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SUMMARY

In the paper has been presented the application of the on thermodynamic analyzes and ratings oriented mode-
ling method of power systems. Simple combustion reaction with equilibrium on the products side was taken into
account. Furthermore the modeling method of simple chemical reactions has been introduced, which is based on
the so-called reaction intensity coefficient, analogous to the heat exchange process intensity in a membrane appa-
ratus. The presented discussion is an introductory investigation of the modeling of systems for the so-called clean
solid fuels combustion systems, where additionally gasifying and absorption of carbon mono- and carbon dioxide
are to be analyzed.
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ZASTOSOWANIE WEGLA W TEORETYCZNEJ TURBINIE GAZOWEJ

W artykule przedstawiono zastosowanie metody zorientowanego na analizy i oceny termodynamiczne modelowania
systemow energetycznych na uklad spalania wegla. Przyjeto reakcje z rownowagq po stronie produktow. Ponadto
przeanalizowany zostal sposob modelowania prostych reakcji chemicznych za pomocq wielkosci, nazwanej inten-
sywnosciq reakcji, analogicznie do intensywnosci procesu wymiany ciepla w aparacie przeponowym. Przeprowa-
dzone rozwazania sq wstepem do modelowania ukladow tzw. czystego spalania paliw stalych, gdzie dodatkowo

uwzglednia sie zgazowanie oraz absorpcje tlenku i dwutlenku wegla.

Stowa kluczowe: analiza termodynamiczna, modelowanie, egzergia, turbina gazowa

1. INTRODUCTION

Although the model of a coal fed gas turbine is not a very
practical problem of an existing power utility, but it can
be used in thermodynamic analyzes if it is only created in
a proper way. It should be mentioned, however, that there
were successful projects of turbines, in which the granula-
ted coal has been applied as a primary fuel. The example is
the Nazi-German fighter LP-13a, was designed by Ale-
xander Lippisch, one of the world's pioneers of aviation.
The most interesting part of the plane was a SANGER turbine
propulsion that has been planned also for the Czech (in that
time Protektorat Bohmen und Méhren) fighter project P14
Skoda—K auba. Another fuel for the engines mentioned was
the coal powder suspension in crude oil that was also in-
vented by Alexander Lippisch (e.g. [1]).

Leaving now out of discussion practical tests, the coal as
afuel can be thermodynamically analyzed in the manner that
some another chosen simple fuels can be compared one with
another. They are e.g. methane, hydrogen and carbon mo-
noxide, [2] and [3]. The importance of analyzes of that kind
is, the so-called clean combustion technologies has been
aready invented and there will be needed an appropriate
thermodynamic analysis and rating methodology. The prin-
ciple of this clean combustion consistsin an initial coa ga-
sifying, CO-shift (conversion) and CO,-wash out (usually
absorption/desorption) and finally the combustion in a hy-
drogen gas turbine. Direct use of coa in a gas turbine
scheme will be important for the later comparing of simple
fuels and their mixes.

In the following discussion a very special attention will
be paid to the modeling of chemical reactions in general,
especially that of combustion and gasifying ones, because
of the first rank importance of the problem. The method
should agree with earlier proposals, e.g. [2-3].

2. THE SCHEME OF A COAL GAS TURBINE

The system of the coal fed gas turbine includes the air com-
pression, combustion chamber, regenerative air preheating
and the flue gases expansion in a turbine (Fig. 1). Every
single process, which occurs in an appropriate constituent
device or apparatus of a whole system, will be determined
by a dimensionless parameter. Such an approach leads to
the univocal meaning of every constituent process and
allows then the use of the practical apparatus or device, e.g.
the appropriate air compressor, combustion chamber or heat
exchanger unit.

