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Abstract

In modern steam turbine installations, steam is superheated in an isobaric process. As is known from technical
thermodynamics, when the working fluid is heated from a given state to the same temperature, the heat in the
isobaric process is greater than the heat of the isochoric one. In addition, the expansion of the working fluid during
the isobaric process of heat supply is harmful, since in this case no external work is performed, that is, the main
property of the working fluid is lost - its physical expansion in order to obtain external mechanical work. In an
isochoric process, steam, like a mechanical spring, accumulates more mechanical energy at a lower cost of heat.
Therefore, itis proposed in steam turbine plants that both primary superheating and subsequent steam superheating
processes be carried out isochorically. Comparative calculations of the characteristics of steam turbine installation,
operating according to the Rankine cycle with primary superheated steam up to a pressure of 6.0 MPa and a
temperature of 600 °C, at a steam pressure in the condenser of 0.004 MPa, with the characteristics of an installation
with an isochoric steam superheating process with the same initial data, showed significant energy and economic
advantages of the latter in comparison with basic. So, with a lower fuel consumption in the modified installation (by
10.1 %), its specific work increased by 3.9 %, and thermal efficiency - by 11.2 %. Even more significant energy and
economic advantages have a modified STP with one additional reheat of steam: with a lower fuel consumption by
15.9 %, the specific work increased by 6.8 %, and the thermal efficiency increased by 18.8 %. Due to the smaller
volumes of steam at the end of the expansion, the weight and size parameters of the turbines and the condenser of
the modified unit are reduced by 5.2 % compared to the base unit. Considering the above conclusions and the scale
of use of STP at modern power plants, where up to ten intermediate steam reheats are used, the proposed
modernization of their thermodynamic cycles guarantees even greater energy and economic effects.

Keywords: thermodynamic cycle; isobaric and isochoric steam superheating processes; steam turbine plant; plant
modification; performance indicators.
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AHoTaliga

Y cyyacHuxX nmapoTypG6iHHMX yCTaHOBKaxX Iapa meperpiBa€Trbcs B i306apHOMy mponeci. fIKk BigoMo 3 TexHiYHOI
TepMOJAMHAMiKM, 3a HarpiBaHHd po60o4YO0ro Tijla BiJ 3aJaHOro CTaHy A0 OAHAKOBOI TeMIepaTypH, TemjoTa 3a
i306apHoro mpouecy 6isbiIa, Hik 3a i30xopHoro. Kpim Toro, po3mupeHHsa po6oyoro Tizia B i3o06apHOMy npoueci
niiBeJeHHA TellJIa € WKiAJIMBUM, OCKiJIbKH He BUKOHYETbCS 30BHILIHA po60Ta i BTpavyaeTbcsa pisnyHe po3mIMpeHHA
3 METOI0 OTPUMAaHHA 30BHIIIHBOI MeXaHi4HOi po60TH. B i30xopHOMY npoueci napa, noAi6HO A0 MeXaHiYHOI Py KWHH,
HaKoNmM4ye Oisblle MeXaHiYHOI eHeprii 3a MeHIIMX BUTpaT TeIJVIOTH. TOMy B NapoTypOiHHMX yCTaHOBKax
NPONOHYETHbCA fAK NEePBUHHMI meperpiB, Tak i mojajpli Npouecd neperpiBy mapu 3AilicCHIOBaTH i30XOpHO.
INopiBHA/IBbHI pO3paxyHKU XapaKTEepUCTUK NapPOTYPOiHHOI yCTAaHOBKH, 110 NpaLIO€E 32 UK/I0M PeHKiHA 3 IepBUHHUM
neperpiBoMm mapum Ao THcKy 6.0 MIla i Temmeparypu 600°C (Tuck mapu B KoHAeHcaropi 0.004 MIla) 3
XapaKTepUCTHKaMH YCTAaHOBKHM 3 i30XOPHHUM NpOLLeCOM IeperpiBy napy 3a TUX CaMHMX BUXIJHUX AAHUX, MOKa3aau
3HAYHi eHepreTH4YHi Ta eKOHOMiYHi NepeBaru 0CTaHHbOI B NOPiBHAHHI 3 6a30B010. Tak, 3a MeHIIUX BUTPATaX NaJIMBa
B MoaudikoBaHil ycraHoBui (Ha 10.1 %) ii muToMa po6oTta 3pocaa Ha 3.9 %, a TennoBuit KK/ - Ha 11.2 %. Ille
CyTTEBIillll eHepreTU4Hi Ta eKOHOMiYHi nepeBaru Mmae moaudikosaHa IITY 3 0JHUM AOAATKOBUM MiAirpiBoM nmapu: 3a
MeHIIoi BUTpaTi na/imea Ha 15.9 % nuroMa po60oTa 3pocsa Ha 6.8 %, a rensioBuid KK/l - Ha 18.8 %. 3aBAAKH MEeHIINM
06'eMaM nmapH B KiHIli po3lIMpPeHHs MacoraGapuTHi mapamMeTpH Typ6iH i KoHAeHcaTopa MoAU(iKOBaHOI yCTaHOBKH
3MEHIIYITbCS Ha 5.2 % NopiBHAHO 3 6a30BOI0 YCTAaHOBKOI0. BpaxoBylouM HaBeJeHi BUIlle BUCHOBKH Ta MacIITaGu
BUKopucTaHHA [ITY Ha cyyacHUX eJIEKTPOCTAHLiAX, Jile BAKOPUCTOBYETHCA J0 JeCATH NPOMIXKHUX Naponeperpisis,
3anponoHOBaHA MOJepHi3anis iX TepMoJMHAMiIYHMX UKJ/IiB rapaHTYE 1ie Gi/IbIINi eHepreTUYHNI Ta eKOHOMiUYHUMI
edexTm.

