
energy ratio ¢, determined by formula (8.20), with the monochro-
matic exergy/energy ratio s, determined by formula (8.21), is possi-
ble. The ratio ¢ is constant for a given temperature T; however, the
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Ficure 8.10 Comparison of energy emission, exergy emission, and exergy/
energy ratios for a black surface at T = 200 K and To = 300K (from Petela,

2010).



Radiation Spectra of a Surface

1.2 T 100
v T=100K

/\ | To =300 K
1.0 !

/ \ - 80
\
08
/ \\\ - 60
06 :
/ \ixbb,m,x L 40
0.4 \ m
NN Y I N B A ]
oz \ L 20

0.0

W, Wy,

5,00 Bows MWI(mP m sn)

Ficure 8.11 Comparison of energy emission, exergy emission, and exergy/
energy ratios for a black surface at T = 100 K and Tp = 300 K (from Petela,
2010).

monochromatic ratio s, varies significantly and decreases with the
growing wavelength \.

In comparison to the presented model spectra, the real curves of
energy and exergy radiation spectra would not be so smooth and regu-
lar. For example, the presented spectra of the perfectly black and gray
surfaces could be used as a theoretical comparative basis for analyses
of the results obtained from the Simple Model of the Atmospheric Ra-
diative Transfer of Sunshine (SMARTS), formulated and successively
improved by Gueymard (2008) for calculation of the sky spectral ir-
radiances. Chu and Liu (2009) applied SMARTS for calculation of the
exergy spectra of terrestrial solar radiation.

8.5.2 Spectrum of a Gray Surface

Formula (8.19) can be applied for determination of the monochromatic
exergy b, of the gray surface emission. The energetic emissivity €
is used for determination of the energy and entropy, according to
equation (8.3), and the appropriately interpreted formula (8.19) is:

b = (&ib.00)7 — (b.0)7, — To {[Lp.on (€ip.00)]7 — [Lo.on (.05, }

(8.24)

The terms of the environment reference for energy and entropy
(being a function only of Ty), in formulae (8.24) do not need any
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Ficure 8.12 Exergy spectra for different T and ¢ (from Petela, 2010).

adjustment with €, because, as mentioned before, the radiation ex-
ergy does not depend on the environment emissivity.

Some peculiarities disclosed by exergetic interpretation of the ex-
ergy emission spectra can be discussed. Based on the calculation with
formula (8.24), the black (dotted line) and gray (solid line) exergy spec-
tra are shown in Figures 8.12a—d for emissivity € = 0.8 and for the four
different surface temperatures T, diminishing from 800 through 350
and 310 to 250 K.

Figures 8.12b—d illustrate the exergetic spectra of a gray surface
for temperature T, which is close to the environment temperature
Tp (T changes from 350 to 250 K). Figure 8.12¢ for temperature T =
310 K shows the two local maxima of the spectrum b, ); one (left)
for the wavelength around 5 wm and another (right) for the larger



Radiation Spectra of a Surface

wavelength—about 15.5 pm. With increasing temperature T (350 K),
Figure 8.12b, the right maximum gradually disappears and only one
(left) remains and grows, whereas with decreasing temperature T (250
K), Figure 8.12d, the left maximum disappears and the right one grows
even above the values for the black surface spectrum. As also results
from Figures 8.12b-d, in contrast to the gray spectrum, the black spec-
trum by , ) discloses always only one maximum.

For temperatures T < Tj the gray surface spectrum occurs above
the spectrum for the black surface at the respective temperature T.

Figures 8.12d-f illustrate the influence of decreasing surface emis-
sivity € (from 0.8 to 0.2) at the same surface temperature T = 250 K. In
contrast to the unchanged spectrum of the black surface, the spectrum
of the gray surface is larger with smaller values of emissivity.

It can be observed that the diminishing & corresponds to the di-
minishing surface ability to emit radiation, which is similar to the
case of extreme “cold” radiation or of an “empty tank” discussed in
Section 6.3.

8.5.3 Exergetic Emissivity

As shown in Section 8.5.2, the exergetic spectrum of a gray surface
differs significantly from the exergetic spectrum of a black surface.
Analogously to the entropic emissivity, the monochromatic exergetic
emissivity €p can be introduced:

(8.25)

The average exergetic emissivity €z for the whole spectrum, in
the wavelength range from 0 to oo, can be calculated as the ratio of
the areas under the exergetic spectrum curve for the considered gray
surface, equation (8.24), and under the exergetic spectrum curve for
the black surface, equation (8.19):

o0

[ by rdN

0 T.e
(f bb.ux,)\d)\)

0 T

Similarly to entropic emissivity, both integrals in formula (8.26)
can be solved analytically or determined graphically as the surface
areas under the respective spectra curves. With the use of formula
(8.26) in the numerical calculations of both the integrals (for the wave-
length range from 0.01 nm to 10 pm) the example of obtained results
are shown in Figure 8.13. With the surface temperature T growing

€p = (826)
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€

Ficure 8.13 Some exemplary values of exergetic emissivity eg as a function
of temperature T and energetic emissivity € (from Petela, 2010).

from zero, the exergetic emissivity €g grows initially rapidly from
value 1 to the values significantly larger from 1 (probably infinity) for
T = Ty. However, for the temperature T growing further from val-
ues T = Tp, the exergetic emissivity decreases again rapidly, passes
the minimum, and then approaches gradually the value of energetic
emissivity €.

Based on the value of the exergetic emissivity e€p the exergetic
spectrum b, p of the considered surface can be determined:

be, = £5bs (8.27)

In spite of a dramatic variation of exergetic emissivity €p,the exergetic
spectrum of the radiating gray surface varies smoothly as shown in
Figure 8.14. With growing temperature T the exergy b, g, from the finite
value ~153 W/m?2, decreases, passes the minimum, and then grows
significantly. The minimum value for the gray surface occurs at certain
temperature which is the larger the smaller is the energetic emissivity
€. It is noteworthy that the values of bep for T = Tj are indefinite,
because, as results from formula (8.26), b, =0, and as shown in Figure
8.13, 3 is infinity.

Example 8.1 Application of exergy to the exergetic spectrum of the radiating sur-
face can be illustrated by the following example. Emission of the element of the
surface at temperature T = 420 K and emissivity &) = 0.6 (e\ = €) is considered
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Ficure 8.14 The gray surface exergy of radiation as a function of
temperature T and energetic emissivity € (from Petela, 2010).

within the wavelength range d\ at A = 1 um. Environment temperature Ty =

300 K.
The comparable basis for the main results of calculation can be the monochro-

matic normal directional intensity i, o) for linearly polarized black radiation of
the surface, expressed by formula (8.1). Formula (8.1) is used for calculations of

the intensities for T and Tp:

o)y = i (2.9979 x 108)2 x 6.625 x 10734 1

bONT =1 =

- 1 x 10-9)5 2.9979x108 x6.625x10-3 ) _
( ) exp (143805x10*23><1><10*6 X 420) 1

= 0.0791 W/(m>sr)
(ib.0a), = o = 1.939 x 10* W/(m’sr)

According to formula (8.4) the entropy Ly o\ of monochromatic intensity of
linearly polarized radiation black radiation of the surface is:

k
(Lpo)r=L = %[(1 +Y)In(1+Y)-YInY (1)
where
Noi
Y= ..
céh (ii)

or for temperature Tp:

cok
(Loon)Ty = Lo = %{(l +Yo) In(1 + Yp) — Yo In o] (iif)
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where:

i

Y
0 czh

(iv)

Substituting in equation (ii):

(1 x 107%)> x 0.0791

= =1.328 x 107 1
(2.9979 x 108)2 x 6.625 x 10-34 x /st

and substituting to equation (i):

2.9979 x 108 x 1.3805 x 1023
(1 x 10-6)*
In(1 +1.328 x 107%) — 1.328 x 10715 In1.328 x 1071°] = 1.939 x 10~* W/(m>K sr)

Lyox=L= [(1+41.328 x 1071%)
from equation (iv):
Yo = 1.4889 x 1072! 1/sr
and from equation (iii):
Lo = 2.955 x 10" W/(m®K sr)

According to the discussion in Section 8.1, the gray surface emits black radi-
ation exergy at the rate b o\ determined by emissivity e:

beor=b=c¢li —ip— To(L — Lo)] (8.28)

whereas the radiation exergy by o\ of the considered surface, if the surface was
black (e = 1), is:

b
b =by=—
vox=by = v)
Substituting to equation (8.28):

b = 0.6 x [0.0791 — 8.865 x 1078 — 300 x (1.939 x 10™* — 2.955 x 10719)]
= 0.0126 W/(m3sr)

Substituting to equation (v):

00126

0g = 00210 W/(m3sr)

by

The obtained results can now be used for the main calculations. The
monochromatic exergetic spectrum component for A = 1 wm of the considered
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surface is interpreted for the surface emission determined by € and for the ref-
erence state. which is the black radiation at environment temperature Tp:

bsp.ox =bsp =¢i —ig — To(Lsp — Lo) (vi)
where:
C()k ..
(Lspon)Ty =Lsp = F[(l + Ysp)In(1 + Ysp) — Ysp In Ysp] (vii)
and
Nei
Ysp =~ (viii)
ch

From equations (vi)—(viii), respectively, we obtain:

Ysp = 7.973 x 10710 1/5r
Lsp = 1.1839 x 107 W/(m®K sr)
bsp = 0.0120 W/(m? sr)

The exergetic emissivity ep o\ for the considered surface is:

_ bsp .
EBON =EB =~ (ix)
b
and substituting to equation (ix):
0.012
€ = 0021 =0.5706 < ¢

Also for comparison the entropic emissivity €5\ of the considered surface
can be calculated as:

Lsp 11839 x107*
Lyoxr 1939 x 104

€50\ =8€s = =0.611 > ¢ (x)

The calculation results show, e.g., that the considered surface, at T = 420K, at
Ty = 300K (T > Tp), N = 1 pmand € = 0.6, emits the radiation exergy larger than
the respective exergetic surface spectrum component (b > bsp). In comparison
to the energetic emissivity the respective entropic emissivity is larger (es > €),
whereas the respective exergetic emissivity is smaller (ep < €).

8.6 Application of Exergetic Spectra for Exergy
Exchange Calculation

Application of surface exergy spectra, instead of surface radiating
products, in the calculation of exchanged radiative exergy can be
examined for comparison. The two surfaces exchanging exergy by
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radiation, analyzed in Section 7.5.3 based on Figure 7.11 with use of
the energetic emissivities €, can be considered now with application of
the exergetic emissivities 5. Figure 7.11b can be used for the following

interpretation:
For surface 1:

To
b = 1 —_ —
1,0 = €16p,1 ( Tl)

bi1=biog—bip

bio =¢€pibya

T
b1z = werepn <1 - %)
bia=b12—bi3—bis

bis = p2ep by
Ti
b1 = aipagiep (1 - —0)

b1,7 = b1,5 - b1,6 - b1,8

bis = p1p2€B.1bya
T
b19 = aopip2gies 1 (1 - T)
2
bi10 =b1g —bio—bin
b1 = p1p3€pabsa
To
bi12 = cup1p; €161 <1 - T)
1
bi13 =b111 —bii2 —b11a
bi1s = pip3 €p1bp1

etc., where €p 1 is the exergetic emissivity of surface 1, and according

to formula (8.26):

2 by adN
€p1 = (foik) (a)
Ty

fooo by wrd\

The emission exergy b1 of a black surface at temperature T is
determined from formula (h) in Section 7.5.3.3.
For the exergy radiation of surface 2:

Tt
by = €2ep2 (1 - —0>

b1 =bog—Db>

byo =epoby



Radiation Spectra of a Surface

Ti
by = angzepn (1 - —0)

byy =byp —by3—bys
bys = p1€p2by o
Ty
bas = awpiaep 2 <1 - ?>
2
by7 =bys5 —bye — b
byg = pap1€p2bs 2
To
bag = arpapigaepn (1 — T
1
bao =bag —bro—boni
baa1 = pip2€s2by2

etc., where the €5 5 is the exergetic emissivity of surface 2, and accord-

ing to formula (8.26):
Jo boxd\
€s, (b)
e ( J& by

The emission exergy by, of a black surface at temperature T, is
determined from formula (i), Section 7.5.3.3.

The portions of the radiation exergy of surface 1 delivered to sur-
face 2 are:

bspy = (b12 —b15) + (b1g — b111) + - -
) _ wep 1bp1

(8.29)
1—pip2

= o €p1bp1 (1+p1p2 + pips + -+

The portions of the radiation exergy of surface 2 delivered to sur-
face 1 are:

bspa = (b2 — bas) + (bas — ban) +
) = a1€p2bp 2

= ca enaboa (14 prpa +pfps +--) = T2 (8:30)

The net radiation exergy bsp 1_, transferred from surface 1 to sur-
face 2 is:

bspi-2 =bsp1 —Dbspo (8.31)

Substituting to equation (8.31) equations (h) and (i) from Section
7.5.3.3, (8.29) and (8.30), as well as taking into account relations at
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Ficure 8.15 Comparison of exchanged radiation exergy for Ty = 600 K, To =
300 K, g4 = 0.8, €2 = 0.6, and €54 = 0.7272, for varying values of
temperature T, and appropriate emissivity €g 2.

a+p =1and a = p, the net radiation exergy bsp 12 determined with
exergetic emissivities is:

€€p1 by 1 — €1€p.2D
bop1_s = 2€B.1 Up.1 1€B,20p,2 (8.32)
€ +& — €&

Obviously if €1 = g1and €, = €, then equation (8.32) becomes
like (7.77). But, e.g., if only €3 1 =1, then for T >> Ty:

bspi—o = €bp1 — €pabyy > € (by1 — byo) (8.33)

The comparison of the radiative exergy exchange determined by
exergetic emissivities, according to formula (8.33), and correctly de-
termined by the energetic emissivities, according to formula (7.77), is
illustrated in Figure 8.15. The following calculations were used T;=
600 K, To = 300 K, &1 = 0.8, and &, = 0.6. Determination of exergetic
emissivity is based on the numerical calculation of the surface areas
under the curves for the gray and black spectra. The exergetic emis-
sivity €1 = 0.7272 for surface 1 is determined based on formula (a)
at Ty= 600 K. The values of emissivities €5, are determined based on
formula (b) for varying T>. For the relatively small surface tempera-
tures the exchanged exergy bsp 1—» can be slightly smaller or larger
than exchanged exergy b;_».

However, as shown in Figure 8.16, for the larger surface temper-
atures, the difference between the values of bsp 1, and b;_, becomes
negligible. In calculation for Figure 8.16, T, = 500 K, T = 300 K,
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Ficure 8.16 Comparison of exchanged radiation exergy for T, = 500 K,
To =300 K, g1 =0.8,e2 = 0.6, and gg o = 0.4149, for varying values of
temperature T4 and appropriate emissivity €g 1.

€1 = 0.8, and &, = 0.6. The exergetic emissivity ep, = 0.4149 for sur-
face 2 is determined based on formula (b) at T, = 500 K. The values of
emissivities €p 1 are determined based on formula (a) for varying T;.

Conclusion

The topics considered in Chapter 8 contribute to the theory of ther-
mal radiation of a surface. In this chapter, the interpretative concept
of exergy was applied to emphasizing and distinguishing the sensi-
ble exergetic spectrum of the emitting surface from the spectrum ex-
ergy of the emitted product (photon gas). Consequently, the entropic
spectrum was also applied. The entropic and exergetic spectra were
analyzed in comparison to the common energetic spectrum.

This method, based on the analogy between substance and radi-
ation, was shown for the derivation of the radiation exergy formula,
which is convenient for spectra analyses. In comparison to the en-
ergy spectra, it was found that the maxima of the exergetic spectra are
smaller and displaced toward the smaller wavelengths, i.e., the larger
frequencies.

Following discussion of the existing common notion of emissiv-
ity, referred to in this book as energetic emissivity, both entropic and
exergetic emissivities were proposed. For example, it was shown that
for surfaces at the same temperature T, the energetic emissivity is not
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larger than the entropic emissivity (s > €), whereas for temperature
T larger than the environment temperature, the exergetic emissivity
is not smaller than the energetic emissivity (ep < €). In the vicinity of
Tp, (T ~ Tp), some singularities occur and for T < Ty is always ep > «.

The radiation entropy production from a gray surface, determined
based on the entropic emissivity € is larger than the radiating entropy
determined based on the energetic emissivity €. The opposite effect is
observed in the case of exergy. If excluded from consideration are the
low-temperature ranges in the vicinity of the environment tempera-
ture and the zero absolute temperature, then for a gray surface the
radiation exergy determined based on the exergetic emissivity €p is
smaller than the exergy determined by using energetic emissivity €.

It was also emphasized that all the emissivities can be addressed
only at the considered surfaces, not at the emission product, which
is always black. None of the discussed conclusions have significant
meaning or practical applicability; however, they can contribute to
better understanding of the surface radiation nature. The discussion
of spectra of the perfectly black and gray surfaces can be also used,
e.g., as a theoretical comparative basis for analyses of the real-sky
spectral irradiances.

Nomenclature for Chapter 8

B exergy of substance, ]
C abbreviation defined by formula (8.15), sr
Co speed of propagation of radiation in vacuum
co =2.9979 x 10° m/s
H enthalpy of substance, |
h Planck’s constant, i = 6.625 x 1073 J s.
ip.ox monochromatic normal directional intensity for

linearly polarized black radiation propagating
within a unit solid angle, dependent on A,

W/(m? m sr)
j radiosity density, W/m?
k Boltzmann constant, k = 1.3805 x 10~ J/K
Lp.on entropy of normal monochromatic directional

intensity for linearly polarized black radiation
propagating within unit solid angle and dependent
on wavelength \, W/(m? K sr)

S entropy of substance, J/K

s entropy of radiosity density, W/(m? K)

SMARTS Simple Model of the Atmospheric Radiative

Transfer of Sunshine

absolute temperature, K

expression in formula (8.4)

expression in formula (8.5)

===
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B flat angle, (declination), deg
€ emissivity of surface
¢ flat angle, (azimuth), deg
A wavelength, m
v oscillation frequency, 1/s
1 Boltzmann constant for black radiation,
o = 5.6693 x 1078 W/(m? K*)
U ratio of emission exergy to emission energy

Subscripts

B exergetic

b black

E energetic

j radiosity

€ energetic emissivity

A wavelength

max maximum

min minimum
entropic

P spectrum

® solid angle

0 for =0

0 environment

1,2 denotation
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CHAPTER9

Discussion of
Radiation Exergy
Formulae Proposed
by Researchers

9.1 Polemic Addressees

In the present chapter we analyze different formulae about exergy
proposed by many researchers, which have been selected based on
the significance of their contribution, according to Petela (2003). In
particular, we review the literature about radiation exergy. At the stage
in the book, after the discussion in previous chapters, the reader will
be sufficiently prepared to follow critically the presented viewpoints.

It was well observed by Bejan (1997) that any discussion of the
efficiency or economics of solar radiation utilization should be based
on understanding the potential of the radiation for maximum work
performance, and such potential is expressed by the exergy of the ther-
mal radiation. Researchers agree that thermal radiation received from
the sun is rich in exergy; however, their quantitative determination of
the radiation exergy often differs.

The formula discussed by various researchers is mainly that for
the exergy of blackbody emission. This formula basically determines
the general concept of radiation exergy, and any other versions for
different cases of radiation follow as a result.

To date, researchers have focused mainly on three radiation ex-
ergy formulae—as derived by Petela (1961a, 1961b), Spanner (1964),
and Jeter (1981). The following discussion is developed based on the
approaches of Spanner and Jeter, as well as the discussions by Bejan
(1987, 1997) and Wright et al. (2002). Also addressed are the aspects
of radiation exergy raised by some researchers such as Boehm (1986),
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Gribik and Osterle (1984, 1986), Landsberg and Tonge (1979), Fraser
and Kay (2001), and Badescu (2008), all of whom quote the work of
Petela (1964), as well as other researchers who do not, such as Spanner
(1964), Press (1976), Parrott (1978, 1979), and Wall (1993).

What Work Represents Exergy?

The First Law of Thermodynamics, applied to any medium (e.g., a
working fluid) undergoing the process within an enclosed system,
leads to the equation of energy conservation for a certain time period
between the beginning medium state, 1, and the end state, 2. The heat
Q1-2 delivered to the medium from external sources is spent on raising
the internal energy of the medium from U to U, and on performing
the absolute work Wj_,:

Qio=W-U+ W 9.1)

The radiation matter can be assumed to be the processed medium.
The absolute work W;_, consists of the useful work W, and the work
W, spent for the “compression of environment”:

Wi =W, + W, 9.2)
where:
2
W, = / (p—po)dV 9.3)
1
and
W, =po (Vi — V) 9.4)

where p is the current radiation pressure and py is the radiation pres-
sure at the environment temperature Tj.

Work W, is unavailable, whereas work W, represents the exergy B
of the medium at the state 1, W, = B, whenever this work W, is maxi-
mum. This means the change 1-2 in the photon gas occurs at constant
entropy, and with Q;_, = 0, according to the isentropic process equa-
tion (5.26), in which the pressure p of the photon gas is determined
by formula (5.21).

Spanner (1964) introduced the concept of maximum economic effi-
ciency s, in which, instead of using the useful work W,, he applied
absolute work W_; related to the initial internal energy U of the ra-
diation arriving to the considered leaf:

Mo _q 20 9.5)
U 3T
where T; and T; are the absolute temperatures of the radiation matter
at the beginning and at the end of the process, respectively.

Ns =
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However, if instead of the Spanner’s efficiency n;, one introduces
arather more justified efficiency n defined with use of the useful work
as:

_ W
U]

/

m 9.6)
then the efficiency n' becomes just the exergy/energy radiation ratio
{5, expressed by equation (6.22), where §y = by /U, and isin agreement
with Petela (1961b, 1964):

1 (To\* 4T,
' =1+=- (=) -z == 9.7
" +3<Tl> 3T U 9.7)

The values of radiation exergy resulting from Petela’s and Span-
ner’s formulae can be compared. For example, the exergy of 1 m? of
initial radiation at temperature T, according to Petela (bp), is deter-
mined by formula (5.29):

bp=3 BT*+ T 4T, ") 9.8)

whereas Spanner’s result (bs) is based on equation (9.5), using formula
(5.13) for U, and assuming the volume 1 m3. Constant a = 7.564 x
1071 J/(m® K*). After using formula (5.13) and substituting Ty = T
and T, = Ty, Spanner’s result becomes as follows:

bs=~ (3T* -4 T, T°) 9.9)

a
3

Equations (9.8) and (9.9) are presented in Figure 9.1 for Ty =300 K.
For the high values of radiation temperature T, both exergy values
approach each other, so that bs ~ bp. For example, for solar radiation
(T =~ 6000 K), bg = bp = 0.9149 J/m3. However, for the lower val-
ues of temperature T, as shown in Figure 9.1, both exergy values bg
and bp differ significantly not only by numbers but also by the alge-
braic sign—although according to the definition, the exergy should
be positive. Both exergy values bs and bp reach a minimum at T =
T, however, the minimal values are bp = 0 and bg = —2.041 x 10~°
J/m3. For T — 0, they differ: bs =0 and bp > 0; (bp = 2.0423 x
10-¢J/md).

Petela’s equation (9.8) is more justified, because the exergy is mea-
sured by the useful work, with bp = W,. However, Spanner’s exergy
is expressed by the absolute work, with bs = W;_,, part of which is the
unavailable work used for compression of the environment. In prac-
tice, using Spanner’s equation (9.9), one does not incur any numerical
error when evaluating the exergy of radiation at high temperatures.
However, using this formula for the low-temperature radiation, the
error can be significant, as shown in Figure 9.1.

29
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0 100 200 300 400 500 600
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Ficure 9.1 Comparison of black radiation exergy determined by Spanner
(bs), Petela (bp), and Jeter (by).

Is Radiation Matter Heat?

In a system with the sun at surface temperature Ts, and the earth’s
surface at environment temperature Ty, work can be performed. The
three theories of solar energy utilization are schematically shown in
Figure 9.2. First, the sun and the environment are in direct contact with
an ideal heat engine that consumes heat Qs, rejects Qo1, and performs
work W at the Carnot efficiency of nc1 = 1 — Tp/Ts, with no exergy
loss.

Second, the solar radiation, by its radiation pressure, generates
work W, with the use of any ideal mechanical engine. The energy
degradation, measured by exergy loss determined by equation (6.49),
appears during emission of the solar radiation. The energy or exergy
efficiency of this radiation-to-work conversion can be estimated, re-
spectively, with the use of equation (6.20) or (6.23).

Third, solar radiation is absorbed at the surface of temperature T, .
An ideal heat engine (i) by direct contact with the surface, consumes
heat Q,, (ii) by direct contact with the environment, rejects heat Qos,
and (iii) performs work Wj; at the Carnot efficiency of ncz =1 — Tp / T;.
The exergy losses appear during emission and absorption of the solar
radiation. These losses can be determined, respectively, by equations
(6.53) and (6.70), together with equation (2.60). The energy and exergy
efficiency of this radiation-to-heat conversion can be estimated with
the use of equations (6.20) and (6.23).
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Fieure 9.2 Utilization of solar energy (from Petela, 2003).

Jeter (1981), considering utilization of solar energy, arrived at a
result corresponding to the first idea discussed above. The efficiency
Mc1 proposed by Jeter for estimation of the solar radiation exergy is
unfair because this efficiency expresses the exergy not of the solar
radiation but of the heat arriving from the interior of the sun to its
surface. In addition, the idea of direct contact of the heat engine with
the sun and earth is not realistic.

As shown in Figure 9.2, utilization of heat originating from the
sun can be considered according to Jeter (first idea) or according to
Petela (third idea). The two ideas are compared based on the more
detailed scheme shown in Figure 9.3. The two situations correspond
to the utilization of the thermal solar radiation, coming directly to
the earth, with use of an ideal heat engine performing at the Carnot
efficiency. In Jeter’s situation (Figure 9.3a), the engine is supplied with
heat g; at temperature Ts, and this heat is equal to the energy es,, of
solar emission arriving within the solid angle w:

Q] = €5 (910)

The heat is converted to the work W at the Carnot efficiency mcs,
which is equal to the Jeter’s conversion efficiency m;:
Ts—Th W

Ts 1

and the heat go;, at environment temperature Ty, is rejected. Thus,
based on equation (9.11), e.g., the exergy of a 1 m® enclosed black
radiation at temperature T can be expressed according to Jeter as b; =
W; =mc x q;. The exergy b; calculated in such way as function of
temperature T is shown in Figure 9.1 for comparison with Spanner’s
exergy bs and Petela’s exergy bp. Jeter’s values b; are always positive,
the largest (b; > bp > bs), and also have the minimum at T = Ty.

my =Mcs = 9.11)
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Ficure 9.3 Comparison of Jeter’'s and Petela’s interpretations of a
conversion system (from Petela, 2003).

However, to obtain heat from solar radiation one has to first ab-
sorb the radiation and this absorption is not considered in Jeter’s case.
As indicated in Section 6.6, such absorption alone is impossible, by
equation (6.56), without simultaneous emission. However, according
to equation (6.70), the conversion of radiation into heat at simulta-
neous absorption and emission, when Ts # T, is possible although
irreversible. The appropriate interpretation by Petela is presented in
Figure 9.3b. The solar radiation, at temperature Ts, energy es, and
exergy bs,, is first absorbed at the surface of emissivity €, and tem-
perature T;. Similarly to Figure 10.6 shown later, the absorbing surface
receives also energy ¢,¢( of zero exergy, as well as emits energy ¢,e,
of exergy €,b,. Then, heat q at temperature T, from the absorbing
surface, is used in the engine to perform work W, whereas heat g
at temperature Ty, is rejected. Again, an ideal engine is assumed for
which the Carnot efficiency nc, is:

T, — To

T 9.12)

NCa =
The exergy and energy conversion efficiencies for the considered
system, in Figure 9.3b, according to (6.23) and (6.20), respectively, are:

W

= beu (9.13)

nB
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(9.14)

Using data, e.g., from Table 10.1 discussed later, for calculation of
solar radiation (Ts = 6000K, T, =350K, Ty =300K, and g, = 0.8), the
bands diagrams of exergy and energy balances are shown in Figure 9.4.

a) Jeter’s
b) Petela’s
Absorbing
surface
Taea
rA
b
bg, 1.7% Heat _10%
100% 69.1% | b, engine |bg, o .,
. 19.2% }9.2%
Tb = T w
L q 20% q
Reflection
Absorbing
surface
T.¢, 42.8% )
r ‘ﬂ Fa Heat 51 7 /o
| engine %
esu)
100% q
> 60.3% {8.6%
J > L 1 - Tw
23.1% P Ld 4 20%

Reflection

Ficure 9.4 Jeter’'s and Petela’s energy and exergy flow sheets for conversion
systems, e, = 1.59 kW/(m? sr), bs, =1.48 kW/(m? sr) (from Petela, 2003).
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The difference between the efficiencies n; (Figure 9.4a) and mp or mg
(Figure 9.4b) are significant (95% versus 9.2% or 8.6%, respectively).
The pessimistic result of relatively low efficiencies nz and mg can
change to the more optimistic result of increased efficiencies if solar
radiation is utilized with the use of a lens. However, the difference
between the efficiency concepts still remains essential.

Bejan’s Discussion

Bejan (1987, 1997) provides a creative review and discussion of the
radiation exergy problems. Regarding the approach by Petela (1964),
the two main issues of Bejan are (i) the source of the initial radiation
matter in the cylinder—piston system considered by Petela (1964), and
(ii) what happens to the radiation matter rejected during expansion
in the system. Directed with these issues, Bejan presented extensive
illuminating considerations, mostly about the radiation exergy phe-
nomena related to the cylinder—piston cycles.

The attempt by Petela (1961b) was to determine the formula for
calculation of the exergy of radiation, based on the assumed definition
of exergy. The exergy is a property of matter, like other properties
(e.g., enthalpy, internal energy or entropy, etc.), and depends only
on its instantaneous state determined by instantaneous parameters
(temperature, pressure, etc.).

Wright et al. (2002) correctly stated that the radiation exergy does
not depend on its source or fate. Therefore, the above two issues by
Bejan should not be understood as a negation of Petela’s radiation
exergy formulae but rather can be recognized as the initiation of cre-
ative discussion of the radiation exergy concept in some interesting
circumstances.

Bejan’s conclusion is that all three theories (Spanner’s, Jeter’s, and
Petela’s) concerning the ideal conversion of thermal radiation into
work, although obtaining different results, are correct. However, ac-
cording to Petela, these three different results on the limiting energy
efficiency of utilization of the radiation are correct but for the dif-
ferent and incomparable situations and only the Petela’s situation is
adequately representing the problem. All of the discussed efficien-
cies assume work as an output. However, Petela’s work is equal to
the radiation exergy; Jeter’s work is the heat engine cycle work; and
Spanner’s work is an unavailable absolute work. As input, both Petela
and Spanner assume the internal energy of radiation, whereas Jeter
assumes heat (Table 9.1). It should be emphasized that heat from the
sun is acquired not at the sun temperature but at the temperature of
absorbing surface. In fact, from the sun arrives at the earth a photon
gas of the exergy which should be accepted as the practical value of
the solar radiation resource.

