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ADVANCED THERMODYNAMIC ANALYSIS ON EXERGY FLOW GRAFS

V cTaTTi 3apONOHOBAHO 3araJIbHUH MiIXiT AT TePMOJHHAMIUHOL aHAIIi3y CHCTEM JOBLIBHOI CTPYKTYpH. MeTox 3acHOBaHHI Ha MOOY/OBI 1 aHai31
HOBOTO BUJy €KCEepri€lo-TOIOIOTiYHOI MOJENi — eKCepreTHIHOMY MOTOKOBOMY Tpadi i JO3BONUB MiIBHIMUTH e()EKTUBHICTh €HEPro-iHTEHCHBHUX
cucreM. bByno mokasaHo, o mporecH, sKi BiZOyBalOTbCS B CKJIQJHUX CHEPrO-IHTCHCHBHHMX CHCTEMAaxX, XapaKTePH3yBalMCs B3a€MHHM
[IEPETBOPEHHSM SIKICHO PI3HHX EHEPreTHYHHX pecypciB. ToMy TepMOAMHAMIYHHMI aHaI3 LMX CHCTEM BHMAras CIIUIBHOTO 3aCTOCYBaHHS 000X
3aKOHIB TEPMOAMHAMIKH, i, OT)XKE, €KCepreTUYHOro Migxoay. Byyio moka3aHo, L0 OJHMM 3 HaiOimbil epeKTHBHHX MaTEeMaTHYHUX METOJIB,
BUKOPUCTOBYBAaHUX IPU EKCEPreTHYHOI aHali3i Ta onrtuMmizauii 6yB merox Teopii rpadis. IlepeBara rpadoBux mopeneil Moxe OyTH TaKox
[POJIEMOHCTPOBAHO IUIIXOM IIMPOKOI PI3HOMAHITHOCTI IX MOXIIMBHX HOJATKiB. ByJo IPOIEMOHCTPOBAaHO 3aCTOCYBAaHHS 3allpOIIOHOBAHOTO
ImiIXoxy M TepMOJMHAMIUHOI aHai3y ra3oTypOiHHOI yCTaHOBKH. Byino mHokaszaHO, IO CTyIEHS TePMOJHHAMIYHOI JOCKOHAIOCTI TypOiH i
TypOOKOMIIPECOpPIB JOCHTh BHCOKi. 3a3BH4aif, uuM Oinbmioro Oylia pi3HHMIS MDK CepelHIMH IapaMeTpaMH poOOdYOoro Tila i HaBKOJUIIHBOTO
CepeloBUIa, THM MEHIIUMH OyJiu BTpatu ekcepril. Ta x curyanis Oysia Takox BipHA i IS TEIUIOOOMIHHMKIB. BinbIn BHCOKMI TeMmImepaTypHHI
piBeHb B pereHepaTUBHOI TEIUIOOOMIHHKKY, B HODIBHSHHI 3 MPOMIXXHUM XOJIOJAMIBHUKOM, Ta JI BUILY CTYIiHb TEPMOJMHAMIYHOI JOCKOHAJIOCTI
TEIUIOOOMIHHMKA. BTpaTn exceprii B iHIIMX eIeMEHTaX CHCTEMH OyJIM BUKIMKaHI IHUCCHUIANUell TPaHCIOPTY IOTOKY B TpyOax, ab0 MeXaHIYHUMU
BTpatamMu. byno mokasaHo, mo IS CHCTEMH B IIJIOMY CTYIIHb TEPMOJMHAMIYHOI JOCKOHAJIOCTI Oyja MeHINe, HiX A OyIb-fKOro elxeMeHTa
CHCTEMH Yepe3 B3aEMHOTO BILIUBY €JIEMEHTIB OAMH Ha OJIHOTO B CHCTEMI.
KuiouoBi ci10Ba: TepMOIMHAMIYHHIIT aHAIII3, TOMIOIOTIYHA MOJIEIIb, €KCEPreTHUHHII IOTOKOBUIT Tpad, JOBINBHA CTPYKTYpa, ONTHMIi3allis.

