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Rankine-Clausius cycle (RC)
and
Organic Rankine Cycle (ORC)

Exercises 3 (KEE/TTE)



Rankine-Clausius cycle (RC)

e @Gas cycles - the substance in the thermal cycle is in a single-phase state (environment)
e Steam CVC'ES - 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.

Gain of mechanical work -
Mr Q. = w‘ expansion of steamin a
w - heat engine TM (turbine).

4
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RC cycle

7

s ( kl/kg K)

e Latent (liquid) heat
e Evaporation heat
* Superheating heat

i,= 3400 kl/kg
<
2|
| D>
i,=1900kJ/kg , /
/ % / 9
W/ Z
S 2
2 - .
: I
Y4 - =

i= 145kIkg




The amount of heat needed to produce steam

* Steam generator — steam production by supply of thermal energy Q,, (ki/h)
- the state of the working medium between point1-4

Admission steam enthalpy

dqg = di = cdT
Isobaric change
(in wet steam - isothermal change)

Q=m-c-dt Feedwater

k enthalpy
() = (k) 5 s+ ()

Q=M-di
(kD) _ (eg) (kD)
OO

s ( kl/kkg.K) S



Calculation of an ideal RC cycle

* |n 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

e 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):

Q, = Mp ) (i5 - il) i, =3400 k/kg
'e _ ikd)

Emission

Condensate

1500kJ/ kg
O
©

steam
enthalpy X

enthalpy

RC
—
I
W
W

=)
a

W

i,.=1900kJ/kg

Supplied heat - Q,
Qp — Mp - (g — 1)
— Mp ) (ia — inv)

3255 kl/ kg

RC

i= 145kike

qo»

> 6



Calculation of an ideal RC cycle

Circulation pump (feed water pump)
= pressurizes the feed water p_ =

= energy gain ¢, (TK)

/7

dc = 11 — |44

| N

. . kJ/kg.K
(It is usually not considered because g, << Wt)s( k)

» lny = lkg




Calculation of an ideal RC cycle

* Removed heat Q_ —ideally isothermally
e Supplied heat Qp — ideally isobarically

The compression of the feed water is negligible
compared to the steam expansion in the turbine.

Thermal efficiency is high if there are large differences in steam parameters at the input and
output of the turbine.

R
* ldeal thermal efficiency while neglecting i §
losses for unitary flow: >
— i,=3400 kl/kg
Ny = Qp —do _ Wto
to — - o0
Jaxs
dp dp 5|
" " " " " " () 13
n (g —i) — (s — i) ip— s 2l
to — : : — - . U .
° l4 - l1 l4_ - ll iég o 35°C
.. i, =1900kJ/
- s lww = lkd . . - e
la — le la — le
Mo =7 | EE) |7y ="""—"1"
la — lny la — lka

* Ideal adiabatic (isoentropic)
expansion in the turbine:

3255 kJ/ kg

had =lg —l,

RC

=%

< i=145kIke

s 8



Example 1

Calculate the ideal thermal efficiency of an RC cycle having the the

the turbine outputis t,= 30 °C. This is an ideal lossless RC cycle.

Furthermore, replace this thermal cycle with an equivalent Carnot c
same efficiency.

M, Q =W,

- — -

121 G P

Qeat . Electricity
,,[ k) consumption in

(nv) W‘* - the power plant
t 1 i KO (3 — = Q,
o Jaay |
7 1
TO oC

rmal 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

ycle with the

Pal

TM#PT 8T



Example 1 - Solution

e Steam parameters after ideal expansion

p, =10 MPa
Specified parameters: A .
t =500 °C i (kd/kg) | i,=3375.1 ki/kg t, =500 °C
a llllllllllllllllllllllll
p, = 10 MPa N
t.,=30°C 0. (MPa)

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

Emission steam enthalpy i, (ki/kg) i,=2000 ki/kg
Y.