The numerical illustration of the three limiting energy efficiencies,
as a function of radiation temperature T, is shown in Figure 9.5 for
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Unified efficiency

expression
Researcher Input Output (T2=To)
4T
Spanner Internal energy | Absolute work — §TO
of radiation
T
Jeter Heat Net work of 1-— ?O
heat engine
4Ty 1 (To\*
Petela? Internal energy | Useful work = |1 — 37 T3l 7
of radiation radiation
exergy

“In equation (9.69) of Bejan (1997) there is a misprint: “1” should be added to the
right-hand side of this equation.

TaBe 9.1 Numerators (Output) and Denominators (Input) of the Limiting
Energy Efficiency of Radiation Utilization by Three Different Researchers (from

Petela, 2003)
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Fieure 9.5 Comparison of three limiting energy efficiencies: n,, ms, and ¢
(To= 300 K) (from Petela, 2003).
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Screen
o Heated Cooled .
Radiating surface surface Absorbing
surface surface

Four balances
boundaries,
db within each

Ficure 9.6 Scheme of radiation between two surfaces with a screen between
them (from Petela, 2003).

comparison. The efficiencies are calculated with m; from equation
(9.11), ms from equation (9.5) and ¥ from equation (9.7).

It should be emphasized that in the analysis of radiation exergy
problems, besides the cylinder—piston model, there also can be other
models taken into account. To illustrate some possible operations with
the radiation exergy concept, the example of radiative heat transfer
with the screen between radiating surfaces (not necessarily involving
the sun) can be considered according to Figure 9.6. This is a geometrical
simple system of parallel planes, 1 and 2, at respective constant tem-
peratures T; and T, separated with the parallel screen of the two side
surfaces, heated (¢’) and cooled (¢”). The screen is very thin so the con-
duction of heat across the screen can be neglected. Assuming simply
that all the considered surfaces are perfectly black, the screen temper-
ature T, can be calculated from the energy conservation equation (g; =
g2), where g1 and g, are heat fluxes supplied to surface 1 and rejected
from surface 2, respectively. The following equation can be derived:

T+ T
T, = “/% 9.15)

Heat g1 can be calculated based on the radiation energy e; and e,,
or ey, determined appropriately from equation (3.22), where q; = e1—
e.. The radiation exergy values b1, b, and b, result, respectively, from
equation (6.8). The exergy of heat is determined by equation (2.61)
and the exergy losses 8b, separately, for all four surfaces 1, ¢/, ¢”, and
2, are from appropriately interpreted equation (2.60). The exemplary
calculation results of the energy and exergy balances for the four sur-
faces are shown in Table 9.2 (for relatively low T; = 1000 K) and Table
9.3 (for about the sun temperature, T; = 6000 K). Input and output are



1. Radiating 2. Heated screen 3. Cooled screen 4. Absorbing
surface surface surface surface

Variable T = 1000 K T. = 846 K T. = 846 K T = 400 K
Energy + - - + - + -
Heat (g41) 100 100 100 100
Emitted radiation 205.25 105.25 105.25 5.25
Absorbed radiation | 105.25 205.25 5.25 105.25
Energy loss
Total 205.25 205.25 205.25 205.25 105.25 105.25 105.25 105.25
Exergy
Heat (bg1) 100 92.21 92.21 35.71
Emitted radiation 176.72 80.08 80.08 0.79
Absorbed radiation 80.08 176.72 0.79 80.08
Exergy loss 3.36 4.43 12.92 43.58
Total 180.08 180.08 176.72 176.72 93.00 93.00 80.08 80.08

TaBLe 9.2 Items (%) of the Four Energy and Exergy Balance Equations for the Low Temperature Ty = 1000 K (g1 = 27.61 kW/m?2, bg1 =

19.33 kW/m?, Ty = 300 K) (from Petela, 2003)
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1. Radiating 2. Heated screen 3. Cooled screen 4. Absorbing
surface surface surface surface

Variable T, = 6000 K T. = 5045 K T. = 5045 K T = 350 K
Energy + — — + - 1 -
Heat (g4) 100 100 100 100
Emitted radiation 200.00 100.00 100.00 ~0
Absorbed radiation | 100.00 200.00 ~0 100.00
Energy loss
Total 200.00 200.00 200.00 200.00 100.00 100.00 100.00 100.00
Exergy
Heat (bg1) 100 99.00 99.00 15.04
Emitted radiation 196.49 96.92 96.92 ~0
Absorbed radiation 96.91 196.49 ~0 96.92
Exergy loss 0.42 0.57 2.08 81.88
Total 196.91 196.91 196.49 196.49 99.00 99.00 96.92 96.92

TasLe 9.3 Items (%) of the Four Energy and Exergy Balance Equations for About the Sun Temperature T, = 6000 K (g1 = 36.72 MW/m?,

bg1 = 68.55 MW/m?, Ty = 300 K) (from Petela, 2003)
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9.6

Discussion of Radiation Exergy Formulae

denoted, respectively, by the signs “4-” and “—". Tables 9.2 and 9.3 each
illustrate the two different, and both correct, viewpoints on the conver-
sion processes of radiation—the energetic or exergetic views. Again,
only the exergy approach demonstrates the degradation of energy.

Discussion by Wright et al.

The original interpretations and understanding of numerous aspects
of heat radiation exergy, as well as derivation of many construc-
tive conclusions, especially for engineers, were presented by Wright
et al. (2002). Their work analyzed many doubts and misinterpreta-
tions of researchers, whose viewpoint was that application of Petela’s
exergetic formulae for the conversion of heat radiation fluxes is dis-
cussible. They outlined three questions that are the foundation for
these misinterpretations. First: How can we define the environment
for heat radiation? Second: How is motivated the Petela’s assumption
that reversible conversion of black radiation is possible? Third: How
does the re-radiated emission affect the maximum work obtainable?

Referring to these three questions, Wright et al. (2002) presented
the correct definition (agreeable with Petela’s) of the environment and
its role in considerations of radiation exergy. They perfectly read the
intentions of Petela (1961, 1964) regarding determination of the en-
vironment for heat radiation exergy. Then they confirmed Petela’s
intention of formulating the principles of the reversibility of radiation
flux conversion, using an ingenious argument based on conversion de-
vices combined with a Carnot heat engine. Accordingly, with Petela,
they understood that the re-radiated emission reduced the device’s
efficiency; however, it did not change the exergy of incident radiation
and thus, did not change the limiting efficiency of theoretical utiliza-
tion of the incident radiation. Their viewpoint was based on resolving
fundamental questions such as the following problems: “inherent irre-
versibility, definition of environment, the effect of inherent emission,
and the effect of concentrating source radiation.”

Additionally, they rightly raised the necessity to restate any ex-
ergy balance equations involving radiative heat transfer, by introduc-
ing the available formulae for radiation exergy. In their own way,
they explained the meaning of Petela’s result for the nonzero value of
the radiation flux and for the enclosed radiation when the radiation
temperature approaches absolute zero. They evaluated the maximum
exergetic efficiency for some different conversion processes.

Other Authors

The exergy approach to thermal radiation was developed by many
other authors. Press (1976) analyzed diluted solar radiation, and for
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direct (undiluted) sunlight he derived his formula (4) which contains
the expression { in a form in accordance with Petela’s equation (6.22).
He rejected Jeter’s application of the Carnot efficiency (for solar ra-
diation of temperature about 6000 K and environment temperature
about 300 K) in a thermodynamic evaluation of direct sunlight.

Parrott (1978) obtained the obvious disagreement when compar-
ing his formula for solar radiation to the formula by Petela (1964)
derived for any direct radiation propagating within a solid angle 2.
Parrott (1979) belongs to the authors who erroneously accept the state
function of exergy—to be exact, the radiation exergy/energy ratio—
as also being a function of geometrical parameters, e.g., the angle of
the cone subtended by the sun’s disc. However, using the availabil-
ity which was once one of the names of exergy, he obtained a result
confirming the results of Petela (1964).

Landsberg and Tonge (1979) developed the results of some other
researchers. They considered the photon density in diluted blackbody
radiation by introducing a new function X depending on the dilution
factor. Their final results were in agreement with the results by Petela
(1964). The emissivity € used by Petela (1964), they misinterpreted
(their page 561) as the dilution factor. For any arbitrary (diluted, indi-
rect) heat radiation, Petela (1962) derived formulae that do not need
any emissivity but do require measured data on the radiation spec-
trum and angle of propagation.

Gribik and Osterle (1984), regarding the first discussion point,
correctly Petela’s derivation of formula (6.8), valid for any radiation
emission from a perfectly gray surface (not only for solar radiation) by
(a) calculating the useful work in the cylinder-piston system and (b)
applying availability (exergy). However, their argument runs against
the assumption that useful work represents the exergy of heat radi-
ation, and as a result, they agreed with a concept of “literally de-
stroyed radiation,” which means absorption. Such absorption, with-
out accompanying emission, as proved in Section 6.6, is impossible.
They disapproved of Jeter’s application of the Carnot efficiency for
determination of radiation exergy. Thus, from the arguments on the
maximum efficiency of the solar radiation utilization by Petela (1964),
Spanner (1964), Parrott (1978, 1979), and Jeter (1981), they approved
only of Spanner’s result.

Gribik and Osterle (1986), regarding the first discussion point,
correctly disagreed that radiation is heat. Radiation is the transport
of energy, which can occur even in a vacuum. This is not a feature
of other transport systems such as conduction or convection. To
exchange heat between a radiation field and a substance the phe-
nomena of emission and absorption have to occur. Both phenomena
involve irreversibility, which is manifested only by exergy analysis,
whereas energy analysis reveals no energy degradation. Therefore,
from an energy viewpoint, radiation is recognized as heat.
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Discussion of Radiation Exergy Formulae

Regarding the second discussion point, they do not agree that the
practical value (exergy) of radiation should be applied to the human
environment, which is filled with radiation at the environment tem-
perature. By referring the radiation value to the temperature of abso-
lute zero, they represented the energy viewpoint, which differs from
the exergy viewpoint. They did not take into account that, in con-
trast to the environment temperature, the absolute temperature is not
achievable and thus should not be taken into the consideration of
practical value of radiation.

Boehm (1986) pointed out that neglecting the environment com-
pression by Spanner is the cause of the difference between Petela’s
(1964) and Spanner’s (1964) formulae. Boehm recognizes as an appar-
ent flaw Spanner’s negative efficiency values for radiation tempera-
tures below the environment temperatures.

Badescu (2008) introduced exergy into the area of nuclear radi-
ation. He considered only blackbody radiation. Based on statistical
thermodynamics he discussed Petela’s exergy/energy radiation ra-
tio ¢ (mistakenly called the Petela—Landsberg—Press ratio) as the one
resulting from the four possible interpretative solutions of exergy es-
timation of radiation flux. This one solution confirms the Petela s
formula; however, without knowing a priori the solution, e.g., based
on derivation of Petela’s exergy analysis of radiating surfaces, one
would not know which of the four equations is the correct solution.
Badescu’s considerations can be recognized as a creative approach
applying the exergy concept to nuclear technology. The rough estima-
tion of exergy efficiency of a nuclear power station was outlined by
Szargut and Petela (1965, 1968).

Recently, Fraser and Kay (2001) attempted to introduce the exergy
of solar thermal radiation into considerations of ecosystems. Inspired
by an environmental protection strategy, Wall (1993) suggested a “con-
sumption tax” for use of nonrenewable energy resources. This pollu-
tion tax would be determined based on the exergy value of utilized
resources. Obviously, a tax exemption for the use of solar radiation
would stimulate its wider utilization.

Summary

The present chapter has enhanced understanding and accuracy of the
exergy analysis of processes involving heat radiation. In the existing
literature in this field, the most discussed formulae for heat radiation
exergy are those derived by Petela (1961a), Spanner (1964), and Jeter
(1981). The discrepancy between formulae by Petela and by Spanner
arises because Spanner applied the absolute work instead of the use-
ful work to express the maximum practically available work (exergy).
The discrepancy between formulae by Petela and Jeter is because
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Petela applied the exergy analysis, whereas Jeter developed the en-
ergy analysis in which the degradation of heat to radiation at the same
temperature, is not revealed.

Based on analysis of all the available formulae for the exergy of
radiation, it was concluded by Petela and some other researchers that
for exergy of radiation matter existing at a certain instant, regardless
of from where the radiation originated and regardless of what will
happen to the radiation in the next instant, the only justified formulae
for estimation of radiation exergy are those derived by Petela for any
enclosed photon gas and for any arbitrary radiation flux.

The commonly known insensitivity of energy analysis to the qual-
ity of energy, in contrast to exergy, is one of the disadvantages of energy
analysis. Only exergy clearly discloses degradation of energy in the
processes of absorption and emission of radiation.

The traditional cylinder—piston model is often used in analyses of
various classical thermodynamic problems. However, although the
model can be used also in concepts of diversified radiation exergy,
more attention needs to be paid to the possibility of using other models
that involve the system of radiating surfaces on which the emission
and absorption occur. The results for both kinds of models have to
agree. Usually, the surface models do not raise doubts and thus can
often be used for verification of the results for the cylinder—piston
system.

Nomenclature for Chapter 9

exergy of radiation, J
radiation exergy, J/m?
emission energy, W/m?
radiation pressure or absolute static pressure of gas, Pa
heat, J

heat rate, W/m?2

entropy of emission, W/(m? s)
absolute temperature, K
internal energy, |

volume, m®

work, ] or W/m?

2<:Hm&©‘mwwm

gL
@
®
2

exergy loss, W/m?

emissivity

efficiency

efficiency in a certain case

ratio of emission exergy to emission energy
solid angle within sun is seen from the earth, sr
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Subscripts

a absorbing surface

C Carnot

e compression of environment, or screen

] Jeter

p Petela

q heat

S Spanner or sun

u useful

o related to solid angle within sun as seen from
the earth

0 environment

1,2,3 denotations
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CHAPTER].O

Thermodynamic
Analysis of Heat
from the Sun

10.1 Introduction

Solar radiation is the principal energy source for life on earth. This
radiation establishes the temperatures of both the atmosphere and
the earth’s surface. However, human activity changes the conditions
of the energy exchange between the sun and earth, and the observed
tendency is a gradual increase in these temperatures. In the present
chapter, the simplified explanation of the mechanism of such global
warming is discussed with some rough quantitative estimation of
the accounted parameters. The so-called greenhouse effect is described
based on the simplified model of a canopy applied to increase the
effectiveness of harvesting solar radiation, which, although rich, is
much diluted.

The most common devices for utilization of solar radiation are
cookers of different types. A simple solar parabolic cooker with the
cylindrical shape of a trough is analyzed from the viewpoint of exergy.
Supported by calculations, we discuss the methodology of detailed ex-
ergy analysis of the cooker, the distribution of exergy losses, and, for
the example of the cooker surfaces, explain the general problem of
how the exergy loss on any radiating surface should be determined
if the surface absorbs radiation fluxes of different temperatures. An
imagined surface is used to close the system of the cooker surfaces.
Optimization is needed to increase both the energy and exergy effi-
ciencies of the cooker.

Equations are derived for heat transfer between the three
surfaces—cooking pot, reflector, and imagined surface making up the
system. The mathematical model allows for theoretical estimation of
the energy and exergy losses due to unabsorbed insolation, convective
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and radiative heat transferred to the environment, and, additionally,
the estimation of exergy losses due to radiative irreversibilities on the
surfaces, as well as the irreversibility of the useful heat transferred to
the water.

The exergy efficiency of the cooker is determined to be relatively
very low (~1%), and about ten times smaller than the respective en-
ergy efficiency, which is in agreement with experimental data from
the literature. The influence of input parameters (e.g., geometrical
configuration, emissivities of surfaces, heat transfer coefficients, and
temperatures of the water and environment) on output parameters is
determined, and the distribution of the energy and exergy losses is
described.

Generally, heat from absorbed solar radiation is available at rela-
tively low temperatures, which is comparable to the temperatures of
waste heat from many other sources, e.g., exhaust gases from indus-
trial boilers or other combustion installations. In the current world
situation with a growing shortage of energy resources, heating by
solar radiation, categorized as the recovery of such low-temperature
waste heat, is often considered. However, to obtain the economically
significant power of solar radiation, the accessibility of relatively large
geographical areas exposed to solar radiation is required.

10.2 Global Warming Effect

The atmosphere is a medium with very irregular properties. It absorbs
from solar radiation mostly visible wavelength energy (about 29%),
whereas from the earth’s radiation the atmosphere absorbs mostly
infrared radiation (about 92%).

The earth receives energy from the sun by radiation. The earth
reflects about one-third of the extraterrestrial solar radiation, and the
remaining radiation, assumed to be 100%, arrives at the atmosphere,
land, and oceans as shown in the approximate scheme of Figure 10.1a.
This radiation absorbed by the atmosphere and the earth, mostly in the
visible wavelengths, is re-radiated to space in an equal amount, mostly
in the infrared wavelengths, so that the global thermal equilibrium is
maintained. To this equilibrium also is contributed the heat exchanged
by convection between the atmosphere and earth; however, such con-
vection, for the simplicity of the discussion here, can be neglected.

The received energy can represent different absolute energy (in
W) because equilibrium can be maintained at different temperatures
on the earth’s surface. It is usually estimated that the annual average
temperature Terh Of the earth’s surface is about 14°C (287 K), and at
this temperature the earth emits ~192%. The atmosphere, at a certain
assumed effective temperature T, emits energy to both the earth
(~138%) and space (~83%).
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Ficure 10.1 Simplified scheme of radiation energy (a) and exergy (b).

The greenhouse effect is applied in gardening. A greenhouse is
built of glass walls; the solar radiation penetrating through the glass
heats the ground inside, and then the confined air is heated from the
ground. Based on this rough analogy, the term greenhouse effect is used
also for the process in which infrared radiation is exchanged between
the atmosphere the earth’s surface. These two processes differ because
air in a real greenhouse is trapped, whereas air in the environment,
when warmed from the ground, rises and mixes with cooler air aloft.
Such a difference can be practically demonstrated by opening holes
in the greenhouse roof or walls, which will cause air exchange with
the environment and thus cause a considerable drop in the air tem-
perature. The analogy can be followed in that the glass roof of the
greenhouse traps the infrared radiation to warm the greenhouse air,
whereas the thick layer of atmosphere plays the same role for the earth.

It is estimated that in the absence of the greenhouse effect the
earth’s surface temperature would be decreased from about 14°C to
about -19°C. It is believed that the recent warming of the lower atmo-
sphere is the result of enhancing the greenhouse effect by an increase
of the amount of gaseous, liquid, and solid ingredients of radiative
properties different from such properties of air.

The global warming effect is not effectively described by the con-
cept of exergy because exergy relates to environment temperature
with no regard to how high is this temperature. For example, for any
value of Tearn the exergy radiated from the earth’s surface shown in
Figure 10.1b will always be zero.

Example 10.1 For a very rough consideration of radiation processes related to
1 m? of the earth’s surface, it can be assumed, e.g., that the yearly average solar
irradiance S = 100 W/m? arrives in the atmosphere, which has transmissiv-
ity for solar radiation 15 = 0.71 (Figure 10.1). The radiation energy S x 75 is
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absorbed by the black surface of the earth at the yearly average temperature
Tp = 287.16 K (14°C). The remaining part of the irradiance Sx (1 —7s) is entirely
absorbed by the atmosphere. The energy emission ¢g = o x Ty = S x 7 from
the earth’s surface arrives at the same atmosphere for which transmissivity for
low-temperature radiation 79 = 0.17 (Figure 10.1). Thus, the atmosphere absorbs
the energy amount S reduced by the amount of the earth’s emission transmitted
through the atmosphere. The atmosphere can be assumed as a body of emis-
sivity (1 — 70) and emitting radiation to the black sky at temperature Teky- The
energy balance equation for the atmosphere is:

§— st = (1= 70)r (T4~ T ) (10.1)

Assuming that the sky temperature is equal to the environment temperature

(To = Tsky) the resultant temperature T4 of the atmosphere can be determined

from formula (10.1) as Tytm = 305.13 K. The global warming effect can be consid-

ered in terms of two characteristic factors describing pollution of the atmosphere,

such as the influence of 75 and Ty on the change of environment temperature Tp.
Based on equation (10.1) the two partial derivatives can be considered:

Ty T0 S 9
—— = = -3813-10 K/ % (10.2)
o715 (1—10) 40 T2 /%

0 _ S0 (Ti=T5) _ g3 102 1/% (103)
aTo 4(rT03 (1 —79)

For example, the increase from 0.71 to 0.72 of the transmissivity ts of the
atmosphere for solar radiation causes, based on formula (10.2), the increase in
environment temperature Ty from 287.16 to 287.198 K.

In another example, based on equation (10.3), if transmissivity 7o of the at-
mosphere for the low-temperature radiation increases from 0.17 to 0.18, then
from formula (10.3) the environment temperature Ty decreases from 287.16 to
287.08 K.

10.3 Effect of a Canopy

The global warming effect often is compared to the effect of a green-
house in which solar radiation is trapped by using a transparent
canopy over the earth’s surface absorbing solar radiation.

Approximate analysis of the effect of a canopy stretched above
certain surface and screening this surface from direct solar radiation
can be carried out for three typical situations presented schematically
in Figure 10.2.

A black horizontal plate of surface area A located on the earth’s
surface can be exposed to direct solar radiation as shown schematically
in Figure 10.2a. In the thermodynamic equilibrium state the irradiance
S is spent on heat Q extracted at constant plate temperature T, and
on the convective (E,_o) and radiative (E, _sky) heat fluxes from the
plate to the surroundings. The plate temperature T}, is controlled by
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Ficure 10.2 The three typical situations considered in a study of the canopy
effect.

the appropriately arranged heat Q. The energy balance equation for
the plate is:

S = Q + Ep—sky + EP,O (104)

where
Epoiy = Ao (T}~ T4,) (10.5)
Ep—O = Ahp—O (Tp - TO) (106)

and where 1, g is the convective heat transfer coefficient. The harvest-
ing of solar energy can be determined by the energetic efficiency mg:

Me = % (10.7)
or by the exergetic efficiency mp:
Q To
= 1-— 10.8
MB .S ( T, ) (10.8)

where . is the exergy/energy ratio discussed in Section 6.5. It
was shown there that, for direct radiation of the sun at its surface
temperature 6000 K, the theoretical value of the ratio is { = 0.933.
According to Gueymard (2004), the irradiance of the direct solar
radiation arriving at the earth is 1366 W/m?. Because the irradiance
values applied in the present canopy consideration are smaller than
the exergy/energy ratio, it can be assumed for a smaller irradiance
temperature, e.g., . = 0.9.
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Ficure 10.3 Plate exposed to solar radiation in the cases of S = 700 W/m?
(left) and S = 1000 W/m? (right).

For example, assuming A =1 m?, hi,_o =5 W/(m? K), and Ty
determined by formula (6.66) in which Ty = 287.16 K (14°C), Figure
10.3 shows the calculation results for the two different values of irradi-
ance, S =700 W/m? (left) and S = 1000 W/m? (right). With increasing
plate temperature T,, the energetic efficiency ng decreases, whereas
the exergetic efficiency np has a maximum.

In the second situation, shown in Figure 10.2b, the plate of the
surface area 1 m? is a fragment of a very large and flat surface of the
same uniformly distributed temperature T, and radiative properties.
The plate is screened from solar radiation by a large, flat, and hor-
izontal canopy. Material of the canopy can transmit complete solar
radiation to the plate (i.e., canopy transmissivity Ts, = 1), although
low-temperature emission from the plate is entirely absorbed by the
canopy (canopy transmissivity 7p1, = 0). The extreme values of these
two transmissivities are assumed to show better the effect of the
canopy on exchanged radiative heat. Due to the very small thickness
of the canopy, both its surfaces—that the one exposed to the sun and
the one exposed to the plate—have the same canopy temperature T¢.

In the thermodynamic equilibrium state shown in Figure 10.2b,
the irradiance S is spent on heat Q extracted at a constant plate tem-
perature T, and on the convective (E,_,;) and radiative (E,_.) heat
fluxes from the plate to the canopy. The plate temperature T, is con-
trolled by the appropriately arranged heat Q. The canopy temperature
T is constant for the given plate temperature T, and is distributed uni-
formly over the surfaces of the canopy. The energy balance equation
for the plate is:

S=Q+E,+Ep, (10.9)

where
E,c=0 (T, -T}) (10.10)
Epo = Ahypy (T, —Tp) (10.11)
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Ficure 10.4 Plate under a canopy in the environment air in the cases of S =
700 W/m? (left) and S = 1000 W/m? (right).

and where h,,_, is the respective convective heat transfer coefficient
and T, is the temperature of air between the plate and the canopy.
Simplifying, it is assumed that T, = Tp. The energy balance of the
canopy is:

Ep—c = Ec—sky + EC—O + Ec—a (1012)

where

Epo =Ecco=hp_q (T, — Tp) (10.13)
and where 1, , = h._, are the respective convective heat transfer co-
efficients. The harvest of solar energy in the considered situation can
be determined by the energetic efficiency ng and exergetic efficiency
mp determined, respectively, from formulae (10.7) and (10.8).

For example, assuming ,_, = h._, = 5 W/(m? K), Figure 10.4
shows the calculation results for the two different values of irradiance,
S =700 W/m? (left) and S = 1000 W/m? (right). As in situation (a),
also in situation (b): with increasing plate temperature T}, the energetic
efficiency mg decreases, whereas the exergetic efficiency np has the
maximum.

The third possible situation, shown in Figure 10.2¢, is the same as
the previous situation (b), except that between the plate and canopy
is a vacuum; thus, in this space, heat convection does not occur. The
energy balance equations for the plate and the canopy are thus:

S=Q+E, . (10.14)

Epfc = chsky + cho (10.15)

The energetic efficiency mr and exergetic efficiency mp are deter-
mined, respectively, also from formulae (10.7) and (10.8). Figure 10.5
shows the calculation results for the two different values of irradiance,
S =700 W/m? (left) and S = 1000 W/m? (right). As in situation (b),
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Ficure 10.5 Plate under a canopy with a vacuum between the canopy and
the plate in the cases of S = 700 W/m? (left) and S = 1000 W/m? (right).

also in situation (c): with increasing plate temperature T,,the ener-
getic efficiency mg decreases, whereas the exergetic efficiency np has
the maximum.

To summarize the comparative discussion of the three models
(Figure 10.2): The irradiated black plate (a), the plate under the canopy
(b), and the plate under the vacuum and canopy (c) were all con-
sidered under simplifying assumptions of extreme values of surface
properties to better emphasize the canopy idea. The comparison of
Figures 10.3-10.5 illustrates the benefits of applying a canopy to in-
crease the effect of trapping solar radiation. The amount of exergy
(practical value) of absorbed heat grows gradually through the three
considered situations from (a) to (c).

10.4 Evaluation of Solar Radiation Conversion into Heat

Solar radiation can be converted to heat for various applications in-
cluding, e.g., cooking, driving a sterling engine, melting, etc. A simple
introduction to the potential of solar radiation for heating as well as
determination of heat temperature in possible applications can be out-
lined as follows.

Formula (6.8) can be applied for calculation of solar radiation ex-
ergy. However, the model of the two infinite surfaces (Figure 6.1) ap-
plied for derivation of formula (6.8) is inadequate for the earth-sun
configuration. Any absorbing surface on the earth, in relation to the
sun in zenith, can be considered according to the modified scheme
shown in Figure 10.6. From the sun, the black (¢ = 1) radiation of ex-
ergy b, energy e,, and entropy s,, within the solid angle w, arrives
at the absorbing surface. These three fluxes are absorbed on the earth
by the absorbing surface at temperature T, and emissivity €,.

However, as was proven by equation (6.56), absorption alone is
impossible. Therefore, one has to take into consideration that the ab-
sorbing surface, in the solid angle 2w, emits its own radiation fluxes
of exergy b,, energy e,, and entropy s,, and obtains, in the solid angle
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Ficure 10.6 2R ,
Scheme of |, Sun
radiation exchange
between sun and
absorbing surface
on earth (from
Petela, 2003).

€2b0, €260 €250
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(environment)
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27m-w, the radiation fluxes of exergy by, energy e, and entropy sg
from the environment at temperature Ty (assumed to be equal to the
sky temperature, Tyy = To) and at assumed emissivity €9 = 1. (It was
proven previously that the value of the environment emissivity does
not affect the results.)

In the present discussion, solar radiation is considered to be non-
polarized, uniform, and black at temperature T = 6000 K, arriving at
the earth within the solid angle w. Exergy b,, of such radiation can be
calculated from formula (7.50) as follows:

b ¢=2m B
b, = — / dq:/cosB sinB dp (a)
K
e=0  9=0

where b is determined from formula (6.8), and B and ¢ are the an-
gle coordinates (i.e., azimuth and declination) of directions included
within the range of a solid angle w inside which from any point of the
adsorbing surface the sun’s surface is visible. After calculation of the
both the integrals in equation (a) one obtains:

RZ

bw=bp

(b)

where the exergy b of the black radiation emitted by the sun within
the solid angle of 27 is calculated according to formula (6.8):

(0

b
3

(BT* + Ty — 4T, T°) ©
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The absorbing surface obtains also the black (gy = 1) radiation
energy e, from the environment at temperature Ty within a solid angle
27—w, but only a portion determined by emissivity €, of the adsorbing
surface is absorbed by the surface:

R2
e = 40T (1 - ﬁ) @

According to the definition, the exergy of environment radiation
is zero:

bp=0 (e)

The absorbing surface of emissivity €, and temperature T, radiates
its own emission e, in the whole solid angle 27:

s = €,0T} )

The respective exergy b, of the absorbing surface, again according
to formula (6.8), is:

m:%%@ﬂ+w—wﬁ) ()

The energy emission e,, arriving from the sun at the absorbing
surface within the solid angle w is:
RZ
¢o=€73 (h)
where the sun emission e in the whole solid angle 2 is:
e=oT* @)

The temperature T, of the absorbing surface remains constant be-
cause the heat g, at the heat source temperature T, from the absorbing
surface is extracted in the amount resulting from the emitted and ab-
sorbed flux from this surface. In other words, heat g is determined
from the following energy conservation equation for the absorbing
surface remaining at the steady state:

q=¢ e, —e;+eg G)

The exergy b, of this heat g is determined by the Carnot efficiency
for the heat sources temperatures T, (hot) and Ty (cold):
T, — To

by = g =" ®

Based on definition (6.34), the conversion efficiency mp of the ex-
ergy b, of the sun’s radiation into the exergy b, of the heat source can
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be introduced:
by

by M

MB =

For further considerations, the entropy fluxes are also introduced.
Entropy s, of the solar radiation arriving at the absorbing surface:

S = S— (m)

where the entropy s of solar radiation propagating within solid angle
21, is:
4
s=-0T° n
3 ()
Other entropy fluxes, s, for the emission of the absorbing surface
and sy for the absorbed environment radiation, are, respectively:

4
Sq = eugo-T;;S (o)
4 R?
So = & gO’To3 (1 — ﬁ) (p)

The overall process occurring at the absorbing surface is irre-
versible and the respective exergy loss 8b is determined according
to formula (2.60). The overall entropy growth IT for all processes in-
volved consists of the entropy of generated heat (+), disappearing
entropy of solar radiation (-), emitted entropy of absorbing surface
(+), and disappearing entropy of environment radiation (-):

H:%—sasm+sa—so (r)

The correctness of the presented consideration can be verified by
checking if the exergy balance equation for the absorbing surface is
fulfilled. For the steady state, exergy input consists of the net exergy of
solar radiation and environment absorbed by the considered surface.
Exergy output is equal to both the exergy of emitted radiation from
the considered surface and to the exergy of heat. The conservation
equation is completed by the exergy loss:

bw_(l_gg)bw+b0=bu+bq+8b (s)

To illustrate the problem of the exergy balance equation and to
compare it to the respective energy conservation equation:

e, —(1—¢g)e,+eg=¢e;+¢q (t)
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Item Comments % exergy % energy

Input Sun 100 100
Environment 0 23.1
Total 100 123.1

Output Reflection 20 20
Emission 1.70 42.8
Heat (efficiency) 9.23 60.3
Loss 69.07 0
Total 100 123.1

TaeLe 10.1 Comparison of the Exergy and Energy Balances of a Surface
Absorbing Solar Radiation (e, = 0.8) (from Petela, 2003)

some data is shown in Tables 10.1 and Table 10.2, both for T, = 300
K, T, = 350 K, and T = 6000 K, and for b, = 1.484 kW /(m? sr) and
e, = 1.59 kW /(m? sr). Table 10.1 is for €, = 0.8, whereas Table 10.2 is
fore, = 1.0.

