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Rankine-Clausius cycle (RC)

* Gas cycles - the substance in the thermal cycle is in a single-phase state (environment)
* Steam cycles — two-phase environment - change of state of working medium in steam generators

From a theoretical point of view, we can use any working substance in the RC cycle, but it is
necessary that it has advantageous thermodynamic properties.
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RC cycle e
= 5
5 i,=3400kl/kg 3/t
2
K 4/ 3 S
2 b, gl i ’
\W\\ 3 -
: T N (=35C
A P
= ] z
7% i,=1900kJ/kg
*s, &8
: 75
2
s ( kIkgK) I
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« Latent (liquid) heat ":'"
* Evaporation heat ’c; = 145 KIkg
* Superheating heat .
S
4

The amount of heat needed to produce steam

* Steam generator — stcam production by supply of thermal energy Q (ki/h)
- the state of the working medium between point 1 -4

Gl LS Q= My iy — iy) = My ig — iny)|

Isobaric change

(in wet steam - isothermal change)
Q=m-c-dt T

K,

WD k) ®)

Amount of working
medium passing through I8
the thermal cycle

Feedwater

enthalpy
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Calculation of an ideal RC cycle
In case of neglect of losses — adiabatic expansion of the steam in a turbine (4 - 5)
The obtained mechanical energy w,, is converted into electrical energy in the

generator G

* Condenser
o wet steam after expansion in the turbine, its heat of vaporization (removed head) Q,
(5 - 1) is removed, which is removed from the circuit (isothermally): N

®
— : ; P c
Q, = Mp : (15 - ll) i,= 3400 Ki/kg 5/ =
=My - (ip — ira) o 7
Z 7/
iy % N Qﬂ Wto
steam enthalpy D 35C
enthalpy X ,qggokm‘gjs ° P o
. D
<

Supplied heat - Q,
Qp=My-(iy—1y)
= Mp - (la — lnw)

RN

i\= 145 klkg




Calculation of an ideal RC cycle

Circulation pump (feed water pump)

= pressurizes the feed water p, =

30.06.2021

. P
= energy gain g, T :
®) .
K /1T
2 N .
5 )
X 5
%,
. . | v (m'kg)
(It is usually not considered becausdg, << w,)* &% ¢
- by = lka v nv
b kd
&d |
7

Thermal efficiency is high

losses for unitary flow:

Nto =———— =

* ldeal thermal efficiency while neglecting i

9~ Y90 _ Wto

Calculation of an ideal RC cycle

* Removed heat Q, — ideally isothermally
* Supplied heat Qp— ideally isobarically

The compression of the feed water is negligible

output of the turbine.

= 3400k kg

W= 1500k)/kg

i,=1900k]/kg

Ip dp
oo = (=) —(s—i) _la—lis
to = —— =—

° L=l L=l

Ty = kg -
g — e g — i
NMto = 7 5 - Mo =7—7—
la — b la = lga

« ldeal adiabatic (isoentropic)
expansion in the turbine:

haq = iq —le

i 4skkg

compared to the steam expansion in the turbine.

same efficiency.

Example 1

* Calculate the ideal thermal efficiency of an RC cycle having the thermal scheme
according to Fig. The power of the power plant unit is P, = 55 MW. The
parameters at the turbine input are: p,=10 MPa, t,= 500 °C. The temperature at
the turbine output is t.= 30 °C. This is an ideal lossless RC cycle.

* Furthermore, replace this thermal cycle with an equivalent Carnot cycle with the

M Q =W,
@
4
G Py P
™ 4(: —8——
Q& =23 J
qﬂ‘ iz & Electricity
w. (ek) consumption in
(=) s | thepower plant
r | KO S
Joo
~ 1
TO oc¢




Example 1 - Solution

» Steam parameters after ideal expansion
P P p, =10 MPa

Specified parameters:

t, =500 °C i(ki/kg) | i, =3375.1 ki/kg t,=500°C
p, =10 MPa [
t,=30°C 0. (MPa)

Enthalpy of admission steam i, (kJ/kg)
iy=3375.1ki/kg t.=30°C

Emission steam enthalpy i, (kJ/kg)

i, =2 000 ki/kg
Y

e - - 1
i, =2 000 ki/kg
p. = 0.004247 (MPa) s (kJ/kgK)
- reading from the intersection of the emission steam temperature and the right limit curve 10
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T A
Determining the enthalpy of i-s diagram g Avanr s