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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Example 1 - Solution

Enthalpy of admission steam

Determination of enthalpy values from Steam
Tables and software

/ Vypocet Body Funkce  Rozsahy Diagram Tisk

_Vstupniveli€éiny

Tlak [MPa] :

500.00

10.000

Vvypocteneé velicdiny

VVP

/
?/ Teplota [°C]:
e

Mérng objem =
ntropie =

Entalpie =
Suchost pary =

Mérné teplo pfi konst. P =
Mérné teplo pfi konst. V=
Koef. izoentrop. expanze =
Rychlost zZvuku =
Dynamicka viskozita =
Tepelna vodivost =

0.03281 m3/k
6.5993 kJ/kg
3375.058 kJ/kg
1.00000

2.583 kJikgK
1.848 KkJ/kgK
1.27924
647.8856 mi/s
28.909 E-6 kg/m.s
75338 E-3WimK

k Oblast prehFaté pary
e ——— .

Frocadura
neuvaiue s
vypottem v
matastabiln!

oblasti

o3 4

12
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Exa m ple 1 Determination of enthalpy values from
Steam Tables

* Enthalpy of admission steam

BORSKV274bd
B670
9,8MPa
=2 m @ " < { < o - I 10,0MPa ; [ 10,5MPa
vz v 5 [ - T
uST h 5051 9.7 0.0003 0.0009953 9.9 0,0003 0,0009952 10,1 =
7 | O0egss 513 0.1501 0,0009957 51,5  0,1501 0,0000056 51, 0,0003 0,0009950 10,6  0,0004
g | 000099 5 ’ ’ 7 0,1501 0,0009954 52,2 0,1500
! 00975 92,9  0,2045 0,0000974 93,1  0,2044 0,0009973 ) ,
a | 000 ’ ' 93,3 0,2044 0,0009971 93,8  0,2043
| 0010002 1345  0.4338 0,0010001 134.6  0,4338 0,0010000 134,8 : ’
Tabul F L 3 7 1760  0.5687 0.0010036  176,2 o 04387 0,0009998 1353  0,4336
abulky termodynamlckych vlastnosti w0 | 0.0010037 : . : 20,5686 0,0010035 176,4  0,5685 0,0010033 176,8  0,5684
vody a vodni p4 .
y pary ,
podle mezinarodni formulace pro primyslové vpocty IAPWS-1F97
300 | 00013998 1343,6 3,250 0,0013989 1343,3 3,2493 0,0013980 1343,1 3,2484 0,0013959 1342,5 3,2462
310 | 0,01926 27459 5,6636 0,01856 27324  5,6341 0,0014471 1401,8 3,3498 0,0014443 1400,9 3,3471
320 | 0,02058 2804,1  5,7627 0,01992 2793,6 5,7381 0,01927 27827 57131 0,01773  2753,5 5,6484
) 330 [ 002173 2853,6 58454 0,02108  2844,7 5,8236 0,02045 28357 58017 0,01895  2811,9 5,7460
Radim Mares . 340 | 0,02276 2897,5 5,9176 0,02211 2889,9 15,8978 0,02149 2882,1 5,8780 0,02002 28618 5,8281
350 | 0,02371 2937,6 5,9825 0,02307 2930,8 5,9641 0,02244 2924,0 5,9458 0,02098  2906,3 5,9000
360 | 0,02460 2974,8 6,0418 0,02395 2968,8 6,0245 0,02333 2962,6  6,0073 0,02186  2946,9 5,9646