In the paper has been proposed f general approach for thermodynamic analysis of systems with arbitrary structures. Method was based on
construction and analysis of a new type of exergy- topological model — exergy flow graph and allowed to improve the efficiency of energy intensive
systems. The efficiency improving is very important problem and the main way of it solving was through thermodynamic analysis and optimization.
It was shown that the processes taking place in the complex energy intensive systems were characterized by mutual transformation of quality
different power resources. It has been found that one of the most effective mathematical methods used for exergetic analysis and optimization was
the method the method of graph theory. The benefit of graph models can also be demonstrated by its flexibility and vide varieties of possible
applications. It has been demonstrated the application of suggested approach for thermodynamic analysis of gas-turbine installation. It has been
found that the degree of thermodynamic perfection of turbines and turbocompressors are sufficiently high. Usually, the bigger was the difference
between average parameters of the working fluid and the environment, the smaller was the exergy losses. The same situation was also true for heat
exchangers. High temperature level in regenerative refrigerator, as compared with intermediate refrigerator, give a higher degree of thermodynamic
perfection of the heat exchanger. Exergy losses in other elements of the system were caused by dissipation of the flow transport in the pipelines or
by mechanical losses. It has been found that for the system as a whole the degree of thermodynamic perfection was less than the same
characteristics for any element of the system in result of the mutual influence of the element on the other in the system

Keywords — thermodynamic analysis, topological model, exergy flow graph, arbitrary structures, optimization.

B crarbe mpennoxeH oOIIMil MOAXOJ JUIS TSPMOANHAMHYECKOrO aHAIN3a CHCTEM IIPOU3BONBHON CTPYKTYpHl. MeTon OCHOBaH Ha HMOCTPOCHUH U
aHaJM3e HOBOTO BHJA DKCEPro-TOIOJOTHYECKOH MO — YKCEPreTHIeCKOM IIOTOKOBOM rpad)e M II03BOJII HOBBICUTH d()(EKTHBHOCT DHEPIo-
HMHTCHCUBHBIX CHCTeM. BBUIO HOKa3aHO, YTO MPOIECCHl, UMEIONIME MECTO B CIOXKHBIX JHEPrO-MHTCHCHBHBIX CHCTEMAaX, XapaKTepH30BaJIUCh
B3aHMHBIM IIPEBPALICHAEM KaueCTBEHHO Pa3JIMYHBIX YHEPreTUUECKHX pecypcoB. I103TOMy TepMOIMHAMIYECKHI aHAIHM3 dTUX CHCTEM TpeboBal
COBMECTHOIO IIPUMEHEHHS OOOMX 3aKOHOB TEPMOJHHAMUKHU, H, CIEIOBATEIbHO, dKCEPreTHIECKOro IOaXoAa. bhUIo moka3aHOo, YTO OJHUM U3
HanOonee dPPEKTUBHBIX MATEMATHUYECKHX METOJOB, HCIOJB3YEMBIX IIPU JKCEPreTHUECKOM aHaIU3e M ONTHMH3ALUH SBISUICS METOJ TEOPHUH
rpadoB. IIpemmymectBo rpadoBBIX Momeneld MOXeT OBITH TaKkXkKe IPOJEMOHCTPHPOBAHO IIyT€M IIMPOKOIO Pa3sHOOOpa3Hs HX BO3MOXKHBIX
IPHIOXKEHUH. BBLUI0 IpoIeMOHCTPHPOBaHO IPHMEHEHHE ITPEI0KEHHOr0 MOAX0/1a A TEPMOJHHAMIYECKOr 0 aHaIN3a ra30TypOUHHOH yCTaHOBKY.
BbL10 1MOKa3aHO, YTO CTENEeHN TEPMOANHAMUYECKOTO COBEPIICHCTBA TYPOHH H TYpOOKOMIIPECCOPOB TOCTATOYHO BEICOKH. OOBIMHO, YeM Oobmreit
ObLIa Pa3HOCTb MEXIY CPEAHHMH MapaMeTpaMH pabodero Tela H OKPY)KaroIiel cpebl, TeM MEHBIINMH OBLIH IIOTEpU dKcepruu. Ta ske cUTyanus
OblIa Takoke BepHA U JUIS TEIIOOOMEHHHKOB. bolee BbICOKHMIT TeMIlepaTypHBIH ypOBEHb B PEreHEPATHBHOM TEIIOOOMEHHUKE, 10 CPaBHEHHIO C
IPOMEXYTOYHBIM XOJIOAMIBHHKOM, Jai Oojee BBICOKYIO CTEHEeHb TEPMOAMHAMHYECKOTO COBEpIICHCTBA TEIUIOOOMEHHHKaA. IloTepu skcepruu B
JIPYTHX 3IEMEHTaX CHCTEMbI OBLIH BEI3BAHBI AUCCHIAIMSAMH TPAHCIOPTA IIOTOKA B TPyOax, MM MEXaHUYECKHMH IOTepsIMH. BbIIO Mmoka3aHo, 4To
JUIL CHCTEMBI B I[EJIOM CTEIleHb TEePMOJMHAMHYECKOTO COBEPLICHCTBA ObLIA MEHBINE, YeM JJIs JII000r0 JJIEMEHTAa CHCTEMBI H3-3a B3aHMHOIO
BIIUSIHHS JIEMEHTOB APYT Ha Jpyra B CHCTEMe.