1
|

i,=3375.1kifkg
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ey

=

o
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A I

ot

2 i-}s (h-s)
s diagram
S kg KI —
Example 1 - Solution
* Enthalpy of admission steam Determination of enthalpy values fram Steam
Tables and software
(Vy’poée( Body Funkce  Rozsahy Diagram Tisk h
. N
Vstupniveliéiny ..
Teplota [°C]: [500.00 \\ P

Tlak [MPa]: [10.000 ’
Vypoctené veli¢iny g
Mélng' objem = 0.03281 m3/k l \

ntropit .5993 kJ/kg| '

Entalpi 375.058 kJlkg '

Suchost pary .00000 2

Mérné teplo pfi konst P = 2583 kl/kgK !

Mérné teplo pfi konst. 848 kJ/kgK g

Koef. izoentrop. expan: 27924 H

ychlost zvuk 47.8856 mis ¥

Dynamicka viskozit: 8.909 E-6 kg/m.s o

Tepelnd vodivost= 75.338 E-3WimK ,

k Oblast prehraté pary E
_g— —_
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Example 1 - Solution &=

* Enthalpy of admission steam

Determination of enthalpy values from T
Steam Tables and software E e

/ Vypocet  Body Funkce Rozsahy Dia Tis x

Vybér funkce

Oblast Obecné funkce
[obecns funkce = foe

Vstupniveli

iny

Vypoétena hodnota

Entalpie = 3375.058 kJ/kg

\SEsh a0 -

Teplota = 50000 °C
/T

MPa

| Memy objem = 0.03281 m3/k

§i Entropie = 6.5993 kJ/kok
Entalpie = 3375058 kl/kg

Suchost pary = 100000
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Example 1 Steam Tables

* Enthalpy of admission steam
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Example 1 - Solution

* Gain of technical work = ideal isoentropic gradient

haa =
* Condensate enthalpy = enthalpy of the feed water
igq =
* Specific heat consumption of the thermal cycle
9 =

qp =

« Specific heat removed from the thermal cycle

9o =

15




Example 1 - Solution

Ideal thermal efficiency of the thermal cycle

Mo =

Mo =

Maximum thermal efficiency of the thermal cycle s Ta=T,=T,
(Carnot cycle) TK 4

Co _ iy
n = L 3
VANE P

co _
ne = | Il 1]

v
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Calculation of the real RC cycle
¢ Losses in the turbine - mainly by friction and are converted into heat .
&
i <
dq =Tds N -
. . L = 5
—> heating the steam and increasing its entropy i,=3400kl/kg 2/ v
hyg=w, +&T
Expansion according to polyentropy ad~ Wto . 1 h.=w
Lower gain of mechanical work in the turbine soals T T o
HEH i 7
Turbine losses = E H
haa = hs PR =351
7
Enthalpy of real expanded steam Q2
o
769
iy — iS, iq — i hs
Ne == — =7 — =7 -
L=l lg=lw la—lw )
L — 2 Yoad 9
by = lkd ig — i a
‘ Ne=—""— “
la = lka i I
: - i=14500kG
17§

Thermal cycle efficiency analysis

¢ Thermodynamic efficiency of a turbine (0.78 aZ 0.86)

hs ia - ik
Nta = 77— =7 -
had lg — le

* Real thermal efficiency of thermal cycle R G S
of thermal cycle

Nt = Nto " Nta

* Mechanical efficiency of the turbine  (0.98 az 0.99)

18




Thermal cycle efficiency analysis

* Thermodynamic efficiency at the coupling

sp_ Nk n, Nea T 1,
\ntd =Ntd " Mm T B
% o =W
* Generator efficiency (0.97 aZ 0.985) ‘ = [
-_ ™PT G
P, g - .
Ng =—>— B ~ T | e
Psp i } K o
TO g/(
* Boiler efficiency
N = Qk _ Mp(lka - lnv)
k=—=——"—
Qp Mpal *Ypat
* Efficiency of steam pipelines (0.95 aZ 0.99)
0, = Qr
p =
Qx
19
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Thermal cycle efficiency analysis
1kWh = 3600 kJ
* Thermal efficiency of the power plant at the generator terminals

_3600-F, 3600
Qp dp

el
t

):"m'ntd'ng'nm'nk'"p
.

