498

Journal of Chemistry and Technologies, 2024, 32(2), 498-508

JOURNAL OF CHEMISTRY AND
TECHNOLOGIES

Journal of Chemistry and Technologies @

lnn 2. o 122004

[/ pISSN 2663-2934 (Print), ISSN 2663-2942 (Online).

journal homepage: http://chemistry.dnu.dp.ua :
editorial e-mail: chem.dnu@gmail.com S

UDC 536.7
IMPROVEMENT OF THE THERMODYNAMIC CYCLE OF STEAM TURBINE INSTALLATIONS
OF THERMAL POWER PLANTS

Georg K. Lavrenchenko?, Alexey G. Slinko?, Serhii V. Kozlovskyiz, Artem S. Boychuk?
1 LLC «Institute of Low Temperature Energy Technologies», p/b 285, Odesa, 65023, Ukraine
20dessa National Maritime University, 34, Mechnikova str., Odesa, 65029, Ukraine
Received 12 May 2024; accepted 27 June 2024; available online 10 July 2024

Abstract

The production of electricity due to the heat of combustion of fuel is carried out mainly with the help of steam turbine
plants (STP) that work according to the thermodynamic Rankine cycle. In the traditional Rankine cycle, steam
formation and superheating of steam is carried out in an isobaric process, which loses to an isochoric process because
part of the heat that is supplied isobarically is spent on premature expansion of the working body outside the turbine.
It is proposed to improve the Rankine thermodynamic cycle by leaving the isobaric process of saturated steam
formation, and also to carry out boiler and intermediate steam overheating in isochoric processes. As a basic
thermodynamic cycle for comparison, the cycle of the MST-14 type ship steam turbine plant with a capacity of 16,200
kW was adopted. A comparison of the efficiency indicators of the proposed thermodynamic cycle and the cycle of the
basic plant indicates the significant advantages of the proposed cycle, which allows increasing the power of the plant
to 29,000 kW, other things being equal. The proposed improvement of the Rankine cycle will complicate the design
of the steam turbine plant and increase the cost of their manufacture, but these costs will be compensate by a
reduction in fuel consumption and carbon dioxide emissions.

Keywords: basic thermodynamic cycle of steam turbine plants; heat input; heat output; expansion work, thermal efficiency,
modified plant.

YAOCKOHAJIEHHA TEPMOANHAMIYHOTI'O DUKJ/Y NIAPOTYPBIHHUX YCTAHOBOK
TENJIOBUX EJEKTPOCTAHIIIN

['eoprii K. JlaBpeHyenko?; Onekciit I'. CinnabkoZ; Cepriit B. Ko3znosckuii2; Aptem C. boituyk?
1TOB «IHcmumym HU3bKOMeMnepamypHux eHep2omexHo0¢2iii», a/c 285, Odeca, Ykpaina, 65023;

200ecbkuil HayioHabHUll MOpcbKUll yHigepcumem, gyAa. Meunukosa, 34, Odeca, Ykpaina 65029
AHoTauis
Y Ham yac BUPOGHUITBO eJIeKTpoeHeprii 3a paXyHOK TEeIJIOTH 3TOPSHHSA NaJ/IMBa 3/ilCHIOEThCA FOJIOBHUM YMHOM 3a
JAONOMOro NapoTypGiHHUX YCTAaHOBOK, fIKi MPal00Th 3a TePMOAUHAMIYHUM LUK/JIOM PeHkiHa. B TpaguniiiHomy
nukii PeHKiHa mapoyTBopeHHs i neperpiB napu 37iliCHIOETbCS B i306apHOMY HpolLleci, IKUil Iporpae i3aoxopHoMy
npoiecy ToMy, L0 YacTUHA TEeNJOTH, KA MiJBOAMTbLCA i306apHO, BUTPA4Ya€EThCA Ha NepejdyacHe pPO3IIMPEHHS
po6oyoro Tizia mo3a Typ6iHOI0. [IpONOHYETHCA BAOCKOHA/JIUTHU TEepPMOAUHAMIYHUN IMKJ PeHKiHa, 3a/JuMIIMBIIA
i306apHuii Npolec yTBOPeHHS HAaCU4YeHoi NapH, a KOT/IOBHUII i NpoMiXkHi neperpiBy napu 3iiCHIOBaTH B i30XOpHOMY
npoueci. B AkocTi 6a30B0oro TepMoAMHAMIYHOIO LUKJ/IY AJis1 HOPiBHAHHA NPUNAHATO UK/ CyJHOBOI NapoOTypGiHHOL
ycrtaHoBku THny MST-14 mortyxkHicTio 16200 kBT. IlopiBHSIHHA NOKa3HUKIB e€(pEeKTHBHOCTI 3aNpONOHOBAaHOIO
TepMOAMHAMIYHOr0 IMKJY i UKy 6a30B0i YCTAHOBKYU BKa3y€ Ha CYyTTEBI NepeBaru 3aliponoOHOBAHOr0 UMKy, AKMHA
JA03B0JISAE 36i/ILIIUTH NOTYKHIiCTh ycTaHOBKHU 0 29000 kBT 3a iHIIMX piBHUX yMOB. BaockoHaneHHs nukiy PeHkKiHa,
L0 NPOMOHYEThCS, YCKAAJHUTh KOHCTPYKILiI0 NapOTYpPG6iHHOI yCTAaHOBKM i 36i/1IbIIMTH CO6iBapTiCTh IX BUTOTOBJIEHH,
aJjie Ie BUTpaTH 6yAyTh KOMIIEHCOBAaHi 3MeHIIEHHSIM BUTPAaTH NaJ/IMBa i BUKUAIB Kap6oH (IV) okcuay.
Katouosi cnoea: 6a30BUN TepMOAMHAMIYHUN LUK/ NapoTypOiHHMX YCTAHOBOK; MiJiBeJleHa TeIJIOTa; BiJjBefleHa TEeMJIOTa;
po60Ta po3lKMpeHHs; TepMiyHUHM KoedillieHT KOPUCHOI Ai; MoaudikoBaHa yCTaHOBKA.
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Introduction

