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Carnotization of the RC cycle

The thermal efficiency of the RC cycle is relatively low — cca 30 %
The efficiency of the Carnot cycle is about twice the efficiency of the RC cycle

T ~p = constant
A
CARNOTIZATION = (K) 5
adapltam?“ - th‘e Ca:‘"‘“ K 7 4 T4 Superheated steam
cycle = the o = A
efficiency of the thermal T,=T; -~ ! Tay
cycle T A 3
TR W e o,
T,=Ts ‘1‘, SCRH :
x=0 Wet steam ) Superheating
heat
Liquid heat |

I
I
‘
|
VA, i 1
I
|
I

» s (ki/keK)

To determine the effectiveness of individual carnotization treatments, the partial thermal
efficiencies for the thermal cycle in the power plant are determined. Namely for water
heating (1), water evaporation (I1) and steam superheating (lll), as if it were Carnot cycles
with a mean heat supply temperature between two states on the basis on the second law of
thermodynamics.

Carnotization of the RC cycle = Water heating

The heating of water to the boiling point is in the T-s diagram T
showing the course from point 1 to point 2. The mean heat A
supply temperature between state 1 and 2 is therefore Ty_,. (K)
* Determination of mean temperature - according to the second ;—_ T T
law of thermodynamics T.=T _I.q _2
dq =Tds T e

Gz =i —ig =T (2 = 51)

L Ty=Ts | -
et
Tl—z*sz_s1 x=0 &

_ =9 _Ti2—Ts I
B Ti
- 1-2
* This part has the lowest efficiency of the individual parts of the RC
cycle.

REGENERATIVE HEATING of the feedwater # 1 Nu S1 S2




Carnotization of the RC cycle -Water evaporation

The evaporation of water (transformation of T
saturated liquid into saturated (dry) steam) is
shown in the T-s diagram by the course from point (K)
2 to point 3. The temperature Tis equal to the IR _
temperature Ts. ool L
TZ = T3 .t
} 3
=9 _T;—Ts T172'1"" T
Nen qp TZ T:l = '|'5 1

I

¢ The thermal efficiency of this part of the }

thermal cycle is equal to the thermal "
efficiency of the Carnot cycle of this phase, gl Il

but is not high due to the low temperature T,. l

|

I

1

Increasing steam pressure
Sz S3

Temy:veratureincreaseT2 # T?]t"
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Carnotization of the RC cycle - Steam superheating

The superheating of steam is shown in the T-s diagram by the course from point 3 to point
4. The mean temperature of the heat supply between state 3 and 4 is therefore T3_4.

* Determination of mean temperature - T A Superheated steam
according to the second law of K
thermodynamics ( ) T4
dg =Tds T,=Ts “Tig
G3-4 =iy —i3 =Ts_4 - (54— 53) Ps
i i Ti=T, x=1
ly — 13 ! 5
T3y =—— x:o} Wet steam
S4 — S3 |
I
| Il il
_qp_qo_T3—4_T5 i
e !
3-4 I s (ki/kgK)
— !
* This part of the thermal cycle has the highest thermal efficiency of the individual subt

phases of the RC cycle because of the temperature:

¢ T3 4>Ty>Tq, RC cycle with reheat # T N

Example 1

Calculate the partial thermal efficiencies of the Carnot cycle of individual phases of steam
production in a thermal power plant operating according to the RC cycle (water heating to
boiling point - I, water evaporation - Il, steam superheating - Ill). The power of the power
plant unit is P, = 55 MW. The steam parameters at the turbine input are: p,= 10 MPa, t,=
510 °C. The steam temperature at the turbine output is t, = 35 °C.