Pressure changing processes, just like air compression or
expansion of flue gasesin a hydrogen turbine will be deter-
mined by their polytropic efficiencies. This dimensionless
parameter allows then calculating a polytropic exponent,
and thus the heats and useful works exchanged with the
surroundings. In the case of adiabatic compression or ex-
pansion the so-called pseudo-polytrope will be defined. The
polytropic exponent is not only valid for reversible process-
es according to Zeuner. In genera it can describe (deter-
mine) also the irreversible ones [4].

* VSB — Technical University of Ostrava, Faculty of Mechanical Engineering
c/o: AGH University of Science and Technology, Faculty of Mechanical Engineering and Robotics
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Fig. 1. The investigated system of the coal fed gas turbine

The heat exchange processin aregenerative air preheater
can be univocally determined by two dimensionless para-
meters. The first of them is the thermal efficiency of the
appropriate process that will be equal one, if no heat losses
to the environment occur (the so-called adiabatic heat ex-
change), and equal zero, if there are only losses, and no heat
will be transferred from the hot stream to the cold streamin
a process. To achieve simplicity, which is a very important
feature of the proposed methodology, the thermal efficiency
will be usually set to one. The second dimensionless param-
eter is the process intensity, the numerical value of which
varies from zero to one. Its meaning is, how much heat has
been exchanged “in reality” in relation to the heat, that
would be exchanged in the case of an equilibrium process.
The last condition requires that the heat exchange area of
the apparatus should be infinite.

Hence

_Q

lbhex =

Q

(€
Q Q.

Finally, the combustion process will be determined by
the reaction intensity parameter, which can be calculated as

a quotient

g
Yreac =

g

whereby & is an extent of a chemical reaction (according to
[6], or reactions coordinate according to [7]; in Polish: licz-
ba postepu reakcji [5]). The superscript asterisk means the
state of equilibrium. Numerical values of & vary from zero
(no reaction) to & = £" (equilibrium). Jozef Szarawara, who
also defined such a parameter ([5], page 405) cals it the
thermodynamic (theoretical) yield (Polish: termodynamicz-
na teoretyczna wydajnos¢ reakcji) and marksit symbolical-
ly by the Greek letter . The extent of achemical reactionin
adifferentia form is defined by

@

dny _dng _dngc _

~Ival Ivel el

dg

and it can be written down in an integral form as

Any  Ang  Anc

_|VA|_|VB|_|VC|_'“

g

or

Ngupstrate = Nsubstrate, start _|Vsubstrate| &=

3

= Nsubstrate,0 — |Vsubstrate| ol5

for parent substances (substrates), and
Moroduct = Nproduct,start +‘Vproduct‘ &= @

= Noroduct,0 +‘Vproduct‘ g
or
Noroduct = ‘Vproduct‘ €

for products obtained from a given chemical reaction. The
last relation is valid, if no reacting substance that has been
earlier marked as a reaction product does occur in the reac-
tion mixture at the start of a process.

By presence of non-reactive substances in a process, the
inerts, additionally yields

Mnert = Ninert,start = Minert,0-
Isthen the reaction intensity parameter 1, €qual to zero,
thereis no process. Isit, however, equal to one, the equilib-

rium state will be reached. Equations (3)—(4) can be written
down according to the definition equation (2) as follows

Nsubstrate = Nsubstrate,start _|Vsubstrate| e & =

= Ngubstrate,0 _|Vsubstrae| AT

and
—_— * —_—
Moroduct = Nproduct,start + ‘Vprodud‘ Yeae & =

*
= nproduct,O"“Vprodud‘ Ureac S -
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After computing the value of £” in an equilibrium state,
the “real” extent of reaction can be determines and the
appropriate quantities of reactants in a resulting reacting
mixture.

3. AN OVERALL COMPUTING EXAMPLE
FOR THE REACTION INTENSITY PARAMETER

It will be analyzed the so-called water-gas-shift reaction
CO+ H20= COZ + HZ

that occurs at the temperature 1100 K. Theintensity param-
eter value will be chosen to be 1,¢,=0.9, which is up to the
process kinetics. The composition of the reacting mixture at
the end of the process should be determined (Example 15.6

from [7]).