Steam turbines played and play a big role in the
civilizational development of Mankind. They came
a long way from the steam engine of James Watt
(1736-1819) [1, p.14.] to steam turbines of
modern nuclear power plants. Currently, steam
turbine installations are used in the most energy-
intensive devices for converting heat into
mechanical/electrical energy, which are thermal
power plants, thermal power plants, nuclear
power plants, ship power plants of large tonnage
ships, etc. More than 15 thermal power plants are
currently operating in Ukraine [2]. Their total
capacity is 25,647 MW.

Since the thermodynamic process of any power
plant is the main factor in its efficiency, its
improvement was, is and will always be relevant.

The first direction of the improvement of all
energy cycles is the replacement of the isobaric
process of supplying heat to the working body
with an isochoric one. The unified equation of
technical thermodynamics, which is written for a
static process [3; 4], looks like

Tds = du — pdv.

It follows from this equation that in a static
thermodynamic process (v=idem) the added heat
is completely used to increase the internal energy
of the working body, therefore less heat is spent in
it for a more rapid increase in temperature,
pressure and internal energy, which are the main
indicators of the thermodynamic efficiency of the
working body bodies On the other hand, in an
isobaric process, part of the supplied heat is spent
on the premature expansion of the working body,
since its expansion takes place outside the device
(for example, a turbine) to convert its potential
energy into mechanical energy [5].

The second direction of improvement of the
thermodynamic cycle of steam turbine plants is a
decrease in temperature/pressure at the end of

the expansion of the working body, which is
equivalent to their increase at the beginning of the
expansion. This is possible if the condenser is pre-
cooled with regenerative /recycling cooled coolant
[6].

The third direction of improvement of the
thermodynamic cycles of steam turbine plants is
the replacement of the static method of steam
generation in the steam boiler by the
hydrodynamic method in the steam generating
device [7].

As indicated above, the main consumers of STP
are currently TPPs, NPPs and ship power plants of
large tonnage vessels. There is no Internet data on
the features and parameters of the
thermodynamic cycles of their STP. Therefore, as
a prototype carried out in the work of the study, a
marine steam turbine unit of the MST-14 type with
a capacity of 18,000 to 40,000 hp was adopted,
which was designed by the General Electric
company in 1965 for use as the main power unit
of powerful tankers, since for it has enough
thermodynamic information [8].

Thus, the effective power of the STP-prototype
is Ne=22,000hp, and the relative effective
coefficientis nre = 0.797, which is equal to the ratio
of the effective power Ne to the power of the ideal
turbine unit Ny [8, p. 115]. Then the theoretical
capacity of the STP-prototype is equal to

_Ne 22090 _ 7 6035mp =
0 e 0797 =P =

= 20 316,2 kW.

The STP-prototype uses three turbines, the
steam parameters at the entrance to which are
given in table 1. The condensation pressure of the
spent steam in the prototype cycle is equal to
0.05 ata. We used these data as inputs in all
improvements of the thermodynamic cycle of the
MST-14 type steam turbine plant proposed in the
work.

Table 1

Steam parameters at the inlet to STP MST-14 turbines [8]

Turbine Steam consumption, M Pressure, p Temperature, t
kg/h kg/s ata bar °C
TVT 59 440 16.5111 103.0 101.043 510
TST 48950 13.5972 20.5 20.11 510
TNT 46120 12.2811 6.30 6.18 370
Results and Discussions In fig.1 shows in T,s-coordinates the

Thermodynamic cycle of the basic MST-14 steam
turbine plant with isobaric processes of heat supply
at a steam condensation pressure of 0.05 ata

thermodynamic cycle of the basic STP of the
MST - 14 type with two intermediate steam
overheatings. External heat supply in all processes
of this cycle is carried out isobarically.
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Fig. 1. Thermodynamic cycle of basic STP type MST-14 with isobaric processes of steam overheating

Determination of the thermodynamic
properties of water and water vapor at the
characteristic points of the thermodynamic cycle
of the basic STP was carried out using the
computer program REFPROP [9] with the input
parameters specified above. The calculation was
made according to the following algorithm in:

- point1

t1=510 °C p1 = 101.043 bar;