Mp(ia_inv)'nm'"rd'ng'nm'nk'np:3600'13e

\Mp(ia—ie)~11m~ng'nm~nk~np=3600~Pe

My, (iq —ig) *Tg * T " Mk Mp = 3600+ B

« Specific steam consumption
M, 3600
m,=—-=-—
PR (a0 g

20

Example 2
* Calculate the real thermal efficiency of the RC cycle. Output power of the power plant unit
is P,=55 MW. The parameters at the turbine input are: p,=10 MPa, t,= 500 °C. Turbine
output temperature t,= 30 °C. If you know that the mechanical efficiency is 0.99, the
generator efficiency is 0.98, the boiler efficiency is 0.85, the pipe efficiency is 0.99 and the
thermodynamic efficiency is 0.8. Calculate the required amount of steam.

M Q v,
@
4
() B
™ 4@49—>
Q 23 4J
——»TZ - rici
4 () | conmemproni
W's the power plant
(0 L
¢ l KO —Q,
Joo [
s 1
TO o¢
21




« Steam parameters after ideal expansion
Specified parameters:
t, =500 °C
P, =10 MPa i (ki/ke)
Enthalpy of admission steam i, (kJ/kg)
iy=3375.1ki/kg

Emission steam enthalpy i, (kJ/kg)

i, =2 000 ki/kg

p. = 0.004247 (MPa) - reading from
the intersection of the emission steam

t,=30°C «

Example 2 - Solution — from Example 1:

i,=3375.1ki/kg

.

p,=10 MPa

t,=500°C

P (MPa)

temperature and the right limit curve

s (kJ/kgK)
22
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Specified parameter: )tq = 0.8
i (ki/kg)

<

Emission steam enthalpy i, (k//kg)

i, =2 000 ki/kg

Example 2 - Solution

Emission steam parameters after real expansion

p, =10 MPa

s (kJ/kgK)
23

¢ a
47 o

ey

o

2200| Z D=t

200 &

AN
A I

i, =2 000 kifkg ~ds5555;

i-s (h-s)
diagram

R T T T

78 80 82 &t & 8
S kg KI —

7 24




Example 2 - Solution
* Real thermal gradient in the turbine

Specified parameter: ;g = 0.8 hgq = W, =
Nea = - hs =

* Thermal efficiency of an ideal RC cycle - see Example 1
Neo =

* Thermal efficiency of a real RC cycle

M=

25
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Example 2 - Solution
Specified parameters:n.,, = 0.8; ng = 0.98; n,, = 0.99; 1= 0.85; 1, = 0.99

* The thermal efficiency in the turbine set at the generator terminals

ny! =
e Tp Nta Mm Mg
* Comparison of results with Example 1 M, o
co 1 D .
g Nto e n¢ n¢ e (]
2 g TE
= — -
9 ! Ko (] . Q
0 ac '
26

Example 2 - Solution

Specified parameters:n.,, = 0.8; ng = 0.98; n,, = 0.99; 1= 0.85; 1, = 0.99
P,=55 MW
* Steam consumption

M, =

* Specific steam consumption

p =

27




Choice of working substance in RC cycle

According to the thermodynamic properties of the working substance
Comparison of thermal cycle courses with the course of an ideal Carnot cycle
Most ideal = right and left boundary curve approximately equal to isoentrope

-> profit of technical work = rectangle (1, 2, 3, 4)

i I Dry steam
=

© /—N

3

= 4 1

@

Q

5 o

8 3 2

5

o

2 Qo

< J N

—
Entropy s [kJ/kg.K]

Expansion in the turbine on
the boundary curve (not into
the wet steam area)
>
Losses of thermal gradient
are minimal (influence of
higher weight of water vapor
droplets)

9
Real working substances do
not have this course of the
thermal cycle

28
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Real working substances

ORC = organic Rankine Clausius cycle

= Low temperature thermal cycles, ie. the flow temperature is lower than with
conventional RC cycles. In ORC cycles, either substances used in refrigeration cycles or

mixtures of hydrocarbons can be used.
100

R22

The course of 80
the increase in

. 60

entropy during 3

the supply of 40

liquid heat to 0

the working & o

substance

Determines
the properties
af the working
substance

600 800 1000 1200

1400 1600 1800 2000

s [W/kg-K]
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Wet working substances