A " p= constant

s (ki/kgK) 6




Example 1 - Solution

* Calculation of mean temperatures of individual phases of the thermal cycle
We replace the thermal cycle with partial Carnot cycles with heat supply at constant
temperature:

| - water heating to boiling point
|l - water evaporation
o |Il - steam overheating
The heat value for isobaric and isothermal supply must be the same:

dqp:konst =di= det = qu:konst =Tds
1. From steam tables or i-s diagram we determine values of enthalpies and entropies

2. Mean water heating temperature

3. The water evaporation temperature is constant during heat supply

‘ T,=T;
4. Mean steam superheating temperature
Iy — 13
To_y = ——
3-4 Si—ss 7
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Example 1 - Solution «»{

+ Calculation of mean temperatures of individual phases

=

From steam tables or i-s diagram T A
we  determine values of i, =i,=3400ki/kg /]
enthalpies and entropies Vs

a0

Given:
p,= 10 MPa, t,= 510 °C
~350
t-35°C .
Admission steam parameters 3
«  from the i-s diagram: the intersection of = "™
t,ap,>

a0

200

iy=i,=3400ki/kg
«  perpendicular to the entropy axis ->
S, =5,=6.63 ki/kgK

i steam p. s (dry 2
steam) o =2 A
« from the i-s diagram: the intersection of -
the saturation curve (x = 1) and p,
iz= ki/kg

2200/

« perpendicular to the entropy axis >
s3=5.6 ki/kgK

diagram

78 R0 RE B 85 3 303
S kg Kl

Example 1 - Solution

« Verification of values of quantities using software, which were determined from
the i-s diagram Ty
) R 41,

T,=T, 4--2 1.,

o Point4
Values from the i-s (h-s) diagram:

i,=3400kifkg s, =6.63 ki/kgk

W
e
N

_Inputparameters |
kK Temperature ['C] : [510,00
Pressure [MPa] : [10,000]

_Calculated values - |
Specific volume = 0,03339 m3/k N
Specific entropy = 6,6324_kJ/kg|
Specific enthalpy = 3400,784 kJlkg

Dryness = 1,00000
Isobaric heat capacity = 2,562 kJ/kgK |
843 KIKGK

D! mis
Dynamicviscosity= 29,337 E-6 kg/m.s
Thermal conductivity = 76,391 E-3 Wim.K

o Sischestidsisig . TR T : 9

chlalion Points  Functions Ranges T-Schart Print s (kI/kgK)
>




Example 1 - Solution

4
« Verification of values of quantities using software, *
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which were determined from the i-s diagram - W
2 -
Ty=Ty - T.
o Point3 e 3 >
. . hzr /o Ps
Values from the i-s (h-s) diagram: T=T, 1 St
i3=2725kifkg  S3=5.6 ki/kgK =)
We know that we are at the saturation point - according to the | I ]
entered pressure we find the temperature in the "Functions" tab = in
the "Calculation" tab we find the entropy and enthalpy from the N
pressure and temperature. s (kI/kgK)
Calculation Points X\ Pmms Functions Ranges T-Schart Print X\
__Functionselection B ) _Inputparameters =
Region Saturation line | Temperature ['C]: [311,00 b
[Feturaionios | @u | Pressure [WPal  [10,000] ‘ b
Inputparameters | calculatedvalues A

Prassure wa Specific volume = 0,01803 m3 |
Specific ontropy - 56159 kJko
Specific enthalpy = 2725.476 kilkg
Dryness = 3,00000
isoaric heat capacty =
Isocnanic hast capaci
Teenyopic coatiaer
o soun:

Dynamic viscost
Thermal conduciii

7,147 WigK
3112 Kok
123788

Result

47 92 mis

787 ESWmK
3 Wm

Temperature = 311,00 °C

oo e e i

o point2  Example 1 - Solution

Functionselection

* Determination of the quantities values by means of
the software

a

T(K) K 47,

Region Saturation i ek " . i :
[Saturation ine BN ) =) ‘e know that we are 2 A
on the leftlimit curve of 3