— point 2

p2=20.11 bar, s; = s1 = 6.6265 K] /(kg'K);
— point6

ps = 0.0515 bar, x¢ = 0.952,
Se = Xg(s"" —s")+s' =
= 0.952(8.3833 — 0.48339) + 0.48339 =
= 8.0041k]/(kg - K);

— point5

ts = 370 °C, s5 = 56 = 8.0041 k] /(kg'K);

— point4

pa=ps=2.6161 bar, s4 = s3 =7.4594 k] /(kg'K);

— point7

p7 = pe = 0.0515 bar, xs = 0;

— point8

ps=pi=101.043 bar,

sg =57 =0.48339 k] /(kg-K);

— points 9 and 10

Po=P1o=p1= 101.043 bar, X9 = 0, X10 = 1.

The determined thermodynamic properties of
water and water vapor at characteristic points of
the thermodynamic cycle of the STP - the
prototype of the proposed TPP improvements are

given in the table 2.
Table 2

Thermodynamic properties of water and water vapor at characteristic points of the thermodynamic cycle of the
basic MST-14 type STP with isobaric heat supply processes at pcond = 0.0515 bar and tconda = 33.401 °C

No t, D, v, u, h, S, Degree of
°C ba m3/kg k] /kg k] /kg kJ/(kg'K) dryness, x

1 510 101.043 0.003016 3066.0 3399.6 6.6265 -

2 267.49 20.11 0.11586 2713.5 2946.5 6.6265

3 510 20.11 0.17711 3134.0 3490.2 7.4594

4 219.01 2.6161 0.85816 2681.9 2906.4 7.4594

5 370 2.6161 1.1300 2918.3 32139 8.0041 -

6 33.401 0.0515 26.095 2311.0 24454 8.0041 0.952

7 33.401 0.0515 0.0010055 139.95 139.95 0.48339 0

8 33.652 101.043 0.0010011 139.97 150.08 0.48339

9 311.76 101.043 0.0014563 1397.8 1412.6 3.3681 0

10 311.76 101.043 0.017800 2543.7 2723.6 5.6095 1

Using tabular data, calculated:
— specific heat supplied in the cycle
q1 = (hy — hg) + (hg — hy) + (hs — hy) =
= (3399.6 — 150.08) + (3490.2 — 2946.5)
+(3213.9 — 2906.4) = 4100.72 K] /kg;
—  specific work of STP
L= (hy —hy) + (hs —hy) +
(hs — he) — |lpump| =

= (3399.6 — 2946.5) + (3490.2 — 2906.4) +
+(3213.9 — 2445.4) — 10.13 = 1795.27 K] /kg,
where the specific work of the pump is equal to

Lyump = hg — h; = 150.08 — 139.95 =

= 10.13KkJ/kg;
— thermal efficiency of the installation
L 179527 0.4378:
M= T 10072 = O
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— specific fuel consumption per 1 kWh of
plant operation
b = 3600 3600 _
7 QN-m, ~ 40-103-0.4378
= 0.2056 kg/(kW -h);
— theoretical capacities of MST-14 type STP
turbines:
e high pressure turbines
Nrppr = Mypr(hy — hy) =
=16.5111(3399.6 — 2946.5) =
= 7481.18 kW;
e medium pressure turbines
Nrmpr = Mypr(hs — hy) =
= 13.5972(3490.2 — 2906.4) =
= 7938.05 kW;
e low pressure turbines
Nrppr = Mypr(hs — he) =
= 12.2811(3213.9 — 2445.4) =
= 9438.03 kW;
— power of the feed pump
Npump = Mypr(hg — hy) =
= 12.2811(150.08 — 139.95) =
= 124.41 kW;
- the theoretical power of STP

Z Nstp = Ny upr + Nrmpr + Nrpt — Npump =

= 7481.18 + 7938.05 + 9438.03 — 124.41 =
= 24 732.85 kW.

Thermodynamic cycle of modified stp type MST-
14 with isobaric heat supply processes at steam
condensation temperature 20 °C

In the basic prototype cycle, the steam
condensation pressure of 0.05ata (0.0515 bar),
which corresponds to the condensation
temperature of 33.401 °C In accordance with the
above-mentioned second direction of
improvement of the thermodynamic cycle of STP,
it is proposed to reduce the steam condensation
temperature to 20 °C, which is possible if the
refrigerant that cools the condenser is pre-cooled.
Therefore, it is proposed to cool the coolant using
a utilization heat-using combined energy-
refrigerating unit (UHUCERU), proposed and
studied in [10]. With its help, it is possible to
obtain cold of a negative temperature at the
expense of secondary heat sources, and STP are
very rich in them. For example, exhaust gases of a
steam boiler can be used as a hot source of heat for
the operation of UHUCERU.

Since the proposed cycle differs from the basic
one only by the temperature/pressure of the
condensation of spent steam, the thermodynamic
properties of water and steam at all characteristic
points of this improved thermodynamic cycle
were calculated using the above algorithm [11-
14].