Karuosi cnoea: TepMOJUHAMIYHUKM NIUKJ; i300apHUM i i30XOpHUH HpoIeCH MeperpiBy mapu; mapoTyp6iHHa yCTaHOBKA;
Moaudikallisi ycTaHOBKY; MOKAa3HUKHU e peKTHUBHOCTI.
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Introduction.

Steam turbine plants remain the basis of the
energy sector for converting thermal energy into
electrical energy, therefore any improvement of
them, and even more so of their base -
thermodynamic cycles - is relevant. As is known,
most STP  operate according to the
thermodynamic Rankine cycle on superheated
steam. The formation and superheating of steam
in this cycle is carried out at a constant pressure
[1; 2]. A distinctive feature of the isobaric process
in comparison with the isochoric process of heat
supply is the premature expansion of steam
during its formation and overheating, for which
part of the supplied heat is spent [3-8]. Therefore,

7'\

the isobaric process of heat supply, in comparison
with the isochoric process, has a dual
disadvantage in terms of converting heat into
mechanical energy: additional heat consumption
and undesirable (premature) expansion of the
working fluid outside the mechanism for
converting its potential energy (compressed
spring) into kinetic energy [9-14]. Therefore, in all
heat-to-work converters, it is desirable to replace
the isobaric process of heat supply with an
isochoric one. An example of such a replacement
of the isobaric process of steam overheating by an
isochoric process in the thermodynamic cycle of
steam turbine plants operating according to the
Rankine cycle (the basic cycle of steam power
engineering) is considered in this paper [15-17].
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Fig. 1. Joint image of thermodynamic Rankine cycles of STP on superheated steam with isobaric (1-2-3-4-5-6-1) and
isochoric (1'-2'-3-4-5-6-1") steam superheating processes

Modified thermodynamic Rankine cycle on
superheated steam with isochoric process of steam
superheating. On Figure 1 shows together the
thermodynamic cycles of the basic Rankine cycle
(with an isobaric steam superheating process in a
steam boiler) - 1-2-3-4-5-6-1, and the modified
Rankine cycle (with an isochoric steam
superheating process) - 1'-2'-3-4-5-6-1". The
compared cycles are constructed at the same
temperatures of cold and hot heat sources and
differ only in steam overheating processes: 6-1 - is

an isobaric process, 6-1' - is an isochoric process
[18-23].

Comparative calculations were made for the
STP cycle with the parameters of steam entering
the turbine blades: pressure - 6.0 MPa and
temperature - 600°C. Steam condensation
pressure - 0.004 MPa [24; 25].

The thermodynamic properties of water and
water vapor at the characteristic points of the
considered cycles were determined using the
REFPROP program [2] and are given in Table 1.