KiioueBble cl10Ba: TepMOANHAMUYECKUN aHAIN3, TOIOJIIOTHYECKast MOJIEIb, JKCEPreTUIECKHI IIOTOKOBEII Tpad, IPOM3BOIbHASL CTPYKTYpa,
OITHUMU3ALIHS.

Introduction

In the design and operation of energy intensive
systems, the possibility of improving the system’s
efficiency is very important to explore. The main way of
improving efficiency is through thermodynamic analysis
and optimization.

The processes taking place in the complex energy
intensive  systems are characterized by mutual
transformation of quantitatively different power
resources. For this reason, the thermodynamic analysis of
these systems requires the combined application of both
laws of thermodynamics and demands the exergy
approach [1, 2].

These methods are universal and make it possible to
estimate the fluxes and balances of all energy flows for

every element of the system using a common criterion of
efficiency.

Despite its usefulness, the benefits of the exergetic
approach were not fully realized until recent years. One
reason for this situation is the underestimation of
exergetic functions for mathematical modeling synthesis,
and optimization of flow sheets. Another reason is the
mathematical difficulty of the exergetic approach in
thermodynamic analysis. Meanwhile, the increasing
complexity of optimization problems requires more
effective and powerful mathematical methods. Hence,
during the last few years, many papers with different
applications of thermodynamic methods have been
published (see for example [3—-10]).
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The above referenced papers, as well as the author's
earlier investigations [11-15] show that one of the most
effective mathematical methods used for exergetic
analysis and optimization is the method of graph theory
[17, 18]. The benefit of graph models can also be
demonstrated by its flexibility and wide varieties of
possible applications.

The exergy topological method is based on the
combination of exergy flow graph, exergy losses graph
and thermoeconomical graphs. In this article will be used
the exergy flow graph.

1. The exergy flow graph and its properties

The exergy flow graph of a system with arbitrary

structure can  be expressed as a  graph,
E=(AT)=(A,U), where A is nodes multitude
corresponds to systems elements
A={a,.a;, .8 ..ayl, U is the arcs multitude

corresponds to the exergy flows distribution in the
system U={a.aki=1i=12.ml=12..m,
and I represents a multivalued display of multitude A
into itself. The main properties of the exergy flow graph
E = (A, T) are as following:

Property 1. Exergy flow ECA, I} is linked.

Proof Assume that property 1 is wrong and 3a; £ A, that
Fap =0 and I'"ay=0. Then the changing of
parameters in the @, -element will not influence at
behaviour of the system as a whole. In these case based
on the definition of the system [2], @; & A. But since it is
assumed that ai € A, This contradiction proves that
Property 1 is true.

When applying the graph to a real system, linking of
exergy flow graph means that every element of the
system has flows tied with at least one another element.
Property 2 Exergy flow graph is directed:

(o, € A Wa, € A) = (ag.0,) & (0.0
Proof. Assume that property 2 is wrong and
(3a; € A, 3a, € 4) = (a.a,) = (a,. o).