The determined thermodynamic properties

are summarized in the table 3.
Table 3

Thermodynamic properties of water and water vapor at the characteristic points of the modified STP type MST-
14 with isobaric heat supply processes at tcond = 20 °Cand pcond = 0.023393 bar

o u, h, S, Degree of
No 6 °C p, bar v, mé/kg k] /kg K] /kg KJ/(kgK) drygness,x
1 510 101.043 0.003016 3066.0 3399.6 6.6265 -
2 267.49 20.11 0.11586 27135 2946.5 6.6265 0.986
3 510 20.11 0.17711 3134.0 3490.2 7.4594 -
4 157.89 1.496 13144 2592.2 27889 7.4594
5 370 1.496 1.9795 2919.7 32159 8.2643 -
6 20 0.023393 54.985 2291.1 24197 8.2643 0.952
7 20 0.023393 0.0010018 83.912 83.914 0.29648 0
8 20.152 101.043 0.0009973 83.934 94.011 0.29648 -
9 311.76 101.043 0.0014563 1397.8 1412.6 3.3681 0
10 311.76 101.043 0.017800 2543.7 27236 5.6095 1

Using tabular data, calculated:
—specific heat supplied to the cycle
q1 = (hy — hg) + (hg — hy) + (hs — hy) =
= (3399.6 — 94.011) + (3490.2 — 2946.5) +
+(3215.9 — 2788.9) = 4276.29K]/kg;
—specific work of STP
l = (hy —hy) + (hs — hy) + (hs — he) —
—|Lpump| = (3399.6 — 2946.5) +
+(3490.2 — 2788.9) +
+(3215.9 — 2419.7) — 10.10 = 1940.5 KkJ/kg,
where the pump work is equal to

|lpump| = hg — hy = 94.011 — 83.914 =

= 10.10 kJ/kg;
—thermal efficiency of the installation
1194050 0.4538:
M= T 427629 " Y

—specific fuel consumption per 1 kWh of plant

operation
3600 3600

©T QN m. 40-103-04538
=0.1983 kg/(kKW - h);
—power turbines of the modified STP type
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MST-14
e high pressure turbines
Ny upr = Mypr(hy — hy) =
= 16.5111(3399.6 — 2946.5) = 7481.18 kW;
e medium pressure turbines
Ny mpr = Mypr(hs — hy) =
= 13.5972(3490.2 — 2788.9) = 9535.72 kW;
e low pressure turbines
Npppr = Mypr(hs — he) =
= 12.2811(3215.9 — 2419.7) = 9778.21 kW;
— power of the feed pump
Npump = Mppr(hg — hy) =
= 12.2811(94.011 — 83.914) = 124.00 kW;
— the theoretical power of a modified STP
type MST-14

Z Nstp = Ny upr + Nrmpr + Nrpt — Npump =

= 7481.18 + 9535.72 +9778.2 — 124.00 =
= 26671.1 kW.

Thermodynamic cycle of modified stp type MST-
14 with isobaric heat supply processes at steam
condensation temperature 10 °C

Since this thermodynamic cycle differs from
the ones discussed above only by the

condensation temperature of the steam, which is
equal to 10 °C then using the above algorithm for
calculating the thermodynamic properties of the
working body and the REFPROP program [9], the
thermodynamic properties of water and water
vapor at its characteristic points are determined
[15-18].

The values of the thermodynamic properties of
the working body changed only in points 6, 5, 4, 7
and 8, which were determined according to the
following algorithm:

— point6

te =10 °C x6 = 0.952,

— point5

ts = 370 °C, ss5 = 56 = 8.4798 k] /(kg'K);

— point4

p4=ps=0.94017 bar, s4 = s3 = 7.4594 k] / (kg-K);

— point7

t7=10°C x7=0;

— point8

ps =101.043 bar, sg = s7 = 0.15109 K]/ (kg'K).

In the table4 gives detailed data on the
thermodynamic properties of the working fluid at
the characteristic points of this cycle.

Table 4

Thermodynamic properties of water and water vapor at the characteristic points of the modified STP type MST-
14 with isobaric heat supply processes at tcond = 10 °G, pcond = 0.023393 bar.

No £°C p, bar v, m3/kg Wk k]?i{g 5, K/ (kgK) Ereyglfee::i
1 510 101.043 0.003016 3066.0 3399.6 6.6265 ;

2 26749 20.11 0.11586 2713.5 2946.5 6.6265 0.986
3 510 20.11 0.17711 3134.0 3490.2 7.4594 }

4 11265 0.94017 1.8710 2520.0 2702.4 7.4594

5 370 0.94017 3.1526 2920.5 3216.8 84798 ;

6 10 0.012282 101.20 2276.0 2400.3 8.4798 0.952
7 10 0.02282 0.0010003 42.020 42.021 0.15109 0

8 10069 101.043 0.00099558 42.045 52.143 0.15109 ]

9 31176 101.043 0.0014563 1397.8 1412.6 33681 0
10 31176 101.043 0.017800 2543.7 27236 5.6095 1