370 | 0,02545 3009.9  6,0967 0,02479 3004,4 6,0803 0,02416  2098,8 6,0641 0,02268  2084,6 6,0238
/ 380 | 0,02625 3043,2  6,1482 0,02559 3038,2 6,1325 0,02495 3033,1 6,1170 0,02346  3020,2 6,0786
P 390 | 0,02702 3075,2  6,1967 0,02635 3070,6 6,1817 0,02571 3065,9 6,1668 0,02421  3054,0 6,1300
£
P2IANN 400 | 0,02776 3106,0 6.2429 0.02709 3101,7 6,2283 0,02644 3097,4 6,2139 0,02492  3086,4 6,1785
‘\ 410 | 0.02848 31359 6,2869 0,02780 3131,9 6,2728 0,02714  3127,8 6,2589 0,02561  3117,6 6,2246
] 420 | 0,02018 3165.0 6,3292 0,02849 3161,2 6,3155 0,02783  3157,5 6,3019 0,02628  3147,9 6,2686
A0 B 430 | 0.02087 31934 6,3699 0,02917 3189,9 6,3565 0,02850  3186,3 6,3432 0,02693  3177,3 6,3108
/ 440 | 0,03053 3221,2  6,4002 0,02983 3217,9  6,3961 0,02915  3214,6 6,3831 0,02756  3206,1 6,3514
--7Z( T -——\y- 450 | 0,08119 3248.6 6.4473 0,03047 32454  6,4344 0,02978  3242,3 6,4217 0,02818  3234,3 6,3907
1 460 | 0,03183 32755 6,4843 0,03111 3272,5 6,4716 0,03041 3269,5 6,4591 0,02878  3262,0 6,4287
470 | 003246 3302,1 6,5203 0,03173 3299,2 86,5078 0,03102 3296,4 6,4955 0,02938  3289,2 6,4652
480 | 0.03309 3328,3 6,5553 0,03234 3325,6 6,5431 0,03163 3322,9 6,5310 0,02996 3315,; g,:g;ﬁ
490 | 0,03370 3354,3 6,5896 0,03295 3351,7 6,5775 0,03223  3349,1 6,5655 0,03054  3342,6 6,
3375 9 6,5706
06,6230 0,03354 3377,5 6,6111 0,03281 3375,1 6,5993 0,03110  3368,9 6,
Pizeli 2008 20 | o3t 08 3403,1 6,6440 003330  3400,8 6,6324 0,03166  3394,9 6,6041
510 | 0,03491 3405,5 6,6558 0,03413 16, \ Ve 66368
3428,6 6,6763 0,03397  3426,3 6,6648 0,03222 34206 6,
520 | 0,03550 3430,8 6,6880 0,03472 6 6, o
453,8  6,7079 0,03454  3451,7 6,6965 0,03276 2 6
530 | 0,03608 3456,0 6,7195 0,03520 3453,8 6, . o Dosasi  34TLs 6.7008
540 0,03667 3481,0 6,7505 0,03587 3479,0 6,7390 0,03510 » 2 ' ’ ’
96,9 6,7312
550 | 0,03724  3505,9 6,7809 0,03643  3503,9 16,7696 0,03566  3501,9 6,7584 0,03384 34 s
3526,9 6,7885 0,03437  3522,1 6,76
3528,8 6,7996 0,03621 9 6
560 | 0,03781 3530,7 6,8109 0,03699 28,8 6, 03400 35471 67914
3,6 6,8292 0,03676  3551,8 6,8182 0, 1 6,
570 0,03838 35555 6,8404 0,03755 3555, ’ 3576,5 6,8474 0,03542 3572,0 6,8208
580 0,03894 3580,1 6,8694 0,03811 3578,3 6,8583 0,03730 e oarc 003594 3696.9 68498
590 0,03950 3604,7 6,8981 0,03865 3602,9 6,8870 0,03784 , ’ ' ’ '
3621,7 6,8783
600 | 0,04006 36202 6,9263 0,03920  3627,5 6,9153 0,03838 36258 6,9045 0,03646 :