Then the order of follows of such elements in the system
(which determine the technology of process) can be
arbitrary. That is impossible.

Property 3 Exergy flow graph of system with arbitrary
structure E = (A, U) is antisymmetric in general case:

(3a, € A.3a, e 4), (gy.a,) eV = (a8, ) 2 U.

Proof Assume that property 3 is wrong and

(va, e A.va, e A (ap.a ) elU= (a,a,) el
Then every pair of elements is tied with recycle flows. It
is in general case not true.
Property 4 Exergy flow graph E = (A,T) is not strictly
tied in general case: (3a; € A)Fa; = 4), where [ is the
transitive close, I = I'a, UM a, U, ..UM a,.

Proof The proof is the same as that of property 3.
Property 5 Exergy losses in any a node of the exergy
flow graph E = (A, ") are determined by algebraic sum
of arcs positively and negatively incidental to this node

HR:U-'-—U_A

Proof Assume that property 5 is wrong [I = UU'* — U=,
Then the sum of exergy losses will not be equal to the
differ between exergies inlet and outlet flows from the
element. It is in contradiction with results of the exergy
balances of system. This contradiction proves property 5
is true.
Property 6 Exergy flow graph E = (A, ") is generalised
for existing types of flow graphs.
Proof Assume that property 6 is wrong.

Then exists some flow graphs £ = (4, f}which

include itself as a single case graph E = (4.I) (let us
remind that in this article only thermodynamic
characteristics is discussed, the economic one will be
considered later). Then flows on arcs of graphs
E={AT)and E = {ﬁ, r } will be different. At least the

varies of one thermodynamic parameter will not
influence the exergy of flows (in opposite case this
parameter was accounted by graph E = (A, I)). But
there is no such thermodynamic parameter because
exergy takes into account all the thermodynamic
parameters. This contradiction proves property 6 is true.

Existing types of flow graphs include material heat
and parametric flow graphs. Nodes on these flow graphs
represents  single element which change the
corresponding characteristic of the system (such as
material or heat flow, etc.). Arcs on these graphs
correspond to the distribution of flows (heat, material,
parametric etc.). For fully description of the system, it is
necessary to build and consider all these flow graphs
together.

Building of these graphs is a tedious and  difficult
process for large systems. It is necessary to consider
these graphs together, because the result of describing
only one feature of multi-factors process in the system
does not provide the general information about the
system in general.

The generalisation of characteristic and exergy flow
graph gives the possibility to avoid multi-types of graph
models in analysis of power intensive systems. Also it
provides a common exergy-topological approach in the
systems investigation.

In this article, is given the use of exergy flow graph
for receiving main exergetic characteristic for system
with arbitrary structure particularly for seeking exergy
losses in any element of the system and the system as a
whole.

From the point of thermodynamics, the value of
exergy losses in any element shows the importance of the
element and provides possible ways to the improvement
of the system. Sum of all element exergy losses of the
system provides an objective function for optimisation.

Besides that, the exergy losses can also be used as a
part of thermoeconomical criteria in technical
economical analysis of the system.

The structure of the exergy flow graph and hence
the structure of a modelling system are uniquely
described by matrix of incidence [17]. Elements of the
matrix may have one of three meanings: 0 — means that j-
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flow and i-element are not tied, 1 — means that j-flow
enters i-element, 1 — means that j-flow leaves i-element.
2. Outline of model for determination of the exergy
losses (EXL model).

A model EXL for the determination of exergy
losses for a system of arbitrary structure is given in Fig.
1.

Exergy
graph tow

!

Exergy flows

|

Exergy losses

Fig.1. Model EXL

Using the rules mentioned above, exergy flow
graph E =(A, U} and its matrix of incidence
corresponding to the system under consideration are built
in the first block.

The recognising procedure for the types of flows on
arcs on graph E = (4,17) and for calculation of their
exergies are made in the second block. While considering
the thermal power systems, the exergy flows of four
types [2]: exergy of mass-flow, exergy of heat-flow,
exergy of work and exergy of fuel are illustrated.

Specific mass exergies of these four types are
calculated by the equations given in [2].