Using the obtained data, the following was
calculated:
- specific heat supplied to the cycle
q1 = (hy — hg) + (hz3 — hy) + (hs — hy) =
= (3399.6 — 52.143) + (3490.2 — 2946.5) +
+(3216.8 — 2702.4) = 4405.56 K] /kg;
- specific work of STP
L= (hy — hy) + (hs — hy) + (hs — he) —
—|lpump| = (3399.6 — 2946.5) +
+(3490.2 — 2702.4) +
+(3216.8 — 2400.3) — 10.12 = 2047.28 kJ/kg,
where the pump work is equal to
|Lpump| = hg — h7 = 52.143 — 42.021 =
= 10.12 kJ/kg;

- thermal efficiency of the installation

L 204728 0.4647
M= T 420556
-specific fuel consumption per 1 kWh of plant
operation
3600 3600

7T QN m, 40-103-0.4647
= 0.1937 kg/(KW - h);
- power turbines of the modified STP type
MST-14
¢ high pressure turbines
Nrupr = Mypr(hy — hy) =
= 16.5111(3399.6 — 2702.4) = 11 511.54 kW;
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e medium pressure turbines
NT,MPT = Mypr(hs — hy) =
= 13.5972(3490.2 — 2702.4) = 10 711.87 kW;
e low pressure turbines
NT,LPT = MLPT(hS - h6) =
=12.2811(3216.8 — 2400.3) = 10 027.52 kW;
—-power of the feed pump
Npump = MLPT(hS —hy) =
=12.2811(52.143 — 42.021) = 124.31 kW;
-the theoretical power of a modified STP type
MST-14

z Nstp = Ny upr + Nrmpr + Nrpt — Npump =

= 1151154+ 10711.87 + 10027.52 — 124.31 =
= 32126.62 kW.

Thermodynamic cycle of a modified MST-14
steam turbine plant with isochorous steam
superheating processes at a steam condensation
pressure of 0.05 ata

i
k

11

v = idem 1

In fig. 2 shows the thermodynamic cycle of the
MST-14 type steam turbine plant modified by
replacing isobaric processes of steam overheating
10-1, 2-3 and 4-5 (Fig.1) with isochoric
processes 10-1, 2-3,4-5 and 5'-5".

All thermodynamic cycles of the compared
STPs were built at the same temperature of the
steam supplied to the first stage of the HPT
(t1 =510 °C) and at the same dryness of the steam
at the last stages of the LPT (x¢=0.952). This
condition of comparing thermodynamic cycles led
to the appearance of an additional turbine in the
STP with isochoric processes of steam overheating
[19;20]. We designed this additional stage as the
second low-pressure turbine - LPT,, the steam
expansion process in which is depicted by the line
5-5' (Fig. 2).

3

10

1229 1A 17

’

s

Fig. 2. The thermodynamic cycle of the modified STP type MST-14 with isochoric steam superheating processes

Determination of thermodynamic properties of
water and water vapor at characteristic points of
this cycle was carried out with the following input
parameters:

- points 9 and 10

Po=PpPio=p1= 101.043 bar, X9 = 0, X10 = 1;

-point 1

t1 =510 °C vy = v10=0.017800 m3/kg;

- point 2
p2=20.11 bar, s> = 51 = 6.2820 KkJ /(kg-K);
- point 3
ts=t1=510°C v3=v,=0.097668 m3/kg;
- point 4

ts=219.01 °C(see Table 3);
s4 =53 =7.1740 K] /(kgK);

- point 6
Dé = 0.0515 bar, X6 = 0.952,
Se = xg(s" —s)+s' =
= 0.952(8.3833 — 0.48339) + 0.48339 =
=8.0041K]/(kg - K);

- to determine the enthalpy at the point 5", the
auxiliary point X was calculated with the following
parameters

- entropy at an auxiliary point
Sx =56 =8.0041 KJ/(kg-K); px=ps=2.1197 kg/m3.

The enthalpy hx at point x was determined
using the REFPROP program [9]:
hy = 3589.4KkJ/kg; the heat transfer in the
imaginary LPT is equal to Ah = hy - he = 3589.4 -
24454 = 1144.0 kJ/kg. This heat transfer is
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divided into two LPT bodies. Then the enthalpy of ps=psr=1/vs=1/1.9696 = 0.50771 kg/m3;

steam at the entrance to LPT; is equal to
hs = hg + A/2 = 2445.4 + 1144.0/2 =
3017.4 k] /kg, and the value of entropy:
ss' = s¢ = 8.0041 KkJ /(kg'K);
- point 5
ts =370 °C vs = v4 = 0.47177 m3/kg;
- point 5’
ss' = s5 = 7.5962 K] /(kg'K);

- point 7

p7 =ps = 0.0515 bar, x7 = 0;
- point 8

ps =p1=101.043 bar;

sg =s7 = 0.48339 k] /(kg'K).

The defined thermodynamic properties of the
working fluid are given in the table 5.

