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Regenerative Rankine-Clausius cycle

Regeneration (Recuperation) = heating of feed water in the heat exchanger
(regenerative heater or recuperative heater) by steam taken in the turbine
(extraction steam)
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+ Point 3 - input of the admission steam into
the turbine

Point 6 - extraction of the part of the steam
into the ion heater

+ Point 4 - emission steam at the turbine
outlet

Point 1 - condensate before entering the
recuperation heater

¢ Heat removed Point 1° - condensate behind the
(1-a)As oLAs from the recuperation heater
Heat transferred AS R S
to the feed
water 2
ab e d s [kI/kg. K]

Regenerative Rankine-Clausius cycle
The amount of steam M, expands in the turbine to the point where the steam is taken. From this point of
the turbine, part of the steam (M,) is fed to the recuperation heater. After the recuperative extraction of
steam in the turbine, the remaining amount of steam is expanded until the next extraction, etc.
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In the recuperative heater, the heating steam transfers its heat (superheat

heat, condensing heat) to the feed water and its condensate is introduced
into the condenser; so that the amount of feed water of value Mp = My,

passes again through the recuperation heaters.

Pracedure for plotting the thermal cycle in the i-s (h-s) diagram

1. lzobarp, Nisothermt, — i, . Po (MPa)

2. Perpendicular fromp, N t, towards the entropy i(kJ/kg)
axis, up to the isobar p, (= isotherm t,) — ideal
expansion curve = i,

3. Calculation i, from the thermodynamic efficiency iq (k] /kg)
or determination from the dryness value of the dry
steam x Nty (py) — real expansion curve — iy,

ta (°0)

Mps Pay by By
2.
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Pracedure for plotting the thermal cyele in the i-s (h-s) diagram

4. The pressure of the consumed heating steam (extraction
steam) p,; is always given by the isobar based on the . Pa (MPa)
intersections of the isotherms t;; given by the i(kJ/kg)
temperature behind the individual recuperation heaters
with the right limit curve, i.e. x = 1 Nt = (Poi)-

. The enthalpies of the extraction steam i,;and the
temperatures t,; are obtained from the intersection of
the isobar extraction steam p,; with the real expansion
curve.

. The enthalpy of heating condensate (water) t’,; is Poi
determined from steam tables (according to p,;) or by (MPa)
calculation. M, p,t, i,

ta (°C)
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t = tig (°C)
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Pracedure for plotting the thermal cycle in the i-s (h-s) diagram
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7. Display and reading of all steam extracts from the

turbine in the i-s diagram t, (°C)

My Pas b By

L = tra (°C)
x=

@reM, (arta+aM,

Xk

s (k] /kgK)

Regenerative Rankine-Clausius cycle

Mp Pty

With ideal heat transfer
(lossless), the temperature
of the feed water and the
temperature of the heating
steam condensate at the
output of the recuperation
heater are the same.

Calculating the number of necessary regenerative heaters (RH)

* As the number of recuperation heaters increases, the
thermal efficiency of the RC cycle increases.

Optimal feed water temperature An,
* In practice, for economic reasons, a maximum of 8
recuperation heaters
* The thermal efficiency gain is highest in a single
stage regeneration
* Multi-stage recuperation - the highest efficiency if
the heating of the feed water in each regenerative
heater would the same
* Heating in 1 stage should not be greater than 40 °C

Number of recuperative heaters
(regenerative heaters)
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z
thy =ty + —— (ts — ¢
nv k zZ+1 (s k)

Saturated steam temperature at pressure p,




Calculation of regenerative heating

Calculation of feed Po1s to1s Lo} |
water temperature t,,

g™ iy

_ L _ @ NC
thy =ty + Z+1 (ts\ Ek) EanﬂMp

(@t M, (ara;+apM,

Saturation
temperat
ure for
the
pressure
atwhich
steam is
produced

oM,

Feed water temperature at the output of
individual heaters:
¢ RH1

try =ty + AtRO
tiz = trg + AL

Feed water heating in
individual recuperation
heaters (RH)
tii = tgi-1) + ALFC
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Balance equations of turbine and generator with unregulated steam extraction
* Mass flow of steam into the turbine i
=it is determined from the balance Thermal gradient

equation of the turbine and generator 7 . q q
a 8 © Partl My -iqg =M, -ior > My (ig — io1)

© Partll (M, —a;M,) - (io1 — ioz)

s Partlll
(Mp — M, — “sz) - (foz — i03)
* Partlv

(M, — a1 My, — ay My, — azM,,) - (ip3 — ix)

Mp[(iqg —io1) + (1= ay) - (o1 — o) + (1 — s —a2)