For the temperature 1100 K the reaction equilibrium con-
stant equalsto K=1, and thereis

o X Xeop
XCo " X120
If there are at the start of the process 1 kmol H,O and
1 kmol CO (the stoichiometric mixture), then the amounts

of reactants in equilibrium can be determined with help of
the extent of reaction, i.e.

Nco =Ncogat —6=1-& Nypo = Npogart —&=1-€

Ny = nH2,start +§ = & nCO = nCO.stert +§ :g

and
N=>"N =Nco +Nyao +Nyp +Neop =
=D Ngat +EX Vi S1-E+1-E+E+E=2

where from

Nco _1-§ Moo _1-§
n 2 hee n 2
n € Nco2 _ &
XHZZ%:E Xco2 == =75 (6)

Itisobvious, that in the equilibrium stateyields & = £ It
follows then

£\2
K=X;:|2'Xé02= (é ) -1 (7)
XCO  XH20 (1—&* )2
and as aresult
£ *=05.

But according to equation (2) thereis

E=lex & =09:05=045

and the mole fractions of reactants in the ,real“ reacting
mixture at the end state of the process are up to the given
value of the reaction intensity parameter 1., taking into
account process kinetics. With equations (5)—(6) they equal
to

_nNeo _1-%_1-045

=0.275

n 2

n 1-& 1-045
XH20 = Hrfo = 26" == =025

N & 045
=ik o= 2

=TT

n 0.45
Xcop = %‘]’2 = % ==, =022

In the equilibrium state these fractions were equal to

_Nco _1-& _1-05

xéo ” =0.250
n 2 2
% n;:ZO 1— g* 1-05
n 2 2
Xipp = 2 =i=0;25=o.250
n
. Mooy & _05
XC02 —72%27:0.250.
n

The above water-gas-shift reaction, as an equimolar one
(n = n"), gives the same already computed values for an
arbitrary chosen process pressure. At the temperature e.g.
T=1650 K, the molar fractions, however, are different. The
appropriate equilibrium constant equals to K=0.316, and
according to the equation (7) the extent of the reaction at
equilibrium will be &'=0.36. Hence, in the equilibrium state
thereis:

X0 =0.320 X0 =0.320 X, =0.180 x50, =0.180

and in the given , real“ process, where & = ;g€ = 0.9:0.36 =
=0.324 yields:

Xco = 0.338 XH20 = 0.338 XHyo = 0.162 Xcoz2 = 0.162.

The method allows taking into account the special be-
havior of processes that do not reach their equilibrium sta-
te because of their kinetics. If there are inert substances
in the reacting mixture, just like nitrogen (from the air),
the amount of the last substance equals to 2 kmol for the
stoichiometric water-gas-shift reaction, the equation (7)
will be solved in the same manner and the resulting val ue of
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the extent of the reaction will be either equal to & = 0.5
(resp. & = 0.36). The nitrogen molar fraction will be the
same at the start of a process and at its end (equimolarity).
The computed values of molar fractions will be then by
assumed amount of 2 kmol nitrogen N, (and 1 kmol CO
or/and 1 kmol H,0) two times |ess.

In the case, the reacting mixture at the start is not a sto-
ichiometric one; the computing procedure should be made
in a little bit different way. If there are 1 kmol H,O and
2kmoal CO, i.e.

N20sart =1KMoOl  and  Ngo gat = 2 kmol

taken to the reaction process, there are then in total 3 kmol
at the start, equations (4)—(5) will be to:

_Nco _1-§ _Nupo _ 2-§
Xco——n =3 XHzo——n =3
(8)
Nz _§ _Ncoz _ €
X2 = n 3 Xco2 = ——

and the equation (7) for T = 1100 K will beto

o o & 2
Koo (&)
XC0 %120 (1—5*)(2—5*)

The solution for the process temperature T = 1100 K
gives& =0.667. Taking into account the process intensity it
follows & = 1,e,c& =0.9-0.667=0.6003, and with equations
(8):

Xco = 01332 xp0 = 0.4666

Xy =0.2001 X, =0.2001
whereby:

Xeo =0.1110  X{jp0 = 0.4443

X =02223  Xgop =0.2223.