Analogously to the exergy efficiency rp, the energy efficiency me
can also be used, according to formula (6.32):

nE = ei (10.16)

Using equations (h)—(j), (d), and (f) in (10.16):

RZ
4 4
T4 — T} (1 - ?>

R
L2

(10.17)

T

This is to note that for R/L — 1 formula (10.17) comes to the for-
mula (6.32) which expresses the energy conversion efficiency ng for a
case of the two infinite parallel planes.

Item Comments % exergy % energy

Input Sun 100 100
Environment 0 28.88
Total 100 128.88

Output Reflection 20 0
Emission 2.12 53.50
Heat (efficiency) 11.54 75.38
Loss 86.34 0
Total 100 128.88

TaBLe 10.2 Comparison of the Exergy and Energy Balances of a Surface
Absorbing Solar Radiation (e; = 1) (from Petela, 2003)
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For the case considered in Table 10.1, the values of efficiencies
can be interpreted as ng = 9.23% and ng = 60.3%, or, respectively, for
Table 10.2, as mp = 11.54% and mg = 75.38%. The values of the en-
ergetic and exergetic efficiencies differ significantly and, except for
reflected radiation by the absorbing surface, other items of both bal-
ances are also very different.

Using formulae (b)-(d) and (f)—(k) in (I), the exergy conversion
efficiency of solar radiation into heat can be determined as follows:

2
T, —Tp T4_T5L_(Tu4_To4)%

10.18
T, 3T*+ Ty — 4T, T3 ( )

mp =3¢

Itis worth noting again that for L/R — 1, formula (10.18) becomes
formula (6.36). The larger is the ratio L/ R, the smaller is the efficiency.
The increased emissivity €, of the absorbing surface increases the ex-
ergy conversion efficiency ng. To determine the optimal temperature
Tz opt, the following condition is used:

onp
=0 10.19
oT, ( )
which leads to the equation:
R? R?
AT oo = 3T, T, o — To T4§ - Ty + T05§ =0 (10.20)

For example, if the solar radiation is considered at Ty = 300K, T =
6000 K, R = 6.955 x 10°m, and L = 1.495 x 10"'m, then T, opt ~ 369.9
K (96.9°C). If the environment temperature drops to Tp = 273 K, then
Ty opt ~ 352.8 K (79.8°C).

The emissivity value €, has no effect on the optimal temperature
Ty opt Of the surface. The T, optimum, at the unchanged exergy b,, of
solar radiation, results from the fact that with increasing T, the heat g
decreases, whereas the Carnot efficiency, nc , =1 -1y /T;, of this heat,
increases.

From equation (10.20) the optimal (exergetic) temperature of the
absorbing surface T; opt can be calculated for a given configuration (R
and L) and the sun temperature T and environment temperature Tp.
Analysis shows that the temperature T, of the absorbing surface can be
considered practically only in therange Ty < T, < T, max. Temperature
T, smaller than Ty requires additional energy to generate surround-
ings colder than the environment, whereas for T, > T, max the heat g
becomes negative because the radiation of the absorbing surface to
the environment is larger than the heat received from solar radiation.

For the sun—earth configuration shown in Figure 10.6, the calcu-
lated T; opt is relatively low and so is the respective exergy conversion

21
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Ficure 10.7 Effect of varying temperature T, on the absorbing surface at
constant T = 6000 K, T, = 300 K, and ¢, = 0.8.

efficiency, as shown in Figure 10.7. However, temperature T; opt can be
significantly increased and the efficiency improved, e.g., by focusing
the solar radiation with a thin lens. For example, if we have a perfect
lens of diameter 2 xR = 4 cm and the sun is seen from a focal dis-
tance of L = 0.5 m, then from equation (10.20) the calculated optimal

100
\
Nc,a
X 80
he]
o
S 60
o~
oén n B>\ Ta, opt
N9
o 40
o
g
=20
0
1 10 100 1000 10000

Environment temperature Ty, K

Ficure 10.8 Effect of varying environment temperature Ty at constant T =
6000 K and g, = 0.8.
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(exergetic) temperature is T opt = 741.5 K, for which, from equation
(10.17), mg =43.8% at T, = 300 Kand T = 6000 K.

The desire of man to travel cosmically motivates consideration of
the environment temperature in a wide range, theoretically 0 < Tp < T..
This is shown in Figure 10.8. With decreasing environment tempera-
ture Ty, the optimal temperature T, op: of the absorbing surface con-
tinuously diminishes and the exergy conversion efficiency mp grows,
approaching 80% for Ty — 0. At the same time the Carnot efficiency
MNc.q = 1-1T,/T;, also grows and reaches 100% for T, — 0.

10.5 Thermodynamic Analysis of the Solar
Cylindrical-Parabolic Cooker

10.5.1 Introductory Remarks

In this section, we consider the cylindrical-parabolic cooker as an ex-
ample of how thermodynamic analysis can be developed for a process
in which radiation plays a role.

One of the most popular areas of the application of solar radi-
ation, especially in countries with an abundance of solar energy, is
cooking. The literature on solar cookers is extensive. For example,
Kundapur (1988) presents a detailed review of different types of so-
lar cookers. The performance of solar energy collectors based on ex-
ergy was analyzed by Fujiwara (1983). Maximization of solar energy
collection from an available geographical area and then cooling the
collector, including the problem of energy storage by melting phase-
changing materials, are discussed by Bejan (1997). Aspects of solar
cookers such as standard testing and performance evaluations were
reported by Funk (2000). Ozturk (2004) for the first time determined
experimentally the exergetic efficiency of a solar parabolic cooker of
the cylindrical trough shape. This type of cooker is discussed here as
exemplary for theoretical analysis.

A solar cylindrical-parabolic cooker (SCPC) is a device driven by
solar radiation, which generally, especially when compared to energy
efficiency, has very low exergy efficiency. There is practically little
one can do in order to improve its performance. The performance of
the SCPC can be enhanced only a little by appropriate design of the
geometrical configuration and optical properties of the surfaces used
to exchange heat by radiation.

The principles of radiative heat transfer can be found in many
textbooks on heat transfer, e.g., Holman (2009), so the present con-
sideration, according to Petela (2005), will focus on exergy analysis,
the methodology for which is outlined in Chapter 4. Analysis of the
conversion process of energy, which conserves itself totally regard-
less of its quality, serves well for design calculations, whereas exergy
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analysis, which takes into consideration the quality of energy, serves
mostly for practical estimation and analysis of the process.

The main reason for the low efficiency of devices driven by solar
radiation lies in the impossibility of full absorption of the real value of
insolation. To obtain high-quality energy, at a high temperature, the
absorbing surface has to be at a high temperature, at which a large
amount of energy would be emitted from the surface to the envi-
ronment. This factor influences both energy and exergy efficiencies.
The low-exergy performance efficiency of SCPC, and of other devices
driven by solar radiation, is caused by a significant degradation of
energy. The relatively high temperature (~6000 K) of solar radiation
is degraded to a relatively low temperature, e.g., to the temperature
T, of heated water, which is not much higher than the environment
temperature Ty (T;, ~ T).

The effect of such degradation, which causes a significant differ-
ence between energy and exergy efficiencies, can be illustrated, e.g.,
by simple consideration of the ratio r of the exergy growth to the en-
ergy growth of water when it is preheated from initial temperature
T, to the higher temperature by AT. The definition of exergy from
formula (2.45) and the entropy of substance from (2.38) at constant
pressure can be used in the consideration. Referring to 1 kg of water
with specific heat ¢, the growth of the water exergy b,, divided by the
growth of the water enthalpy h, is:

_ (bW)Tw+AT - (bW)Tw

— (h)gy st — (ha)y,
c(Ty + AT — Ty) — Tyc In % — (T, — Ty) + Tyc In %
C(Tw + AT — To) — C(Tw — To)

and after rearranging;:

Ty AT
r=1 AT In <1 + T. ) (10.21)

For example for AT = 20 K, based on equation (10.21) and for T,,
smaller than the temperature for boiling water (100°C), the values of
are shown in Figure 10.9 for two different environment temperatures
Tp (280 and 320 K, respectively). The exergy/energy growth ratio r is
very small; however, it increases with the growing water temperature
T, and with decreasing environment temperature Ty.

For rough estimation, the ratio » multiplied by the exergy/energy
radiation ratio ¢ can be recognized as the ratio of exergetic np and
energetic mg efficiencies of utilization of solar radiation for heating,
Mg /M =¥ x r. For example, assuming s s = 0.933 for solar radiation
and taking into account the values of r from Figure 10.9, one can
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Ficure 10.9 The exergy/energy growth ratio r for heated water as a function
of water temperature T,, and environment temperature To (AT = 20 K).

estimate the efficiencies ratio ng /g = 0.1. In the next section, exergy
analysis of the SCPC, including radiative, convective, and conductive
heat transfer, is developed to reveal the exergy losses distribution
causing the low exergy efficiency of the SCPC.

10.5.2 Description of the SCPC

An SCPCis schematically shown in Figure 10.10. The cylindrical cook-
ing pot filled with water is surrounded by the cylindrical-parabolic
reflector. The frame supporting the reflector and cooking pot is not
shown. The considered system of exchanging energy consists of three
long surfaces of length L. The outer surface 3 of the cooking pot has
an area As. The inner surface 2 of the reflector has an area A,. The
system is made up of the imagined plane surface 1 of area A;.

The imagined surface 1, which represents the ambience and the
insolation supplied to the considered system, is defined by transmis-
sivity 71 = 1 (and thus reflectivity p; = 0), absorptivity oy = 0, and
emissivity €1 = 0.

However, the effective emission of the imagined surface 1 can be
determined as the insolation I calculated as follows:

[=216-10"°Ajeso T (10.22)

where 2.16 - 10~° is the solid angle within which the sun is seen from
the earth, €5 is the emissivity of the sun’s surface (assumed as €5 = 1),
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Ficure 10.10 The scheme of the SCPC (from Petela, 2005).

o is the Boltzmann constant for black radiation, and T is the absolute
temperature of the sun’s surface (assumed as Ts = 6000 K). Formally,
it can be assumed that the emission of surface 1is E; = I.

It is assumed that surfaces 2 and 3 have uniform temperatures
T and T3, respectively; uniform reflectivities, p, and p3, respectively,
different from zero; and the emissivities of the surfaces, €, and €3,
respectively, are:

&2 =1—p» (10.23)
g =1-p3 (10.24)

Thus, the emissions of surfaces 2 and 3 are:

E; = Aeyro Ty (10.25)
E; = Aseso Ty (10.26)

The geometric configuration of the SCPC can be described by the
value ¢;_; of the nine view factors for the three surfaces 1, 2, and 3.

10.5.3 Mathematical Model for Energy Analysis
of the SCPC

The calculations are carried out only for the 1 m section of the SCPC
length, which is significantly long (L >> 1). The following known
quantities are assumed as the input data:
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Fieure 10.11 The scheme for calculation of the geometrical configuration of
both the SCPC surfaces and the view factors (from Petela, 2005).

* outerdiameter D of the cooking potand itslocation Lp (shown
in Figure 10.11);

* dimensions x; and 1 of the parabolic reflector (shown in Fig-
ure 10.11);

¢ heat transfer coefficients k, and k3;
e emissivities €, and €3 of surfaces 2 and 3;
e absolute temperature of the sun’s surface Ts = 6000 K;

e absolute water temperature T;, (average of the inlet and outlet
temperatures);

* absolute environment temperature Ty = 293 K.

The equations below are introduced to determine the following un-
known quantities (output data):

e surfaces areas A, Ay, As;
e all view factors, ¢;_;;

o reflectivities p, and p3 (from the assumed emissivities €, and
€3, respectively);

e emissions E,, E3, and insolation I (I = Eq);
e convective heat Q, . from the reflector to the environment;

e radiative heat Q,, from the outer side of the reflector to the
environment;
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e convective heat Q3 from surface 3 to the environment;

e radiosity of the three surfaces J1, J», and J3;

e absolute temperatures T, and T3 of surfaces 2 and 3, respec-
tively;

* energy efficiency of the SCPC, expressed by the water en-
thalpy change Q3 ;.

To derive mathematical equations describing the energy exchange
in the three-surface system of the SCPC at a certain instant in which
the SCPC remains in thermal equilibrium, the following energy con-
servation equations for each successive surface can be written:

Ji=@ o+ @1z + Qoc+ Q2+ Qe+ Qs (10.27)
& (@e2]1+ @22 +e32J3) =Ex+ Qo+ Qo (10.28)
& (e13]1+ ®-3J2 + ®3-3J3) = E3 + Q3 + Qs (10.29)

The magnitudes |1, J», and |3 are the radiosity values for surfaces
1,2,and 3, respectively, and the values of ¢ ;_ ; are the respective view
factors. The radiosity expresses the total radiation that leaves a surface
and includes emission of the considered surface as well as all reflected
radiation arriving from other surfaces of the system. The concept of
radiosity is convenient for energy calculation; however, it cannot be
used for exergy considerations because it does not distinguish be-
tween the temperatures of the components of the radiosity. The two
independent equations for radiosity are included in the calculation:

Ji=1 (10.30)

Jo=Ex+paler2 J1 + 922 J2o+ @32 J3) (10.31)

The radiosity | of the imagined surface 1 equals the insolation I.

It is assumed that the reflector is very thin so the uniform tem-
perature T, prevails throughout the whole reflector thickness as well
as on the inner and outer sides of the reflector. Thus, the heat Q.
transferred from both sides of the reflector is:

Qoc =2 Ahy(T, - Tp) (10.32)

and the heat radiating from the outer side of reflector to the environ-
ment is:

Qar = Aoty (T — T (10.33)

where /5 is the convective heat transfer coefficient and Tj is the envi-
ronment temperature.
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Heat Q3 . transferred by convection from surface 3 to the environ-
ment is:

Q30 = Ash3(T3 — T,) (10.34)

and the useful heat Q3 transferred through the wall of the cooking
pot is:

Q3.4 = Asks(T3 — T,) (10.35)

where h3 is the convective heat transfer coefficient, T,, is the absolute
temperature of water in the cooking pot, and k3 is the heat trans-
fer coefficient, which takes into account the conductive heat transfer
through the cooking pot wall and convective heat transfer from the
inner cooking pot surface to the water.

The equations system (10.22)-(10.35) can be solved by successive
iterations.

Energy analysis of the SCPC can be carried out based on evaluation
of the terms in the following energy conservation equation for the
whole SCPC:

1o+ @ 1s+ Qo+ Qo+ Q3+ Qzu=1 (10.36)

The first two terms in equation (10.36) represent radiation energy
escaping from the SCPC due to the radiosities of surfaces 2 (¢ 1 /) and
3 (¢3,1/3). Dividing both sides of equation (10.36) by I, the percentage
values B of the equation terms can be obtained, e.g., for heat Q, ., the
corresponding (3, . is:

QZ,C
I

B2,c = (@)

however, the term with Q3 , determines the energetic efficiency

_ Q&,u

ME i (10.37)
Therefore, equation (10.36) can be also written as:
dB4me=1 (10.38)

10.5.4 Mathematical Consideration of the Exergy Analysis
of an SCPC

Exergy analysis usually gives an additional basis for the quality in-
terpretation of the process being examined. For the considered SCPC,
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we calculate the exergy of radiating fluxes, the overall exergy effi-
ciency of the SCPC process, and the exergy losses during irreversible
component phenomena occurring in the SCPC.

It is convenient to determine an exergy B of radiation emission at
temperature T by multiplying its emission energy E by the character-
istic exergy/energy ratio s, defined by formula (6.22):

B =Ey (10.39)

For example, the exergy efficiency mg of the SCPC is the ratio of
the exergy of the useful heat Qs ,, at temperature T3, and the exergy
of solar emission at temperature Ts:

Q3.u ( - %)
I

where i 5 is the exergy/energy ratio for the solar emission of temper-
ature Ts, which for Ts = 6000 K and Tp = 293 K is i 5 = 0.9348.

Reflection and transmition of radiation are reversible, so the ex-
ergy losses in the SCPC are considered only for the following compo-
nent phenomena:

np = 100 (10.40)

e Simultaneous emission and absorption of radiation at surfaces
2 (8B) and 3 (8B3). There is no exergy loss at the imagined
surface 1 (8B; = 0) because neither absorption nor emission
occurs but only transmission of radiation, which is reversible.
Other surfaces, 2 and 3, are solid and thus produce the irre-
versible effects of radiation.

¢ Irreversible transfer of convection heat Q. from both sides of
surface 2 to the environment (8B ).

¢ Irreversible transfer of radiation heat Q,, from the outer side
of surface 2 to the environment (8B gy, ).

e Irreversible transfer of heat Qs, from surface 3 to water
(8B su), due to the temperature difference T; — Ty,

¢ Irreversible transfer of convection heat Qs; from surface 3 to
the environment (8B g3;).

* The exergy 8By escaping through surface 1, resulting from
reflections from the SCPC surfaces to the environment. This
loss is sensed only by the SCPC and is not irreversible because
theoretically it can be used elsewhere. This loss consists of the
radiation exergies Bi_1, Bo_1, and Bs_; at the three different
temperatures (Ts, T, and T3):

OB1 = Bi_1 + Ba_1 + B3 (10.41)
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Analogously to the energy conservation equation, the exergy bal-
ance equation can be applied. When relating all the equation terms
to the exergy input, which is the exergy I x 55 of solar radiation en-
tering the SCPC system, the following conservation equation can be
written:

&1 + Epo1 + €31 + Epae +Epar + €3 +Egae +Ep2 +Ep3z +mp = 100
(10.42)

where any percentage exergy loss & is calculated as the ratio of the
loss to the exergy input, e.g., for the convection heat Q; . one obtains:

3B oc

b
Tus (b)

§Q2C =

In the considered system of nonblack surfaces the energy striking
a surface is not totally absorbed, and part of it is reflected back to other
surfaces. The radiant energy can thus be reflected back and forth be-
tween surfaces many times. To simplify further considerations of such
a multi-reflections effect, it is assumed that surface 3 is black, (g3 = 1).
Thus, as the imagined surface 1 was previously assumed to be black
(g1 =1), the only nonblack surface in the exergetic analysis of the SCPC
system is surface 2 (e,<1).

The nine exergy losses appearing in equation (10.42) can be cate-
gorized into three groups. The first group contains the exergy losses
(external) related to heat transfer, (§poc, €2r, €0sus £03c)- The sec-
ond group (£g11, Epa1, Eps1) determines the exergy fluxes (external
losses) escaping from the SCPC, and the third group contains the ex-
ergy losses (internal) due to irreversible emission and absorption on
surface (632, €B3)

Consider the losses of the first group. The exergy loss 8By, due to
the convection transfer of heat Q, . from the two sides of the reflector
to the environment is equal to the exergy of heat Q .:

Ti
3Baae = Qa.c (1 - —°> (10.43)
T
The exergy loss 8By, due to the radiation transfer of heat Q,,
from the outer side of the reflector to the environment is equal to the
exergy of heat Q; ,:

3By = Qo <1 — E) (10.44)

Ty
The external exergy loss 8Bz, due to the transfer of the useful
heat Qs , from surface 3 through the cooking pot wall to water is
equal to the difference of the exergy of this heat at temperature T3 and

281



288

Chapter Ten

at temperature T,:

(10.45)

T; — T Ty — T
BBQ3u=Q3,u( 3 0 _tw O)

TS Tw

The exergy loss 8B 3., due to convective heat transfer from surface
3 to the environment, is determined similarly:

T3 — T; To — T¢
53Q3c=Q3,c< SV O)

10.46
T T ( )

where, obviously, the second fraction in the brackets of equation
(10.46) is zero.

Consider the losses of the second group. As results from formula
(10.41) the external exergy loss 8B; is equal to the escaping exergy
of three unabsorbed emissions at temperatures Ty = Ts, T, and T3
reflected to the environment. By multiplying these emissions respec-
tively by the exergy/energy ratio the three losses can be expressed as
follows:

Bi1 = Q-1 (10.47)
By 1 = Qo 12 (10.48)
By 1 = Q3103 (10.49)

where {55, », and i3 are calculated from formula (6.22) for Ts, Tp,
and T;, respectively, and Qi_1, Q>—1, and Qs_; are the sums of the
unabsorbed portions of the respective emissions of surfaces 1, 2, and
3. Thus, heat Q;_1 represents energy portions from many reflections
of emission E; of temperature T, at the concave surface 2 and arriving
at surface 1:

Qi-1 = E1@i—ap2@2-1 + E1 @12p2@2-2p2¢2-1
+ E1¢12p2@2_2p2P2_2p2¢P2-1 + - - (10.50)

The portions in equation (A3.2) can be expressed as the sum of
the terms of the infinite geometric progression with the common ratio
4)2_2 X p2, thus:

1
Qi1-1 = E1¢12 prpo1 m———— (10.51)
1—@_op>

Heat Q,_1(T>) represents the portion E, x ¢;_1 of emission E; of
surface 2, which directly arrives at surface 1, as well as the portions
in results of many reflections of emission E; at surface 2, arriving at
surface 1:

Qo1 = Exgr 1+ Expopagr-1 + Ex@oop2@a2pagr1+ - -+
(10.52)
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and

1
Qo1 =Expp 1 ———— (10.53)
1— ¢ 2p2

Heat Q3_1(T3) represents the portion E3 x ¢3_1 of emission E3 of

surface 3 that arrives at surface 1 as direct radiation, as well as the
portions in results of many reflections of emission E3 at surface 2:

Q3-1 = E3@a_1 + Ez@a_1p2¢2-1 + E3@s_1p2¢2—2 p22-1

+ E3@3_1p2@r—2p2@2—2p2@2—1 + - - (10.54)
and
1
Q31 =E3 <<P371 + @3_2p22-1 7) (10.55)
1—@2p2

Calculation of the internal exergy losses from the third group can
be based either on the determination of the overall entropy growth
used in the Guoy-Stodola equation (2.60) or determined from the
exergy balance equation for the considered surface in the steady state.
The latter method will be used here.

The considered surface and the imagined heat source connected
to the surface both have to be assumed. For each surface, 2 or 3, the
arriving emissions at three different temperatures need to be taken
into account. It is assumed that these emissions are absorbed by the
surface and transferred as heat to the imagined heat source. Then,
immediately, this heat is taken from the source to generate the emis-
sion of the surface at its temperature. Thus, e.g., the exergy balance
equation for surface 2 can be interpreted as including the following:

The input exerqy entering surface 2, represented by terms due to:

* emission s x Qq_; arriving from surface 1;
e emission y, x Q»_; arriving from surface 2;
* emission i3 x Qs arriving from surface 3;

e heat E>(1 — Tp/T>) needed for emission of surface 2 and de-
livered from the heat source.

The output exergy leaving surface 2, represented by terms due to:

e emission Q;_» x (1 — Ty/Ty) of surface 1 converted as the heat
absorbed by the heat source;

e emission Q,_» x (1 — To/Ty) of surface 2 converted as the heat
absorbed by the heat source;
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e emission Qz_» x (1 — To/T») of surface 3 converted as the heat
absorbed by the heat source;

e emission E; x Ui, of surface 2.

The exergy balance equation can be written in the form of exergy
loss 8B, equal to the difference of the exergy input and output:

OBy = 332 +YsQr2 + 2 (Qo2 — E2)
—(Q32+ Q2+ Qo — En) (1 — %) (10.56)

Analogically, the exergy loss 8B, is:

OB3 = 2 Qo3 +PYsQi-3 + 3 (Q3_3 — E3)
—(Qi—3+ Qo3+ Q33— E3) (1 - %) (10.57)
3

Applying again the formula for the sum of the terms of the infinite
geometric progression, the values or required heat can be determined
as follows.

Heat Q;_», at temperature Ts, is the sum of the portions of emission
of surface 1 reaching surface 2, thus:

1
Q12 =Eip 280 ——— (10.58)
1—@2p2

Heat Q,_, at temperature T, is the sum of the portions of emission
of surface 2 reaching surface 2, thus:

1
Qoo =Expprep—— (10.59)
1— @ 2p>

Heat Q3_; at temperature T; is the sum of the portions of emission
of surface 3 reaching surface 2, thus:

1
Q32 = Ezpzpep ———— (10.60)
1—@_op>

Heat Qy3, at temperature Ts, which is the sum of the totally ab-
sorbed insolation that reaches surface 3 at view factor ¢;_3, and the
totally absorbed insolation parts reflected from surface 2, can be de-
termined as follows:

1
Qrs=Ig 5+ I¢P1—292<P2—317 (10.61)
— P2-2pP2
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Heat Q,_3 at temperature T is the sum of the portions of emission
of surface 2 reaching surface 3, thus:

1
Q3 =Expp 33— (10.62)
1— @ op2

Heat Q3_3 at temperature T3 is the sum of the portions of emission
of surface 3 reflected from surface 2 to surface 3:

1
Q33 = Es@s—zpztpz—sli (10.63)
— 2-2p2

As already shown in this section, the assumption of black surfaces
1and 3 for exergetic consideration requires many more equations com-
pared to the energetic consideration developed in Section 10.5.3 for the
system in which only one black surface 1 was assumed. Obviously, ex-
ergetic consideration of a system with only one black surface 1 would
require significantly more equations compared to the consideration
presented in this section.

Example 10.2 Calculative analyses of the exemplary SCPC are performed in the
following steps.

i. Calculation of the surface areas. We consider the three surfaces (shown in
Figure 10.11) that take part in the heat exchange. The considerations are carried
out for a 1-m long section of the SCPC.

Surface 1. The imagined surface 1 has the area A; determined by the coordi-
nate x of point 2:

A =2x (@)

Surface 2. The surface A, is equal to the length of the parabolic arc of the
reflector and using the coordinates x, and 1 of point 2:

2 2x+ /4243
M= fad e 2T V2 ®)

2 xo w2

If the distance Ls shown in Figure 10.11 is negative, Ls; < 0, then, when
determining radiation heat exchange between surfaces 1 and 2, the length of the
parabolic arc, not seen from surface 1, has to be subtracted from A. Thus, the
three unknowns xs, ¥s, and Ls, defined by Figure 10.11, have to be determined
from the following three relations. The proportionality:

Cm_x ©
yZ—LS_ys_Ls

the equation of the circle written for point S:

D 2
X2+ (ys — Lp)* = (5) (@
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and the equation of the straight line, tangent to the circle at point S, in which
one of the two derivatives of the circle equation for point S is used:

R @

(g)Z sz X2 — Xg

where D is the outer diameter of cooking pot, Lp is the distance of the circle
center from the origin of the coordinate system, and xs and ys are the coordinates
of the tangency point S.

The considerations in the present example are carried out for Ls > 0, and
this condition has to be watched when considering variation of the coordinates
X2 and 0.

Surface 3. The surface area As of the cooking pot is equal to the length of the
circle:

Az =mD (€3]

However, there is a circle arc on surface 3, between points S and S’ (location
of point S’ is symmetric to point S), which is not seen from surface 1. Thus, the
length S, of this arc:

. 2x
Seir = D arc sin fs (g)

has to be subtracted from As to obtain the surface area As; really involved in
the radiation heat exchange between surface 1 and 3:

Az =D — Seir (h)

ii. View factors. For the considered system of surfaces shown in Figure 10.11,
it is assumed that:

® The temperature of any surface is uniform over the entire surface area.
Thisis equivalent to the assumption that the conductivity of the surface
material is very large.

® The view factor for any surface is uniform over the entire surface area.
This means that the surfaces are not too close to each other.

The view factor, for radiation transferred from any surface i to any surface j,
is defined as the fraction ¢;; of the total radiation leaving the surface i, which
reaches surface j. In the considered SCPC there are nine view factors ¢;— j, where
i=1,2,3and j =1, 2, 3. From the energy conservation law the following three
equations can be derived:

Z Qj—i = 1 @)
i
Making use of the reciprocity relations:

Aigioj = Ajeji G
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Surfaces 1 and 3 are not concave, thus:
¢1-1 =¢3-3=0 (k)

The ninth equation, to determine ¢;_3, is derived based on Polak’s crossed-
string method described in Section 7.5.1. The method can be applied when the
considered surfaces are the sides of parallel and infinitely long cylinders, not
necessarily circular but not concave. In practice the method can be applied not
only to infinitely long cylinders but also to finite cylinders that are sufficiently
long. The method introduces the two lengths of imagined strings, shown in
Figure 10.11, which cross (L) or do not cross (L) when they gird the surfaces:

LC - Li’l
3= 1
¢1-3 I ()

The length L, is the straight distance between points S and 2, and L. is the
length of the girding string from point S’ to point 2. The length L1, representing
surface 1, is:

L1=4 (m)

As aresult from Figure 10.11, the other lengths can be determined as follows:

L= /(2 — 2% + (1 — o) w

w D
Le=Ly+ T — Scir (0)

iii. Calculation for energy analysis. Based on the results of the mathemat-
ical model discussed in Section 10.5.3, the energy analysis can be carried out.
Table 10.3 illustrates the responsive trends of the output data to the change in
some input parameters. For comparison, the exergy efficiency np of the SCPC,
determined by equation (10.40) in Section 10.5.4, is also shown in Table 10.3.

The values in column 3 of Table 10.3 are considered as the reference values
for studying the influence of varying input parameters on the output data for
the SCPC. Therefore, each of the next columns (4-14) corresponds to the case
in which the input is changed only by the value shown in a particular column,
whereas the other input parameters remain at the reference level.