Inputparameters s =
saturation -> according
Prassure = Ps
tothe entered presstre
we find the

temperature in the tab
Result "Function” -> in the tab
"Function" we find the

Temperature = 311,00 " prcicnjuefind i

\un = S —q  cntropyand enthalpy

from the temperature. s (kJ/kgK)
Calculation  Paints R:ngas

Function selection

Function seletwgn
3 ~
Region Saturgtion line
[Saturaton ine e

Inputparameters

Tompersture - G|

Region Saturation line
[Saturatonine = ©m_r 5|

_Inputparameters

Result Result

_ Speciic enthalpy = 1407,871 kirkg C. v SPECE eopy = 3,3603 KK g 5
o = 2~

o point1  Example 1 - Solution

* Determination on the quantities values by means
of the software ' 4

_Function selection % e
Region Satyation line: We know that we are (K ; - . 4
[saturation tine = (st on the left saturation a2 3‘ Tsa

limit curve > A4
Inputparameters 17 P

according to the
[N REY ..icrcotcrperntore | KRR e
we find the pressure in

the "Functions” tab - | I I

Hosult in the "Functions” tab

we find the entropy

and enthalpy from the >
temperature. s (kJ/kgK)

Functionselection

Region Saturation line tion line:

Region
[Saturation ine = Cu ED) =l

[Saturaton ime =

Inputparameters

7
f P L

Inputparameters

Temperatur

Result Result

o

- _____ Speciic enthalpy = 146,645 ki/kg L5 _____ Specifc entropy = 0,6062 kikgK 12

g
T =

— "




Example 1 - Solution

o Point 4 of py and py values in
Ty the Steam Tables
K
Ko 5%
-2 3 T T S—
I
ot | e T
02945 00000974 931 02044 Sosest ma  eue
2 ousss | oviooor tss  oaas 0000w w3 023
osesT | oooioss 1703 osess Q0000598 1353 oAsse
3 o e
| [ " .
S(O/kgK) wo | oovuos 1sms samol | ounisos s asm | ssoimeo i 3aed s
s So| oome amso sew | oomw amaa seai | oowem o soi | s L sue
e ol omm mos Swm | oomm mer sam | sesn e tn | oo mus sl
0| oome  mors s | oomi  amno saws | oonis st sams | o oty fiot
ESIE h (£, Y [P comi dsos i | i el (Ko | osaoe e
| S o Gomi  ioes Gost | o mess woon | oo rord
n| oo oo oo st omes | oo s e | somme e
o = e his  ows oumm | ookt s oo | some sows dom
abulky termodynamickych viastnosti Y 3752 002635 0708 6ABIT | 002571 0659 6a66s | 00M2 30540 61300
vody a vodni pi
i pary; 40 31060 6.242¢ 002700 31017 632283 002644 30074 62139 0,02492 6,1785.
bt b it i iy | Yo taom | bomm ois awm | soms Sk caw | oo bl
Radin Ma
i Mikres 450 32486 64473 003047 32454 64344 002978 8423 6ANT
Son e | & i | o ey s
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Example 1 - Solution of py and py values in

o Point 2 and Point 3
T

the Steam Tables

.
(K)
K
o
3 e e oo s ame  auw
Mokeé péra 0920 304,93 L Ll
930 308,71 00014283 13771 2378
I [} n L4 4 0,0014318 13816 2738,1
s (kI/kgK) 990 31026 00014401 14085 amrs
b e 100 311,00 s 1! 788
28T ﬂ h w T 102 3246 [ 6 i,
Tabulky termodynamickych viastnosti e oo e W
Ini piry 1o 00014885 001599 14503 21084
ol mecinrsd e prislnd L Qonmoe  Doisos e 20
' privviend Nt e 14 0,0015034 0,01527 14668 2608,3
Radim Murek 120 0,0015263 0,01427 14913 26856
xs'! 334,39 0,0015020 0,01199 1585,1 2648, 3,5082 53975
138 335,58 16 o074 1563,0 26432 35108
14
Example 1 - Solution of enthalpy and entropy values in
o Point1
T(K). K AT,
=1, 2] 3' Tsa - m*/kg m/kg kI/kg kJ/kg kI/kgK kJ/kgK]
: T
L A ek — R e — el — gt
Ps 00006571 0,0010001 1924 8 25027 0.0153 9.1291
=1, 1 fey ogow00 1793 539 25046 0006 91027
SN\ZL T S om0 20w b
x=0 Mokré para 0,0008135 0,0010001 157,1 1681 25082 0.0611 9.0506
Wen e om oas Zb R 8
.
s (kI/kgK) §
2sT & 8 voostia
Tabulky termodynamickych viastnosti 35 0,005629 25646
VO vodni piry 3% 0,005947 25664
e e oo prs o ity AT 7 4 v by
Sy 38 0,006632 25700
P o=
. e oo .
Radim Merch a 0,007787 25753
i =
5 e =
s e B
g e s
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Example 1 - Solution