Table 5

Thermodynamic parameters of water and water vapor at the characteristic points of the modified STP type MST-
14 with isochoric processes of steam overheating at a condensation pressure of 0.05 ata

No t,°C p, bar v, m/kg klji(g k]?i{g 5 K]/ (ke'K) Ereyg;eesesf’i
1 510 174.88 0.017800 2996.0 3307.3 6.2820 -

2 21265 20.11 0.097668 25753 27717 6.2820 0.986
3 510 36.029 0.097668 31213 34732 7.1740 -

4 21901 4.7123 0.47177 26752 2897.5 7.1740

5 370 6.2308 0.47177 29135 3207.5 7.5962

5 14257 0.96564 1.9696 25719 2762.1 7.5962

57 27190 12724 1.9696 27668 3017.4 8.0041 -

6 33401 0.0515 26.095 23110 2445.4 8.0041 0.952
7 33401 0.0515 0.0010055 139.95 139.95 0.48339 0

8 33652 101.043 0.0010011 139.97 150.08 0.48339 -

9 31176 101.043 0.0014563 1397.8 14126 3.3681 0
10 31176 101.043 0.017800 2543.7 27236 5.6095 1

Using tabular data, calculated:
- specific heat supplied in the cycle
41 = qg-1t(q2-3 + Q45+ qs'_5 =
= 3025.82 + 546.0 + 238.3 + 194.9 =
= 4005.02 k] /kg,
where
qs-1 = (hyo — hg) + (U —uyo) =
= (2723.6 — 150.08) + (2996.0 — 2543.7) =
= 3025.82 kJ/kg;
qz-3 = U3 — U, = 3121.3 — 25753 =

= 54.0 kJ/kg;
Qa5 = Us — Uy = 2913.5 - 2675.2 =
= 238.3 kJ/kg;
qs'_g" = Ugr — Ugr = 2766.8 — 25719 =
=194.9 KkJ/kg;
- specific work of STP

l=(hy —hy) + (hs — hy) + (hs — hs') +
+(hsr — he) — |lpump| = (3307.3 = 2771.7) +
+(3473.2 — 2897.5) + (3207.5 — 2762.1) +
+(3017.4 — 2445.4) — 10.13 = 2128.57 KkJ/kg,
where the specific work of the pump is equal to
lyump = hg — h; = 150.08 -139.95 =

= 10.13kJ/kg;
- thermal efficiency of the installation
L 211857 0.5290:
M= T 400502~ 7Y

- specific fuel consumption per 1 kWh of plant
operation

3600 3600
bo

T QN n, 40-10%-0.5290
=0.1701 kg/(kW - h);
- theoretical power of the turbines of the
modified STP of the MST-14 type:
e  high pressure turbines
Nryupr = Mupr(hy — hy) =
=16.5111(3307.3 — 2771.7) = 8 843.35 kW;
e medium pressure turbines
Nrmpr = Mypr(hs — hy) =
= 13.5972(3473.2 — 2897.5) = 7 827.91 kW;
e low pressure turbine
Nrpr1 = Mipri(hs — hgr) =
= 12.2811(3207.5 — 2762.1) = 5 470.00 kW;
Nrprz = Mypri(hs — he) =
= 12.2811(3017.4 — 2445.4) = 7 024.79 kW;
e STP feed pump
Npump = Mypr(hg — hy) =
= 12.2811(150.08 — 139.95) = 124.41 kW;

- the theoretical power of a modified STP type
MST-14

Z Nstp = Nrupr + Nrmpr + Nrppri +
+Ny p12—Npump = 8843.35 + 7827.91 +
+5470.00 + 7024.79 — 124.41 = 29 041.64 kW.
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Thermodynamic cycle of modified stp type MST-
14 with isohorous steam superheating processes at
steam condensation temperature 20 °C

Such an improvement of the thermodynamic
cycle of the STP type MST-14 differs from the
previous one only by a lower
temperature/pressure of steam condensation,

which are
Pcond = 0.02339 bar.

Using the program REFPROP [9] and the above
algorithm, the thermodynamic properties of water
and water vapor at all characteristic points of this
thermodynamic cycle were calculated.

The determined thermodynamic properties
are summarized in the table 6.

equal to teond = 20 °C

Table 6

Thermodynamic properties of water and water vapor at characteristic points of the modified STP type MST-14
with isochoric processes of steam overheating at tcond = 20 °G pcond = 0.02339 bar.

o u, h, s, Degree of
No 6°C p, bar v, m?/kg KJ/kg KJ/kg K/ (ke'K) dryness. x
1 510 174.88 0.017800 2996.0 3307.3 6.2820 }
2 21265 20.11 0.097668 25753 27717 6.2820 0.986
3 510 36.029 0.097668 31213 3473.2 7.1740 i
4 21901 4.7123 0.47177 2675.2 2897.5 7.1740
5 370 6.2308 0.47177 2913.5 3207.5 7.5962
5 11963 0.76204 2.3576 25387 27183 7.5962
57 337.80 1.1933 2.3576 2869.3 3150.6 8.2643 }
6 20 0.023393 54.985 2291.1 2419.7 8.2643 0.952
7 20 0.023393 0.0010018 83.912 83.914 0.29648 0
8 20152 101.043 0.0009973 83.934 94.011 0.29648 }
9 31176 101.043 0.0014563 1397.8 14126 33681 0
10 31176 101.043 0.017800 2543.7 27236 5.6095 1

Using the obtained data, the following was
calculated:

- specific heat supplied in the cycle

1 = qg-1tq2-3 + Q45+ q5' 5" =

= 3081.89 + 546.0 + 238.3 + 330.6 =

= 4196.79 K] /kg,
where
qs-1 = (hio — hg) + (ug —ugo) =
= (2723.6 —94.011) + (2996.0 — 2543.7) =
= 3 081.89k]/kg,
qz—3 = uz —u, =3121.3 - 25753 =

= 546.0 kJ/kg,
Qa5 = Us — Uy = 2913.5 - 2675.2 =
= 238.3 KkJ/kg,
qs/_g" = Ugl — Ug! = 2869.3 — 2538.7 =
= 330.6 kJ/kg;
—  specific work of STP

l = (hy —hy) + (h3 — hy) + (hs — hg) +
+(h5” —he) — |lpump| =
= (3307.3 —2771.7) + (3473.2 — 2897.5) +
+(3207.5 — 2718.3) + (3150.6 — 2419.7) —
—10.10 = 2 321.30 kJ/kg,
where the pump work is equal to
|Lpump| = hg — h7 = 94.017 — 83.914 =

= 10.10 kJ/kg;
- thermal efficiency of the installation
I 2321.30

== 05531,
M= o~ 2196.79

- specific fuel consumption per 1kWh of plant
operation
b = 3600 3600 _
7 QN-m, 40-103-0.5531
= 0.1627 kg/(kW - h);
- capacity of turbines of STP MST-14
installation
e  high pressure turbines
Nrupr = Mypr(hy — hy) =
=16.5111(3307.3 — 2771.7) = 8 843.35 kW;
e medium pressure turbines
Ny ympr = Mypr(hs — hy) =
= 13.5972(3473.2 — 2897.5) = 7 827.91 kW;
e low pressure turbines
Nrppr1 = Mypri(hs — hsr) =
= 12.2811(3207.5 — 2718.3) = 6 007.91 kW;
Nrppr2 = Mypri(hs — he) =
= 12.2811(3150.6 — 2419.7) = 8 976.26 kW;
Npump = Mypr(hg — h7) =
= 12.2811(94.011 — 83.914) = 124.00 kW;
- the theoretical power of STP type MST-14
installation

Z Nstp = Npypr + Nrmpr + Nrppra +

+N7Lpr2—Npump = 8 843.35+ 7 827.91 +

+6 007.91 +8976.26 — 124.00 =
= 31531.43 kW.
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Thermodynamic cycle of modified stp type MST-
14 with isohorous steam superheating processes at
steam condensation temperature 10 °C

This modification of the thermodynamic cycle
of STP is similar to the two considered above and
differs from them only by an even lower
temperature/pressure of condensation of spent
steam (tcond = 10 °C, peond = 0.012282 bar).

Using the program REFPROP [9] and the above
algorithm, the thermodynamic properties of water
and water vapor at all characteristic points of this
thermodynamic cycle were calculated.

The determined thermodynamic properties
are summarized in the table 7.

Table 7

Thermodynamic properties of water and water vapor at the characteristic points of the modified STP type MST-
14 with isochoric processes of steam overheating at tcond = 10 °G pcond = 0.012282 bar.

No t,°C p, bar v, m3/kg k]%{g k]?i{g s, kJ/(kg'K) gr‘;ffee:&oi

1 510 174.88 0.017800 2996.0 3307.3 6.2820 -

2 212.65 20.11 0.097668 2575.3 2771.7 6.2820 0.986

3 510 36.029 0.097668 31213 34732 7.1740 -

4 219.01 47123 047177 2675.2 2897.5 7.1740

5 370 6.2308 047177 29135 3207.5 7.5962

5’ 103.28 0.63833 2.6967 2515.0 2687.2 7.5962

5" 399.81 115 2.6967 2967.8 3277.9 8.4798 -

6 10 0.012282 101.20 2276.0 2400.3 8.4798 0.952

7 10 0.012282 0.0010003 42.020 42.021 0.15109 0

8 10.069 101.043 0.00099558 42.045 52.143 0.15109 -

9 311.76 101.043 0.0014563 1397.8 1412.6 3.3681 0

10 311.76 101.043 0.017800 2543.7 27236 5.6095 1
Using tabular data, calculated: 3600 3600

—  specific heat supplied in the cycle
q1 = qg-1 t 423+ q4-5 + qs5' 5" =
= 3123.76 + 546.0 + 238.3 + 452.96 =
= 4361.02 KkJ/kg,
where
qg-1 = (hio — hg) + (g —uy0) =
= (2723.6 — 52.143) + (2996.0 — 2543.7) =
= 3123.76 k] /kg,
Qa3 = U3 —up; = 3121.3 - 2575.3 =
= 546.0 KkJ/kg,
Qa_s = Us — Uy = 2913.5 - 2675.2 =
= 238.3 KJ/kg,
qs'_s" = Ui — Ugr = 2967.9 — 2515.0 =
= 452.96 KkJ/kg;
—  specific work of STP
l=(hy —hy) + (hz — hy) + (hs — hs') +
+(h5” —hg) — |lpump| =
= (3307.3 —2771.7) + (3473.2 — 2897.5) +
+(3207.5 — 2687.2) + (3277.9 — 2400.3) —
—10.12 = 2 499.08 KkJ/kg,
where the pump work is equal to
|Lpump| = hg — hy = 52.143 — 42.021 =

