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Superheating and reheating

Pl A

700

e The steam turbine: high o

expansion ratio (£$,=1884) and | s

problem of condensation
400+

e Our example: quality q,=0.81.
Max for current turbines ¢,=0.9| " 300,

r[°C]

e From Carnot: increase of P is | 200
beneficial: thermal energy
introduced at higher T 1007

e Reheating |

s [kJ/kg - K]
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Supercritical cycle

T

Mmax

T

min

- Efficiency: 77qyqe
e Limit: materials

e Best steam power plants:
(ultra) supercritical

600
500+
400+
ETBOOf
200+
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= 300 bar and 630 °C, 7cycle = 48 %
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Regeneration (1)

Difference from Carnot Cycle

e Need for dearation 450

Air vent

_ Builer feed water 400 3
Treyed ¢ |- o
M S i Deaeration steam - 3507
AN, .. Lo AP a% ; 300- P =80 bar
GLANEAT TR
o Vater storage section 5250
Deaerated <& e
Q boiler feedwater B~ |
PLImp 200
—L L Internal steam distributor piping
Internal perforated pipe (water distributor) 1507
----- Perfarated trays
Lowy pressure steam
Boiler feedwater 100
e Large inefficiency = liquid
: . . 507 1.2 P=0042bar 4"
preheating with steam spilled
from the turbine o 1 2 5 1 5 & 5y
s [kl/kg - K]
% .
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! Turbine
Boiler :®
h 4 :::

Condenser
Dearator :
> Water reservoir
(Ocean, lake, or river)

L | N (O

Cooling water pump

Regeneration (2)

7\ /Y
® POSltlve an d N eg at|Ve effe ct HP Feedwater pump LP Feedwater pump

500

450

 ldeal: continuous regeneration i
= Carnot (“Arab phoenix”) 3501
3004

e Common to all modern ECS and 250

processes (heat integration) 2001

150
100+

50

s [ki/kg - K]
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Example: evaluation
of regeneration

Boiler

Dearator

Turbine
@
—{.)

Water reservorr

(Ocean, lake, or river)

L | aWg

Cooling water pump

o ' ay ay
Data as in the superheated cycle o o
HP Feedwater pump L.P Feedwater pump
. 450
- Steam extraction at 7 bar. It ;
provides heating from 2 to 3 0
350

» Need to calculate state 3, 4, and 6 3007

5250*

—_—

~
2007

4,iS P2 1507

T 4/100

3,4

P, 507 1.5 P=0.042bar 45
3 / T T T T T T
S 0 2 3 4 5 6 7 8
s [klkg - K]
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State 3 (dearator) 2

Boiler

& Condenser ¢ C ::
Dearator . .
ﬁ > Water reservoir
LJ (Ocean. lake. or river)
7\, /Ay

+ Cooling water pump

HP Feedwater pump LP Feedwater pump

450

4007

3507

300

§250‘

~
2007

1507

1007

507 P=0042 bar 4

0 1 2 3 4 5 6 7 8
s [kl/kg - K]
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State 3 (dearator)

According mass and energy balances:

f2 +  fextr = f3

f2 * h2 + fextr * h6 = f3 * h3

 x is the mass fraction of steam that is extracted after some turbine stages to pre-heat the liquid by mixing in the dearator

x = fextr / f3



f2 = f3 - fextr



(f3 – fextr) / f3 * h2 + fextr * h6 = h3 



(1 – x) * h2 + x * h6 = h3



Solving for x gives: x = (h3 – h2) / (h6 – h2) 



The enthalpy of state 6 can be calculated as already shown for a turbine expansion. Once state 6 is known also state 7 is calculated the same way.



Total turbine work w_turb = (h5 – h6) + (1 – x) * (h6 – h7)

Total pump work w_pump = w_pump2 + (1 – x) * w_pump1



When applying the same conditions for this cycle as for the superheated Rankine cycle without regeneration we get:



System efficiency η = w_net / q_boiler = (w_turbine – w_pump) / q_boiler = (919.45 – 13.25) kJ/kg / 2429.8  kJ/kg = 0.37



And etaII = eta / eta Carnot = 0.37 / 0.55 = 0.67



Given the two counteracting effects (less expansion work, less thermal energy input) there is an optimum for the pressure.