 Calculation of mean temperatures of individual phases of the cycle

1. Mean water heating temperature
Tyz=

2. Water evaporation temperature
T, =T3=

3. Mean steam superheating temperature

T34 =

4. The temperature of the wet steam, after expansion in the turbine - point 5

T, =Ts=
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16
Example 1 - Solution
* Calculation of the efficiencies of individual parts of the thermal cycle
1. Water heating
Nu =
2. Water evaporation
N =
3. Steam overheating (steam superheat)
Ner =
17
Example 1 - Solution
* Calculation of the efficiencies of individual parts of the thermal cycle
p = constant
T
A
K Superheated steam
K) K £71,
e - A
| 2 | e - -
T,=T3 -~ Tsy
! 3
|
Tt 1
1-2 / Ps
Ty=Ts 1 x=1
x=0 Wet steam 5

> s (kJ/kgK)




RC cycle with reheat

* Highest partial efficiency of RC cycle = superheating steam
-> Increasing the thermal efficiency of the RC cycle = increasing the parameters of the admission steam
« (itis limited by the mechanical properties of the materials of the last stages of superheaters -
superheated steam max approx. 565 ° C) - repeating the superheating part of the circulation =
Reheating steam
After partial expansion in the high-pressure part of the turbine, the steam is introduced into the steam reheater, where
it is heated to a temperature t,, which is usually the same as the of the admission steam. . the
reheated steam expands in the low-pi (or medium-p and low-pi ) part of the turbine to the pressure
given by the temperature of the cooling water in the condenser.

5, 6,

o
S5 S s[ki/kg.K]
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RC cycle with reheat
- ideal thermal cycle

D
. D,
i (ki/kg) i
4 6
......... @ OE P
K¢ in, | |n,
5 (4
The total heat supplied is composed of two parts and the
profit of the technical work is also composed of two parts. \
* Specific heat supplied and removed K 7

Ap = Q1+ Qp2 = (s — i) + (g — is’)‘

*  Profit of technical work dq = di = dw

s5 sg s(ki/kek)

Weo = Ragr + hagz = (is = is) + (is = i7)| B) Wy = (ig — &7 + (ip — 87)

RC cycle with reheat - ideal thermal cycle

« Ideal thermal efficiency of the RC cycle with reheating

iz hadl + hzad The increase in thermal efficiency of the thermal cycle due to
N =Mto=——— reheating is usually 2 to 4 %.
qpl + qu
= — - - P.
iy —ig)+ (g — 1 .
v = =B T G 17) ke .
(i —i1) + (I — i5) i ] 6
Pe
(ia - iVT) + (ip - iéVT) AL h h,
Mo = 77—~ 7 1y 5 Y
(la - lnv) + (lrn —le ) \‘
% |
* Thermal efficiency of the ideal thermal cycle Z
of the power plant at the generator
terminals /|
. _3600-F, _ 55 sg
t == Nto"Ng " MmNk *Np
Qp s (kI/kgK)

21




Values needed to perform the calculation
* We can determine the state quantities during P.
the circulation of the working substance on i (ki/kg) P
the basis of knowledge of the parameters in n 6
individual places of the thermal cycle. The Pe
only parameters that we do not know are in
point 5, i.e. the states of the working AV h,
substance after the first expansion in the
high-pressure part of the turbine.