Example 1 - Solution

* Gain of technical work = ideal isoentropic gradient

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

qdp =

dp =

» Specific heat removed from the thermal cycle

qdo =

15



Example 1 - Solution

Ideal thermal efficiency of the thermal cycle

Nio =

Nio =

Maximum thermal efficiency of the thermal cycle
(Carnot cycle)

co _
ne =

co _
ne =

T

s Ta=T;=T,

Illlq_l_ll_l_lq_lj.l]_ljl_ﬁ AEEERERER
o |

i

T.1 I = ..
2—:___21 -|-3_4
T1-2_+_ ” 3
LN
Te=Tnv=T1=T5
. .\ l
L [
' |
I |
1y |
L .
S

16



Calculation of the real RC cycle

* Losses in the turbine - mainly by friction and are converted into heat

Q?
i <
dq = Tds //;O y
)
—> heating the steam and increasing its entropy i,= 3400 kl/kg Q
o, FE
Expansion according to polyentropy ad ™ Wto a h =w l N
Lower gain of mechanical work in the turbine = os T Tt i ’W’
: : i3 " I
Turbine losses = E . /.4 %”
— SR B (P&
ad s I o ‘ ‘A }A» / t=35C
1 100 0 / N¢”
Enthalpy of real expanded steam : ZIE-'///ALVQ4 \I@?’
' / o
iy da— i _ ks \ Q
Ne =~ = = ; , —
lg =11 la = lnw la = lnw &
.. : - ¥ o ad do
by = lkd lq — Ug 8
— e = lg — lkg i ] =
2 14
i o 1= 145KIkD
1

17 g



Thermal cycle efficiency analysis

 Thermodynamic efficiency of a turbine (0.78 az 0.86)

hs

ia_ik

Nta = Mo

L

Le

Real thermal efficiency of thermal cycle

Ideal thermal efficiency

of thermal cycle

Nt = Nto " Ntd

Mechanical efficiency of the turbine

(0.98 az 0.99)

18



Thermal cycle efficiency analysis

Thermodynamic efficiency at the coupling

Boiler efficiency

Sp _ . Nk Np Nta MmN
Nea = Mtd * Mm i |
i Q=W
Generator efficiency (0.97 az 0.985) ; G PP
TM+PT )
Pe Q’—»TZ 2-3 —
9 =P "1, =
Sp B | Ko (3 | —»0Q
& R
TO oC
. Qk . Mp(iko _ inv)
Nk = =
Qp Mpal "Apai

Efficiency of steam pipelines (0.95 az 0.99)

=
<
|

Qr
Qk

19



Thermal cycle efficiency analysis

1 kWh = 3 600 kJ

* Thermal efficiency of the power plant at the generator terminals

el _

Ne =

3600-P, 3600 My,(ig — i)
Qp dp Mp(ia - inv)

= MNto " MNtd " Ng " Mm "Nk " Np

Mp(ifl_ iny) 'nt_o'ntd "Ng MmNk " Np = 3600-F,

\_'_’
Mp(ia_ie)'"td'ﬁg'"m'ﬁk'"p:3600'Pe

Mp(ia_ik)'rlg'nm'nk'rlp=3600'Pe

* Specific steam consumption

M, 3600
Pe (ia_ik)'rlg'rlm

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.

Ve Q =W,
(a)
4
/ G P P
o < TM=PT )BT
p—"’ T Z 2-3 \ - Electricity
qml (ek) consumption in
WE " the power plant
(nv) —
Ik i KO [gj —
- pod) |
< 1
10 oC

21



Example 2 - Solution — From Example 1:

Specified parameters:
t, =500 °C

p, =10 MPa

t.,=30°C

Enthalpy of admission steam i, (kJ/kg)

i (ki/kg)

i,=3375.1ki/kg

Emission steam enthalpy i, (ki/kg)

i, =2 000 ki/kg

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

Steam parameters after ideal expansion

p, = 10 MPa

A

i,=3375.1ki/kg t, =500 °C

p. (MPa)

i, =2 000 ki/kg

temperature and the right limit curve

s (kJ/kgK)
22



Example 2 - Solution

e Emission steam parameters after real expansion
P P p, = 10 MPa

Specified parameter: N¢g = 0.8 A

i (ki/kg) | i,=3375.1 ki/kg t, =500 °C

Emission steam enthalpy i, (kJ/kg) p. (MPa)

i, =2 000 ki/kg

s (kJ/kgK)
23
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Example 2 - Solution

* Real thermal gradient in the turbine

Specified parameter: ;g = 0.8 hyq = wW; =

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

Nio =

* Thermal efficiency of a real RC cycle

Ne =

25



Example 2 - Solution

Specified parameters:n.; = 0.8; n, = 0.98; n,, = 0.99; n,= 0.85; n, = 0.99

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

* Thermal efficiency of the power plant at the generator terminals

el _
N =
Nk Ny Med nm Mg
* Comparison of results with Example 1 M, s
co e el [+ : .
nt ntO nt nt nt 4 ]1,|: (| _,I__.il;,:_",_J_Pr :..
F-J' -TZ = T Viem
1T W slekizicks spottets
1 + KO (2 * -0,
TO of 1

26



Example 2 - Solution

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

M, =

* Specific steam consumption

mpz

27



Choice of working substance in RC cycle

e 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)