Turbine

Boiler [ : :

TP, Condenser & \/.:
dl'd = .
> Water reservoir
(Ocean, lake. or river)

7\: VAW Cooling water pump
HP Feedwater pump LP Feedwater pump
450
4,is P2
400 T ’ 5
3507
P
300 3 P =80 bar
52507 S
=
2007
3,4
1507
1007
507 1.2 P=0.042 bar _ 4"
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Organic Rankine Cycle
turbogenerator

» Small capacity: from few kW up to

1-2 MW, (optimal turbine) 160
— Geothermal water
140 1 — Working fluid (R245fa)
e Renewable energy! — Cooling water
120 A
8
e Good for low-temperature heat 100 ;
sources (geothermal) _ P =889 bar 3
Y804 9
_ -
e Dry expansion 60 -
: 40 1 4
e Analysis: the same as steam cycle, 5 | g
but different fluid 20 li”/f”l:’—jﬂ
0 .
s [kI/kg - K]
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Qom‘

}

° ° Condenser
Refrigeration Nl—a
Vapor compression cycle

Expansion valve Compressor

e Objective: cooling, thermal energy 9,

transfer (food, home,..) ’?
—e—y

e Inverse Rankine cycle (same cycle P e
shape in the T-s and P-h 100
diagrams)

» Thermal power transfer is obtained Y e oo
by means pf mechanical power 2 e _J v
(compression) N D74

r=-scc A 4
e Working fluid: refrigerant to match Qﬁomcooledg;e
environment conditions o1 T - " M
n [kI/kg]
] |
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Condenser
N T—a
h =t

Vapor comp. cycle analysis:

Input data

Expansion valve Compressor @

Q;
@)
INPUT DATA 7
—o—1{

T l Evaporator

e Working fluid: R245fa

log P-Ii chart

e Evaporation temperature: T = 268.15 K

e Condensation temperature T = 305.15 K

Q to the environment

» COMPressor: 7ig compr = 0.75 : e S -

11

r=-sc A
4 (J 1

Q from cooled space

0.1
-300 -200 -100 0 100
i kJ/kg]
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@ Microsoft Excel - R245fa Tables.xls

IEI__] File Edit Vew Insert Format Tools Date  Window Help  Adobe POF Type a guesti
ARNEA - NEWE NN NEN A NP =N R ARG Wty W VAN 1 BN
: avis -0 -|B JU|SS =@y s 8-S A Binl
ETEEpIDt_ﬁEDLawv L | AutoShapes = & DDLJJJ&@:& iﬂﬂ|@ivﬁv_v=
11 - F