Then, Ef"Ef* — the sum of exergy flows
corresponding to those at the inlet and outlet from i-
element are formed. After that in the third block it is easy
to show: exergy losses in i-element of the system

[1; = Ef" — Ef%, (1)

degree of thermodynamic perfection

==1-= )

and exergy losses of the system as a whole
HI = EF:x ni (3)

From the result of the calculation, the meanings of
exergy losses IT; and degrees of thermodynamic
perfection v; for every element of the system as well as
the summary exergy losses for the system as a whole IT¢
can be obtained.

3. Thermodynamic analysis of gas turbine
installation

The algorithm EXL described above was applied
for thermodynamic analysis of a gas-turbine installation.
In Fig. 2: I-filter, II- turbo-compressor, III- intermediate
refrigerator, IV- high pressure turbocompressor, V- high
pressure turbine, VI- combustion chamber, VII-
regenerative heat exchanger, VIII- average pressure
turbine, XI- low pressure turbine, X- generator.

The exergy flow graph for this flowsheet is given in
Fig. 3, the matrix of incidence in Fig. 4.

I

14

VI /I> 13

18 6

vil

Fig.2. Flowsheet of gas-turbine installation
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II I -1 1

I I -1 I -1

v I -1 1

VI I -1 1

VII I -1 I -1

VIII I -1 -1

IX I -1 -1

XI -1 1

XII -1

X1 1 |-1

X1V I -1

XV J S|

Fig. 4. Matrix of incidence of the exergy flow graph shown in Fig.3
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Parameters of the flows were calculated in [18] and
given in Table 1.

Exergy of flows was calculated by formulas given
in [3] with such approximations: exergy of fuel equal
heat  value e, exergies of mass flows
g = (b —hy) — Ty(s; —s5). where Fy=0.1MPa,
Ty = 273.153 K. The reason for such approximation is to
simplify the procedure of calculation. The chemical
exergy of flows in gas-turbine installation {gJF"‘ =10) is
ignored in the illustrated example, because even for
combustion gases the amount of chemical exergy in full
exergy of flow is usually less than 1% [3]. Besides, gi-”‘ is
not used in any element of the system and become a loss
outside of the installation.

In the installation as shown in Fig.2, air with mass
flow rate M; and parameters F;, £; enters filter I, where
its pressure is throttled down from F; to F;. After that,
air is compressed in turbocompressor II with a
consumption of capacity
Ny =M;(hy —hy ) = 272 MW to parameters Py and ¢,
(the driver for turbocompressor II is a turbine of average
pressure VIII which sets on the same shaft with the
compressor).

Air then enters to intermediate refrigerator III. In
refrigerator III air is chilled by water (water is heated
from £y4 to £;5) to parameters F; and ty. Air is then
compressed by the high pressure compressor IV with a
consumption of capacity
Ny = My(he — hy) = 2.26 MW to parameters Ps and #5
(the driver for turbocompressor IV is a turbine of high
pressure which sets on the same shaft as a
turbocompressor is). Air enters a regenerative heater VII

and is heated to parameters Pz and t;. The products of
combustion are chilled from £, to £y5.

Then the heated air passes to the combustion
chamber where a full combustion (flow 18,
QF =11.36 MJ/m?*) occurs. The products of
combustion are formed (mass flow rate M;, temperature
t;, pressure F;). It enters the turbines of high (V),
average (VIII), and low pressures (IX) successively, and
expands with the removal of capacity

Ny = MgCh, — hy) = 2.54 MW 4)
Nyp = My (hyg — hy) = 2.04 MW ©)
Ny = My (hyy —hyy) = 3.05 MW (6)

The difference of parameters in points 8, 9 and 10,
11 are due to throttling in the pipe-lines.

Exergy losses in the turbines and in the
turbocompressor are the result of dissipation of
expansion (pressure) processes in a real installation.
Degree of thermodynamic perfection of turbines and
turbocompressors are sufficiently high. Usually, the
bigger the difference between average parameters of the
working fluid and the environment, the smaller the
exergy losses.