Since the output temperature even after the
addition of reheating will still be the same
(given the temperature in the condenser), it
can be assumed that we cannot obtain a
higher temperature at the output of the
reheater than the temperature of the s (kJ/kgK)
superheated steam. The value of pressure (or
enthalpy) at point 6 (reheated steam) can be
determined on the basis of adiabatic
expansion in the low-pressure part of the
turbine, if we require a minimum dryness of
steamx=0.9.

30.06.2021

Values needed to perform the calculation

. ission steam p s after ideal ion in the high-pressure and low-pressure

part of the turbine
Given: p.(MPa) P, (MPa)
t,=1,(°C) . i, (kJ/ke o
o, (Vpa) i (k/kg) [, > (/%9 t,=1,(°C)
Lrd [ ki

Enthalpy of emission steam i,'” (kJ/kg) iy (ki/kg)

+ From the i-s diagram: iV (ki/kg) 5 P (MPa)

¢ Assume -> minimum steam dryness x =
0.9 (unless dryness x or pressure pp is
specified)

1.1y~ the intersection of the isobara p, and the
isotherm t, i NT
2.1M —the intersection of the isotherm t, and the 1" (k/kg)
curvex=0.9
3. p, ~ the intersection of t, and adiabatic low-
pressure part (expansion curves of the low-
pressure part)
4.1, the intersection of isobara p, and isotherma t,
5.1¢”T —the intersection of isobara p,, and adiabatta of s (kJ/kgK)
high pressure part (expansion curves of high
pressure part) 23

RC cycle with reheat - real thermal cycle

)

C:)NC

p— @““,.(qui 1
2 K¢

* Specific heat

lied and d
(removed)
— (i ; ; VT
qp = (g —inw) + (Lp —ix )
iNT

9o = Ik v

* Profit of technical work dq = di = dw
We=h; +h;

We = (ia - i)‘{T) + (ip - il’XT)




RC cycle with reheat - real thermal cycle

Real enthalpy values at the outputs of the high and low pressure part of the turbine
o

iVT
"VT _ hs _la Tl
td = = VT
haa o —ig

VT _ VT |, (; VT
‘ L *la_”m'(la_le)
o Thermodynamic efficiency of a low-pressure
part of the turbine

iNT
VLI, el 3
Nea = n : iNT
ad lp —le
# iNT _ 5 NT  (; iNT
i =1i,— iy — 0 :
‘ k p ~ Ntd (IJ e ) Losses in the

* Real thermal efficiency of the RC cycle with reheating turbine

_hthy (= i)+ (i~ ")
- Ap1 + dp2 - (iq = i) + (ip - iKT)

Nt

Thermal cycle
efficiency analysis

* Gross block efficiency (at generator terminals)

085 = o *Tea * Mg * M * T * Mp
* Net efficiency of the power plant unit

N5 = Neo *Tea * g * T * e * Ty * ,

30.06.2021

RC cycle with reheat - real thermal cycle

* Mass flow of working substance = balance equation of turbine and generator
My, iy input = output

M, i,
(@) l
) Mp‘iaJrMp‘ip;soo P
VT VT :NT ‘e
=M, iy +M,-i +———
ned vk P Ty im

5 e l
7 My "

M, if"
[Mp - (ia = ") + My - (i = iX")] * 11g* N = 3600 - P,

o Assuming that n't/dr = ng

My - o= 7+ My (ip = 27)] Mea Mg -1t = 3 600 P,

o Assuming that 13 # 1ty

[My - nbd i — i) + My - i (ip — i87)] - Mg* 7t = 3600 - P,




Calculation of the mass flow of the working substance
=amount of superheated steam at the turbine input
« Thermal cycle without steam reheating * Thermal cycle with steam reheating