The most interesting performance criteria of the SCPC are its capacity (Qz, )
and the energy and exergy efficiencies (ng and np). For the assumed variation of
each of the input parameters shown in columns 4-14, the capacity Qs , fluctuates
in the range of 89.46-149.77 W, whereas the energy efficiency ranges from 5.64%
t0 9.23% and is always about ten times larger than the exergy efficiency ranging
from 0.54% to 0.83%.

Table 10.3 can serve as the basis for studying the significance of the SCPC
dimensions, surface properties, heat transfer coefficients, and operation temper-
atures. For example, reducing the heat transfer coefficient /1, (column 8), which
means, e.g., improving insulation of the outer surface of the reflector, has a rel-
atively small effect on the growth of the efficiencies, and the capacity of the
SCPC becomes only a little larger. Variation of the input value k3 simulates the
heat transfer condition for the useful heat Qs ,, which can be transferred to
the heated water flowing through the cooking pot at various speeds.
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Reference
Quantity | Units value Changed input
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Input: At the reference
Xo m 0.5 0.6 data the perfect
Yo m 0.4 0.3 insulation of the
Lp m 0.1 0.08 outer surface of
D m 0.1 0.08 the reflector is
hy W/m? K 6 10 applied
ks W/m? K 3500 4000
hs W/m? K 6 10
To K 293 303
Tw K 320 330
€ 0.2 0.1
€3 0.9 0.97
Output:
@31 0.376 0.397 0.41 |0.40 /0.380| 0.376| 0.376| 0.376| 0.376| 0.376| 0.376| 0.376 | 0.439
@32 0.624 0.603| 0.59 |0.60 [0.620| 0.624 | 0.624 | 0.624 | 0.624 | 0.624 | 0.624 | 0.624 | 0.561
@13 0.094 0.086 | 0.11 |0.10 |0.077 | 0.094 | 0.094  0.094| 0.094 | 0.094 | 0.094| 0.094 | 0.123
@12 0.906 0.914 | 0.89 |0.89 0.923| 0.906 | 0.906 | 0.906| 0.906| 0.906 | 0.906 | 0.906 | 0.877
@22 0.178 0.147 0.12 |0.19 |0.195| 0.178| 0.178  0.178| 0.178| 0.178 | 0.178| 0.178 | 0.134
@3 0.146 0.126 | 0.15 |0.14 |0.116| 0.146 | 0.146  0.146| 0.146| 0.146 | 0.146| 0.146 | 0.145
@21 0.676 0.727 0.73 |0.66 0.689 0.676| 0.676 0.676| 0.676| 0.676| 0.676| 0.676 | 0.721
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Aq m2| 1

Ay, |m?| 1.341
Az m? | 0.314
Q1 W |416.8
—0. | W |215.0
—Qo | W 21.88
Q3 | W |128.5
Qs |W | 51.12
T3 K ]320.12
Ty K |306.4
E, W |133.9
E; W |168.3
J1 W | 1586
Jo W 1617
J3 W |206.9
n % | 8.097
ur: % 0.731

1.2
1.507
0.314
466.1
250.7
25.56
138.8
51.13
320.13
306.9
151.5
168.3
1904
1862
208.1
7.290
0.658

1
1.22
0.31
412
199
20.3
141
51.1
320
307
122
168
1586
1488
208
8.88
0.80

1
1.34
0.31
415
215
21.9
127
51.1
320
306
168
134
1585
1617
207
8.00
0.72

1

1.341
0.251
390.6
220.7
22.49
106.5
40.90

320.12

306.7
134.5
134.6
1586
1645
166.0
6.714
0.606

1

1.341
0.314
423.0
230.9
13.76
127.2
51.11

320.11

301.6
125.7
168.3
1586
1607
206.9
8.018
0.724

1

1.341
0.314
416.5
215.0
21.88
128.5
51.09

320.10

306.4
133.9
168.2
1586
1617
206.9
8.101
0.731

1

1.341
0.314
416.5
215.0
21.88
94.53
85.09

320.09

306.4
133.9
168.2
1586
1617
206.8
5.959
0.538

1

1.341
0.314
403.3
199.0
22.33
149.8
32.30

320.14

315.4
150.3
168.3
1586
1636
207.2
9.441
0.538

1

1.341
0.314
399.2
217.7
22.17
89.46
69.90

330.08

306.5
134.2
190.2
1586
1630
229.1
5.639
0.676

1

1.341
0.314
323.5
120.1
5.928
146.4
51.14

320.13

300.5
61.92
168.3
1586
1753
208.9
9.226
0.833

1

1.341
0.314
427.4
213.4
21.69
141.2
51.14

320.13

306.3
133.7
181.4
1586
1609
192.9
8.900
0.803

1
1.217
0.314
396.8
213.5
0
132.2
51.12
320.12
319.5
158.4
168.3
1586
1646
207.3
8.336
0.752

TasLe 10.3 lllustration of the Energy Analysis and the Trends Responsive to the Change of Some Input Parameters (Ts = 6000 K,

| = 1586.39 W/m?) (from Petela, 2005)
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Growth of the environment temperature (column 10), which depends, e.g.,
on the time of day, causes the growth in energy efficiency and the capacity Qs ;,
whereas the exergy efficiency decreases significantly.

Temperature T, (column 11) represents the stage of cooking; the later the
stage, the higher Ty, can be expected. Growth in T, causes a decrease in the ca-
pacity and in both energy and exergy efficiencies. It appears that with increased
specific exergy of water the emission E3 increases simultaneously, which reduces
the capacity Q3.

Column 15 represents the theoretical case of perfect insulation of the outer
surface of the reflector, (Q2, = 0 and Qo is reduced by half). In this case both
the energy and exergy efficiencies increase reaching values of 8.34% and 0.752%,
respectively, whereas the capacity (Qs ;) reaches 132.2 W.

iv. Calculations for exergy analysis. Similar to the results of energy analysis
shown in Table 10.3, the exergy analysis for assumed €3 = 1 shows all the terms
appearing in equation (10.42), as presented in Table 10.4.

Similar to the analysis of data in Table 10.3, the output data of Table 10.4
allows for estimating the responsive trends of the exergy losses and the energy
and exergy efficiencies, due to the change of the input quantities. Table 10.4
also presents how the exergy losses are distributed depending on the changes
in the input parameters. From the exergy viewpoint the largest loss is that of
the escaping exergy Bi_1, which in the considered cases ranges from 57.069%
to 65.565% (&p11). The other reversible losses B;_1 and Bz_j are significantly
smaller—below 0.0282% (£g21) and below 0.2567% (£g31), respectively. As men-
tioned before, the quantities Bi_1, Bo_1, and B3_ represent the exergy losses
of the considered SCPC; however, they are reversible and, potentially, might be
utilized somewhere else.

In the second place are the losses occurring due to the irreversible phenom-
ena at surfaces 2 and 3 caused by the simultaneous absorption and emission
of radiation of various temperatures. These losses 8B, and 8B3, ranging from
10.587 to 21.144% (£p2) and from 16.817 to 22.254% (&p3), respectively, express
the degradation of radiation.

The irreversible loss 8B occurs due to heat lost to the environment and
because the temperature T is relatively low, below 0.654% (&g Q2c)-

The loss 8B 3., below 0.53% (£pac), is relatively small because heat from
surface 3 to the environment occurs at a small temperature difference.

The loss 8B g3, below 0.0051%, (§pQ3u), is the smallest because the tempera-
ture difference T3— Ty, is very small, and thus degradation of heat Q3 ;, during
transfer from the cooking pot wall to water, can be neglected.

The exergy of the useful heat Q3 ; is represented by the exergy efficiency ng,
which ranges from 0.6038% to 0.9448%. For comparison, the values of the energy
efficiency of the SCPC, for the cases presented in Table 10.4, are also shown.

v. Discussion and comparison of the results of energy and exergy analyses.
As mentioned before, both energy and exergy analyses can be used together for
a full estimation of the considered process. The energy analysis serves mainly for
design purposes, whereas the exergy analysis presents an image of the process
quality.

Comparison of the energy and exergy balances for the considered SCPC, at
the assumed €3 = 1, is presented in Table 10.5. In both analyses the radiation
escaping from the SCPC is estimated at a relatively high level (energy: 68.34
+ 4.43 = 72.77% and exergy 57.069 + 0.026 + 0.132 = 57.226%). The energy
analysis allows for splitting the escaping radiation loss according to the radiosity
of surface 2 and 3, whereas the exergy analysis makes this split according to the
temperature (Ts, T, and T3) of the escaping emissions.
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Reference

Quantity | Units value Changed input

1 2 3 4 5 6 7 8 9 10 11 12 13 |14

Input: At the reference
Xo m 0.5 0.6 data the perfect
Vo m 0.4 0.3 insulation of the
Lp m 0.1 0.08 outer surface of
D m 0.1 0.08 the reflector is
ho W/m? K 6 10 applied

ks W/m? K| 3500 4000

hs W/m? K 6 10

To K 293 303

Tw K 320 330

€ 0.2 0.1

Output:

€11 % 57.069 |60.270|57.458|57.220 60.254|57.069|57.069|57.069|57.069|57.069 | 65.565|57.069

€621 % 0.0257 |0.0272{0.0249/0.0257|0.0282|0.0144|0.0257|0.02570.0234|0.0264 | 0.0040 0.0257

€31 % 0.1316 |0.1134{0.1355/0.1311|/0.1075|/0.1316/0.1314/0.1313/0.0538|0.2567 | 0.14180.1316

€2 % 20.433 |20.008|18.979|20.426 21.144|20.673|20.433|20.433|20.531|20.438|10.587|20.433

&p3 % 20.528 |17.895|21.548|20.397 16.817|20.533|20.529|20.530(21.024|20.180|22.254|20.528

&s02¢ % 0.6189 |0.6244|0.5852|0.6186|0.6540|0.4349/0.6189|0.61890.5151|0.6357 | 0.1963 | 0.3095

Eoor % 0.0629 | 0.0636|0.0596|0.0629|0.0666|0.0259|0.0629|0.0629|0.0575|0.0647|0.0097 |0

Eaoau % 0.0038 | 0.0037{0.0045|0.0037|0.0032|0.0037|0.0033|0.00220.0051|0.0018|0.00480.0038

&s03c % 0.2922 |0.2438(0.2925/0.2923|0.1339|0.2923/0.2919/0.48610.1171|0.5298 | 0.2926 | 0.2923

B % 0.8340 |0.7506(0.9126|0.8238|0.6922|0.8262|0.8343|0.64090.6038|0.7980| 0.94480.8340

mn % 9.241 8.317 |10.112 | 9.128 | 7.670 | 9.155 | 9.245 | 7.101 | 10.600| 6.654 | 10.469 9.241
TaBLe 10.4 lllustration of the Exergy Analysis and of the Trends Responsive to the Change of Some Input Parameters (Ts = 6000 K,

| = 1586.39 W/m?2, e5 = 1) (from Petela, 2005)
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Energy Exergy

Description Expression % Expression %

Input:

Insolation (I =1586.38 W), 100 (I -¥s= 100
(radiosity J4 = 1) 1483.1W)

Total 100 100

Output:

Escaping radiosity Bea1so 68.34
from surface 2

Escaping radiosity Besiys 4.43
from surface 3

Escaping fraction of &p11 57.069
emission Eq (E4 = 1)

Escaping fraction Ep21 0.026
of emission E»

Escaping fraction &p31 0.132
of emission E3

Radiation irreversibility £po 20.433
on surface 2

Radiation irreversibility &3 20.528
on surface 3

Transfer of convective Boze 13.41 | &ggac 0.619
heat from surface 2

Transfer of radiative Bozr 1.36 | &g 0.063
heat from surface 2

Transfer of convective Bose 3.22 | &gose 0.292
heat from surface 3

Irreversibility of Esoau 0.004
transferred
useful heat Qgz,

Useful heat Qz, M 9.24 | mp 0.834
delivered to water

Total 100 100

TasLe 10.5 Comparison of the Energy and Exergy Balance Terms for the
Considered SCPC (e3 = 1) (from Petela, 2005)

According to the energy analysis the heat losses to the environment are rel-
atively high; by convection 13.41% (Q2.c), 3.22% (Q3,¢), and by radiation 1.36%
(Q3,r), whereas the exergy estimation of these losses is relatively very low—
0.619%, 0.292%, and 0.063 %, respectively.

As shown in Table 10.5, the energy analysis does not reveal any degradation
losses at surfaces 2 and 3 or during transfer of the useful heat, in contrast to
the exergy analysis which, respectively, estimates the first two losses as being
relatively high, 20.433% and 20.528%, and the third loss as very small, 0.004%.

vi. Some comments on the possible optimization of the SCPC surfaces
configuration. The characteristic dimensions of the SCPC can be discussed sep-
arately. Table 10.3 shows that separate variation of x, and y» is quite effective. As



Thermodynamic Analysis of Heat from the Sun

0.6

0.5 A

0.4

0.3 A

yom

0.2

0.1 4

0.0 T T T

0.0 0.2 0.4 0.6

0.8

Ficure 10.12 The influence of the reflector dimensions x, and y, on the

energy efficiency n and exergy efficiency ng of the SCPC (e3 = 1) (from Petela,

2005).

shown, reducing the openness x, and depth v of the reflector causes the growth in
energy efficiency mg of the SCPC, although the capacity Qs , grows only as 1 is
increased. The increase in the efficiencies also comes with the increase of D or Lp.

The problem of maximization of the energy efficiency as a function of four
dimensions, m(x2, 1, Lp, D), is beyond the scope of this discussion. However, for
example, based on simpler analyses, ng(x2, 12) and Mg = (x2, 1), the fragments
of the curves of the constant exergy and energy efficiencies in the coordinates
system (x2, 12), at constant values of dimensions D = 0.1 mand Lp = 0.1 m, are
presented in Figure 10.12. The area of the greatest efficiency values corresponds
to the small values x; and y». However, x, cannot be chosen to be too small (xp >
Xomin), because the characteristic distance Ls becomes negative, which means
that the reflector surface is not fully utilized, as its lower part is not exposed to
the radiation of surface 1. Parameter 1, also cannot be too small (1o > 1omin =
L p+ D), because the assumed configuration of the three surfaces in the presented
example (the cooker does not stick out above the reflector rim) would not be
preserved. Additionally, for the x; and 1, values close to their minimum values,
there is an increase in the significance of the distribution of local values of the
view factor, which weakens assumptions about the uniform distribution of this
factor, applied in the present consideration.

Optimal values of x; and 1, at constant L p and D, can define the shape of the
cooker surface profile for which the energy efficiency is maximal. However, it is
worth emphasizing that based on some additional calculations, it has been found
that the optimal profile, when scaled proportionally, still ensures the same value
of the maximum efficiency, and the capacity of the SCPC increases by the scale-up
factor. For example, it can be concluded that the space (volume) occupied by one
big SCPC of surface area A; can be reduced by the application of the cluster of
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number i of small SCPCs of which each has the surface area A;;, where i ~
A1/ A1;. However, due to the i-times decreased diameter D, to maintain the
same flow rate of the heated fluid, the flow velocity of this fluid also has to be
increased i times, which would result in a greater pressure drop of the fluid.
Thus, for example, the minimum summary cost of a reduced cooker size and
the increased cost of a pumping fluid can be optimized.

10.5.5 Conclusion Regarding the Solar
Cylindrical-Parabolic Cooker

The theoretical energy and exergy analyses and the distribution of
exergy losses for a solar cylindrical-parabolic cooker were presented.
Also shown was the exergy analysis of the radiating surface absorb-
ing many radiation fluxes of different temperatures. The imagined
surface was introduced into the analysis to close the considered sys-
tem of cooker surfaces. The optimization possibilities for the surface
configuration, to increase both energy and exergy efficiencies of the
cooker, were discussed.

It was shown that from the energy viewpoint the low efficiency
is mainly due to the escape of a large amount of insolation that is not
absorbed, and additionally due to heat loss to the environment. Exergy
efficiency is even lower than energy efficiency, mainly due to the large
exergy of the escaping insolation and additionally due to degradation
of the insolation absorbed on the surfaces of the reflector and the
cooking pot. The energy efficiency of the SCPC is relatively low, i.e.,
it ranges from 6% to 19%, and the exergy efficiency is even lower by
about ten times. The presented theoretically calculated values of the
efficiencies are relatively close to the values experimentally measured
by Ozturk (2004).

The influence of the geometric configuration of the cooker on its
performance was outlined. By applying variation only of the openness
(x2) and depth (1) of the SCPC, it was shown that energy efficiency
above 18%, and exergy efficiency above 1.6% could both be reached. It
can be confirmed by calculation that the determined optimal surface
profile of the considered SCPC can be scaled up—at the unchanged
optimal efficiencies—to the SCPC with all the dimensions changed
proportionally. However, to maintain the same capacity, an appropri-
ate adjustment of the flow velocity of the heated fluids is required.
Optimization of the geometry of the cooker, including additional di-
mensional parameters, can be considered in the future.

Nomenclature for Chapter 10

A surface area, m?2

B radiation exergy, W
b  exergy of emission density, W/m?
¢ specific heat of water, W/ (kg K)
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outer diameter of cooking pot, m

emission energy, W

emission density, W/m?

convective heat transfer coefficient, W/(m? K)
direct insolation, W

radiosity, W

heat transfer coefficient, W/(m? K)

SCPC length, m

mean distance from the sun to the earth, L = 1.495 x 10! m
crossed string length, m

distance of cooking pot from the reflector bottom, m
not crossed string length, m

intersection ordinate, m

water mass flow rate, kg/s

heat delivered or extracted from surface, W
heat, W/m?

radius of the sun, R = 6.955 x 108 m
exergy/energy growth ratio

solar irradiance, W/m?,

tangency points

length of circle arc, m

SCPC  solar cylindrical-parabolic cooker

entropy of the emission density, W/(m? K)

Xs,Ys  coordinates of tangency point S (Fig. 10.11) defining shape
and size of the reflector, m
X2, coordinates of point 2 (Fig. 10.11), m
T absolute temperature, K
t temperature,”C
Greek
a  absorptivity
B percentage energy loss
B flat angle coordinates (azimuth), deg
o8B  exergy loss, W
me  energy efficiency of the SCPC, harvesting of solar radiation
np  exergy efficiency of the SCPC, harvesting of solar radiation
¢  view factor
® flat angle coordinate (declination), deg
€ emissivity
J  maximum exergy/energy radiation ratio
[T  overall entropy growth, W/ (m? K)
p  reflectivity
o Boltzmann constant for black radiation,
o =5.667 - 1078 W/(m? K*)
&  percentage exergy loss
T transmissivity
o  solid angle, sr
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Subscripts

atm  atmosphere

a air

a absorbing surface

c canopy

C Carnot

earth earth

i initial or successive number
j successive number

max  maximum

opt optimum

pla exposed to the plate

p plate

Q heat

q heat

S solar

sol exposed to the sun

sky sky

w water

o solid angle

0 environment

1 imagined surface making up the SCPC surfaces system
2 inner surface of reflector

3 outer surface of cooking pot



CHAPTER 11

Thermodynamic
Analysis of a Solar
Chimney Power Plant

11.1 Introduction

Analysis of a solar chimney power plant (SCPP) is presented in this
chapter according to Petela (2009). The SCPP is typical of many pos-
sible examples of power plants driven by solar radiation. The overall
process of power generation in the SCPP is very complex. Up to the
present date, only selected aspects have been studied. The present
study attempts to develop an analysis of the total SCPP process. The
complexity of such a thermodynamic object forces many simplifying
assumptions. This necessity for simplification should not seem dis-
couraging because, e.g., the efficiency of the Carnot cycle was also
derived with far-reaching simplifications and despite this has a fun-
damental significance in thermodynamics.

Althoughnot easy to prove, itis supposed that the proposed math-
ematical thermodynamic model has enough information to determine
the effects of varying input parameters on the SCPP output parame-
ters, especially determining the trends for these effects.

The proposed model involves some magnitudes that, although
they do not precisely determine a real situation (e.g., the effective
temperature of a surface or the average convective coefficients of heat
transfer), they must, however, not be assumed constant, i.e. they have
a certain freedom to vary and respond to show their approximate
values and trends of variation.

We introduce the following characteristic elements:

» formulation of the energy balance of the total SCPP;

e application of the exergy balance for interpretation of compo-
nent processes;

303



304

Chapter Eleven

e application of the eZergy balance for estimation of the effect
of gravity;

* exchange of radiation energy and exergy between the chim-
ney and deck;

e distinguishing the energy, exergy, and eZergy losses to the
environment and sky;

e the concept of a convective-radiative effective temperature
for the surfaces.

The purpose of the present study is not to perform optimization
and only the optimum ratio r7 = 2/3 for the relative pressure drop
in a turbine is assumed. Here we outline the methodology of exergy
analysis applied to the SCPP and develop possible different thermo-
dynamic interpretations of processes occurring within it. Based on the
energy and exergy balances, the distribution of solar input between
the SCPP components is determined. The applied concept of mechan-
ical exergy of air (air eZergy) permits additional interpretation. Based
on the eZergy of air, the positive gravity input is determined for all
the components in which air plays a role. Discussion of the meaning,
significance, and interpretation of the concept of gravity input, which
can be positive, negative, or neutral, remains still open.

Obviously, there are many more problems to study in the future,
preferably within the more complex thermodynamic model of the
SCPP.

11.2 Description of the Plant as the Thermodynamic

Problem

A typical SCPP consists of a circular greenhouse-type collector with
a tall chimney at its center. Air flowing radially inward under the
collector deck is heated from the collector floor and deck, and enters
the chimney through a turbine.

Figure 11.1 depicts an example of an SCPP selected for the present
study. Draft-driven environmental air (point 0) enters the collector
through the gap of height H,. The collector floor of diameter Dy is
under the transparent deck, which declines appropriately to ensure
the constant radial cross-sectional area for the radially directed flow
of the air. The assumption of a constant cross-sectional area in the
collector means that w x Dy x H, =7 x Dy x Hy =7 x D;?/4, and
so the assumed value H, allows for calculation of the inlet turbine
diameter D; = (4 x H, x Dy)'/? and height H; = D; /4. The collector
floor preheats air from state 0 to state 1 (state 1 prevails in the zone de-
noted by a dashed line). The preheated air (state 1) then expands in the
turbine to state 2. The turbine inlet and outlet diameters are D; and D,,
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Ficure 11.1 Scheme of the considered SCPP (from Petela, 2009).

respectively. The height of the turbineis Hr (H; + Hr = H). Expanded
air leaves the SCPP (at point 3) through the chimney at height H;.

For the established geometrical parameters of the collector—
turbine—chimney system, and for the constant thermodynamic input
data such as solar radiation intensity and environment parameters,
the system spontaneously self-models itself in response to the actual
situation. This means that the buoyancy effect determines the flow
rate of air through the system as well as all the air parameters, tem-
perature, and pressure along the path of the air flow.

Exact thermodynamic consideration of the SCPP requires the in-
volvement of many different theoretical areas such as, e.g., thermo-
dynamics, heat transfer, and fluid mechanics. Exergy analysis espe-
cially requires taking into account the temperature distribution over
surfaces (e.g., floor, deck, or chimney), and requires complex expres-
sion of the exergy of nonequilibrium radiation emitted from these
surfaces—each element of the surface has a different temperature and
radiates different exergy.

Energy analysis is a little simpler because the energy of radiation
from a surface is calculated with a simpler formula, and the energy
fluxes need not be followed separately for each particular temperature
during successive reflections between gray surfaces. (The energy of
radiation, in contrast to exergy, does not distinguish between radiation
fluxes of different temperatures.)

Complex, irregular (i.e., selective) spectra of radiating bodies (e.g.,
air, floor, partly transparent deck, etc.) make consideration addition-
ally difficult. There are problems with a locally considered view factor
for radiation transfer: varying conditions for convective coefficients
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(e.g., the dependence of materials properties on thermodynamic pa-
rameters; specific heat of air, viscosity coefficient, etc.); distribution of
air flow velocity, in at least a two-dimensional space, including possi-
ble turbulent behavior of air; conservation of momentum; and energy
conversion from kinetic to potential forms.

The processes can occur in an unsteady mode, especially when
starting, restarting, or shutting down periods. The boundary condi-
tions and the environment conditions can vary significantly. All such
factors exacerbate the difficulties of calculations.

Generally, there are three methods for obtaining the solution in a
specific study of thermodynamic objects.

First, there is the analytical method, which is expected to produce
a solution of differential equations in an analytical form (usually suc-
cessful in a very simplified case). Then, from the solution of the differ-
ential problem, ordinary solvable equations can be obtained. Usually,
the introduction of many simplifying assumptions allows us to pass
over the stage of formulating differential equations and directly de-
velop regular algebraic equations that can be solved if the number of
unknowns is not larger than the number of derived equations. The
present study belongs in this category.

Second, there is the numerical method, which solves numerically by
developing differential equations into finite difference equations. This
allows for significantly fewer simplifying assumptions. However, the
numerical method as a replacement for the analytical approach brings
some inadequacy via the discrete use of variables.

Third, there is the similarity theory method. According to this
method the characteristic dimensionless simplexes (i.e., similarity cri-
teria) are extracted from differential equations. The criteria are used
for derivation of mutual relations based on experimental data from
the appropriately programmed measurements. The relations are frag-
mentary solutions, and have a specific meaning for a particular inte-
grals of a differential problem. In order to formulate an interpretative
model for a process the similarity theory may apply experimental data
obtained on a laboratory, pilot, or commercial scale. This method can
be applied to a SCPP.

SCPPs belong to the category of thermodynamic objects for which
the fully developed application of any of these three methods is prac-
tically very difficult, especially when exergy is involved. Therefore,
for engineering purposes certain simplified models of processes are
usually formulated. These models ignore some less important compo-
nent phenomena, providing a better chance for an achievable solution.
The purpose of even a simplified solution is to ensure the possibility
of measurable estimation of basic relations between process param-
eters, and also the possibility for the design and selection of optimal
versions, all without uncertain guesses.
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Obtaining a complete and exact mathematical description of the
SCPP from a thermodynamic viewpointis very complex. Formulation
of the description based on mathematical analysis leads to differential
equations for mass, momentum, energy conservation, and exergy bal-
ance for which the more details of the processes that are included into
the analysis, the more difficult they are to solve. However, the more de-
tails that are considered, the higher is the significance of the obtained
solution. Therefore, the optimization problem depends on selection
of the optimal precision degree of the thermodynamic analysis.

Simplified models often need to be applied based on an assump-
tion eliminating many of the real features of the thermodynamics
problem. Some models simplify more than others. For each model,
the expectation of exact results diminishes with the growing number
of assumptions. However, simplified models usually describe at least
the trends and the intensity of the response from dependent object
parameters to the varying input parameters of the object. Such results
are often quite satisfactory for practical purposes.

The idea of an SCPP was initiated by Schlaich in the late 1970s.
The first 36-kW pilot SCPP plant began operation in Manzanares, near
Madrid, Spain. The chimney was 195 m high and the radius of the col-
lector was 120 m. Gradually, the SCPP concept was developed further
and many publications discussed various aspects of a solar plant in-
cluding complex processes of heat transfer and fluid mechanics. For
example, Pasumarthi and Sherif (1998a,b) developed the mathemati-
cal model of a collector for studying the temperature and flow veloc-
ity of heated air and determining the expected SCPP efficiency and
power. Padki and Sheriff (1992) considered the effects of geometrical
parameters on the chimney performance. The temperature and pres-
sure fields for flowing air were studied both analytically, e.g., by Ming
et al. (2006), and analytically and numerically, e.g., by Pastohr et al.
(2004), estimating also the varying temperatures of the ground and
heat transfer coefficients.

Many studies also focus on the pressure drop across the turbine
as a part of the total available pressure difference in the system.
The pressure drop was evaluated, e.g., by Haaf et al. (1983), Mullet
(1987), Schlaich (1995), Gannon and Backstrom (2000), Bernardes et al.
(2003), and recently by Von Backstrom and Fluri (2006). Thermo-
dynamic variables regarding the chimney dependent on wall fric-
tion, additional losses, internal drag, and cross-sectional area for
chimneys as tall as 1500 m were studied by Backtrém and Gannon
(2000). Exergy interpretation of the chimney process was analyzed
by Petela (2008d). However, it is worth noting that, due to the com-
plexity of the object, most existing publications consider certain se-
lected aspects of SCPP, but none consider the entire SCPP with all its
components.
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In the following sections, the methodology for full thermody-
namic analysis including eZergy is outlined by a simplified interpre-
tative mathematical model of the SCPP.

11.3 The Main Assumptions for the Simplified
Mathematical Model of the SCPP

In the existing literature there is no detailed, readily applicable, or con-
sistent data on all the SCPP parameters. Therefore, the required data
are generated by the proposed simplified model, which is considered
under the following main assumptions:

(i) The floor has no heat loss to the soil. It is perfectly insulated
and is perfectly black (emissivity & = 1). Thus, there isno solar energy
reflected from the floor. It is worth noting that a further simplification,
not applied in the present consideration, could be the assumption that
the floor material be of almost infinitely large conductivity, which then
could motivate the assumption of a constant temperature of the floor
in the entire collector.

(ii) The deck material is prepared in such a way thatitis almost per-
fectly transparent for solar radiation (transmissivity 7; = 0.95) and the
remaining part (5%) of solar radiation arriving at the deck is reflected.
However, the deck material absorbs perfectly (absorptivity o = 1) any
low-temperature radiation, e.g., from the floor. Thus, consideration of
multi-reflected radiation fluxes is simplified. In addition, the deck is
thin enough that heat conducted through the deck occurs at a zero
temperature gradient. The properties of the deck are assumed so as to
better expose the effect of trapping solar radiation energy within the
collector.

(iii) Variation of floor temperatures with the radial coordinate r
was analyzed by Pastohr et al. (2004). Depending on the model used,
they received relatively significantly different distributions for the
temperature, though it was not clear why. The literature data on tem-
perature distribution at the deck surface is very limited. Therefore,
for the present study, a certain effective temperature Teg for the floor or
deck is applied, according to consideration in Section 6.10.2, which
includes potentials for the heat transfer by conduction and radiation:

A (haverage Tett + 0 To) = / Moeal T dA + & / T*dA (11.1)
A A

where 15yerage and ocal are the average and local convective heat trans-
fer coefficients, respectively, o is the Boltzmann constant for black
radiation, A is the surface area, and T is the local surface tempera-
ture. As some computation estimates indicate, the concept of effective
temperature can be applied only when the surface temperature varies
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within a not too large range, as in the case of the floor and deck con-
sidered.

(iv) Chimney material is perfectly black. The chimney wall is thin,
thus there is no temperature gradient along the wall thickness and
both sides of the chimney (inner and outer) have the same temperature
constant along the chimney height.

(v) Distribution of air temperature is represented by certain effec-
tive temperatures defined according to equation (11.1), however, with
excluded radiative heat transfer.

(vi) Air is considered to be an ideal gas, the parameters for which
fulfill the state equation p = p x R x T, equation (2.1a), and the spe-
cific heat is assumed to be constant (i.e., average, not varying with
temperature).