The same situation is also true for heat exchangers.
Higher temperature level in regenerative refrigerator VII
(as compared with intermediate refrigerator III) gives a
higher degree of thermodynamic perfection of the heat
exchanger v;; = L8353 as compared with vy;; = (L6933,

Tablel Parameters of flows in the flowsheet of gas-turbine installation in Fig.2

Number Temperature Pressure Enthalpy Entropy Mass flow rate Specific exergy | Exergy

of flow t,=C P,MPa h.kl kg 5, kj/kgK| M,kg/s e, ki/kg E,MW
1 15 1.01 15.1 0.216 27.00 -43.9 -1.18
2 15 0.98 15.1 0.225 27.00 -46.3 -1.25
3 115 242 115.9 0.257 27.00 45.9 1.24
4 25 2.38 25.2 0.009 27.00 22.8 0.62
5 108 4.96 108.9 0.045 27.00 96.7 2.60
6 314 4.84 329.8 0.522 27.00 137.3 5.05
7 684 4.64 738.2 1.066 27.95 446.9 12.49
8 606 3.24 647.4 1.079 27.95 3533 9.87
9 606 3.13 647.4 1.091 27.95 349.9 9.78
10 511 1.94 542.1 1.102 27.95 241.5 6.75
11 511 1.92 542.1 1.107 27.95 240.2 6.72
12 412 1.09 432.9 1.126 27.95 124.9 3.49
13 212 1.02 218.8 0.768 27.95 5.7 0.16
14 15 0.30 63.2 0.224 19.50 2.1 0.04
15 45 0.30 188.5 0.638 19.50 14.2 0.28
16 - - - - - - 2.26
17 - - - - - - 2.54
18 20 0.59 34.7 0.580 0.95 12600 11.93
19 - - - - - - 2.94
20 - - - - - - 2.72
21 - - - - - - 3.05
22 - - - - - - 2.90
23 - - - - - - 2.81
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Table2. Thermodynamic characteristics of gas-turbine installation in Fig.2

Sum of exergies flows
No [Name of element Number of atinletto |at outlet from |Exergy losses [Degree of thermodynamic
corresponding [element  |element in element perfection
node of graph |EF™, MW |Ef%, MW IT;, MW v

1 2 3 4 5 6 7

1 Filter I -1.18 -1.25 0.07 0.940
2 Turbo-compressor 1T 1.47 1.24 0.23 0.843
3 Intermediate refrigerator i 1.28 0.90 0.39 0.699
4  High pressure turbo-compressor v 2.88 2.60 0.28 0.902
5 High pressure turbine \% 12.49 12.41 0.08 0.933
6  Combustion chamber VI 16.98 12.49 4.49 0.733
7 Regenerative heat exchanger VIL 6.09 5.21 0.88 0.855
8  Average pressure turbine VIII 9.78 9.69 0.09 0.990
9  Low pressure turbine IX 6.72 6.54 0.18 0.973
10 Generator X 2.90 2.81 0.09 0.968
11 Drive of high pressure turbo- X1 2.54 2.26 0.28 0.889

compressor [V

12 Drive of turbo-compressor 11 XII 2.94 2.72 0.22 0.925
13 Pipe-line tying turbines VIII and IX XII 6.75 6.72 0.03 0.995
14 Pipe-line tying turbines V and VIII X1V 9.87 9.78 0.09 0.990
15 Generator drive XV 3.05 2.90 0.15 0.950

Exergy losses in other elements of the system are
caused by dissipation of the flow transport in the pipe-
lines (elements XIII, XIV) or by mechanical losses
(elements XI, XII, XV). For the system as a whole

EE" = E, + B, + E;g = 10.841 MW (7)

Ef* = E;s + E3 + By = 3.246 MW (8)

Iy =7.595 MW )

The degree of thermodynamic perfection
vr=EFr/E¥" = 0,299 is less than the same

characteristics for any element of the system in result of
the mutual influence of one element on the other in the
system.

4. Conclusion

A special model for advanced thermodynamic is
presented. This general approach for thermodynamic
system analysis is based on special properties of exergy
flow graph. The model can be constructed for any
energy- intensive system and is invariant for
technological aim and structure of the system. For this
reason, the model can be applied for the investigation of
various energy intensive systems in different branches of
industry. As illustrative example the thermodynamic
analysis of gas-turbine installation is given.
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