Very similar should be proceeded in the case, in which
there are some reaction products in the reacting mixture at
the start of the process. If there are for example 1 kmol H,0,
1 kmol CO and 1 kmol CO, at the start, then in an every
moment of the process there will be also:

Nco _1-§ Moo _1-8
E=gt iy . X — - <

Xco n 3 H20 n 3
o _ & o _1+&
Xy2 = =3 Xco2 = nCTO =3

and the equation (7) will be to

K = Xf2 Xco2 _ (l_E-‘*)'E-‘*
XC0 X120 (1—5*)'(2—5*)
The solution gives the value of &* = 0.333, and hence

€ =0.9:0.333=0.2997. Using this result there will be at the
end:

Xco = 0.2334

XH20 = 0.2334

Xp =00999  Xoop = 0.4332

or in the case of full equilibrium:

Xoo =0.2223  Xjpo =0.2223

X =0.1110  Xgop = 0.4443.

Herewith all the typical cases of simple chemical reac-
tions could be discussed.

Another dimensionless parameter for the chemical reac-
tion determining in a model is the appropriate thermal effi-
ciency, which can be formulated in the same manner, just
like it was by the heat exchanging processes. This thermal
efficiency refers to the heat absorbed or created in a given
chemical process.

4. COAL COMBUSTION
AND THE EXERGY ANALYSIS OF THE SYSTEM

According to the definition the combustion is a very rapid
chemical oxidation reaction, the equilibrium of which liesat
the side of products. The appropriate symbolic notation is
thereafter to

C+02 —>C02

The extent of this chemical reaction is in the assumed
equilibrium state obviously equal to one. It simplifies sig-
nificantly appropriate calculations. Thus, thereisno need to
give any reaction intensity parameter or it will be simply
assumed 1;ga= 1.

The exergy analysis of atypical gas turbine has been al-
ready presented in [8-9] by the author. For the following
computations the relations from these contributions will be
applied, and the same values of dimensionless parameters
will be taken into account, namely:

air compression M sircomp = 0.95,

intensity of heat exchange hex = 0.75,

thermal efficiency

of heat exchanger Nhex = 1 (N0 heat losses),

intensity of chemical

reaction (C + O, — CO,) Yeac = 1,

thermal efficiency

of chemical reaction Nreac = 1 (NO heat losses),

expansioninaturbine Mg = 0.95.
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Table 1
The coal fed gas turbine — process pressure p = 10 bar

Process temperature = 1200K | 1300K | 1400K | 1500K | 1600K | 1700K | 1800K | 1900K | 2000 K
Thermal efficiency Nth 0.403 0.434 0.460 0.482 0.500 0.516 0.530 0.542 0.553
Exergy efficiency Nex 0.528 0.555 0.577 0.594 0.608 0.619 0.629 0.637 0.644
Thermodynamic effektivity €5 0.841 0.848 0.854 0.859 0.864 0.868 0.871 0.875 0.877
Expansion in aturbine €turb 0.934 0.936 0.937 0.937 0.938 0.939 0.940 0.940 0.941
Yeurb 0.366 0.364 0.361 0.359 0.357 0.355 0.353 0.351 0.350

Air compression €aircomp | 0.917 0.917 0.917 0.917 0.917 0.939 0.917 0.917 0.917
Yaircomp | 0-192 0.176 0.163 0.151 0.141 0.132 0.124 0.117 0.111

Regenerative heat exchange €hex 0.972 0.958 0.947 0.938 0.931 0.926 0.921 0.917 0.914
Yhex 0.020 0.033 0.045 0.055 0.065 0.074 0.082 0.089 0.096