(vii) Air is almost perfectly transparent for radiation (transmis-
sivity 7, ~ 1 and emissivity €, ~ 0). Air can exchange heat only by
convection or conduction.

(viii) Air flow in the entire SCPP is frictionless. The relative air
pressure drop rr during expansion inside a turbine is estimated dif-
ferently by many authors, as discussed by Backstrom and Fluri (2006).
The drop is considered in the range from 0.66 (e.g., by Mullet, 1987)
to 0.97 (by Bernardes et al., 2003). According to investigation by Back-
strom and Fluri (2006), “for maximum fluid power, the optimum ratio”
rt = 2/3. Therefore in the present consideration it is assumed that:

P-pr_ rr = 2 (11.2)

p1—ps3 3

As mentioned in Section 11.1, optimization of the SCPP is not the
objective of the present work and only the suggested optimum value
rr is assumed for analysis of the SCPP. For illustration purposes, based
on later calculation results (Table 11.1, column 4), the distribution of
the environment pressure and the pressure of air along its flow within
the SCPP are shown in Figure 11.2. The air pressure of the environment
(solid thin line) drops from py at the zero level, to p; at the level H;
of the chimney exit. The air pressure inside the SCPP drops from py
to p1 at the collector outlet (dashed line), and it is assumed that the
same pressure p; prevails also at the inlet to the turbine. Then, within
the turbine, air pressure (thick solid line) drops from p; to p» during
adiabatic (isentropic) expansion generating power. Air from turbine
flows upward and its pressure (dotted line) achieves value p; at the
chimney exit.

(ix) Using average values of gravitational acceleration and air den-
sity along the height Hs:

ps = po— 8o -;g3 Po +2F>03H3 (11.3)
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Ficure 11.2 Distribution of the absolute pressure in the considered SCPP
(from Petela, 2009).

where the following approximations, used by Petela (2008b), were
applied: g3 = go — 3.086 x 107° x Hyand p3 = po — 9.973 x 1075 x
H;. At the earth’s surface the atmospheric pressure py = 101.235 kPa
and gravitational acceleration go = 9.81 m/ s2.

(x) The momentum conservation equation for the air flow within
the collector is derived as:

po — p1 = parw?t (11.4)

where p,1 and w; are the density and flow velocity, respectively, of air
at point 1.

(xi) The deck and chimney radiate to the space of sky temperature
Tiky- Therefore, for a clear sky, formula (6.76) is applied.

(xii) In order to obtain the fair comparison basis, the reference
state for calculation of energy is the same as for exergy: environment
temperature Ty = 288.14 K, (15°C), and environment pressure py =
101.235 kPa.

Additional assumptions are discussed in the following sections.

11.4 Energy Analysis

Energy analysis is based on the energy conservation equations. The
energies E are used in six equations written successively for: floor sur-
face, air in collector, collector (including floor, air, and deck), turbine,
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chimney, and chimney surface:

Eey=Eso+Efq (115)
Ef o+ Eig=Eun+En+Epn (11.6)
Es f=En+En+Ep+Eisy+Eio+ Ei-an (11.7)

Eat + Euwt + Epi = Eay+ Eua + Epo + Ep (11.8)

Eu2 + Euw2 + EpZ +Ei—cn
= Ea3 + Ew3 + Ep3 + Ech—O + Ech—sky + Ech—gr (119)
Ea—ch + Ed—ch = Ech—O + Ed—sky + Ech—gr (1110)

Energies E have the following subscripts:

5 - solar radiation arriving at the floor;

f-a - convection heat from floor to air;

fd - energy exchanged by radiation between floor
and deck;

d-a -convection heat from deck to air;

d—sky - energy exchanged by radiation between deck
and sky;

d-0 - convection heat from deck to atmosphere;

d—ch - energy exchanged by radiation between deck and
chimney;

ch-0 -convection heat from chimney surface to atmosphere;

ch—sky - energy exchanged by radiation between chimney
surface and sky;

ch—gr - energy exchanged by radiation between chimney
surface and ground;

a—ch - heat transferred from chimney air to the chimney
surface;

la,2a,3a - enthalpy of air at point 1, 2, and 3;

wl, w2, w3 - kinetic energy due to the air flow velocity w, w»,
and ws;

pl, p2, p3 - potential energy of air at point 1, 2 and 3;
p - turbine power.

Kinetic energies are calculated as E,, = m x w? /2, where m is the
air mass flow rate, m = 0.25 x ™ x D12 x w; X p,1. Enthalpy of the
air is E; = m x cp x (T, — To), where ¢, is the specific heat of air at
constant pressure.

The potential energy of the considered air, at its constant density
p, depends on the altitudinal variation of atmospheric air density
and gravitational acceleration. The solution of differential formula on
potential energy E,,]/kg, equal to potential exergy, can be determined
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based on formula (f) in Section 2.6.2:
1
E) =m{—— [”—2@ — a5l + 2 (p —ﬂ3)2“ (11.11)
asp 6 as 2

where a1, a,, a3, and a4 are constant values (see Nomenclature).
Total solar energy received by the floor is:

Es_f = ’TdeSAd (11.12)

where S, W/m?, is the solar radiosity at the earth surface, 74 is the
transmissivity of the deck, and ¢ is the floor emissivity, (¢; = 1).
Energy exchanged by radiation between deck and chimney is:

D
Ei—an = ei-cng | D} = €0D2)’| o (Tier = T) (11.13)

where ¢ = 5.6693 x 1078 W/(m? K*) is the Boltzmann constant for
black radiation, Ty ¢ is the effective temperature of the deck, and cp
is the factor to account on thickness of the chimney wall. The view
factor @4_q;, can be calculated from the reciprocity relation:

m
‘Pdfchz I:D} - (CDDz)Z] = @p_qgmCcpDs (H3 - Hz) (1114)

It can be derived that ¢.,—4 = 0.5 x (90 — B)/90, where the angle
B is determined by tan 3 = 2 x Hs/ Dy.
Energy exchanged by radiation between the floor and deck:

Epia =40 (Thus = Tiet) (11.15)

where T . is the effective temperature of the floor and surface area
Aj =m x (Dj% — Dy?)/4.

The following formulae are applied for convection heat transfer
from:

floor to air:

Effa = Adhffa (’I},eff - Ta,eff) (1116)

deck to air:

Ei—o = Adha—g (Thetr — Thetf) (11.17)

deck to environment:

Ei—o = Asha—o (Ta et — To) (11.18)

chimney to environment:

Ecn—o = Achen—o (Ten — To) (11.19)
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and chimney air to chimney wall:

(11.20)

Too+ T,
Epean = Do (Hz — Ho) hy_h (M _ Ch)

2

where 1 is the respective coefficientand the chimney surface Ay, = m x
¢p x Dy x (Hs — Hy). The coefficient h,_, is determined as h,_ g =
Nu x k/D,, where k = 0.0267 W/(m K) is thermal conductivity of
air and the Nusselt number Nu = 0.023 x Re®3x Pr%4; the Prandtl
number for air is Pr = 0.7; and the Reynolds number Re = w, D, /v
(kinematic viscosity coefficient for air v = 1.6 x 107> m?/s).

In a similar way hy_, is the determined coefficient. Although the
air flow is driven by the buoyancy effect, the forced convection mech-
anism of the air flow is assumed. Thus, the calculations are based on
the Reynolds number instead of the Grashof number. In calculations
the average flow velocity of air is assumed. The effective diameter D
for the air flow was assumed as the average ratio of the respective flow
cross-sectional areas (A;) multiplied by four, to the respective perime-
terlengths Loor Ly; Dess = 2 x A1/(1/Lo + 1/L1). It was assumed that
ho—a = hf_q.

The following formulae are applied for energy exchange by radi-
ation between:

floor and deck:
Erd = Ao (Thor = Tiert) (11.21)
deck and chimney:
Ei-ch = @i—ch Aa0 (T} i — T1) (11.22)
deck and sky:
Eisky = @d—sky Ad0 (Tﬁ off — Tiy) (11.23)
chimney and sky:
Echfsky = (PchfskyAchO' (Tﬁ, - Tsiy) (11.24)

chimney and ground beyond the floor:
Echfgr = ®ch—gr Ao (Tﬁ, - T;r) (11.25)
where the view factors fulfill the following relations:

Pi—sky + Pa—ch =1 (11.26)
@ch—sky + Pch—d + Pch—gr = 1 (11.27)
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The view factors ¢.;—4 and @;_cj, are determined based on equation
(11.14), whereas the configuration of the chimney relative to the sky
determines the view factor Pen—sky = 0.5.

Calculation of temperature T; » is based on the equation for the
isentropic expansion in a turbine at an assumed isentropic exponent
k for air and the internal efficiency of the turbine nr. Conversion of
the energy of air into electric power occurs at an overall efficiency m,,
which additionally includes mechanical and electric efficiencies of the
turbine—generator unit.

The energy calculations were carried out with additional as-
sumptions. The air temperature distribution in the collector was as-
sumed to be linear and thus T, o = (Tp 4+ T,1)/2. The diameter ratio
Dy /D, = 0.95. Based on additional calculations the air temperature
drop in the chimney can be estimated as proportional to the chimney
surface and inversely proportional to the air mass rate, T, — T, 3 =
0.154 x D, x Hz/m.

We explore an example of computation using the presented model
as follows. Applying the consideration to the pilot plant at Man-
zanares the floor diameter is Dy = 240 m and the chimney height
is H3 = 195 m. Other data are as follows:

s = 800 W/m? mr =07 H,=03m
k=14 hi_o =5W/(m?K) ¢y = 10007/ (kg K)
B0 =7 W/(m?K) cp = 1.015 Hr=1m

Ty = To R =287.04]/(kg K)

The model responses to the input parameters are presented in
Tables 11.1 and 11.2. Column 4 of the tables presents the basic input
case (i.e., reference case), the results for which are compared to the
results of other input cases represented by columns 5-10 and which
are discussed in Section 11.7. Column 4, with relatively low power,
presents the closest case to the power reported for the Manzanares
pilot plant. The energy results of this column are used for the respec-
tive bands diagram (Figure 11.3). The diagram shows how the solar
radiation energy arriving at the deck Eg = 39.05 MW, reduced by 5%
reflection, is distributed between five SCPP components: collector air,
floor, deck, turbine, and chimney.

In the diagram the energy streams E, W, are represented by their
percentage values e related to the solar radiation energy Es. The floor
(blackbody) fully absorbs the solar radiation (95.00%) transmitted
through the deck and converts this radiation energy into the energy at
the level of temperature Tf o¢. Part of this energy (es—4 = 77.19%) radi-
ates to the deck and the restey , =17.81%is transferred by convection
to heated air in the collector. The power performed by the turbine is
relatively small (Ep = 0.23 MW) mostly due to the small mass flow
rate of air (m = 276 kg/s) and due to the small pressure drop during



# Quantity Units Ref. value Mono-variant changes of input parameters and resulting output

1 2 3 4 5 6 7 8

2 Input

3 S W/m? 800 850 800 800 800

4 Hs m 195 195 200 195 195

5 D¢ m 240 240 240 250 240

6 He m 0.3 0.3 0.3 0.3 0.35

7 Output

8 pl Pa 101,233.66 101,233.93 101,233.67 101,233.83 10,1231.82
9 p2 Pa 99,686.13 99,686.22 99,646.76 99,686.19 99,685.52
10 p3 Pa 98,912 98,912 98,853 98,912 98,912
11 wl m/s 1.10 0.99 1.09 1.03 1.67
12 m kg/s 276 245 274 268 501

13 Tfeff K 388.3 394.5 388.4 389.3 381.7
14 Tdeff 329.8 333.8 329.9 330.6 325.0
15 Taeff K 303.18 304.62 303.20 304.02 299.20
16 Tal K 318.19 321.08 318.24 319.89 310.25
17 Tch K 292.43 292.90 292.35 292.65 291.81
18 Energy

19 eal % 22.99 21.09 22.92 21.75 30.78

TaeLe 11.1 Responsive Trends of Some Output Parameters to Changes of Some Input Parameters (from Petela, 2009)
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# Quantity Units Ref. value Mono-variant changes of input parameters and resulting output
1 2 3 4 5 6 7 8
20 ea2 % 22.24 20.45 22.15 21.07 29.45
21 ea3 % 20.75 19.05 20.63 19.67 27.84
22 ewl % 4.63e-4 3.11e4 4.56e-4 3.64e4 1.95e-3
23 ew2 % 1.93e4 1.30e-4 1.91e4 1.52e-4 8.12e4
24 ew3 % 3.88e4 2.61e4 3.83e4 3.05e-4 1.64e-3
25 epl % 0.3994 0. 4020 0.3988 0.3995 0.3871
26 ep2 % 0.5118 0.5046 0.5139 0.5055 0.5396
27 ep3 % 0.5278 0.5129 0.5300 0.5180 0.5951
28 efa % 17.81 16.23 17.76 16.89 23.73
29 efd % 77.19 78.77 77.24 78.11 71.27
30 eda % 5.577 5.259 5.562 5.258 7.435
31 edO % 26.05 26.82 26.07 26.52 23.05
32 edsky % 44.21 45.27 44.24 45.00 39.51
33 edch % 1.35 1.42 1.36 1.34 1.26
34 ech0 % 0.90 0.94 0.90 0.89 0.83
35 echsky % 1.70 1.64 1.74 1.61 1.78
36 echgr %| 0.230 0.241 0.235 0.224 0.212
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37 EP kW 229 203 234 222 423
38 eP (ne) % 0.64 0.53 0.65 0.57 1.18
39 Exergy

40 bal % 1.2443 1.2439 1.2423 1.2393 1.2434
41 ba2 % 0.08 0.27 0.06 0.20 -0.83
42 ba3 % -0.61 -0.34 -0.65 -0.44 -1.95
43 bwl % 5.148e-4 3.46e-4 5.07e-4 4.05e-4 2.16e-3
44 bw2 % 2.15e4 1.44e4 2.12e-4 1.69e-4 9.03e4
45 bw3 % 4.31e-6 2.89%¢-6 4.25e-6 3.39%e-6 1.82e-5
46 bpl % 0.4438 0.4467 0.4431 0.4439 0.4301
47 bp2 % 0.5687 0.5607 0.5710 0.5617 0.5995
48 bp3 % 0.00586 0.00570 0.005889 0.00576 0.00661
49 bfa % 5.10 4.86 5.09 4.88 6.46
50 bfd % 17.24 18.58 17.26 17.62 14.89
51 bda % 0.783 0.798 0.782 0.750 0.937
52 bdO % 3.657 4.072 3.664 3.781 2.907
53 bdsky % 2.237 2.640 2.242 2.343 1.623
54 bdch % 0.114 0.131 0.115 0.115 0.095
55 bchO % 0.0145 0.0168 0.0144 0.0151 0.0115

TaBLe 11.1 Responsive Trends of Some Output Parameters to Changes of Some Input Parameters (from Petela, 2009) (Continued)
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# Quantity Units Ref. value Mono-variant changes of input parameters and resulting output
1 2 3 4 5 6 7 8
56 bchsky % -0.044 -0.041 -0.046 -0.042 -0.049
57 bchgr % 0.182 0.215 0.189 0.176 0.143
58 Abf % 72.66 76.55 77.65 77.51 78.65
59 Aba % 4.20 3.97 4.19 3.94 5.73
60 Abd % 10.4496 10.9423 10.4600 10.6287 9.3263
61 AbT % 0.33 0.28 0.34 0.29 0.60
62 Abch % 1.21 1.10 1.23 1.16 1.70
63 bP (mg) % 0.70 0.59 0.73 0.63 1.31
64 eZergy

65 zal % 8.96 8.37 8.94 8.57 11.42
66 za2 % 8.82 8.25 8.79 8.44 11.11
67 za3 % 8.24 7.68 8.19 7.88 10.56
68 zGa % 7.28 6.68 7.26 6.89 9.75
69 zGT % 0.89 0.75 0.91 0.80 1.60
70 zGch % 0.673 0.593 0.675 0.632 1.160

TaeLe 11.1 Responsive Trends of Some Output Parameters to Changes of Some Input Parameters (from Petela, 2009) (Continued)

81¢

uaad|j 1ajdeyy



Thermodynamic Analysis of a Solar Chimney Power Plant

Mono-variant changes of input
# Quantity | Units Ref. value parameters and resulting output
1| 2 3 4 9 10
2 Input
3 S W/m? 800 850 800
4 Hs m 195 195 195
5 Ds m 240 240 250
6 He m 0.3 0.35 0.35
7 Output
8 pl Pa 101,233.66 101,232.6 101,232.3
9 p2 Pa 99,686.13 99,685.76 99,685.68
10 | p3 Pa 98,912 98912 98912
11 | wl m/s 1.10 1.47 1.54
12 | m kg/s 276 438 480
13 | Tfeff K 388.3 388.5 383.2
14 | Tdeff 329.8 329.2 326.1
15 | Taeff K 303.18 300.45 299.97
16 | Tal K 318.19 312.75 311.79
17 | Tch K 292.43 292.30 292.06
18 | Energy
19 | eal % 22.99 28.17 29.02
20 | ea2 % 22.24 27.07 27.84
21 | ea3 % 20.75 25.55 26.33
22 | ewl % 4.63e-4 1.24e-3 1.46e-3
23 | ew2 % 1.93e-4 5.18e-4 6.10e-4
24 | ew3 % 3.88e4 1.04e-3 1.23e-3
25 | epl % 0.3994 0.3975 0.3924
26 | ep2 % 0.5118 0.5364 0.5357
27 | ep3 % 0.5278 0.5802 0.5846
28 | efa % 17.81 21.53 22.38
29 | efd % 77.19 73.47 72.62
30 | eda % 5.577 7.040 7.032
31 | edO % 26.05 24.16 23.74
32 | edsky % 44.21 40.92 40.59
33 | edch % 1.35 1.35 1.26

TaBLe 11.2 Responsive Trends of Some Output Parameters to Changes of Some
Input Parameters (from Petela, 2009)
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Mono-variant changes of input
# Quantity Units Ref. value parameters and resulting output
1 2 3 4 9 10
34 echO % 0.90 0.89 0.83
35 echsky % 1.70 1.71 1.69
36 echgr %| 0.230 0.227 0.209
37 EP MW 229 368 404
38 | eP(me) % 0.64 0.96 1.03
39 exergy
40 bal % 1.2443 1.2614 1.2506
41 ba2 % 0.08 -0.45 -0.58
42 ba3 % -0.61 -1.40 -1.58
43 bwl % 5.148e-4 1.38e-3 1.62e-3
44 bw2 % 2.15e-4 5.76e-4 6.77e-4
45 bw3 % 4.31e-6 1.16e-5 1.37e-5
46 bpl % 0.4438 0.4416 0.4360
47 bp2 % 0.5687 0.5960 0.5952
48 bp3 % 0.00586 0.00645 0.00650
49 bfa % 5.10 6.18 6.17
50 bfd % 17.24 16.38 15.42
51 bda % 0.783 0.98 0.91
52 bdO % 3.657 3.349 3.071
53 bdsky % 2.237 2.022 1.756
54 bdch % 0.114 0.112 0.098
55 bchO % 0.0145 0.0139 0.0123
56 bchsky % -0.044 -0.045 -0.046
57 bchgr % 0.182 0.178 0.143
58 Abf % 72.66 77.44 78.41
59 Aba % 4.20 5.45 5.39
60 Abd % 10.45 9.91 9.58
61 AbT % 0.33 0.49 0.53
62 Abch % 1.21 1.50 1.58
63 bP (ng) % 0.70 1.07 1.15
64 eZergy

TaBLe 11.2 Responsive Trends of Some Output Parameters to Changes of Some
Input Parameters (from Petela, 2009) (Continued)




Thermodynamic Analysis of a Solar Chimney Power Plant

Mono-variant changes of input

# Quantity Units Ref. value parameters and resulting output
1 2 3 4 9 10

65 | zal % 8.96 10.62 10.87

66 | za2 % 8.82 10.38 10.61

67 | za3 % 8.24 9.84 10.08

68 | zGa % 7.28 8.92 9.19

69 | zGT % 0.89 1.32 1.41

70 | zGch % 0.673 1.00 1.06

TaBLe 11.2 Responsive Trends of Some Output Parameters to Changes of Some
Input Parameters (from Petela, 2009) (Continued)

the air expansion. The percentage power of the turbine ep = 0.64%
represents the energy efficiency ng of the SCPP. The exhausted en-
ergy (enthalpy) of air from the chimney is e;3 = 20.75%, whereas the
exhausted potential and kinetic energies are small; ¢,3 = 0.52% and
ews = 3.87 x 1074%, respectively. The other SCPP energy losses are by
radiation and convection heat transferred from the deck and chimney
to the sky and environment. Solar energy reflected from the deck is
assumed as eg = 5.00%.

11.5 Exergy Analysis

Data obtained from energy analysis can be used for the design, oper-
ation, and evaluation of the SCPP. However, the same processes, with
the same data, can be also interpreted based on exergy analysis with
the use of exergy balance equations. Exergy B in these equations has
subscripts corresponding to E in energy analysis. The five separate ex-
ergy equations can be written for floor, deck, air in collector, turbine,
and chimney.

These five exergy equations are analogous to five energy equations
(11.5)-(11.9) and differ by the additional members, A B, representing
the respective irreversible exergy losses:

Bs_f = Bf_s+ Bf_g + ABy (11.28)

Bf 4 = Bi—g + Bi_sky + Ba—o + Ba—en + AB;  (11.29)

Bfo+ Bi—g = Bt + Bur + By + AB, (11.30)

Ba1 + Buwi + By = Ba2 + Bu2 + By + Bp + ABr (11.31)

Ba2 + Buz + BpZ + Bi—ch = Bas + Bus + Bp3 + Bao

+ Ben—sky + Bon—gr + A By, (11.32)

31
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Fieure 11.3 Energy balance of the SCPP according to Table 11.1, column 4
(the values are expressed in percent) (from Petela, 2009).

Exergy of solar radiation can be estimated for the radiation tem-
perature slightly smaller than 6000 K. According to data, e.g., in Table
6.1, the exergy Bs can be assumed as being about 90% of radiation
energy, Bs ~ 0.9 xEs.
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Generally, radiation exergy B of a surface at temperature T, emis-
sivity €, and surface area A is determined based on formulas (6.10)
applied for the whole area A:

B = gAe % (3T + T} — T,T°) (11.33)

where ¢ is the view factor accounting for the geometrical configura-
tion of the considered surface in relation to a surface irradiated by the
considered surface. Based on the conclusion of Section 7.5.3, formula
(7.77), the exergy of radiation exchanged between any two different
surfaces at different temperature T, and T,, can be determined by ap-
plication of formula (11.33) for both considered surfaces, which leads
to the following formula:

By y=B:— B, = ‘PxfyAxsxfy% [3 (Tf - Ty4) —4To (Tx3 - T;)]

(11.34)

where €,y is the effective emissivity depending on emissivities €, and
gy of the respective surfaces and is calculated identically to radiation
energy exchange. The effective emissivity simplifies to &x_y = 1 when
the emissivities €, = €, = 1. Formula (11.34) is used appropriately for
calculations of the five radiation exergies: B¢_4, Bi_sky, Ba—cn, Ben—sky,
and B¢

The physical exergy of air (B,1, Bs2, and B,3) is calculated based
on the common formula (2.50):

B, :m[c,, (T, —To) — To (cplnE —Rln£>i| (11.35)
To Py
where ¢, and R are the specific heat and individual gas constant,
respectively. Obviously, exergy of air entering the collector is zero,
B,o = 0, because air is taken from the environment.
Exergy B of convective heat transferred from a surface at temper-
ature T to air (environmental or heated) is calculated based on the
energy E of this heat from the common formula (2.61):

B=E (1 — %) (11.36)

Formula (11.36) is used appropriately for calculations of the four
exergies Bf ;, By_4, Bi—o, and By, . Potential exergies of air are equal
potential energies (By1 = Ep1, Bpo = E 2, and B3 = E3). Kinetic ex-
ergies of air are equal kinetic energies (By1 = Ey1, Bu2 = Ewp, and
Bus = Ew3)'

The results in column 4 of Table 11.1 concerning exergy are used
for the respective bands diagram (Figure 11.4). The diagram shows
how solar radiation exergy arriving at deck Bs = 32.41 MW, reduced
by the 5% reflection, is distributed between five SCPP components:

323



34

Chapter Eleven

bp3 =0.01
bch0 =0.01<—
< bw3~0
bchgr=0.18 — w
Abch =1.21
Chimney
bchsky = -0.06
Rt || NPETR T
p—|
bdch =011~
bdsky =2.24 1\
|bp2 =0.57
bd0 = 3.661\ 1\ ba2 =0.08
32.41 MW
= bw2-~0
bS =100 bR=5.00
1\ bP=0.70
Y
229 kW
Y
| | AbT=0.33
Deck
Abd=10.45 .
Turbine
) 10
95.00
Air
\ Aba=4.20 s bp1-0.44
A - )
—_—>
bwi~0 bal =124
bfa=5.10 T Floor
,P Abf=72.66
bfd=17.24
-
-

Fieure 11.4 Exergy balance of the SCPP according to Table 11.1, column 8
(the values are expressed in percent) (from Petela, 2009).

collector air, floor, deck, turbine, and chimney. In the diagram the ex-
ergy streams B, W, are represented by their percentage values b related
to the solar radiation exergy Bs. Exergy considerations disclose large
degradation of solar radiation. The floor fully absorbs the received
high-temperature radiation exergy and converts it to the exergy at
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the lower temperature Ty of. Part of this T; ot exergy (by_qg = 17.24%)
radiates to the deck and another part by, = 5.10% is transferred by
convection to heated air in the collector. The remaining large part
(Abf =72.16%) is lost during irreversible processes of absorption and
emission at the floor surface.

The power B, performed by a turbine is the same as in the energy
balance, Bp = Ep =0.23MW (i.e., exergy of work is equal to the work).
Percentage power of turbine bp = 0.70% represents the exergy effi-
ciency mjp of the SCPP. Exergy efficiency is slightly higher than energy
efficiency because the same power is related to radiation exergy, which
is smaller than radiation energy. The exhausted exergy of air from the
chimney is negative b,3 = —0.61%, whereas the exhausted potential
and kinetic exergies are small, bp3 =0.01% and b3 = ey3, respectively.
The SCPP loses exergy due to irreversibility and from radiation and
convection heat transferred from the deck and chimney to the sky and
environment. Solar exergy reflected from the deckis br = eg =5.00%.

The negative value of the physical exergy (b,) of air can be stated
as follows. The possibility of negative exergy was mentioned in Sec-
tion 2.6.1. Exergy is a measure of the parameters of matter departing
from the equilibrium state with the human environment. Therefore,
exergy should always be positive whenever the parameters are dif-
ferent from the parameters of the environment. The exergy of matter
within the system (kind of certain “exergy of internal energy”) is really
always positive, whereas exergy of matter exchanged with the system
(kind of “exergy of enthalpy”) can be negative for certain combinations
of matter parameters. This can happen especially for air, e.g., when
the air temperature is not much higher relative to the environment,
and the air pressure is lower than atmospheric pressure.

11.6 Exergy Analysis Using the Mechanical Exergy

Component for a Substance

Another interpretation of the processes is possible by applying the
concept of mechanical exergy, which is one of the exergy components
of a substance. As explained in Section 2.6.2, mechanical exergy takes
into consideration the theoretical possibility that exergy (i.e., maxi-
mum possible work) of a substance can be executed not only at the
earth’s surface level but also at different altitudes to which the sub-
stance can be brought by way of the buoyancy effect. This effect occurs
when the density p of a considered substance differs from density pg
of the environment, p # py.

As discussed in Section 4.5.4, if mechanical exergy is applied, then
on the input side of the exergy balance equation the gravity input term
is introduced. Without such input the equation would not be com-
pleted. Thus, the gravity input is calculated from the exergy balance
equation in which mechanical exergy of the substance is used. In such
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an equation the exergy loss is the same as in the traditional exergy
balance, i.e., it is calculated from the Guoy-Stodola law.

It is presumed that the value of the gravity input (negative, pos-
itive, or zero) expresses the effect of the gravitational field on the
processes in which any substance takes part. In the SCPP, five compo-
nents are considered: floor, deck, air in collector, turbine, and chimney.
Exergy balance equations for floors and decks do not contain terms for
the substance. These equations contain only terms for radiation and
convection heat for which the gravitational effect has not been consid-
ered so far. Therefore, the exergy balances for floors and decks remain
unchanged. However, the three modified exergy balance equations
are considered for heating air in a collector, turbine, and chimney.

We call the mechanical exergy of a substance eZergy, denoted by Z,
W, or z, %, to easily distinguish it from traditional exergy (B or b), e.g.,
used in Section 11.5. (The only substance considered in the SCPP is air.)
Denotations of other exergy magnitudes remain in the present section
unchanged because their values are unchanged. However, eZergy of
air generally differs from exergy of air, Z, > B,, which results from
the definition of mechanical exergy (eZergy):

Z, = max (B, + By, B,) (11.37)

where B, is the potential exergy (B, = E,) and B, is the traditional
physical exergy of air calculated from formula (11.35). Magnitude By is
the physical exergy also calculated based on equation (11.35); however,
for the environment parameters (temperature Ty and pressure pp)
prevailing at the altitude H:

T, P
By=m |cy (T, =Ty) — Ty {cpln — — RIn — (11.38)
Ty Py

In relation to the formula applied by Petela (2008) the approxima-

tions for wider ranges of the considered atmospheric parameters and
altitude are applied according to Petela (2009b) as follows:

H = 1.215485 - 10° — 1.214 - 10° p©0-02353:107 (11.39)
and of the approximated atmospheric parameters at altitude H:

Ty = 288.16 — 0.0093 H + 3.2739 - 1077 H? — 2.9861 - 10~ 2 H*
(11.40)

H= , e 107 .
pu = 101,235 ¢!322107°H 11.41

Except for three equations—(11.30)-(11.32)—the equations
(11.28)—(11.36) from the discussion of exergy in Section 11.5 also
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remain valid in this section. Equations (11.30)-(11.31) change,
respectively, as follows:

Ga + Bfa = Zia + But + Boa + AB, (11.42)
Gt + Zia + Bwt = Zog + Bun + Bp + ABr (11.43)

Gen + Zoa + Bup + Ba—ch = Zaa + Buws + Ben—gr + Bensky + Ben—o + ABey
(11.44)

where G,, Gr, and G, are the gravity inputs in the eZergy balance
equations for the collector air, turbine, and chimney, respectively. Note
that in the eZergy balance equation the potential exergy does not
appear as a separate term because this exergy is interpreted by the
eZergy of substance.