TIK]

K Dry steam

Absolute temperature

-

Entropy

s [kJ/ke.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



Real working substances

ORC = organic Rankine Clausius cycle

= Low temperature thermal cycles, i.e. 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. R22
100 N
The course of  go!
the increase in col
entropy during . ] 5
4
the supply of 407 _
liquid heat to 520 | {Determines
the working I-:- -l the properties
substance - af the working
-20¢ ? ; Lo 1 substance
40+
-60 -
-80 . 1 . L . L . L . L . L .
600 800 1000 1200 1400 1600 1800 2000

s [J/kg-K]
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Wet working substances

e water and some organic substances
e = the working substance enters into the wet steam area after adiabatic
expansion in the turbine

100

80+

_-j FREON 22 J

T\

-20 | 2

40+

-60 -

-80 . 1 . 1 . 1 . 1 . 1 . 1 .
600 800 1000 1200 1400 1600 1800 2000
s [V/kg-K]
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Isoentropic working substances

e organic substances
* =the working substance remains in the superheated steam area after expansion
in the turbine

L 2:10°

/_\ .1u2

1. -1u:l

110°

{104

_ {7=10"

( . 510" FREON 11

o 1=t

{2107

{p=10"

1-2410"

. i . i . i . i . i . i . _5.-“:'1
300 400 SO0 &00  FOO0  EOQ 90D

s [Wkg-K]

&5
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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

200 lsopentane 2x10?
1751 110
L 5_102
150 | -
_ 3 4 {102
125‘ _1ui
— 100} {10?
O . .
= 75 {810
' 2 16x10'
50 | 1 ~
. 7 {4x10°
25 12410
0t {0#10"”
25 . . . . . . . . J-2x10!
-2000 -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200
s [J/kg-K]
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S0MPa
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Pressure
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0.2MPa |-

100kPa H--. k| =

2MPa |.1..}-

RC - ideal thermal cycle
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ORC - ideal cooling cycle
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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 rh
Expansion
_F'_'_,.-F""
Freezer valve
\ Ambient
temperature
e

"7 Condenser
3°C

’ Compressor

S |
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ExamPIQB SOIUt|°n PhdxaqramforR134arefngerant

e Subtraction of enthalpies from the p- | (p h) dlagram
SMPa |l .-c-....doeeenid | T :

WMPaL i ................. :

IMPalk...c.oboeeiiiidonnnnnn.

................................

...................
/ ’

Pressure

..................

wn
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o
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e

.............
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200kPal--------

.................

100kPa ST 9 | , \

60kPa
0
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Example 3 - Solution

 Work done by the compressor

Wy =1 — i1 =
* Heat dissipated (removed) by the condenser
qr =i — i3 =

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

1MPa -

i3 — i4 — i
* Dissipated (removed) heat for refrigerant i

evaporation

qO — l’l - l4 — 80kPa

Enthalpy(kJ/kg)
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Example 3 - Solution

i, =240 kj /kg i, = 285 kJ /kg

e Cooling factor

Qo

EcH = W =
t

= how much heat we removed to
the working substance in the
cooling circuit in relation to the
supplied technical work.

* Cooling performance
Pep =mep - qo = == (ig — i) =

60

Pcy =

RIPAL cetacvelbvisisesFevivesnrdossorsngodecsnessvns Javaiicalisvileocas s dowslusoflscoa « solossaloveilvevoNi sessv sl vosssspse
IMPal--cccofernniiii e
R (il iy it
- TR [ESTRTNEN (Retns] Diene, S L [RRRT R S S 4
S ST (PP —
(317114 G CrPTyel uomorne) REEe Jpy 7 R RIRES SRNRY (TR (RO (e SRR SRR
200kPa - dacaficicifiiiifiii il fni o dia i TN AN R S
Entropy
kJkg.K
100kP L tudiingvialiflecidana s ¢ 0. .]_
§0kPa i [ il B oo
0 150 350
Enthalpy(kJ!kq)
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......... and other literature listed in the course syllabus on the website Portal of the UWB
in Pilsen

Next exercise

Carnotization of the thermal cycle
and
RC cycle with reheat