A | B [ ¢ [ b | E | F | & [ H [ 1 [ 4 | K [ [»
1 |Properties of Saturated R245fa (Vapor-Liquid) as a Function of Temperature
2
3 Thermodynamic model: StanlMix. R245fa
4
5 Temp. [Pressure| Specific volume Internal Energy Enthalpy Entropy :
3] Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor
Fi oC bar m3/kg m3/kg kK3/kag kKJ/kag kK3/kag kKJ/kag K1/kg.K | K1/kg.K £
8 T P VL Wy U, Uy h, hy 5 Sy
o -50( 0.031525| 0.0006501 4,381 -281.80 -73.0 -281.80 59,3 -1.0107 -0.0133
10 40 0.0626( 0.000&6580 2.301 27075 -66.5 -270.75 021 -0.9623 -0.0243
11 -30| 0.116347| 0.0006666 1.288 -259.48 -59.7 -259.47 44,7 -0.9149 -0.0317
12 -20( 0.204148| 0.0006759 0.761 -247.97 -52.8 -247.96 -37.2 -0.8686 -0.0362
13 -10( 0.340655| 0.0006862 0.472 -236.23 45,7 -236.20 -20.6| -0.8231 -0.0381 [
14 -3| 0.432692| 0.0006917 0.377 -230.26 421 -230.23 -25.8 -0.8006 -0.0382
15 0 0.543965|0.0006975 0.305 -224.23 -38.5 -224.18 -22.0 -0.7783 -0.03739
16 2| 0.394483( 0.0006599 0.280| -221.79 -37.1) -221.75 -20.4| -0.7894| -0.0377
17 4| 0.648715| 0.0007024 0.258 -219.35 -33.6 -219.31 -18.9 -0.76086 -0.0373
14 & 0.706857)0.0007049 0.238 -216.90 -34.2 -216.85 -14:3 -0.7518 -0.0370
19 g 0.769109) 0.0007074 0.220 -214.43 -32.7 -214.38 -15.8 -0.7430 -0.0365
20 10( 0.835677|0.0007100 0.204 -211.96 -31.2 -211.80 -14.2 -0.7342 -0.0360
21 12| 0.8906772)0.0007127 0.189 -209.47 -20.8 -209.41 -12.6| -0.7254 -0.0354
22 14| 0.982812| 0.0007154 0.175 -206.98 -28.3 -206.91 -11.1 -0.7167 -0.0348
23 16| 1.063417| 0.0007181 0.162 -204.47 -26.8 -204.39 -0.5 -0.7080 -0.0341
24 18| 1.149416|0.0007210 0.151| -201.95 -25.3| -201.88 8.0 -0.6983| -0.0334
25 20( 1.240841)0.0007239 0.140 -199.41 -23.8 -199,32 -G.4 -0.69086 -0.0326
26 22( 1.337929| 0.0007268 0.131 -196.87 -224 -196.77 4.9 -0.6820 -0.0318
27 24 1.440924)0.0007299 n.122 -194.31 -20.9 -194.21 -3.3 -0.6734 -0.0308
24 26( 1.550073) 0.0007330 0.114 -191.74 -19.4 -191.63 -1.8 -0.6647 -0.0300 [
W« » nh\Vapor liquid equilil | < | |
Ready LM
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Refrigeration cycle:

Anaysis (1)

. (n
' Expansion valve Compressar

T l Evaporator

100

10

Q to the environment

P |bar|
~
Il
0

2s

3 — N ; /2
4 \Q-/ 1

Q from cooled space

0.1 T T
-300 -200 -100 0 100
i [kJ/kg]
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Presentation Notes
In order to calculate the performance of the cycle, let us calculate the enthalpies in the states 1, 2, 3 and 4.



State 1: Saturation at 268.15 K = -5 °C -> obtain enthalpy and entropy from tables (R245fa saturated vapor) 

h1 =  -25.8 kJ/kg, s1 = -0.0382 kJ/kg K



State 2: to get h2 we first calculate the isentropic state at the outlet of the compressor (2s) and then use the definition of isentropic efficiency to obtain h2.



If h2s is in the superheated vapor region then h2s can be found by interpolation of available values in the superheated vapor tables: 

h2s = h2s(P2,s=s1).

From saturation at 305.15 K = 32 °C -> obtain P2 = P3 from tables.

P2 = P3 = 1.917 bar



In our case however, we realize that the isentropic state is (h2s) is in the 2-phase region. 

In fact the s1 = -0.0382 kJ/kg K < s_sat(P3) = -0.0271 kJ/kg K 



Therefore we must use the vapor-liquid equilibrium tables to obtain the isentropic state.

From this tables we obtain:

s3 = sL(P3) = -0.639 kJ/kg K

s2sat = sV(P3) = -0.0271 kJ/kg K (s at saturated vapor conditions)

The vapor quality q can now be calculated from its definition:

q = (s1 – s3) / (s2sat – s3) = (-0.0382 - -0.6390) / (-0.0271 - -0.6390) = 0.982



Next, for the enthalpy:

h3 = -183.82 kJ/kg

h2sat = 2.91 kJ/kg



->h2s = h3 + q * (h2sat – h3) = -183.82 + 0.982 * (2.91 - -183.82) = -0.451 kJ/kg



From the definition of isentropic efficiency:

h2 = h1 + (h2s – h1)/eta_compr = -25.8 + (-0.451 - -25.8) / 0.75 = 8.0 kJ/kg 



State 3 & 4:

From the energy balance on a rate basis for the valve (adiabatic, negligible kinetic and potential energy differences): M’3h3 = M’4 h4 (M’3 = M’4)

h4 = h3 = -183.82 kJ/kg



So, since all enthalpies are available now, we are able to calculate the compressor work:

w_compr = h2 – h1 = 8.0 - -25.8 = 33.82 kJ/kg



And, the refrigeration capacity (= heat referred as q_in):

q_refrig = q_evap = h1 – h4 = -25.8 - -183.82 = 158.02 kJ/kg










Refrigeration cycle:

Anaysis (2)

P |bar|

Q[?HF

Condenser w

®)

Compressor Qy

L

Q]

T l Evaporator

log P-h chart

100
10
Q to the environment
T=32°C / 2s
3 < T / 2
11
T=-50c A
4 (J 1
Q from cooled space
0.1 T T T
-300 -200 -100 0 100

i [kJ/kg]



Calculation of the COP

log P-h chart

100
10
= Q to the environment
= T =32°C / 25
= 3 N : /2
17
r--sc M
4 (-/ 1
Q from cooled space
0.1 T
-300 -200 -100 0 100

h [kJ/kg]
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The coefficient of performance is defined as: COP = q_refrig / w_compr



- COP = 158.02 / 33.82 = 4.67



The maximum theoretical coefficient of performance  (inverse Carnot cycle) is COPmax = T_C / (T_H – T_C)



- COPmax = 268.15 / (305.15 – 268.15) = 7.25



- eta_II = 4.64 / 7.25 = 0.64




QIN Heater
— _:z:_—/lg_ H(_ Ela
|

‘ C Turbine
ompressor %
Brayton cycle .
| ™ Qur
|
e Advantage of a gas cycle |
(simple, light) Alr
T-s chart
e Why gas turbine came after - -2
steam engines 750

 Working fluid: air (ideal gas) .

4GM

z 550
- - . B

e Operating principle

450

e Processes

250

6.75 7 7.25 7.5 7.75
s [kI/kgK]
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Heater

, — s\ —s—
Brayton cycle calculation: ] N |

Turbine
Compressor J,
Input data |
|
A
1
INPUT DATA: operating parameters |
e State 1, 293.15K (20 °C), 1.013 bar Air
(atmospheric pressure) s chart
- State 2, 0.4 MPa (4 bar) - Pt

State 3, 798.15 K (525 °C), 0.4 MPa (4 bar) 750
State 4, 1.013 bar

P,-P,

650

4GM

g550
INPUT DATA: components efficiencies ~
» Compressor: 7 ¢omp=0-65w [S2 15 - 10 B0
- Turbine: 7, ,,,=0.85 +— |[acuuieSeny
’ example
250
6.75 7 7.25 7.5 7.75
s [kI/kgK]
4 .
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Assumptions

 Kinetic and potential energies negligible at states 1, 2, 3, and 4
e Compressor and turbine adiabatic

e No pressure drop in the heater

e The system is at steady state

e Equilibrium states at 1, 2, 3, and 4

* Air can be modeled as a polytropic ideal gas (y = 1.4 C, = const =
1.04 kJ/kg-K) or as an ideal gas with C, = C, (T) (FluidProp/GasMix)

'i';U Delft Wb1224 — Energy Conversion Systems 19
T




Compressor work (state 1&2)

T-s chart
850
P,=P,
750
P,=P,
650
—_ 4GM
E 550
]
450
350
250
6.75 7 7.25 7.5 7.75
s [kJ/kgK]
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State 1  2:



Air properties table: 

-->h1 = h(P1,T1) = -5.03 kJ/kg

-->s1 = s(P1,T1) = 6.84 kJ/kg K



The temperature rise for the isentropic compression of a polytropic ideal gas:

T2s = T1 * (P2/P1)^(gamma-1)/gamma = 293.15 * (4 / 1.013) ^ (0.4/1.4) = 434.01 K

If calculated with FluidProp GasMix for Air (properties table), taking into account the cP varies with T:

T2s = T2s(P3, s1) = 433.25 K  



h2s = cP * (T2s - T1) = [1.04 (434.01 - 293.15)] kJ/kg = 146.5 kJ/kg



If calculated with FluidProp GasMix for Air (properties table), taking into account the cP varies with T:

-->h2s = h(P2,T2) = 137.17 kJ/kg (6.3% difference with respect to polytropic ideal gas)



From the definition of isentropic efficiency:

h2 = h1 + (h2s – h1) / eta_compr = -5.03 + (137.17 - -5.03) / 0.65 = 213.74 kJ/kg



Compressor work:

w_compr = h2 – h1 = 213.74 - -5.03 = 218.77 kJ/kg



Temperature calculated with FluidProp GasMix for Air (properties table):

T2 = T2 (P2=P3, h2) = 507.63 K


Air Heating (state 3)

T-s chart
850
P,=P,
750
P,=P,
650
—_ 4GM
E 550
]
450
350
250
6.75 7 7.25 7.5 7.75
s [kJ/kgK]
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State 2  3:



GasMix for Air (properties table):

-->h3 = h(P3,T3) = 521.38 kJ/kg

-->s3 = s(P3,T3) = 7.48 kJ/kg K



q_heating = h3 – h2 = 521.38 - 213.74 = 307.64 kJ/kg


Turbine work (state 4)

T-s chart
850
P,=P,
750
P,=P,
650
—_ 4 GM
E 550
F
450
350
250
6.75 7 7.25 7.5 7.75
s [kJ/kgK]
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State 3  4:

If calculated with FluidProp GasMix for Air (properties table), taking into account the cP varies with T:

T4s = T4s(P4=P1, s3) = 551.48 K



Simplified equation to compute the temperature drop for the isentropic expansion of a polytropic ideal gas:

T4s = T3 * (P4/P3)^(gamma-1)/gamma = 798.15 * (4 / 1.013)^(0.4/1.4) = 539.10 K



FluidProp GasMix for Air (properties table), 

-->h4s = h(P4,T4) = 245.09 kJ/kg



Definition of isentropic efficiency:

h4 = h3 - (h3 – h4s) * eta_turbine = 521.38 - (521.38 - 245.09) * 0.85 = 286.53 kJ/kg



Turbine work:

w_turbine = h3 – h4 = 521.38 - 286.53 = 234.85 kJ/kg




Net power output and efficiency

Comparison with Superheated
Rankine cycle for similar
compression and expansion
efficiencies, but higher TIT.

77I,Rankine = 034

77II,Rankine = 062

]
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Net Power output:



w_net = w_turbine – w_compr = 234.85 - 218.77 = 16.08 kJ/kg



Thermal efficiency:



eta = w_net / q_heating = 16.08 / 307.64 = 0.052 = 5.2 %



eta_Carnot = 1 – T1 / T3 = 1 – 293.15 / 798.15 = 0.471 = 63.3 %



Note that for the Rankine Cycle

Eta Carnot = 1 – Tmin / Tmax = 1 – 303.15 K / 674.15 K = 0.55



Eta_II = eta_I  / eta_Carnot = 0.83 = 8.3%


Efficiency of the ideal Brayton cycle

Pv=RT, c,=const., isentropic compression/expansion

divide and
multiply by T;
f_J%

Whet —1— Qout —1— Cr (T4 _Tl) _1_T4/T1_1,L

77 = =
Gin Oheater Cp (TS _TZ) TS/TZ -1 T2
mliply by T, 08
T, T T 0.7 |
=== = p=1l-=
Tl T2 T2 0.6 1
y-1 0s |

LL_(R) 4 R_R
T2 - T4 - Pl - 1 - 4 o

1 0.3 -
l9 = ; 0.2
Iy, ol Depends only on Sand ]

0o 2 4 6 8101‘214161820
B
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Ideal gas cycle

W, max for T,=T,

net
1 f 300
Tz=Tjs
0.9 1
T+ 250
0.8 1
0.7 1
+ 200
0.6 _
) 5
U ~
o =05 1 150 £
h 5
0.4 - =
+ 100
0.3 1
1 0.2 1
g + 50
41
i 0.1
T T T T T T 0 w 0
0 0 20 40 60 80 100