The results in column 4 of Table 11.1 concerning exergy and eZergy
are used for the respective bands diagram (Figure 11.5). Again, the
diagram shows how the solar radiation exergy Bs = Zs = 32.41 MW,
reduced by 5% reflection, arriving at the deck is distributed between
five SCPP components: collector air, floor, deck, turbine, and chimney
in the case of using substance eZergy. In the diagram (Figure 11.5)
the eZergy streams Z, W, are represented by their percentage values
z, related to the solar radiation exergy Zs. The part of the diagram
(Figure 11.5) related to the floor and deck is the same as in Figure 11.4,
because substance does not appear in the balances of the floor or deck.
Also, degradations of solar radiation and convective heat are the same
as shown in Figure 11.4, and the power performed by the turbine is
unchanged (0.23 MW). The percentage power of the turbinezp = bp =
0.70% represents the eZergy efficiency of the SCPP. Specificity of the
diagram (Figure 11.5) shows the relatively large eZergies of air z,; =
8.96%, z;0 = 8.82%, and z,3 = 8.24%. As a result, the gravity inputs
are zg, = 7.28% for air in the collector, smaller for the turbine zgr =
0.89%, and the smallest for the chimney z¢;, = 0.67%.

11.7 Trends of Response for the Varying

Input Parameters

The derived mathematical model of the SCPP responds to the input
data as shown by the computation results in Tables 11.1 and 11.2.
The results can be used to illustrate the trends of the output data in
response to changes in some input parameters. The values in column
4 of Table 11.1 are considered to be the reference values for studying
the influence of the varying input parameters on the output data.
Therefore, each of the next columns (5-8) corresponds to the case in
which the input is changed only by the value shown in a particular
column (bold type), whereas the other input parameters remain at the
reference level.
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Ficure 11.5 eZergy balance of the SCPP according to Table 11.1, column 8
(the values are expressed in percent) (from Petela, 2009).

For example, column 7 of Table 11.1 corresponds to a change in
the floor diameter Dy, which increases from 240 to 250 m. The 10-m
Dy increase causes the 1-K increase of the effective temperature Ty et
of the floor from 388.3 to 389.3 K. At the same time:

w1 decreases from 1.10 to 1.03 m/s
m decreases from 276 to 268 kg/s
Ep decreases from 229 to 222 kW
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H; =195 m
Quantity D =240 m Quantity, S = 800 W/(m? K)
INPUT
S, W/(m? K) 800 850 850 Df, m 240 250 250
He, m 0.3 0.3 0.35 He, m 0.3 0.3 0.35
OUTPUT
ep, % 0.64| 0.53| 0.96 ep, % 0.64 | 0.57 1.03

TaeLe 11.3 Analysis of the Influence of S and Dr on the SCPP Energy Efficiency
(from Petela, 2009)

b,3 increases from —0.61 to —0.44%
b3 decreases from 0.00586 to 0.00576%
Zga decreases from 7.28 to 6.89%, etc.

The model responses can also be the basis for deducing many other
observations. For example, it results from Table 11.1 that increased
solar radiation S from 800 (column 4) to 850 W/(m? K) (column 2)
causes a seemingly unexpected decrease in energy efficiency from
0.64% to 0.53%. However, it can be deduced that increased S requires
an adjustment in the SCPP dimensions to better utilize the increased S.
Thus, it results from Table 11.2 that if with growing S (from 800 to 850),
at the same time the air entrance height H, is adjusted, e.g., from 0.3
(column 4) to 0.35 (column 9), then the energy efficiency grows much
higher (e.g., reaches 0.96%) compared to the case of H, growing to the
same value as in column 8 but at the unchanged S = 800 W/ (m? K).
Similar reasoning about adjusting the SCPP dimensions to the input
situation can also be carried out for the increasing floor diameter Dy.
The reasoning for both input (S and D) is illustrated by Table 11.3.

It can also be noted that there is seemingly an unexpected negative
exergy of radiation exchanged between the chimney and sky (bcj, —sky)-
Because exergy of radiation at a temperature below Ty is positive, this
effect, possibly disclosed only by exergy, occurs because Tyy and is
more below Ty than T, is above Tj.

Generally, as a consequence of many assumptions, the calculated
quantitative responses to varying SCPP input are of limited certainty.
However, perhaps better, certainty can be expected to determine the
direction of trends found in response to varying input parameters.
These trends result from Table 11.1 because the values and algebraic
signs of the partial derivative dM/dN are interpreted by the finite
differences:

M AM _ M(im. jm=4) = M(iu. jn)
oN AN N(in, jn =4) — N(in, jN)

(11.45)
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where M and N are any output and input variables, respectively, iy =
8,...,70is arow number from column 1;iy =3, ..., 6 isarow number
fromcolumn 1; jpr =4, ...,8is a columnnumber fromrow 1;and jy =
4,...,8is the column number from row 1. For example, consider the
direction trend of a change in power Ep (M) in response to a change
of diameter Dy (N). Substituting into formula (11.45), respectively,
foriy =37, in=4,and jy=7,0M/dN = dEp/dDy = (229 — 222)/
(0.3 - 0.35) = -140 kW/m, where the minus sign means that power

Ep decreases with growing diameter D.

Nomenclature for Chapter 11
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as
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c

SCPP

surface area, m?2

=9.7807 m/s? , constant of equation (11.11)
=-3.086 x 107° 1/s?, constant of equation (11.11)
= 1.217 kg/m3, constant of equation (11.11)

=-9.973 x 107° kg/m*, constant of equation (11.11)

exergy, W

exergy, %

chimney wall thickness coefficient

specific heat at constant pressure, J/ (kg K)
diameter, m

energy, W

energy, %

gravity input, W

gravitational acceleration, m/s?

height or altitude, m

height of air inlet, m

height of turbine, m

convective heat transfer coefficient, W/(m? K)
successive number of row in Table 11.1
successive number of column in Table 11.1
thermal conductivity W/(m K)

output

air mass flow rate, kg/s

input

Nusselt number

power, W

Prandtl number

absolute static pressure, Pa

287.04 J/ (kg K), individual gas constant (for air)
Reynolds number

radial coordinate

relative pressure drop in turbine

solar radiosity, W/m?

solar chimney power plant
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absolute temperature, K

mechanical exergy (eZergy), W

T
w  flow velocity, m/s
Z
z

mechanical exergy (eZergy), %

Greek
o

B
AB

Ab

q-oczgj-em

T

absorptivity

angle, deg

exergy loss, W

exergy loss, %

emissivity

view factor

efficiency

internal efficiency of turbine

isentropic exponent

kinematic viscosity coefficient, m?/s

density, kg/m?

= 5.6693 x 10-8 W/(m?K*): Boltzmann constant for
black radiation

transmissivity

Subscripts

a
B
ch

TmO-g M

FOREHLOUORS T
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W

air
exergetic
chimney

deck

energetic
effective

floor

gravity input
altitude

output

input

turbine power
potential
reflected

heat

solar

sky

turbine

velocity (kinetic)
different surface
environment
localities shown in Figure 11.1
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Thermodynamic
Analysis of
Photosynthesis

12.1 Objectives of the Chapter

The present chapter focuses on a successive example of how ther-
modynamic analysis can be developed for a process in which radia-
tion plays a role. The considered photosynthesis is also an example
of a chemical process involving two kinds of matter—substance and
radiation—that abides by the same thermodynamics equations of con-
servation. In a process composed of complex endothermic physical
and complex chemical subprocesses, nonorganic substances are con-
verted into the oxygen and solid organic substance of green plants.
In the presence of water, this process of photosynthesis, which is so
important for the life on earth, absorbs carbon dioxide from the envi-
ronment air and returns oxygen.

The green substance is the initial link in the carbonization process,
which at high temperature and pressure in a deposit layer occurs
during millions years and gradually converts the green substance,
through the stages of wood, pit, coal, anthracite which all are the nat-
ural fuels existing even to day. In such a long-term process, although
the calorific value and chemical exergy of these fuels grow, the ratio
of the chemical exergy to the calorific value diminishes, which means
that, from an exergy viewpoint, the chemical value is larger than the
energetic usability, e.g., for heating by combustion. For example, to
illustrate the problem, the Grout-Apfelbeck’s diagram of energetic
value, for the series of solid natural fuels, was supplemented by Pe-
tela (1966) with the lines of constant exergy.

Simplified analysis of photosynthesis is developed according to
Petela (2008a). Classic thermodynamic analysis of photosynthesis con-
sists of a threefold study that consists of (1) energy analysis (i.e., the
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energy conservation equation is developed to estimate the energy ef-
fects of the process); (2) entropy analysis (i.e., the changes of entropy
are used to estimate the irreversibility of the component processes);
and (3) exergy analysis (which is developed for thermodynamic eval-
uation of both kinds of matter).

We can demonstrate how the available radiation of the energy
spectrum can be utilized selectively by nature partly for driving chem-
ical reactions and partly for heat. Radiation makes possible the chem-
ical reactions due to the physical processes, from which the main
process can be the diffusion of gaseous substrates and products. The
growth of the green substance on a leaf surface is considered here as
the result of the photosynthesis mechanism utilizing solar radiation.
The rate of photosynthesis depends on the external thermodynamic
conditions that can be controlled based on the disclosed mechanism
of the photosynthesis.

Because photosynthesis is extremely complex, the problem of de-
termining the influence of the controlled thermodynamic input pa-
rameters, including CO, fertilization, is approached with many sim-
plifications. The purpose of the thermodynamic analysis developed
here is to obtain or confirm preliminary conclusions and to inspire the
further development of thermodynamic analysis of photosynthesis,
in particular with the application of exergy. Application of eZergy is
meanwhile postponed.

12.2 Simplified Description of Photosynthesis

Photosynthesis is the process by which the energy of photosyntheti-
cally active radiation (PAR), i.e., within the wavelength range 400-700
nm, is used to split gaseous carbon dioxide and liquid water and re-
combine them into gaseous oxygen and a sugar called glucose. The
PAR range differs slightly from the radiation range (380-780 nm) re-
lated to the perception of light by the human eye; see CIE (1987) and
Gates (1980).

The photochemical reaction of photosynthesis cannot occur with-
out the presence of chlorophyll and is a complex two-stage process.
First, the radiation-dependent process (i.e., the photochemical reac-
tion) occurs. This requires direct radiant energy, which excites the
photoactive (i.e., energy-carrying) molecules used in the second
process—the light-independent process (i.e., dark reactions).

The overall process of photosynthesis is a series of complex reac-
tions. In simplified terms, first water and CO, are consumed, and then
oxygen is released. During the second stage, intermediate carbon-
hydrogen molecules are consumed and sugar is generated. However,
for the present analysis only the following endothermic overall reac-
tion of photosynthesis is considered:

6 HyO + 6 CO, - CcH1204 + 6 O, (121)
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Photosynthesis occurs commonly around us and is essential for
life on earth. Detailed aspects of photosynthesis are discussed in many
publications, for example, Borror (1960), Marchuk (1992), Vermaas
(1998), Campbell et al. (1999a, 1999b), and Purves et al. (2003). Of
course, photosynthesis occurs according to the Second Law of Ther-
modynamics, as is discussed, for example, by Brittin and Gamow
(1961), Yourgrau and van der Merve (1968), and, with more detail,
by Jurevic and Zupanovic (2003), who introduce their models for the
mechanisms of photosynthesis. Based on statistical thermodynamics,
Jorgensen and Svirezhev (2004) developed a thermodynamic theory
of ecological systems and also evaluated characteristic variables and
data for mathematical biology.

The present chapter approaches the analysis of photosynthesis
based on the application of classic engineering thermodynamics and
outlines the methodology of exergetic consideration of photosyn-
thesis. Analysis of the subject is complex due to the involvement of
many different scientific disciplines (e.g., chemistry, thermodynamics
with exergy analysis, radiation, heat and mass transfer, etc.). Based
on simplifying assumptions, a certain instantaneous model situation
is considered to obtain only preliminary energy, entropy, and exergy
viewpoints.

12.3 Some Earlier Work About Photosynthesis

From the viewpoint of classical thermodynamics, the literature on
photosynthesis is relatively poor. Classical thermodynamic analysis
seems to be too rough a tool to assess the complex chemical mech-
anisms of photosynthesis. Significantly more literature exists on the
problems underlying the chemical mechanisms of photosynthesis, but
this is beyond the scope of this book.

Energy analysis of green plants has been discussed previously.
For example, Spanner (1964) considered the leaf as a heat engine (Sec-
tion 9.2). His considerations of the “economic” efficiency of photosyn-
thesis led to the (inadequate) formula for the exergy/energy ratio of
radiation discussed later by Petela (2003).

However, the more precise approach of the exergy analysis of
photosynthesis became possible only after the theory of the exergy
of thermal radiation was developed by Petela (1962). Exergy analysis
of plants was applied for the first time by Szargut and Petela (1965a).
In their calculations, an exergy balance was carried out for 1 hectare
area of forest over a 1-year period. It was assumed that (1) the annual
average exergy of solar radiation arriving at the earth’s surface is 10%
of the exergy of extraterrestrial solar radiation (i.e., arriving at the
highest layer of the earth’s atmosphere), (2) the annual average water
precipitation is 0.7 m/year, (3) the calorific value of wood is 7635
kJ/kg, and (4) the wood mass increases by 1350 kg. The exergy of wood
was calculated from the ratio of chemical exergy to calorific value
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determined by the authors as 1.31. The exergy degree of perfection
(the concept discussed in Section 4.6.2) of the forest vegetation was
relatively very small (0.033%), and the respective energy degree of
perfection was 1.4 times smaller. The growth of wood mass was related
to the total radiation, not only to the PAR part of the whole spectrum.

Photosynthesis was later analyzed using the standard energy
approach. However, exergy analyses have seldom been applied. For
example, Bisio and Bisio (1998) discussed the approximate evaluation
of the exergy efficiency and exergy losses, whereas Reis and Miguel
(2006) analyzed the separate day and night processes. An approach to
photosynthesis, based on statistic thermodynamics and exergy, was
developed by Jergensen and Svirezhev (2004).

In comparison to the approach of other researchers, the approach
presented here applies the exergy analysis of photosynthesis dis-
cussed in terms of classic engineering thermodynamics. The analy-
sis considers more details, involves more process parameters, and
assumes that the diffusion of gases controls the process.

12.4 Assumptions Defining the Simplified Mathematical

Model of Photosynthesis
Figure 12.1 presents a simplified scheme of photosynthesis. The sys-
temis defined by the system boundary and contains aleaf surfacelayer
in which biomass is created at temperature T. Diffusion of gaseous
substances and convective heat transfer occurs through the gaseous
boundary layer at the leaf surface. The boundary layer is not consid-
ered for radiation fluxes because it is assumed that air in this layer is
transparent to radiation. The leaf surface absorbs part of the incident

Environment

Total absorbed
solar radiation

Remaining Leaf
part radiation  conyection

heat

Visible

Boundary part

0,
o,y A A
i
i
layer |

Tl

\ N \ N N N N \ \
Leaf S— . gy e — A DA N — W
N, N N AN N AN N ~ \ \ N, N
surface N NN N NN N \
N
H,0 Assumed system
liquid boundary

Ficure 12.1 Simplified scheme of substances and radiation fluxes in
photosynthesis (from Petela, 2008a).



Thermodynamic Analysis of Photosynthesis

solar radiation and emits its own “leaf” radiation of temperature T.
The absorbed radiation is expended on the metabolism processes of
the leaf and on maintaining the leaf temperature T above the environ-
ment temperature Tp.

Liquid water from the leaf body, at temperature T, enters the con-
sidered system. Only a relatively small amount of this water is activein
the assimilation of the CO, which diffuses into the leaf from the exter-
nal environment. The excess of water is transpired in the form of vapor
diffusing from the leaf to the environment. Oxygen produced during
photosynthesis also diffuses into the external environment. The wa-
ter vapor and oxygen exiting the boundary layer, as well as the CO,
entering the boundary layer, have environment temperature Tj at the
respective environment mole concentrations z,0,0, Zo,,0, and zco,.o-

Both the potential and kinetic components of exergy are neglected
because the flow velocities of these substances are very small, and the
leaf is insignificantly above the earth’s surface. Only the chemical and
physical components of the energy and exergy of the substances are
considered. The physical component reflects the physical parameters
of the substance (e.g., temperature and pressure). The chemical com-
ponent reflects the chemical composition of the substance and is de-
termined based on the devaluation reaction as discussed in Section 2.7.

The energy, entropy, and exergy of radiation are calculated based
on considerations in Sections 7.1-7.3, respectively.

The complex photosynthesis mechanisms occurring in the leaf
are not considered. Only the overall effects described by equation
(12.1) and the matter fluxes observed around the leaf (Figure 12.1) are
analyzed. The following conditions are also assumed:

i. Considered is a conventional horizontal unitary (1 m?) surface
of the leaf during a certain instant at the determined constant condi-
tions.

ii. To determine the actual energy arriving at the leaf’s surface,
the solar radiation energy of the spectrum measured at the highest
layer of the atmosphere is multiplied by a certain weakening factor
v. The larger is the vy, the smaller is the weakening (y < 1). In the
proposed simplified model the weakening factor is not studied, nor
is it concretely defined. Only certain possible values of y are used in
calculations. Some data, discussed, e.g., by Igbal (1983), Muneer et al.
(2004), and Gueymard (2008) can contribute to determination of the vy
factor.

iii. Cloudy situations are not analyzed.

iv. Solar radiation arrives directly from the sun at its zenith (solar
radiation is perpendicular to the horizontal surface of the considered
leaf), within the solid angle determined by the diameter of the sun and
its distance from the earth. The reduced effect due to the nonperpen-
dicular radiation can be expressed by the appropriate value of factor-y.
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v. Sufficient chlorophyll necessary for photosynthesis is available.
Any change in the chlorophyll concentration during photosynthesis,
as well as the thermodynamic effect of such change, are neglected.

vi. The surroundings of the considered leaf consists only of the
surfaces at temperature Ty and of absorptivity g = 1 (the sun’s surface
area is neglected as being seen within a relatively small solid angle).

vii. Mixtures of substances in the system are ideal; the compo-
nents do not mutually interact. Therefore, mixture properties are
the respective sums of the component properties. For example, the
biomass contained within the leaf structure is an ideal solution of
solid C¢H1,0O4 and water.

viii. Theenvironment air contains only N, O,, CO,,and H,O. The
dry environment air contains 79.07% N3, 20.9% O,, and 0.03% COs.
The sum of all mole fractions of the air components is zx;, 0 + zo,,0 +
2c0,,0 + 21H,0,0 = 1, where zy,0 ¢ is determined by the relative humid-
ity @o of the air and the saturation pressure p; for the environment
temperature Tp: ZH,0,0 = @0 - Pso- In terms of radiation it is assumed
that the diatomic gases have transmissivity 100% and the concentra-
tion of the triatomic components (CO, and H,O) is relatively small
and they also have transmissivity 100%.

ix. The considered leaf has uniform temperature T; there is no
heat transfer within the considered surface layer. According to the
evaluation by Jergensen and Svirezhev (2004) there is a several degree
difference A between the leaf temperature and environment temper-
ature.

x. The liquid water required for photosynthesis is available in a
sufficient amount.

xi. In the considered conditions (as explained later, e.g., in Figure
12.8), the rate of sugar production is limited by the effectiveness of
diffusion of gases, not by the reaction kinetics depending on temper-
ature.

xii. The generated sugar has only chemical exergy b, resulting
from chemical reaction (12.1). The component of the sugar exergy
gained as a result of ordering is neglected. The ordering means the
structure of the biomass according to genetic plan, considered, e.g.,
by Jergensen and Svirezhev (2004). Also neglected are any eventual
component exergies, e.g., exergy due to the presence and necessity of
chlorophyll as well as anything that would reflect a mystery factor
of life, etc. The inclusion of any of these additional exergy compo-
nents, some mentioned by Jorgensen and Svirezhev (2004), would
also require the inclusion of the respective component enthalpies in
the energy conservation equation from which the rate of the sugar
production is calculated. Without such adjustment the calculated rate
would be so large that the exergy efficiency, taking into account the
discussed exergy components, could be unfairly larger, possibly even
larger than 100%.
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Absorption means receiving radiant energy that is not necessar-
ily converted to heat. The terms absorb and absorptivity are interpreted
respectively to term of absorption. The term radiation means the “emit-
ting process” or “emitted product”—a photon gas.

Yet more assumptions, in particular on some properties of sub-
stances and radiation are discussed in the following Sections. Evalu-
ation of the significance of each simplification is not studied here in
detail. However, it can be expected that some simplifications will not
qualitatively affect the final conclusions, although the quantitative re-
sults will be affected remarkably. For example, the weakening factor
v can be determined through deep theoretical analysis, using precise
data about the diffusive loss of radiation energy with an accounting
of the complex time-dependent geometrical configuration of the leaf
relative to the sun. Thus, y can be finally estimated at the specific
value included in the range of possible values in the presented model.
In other words, the problem lies mostly not in the model effective-
ness but in determination of the actual value of y to be applied in
the model. Obviously, radiation arriving at the leaf can be accurately
determined by measuring the radiation spectrum directly at the leaf
surface.

12.5 Properties of Substance

12.5.1 Energy of Substance

The substances in the system (Figure 12.1) are gaseous CO,, O,
and H,O (assumed to be ideal), liquid water, and the leaf substance
(biomass). The enthalpies of the gases are zero because at the system
boundary they have environment temperature Ty. However, for the
liquid H,O the water vapor is the reference phase. Therefore, the en-
thalpy of liquid water is equal to the sum of the negative value of
the latent heat of vaporization at temperature Ty and the temperature
difference A = T — Ty multiplied by the specific heat of water.

The generated biomass is assumed to be a mixture of liquid water
and sugar. The enthalpy of this mixture is calculated as the sum of the
component enthalpies. (For liquid and solid bodies the enthalpy is
practically equal to the internal energy). The enthalpy of sugar is the
sum of the physical enthalpy and devaluation enthalpy. The physical
enthalpy of sugar is calculated for the temperature range from Ty to T
at the constant specific heat, ¢, =430.227 kJ / (kmol K), assumed, e.g.,
for an oak according to data given by Wisniowski (1979).

The values of devaluation enthalpies d, for the standard param-
eters (pressure p, = 101.325 kPa and temperature T, = 298.15 K) are
tabulated, e.g., by Szargut et al. (1988). Variation of the devaluation en-
thalpy within the considered temperature range is negligible. Due to

339



340

Chapter Twelve

a lack of data, the devaluation enthalpy d,, c,m,0, = dnsu = 2,529,590
kJ/(kmol of sugar) is assumed to be similar to that for a-p-galactose,
predicting that the devaluation enthalpy of the real substance gener-
ated in the leaf differs insignificantly. Such an assumptionis supported
by the fact that the devaluation enthalpies tabulated for the substances
of the same chemical formula (a-D-galactose and L-sorbose) differ
insignificantly.

12.5.2 Entropy of Substance

In a chemical process some substances are created and some others are
consumed. Thus, the so-called absolute entropy of each substance, cal-
culated as the entropy increase from a temperature of absolute zero,
should be considered according to formula (2.38). The absolute en-
tropy values, sp, for gaseous CO,, O,, and H,O are tabulated as a
function of temperature at pressure p, = 0.1 MPa; e.g., by Burghardt
(1982). To calculate actual entropy s at any pressure p, the correction R-
In(p/prab) is added, where R is the universal gas constant, R = 8.3147
kJ/(kmol K), and p is the partial pressure of gas in the environment.

Also, according to Burghardt (1982), the entropy of liquid water
at temperature T, is 69.98 k] /(kmol K). To calculate the entropy s;, of
liquid water at temperature T the correction c,, - In(T/T,) is added.

Due to alack of data about the absolute entropy of sugar, such data
are calculated. Again, sugar generated in the leaf is assumed to be the
same as a-D-galactose. To calculate the required absolute standard
entropy s c,t,0,, formula (2.65) on the standard entropy of devaluation
reaction o, is used as follows:

Sn,C¢H12,06 = Sn,su = 6(SHZO + SCOZ)n - (SOZ)n — On,su (122)

where sy,0, 5co,, and so; are the absolute standard entropies of the
respective gases and the standard entropy of devaluation o, =
—979.71 KJ/(kmol K) is given by Szargut and Petela (1965b). From
equation (12.2) the calculated value of the absolute standard entropy
is 8.5y = 2164.6 kJ/ (kmol K). To calculate the absolute entropy s, at
any temperature T, the correction ¢y, - In(T/T,) is added.

12.5.3 Exergy of Substance

As mentioned in Section 12.4, from all possible exergy components
only the physical by, and chemical b, exergy are taken into account
to calculate the total exergy b = by, + by, of a substance. The exergy
of each gas (CO,, H,O, and O,) is zero because in the considered case
their states are in full equilibrium with the environment.

The total specific exergy b, of liquid water is approximated in
Section A.7 as a function of temperatures T and Tp, based on data
from the Szargut and Petela’s diagram (1965b).

The exergy of the generated biomass is the sum of the exergy
of the components (liquid water and sugar). The specific chemical
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exergy of sugar is determined based on the standard tabulated value
bysu= 2,942,570 kJ /kmol, to which the correction for the difference of
temperatures T, and Tj is added according to equation (2.63):
T, — T
bch,su = bn,su + TO (dn,su - bn,su) (12~3)

n

According to formula (2.64) the specific physical exergy of sugaris:

T
bph,su = ¢su (T — To) — Tocsy In TO (124)

12.6 Radiation Properties

12.6.1 Energy of Radiation

12.6.1.1 Energy Radiation of the Sun

In general cases, the temperature and properties (e.g., emissivity) of
the source, from which the considered radiation arrives, can be un-
known. Energy of suchradiation is considered to be arbitrary radiation
(i.e., radiation of any irregular spectrum not expressible by the ideal
black or gray model). This can be determined by radiosity calculated
based on the results of spectrum measurements. In the present con-
siderations the radiation arriving at the leaf surface is considered to be
arbitrary radiation arriving from the sun. The radiation is recognized
as nonpolarized and uniformly propagating within the solid angle
under which the sun is seen from the earth. To calculate the solid an-
gle the radius of the sun Rs = 695,500 km and the mean distance from
the sun to the earth Ls = 149,500,000 km have been assumed.

The formulae regarding radiation are derived based on the dis-
cussion in Chapter 7. The radiosity js of the solar radiation of the real
spectrum can be calculated based on equation (7.15) written using
wavelength \ instead of frequency v:

js=2 //cosBsinB dp de /io,}\d)\ (12.5)
B ¢

A

The double integral in the brackets of equation (12.5) was cal-
culated in Example 7.4, formula (7.78). However, because the single
integral in equation (12.5) can be solved analytically only for a black
radiation—thus for any radiation of arbitrary spectrum—a numerical
solution is applied. Using (7.78) the following form of equation (12.5)
can be applied:

js =4.329-107° 7 Y (ioaAN), (12.6)
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where i) is the measured monochromatic intensity of radiation de-
pending on the wave length \, and 7 is the successive number of the
wavelength intervals within the considered range of wavelengths. For
example, especially for green plants, a measurement method has been
patented by Obynochnyi et al. (2006). The observed spectra of global
direct and diffuse radiation were used, e.g., as in the numerical anal-
ysis by Jiacong (1995), and calculation of the sky spectral irradiances
were developed by Gueymard (2008).

The monochromatic intensity values ig\ given by Kondratiew
(1954) have been used in the calculations. For the 0-co wavelengths
range, the sum in equation (12.6) has been calculated by Petela (1962)
and the respective radiosity is js = 1.3679 kW/m?, as was used in
Example 7.5. The js value so obtained is slightly smaller than the
newest value 1.3661 kW/m? determined by Gueymard (2004). For the
PAR arriving from the sun in the highest layer of atmosphere within
the wavelengths range (400-700 nm): ", (ip., AN), = 4013.105 kW /
(m? sr). Thus, the radiosity of the PAR calculated from equation (12.6)
is jy = 0.5446 kW /m?.

12.6.1.2 Energy Radiation of the Leaf Surface

The radiation emitted by the leaf surface is recognized as the radiation
of the determined surface properties. The leaf emission propagates
in all directions of the hemisphere as well as the radiation from the
environment arrives at the leaf surface from all directions of the hemi-
sphere. Therefore, the energy e, exchanged between the leaf and the
environment is assumed to be:

er = a0 (T = T) (12.7)

where o , is the average absorptivity of the leaf surface, o is the Boltz-
mann constant for black radiation, and Ty is the environment temper-
ature. To simplify the consideration the sky temperature is assumed
to be equal to the environment temperature. At small temperatures
(T and Tp) the energy of PAR is relatively small, e.g., in comparison
to the case of radiation at the temperature of the sun. Therefore, the
assumption that the average absorptivity o , equals the leaf absorp-
tivity o, for the non-PAR wavelengths range oy, , = oy, slightly affects
the value of the energy ¢; calculated from equation (12.7).

12.6.2 Entropy of Radiation

12.6.2.1 Entropy Radiation of the Sun
As mentioned in Section 12.6.1.1, the temperature and properties of
the surface from which the radiation arrives are unknown and the
considerations of Chapter 7 are applied.
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The radiosity entropy ss of the solar radiation of the real spectrum
can be calculated based on equation (7.36) written using wavelength
\ instead of frequency v:

Sg =2 //cosBsinB dpde /Lmd)\ (12.8)
B e N

Again, the double integral in the brackets of equation (12.5) was

calculated in Example 7.4, formula (7.78). However, because the single

integral in equation (12.8) can be analytically solved only for a black

radiation, thus for any radiation of arbitrary spectrum, a numerical

solution is applied. Using (7.78) the following form of equation (12.8)
can be applied:

ss =4.329-107m Y (LoaAN), (12.9)

where Ly is the entropy of the monochromatic intensity of radiation
depending on the wavelength A and determined by equations (7.25).
It is noteworthy that the universal formula (7.25) can be used for any
radiation of an arbitrary spectral composition.

The monochromatic intensity values ig), given by Kondratiew
(1954), have been also used for entropy calculations. For the 0-oco
wavelengths range, the sum in equation (12.9) has been calculated
by Petela (1962) as ss = 0.307 - 102 kW /(K m?). Using formula (7.25)
for the PAR arriving in the highest layer of atmosphere, the value
>, (LoaAN), = 0.83293 kW /(K m? sr)has been calculated. Thus the
entropy of radiosity for the PAR calculated from equation (12.9) is
sy = 0.113 - 103 kW /(K m2).

12.6.2.2 Entropy Radiation of the Leaf Surface

Analogously to the discussion of radiation energy (Section 12.6.1.2),
and using formula (5.24) at emissivity equal to absorptivity, the en-
tropy s, of radiant energy exchanged between the leaf and the envi-
ronment is assumed to be:

4
sL=0z o (T° - Ty) (12.10)

12.6.3 Exergy of Radiation
12.6.3.1 Exergy Radiation of the Sun

The calculation of exergy bs for nonpolarized, uniform, and direct
solar radiation arriving in the earth’s atmosphere is based on the an-
alytical formula (7.45) in a numerical form, such as formula (7.79) in
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Example 7.5 with accounting of formula (7.78). Additionally, by ap-
plication of the wavelength \, instead of frequency v, one obtains:

9.445 . 10712
bs =4.329-107° Tr(Z (f0aAN),— To Y (LoaAN), + 54%4)
n

n ™

(12.11)

Using Ty =293 Kin equation (12.11), the exergy of total solar radi-
ation bg = 1.2835 kW/m? and the exergy of PAR by = 0.5155 kW /m?
are calculated.