3600-P,

“ (o2 —i03) + (1 —ay — @z — a3) * (ioz — k)] =
Mg * Mm

11

Thermal cycle with unregulated steam extraction

Heat consumption for the turbine and generator

- - Mp Pyt |
Qr = My (iq — iny) S

Heat consumption for the required
electrical power (the whole power
plant)

QT=Qp'77k'77p

__o _k e
&= T (@r+ay+aM,
\ Q, 3600 |+ Specific heat consumption
_xr
4 = P, el for the required electrical
Amount of the fuel consumed output power
Q
My = ~r __ T
dpal  Gpat "Mk *Mp
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* Thermal efficiency of the ideal thermal cycle

Thermal cycle with unregulated steam extraction

Weo _ Mp(ia — i)

K
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" " gy~ MyGia — in) L
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+ Thermal efficiency of the real thermal cycle D

W Mp(ia — i)
Me=Mto " Na =~ =3 7 7 3

[
i
|
I
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ar  My(iq — iny) imi b i
B Lo qw el o e e
: T T +
* Thermal efficiency of the thermal cycle at the generator terminals
L Wl g My — i) M 1y _ 3600-P, 3600-P, 3600 3600 - P,
T Myla— i) Mplla—in) Q1 ar Mya~dpa M Ty
N'e =N Nm'Ng
+ Thermal efficiency of the power plant at the generator terminals
. _3600-P, 3600 3600-P, 3600-Pm-m, B
Nt 0 e Mpat - Gpat or Ne Nk Mp = Neo " MNea " MNg “Mm "Mk " Mp
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Example 1

For a condensing turbine with a generator with an electrical output power P, = 6 MW ,
design a thermal scheme with recuperative heating of the feed water and calculate the
thermal efficiency and the thermal scheme The parameters of the block are:

— P, =3.5MPa, p, =5 kPa, q,, = 12 220 kl.kg™*

— t,=435°C, t,=35°C.

o My, P b By 4

i P,
Efficiency values: C) [

* nz=0.85 ~i1

=099 o

. ,; =0.96 Poy» To1s Lo Pas li

m = 0.
© =097 Pozs tops lop

My ot iy

Example 1 - Solution |

Calculation of feed water temperature

Z
tay =t + ———(ts — ¢
nv k Z+1 ( s k)
Itis clear from the thermal cycle i iy
diagram that the 3rd stages © N

recuperative heating of feed water
with cascade are selected. - z =3.
To calculate the feed water 7 s

temperature, we must first determine i & S
the saturation temperature. GreM, (eraraM,

* Determination of saturation temperature Vypotet  Body Funkce Rozsahy x
for pressure p, 4

Vybér funkce
Oblast Moz sytost
[z sytost ERE =l

Pa = 3.5MPa q ‘t5:242.56°(]‘ Vstupniveliginy

o= wa

_ Vypoétenahodnota

\E ,_‘. >




My Pyt iy

Example 1 - Solution |

* Required heating of feed water in all RH

ACRD

AtRO =

* Feed water heating in one
recuperation heater (RH)

AtfO =

t, =35°C
oy = 191°C

Pop top Iy

aM,

(+aM,

(ata, +aM,

Proceed from the feedwater pump towards the condenser.

Feed water temperature at the output of individual heaters:
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* RH1 ta =
« RH2 tiy =
« RH3 tis =
16
i
Example 1 - Solution | | |
il
Given: | K
p,=3.5MPa NEEES
t =435 Dc \' T 707, Z
2 i,=3304 kifkg %
p. =5 kPa
t,=35°C
* Enthalpyi,
hy Qg — g
=—=——=10.80
" Rea  a e
i =
i =
5
in= TG Sk
=2125 (kifkg) - T
i I =21 (ki/kg) 25 2 s (hes)
o Iz ;
o /{”* ‘N‘! diagram
e I T e

S /lhg K]~

|

3600

Example 1 - Solution

Given:

Po=3.5MPa
t,= 435 °C

P.=5kPa
t,=35°C

* Plotting temperatures t; =t

tia = =

tiz =

tiz =

Pressure of extraction steam p,;

Po1 =
Poz =
- 00 2 ;
Po3 T e diagram
o ke
. 4 ; L g
S5 A 6o 60 B 8 83 70 12 7 75 78 80 o 85 3

S kg Kl




Example 1 - Solution

* Determination of the quantities values
by means of the software

Pressure of Pressure of
extraction steam p,q extraction steam p,,

Vjpotet  Body Funkce Rozsahy x

T

Vybér funkce .