Combustion reaction Eiezo 0.720 0.737 0.752 0.764 0.776 0.786 0.795 0.803 0.810
Yiezs 0.422 0.427 0431 0.435 0.437 0.439 0.441 0.442 0.444

Table 2
The coal fed gas turbine — process pressure p = 20 bar

Process temperature = 1200K | 1300K | 1400K | 1500K | 1600K | 1700K | 1800K | 1900 K | 2000 K
Thermal efficiency Nth 0.395 0.417 0.433 0.444 0.460 0.483 0.502 0.520 0.535
Exergy efficiency MNex 0.517 0.533 0.542 0.548 0.559 0.579 0.596 0.611 0.624
Thermodynamic effektivity &5 0.857 0.858 0.860 0.862 0.865 0.870 0.874 0.878 0.881
cpmannaunne | o | 093|059 [0 | Tome [Togmy | aom | aom | om0 [ om0
Air compression €aircomp | 0-921 0.921 0.921 0.921 0.921 0.921 0.921 0.921 0.921
Yaircomp | 0-258 0.234 0.215 0.198 0.185 0.173 0.163 0.155 0.146

Regenerativeheatexchinge | 1* |~ | = | = | = | god | oot | o019 | oogs | ooa
conmmenrenin | 1 | 078 | o7 | o7 | o | o | o | o | o2 | oam

* no regenerative heat exchange because of Ty < Tarcomp

So, the whole system can be univocally determined, e.g.
[10]. The results are presented in Tables 1 and 2, once for
the pressure 10 bar, and another for 20 bar.

The thermal system efficiency has been determined ac-
cording to

_ I-t,turb B Lt,eircomp
Mth=—~—
Qreac

and the exergy one

T Lt turb — Lt aircomp T Lt turb — Lt aircomp _
ex = = ‘ =
EQreac T-To Qreac
T,
-y

whereby T is the combustion temperature. Additionally the
concept of the thermodynamic effectivity of a process and
of the system has been applied, [8] and [10]. In particular
formulas have been used, which were aready presented
and discussed in [9].

The whole system effectivity, which is shown in Figu-
re 1, can be determined with help of the formula

€y = D Vi€ = YeurbEturb + Vai rcomp€aircomp T

T Yhex€hex T Yreac€reac

whereby v; is the mathematical weights factor of the in i-th
process diminishing exergies. g; isthe particular i-th process
thermodynamic effectivity.

5. CONCLUSIONS

There are presented computing results of the coal fed gas
turbine, namely rating quotients, especialy aso the quo-
tients based on the exergy balance. Taken separately they
have no direct importance for the practice but taken together
they show the method, which can be used in further investi-
gations of the so-called clean combustion systems.

Asaspecial problem the modeling of chemical reactions
with help of the only one dimensionless parameter, the pro-
cess intensity, has been presented as an example and
discussed. The method suits very well for thermodynamic
analyzes of complex power systems, in which chemical re-
action are taken into account. Especially it isimportant for
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the solid fuels (coal) gasifying chemical reactions. Similar
to the heat exchange processes, the thermal efficiency can
be given as the next dimensionless parameter for chemical
reactions: it will be important for the heat absorbed or crea-
ted during the particular chemical reaction: value one — no
heat losses, value zero — the whole heat amount created or
absorbed lost without any effect. Simultaneous chemical
reactions can be in the same manner determined by the ap-
propriate dimensionless parameters, and also calculated
(e.g. [11]), which will be shown in next contributions.

Main symbols:
E - exergy,
vy — mathematical weights factor,
e — thermodynamic effectivity,
1 — intensity parameter,
n — efficiency quotient.

Superscript
* — state of equilibrium.

Subscripts:
A, B, C — reactant A, B or C,
aircomp — air compression,
ex — exergy,
hex — heat exchange,
m — polytropic,
reac — chemical reaction,

th — thermal,
turb — turbine,
oo — infinity.
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