12.6.3.2 Exergy Radiation of the Leaf Surface

By definition, the exergy of radiant emission for any surface at the
temperature of the local environment Ty is zero. Therefore, the ex-
ergy of environmental radiation arriving at the leaf surface is zero.
Assuming the leaf has emissivity equal to absorptivity, the exergy b;.
of emission from the leaf surface at temperature T can be determined
by the formula (6.10) as follows:

b, = o %(3T4 + T — 4T, TY) (12.12)

12.7 Balances Equations

12.7.1 Mass Conservation Equations

The mass fluxes, kmol/(m? s) of CO, and O, are determined by the sto-
ichiometric factors of equation (12.1): nco, = 6y, no, = 615, where
1y is the amount (kmol) of sugar produced within a period of 1 s and
per 1 m? of irradiated leaf surface.

The mass flux n,, of water entering the leaf includes (a) water 1,1,
within the generated biomass, (b) 6 - 15, of water entering the chemical
reaction (12.1), and (c) water ny,o vaporized into the environment.
Thus, ny = 1y + 61y, + 1,0 where 1y, = 15, (1 — z,) /25, and where
Zsy is the mole fraction of sugar in the biomass composed of sugar and
water.

As discussed by Jergensen and Svirezhev (2004), an important
factor in the determination of the effectiveness of photosynthesis is the
mole ratior = np,0/nco, of the water vapor and carbon dioxide rates.
Water vapor diffuses from the internal surface of the leaf, through the
stomata and intercellular space, toward the external surface of the leaf,
and then diffuses through the boundary layer to the atmosphere. The
water rate, 1,0, is proportional to the generalized coefficient Diy,0
of diffusion and to the difference (zi,0.1 — zr,0.0), where zp,0 1 is the
initial mole concentration of vapor at the inner surface and zy,0,9 is
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the final mole concentration in the environment. Diffusion of carbon

dioxide occurs in the opposite direction and is also proportional to the

generalized CO, diffusion coefficient Dco,, as well as to the respective

difference of mole concentrations zco, o and zco, .- Therefore the rates

ratio is:

_ Dm0 zmor — zm,00 Mu,o
Dco, zco,,0 — Zco,,. Mco,

r (12.13)

where My,0 and Mco, are the molecular masses of H,O and CO, re-
spectively. The diffusion coefficients ratio was estimated by Jorgensen
and Svirezhev (2004) as Dy,0/ Dco, & 1.32 and according to Budyko
(1977):ZC02,0 — ZCO, L ~ 0.1 ZCO,,0-

It is also assumed that the concentration of water vapor within
the leaf corresponds to the saturation pressure p; 1 at temperature
T, z1,0.1. = ps,7/po- Thus, equation (12.13) can be written as:

=54 Ps, T — PopPs, 0

P0ZC0,,0

(12.14)

Theratior is determined by the diffusion processes that control the
rate of reaction (12.1), accordingly to assumption (xi) in Section 12.4.

12.7.2 Energy Equation

The energy conservation equation was formulated for the system
shown schematically in Figure 12.1. The energy delivered consists of
absorbed solar radiation and the enthalpies of carbon dioxide and lig-
uid water. The energy increase of the system is determined by the rates
of the sugar substance and liquid water in the produced biomass. The
extracted energy consists of the enthalpies of oxygen and water vapor
as well as convective heat and emission exchanged by the leaf surface:

v lavjv +ar (js — jv)] + nco,hco, + twhow =
nsuhsu + nthw + nOZhOZ + i’leol’leo + qk +er (1215)

where v is the radiation weakening factor and ay and «;, are the ab-
sorptivities of the leaf within and beyond the PAR wavelength range,
respectively.

According to assumption (vii), Section 12.4, the biomass is an ideal
solution of sugar and water. The total enthalpy of the biomass is the
sum of the respective components, 11, - sy + tr, - Hyp.

The heat (g) transferred by convection from the leaf surface to the
environment is gy = k(T — Tp), where k is the heat transfer coefficient.
Equation (12.15) is used to calculate the unknown rate n;,. The leaf
temperature T is higher than the environment temperature Ty by the
difference A:

T=Ty+A (12.16)

as discussed in Section 12.4, assumption (ix).
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12.7.3 Entropy Equation
The irreversibility of photosynthesis can be evaluated using overall
entropy growth IT, which comprises the entropy changes occurring
as a consequence of the process. For example, the sun emits radia-
tion regardless of the presence of the considered leaf, and the space is
filled with this radiation (e.g., photon gas) with its respective entropy.
When the considered leaf becomes exposed, then a portion of the in-
cident solar radiation from space is absorbed by the leaf. Thus, the
respective radiation entropy ss disappears and this needs to be taken
into account. Other consequences are the convective and radiative heat
transfer from the leaf to the environment of temperature Ty. Added
consequences are the appearing and disappearing entropies of sub-
stances taking part in the chemical reactions of photosynthesis.
Therefore, entropy growth IT consists of the positive (appearing)
entropies of generated sugar (ss,,), liquid water (s, ) in the generated
biomass, released water vapor (sy,0), 0xygen (so,), net emission (sr,)
of the leaf, and convective heat (s;). The negative (disappearing) en-
tropies correspond to carbon dioxide (sco,), water (s,), and absorbed
radiation (sg). Therefore:

IT = n5Ssy + MoyLSw + MH,05H,0 + 10,50, +SL + 54

—Nco,5CcO, — NwSw — Y [O‘VSV +ap (SS - SV)] (1217)

where s; = g/ T.
As with enthalpy, the total entropy of the biomass is the sum of
the respective components, 1y, + Ssy + Myl * Sw-

12.7.4 Exergy Equations
According to the scheme in Figure 12.1, the following exergy balance
equation can be written:

Ylav by + o (bs — bv)] + nco,bco, + 1w bw =
sy bsy + Nywr by + no, bOZ + 1,0 ngO + bqk + ber +0b
(12.18)

where 8b is the total exergy loss due to all irreversible processes oc-
curring within the system. The exergy loss can be determined by the
Gouy-Stodola law expressed by formula (2.60):

8b =Ty (12.19)

Again as for enthalpy and entropy, the total exergy of the biomass
is the sum of the respective components, 71y, - b, + 111, - by



Thermodynamic Analysis of Photosynthesis

12.8 Perfection Degrees of Photosynthesis

As was discussed in Section 4.6.2, to measure the thermodynamic
perfection of a chemical process, the energy and exergy degrees of
perfection, defined analogously for convenient comparison, can be
applied. To determine the degree of perfection, all terms of the energy
(or exergy) balance equation are categorized either as useful product,
process feeding, or loss. The denominator of the degree of perfection
represents the feeding terms, whereas the numerator expresses the
useful products. The loss is not included in the formula because it is
a compensation of the perfection degree to 100%.

In photosynthesis the produced sugar represents the useful prod-
uct and the feed is determined by radiation, CO,, and liquid water.
Other components of the balance equations are categorized as the
waste. Thus, based on equation (12.15), the energy degree of perfec-
tion mg of the considered photosynthesis is:

_ Nsyhsy
Y [av jv + ar (js — jv)] + nco,hco, + nwhy

nE (12.20)

whereas the exergy degree of perfection mg of the photosynthesis,
based on equation (12.18), is:

nSMbSu
= 12.21
v ¥ [avby + ar (bs — by)] + nco,bco, + 1mwby ( )

Example 12.1 For the simplified analysis of photosynthesis, the following in-
put values have been used in the computations for the system presented in
Figure 12.1:

¢ Environment temperature Tp =293 K;

® Temperature difference A =5K;

® Relative humidity of environment air ¢y = 0.4;

® Environment pressure pg equal to the standard pressure pg = p, =
101.325 kPa;

® Weakening radiation factor y = 0.7;

® Leaf absorptivity within PAR wavelength range oy = 0.88;
¢ Leaf absorptivity beyond the PAR range o = 0.05;

® Convective heat transfer coefficient k = 0.003 kW /(m? K);

® Mole fraction of sugar in biomass z;, = 0.08.

The results obtained using the mathematical model of photosynthesis are as
follows. From equation (12.16) the leaf temperature T = 298 K and from equation
(12.15) the sugar production rate ns;, = 3.21 - 10~ kmol/(m? s). The percentage
terms of energy, entropy, and exergy equations—(12.15), (12.17), and (12.18),
respectively—are shown in Table 12.1 and in Figure 12.2. The 100% reference for
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Term Energy % Entropy % Exergy %
Input:

PAR 1459.8 11.06 87.76
Non-PAR 125.4 1.08 7.43
Liquid water —1485.2 87.0 4.81
CO, 0 0.86 0
Subtotal 100 100 100
Output:

Convection heat 65.3 8.16 0
Radiation of leaf surface 6.4 0.79 0.003
Liquid water in biomass -7.1 0.41 0.023
Water vapor 0 280.50 0
CeH1206 35.4 1.113 2.608
0, 0 0.670 0
Irreversible loss — — 97.366
Subtotal 100 291.643 100
Total: 0 191.643 0

TaBLe 12.1 Results of the Energy, Entropy, and Exergy Calculations (from
Petela, 2008a)

ENERGY BALANCE EXERGY BALANCE
125.4% PAR
Non-PAR 9
1459.8% orl < 0% carbon dioxide 87.76% _7-43% non-PAR
‘ PAR | ‘ s —7.1% ' ——=0% carbon dioxide
Leaf [ ] \kIJVi;)trgfss ] 4.81% water
-7 Loss 97.366%
= 65.3%
convection — 0% convection
Water — -
~1485.2% 0.003% radiation

N——=> 6.4% radiation .
——— 0% vapor

N=— 0% vapor —— 0% oxygen

777777777777777777 N —> s
0% oxygen — 0.023% biomass water

| 1
35.4% sugar 2.608% sugar

Fieure 12.2 Bands diagram presenting energy and exergy balances of the
considered photosynthesis process shown in Figure 12.1.
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the output terms is assumed as the sum (input) of the absorbed radiation and
the substances input (CO, and liquid water).

Thus. the perfection degree value ng = 35.4% is larger than g = 2.608% (by
about 35.4/2.608 ~ 14 times) mainly because of the denominators in equations
(12.20) and (12.21). The exergy of liquid water, in the denominator of equation
(12.21), is positive, whereas the energy of this water in the denominator of equa-
tion (12.20) is negative, (the water vapor is assumed as the reference phase for
enthalpy calculation).

The energy terms (Table 12.1 and Figure 12.2, energy balance) show that the
input consists of the positive radiation energy (1459.8 4+ 125.4 = 1585.2%) and
the negative (-1485.2%) liquid water enthalpy. The energy of the consumed car-
bon dioxide is zero because it enters the system at the reference temperature T.
The output energy terms show no irreversible loss and the zero energy of both;
the produced oxygen and released water vapor leave the system at the reference
temperature. Heat transferred by convection and radiation are 65.3% and 6.4%,
respectively. The energy of liquid water contained in the produced biomass is
negative (-7.1%) because the vapor phase was assumed as the reference sub-
stance for water.

The exergy input terms (Table 12.1 and Figure 12.2, exergy balance) are the
absorbed radiation (87.76 + 7.43 = 95.19%) and the water’s positive value, 4.81%.
The exergies of the delivered CO,, released O, and water vapor are zero because
these gases, at the external side of the system boundary layer, have parameters
equal to the environment parameters. The exergy of convective heat is zero be-
cause it is released to the environment. The exergy of the leaf radiation (0.003%)
is small due to the relatively low temperature of the leaf. It is significantly smaller
than the respective energy (6.4%). The exergy of liquid water contained in the
produced biomass is 0.023%, (positive). Unlike the enthalpy and energy analy-
ses, exergy analysis shows the irreversibility loss. In this case it is relatively very
large (97.366%).

Table 12.1 presents also the entropy terms of equation (12.17). The terms
show the agreement with the Second Law of Thermodynamics and illustrate
the role of the particular input or output fluxes in overall entropy growth.

12.9 Some Aspects Inspired by the Example Calculations

12.9.1 Trends Responsive to Varying Input Parameters

The model (Figure 12.1) was also used for computation of the results
shown in Table 12.2. These results illustrate the trends of the output
data in response to changes in input parameters. The values in column
3 of Table 12.2 are considered as the reference values for studying
the influence of the varying input parameters on the output data.
Therefore, each of the next columns (4-11) corresponds to the case in
which the input is changed only by the value shown in a particular
column, whereas the other input parameters remain at the reference
level.

Column 4 corresponds to a change in the environment tempera-
ture Ty, which increases from 293 to 298 K. The 5-K Tj increase causes
a pressure increase, ¢y - pso, from 0.93 to 1.27 kPa. Note also that the
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Quantity Units Ref. value Mono-variant changes of input parameters and resulting outputs

1 2 3 4 5 6 7 8 9 10 11
Input:

To K 293 298

A K 5 3

ay 0.88 0.85

o 0.05 0.07

Y 0.7 0.75

k W/(m?2 K) 3 6

@0 0.4 0.9

Zco, 0.03 0.06
Output:

0 * Ps.0 kPa 0.93 1.27 0.93 0.93 0.93 0.93 0.93 2.10 0.93
Ps,1 kPa 3.17 4.25 2.81 3.17 3.17 3.17 3.17 3.17 3.27
r 401 537 336 401 401 401 401 194 200
Nco,- 10 kmol/(m?s) 1.93 1.46 2.33 1.87 1.99 2.07 1.85 3.88 3.76
Niyo- 10° kmol/(m?3s) 7.74 7.82 7.82 7.48 7.98 8.32 7.40 7.35 7.54
ne,- 10° kmol/(m?s) 3.21 2.43 3.88 3.11 3.32 3.46 3.08 6.47 6.27
MNe % 35.42 28.64 55.36 34.57 35.32 37.27 20.66 55.34 54.39
B % 2.61 1.97 3.14 2.60 2.61 2.62 2.50 5.48 5.09

TaBLe 12.2 Responsive Trends of Output to Changes in Some Input Parameters (from Petela, 2008a)

0s¢

anjam] Jajdeyy



Thermodynamic Analysis of Photosynthesis

5-Kincrease in temperature T, from 298 to 303 K, causes the pressure,
ps. 1, to increase from 3.17 to 4.25 kPa. Consequently, the pressure dif-
ference, ps, 71— @0 - ps,0, increases and thus the ratio r increases from 401
to 537 kmol H,O/kmol CO,. The increase of r occurs in conjunction
with the increase of 1143,0 from 7.74 - 1076 t0 7.82 - 10~ kmol /(m? s) and
with the decrease of nco, from 1.93 - 1078 to 1.46 - 1078 kmol/(m? s).
The increased amount of water vaporized from the liquid to the va-
por state causes a decrease of the rate of sugar production, #s,, from
3.21-107? t0 2.43 - 10~Y kmol/(m s). Consequently, the energy degree
of perfection, mg, decreases from 35.42 to 28.64%. The exergy degree
of perfection, mp, decreases from 2.61 to 1.97% due to the increased
amount of water in the vapor state.

The results shown in the other columns can be analyzed similarly.

Column 5 shows the effect of reducing the assumed temperature
difference A from 5 to 3 K. That change causes decreases of the diffu-
sive fluxes for both CO, and H,0O, as well as the sugar rate and both
degrees of perfection.

Column 6 shows that a 3% drop of ay (from 0.88 to 0.85) causes a re-
duction of the sugar rate 7, from 3.21 - 10~ t0 3.11 - 10~? kmol/(m?s).
Both the energy and exergy degrees of perfection decrease respectively
from 35.42 to 34.57% and from 2.61 to 2.60%.

Column 7 shows that a 2% increase of «;, (from 0.05 to 0.07) causes
a decrease in the sugar rate from 3.21 - 10~ t0 3.32 - 102 kmol/(m? s).
The energy degree of perfection decreases from 35.42 to 35.32%, while
the exergy degree of perfection remains practically the same (2.61%).

Column 8 shows that for an increase of the weakening factor vy
(e.g., by 5%, from 0.7 to 0.75), the sugar rate and both degrees of
perfection respond with appropriate increases.

Column 9 shows that when the heat transfer coefficient k increases
by a factor of 2 [from 0.003 to 0.006 kW/(m? K), e.g., due to wind],
then the sugar rate and both degrees of perfection decrease.

Column 10 shows the effect of a change in the relative humid-
ity, ¢, of the local environmental air. When ¢ increases (from 40
to 90%) the partial pressure of water vapor in the environment in-
creases. This causes a decrease in the diffusion flux for the vapor,
as well as significant increases in sugar rate and of both degrees of
perfection.

As shown in column 11, the twofold increase in the concentration
of zcoy causes a significant growth in sugar rate 1, (from 3.21 - 10~% to
6.27 - 10~ kmol/(m? s). Both energy and exergy degrees of perfection
also grow significantly to 54.39% and 5.09%, respectively. The profiles
of the CO, concentration in the boundary layers at the leaf surface are
discussed in Section 12.9.5.

It was also found that z, has no significant affects on the output
parameters considered here.
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Fieure 12.3 Influence of T on leaf temperature T and rate ng, of sugar

production (from Petela, 2008a).

12.9.2 Relation Between the Environment Temperature,
Leaf Temperature, and Rate of Sugar Generation

The photosynthesis model also enables studies of various interrela-
tionships. For example, based on the reference data listed in Exam-
ple 12.1, Figure 12.3 shows the leaf temperature T and the rate n,
of sugar production as functions of the environment temperature Tp.
With increasing environment temperature Ty, the leaf temperature T
grows, whereas 1, decreases. Figure 12.4 shows how both the energy

80
N
N
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60+ ey
< ™
Om \\TlE
= AN
e 40+ N
©
W
=
20+
— Mg
0 — . .
270 280 290 300 310 320
ToK
Ficure 12.4 Influence of To on the energy (ne) and exergy (ng) degrees of

perfection (from Petela, 2008a).
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degree of perfection g and the exergy degree of perfection mp for pho-
tosynthesis decrease with the increasing environment temperature Tp.

Note that the dashed parts of the curves in Figure 12.3 have only
a theoretical meaning. This is because it is supposed that for the low
values of Ty, the rate n,, of sugar production is not controlled by
the diffusion of gases but by the reaction kinetics. Such a supposi-
tion can be derived from the statement by Jorgensen and Svirezhev
(2004) that the optimal temperature of photosynthesis is T & 298 K.
This corresponds to an environment temperature Ty lower by A, i.e,,
Toopt ~ 293 K.

The statement of the optimum indicates that if on the right-hand
side (diffusive range) the rate n,, decreases with increasing T, then on
the left-hand side from the optimum the rate n,, also has to decrease
(with decreasing Ty). The latter happens due to the critical role played
by chemical reaction kinetics: Chemical reaction rates decrease with
decreasing temperature; this is not considered in the present analysis.
Therefore, the real curve s, in Figure 12.3, instead of following the
dashed line, should bend down from the value for a certain optimal
environment temperature (Tpopt). This is shown subsequently as a
thick dashed line in Figure 12.8. The description of the dashed parts
of the curves in Figures 12.4-12.6 is the same.

12.9.3 Ratio of Vaporized Water and Assimilated
Carbon Dioxide Rates

Another example of the considered relations is the analysis of the
important photosynthesis parameter r. For the reference input data

gy 10° kmol su/(m? s) and 1%

0 200 400 600 800 1000 1200 1400 1600 1800

Ratio r

Ficure 12.5 Influence of ratio r on the sugar rate ng, and the exergy degree
mg of photosynthesis perfection (from Petela, 2008a).
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Fieure 12.6 Effect of varying To and ¢p on ratio r (from Petela, 2000a).

listed in Example 12.1, Figure 12.5 shows how the rate #;, and degree
of perfection m increase with decreasing r. Figure 12.6 shows that the
greater is the Ty and the smaller is ¢, the greater is the r.

12.9.4 Exergy Losses in the Component Processes
of Photosynthesis

Categorizing or interpreting exergy losses is, to a certain extent, the
subject of agreement. Care should be taken to not overlap the losses
of component processes. It is proposed that the degradation of heat
from the leaf temperature T to temperature Tj of the environment, as
conducted through the boundary layer, can be considered separately.
It can be argued that, in fact, the convective heat leaves the leaf surface
at temperature T and then, beyond the leaf, degrades to environment
temperature Ty. There is no exergy loss due to radiation through the
boundary layer which is transparent to radiation.

In the present simplified approach, the total exergy loss 8b = 97%
(Table 12.1) is assumed to be the sum of only four components: chem-
ical reaction (12.1), water vaporization, heat exchange by the leaf sur-
face, and convective heat transfer through the boundary layer. The
appropriately categorized terms of equation (12.17) can be used in
equation (12.19) to calculate the entropy growth in each of the partic-
ular component processes.

However, solar radiation absorbed at the leaf surface is expended
only on three processes: chemical reaction, vaporization, and heat
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exchange by the leaf surface. To calculate the three respective exergy
losses, the entropy of the absorbed radiation has to be split appropri-
ately in accordance with the split of energy. Based on equation (12.15),
each of the respective split fractions is the ratio (each specific energy
term divided by total energy of absorbed solar radiation). Therefore,
the incident radiation energy is distributed according to the following
three split fractions:

Nsylsy + nOZhOZ - nCOZhCOZ - (nw — NnH,0 — nwL)hw

ch = - - - 12.22

Hher Y [avjv + oL (js — jv)] ( )
nHzO (tho - hw)

vap = ; - - 12.23

Hoor ¥ [avjv +ar (js — jv)] ( )

l‘l‘surf = qk + eL (12.24)

Y [owjv +or (js — jv)]

where ey + oy + Mo = 1. It is assumed that the entropy of the ab-
sorbed incident solar radiation is split according to the above split
fractions.

Each exergy loss is determined according to formula (12.19).
Therefore, the exergy loss 8b,j,for the overall chemical reaction of pho-
tosynthesis is equal to the environment temperature multiplied by the
respective entropy growth:

8bch = TO{nsuSsu + 1,50, — NCO,5CO, — (le — NnH,0 — nwL)Sw
—penylavsy + ap(ss —sv)]} (12.25)

Respectively, the exergy loss 8by,p for liquid water vaporization
is:

Ob.ap = To{nH,0(5H,0 — Sw) — Mvap Y[avsy + ar(ss —sy)]} (12.26)

and the exergy loss 8b.., due to radiative and convective heat ex-
change between the leaf surface and the external environment, is:

k
b = To {SL + q? — MY [avsy +ap (ss — Sv)]} (12.27)
The exergy loss db,x, due to convection heat gy transferred through

the boundary layer from the leaf surface to the external environment,
is:

1 1
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Component process of the photosynthesis Loss %
Overall chemical reaction 0.2
Vaporization of liquid water 93.1
Radiative and convective heat exchange by the leaf surface 4.0
Convection heat transferred through boundary layer 0.1
Total 97.4

TaBLe 12.3 Distribution of the Irreversible Exergy Losses (from Petela,
2008a)

Table 12.3 presents the distribution of exergy losses for the calcu-
lation in Example 12.1. The largest loss occurs during vaporization
(~93.1%) and the next largest loss (~4.0%) is due to heat exchange be-
tween the leaf surface and the environment. This latter loss includes
heat lost by convection from the leaf surface at temperature T. How-
ever, this heat loss causes successive exergy loss (~0.1%) during the
transfer through the boundary layer to the environment at temper-
ature Ty. The exergy loss during chemical reaction is relatively low
(~0.2%), probably because of a relatively very small amount of cre-
ated biomass.

Future considerations can be developed to explain how, e.g., the
exergy loss 8b.yis split amongst the exergy losses for chemical reaction
assimilating carbon dioxide (8bco,) and the exergy loss due to the
release of oxygen (8bo, ), db., = 8bco, + dbo, .

12.9.5 Increased Carbon Dioxide Concentration in the
Leaf Surroundings

This effect is considered on the basis of the simplified model of layer
zones in the vicinity of the leaf surface (Figure 12.7). Adjoining the leaf
surface is the boundary layer (Figure 12.1). Between the boundary
layer and the environment there exists a zone of mildly blown gas
(the blow layer). The blown gas can be, e.g., a cold waste combustion
product arising from combustion at a very large excess-air ratio. Thus,
the concentration of CO; in the combustion productis not significantly
larger than the CO, concentration in the environment. It is assumed
that the concentration of CO; is relatively small and still does not affect
radiation arriving at the leaf surface. The profiles of CO, mole fractions
are shown in Figure 12.7 for the case with a blowing gas, zco,,p (solid
line), and for the case without a blowing gas, zco, 0 (dashed line).
The blown gas has temperature Tj. The mole fractions z,0,5 of the
water vapor in the blown gas and in the environment are the same,
ZH,0,B = ZH,0.0 = v Ps/ Po.
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Ficure 12.7 Simplified theoretical model of the CO, fertilization of
photosynthesis (from Petela, 2008a).

Due to differences in the respective concentrations, diffusive trans-
portation of species occurs: O, out of the surface (not shown in Figure
12.7), H,O from the leaf to the environment, and CO, in the oppo-
site direction into the leaf surface. The length of the diffusion path
for H,O is not significantly changed by the presence of the blown gas
zone. The slightly increased concentration of CO, insignificantly de-
creases the relatively large oxygen concentrations zo, g in the blow
layer, zo, B & z0,,0. Thus, the presence of the blown gas zone prac-
tically does not change the diffusion flux of O,. The diffusion rate
nco, grows due to the increased CO, concentration difference, and,
contrary to the no-blow case, the exergy of the CO, rate entering the
system boundary is different than zero. The presence of the blown gas
zone impacts formula (12.14) only by the increased CO, mole fraction
from zco, 0 to zco, s (Figure 12.7). The approximate quantitative ef-
fects of the increased CO, concentration in the leaf surroundings are
shown in Table 12.2, column 11.

12.9.6 Remarks on the Photosynthesis Degree of Perfection
The considered degrees of perfection, ng and mg, are found to be rel-
atively small. They present the net values because, by neglecting the
radiation reflected from the leaf, only the net utilized solar radiation
is assumed as the input to the photosynthesis process. If the chemical
energy of sugar were related to the total radiation arriving in the leaf
surface, as proposed, e.g., by Szargut and Petela (1965a), the degrees
of the photosynthesis perfection would become even smaller.

The definition of efficiency is a matter of discussion and agree-
ment. For example, photosynthesis efficiency can be defined simply,
based on the ratio of the values for the generated sugar and the ab-
sorbed radiation. In such cases the exergy efficiency n, is always larger
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than the energy efficiency m. (ny/m.> 1). This is due to the fact that
the denominator in energy efficiency is larger than the denominator
in exergy efficiency, whereas the numerator in the energy efficiency
is smaller than the numerator in exergy efficiency (generally, deval-
uation enthalpy of the organic substance is smaller than its exergy).
For example, neglecting the terms for liquid water and CO, as well as
non-PAR in equations (12.20) and (12.21), the efficiencies ratio is given
by ny/Me = (bsu/bv)/(hsy/ jv). For the data assumed in Example 12.1,
the ratio m; /M. = (2.94 - 10°/0.516)/(2.53 - 10°/0.545) = 1.22 at the
values n, = 2.74% and m, = 2.23%.

Unlike photosynthesis, the exergy/energy efficiencies ratio for
technical devices, such as those converting solar radiation to heat,
is smaller than unity n,/m. < 1. For example, for a solar cooker with
a cylindrical-parabolic profile, the energy efficiency is always larger
than the exergy efficiency. Thus the efficiencies ratio ny, /7., as deter-
mined experimentally by Ozturk (2004) and theoretically by Petela
(2005), is within the approximate range 0.03-0.16.

The degrees of perfection considered in the present analysis are
determined for favorable conditions. However, significantly smaller
degrees of perfection can be obtained for a vegetation system con-
sidered globally during a finite time period. In such a situation the
conditions fluctuate beyond favorable values. As mentioned earlier,
Szargut and Petela (1965a) obtained a small exergy degree of perfec-
tion (~0.033%) from the approximate analysis of the forest vegetation
studied for one year in realistic conditions.

The efficiency values given by various authors are similarly small.
However, direct comparison of the values is difficult because of dif-
ferently assumed conditions.

12.10 Concluding Remarks

It is worthwhile commenting on some possible misinterpretations of
the entropy and exergy of radiation emitted by the sun’s surface. For
example, some researchers, instead of the solar radiation entropy s,
erroneously introduce the smaller value of entropy calculated as heat
(exchanged between the sun and the leaf) divided by the sun’s tem-
perature (e.g. 6000 K).

In technical calculations of heat exchange the sun’s surface is as-
sumed to be at the equilibrium state (the sun’s surface receives energy
from the sun’s interior and emits this energy into the surrounding
space). The state of the sun’s surface is represented by its effective
temperature and the emitted radiation spectrum.

Any surface beyond the sun, exposed to radiation from the sun,
can also be at a stable temperature resulting from the energy of radi-
ation both absorbed and emitted. Using the temperatures of the sun
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and the exposed surface, the effect called exchanged radiation heat Q
can be calculated from the First Law of Thermodynamics. This effect
is real, and the energy efficiency of any device driven by an exposed
surface can be related to the exchanged heat.

However, when one examines the situation based on the Second
Law of Thermodynamics, the degradation of the exchanged heat Q
can be better understood. Note that the entropy of solar radiation
incident on the leaf is larger than the entropy of heat at the temperature
of the sun’s surface. The problem can be also illustrated by the simple
example of radiation emission from a surface—not necessarily from
the sun, but from any blackbody surface. In these cases the energy e =
o x T* and entropy of the blackbody emission is s = (4/3) xox T°.
In contrast, the entropy serr, determined erroneously as the emission
divided by temperature, would be serr = ¢/T = 0 % T3 #5s.

From the exergy viewpoint, the leaf receives radiation exergy
smaller than the exergy of heat Q. Only the exergy of radiation should
be used in the fair exergy balance of the leaf surface.

One has to be aware that, as mentioned before, the exergy effi-
ciency can be defined by researchers in different ways and, e.g., the
explanation in Section 4.6.3 with respect to heating water by solar radi-
ation can be compared to the case of photosynthesis. The exergy of the
sugar produced can be related either to the exergy of heat at the sun’s
surface, Q x (1 — Ty/Ts), or to the exergy bs of the sun’s radiation,
equation (12.11), or to the exergy of heat absorbed on the leaf surface,
Q x (1 — To/T1)- The exergy efficiency increases successively through
the above three possibilities due to the decreasing values of the de-
nominators in the efficiency formulas, Q x (1 -Ty/Ts) > bs > Q x (1
— Ty /T1). The exergy efficiency which relates the process effect to the
decrease of the sun’s exergy, Q x (1 — Tp/Ts), is unfair because the
exposed surface obtains only the solar radiation exergy, and the leaf’s
surface is independent of irreversible emissions at the sun’s surface.
Relating the process effect to the exergy of heat absorbed, Q x (1 —
To/Tr), favors the exposed surface by neglecting its imperfectness
during the absorption of heat Q. Thus, from these three possibilities,
relating the photosynthesis process effect to the exergy bs of the sun’s
radiation is the possibility best justified in this analysis.