* water and some organic substances

* = the working substance enters into the wet steam area after adiabatic

expansion in the turbine

100 e

FREON 22
( _

600 800 1000 1200 1400

s [Wikg-K]

1600 1800 2000

30
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Isoentropic working substances

* organic substances

= the working substance remains in the superheated steam area after expansion
in the turbine

2 “J'.‘
175 10?
150 s 4107
3 4 2
125 10°
100 10?
S s 7:10'
" . 2 A - FREON 11
7 7
25 210"
0 0:10°
.25 -210"
50 5410’
0 100 200 300 400 500 600 700 800 900
s [Wkg-K]

31
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Dry working substances

organic substances

= the working substance remains in the superheated steam area after expansion
in the turbine

the entropy of saturated vapors increases with temperature, i.e. as the
condensation pressure decreases, the entropy also decreases

56 Isopentane o7
2
175 10
150 1ot
107
125 52
2
Emo 10 ‘
75 8:10
6:10'
50 !
410
25 2:10'
0 0:10°
28 240!
2000 -1800 -1600 -1400 -1200 -1000 -800 -G0O -400 -200
s [JIkg-K]
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RC - ideal thermal cycle
P-hdiagram for water
S0MPa T T T - = =, anA-
o e | I |s00°¢ 00°C7S 00°C N800 °C
PYIVES I O | S — 32 2
¢ & 65 7
10MPa L3 l,, 5 _Efm g \
SWPx 1 Ak \ 15
4 1! A 4 I
PR o A/ siiva ;
wenlL b LA \ : \ |
0.5MPa L 1 y’ % “ H 85
s | Eniropy
0.2MPs. /A | (kg K]
100kpa foo g
50kPa 7 i i 7 ’,’
- Condexser g5 /]
20 kPa
1 2
10 kPa ¢ fsifashin) Thermal y 5
SkPa i gy = Lubie
/ i 10 3 ] Wt i 4 A Qboter
2kPa 10% 20% 30%  40% S0% 60% 70% 80% g0% |
ho'c i | l Wi F
1kPa T T I T . i e
0 00 1000 1500 2000 2500 3000 500 4000
Enthapy(kI1k0) | wypine = h —
Qpoier = h1 ~ha
33
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ORC - ideal cooling cycle

LN

1000
w0 H-FH4HH- H N AT
60
0

PRESSURE (PSIA)

ENTHALPY (BTU/LB)
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Example 3

Calculate the cooling factor (COPg) and its maximum value (COPR ;) for an

ideal compression cooling circuit. The working substance of the thermal cycle is
the refrigerant R -134a, which has a temperature of -20 °C at the output of the
evaporator. The mass flow is 3 kg / min. The ambient temperature is 25 °C.

- Evaporator

Freezer
\

J1gc

3°C

Expansion

" valve

Ambient
temperature

On

"™ Condenser

P

Compressor
k
35
Example 3 - Solution P diacram for R134a refigerant
« Subtraction of enthalpies from the p-i (p-h) diagram
3MPa i ' | 100C
|
2MPe
60C 10
onde
1MPa. — \
oE
5:: | Fa
500kPa \\ l\
| \"\
200kPa.
20¢ \ ]
Entropy
/ 10% 20% 30% 40k SO% 60X 70% 80% 90% kitkaK)
100kPal.... i X gy
/ B vovooton 8 5
/ { &R 7 / ¥ plotby iz
SOKPY 50 00 150 20 750 300 350

Enthalpy (ki 1kg)
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Example 3 - Solution

Work done by the compressor

Wi =1l —iy =

* Heat dissipated (removed) by the condenser

Qe =l — i3 =

The enthalpy does not change during throttling N
(isoentropic expansion)

ig=iy=

Dissipated (removed) heat for refrigerant
evaporation

Qo =11 =iy =

37

i, = 240 k] /kg [, = 285 k] /kg{lis = i, = 108 k] /kg

Example 3 - Solution

« Cooling factor e
oy o
CH Wl

g presaue

o
= how much heat we removed to

the working substance in the

cooling circuit in relation to the oo
supplied technical work.

e

e 5% 60x 1% a0% 00%

Evaporation

* Cooling performance

ety

3
PCH=mCH'%=%'(11*l4)=

Pcy =
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Next exercise
Carnotization of the thermal cycle
and
RC cycle with reheat
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