Table 1

Thermodynamic properties of water and steam at characteristic points of thermodynamic Rankine cycles on
superheated steam (basic and modified)

points t,°C p, MPa p, kg/m3 u, kl/kg h, kJ/kg s, kl/(kg-K)
1 600 6.0 15.322 3267.7 3658.7 7.1693
2 28.96 0.004 0.034298 2043.1 2159.7 7.1693
3 28.96 0.004 995.92 121.38 121.39 0.42239
4 29.09 6.0 998.54 121.39 127.40 0.42239
5 275.59 6.0 758.00 1206.0 1213.9 3.0278
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Continued table 1

6 275.59 6.0 30.818 2589.9 2784.6 5.8901
1’ 600 11.72 30.818 3230.9 3611.2 6.8183
2! 28.96 0.004 0.03618 1943.1 2053.7 6.8183

Using tabular data, the following characteristics of the energy and economic efficiency of cycles are
calculated [3-5].

The specific amount of heat supplied in the cycle:
- Rankine
qR = h; —h, = 3658.7 — 127.40 = 3531.3kJ /kg ;
- in the modified Rankine cycle
g™ = (hg — hy) + (U — ug) = (2784.6 — 127.4) + (3230.9 — 2589.9) = 3298.2 k] /kg.
Reducing the specific amount of heat supplied in the modified cycle:

So. = q** — qf 1003298235313 o
D= TR T 35313 e
The amount of heat removed to the environment in the cycle:

- Rankine
q% = h, — hy = 2159.7 — 121.39 = 2038.31 k] kg ;
- in the modified Rankine cycle
qyR = h,r — hy = 2053.7 — 121.39 = 1932.31 kJ /kg.
Reducing the specific amount of heat removed in the modified cycle:

Sa. = gk — gk 100 = 1932.31 — 2038.31 100 = —5.2 0
©="gF T 203831 e
Specific work done in a cycle:

- Rankine
IR = h; —h, =3658.7—2159.7 = 1499.0 kJ/kg;
- in the modified Rankine cycle
IR = h;y — hyr = 3611.2 — 2053.7 = 1557.5 kJ /kg.
Increasing specific work:

[mR — R 1557.5 — 1499.0
SI:Z—R-100: 14990 =100 = —3.9 %.
Thermal cycle efficiency: .
- Rankine
R IR 1499
ng = q_R =3c311" 0,4245;
1 .
- modified Rankine cycle
mR [mR  1557.5
N = R = 33085 = 0.4722.
a; :
Increasing thermal efficiency in a modified cycle:
Nk — R 0.4722 — 0.4245
Snt:n—R-100= 04245 -100 =11.2 %.
p :
Specific (per 1 kWh of energy) costs:
- steam
4R = 3600 3600 kg
IR 1499 T kW - R’
JTR — 3600 3600 1 kg
~ ImR 15575 77 kW -h’
- heat
g 3600 3600 8480.6 kg
TR T 04245 T kW R’
3600 3600 k
mR — = 76239 —2

U T mR T 04722 kW -1’
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- fuel
LR = 3600 3600 02120 kg
©QinR T 40-103-0.4245 kW - h’
n 3600 3600 kg
= QPR 40108 04722 % T w
Relative decrease in used:
- steam
5 — dmR — gR 100 — 2.311 — 2.402 100 = —3.8 o
T 4R T 2402 TR
- heat
mR _ QR 7623.9 — 8480.6
6Q1=T'100= SI80.C 100 = —10.1 %;
K .
- fuel
sh — p™mR — pR ~0.1906 — 0.2120 100 = 104 %
T bR - 0.2120 T

For the convenience of analyzing the performed comparative calculations of the compared cycles, we

summarize their results in Table 2.

Table 2

Comparison of the main efficiency characteristics of the basic Rankine cycle on superheated steam and hot and
cold heat sources modified at the same temperatures

Modified Relative change in

No. Characteristics Rankine cycle . characteristic
Rankine cycle % 04
1 Specific heat input in cycle 35313 3298.2 66
q1, kl/kg
2 Specific heat removed in cycle 203831 193231 52
g2, kl/kg
Specific work in the cycle
3 1, kJ/kg 1499.0 1557.5 +3.9
4 Thermal efficiency, nt 0.4245 0.4722 +11.2
Specific steam consumption
5 d, kg/(kW-h) 2402 2.311 -3.8
Specific heat consumption
6 01, kJ/(kW-h) 8480.6 7623.9 10.1
7 Specific fuel consumption 0.2120 0.1906 101

b, kg/(kW-h)

*) a negative value of the characteristic deviation means that it has decreased in the modified cycle, a positive value means

that it has increased.