Oblast ez sytosti

ez syiost ERC =

Vstupniveliginy

N

=

Vypoétenahodnota

Vybér funkce
Oblast Mez sytosti

ez sytost e =|
Vstupniveliéiny

Vypottena hodnota

Tiak = 1.283 WMPa

|
| ~
4 ( :
Vypotet  Body Funkce Rozsahy a x\k — —~ o
) \ R ey
f

erpoerm St ool

Vjpoiet  Body Funkce Rozsahy x

(

Vybér funkce
K Oblast Mez sytosti

[iez syost 3 v =

Vstupniveliginy

Vypoétenahodnota

Pressure of
extraction steam p,3

Tiak = 0.063 1Pa
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Example 1 - Solution ~

Given: 3600
po=3.5MPa 0o

t,=435°C
P.=5kPa 0
t,=35°C s
* Temperaure of extraction 0]
steam t; ‘ 3200/
t = 2 500

o1 § %
toy = -
2500
to3 =

500
* Enthalpy of extraction steam iy; ,,,,
i1 =

2200]

g2 = 200

by means of the software

Enthalpy of Enthalpy of
extraction steam i, extraction steam iy,

e (= )
lo3 = - o | isihs)
Zed, i diagram
. qz{“ s g
@ o o || i
P0TEE S4 60 62 81 & 70 22 24 A8 80 82 &¢ 85 a8 30 20
S kg Kl
Vpotst  Body Fumkoe Rozsahy x
Example 1 - Solution P
Vybér funkce
« Determination of the quantities values jo0ss: Obocné dmive,
[Obecné unkcs EED =

Vstupniveliginy
Teplota = [21 e N
Tiak = [0.35 MPa

Vypoétena hodnota

V N
- Vipoget  Body Funkce Rozsahy x\ = Entalpie = 2886.266 kg ) _

e - > " >

Vypoétena hodnota )

o Entalpie = 3091.634 Wikg)
[\ — >

Enthalpy of X
extraction steam i,3

Vybér funkce Vjpotet  Body Funkce Rozsahy x
g Oblast Obecné funkce
[ovecné tunkce = foe | Vybér funkce
Vstupniveliciny Oblast Obecné funkce 3
> — L N [Obecns funkce ERED =

Vstupniveliéiny
Tiak = (0.06 MPa

Vypoétena hodnota

s Entalpie = 2653.004 ki/kg )
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potet  Body Funkee Rozsahy s x\

Example 1 - Solution .

Vybér funkce I

* Condensate enthalpy of extraction , — e .
(heating) steam i’y; — by means of t',; = [ez sytost = T =
i orpg Vstupniveliéiny

Ve Teplota = [139 B

Condensate enthalpy

Condensate enthalpy of of extraction steam
extraction steam i’yq i'o2
| Vypoétenahodnota L.
ﬁ N
Vypotet  Body Funkce Rozsahy a1 x\ )
\ ] >
Vybér funkce
- Vypotet  Body Funkce Rozsahy x
| Oblast Mez sytosti
ez sytosti 7 [T =
| e £ E Vybér funkce
W tupnivelltiny |4 Oblast Mez sytosti

/ Teplota = c B\ [tz syiosi ERNCE el
Vstupniveliéiny

4 Teplot

Vypoétenahodnota

) Vypoétena hodnota

Entalpie = 360.148 K/

Condensate enthalpy of o
extraction steam i’,3
22

My = My, —
—(ay +ap + )M,

Example 1 - Solution @My i

* Condensate enthalpy — by means of t,4 = 35 °C

Possibility 1 - calculation E

ika =
(a1 + az + ax)M,
Vypotet  Body Funkce Rozsahy iz x
Vybér funkce
7/ Oblast Mez sytosti
[Wez syioss I =
Possibility 2 - from steam tables or software Vstupniveliginy d
4 Teplota = (36 |*c R

Vypoétenahodnota
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Example 1- s°|uti°n Subtraction of enthalpy and entrepy values in
the Steam Tables

= = 3 =
€ MPa___  mfkg  mfkyg  kJkg  kjks  kJ/ksK  kJjksK]
010003306, o 0007 558
ooz 2060 o 558
Sooi000t
- oc010001
s 0010001
e a . = 0001000
= ST 0,0010001
et
" rosten
Tabulky termodynamickych viastnosti ),0010730
vody a vodni piiry 00011483
i s i Ao TSI
» ooot00s
Radim Mares 3 oot
2 So0t00s
% Sooioosd
b prestos
n 00010000
% oo0sosr oat004
o oo06as 00010068
= 0008632 preren
H 007000 prefoté
oorssa 0001000
b et o001
2 08200 00010087
“ Oossso 00010001
“ ooosiia 00010005
© o001
i 001000 G0010108
e 0010626 ooot0108
® oo ogoioiia
o oourst ogoi0117
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* Steam consumption for individual regenerative heaters My =M, —
»
aM, aM, asM, L | Tt ta)M,
[ io2 io3