30.06.2021

[
M, [
5 {7
| My
! KO T o
NC B
ciH o=
KC
3600-F, 3600-F,
= v M, = — = = =
P (la=bdNg * i P [Ga = ") + (it = i )g
Calculation of the mass flow of
the cooling water
* Thermal cycle without steam reheating + Thermal cycle with steam reheating
M, Moy M, Meny
iy . iNT ~
Leny k Ueny
M, My M, Mchy
lka ichy tka ichy
My, (ix — ixa) — Meny (' cnp—ichy) = 0 My, (i — ixg) — Mepy (i cny—icny) = 0
p (ke — ika) ehw (U cho—lchy) p Lk kd ehw (U chv—lcny
o My, (" — ixa)
hy = 77 N
Y emv—ienw)
« Heating of the Coolingwater M., i ,
Due to the highest possible
A" =(3+5)°C Tome thermal gradient in the turbine
= - (highest efficiency), we require
Gi Lk Lkd c A . (Bl 02 that the temperature t, be as low
‘ives only the heat Tenv » Mene ”
of condensation as possible.
teag = teny + A + A7 e

Example 2

Calculate the thermal efficiency of the RC cycle if losses in the cycle are included in the
calculation and Carnotization adjustment of the steam reheating is performed. The
power of the power plant unit (block) is P,= 55 MW. The parameters at the turbine
input are: p,= 10 MPa, t,= 510 °C, the temperature of the working substance at the
output of the turbine is t, = 30 °C. The cooling water temperature at the condenser
input is t,,= 15 °C. Individually circuit losses are:

— Mechanical losses of the heat engine 2 %
— Losses in the generator 1 %

T
. . . K]
— Losses in the steam supply line to the turbine 2 %

— Losses in the heat source (boiler) 15 %.

— The actual consumption of the block is 10 %

30

10



™

=1.3 MPa

Example 2 - Solution - P

LLAL Y T I o

Given: i,=3498 ki/kg s
p,=10 MPa .
ts 510 °C i,=3400 kifkg *
t=30°C |
ol S50
i.'T=2850 (kifkg) .\ 7

w0l

Enthalpy of
the emission
steam
- thermal
cycle without
reheating

i = 2313 (ki/kg) o

i, = 2000 kj/kg =

diagram

o

e A [ T
55 sa 60 67 &F w70 22w %8 A0 82 a7 85 3 W]

00
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S kg Kl

Example 2 - Solution

* Condensate temperature

teg = teny + A+ A7

t,=30°C
T en
C A = (8+10)°C
tp= 15 °C
tkd
A =(3+5)°C

* Calculation of the feedwater enthalpy Lo = fyq = tpy

iny

32

Example 2 - Solution

+ Ideal thermal efficiency of the RC cycle with reheating

Neo =

« Ideal thermal efficiency of the RC cycle without reheating i = 2 000 k//kg
Ntop =

* About what percentage will the thermal efficiency increase due to the reheating of the
steam?

Nto — Ntop =

33
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Example 2 - Solution

Gross power plant efficiency — we do not consider the turbine losses

* Mechanical losses of the heat engine 2 %

*  Lossesin the generator 1%

*  Lossesin the steam supply line to the turbine 2 %

el _
Mesvy = Losses in the heat source (boiler) 15 %.
The actual consumption of the block is 10 %
el _
Nesv =

Net power plant efficiency — we do not consider the turbine losses

el _
My =

L _
Nepr =

30.06.2021

34
Example 2 - Solution
* Steam consumption relative to the terminals of the generator
M, =
* Heat consumption for the turbine and generator
Qr =
Qr =
35
Example 2 - Solution
* Heat consumption for the whole power plant
Q=
* Specific heat consumption for the turbine and generator
qr =
* Specific heat consumption for the required output power
o _ 3600-P, 3600
Ms =—F(H— =
@ 4
36

12



Example 2 - Solution

+  Amount of the fuel consumed 9par = 12200 k//kg

Mpyq =

* Amount of the cooling water

Meny =

37
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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.

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

Next exercise

Regenerative Rankine-Clausius cycle
(Recuperative heating of feed water)

Europesn i o
perstonal
ducaton
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