Analyzing the tabular data, we can draw an
unambiguous conclusion:

- by replacing the isobaric process of steam
superheating with isochoric, one can:

- with lower fuel consumption (10.1 %),
increase the specific work of the STP cycle by 3.9 %
and increase the thermal efficiency by 11.2 %;

- reduce the weight and size parameters of
the condenser turbine by 5.2 %.

Thermodynamic Rankine cycles with one
additional steam superheat. Figure 2 shows
together the thermodynamic cycles of the basic
Rankine cycle withone intermediate isobaric

steam superheating process - 1-7-8-9-3-4-5-6-1,
and the modified cycle with isochoric steam
superheating processes - 1'-7-8'-9'-3-4-5-6-1".
The compared cycles are considered at the same
temperatures of cold and hot heat sources and
intermediate steam superheating, but differ in
steam superheating processes: 6-1 and 7-8 are
isobaric processes, 6-1' and 7'-8' are isochoric
processes.

The thermodynamic properties of water and
water vapor at the characteristic points of the
compared cycles were determined using the
REFPROP program [2] and are given in Table 3.
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Fig. 2. Joint image of thermodynamic cycles of STP with isobaric (1-7-8-9-3-4-5-6-1) and isochoric
(1'-7'-8'-9'-3-4-5-6-1') steam overheating processes

Table 3
Thermodynamic properties of water and steam at characteristic points of thermodynamic cycles of STP with
isobaric (1-7-8-9-3-4-5-6-1) and isochoric (1'-7'-8'-9'-3-4-5-6-1") steam overheating processes

points t,°C p, MPa p, kg/m3 u, kl/kg h, kl/kg s, kl/(kg-K)
1 600 6.0 15.322 3267.7 3658.7 7.1693
2 28.96 0.004 0.034298 20431 2159.7 7.1693
3 28.96 0.004 995.92 121.38 121.39 0.42239
4 29.09 6.0 998.54 121.39 127.40 0.42239
5 275.59 6.0 758.00 1206.0 12139 3.0278
6 275.59 6.0 30.818 2589.9 2784.6 5.8901
7 168.37 0.3 1.5046 2600.8 2800.2 7.1693
8 560 0.3 0.78152 3232.4 3616.3 8.4886
9 28.96 0.004 0.028512 2418.0 2558.3 8.4886
1’ 600 11.72 30.818 3230.9 3611.2 6.8183
2' 28.96 0.004 0.03618 1943.1 2053.7 6.8183
7' 133.52 0.3 1.7063 2478.6 2654.4 6.8183
8’ 560.00 0.6537 1.7063 3230.1 3613.2 8.1263
9’ 28.96 0.04 0.030038 2315.7 2448.8 8.1263

Using the tabular data, the following characteristics of the STP with one intermediate steam reheat
were calculated.

The specific amount of heat supplied in the cycle:
- Rankine
gR = (hy — hy) + (hgr — h;) = (3658.7 — 127.40) + (3616.3 — 2800.2) = 4347.4 k] /kg;
- in the modified Rankine cycle
q'R = (hg — hy) + (uy —ug) + (ugr — u,r) = (2784.6 — 127.40) + (3230.9 — 2589.9) +
+(3230.1 — 2478.6) = 4049.7 k] /kg.
Reducing the specific amount of heat supplied in the modified cycle:

So. = gk — gR 100 = 4049.7 — 4347.4 100 = —6.8 9
B =R T 43474 - e
The amount of heat removed to the environment in the cycle:

- Rankine
q¥ = hg — hy = 2558.3 — 121.39 = 2436.9 kJ /kg;
- in the modified Rankine cycle
R = hg — hy = 2448.8 — 121.39 = 2327.41 kJ /kg.
Reducing the specific amount of heat removed in the modified cycle:
gk — gR 2327.41 — 2436.9