M, I_VIP My

[7%% ‘im, lk2 k3

a M, il

I
(ay + az)M, (ay + az + a)M,
RH1
ki = Loi
a; =

Example 1 - Solution

Example 1 - Solution

Steam consumption for individual regenerative heaters My =M, —
b

aM, asM, ik —(ay +az +az)M,

FOREEes
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Example 1 - Solution

Steam consumption for individual regenerative heaters Mo =M, —
P

a M, aM, azM, iy —(ay + az + az)M,

* RH3 (@) + az)M, (g +az + az)Mp

az =




Example 1 - Solution

¢ Mass flow of steam into the turbine
= it is determined from the balance equation of the turbine and generator

INPUT = OUTPUT

Thermal g
Part | of the turbine

My ig =My, igy > Mp-(la—io1) =0
* Partll of the turbine

(Mp - “1Mp) (ip1 —ig2) =0

* Partlll of the turbine

(Mp - M, - “sz) - (loz —ig3) =0

01 .
My oz : i
03
oM, |

* PartIV of the turbine

(M, — ay My, — aaM,, — a3 M,,) - (g3 — ig) = 0|

1st variant of calculation = determination of M, from partial balance equations determined for
individual parts of the turbine

28
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Example 1 - Solution Yo [veur = ourpur |

* Mass flow of steam into the turbine
=it is determined from the balance equation of
the turbine and generator

2st variant of calculation =
determination of M,, from the balance
equation of the whole turbomachinery

0
M_(1- Sa)
My -ig= aM, |7

3600-P,

=ay My igy tay My -igp +az - My -igs + My iy — My - iy - (@ + ap +a3) + Yo T

My -ig —ay - My -ioy — ay - My - iy — @z - My - igz — My - i + My, - iy - (aq + @y + a3)

_3600-P,
g * T
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2st variant of calculation =
Example 1 " s°|Utl°n determination of M, from the balance

equation of the whole turbomachine
* Mass flow of steam into the turbine £l -

= it is determined from the balance equation of the turbine and generator
Mp‘ia—al‘Mp‘im—a2‘Mp~i02—a3~Mp~iD3—Mp~ik+Mp~ik‘(a1+a2+a3)

~3600-P,
Ng * N

4

. . . S L . _3600-F
p il — @1 My - (log — i) — @z - My - (loz — ix) — @z * My - (g3 — i) — My - iy = ————
g lhm
" 3600-P,
P g N lia — @y (or — i) — @z (o2 — i) — @3 - (o3 — ik) — ix]
30
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Example 1 - Solution 2st variant of calculation =

determination of M, from the balance
+ Mass flow of steam into the turbine CELENDG iR e i e

= it is determined from the balance equation of the turbine and generator

M, =

31

30.06.2021

Example 1 - Solution

* Heat consumption for the turbine and generator

Qr =

* Amount of the fuel consumed
Mya =

* Thermal efficiency of the thermal cycle at the generator terminals
ne =

* Thermal efficiency of the power plant at the generator terminals

el _
ne =

32

Example 1 - Selution = Comparisen of thermal eyele with and without
recuperation heaters 1

iq=
i ¥
ix= ! >
s ‘—mlw
= S
. . ~Q
¢ Mass flow of steam into the turbine
M, =
* Heat consumption for the turbine and generator
Qr =
* Amount of the fuel consumed
My =
33
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Example 1 - Solution = Comparison of thermal cycle with and without
recuperation heaters
* Thermal efficiency of the thermal cycle at the generator terminals
nt =
* Thermal efficiency of the power plant at the generator terminals

el

e =

* Comparison of thermal cycle with and without recuperation heaters

k. k k
e R N e N IS D)

‘With

Without
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Used and recommended literature

* Dvorsky, Emil; Hejtmankova, Pavla; Kocmich, Martin. Elektrarny : zaklady vyroby
elektricke energie : priklady. 1. vyd. Pilsen : UWB, 1994. ISBN 80-7082-133-7.

Dvorsky, Emil; Hejtmankova, Pavla. Elektrarny : zvysovani ucinnosti premen energie v
tepelnych elektrarnach : priklady. 1. vyd. Pilsen : UWB, 1999. ISBN 80-7082-523-5.

LI, and other literature listed in the course syllabus on the website Portal of the UWB
in Pilsen

Next exercise

Energy calculation of steam
generators

m oo
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