It is worth noting that the use of the exergy of heat at the sun’s
surface can be justified only in an unreal theoretical situation where
the exposed leaf surface would be entirely in direct contact with the
sun’s surface and the heat exchange would reversibly occur at a zero
temperature gradient.

However, from the comparative viewpoint of entirely different
processes, the best justified definition of the efficiency of photosyn-
thesis seems to be according to equation (12.21).

The methodology presented in this chapter for understanding the
exergy of photosynthesis outlines a preliminary study of the process
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based on simultaneous analyses of energy, entropy, and exergy. The
study introduces the devaluation enthalpy (for the fair comparison
of energy and exergy balances), the formulae for arbitrary radiation
(convenient for the use of measurements of any actual radiation spec-
trum), and formulates the limiting diffusion range of the process. The
study determines the effects of the main process input parameters
and describes the model of CO, photosynthesis. Multi-factored as-
pects of the problem are presented based on original computation re-
sults. However, the developed analyses cannot be directly compared
with literature data since the latter are relatively sparse and are based
usually on incompatible assumptions.

The interdisciplinary subject of photosynthesis is very complex
and involves many areas of knowledge including thermodynamics,
theory of exergy, transfer of radiation energy, heat convection, gas dif-
fusion, chemistry, thermochemistry, photochemistry, as well as data
dependent on time, day, month, season, weather conditions, geomet-
rical configuration, etc. To obtain even a preliminary understanding
of the energy, entropy, and exergy changes occurring during photo-
synthesis, only a certain model situation, determined with many sim-
plifying assumptions, has been considered. These assumptions can be
gradually reduced in the future.

It has been confirmed that plants absorb radiation on their surface,
which, due to the endothermic chemical reaction, remains at relatively
low temperature, only a little higher than the environment tempera-
ture.

In the introduced diffusive model of photosynthesis, the rate 1, 0f
global reaction (12.1) is limited by diffusing gases and is schemati-
cally presented in Figure 12.8 by the diffusion curve (solid part). The
other part (dashed) of the diffusion curve has no practical meaning.
The intersection of the diffusion and kinetics curves defines a certain

Nsy, max

TO,opt 7-0

Ficure 12.8 Schematic presentation of the optimum of the photosynthesis
reaction (from Petela, 2008a).



Thermodynamic Analysis of Photosynthesis

Output
variable M

Input variable N

Zc0o,,0

r

nSU

+

Ny

nH20

Nco,

noz

+|+|+|+|+]| |8

Me

"B

+l [+ |+

++

+l+ 4+ [+ ]+ o=

J’_

db

+| |+ |+ |+ +|+]|+]| 0|8

TaBLe 12.4 Algebraic Sign of the Partial Derivative 9M /9N (from Petela, 2008a)

optimal environment temperature Ty op¢ at which the rate is maxi-
mum, fs;, max- At low leaf temperatures, T < Tp,opt, the photosynthesis
reaction is controlled by its kinetics and the rate n;,, decreases with de-
creasing temperature Ty, as shown in Figure 12.8 (dashed thick curve),
whereas the dashed thin part of this curve has no practical meaning.
The reaction kinetics can be considered in the future.

As a consequence of the many assumptions, the calculated quanti-
tative responses to the varying photosynthesis inputs are of a limited
certainty. However, improved certainty can be expected for the direc-
tion trends found in response to the varying input parameters. These
trends are shown in Table 12.4 by the algebraic signs of the partial
derivative 0 M/9dN, where M and N are any output and input vari-
ables, respectively. With growing N, M can grow (+), drop (-), or can
remain unchanged (0). For example if ¢y grows, then r decreases (-),
ns, increases (+), 1, decreases (-), etc.

Some parameters can be controlled (e.g., Tp, k, ¢o, zco,) and some
cannot. For example, the factor y (which depends on the weather
conditions, time of day, or year), ay and a;, (which are the properties
of the plant, and self-modeling A), cannot be controlled. Regarding
controllable parameters, the presented diffusion model (Ty > To opt)
suggests striving for:

e rather low temperature (Tp) of the leaf surroundings;
* low heat transfer coefficient k (e.g., avoid wind);
e high humidity ¢y to reduce diffusion of vapor; and

e surroundings with increased concentrations of CO, to inten-
sify diffusion.
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Some of the above effects, which are already known, are confirmed and
approximately estimated together with the effects newly disclosed.

The computation example discloses a dramatic difference in the
respective values of the terms of energy and exergy balances (Table
12.1 and Figure 12.2). Although both energy and exergy viewpoints
are true, the exergy interpretation seems to be more practical.

The observations formulated about the macro interpretation of
photosynthesis based on exergy can be confronted with the not con-
sidered descriptions of the component’s mechanisms of photosynthe-
sis at the micro level. As a result, some new ideas can be found to
improve the formulation of the exergy approach. Also, based on ex-
ergy, better interpretations of the micro mechanisms can be obtained.
For example, the exergy analysis can be applied separately to the light
and dark reactions, or different kinds of plants can be examined.

In the future, more detailed exergy investigations on factors such
as temperature, light intensity, photochemistry, CO, concentration,
chlorophyll concentration/property data, and application of fertiliz-
ers supplied through air, water, and soil, can be developed for both
the diffusive and kinetic ranges of photosynthesis.

Nomenclature for Chapter 12

a universal constant, a = 7.561 - 1071° k] /(m3 K*)
b specific exergy of substance, J/kg, or exergy of radiation,
W/m?

c specific heat, J/(kg K), or speed of light, c = 2.998 - 108 m/s)

CIE Commission Internationale del’Eclairage (International
Commission on Illumination)

d devaluation enthalpy, J/kmol

D generalized coefficient of diffusion

e energy emission density of surface, W/m?

h specific enthalpy, kJ /kg

j radiosity, W/m?

k Boltzmann constant, k = 138.03 - 10~ kJ/K

k convective heat transfer coefficient, W/(m? K)

ix monochromatic intensity of radiation, depending on
N, W/(m? sr)

iy monochromatic intensity of radiation, depending on
v, W/(m? sr)

L entropy of the monochromatic intensity of radiation,
W/(m? K sr)

Ls mean distance from the sun to the earth, Ls = 149,500,000 km
M molecular mass, or output variable
n successive number of the wavelengths interval
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n substance rate, kmol/(m? s)

N input variable

p pressure, Pa

q convective heat, W/m?

Q heat, J

r mole ratio of evaporated water to assimilated carbon dioxide

PAR  the photosynthetically active radiation within wavelength
400-700 nm

R universal gas constant, R = 8.3147 k] /(kmol K)

Rs radius of the sun, Rg = 695,500 km

s specific entropy of substance, J/ (kg K), or entropy of
radiation, W/ (m? K)

t temperature, °C

T absolute temperature or absolute temperature of the leaf, K

b4 mole fraction

Greek

a  surface absorptivity

B azimuth angle, deg

v  radiation weakening factor

db  exergy loss, kW/m?

A difference between temperature of the leaf and environment, K

mp  exergy degree of perfection of photosynthesis

np  exergy efficiency of photosynthesis

Mg energy degree of perfection of photosynthesis

M. energy efficiency of photosynthesis

N wavelength, m

v vibration frequency, 1/s

w  solar energy split fraction

I1  overall entropy growth, W/(m? K)

o entropy of devaluation reaction, J/(kmol K)

o Boltzmann constant for black radiation, W/(m? K*)

¢  relative humidity or declension angle, deg

Subscripts

a average

B blow layer

B exergetic

b exergetic

ch chemical

E energetic

e energetic

err erroneous

k convective

L leaf
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maximal

standard (normal), or successive number
optimal

physical

heat transferred
substance, or saturation
sun

sugar

surface

tabulated

vaporization

PAR wavelengths range
liquid water

environment or normal (directional radiation)

wavelength
vibration frequency



CHAPTER13

Thermodynamic
Analysis of the
Photovoltaic

13.1 Significance of the Photovoltaic

The present chapter outlines the photovoltaic effect and presents sim-
ple energy and exergy analyses of the simultaneous generation of heat
and power by photovoltaic (PV) technology. This double conversion
of radiation energy categorizes the PV technology to the systems of
cogeneration of power and heat. The specificity of the PV effect is that
it can generate electricity only as long as continuous light is avail-
able. Electrical energy can be stored for later retrieval during a period
when there is a lack of radiation. Devices based on the PV effect can
serve as power sources in remote terrestrial locations and for different
cosmic space applications. The PV effect can also power calculators
and other electronic products. In spite of the relatively small power
available from the PV effect, plans to utilize solar radiation to power
automobiles and aircraft are also being developed.

Usually the term solar cell is used for devices that use the PV effect
to capture energy from sunlight, whereas the term PV cell is used when
the light source is unspecified.

PV energy is considered to be the most promising form of solar en-
ergy because the energy of light can be converted directly into electric
energy without the use of any moving mechanical parts and without
the use of fuel. Manufacturing of solar cells and photovoltaic arrays
has been noticeably expanding in recent years.

The literature on solar cells has been extensive. For example, many
aspects of solar cells including the physics of energy conversion mech-
anisms and efficiency are presented by Wiirfel (2005). Badescu (2006)
studied the electrical output from the PV array involving latitude, cli-
mate, and PV module shape. Recently, e.g., Chow et al. (2009)—based
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on experimental data and validated numerical models—studied the
influence of the glass cover in photothermic and photovoltaic pro-
cesses and found that energy and exergy viewpoints differ. Based on
a short description of the PV effect, this significant difference between
energy and exergy evaluation of the PV process is discussed in the
following section.

13.2 General Description of the Photovoltaic

Some materials, called semiconductors, have the capacity for photo-
conductivity, which is electrical conductivity affected by exposure to
electromagnetic radiation (e.g., light). The capacity of semiconductors
for electrical conductivity lies between the abilities of conductors and
insulators. Examples of semiconductors applied in PV can be silicon
(5i), gallium arsenide (GaAs), copper sulphate (Cu,S), and different
organic substances (e.g., polymers).

The possibility of using sunlight to produce an electric current
in solid materials was discovered in 1839 by Becquerel. However, to
determine that the conversion of light into electricity occurs at the
atomic level took many years.

The photon of the incidental radiation can be absorbed by semi-
conductors if the energy of the photon is sufficiently high. The ab-
sorbed photons knock loose the electrons, negatively (1) charged from
their atoms. This allows the electrons to move freely in the semicon-
ductor. The electrons knocked loose leave their positions (so-called
holes), which behave as complimentary positive (p) charges.

The PV effect is arranged in the PV cell, which generally con-
sists of two regions, like sandwich layers, each as a nonhomogeneous
semiconductor with specially added impurities (dopants), such that
one region (1) has an excess of electrons (of negative charge) while
the other region (p) has an excess of positive holes. The structure of
these two regions (a p— junction) generates an internal electric field.
If the photons create free electrons and holes in the vicinity of the p—n
junction, then the electric field makes the electrons move toward the
side nn and the holes move in opposite direction toward the side p. The
generated tension between regions p and 7 is the electromotive force
and, using wires, both sides can be connected to any electric energy
receiver, e.g., a light bulb through which an electric direct current (DC)
runs.

PV cells, of typical size 120 mm x 120 mm, can be assembled
to obtain a PV module with an approximately 0.5 m? surface area.
Several modules can be assembled to obtain a PV system. Connection
of modules in series and in parallel allows for high flexibility of the
system. The PV cells are connected with silver strips that play the
role of an ohmic contact. The PV system can be used stand-alone or
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can be connected to the power grid or to batteries to store electric
energy. The continuous electric current generated by the cells can be
converted into an alternating current (AC) with use of an inverter.

Within the semiconductor material, the so-called recombination can
occur during which the free electron can become bound back to an
atom. The recombining electrons do not contribute to the produc-
tion of electrical current. Therefore, the energy conversion efficiency
should take into account only the effective power collected from the
solar cell. Photovoltaic efficiency, which is the ratio of electric power
generated by a photovoltaic cell at any instant to the power of the
sunlight striking the cell, for commercially available cells, does not
exceed about 18%.

Different construction of the photovoltaic cell can cover a vari-
ous range of frequencies of light to produce electricity; however, they
cannot cover the whole solar spectrum and, thus, much of incident
solar energy is converted to heat or is wasted. The modules can have
much higher efficiency if illuminated with monochromatic light. For
example, to increase the conversion efficiency the light can be split
into different wavelength ranges and the separated beams directed
onto appropriately designed PV cells.

An increase in the efficiency of PV cells can be achieved also by
a system using lenses or mirrors to concentrate sunlight; however,
such high-efficiency solar cells are more expensive than conventional
flat-plate photovoltaic cells.

In the future, it would be recommended to develop exergy analysis
for the above discussed PV cells irradiated with monochromatic light
or for PV cells with concentrated sunlight. However, such analyses
can be difficult, and the methodology of exergy analysis will be shown
here only for a simple solar cell.

13.3 Simplified Thermodynamic Analysis of a Solar Cell

The principle of a solar cell can be considered for an ideal simple sit-
uation in which the sun irradiates the flat surface of the solar cell on
earth. The energy streams exchanged by the solar cell are schemati-
cally shown in Figure 13.1. As there is no motion of substance in the

Ficure 13.1 ds
Scheme of the

energy streams of System
a solar cell. Solar cell / boundary
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gravitational field, the eZergy consideration has no application. The
representative temperature of the solar cell is T¢. Generally, the heat
gs transferred from the sun’s surface at temperature Ts to the outer
surface of the solar cell on the earth is distributed to the generated
electrical energy E, the reflected solar radiation g, the useful heat q¢
absorbed by the solar cell, and to the convection and radiation heat,
gx and g, respectively, both transferred to the environment.

The energy balance equation for the considered system, defined
by the system boundary, can be written as follows:

s =qr+qr+q0+qc+E (13.1)

For simplicity, the variables in equation (13.1) are related to 1 m?
area of the solar cell. Calculation of solar energy should account for
both direct and diluted radiation. In the ideal case of a clear sky, and
assuming the sun as a black surface, heat 5 can be calculated approx-
imately, accounting only for the direct radiation, e.g., as follows:

gs =216 x 107° o T4 (13.2)

where 2.16 x 107° is the configuration (sun—earth) factor and o =
5.6693 x 1078 W/(m? K*) is the Boltzmann constant of black surface.
The reflected solar radiation energy is:

gr =pcqs (13.3)

where pc is the reflectivity of the solar cell surface.
The convection heat is:

g =k (Te = Ty) (13.4)

and the radiation energy is:
qo=cco (T¢ - T4,) (13.5)

where k is the convective heat transfer coefficient and Tj is the environ-
ment temperature. The sky temperature Ty is assumed to be equal
to the environment temperature; Tgy, = To. The solar cell surface is
assumed to be perfectly gray at emissivity ec.

The useful heat ¢ can be determined from equation (13.1) if the
electrical energy E is known, e.g., from the measurement.

The solar cell can be evaluated by the energy electrical efficiency:

E
ME.el = — (13.6)
qs
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or by the energy cogeneration efficiency:

E+qc
qs

MNE,cog = (137)

Interpreting the same process based on the Second Law of Thermo-
dynamics, i.e., including exergy, the degradation of heat is disclosed.
The exergy bs incoming to the considered surface from the sun is split
into the exergy b, of reflected solar radiation, the exergy of heat by
radiating to the environment, the exergy of heat by transferred to the
environment by convection, the exergy of useful heat b transferred
from the solar cell to its interior, the electric energy E, and the exergy
loss db due to the irreversibility of the considered system. Thus, the
exergy balance equation for the system shown in Figure 13.1 is:

bs=0b, +by+by+bc+E +38b (13.8)
Analogously to the energy of solar radiation determined by equa-
tion (13.2), the exergy of solar radiation for the simple case of a clear
sky is:
zgzzl6xm4%(mé+7§—4mﬁ) (13.9)
The exergy of radiative heat is:

m=&%@%+w—uug (13.10)

The reflected solar radiation exergy is:
br = pcbs (1311)
The exergy of convective heat:

by = qk (1 — E) (13.12)
Tc

The exergy of useful heat transferred by conduction or convection
is:

bc ={c (1 — E) (1313)
Tc

The exergy loss 8b can be calculated by completion of equation
(13.8). From the exergetic viewpoint the solar cell can be evaluated by
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the exergy electric efficiency:

E
MB.el = 3~ (13.14)
S

or by the exergy cogeneration efficiency:

E+b
MB,cog = b—sc (13.15)

Because the solar radiation energy is always larger than the solar
radiation exergy, g5 > bs, and the electrical exergy and electrical en-
ergy are equal, the energy electrical efficiency of the solar cell is always
smaller than the exergy electrical efficiency, Mg i > Mg ei-

Example 13.1 Consider a 1 m? surface of a polycrystalline silicon photovoltaic
cell that generates 152 W of electrical energy. The cell has temperature Tc =
318 K, emissivity ec = 0.95, and reflectivity pc =1 — ec = 0.05. Environment
temperature is To= 288 K. The temperature of the sun is assumed as Ts = 5800 K.
The convective heat transfer coefficient k = 3 W/(m?2 K).

Applying equations (13.1)-(13.14) in the calculation procedure described in
Section 13.3, the results presented in Table 13.1 are obtained. The energy of
solar radiation es = 1386 W/m? and the exergy of solar bg = 1294 W/m? were
respectively assumed as 100% in the energy and exergy balances.

The instant energy electric efficiency mg . = 10.48% is smaller from the ex-
ergy electric efficiency mp .; = 11.16%; however, the energy cogeneration effi-
ciency Mg cog =10.48 + 65.88 = 76.36% is significantly larger than the exergy

Term Energy % Exergy %
Input:

Solar radiation 100 100
Subtotal 100 100
Output:

Reflection 5 5
Convection 6.21 0.62
Radiation 12.43 0.67
Useful heat 65.88 6.61
Electricity 10.48 11.16
Loss — 75.94
Subtotal 100 100
Total 0 0

TaeLe 13.1 Results of the Energy and Exergy Calculations
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cogeneration efficiency np cog = 11.16 4 6.61 = 17.77%. Table 13.1 illustrates also
that the low temperature heat (convection, radiation, and useful heat) has small
exergy value.

Nomenclature for Chapter 13

AC  alternate current

b exergy of emission, W/m?
DC  direct current

E electric energy, W/m?

n negatively charged

p positively charged

PV photovoltaic

q heat flux, W/m?

T absolute temperature, K

Greek

€  emissivity

m efficiency

o Boltzmann constant for black radiation

Subscripts

B exergetic

C solar cell
cog cogeneration
E energetic

el electric

k convection

r reflection

s sun

sky sky

0 environment
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APPENDIX

A.1 Prefixes to Derive Names of Secondary Units

Fractional units, n < 0 Multiplied units, n > 0
Prefix Symbol 10" Prefix Symbol 10"
deci d 101t deca da 10
centi c 1072 hecto h 102
milli m 103 kilo k 103
micro W 10-® mega M 108
nano n 10°° giga G 10°
pico p 1012 tera T 1012
femto f 1071
atto a 10718

A.2 Typical Constant Values for Radiation and Substance

Radiation

1 =7.564 x 10716 J/(m3 K*)

h=6.625%x10"%*7s

o = 5.6693 x10~8 W/(m? K*)

Cp = 5.6693 W/(m? K*)
co =2.9979 x 108 m/s
c1 =3.743 x 1071 W m?

c; =1.4388 x 1072 mK
c3 =2.8976 x 10°m K

cs = 1.2866 x 105 W/(m? K%)

Substance
k =1.3805 x 1072 J/K
R = 8314.3 ]/ (kmol K)

universal constant

Planck’s constant

Boltzmann constant for black
radiation

constant for black radiation

velocity of light in vacuum

first Planck-law constant (2 x h
X ¢3)

second Planck-law constant

third Planck-law constant (in the
Wien displacement law)

fourth Planck-law constant

Boltzmann constant (general)
universal gas constant
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A3

Appendix

Application of Mathematics to Some
Thermodynamic Relations

In thermodynamics, especially significant is the case in which the con-
sidered system contains only the medium. Such a case is called a closed
system. It is assumed that the surrounding walls do not play a role and
thatboth the potential and kinetic energy of the medium are neglected.
In such a case the system energy is directly equal to the internal en-
ergy of the considered medium. The First Law of Thermodynamics for
a closed system considered on a unitary variable basis (i.e., calorific
properties are related to a unit of amount, e.g., unit mass, in case of ra-
diation to unit volume), states differentially that the delivered heat dgq
is equal to the internal energy growth du and performed work p x dv:

dg =du+ pdo (A1)

If the considered process is reversible, then heat can be expressed
with temperature T and entropy s:

dq
ds = = (A.2)

and using both equations:
du=Tds—pdov (A.3)

Enthalpy / is defined as h = u + pv and differentiating dh = du +
pdv + vdp. Thus:

dh=Tds+vdp (A.4)

Then, considering internal energy as a function of specific volume
and entropy, 1 = f(s,v), from a mathematical viewpoint:

ou ou
du = (¥>vd5 + (%)s do (A.5)
or analogously for a function h(s, p):
dh = <%> ds + (%) dp (A.6)
as p ap /,
By comparison of equations (A.3) and (A.5):
<a—”> =T (A7a)
as /,

(3) = (A7b)



Appendix
or comparing equations (A.4) and (A.6):
oh
<%> =0 (A.7d)
/s

Also another group of relations, called Maxwell’s relations, may
be developed. For example, differentiating (A.7a) and (A.7b):

T 2
<a_> _ o (A8)
du J, 00 0s
2
_<3_P> _ o (A.9)
ov/, 09sdv
As:
2 2
o°u _ o“u (A.10)
dvds  0ds dv
thus:

D), e

and in a similar manner other Maxwell’s relations may be derived:

@-E), e
-G, e
@), e

The specific heat ¢, at constant volume, defined as ¢, = (0u/0T),,
and after using equations (A.7a), can be differentiated as follows:

ou ds ds
N e — ) =T(— A2
. <8s>v<8T>v (aT)v (A.12)
In a similar manner the specific heat ¢, at constant pressure, de-
fined asc, = (Bh/E)T)p, can be differentiated as follows:

2, (),
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Another example of a mathematical relation applied to thermo-
dynamics can be the formulae that use the measurable properties to
obtain nonmeasurable properties. For example, consider internal en-
ergy as function of temperature and specific volume, u = f(T, v). Dif-
ferentiating the function one obtains:

ou ou
du=\|_—) dT — ) d Al4
! ( aT )v - ( dv ) T ¢ ( )
Differentiating equation (A.3) at constant T yields:
s ou
T|—=) =|=— Al
<3U>T <31’>T+p (A19)

The Maxwell’s relation (A.11c) can be used to replace the entropy
derivative in (A.15), which after rearranging leads to the following

relation:
ouy ap
(&), =7 (7). o

Equation (A.14), after taking into account (31 /9T, = ¢,, and equa-
tion (A.16), becomes finally:

du=c,dT + [T <§—’;> — p] do (A.17)

In a similar manner the equation for calculation of enthalpy (only
for substance) can be derived as:

Jav
dh=c,dT+|o—T (=) |dp (A.18)
aT »
A.4 Review of Some Radiation Energy Variables
Energy
# Variable Symbol Units Formula
1 Black radiation energy in a volume V, U J VaT*
e.g., formula (5.13)
2 | Density of black radiation energy in a u J/m3 aT*
volume V, e.g., formula (5.12)
3 Density of monochromatic radiation ux J/m# (3.12)
in a volume V, depending on A\
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Variable

Energy

Symbol

Units

Formula

Energy emission of a surface area A,
which is radiation of temperature T
emitted into the forward hemisphere
from the surface at temperature T
and emissivity €

w

AeoT?

Emission density, which is the
emission E related to the gray
surface area, e.g., formula (3.22)

W/m?

eaT?

Emission density of a black surface,
e.g., formula (3.21)

€p

W/m?

oT*

Density of monochromatic emission
of a black surface into the front
hemisphere (within solid angle 21)
depending on A, e.g., formula (3.13)

€b,\

W/m?3

e
A (exp & — 1)

Density of monochromatic emission
of any surface (e.g., gray) into the
front hemisphere (within solid angle
2m), e.g., formula (3.10)

W/m?3

de
)N

Radiosity, which is the total surface
radiation composed of emission and
reflected radiation of different
temperatures

(7.1)

10

Radiosity, density which is the
radiosity related to the surface area,
e.g., formula (3.8)

W/m?

|-

11

Directional radiation intensity, which
expresses the total radiation
propagating within a solid angle dw
and along a direction determined by
the flat angle B with the normal to the
surface, e.g., formula (3.27), (3.29)

B

W/(m? sr)

icosB
m

12

Directional normal radiation intensity
atB =0, e.g., formula (3.28)

0

W/(m?2 sr)

a—

13

Directional normal (B = O) black
radiation intensity

ib,0

W/(m? sr)

w
¥
@

14

Directional black radiation intensity

b,B

W/(m?2 sr)

(3.29)

15

Directional normal monochromatic
radiation intensity of nonpolarized
(linearly polarized) radiation,
depending on v

J/(m? sr)

(7.3)
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Variable

Energy

Symbol

Units

Formula

16

Directional normal monochromatic
radiation intensity of nonpolarized
(linearly polarized) radiation,
depending on A

fo

W/(m?3 sr)

(7.4)

17

Principal (smallest and largest)
directional normal monochromatic
components of radiation intensity of
nonpolarized (linearly polarized)
radiation

iO.v,min

iO,v.max

J/(m? sr)

(7.2)

18

Directional normal monochromatic
intensity of black radiation linearly
polarized propagating within unit solid
angle, dependent on wavelength v

ib.O.v

J/(m? sr)

(7.9)

19

Directional normal monochromatic
intensity of black radiation linearly
polarized propagating within unit solid
angle, dependent on wavelength A

ib,0x

W/(m?3 sr)

(7.8)

20

Any radiation energy arriving from a
certain surface A’ in the considered
surface A, introduced for general
considerations

in

W/m?2

(7.10)

A.5

Review of Some Radiation Entropy Variables

Variable

Entropy

Symbol

Units

Formula

[IN

Radiosity entropy

W/K

(7.20)

Entropy density of a photon gas in the
equilibrium state, residing in a system

Ss

J/(Km®)

(5.23)

Entropy density of radiation emitted
by unit surface area of a body in all
the directions of the front hemisphere
in unit time

W/(m? K)

Entropy of directional normal radiation
intensity, which expresses the entropy
passing within a unitary solid angle, in
unit time and through a unitary
surface area perpendicular to
propagation direction

Lo

W/(K m? sr)
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Entropy
# | Variable Symbol | Units Formula
5 | Principal (smallest and largest) Loymn | J/(Km2sr) |(7.21)
mutually independent (incoherent), Lo.v.max
polarized at right angles to each
other, values of the monochromatic
component of the entropy of radiation
intensity
6 | Entropy of monochromatic intensity of | Lo, J/(m? Ksr) [(7.22)
linearly polarized radiation dependent (7.24)
on frequency
7 | Entropy of monochromatic intensity of | Lo, W/(m3 K sr) |(7.23)
linearly polarized radiation dependent (7.25)
on wavelength
8 | Entropy of emission emitted within So W/(m? K sr) |(7.28)
solid angle o < 2 in which Lg is
constant
9 | Entropy of monochromatic directional | Lo, J/(m? Ksr) |(7.24)
normal intensity of linearly polarized (7.30)
black radiation propagating within unit
solid angle and dependent on
frequency
10| Entropy of monochromatic directional | Ly W/(m?3 K) (7.25)
normal intensity for linearly polarized
black radiation propagating within unit
solid angle and dependent on
wavelength
11| Entropy density of radiation emitted S W/(m? K) (7.31)
by the unit black surface area of a
body in all the directions of the front
hemisphere in unit time
12| Entropy of radiosity density Sj W/(m? K) (7.37)
13| Entropy of radiosity density Sjw W/(m? K sr) |(7.38)
propagating within solid angle o
14| Entropy of radiosity density passing Sj A W/(m? K) (7.33)

the unit control surface area A’ in a
space and in the unit time and falling
upon the element dA of the
considered surface A, introduced for
general considerations

385



386

Appendix

A.6 Review of Some Radiation Exergy Variables

Exergy

# | Variable Symbol Units Formula

1 | Exergy of photon gas, i.e., bp.s J/mé (5.29)
exergy of black radiation
enclosed within a system

2 | Exergy density of emission from| b, W/m? (6.8)

a black surface (7.49)

3 | Exergy density of emission from| b W/m? | (6.10)
a gray surface of emissivity € (6.13)

4 | Exergy of radiosity density b= by W/m? | (7.41)

5 | Exergy of radiosity B=Ba_al W (7.42)

6 | Exergy of nonpolarized, uniform,| by, W/(m?2 | (7.50)
black radiation propagating Sr)
within a solid angle

7 | Exergy of monochromatic black | bp . W/(m3 | (8.18)
radiation propagating within an Sr)
elemental solid angle dw and
within wavelength range d\

8 | Exergy of monochromatic [N W/(m3 | (8.25)
radiation propagating within an sr)
elemental solid angle dw and
within wavelength range d\

9 | Incorrect exergy of enclosed b, J/mé by=a*-Tg)
black radiation according to 1 To
Jeter, e.g., formula (9.11) T

a

10 | Incorrect exergy of enclosed bs J/m3 bs = 3 (374-4T0T9
black radiation according to
Spanner, e.g., formula (9.9)

a

11 | Exergy of enclosed black bp J/mé bp = 3
radiation according to Petela, (3T4 T4 — 4ToT?)
e.g., formula (9.8)

12 | Exergy/energy ratio according W] (9.7)
to Petela

13| Exergy/energy ratio according mny (9.11)
to Jeter (incorrect)

14 | Exergy/energy ratio according Ms (9.5)
to Spanner (incorrect)
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Ficure A.1 Approximated physical exergy of water (from Petela, 2008a).

Exergy of Liquid Water

Exergy of liquid water by, kJ/kmol, is the sum by, = by, + by of the
physical part b,;, and chemical part b.,, where by, = R - Ty- In (1/@y).
Using the Szargut and Petela (1965b) diagrams the approximation
formula for calculation of the physical exergy by, of liquid water is
by = a+ bt + ct?, wherea =-23.22 +2.718 - o+ 0.0675 - 3, b = 2.689 —
0.5787 - o+ 0.00767 - £2,and ¢ = 0.117-1.05- 1073 - tp+2.7- 107 . £3-
7.5 107 £ and where ty = Ty— 273.

Acceptable accuracy of approximation, as shown in Figure A.1,
is obtained within the ranges of the water temperature t = 10 — 30°C
and environmental temperature fy = 10-30°C. If t = t;, then precisely
by = 0. Any negative values of a calculated b, result from the imper-
fectness of the approximation and should be rounded up to zero. Im-
perfectness is illustrated, e.g., by the values of the most inconvenient
discrepancy, which occurs for the minimum of the curves. Instead
of the required zero, the interpolation formula gives —0.6 kJ/kmol.
However, the interpolation formula, even with such imperfectness, is
useful because it allows for significant simplification of the computa-
tions.
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