8q, =2—12 100 = -100 = —4.5 %.
2 & 2436.9 %
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Specific work done in a cycle:
- Rankine
IR = (hy — h;) + (hg — hy) = (3658,7 — 2800,2) + (3616,3 — 2558,3) = 1916,5 kJ /kg;
- in the modified Rankine cycle
IMR = (hy — hyr) + (hgr — hyr) = (3611,2 — 2654,4) + (3613,2 — 2448,8) = 2121,2 kJ /kg.
Increasing the specific work obtained in the modified cycle:

[mR — R 2121.2 — 1916.5
5l:l—R-100: 19165 -100 = 6.8 %.
Thermal cycle efficiency: .
- Rankine:
R IR 1916.5
M = R=137 2= 0.4408;
a1 :

- modified Rankine cycle

MR MR 2121.2 _ 05238

T =R T 40497 T

Increasing thermal efficiency in a modified cycle:

51 = ntR — nR 100 = 0.5238 — 0.4408 100 = 18.8 %
- 0.4408 © 7
Specific (per 1 kWh of energy) costs:
- steam
4R = 3600 3600 La784 kg
- IR 19165 kw -h’
gmR _ 3600 3600 L6972 kg
CImR o 2121,2 0 kW - h’
- heat
< 3600 3600 _s16697 kJ
o= Nk 0.4408 kWb’
3600 3600 kJ
MR = = = 6872.85 ————
17 ymR " 0.5238 KW - h’
- fuel
bR = 3600 3600 _ o2042 K9 kg
QiR 40-103-0.4408 kw-h’
R — 3600 3600 01718 kg
T QIn"R T 40-103 - 0.5238 kW - h'
Relative reduction:
- used steam
sd d™ — dR 100 = 1.6972 — 1.8784 100 = —9.6 %.
T 4R T 1.8784 T
- heat input Q;
50. — mr _ QR 100 = 6872.85 — 8166.97 100 = —15.8 %.
G="0r N 8166.97 e
- consumed fuel
b™" — bR 0.1718 — 0.2042
8b = ——7—-100 = 37012 100 = —15.9 %.

For the convenience of analyzing the results of the comparative calculations of the compared cycles,
their most important characteristics are in Table 4.
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Table 4

Comparison of the main characteristics of the efficiency of the basic Rankine cycles of STP with one and two steam
superheats and the corresponding modified cycles at the same temperatures of hot and cold heat sources and the
temperature and pressure of the intermediate steam superheat

Rankine cycle Modified Cycle
No Characteristics with one with two with one with two
superheating superheating superheating superheating
Specific heat input in
1 cycle g1, kj/kg 3531 4347 3298 4050
2 Specific heat removed in 2038 2437 1932 2327
cycle gz, kl/kg
Specific work in the
3 cycle I, kj/kg 1499 1917 1558 2121
4 Thermal efficiency, nt 0.4245 0.4408 0.4722 0.5238
Specific steam
5 consumption d, 2.402 18784 2.311 1.6972
kg/(kW-h)
Specific heat
6 consumption Q3, 8481 8167 7624 6873
kl/(kW-h)
Specific fuel
7 consumption b, 0.2120 0.2042 031906 0.1718
kg/(kW-h)
Relative change in the
8* specific heat input in the - - -6.6 -6.8
cycle 6q1,%
Relative change in the
9* specific heat removed in - - -5.2 -4.5
the cycle 6g2,%
Relative change in
10* specific work in the - - 3.9 6.8
cycle 8%
% Relative change in
11 thermal efficiency 6n¢,% 3 3 112 188
Relative change in
12* specific steam - - -3.8 -9.6
consumption 8d,%
Relative change in
13* specific heat - - -10.1 -15.8
consumption 8§Q1,%
Relative change in
14* specific fuel - - -10.1 -15.9

consumption 8b,%

*) Characteristic deviations are calculated relative to the corresponding characteristic of the corresponding Rankine
cycle(No. 8-14): a negative value of the characteristic deviation means that it has decreased in the modified cycle, a positive

value means that it has increased.

Analyzing the tabular data, we can draw an
unambiguous conclusion:

- by replacing the isobaric process of steam
superheating with isochoric, one can:

- for a unit with one steam superheat at lower
fuel consumption (10.1 %), increase the specific
work of the STP cycle by 3.9 % and increase the
thermal efficiency by 11.2 %j;

- for an installation with two steam superheats
at alower fuel consumption (15.9 %), increase the
specific work by 6.8 % and increase the thermal
efficiency by 18.8 %
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