= 10.12 KJ/kg;
— thermal efficiency of the installation
L 2499.08 0.5730-
M= T 436102 Y

— specific fuel consumption per 1kWh of
plant operation

7 QN-m 40-103-0.5730
= 0.1571 kg/(KW - h);
— power turbines of the modified STP type
MST-14
e  high pressure turbines
Nrppr = Mypr(hy — hy) =
=16.5111(3307.3 — 2771.7) = 8 843.35 kW;
e medium pressure turbines
Nrmpr = Mypr(hs — hy) =
= 13.5972(3473.2 — 2897.5) = 7 827.91 kW;
e low pressure turbines
Nrppr1 = Mypri(hs — hyr) =
= 12.2811(3207.5 — 2687.2) = 6 389.86 kW;
Nrpr2 = Mypri(hsr — he) =
= 12.2811(3277.9 — 2400.3) = 10 777.89 kW;
Npump = Mypr(hg — h;) =
=12.2811(52.143 — 42.021) = 124.31 kW;
- the theoretical power of STP type MST-14
installation

Z Nstp = Nrypr + Nrmpr + NrLpr1 +
+Nr,Lp12—Npump = 8 843.35+ 7 827.91 +
+6389.86 +10777.89 — 124531 =

= 33 714.70 kW.

For the possibility of comparing the efficiency
of the basic and proposed modified STPs of the
MST- 14 type, the most important indicators of
their efficiency are summarized in the table 8.
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Table 8

Comparison of the most important characteristics of the basic thermodynamic cycle of the MST-14 type STP with
modified thermodynamic cycles

Thermodynamic cycles with isobaric heat
transfer processes

Thermodynamic cycles with isochoric
processes of steam overheating

No Performance — =

indicators Base, Modified Modified
teona= 33 °C teond= 20 °C tecond= 10 °C teond= 33 °C tecond= 20 °C tecond= 10 °C

Specific heat

1 supplied in the cycle, 4100.72 4276.29 4 405.56 4005.02 4196.79 4361.02
9, k]/kg
Specific work of

2 vocational training, 1795.27 1940.50 2047.28 2128.57 2321.30 2499.08
LK]/kg

3 Thermal efficiency, ne 0.4378 0.4538 0.4647 0.5290 0.5531 0.6573
Theoretical power of

4 vocational training, 247329 26671.1 32126.62 29 041.64 31531.43 33714.70
Nstp, KW
Specific fuel
consumption per 1

5 Twh Ofglant P 0.2056 0.1983 0.1937 0.1701 0.1627 0.1571
operation, bo

¢  Relativeincreasein : 3.70 6.1 208 263 50.1
efficiency, %
Relative reduction in

7 specific fuel 3.70 6.1 17.3 26.4 30.9
consumption, %
Relative change in
specific heat

8 Sﬁpphe Lo TP +4.3 +7.4 23 +2.3 +6.3
cycle, %

g  Relativeincrease in 7.8 29.9 17.4 27.5 36.3
theoretical power, %

Conclusions processes of steam overheating are replaced by

Analyzing the data of the comparative table 8,
it can be unequivocally stated that all five
improvements of the thermodynamic cycle of STP
proposed in the paper are effective. Thus, the
deviations of the thermal efficiency of the
improved cycles, calculated relative to the basic
cycle of the STP type MST-14, range from 3.7 to
50 %. From a constructive point of view, the
simplest improvement is an improvement with a
preliminary disposal cooling of the refrigerant
that cools the condenser. The existing Ukrainian
TPPs, the total capacity of which is 25 647 MW,
should be equipped with utilization heat-using
combined energy refrigerating units, with the help
of which to cool the coolant that cools the
condenser, in order to save 13 719 159 tons of
fuel, the heat of combustion of which is
40-103k]J/kg, every year. If transferred to
conventional fuel (Qu=29.33-103k]/kg), the
savings of conventional fuel will amount to
18 710 070 t/year.

A more structurally complex, but also more
effective improvement of the thermodynamic
cycle of STP is an improvement in which isobaric

isochoric ones with preliminary cooling of the
refrigerant that cools the condenser. If the existing
Ukrainian thermal power plants are modified in
this way, it is possible to save 14 288 256 tons of
fuel, the specific heat of combustion of which is
40-103kJ/kg, or 19486200 tons/year of
conventional fuel.

Finally, in all proposed improvements of the
thermodynamic cycle of the STP, the theoretical
power of the STP increases with proportionally
less heat supplied in the cycle.

The lower the condensation temperature of
STP steam, the greater is not only the annual fuel
economy, but most importantly, the thermal
pollution of the Earth's atmosphere is significantly
reduced, which is very relevant in connection with
the current situation surrounding the problem of
global climate warming.

Itis clear that the proposed improvements will
complicate the design of STPs and increase the
cost of their production, but these are one-time
costs, while fuel is used and thermal pollution of
the atmosphere is carried out constantly during
the operation of the TPP.
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