5 [klkg - K]
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Comparison real vs ideal cycle

e The most relevant losses are in the
compressor and turbine: limitation of
iIdeal-gas analysis (f too high is a
problem)

e Limit on TIT (blade cooling)

e Fuel issue
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Gas Turbine

Advantages:

e High temperature & low pressure ->
high power/weight

e No blade erosion with high-quality fuel
e Fast load-change
Applications:

 Aircraft propulsion (ships, trains)

e Combined Cycle, Peak-shaving

e Cars (for hybrid engines in the future?)

'i';U Delft Wb1224 — Energy Conversion Systems 27
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Gas turbine cycle: parameters

0.8
0.7 1 Ideal
0.6

0.5 1

r=cC|

S 04 4 B (7 max, TIT) TIT =1400 °C

e

0.3 1

0.2 1

0.1 1

%
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Fuel inlet

Regeneration P

e Reduction of thermal losses

- Note: T, often in excess of 450 °C

e For given TIT, maximum efficiency at
modest S (increase T, —T,)

T[°C]

e Recuperator: technological problem

s [klkeg - K]
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Closed Brayton
cycle gas turbine

Solar system

800
T.s - diagram: CO2 (RefProp)
7007
650
600

5007

Turbine - 4007

Precooler
300

Compressor 200
1007
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Given

Working fluid: CO2



Compressor:

T_min = 40 °C

P_min = 80 bar

beta = 2.5 

eta_compr = 0.65



Turbine:

TIT = 650 °C

eta_turb = 0.85



Regenerator:

Terminal temperature diff. high dT_H = 30 K

Terminal temperature diff. low dT_L = 20 K



State 1

T1 = T_min = 40 °C

P1 = P_min = 80 bar



FluidProp will give: 

--> h1 = h(P1,T1) = 402.9 kJ/kg

 

State 2

P2 = P1 * Beta = 80 * 2.5 = 200 bar

s2_is = s1 = s(P1,T1) = 1.66 kJ/kgK



FluidProp:

h2_is = h(P2,s2_is) = 434.8 kJ/kg

Definition of isentropic efficiency:

h2 = h1 + (h2_is – h1) / eta_compr = 402.9 + (434.8 – 402.9) / 0.65 = 452.0 kJ/kg



FluidProp:

T2 = T(P2,h2) = 111.6 °C



State 4

P4 = P3 = P2 = 200 bar

T4 = TIT = 650 °C



FluidProp:

h4 = h(P4,h4) = 1160.1 kJ/kg



State 5

P5 = P6 = P1

s5_is = s4 = s(P4,T4) = 2.88 kJ/kgK



FluidProp:

h5_is = h(P5,s5_is) = 1008.4 kJ/kg

Definition of isentropic efficiency:

h5 = h4 - (h4 – h5_is) * eta_turb = 1160.1 - (1160.1 – 1008.4) * 0.85 = 1031.2 kJ/kg



FluidProp:

T5 = T(P5,h5) = 538.8 °C



State 3

T3 = T5 - dT_H = 538.8 – 30 = 508.8 °C

h3 = h(P3,T3) = 984.1 kJ/kg



State 6

P6 = P1

T6 = T2 + dT_L = 111.6 + 20 = 131.6 °C

h6 = h(P6,T6) = 559.9 kJ/kg



w_cycle = (h4 - h5)  - (h2 - h1) = (1160.1 – 1031.2) – (452.0 – 402.9) = 79.8 kJ/kg



q_in = (h3 – h4) = 1160.1 – 984.1 = 176.0 kJ/kg



eta = w_cycle / q_in = 79.8 / 176.0 = 0.453







Final remarks

e Importance of assumptions
e Always mass and energy balances
e Thermodynamic cycles: comparison with Carnot cycle

e Courses on gas turbines of the Master in Sustainable Energy
Technology:
»WB4420 Gas Turbines and

»WB4421 Gas Turbines Simulation/Application
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