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Superheating and reheating

• The steam turbine: high 
expansion ratio (P =1884) and 
problem of condensation

• Our example: quality q4 =0.81. 
Max for current turbines q4 =0.9

• From Carnot: increase of P is 
beneficial: thermal energy 
introduced at higher T

• Reheating
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Supercritical cycle

max
cycle

min

T
T

 • Efficiency:

• Limit: materials

• Best steam power plants: 
(ultra) supercritical

• 300 bar and 630 °C, cycle = 48 %
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• Need for dearation

• Large inefficiency  liquid 
preheating with steam spilled 
from the turbine

Regeneration (1)
•Difference from Carnot Cycle
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Regeneration (2)

• Positive and negative effect

• Ideal: continuous regeneration 
= Carnot (“Arab phoenix”)

• Common to all modern ECS and 
processes (heat integration)
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Example: evaluation
 of regeneration

• Data as in the superheated cycle

• Steam extraction at 7 bar. It 
provides heating from 2 to 3

• Need to calculate state 3, 4, and 6

•3,4

•5

•6

•7

•5sat

•4is

•3

•4,is •4

•T

•s

•P2

•P1



State 3 (dearator)

•3,4

•5

•6

•7

•5sat

•4is

•3

•4,is •4

•T

•s

•P2

•P1

Presenter
Presentation Notes
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.





•3,4

•5

•6

•7
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•4is

•3

•4,is •4

•T

•s

•P2
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Organic Rankine Cycle 
turbogenerator

• Small capacity: from few kW up to 
1-2 MWe (optimal turbine)

• Renewable energy!

• Good for low-temperature heat 
sources (geothermal)

• Dry expansion

• Analysis: the same as steam cycle, 
but different fluid
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Refrigeration

• Objective: cooling, thermal energy 
transfer (food, home,..)

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

• Thermal power transfer is obtained 
by means of mechanical power 
(compression)

• Working fluid: refrigerant to match 
environment conditions

Vapor compression cycle
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INPUT DATA

• Working fluid: R245fa

• Evaporation temperature: T = 268.15 K

• Condensation temperature T = 305.15 K

• Compressor: is, compr = 0.75

Vapor comp. cycle analysis:
 Input data





Refrigeration cycle:
 Anaysis

 
(1)

Presenter
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)



Calculation of the COP

Presenter
Presentation Notes
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
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Brayton cycle

• Advantage of a gas cycle 
(simple, light)

• Why gas turbine came after 
steam engines

• Working fluid: air (ideal gas)

• Operating principle

• Processes

INQ

INQ

OUTQ

OUTQ
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Brayton cycle calculation:
 Input data

INPUT DATA: operating parameters

• State 1, 293.15K (20 °C), 1.013 bar 

(atmospheric pressure)

• State 2, 0.4 MPa (4 bar)

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

• State 4, 1.013 bar

INPUT DATA: components efficiencies

• Compressor: is, comp =0.65

• Turbine: is, turb =0.85

Same as in the 
Rankine Cycle 

example
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Assumptions

• Kinetic and potential energies negligible at states 1, 2, 3, and 4

• Compressor and turbine adiabatic

• No pressure drop in the heater

• The system is at steady state

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

• Air can be modeled as a polytropic ideal gas (

 

= 1.4 Cp = const = 

1.04 kJ/kg·K) or as an ideal gas with Cp = Cp (T) (FluidProp/GasMix)
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Compressor work (state 1&2)

Presenter
Presentation Notes
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
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Air Heating (state 3)

Presenter
Presentation Notes
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
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Turbine work (state 4)

Presenter
Presentation Notes
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
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Net power output and efficiency

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

I,Rankine

II,Rankine

0.34
0.62









Presenter
Presentation Notes
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%
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Efficiency of the ideal Brayton cycle
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Ideal gas cycle
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Comparison real vs
 

ideal cycle

• The most relevant losses are in the 
compressor and turbine: limitation of 
ideal-gas analysis (

 

too high is a 
problem)

• Limit on TIT (blade cooling)

• Fuel issue
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Gas Turbine

Advantages:

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

• No blade erosion with high-quality fuel

• Fast load-change

Applications:

• Aircraft propulsion (ships, trains)

• Combined Cycle, Peak-shaving

• Cars (for hybrid engines in the future?)
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Gas turbine cycle: parameters
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Regeneration

• Reduction of thermal losses

• Note: T4 often in excess of 450 °C 

• For given TIT, maximum efficiency at 
modest (increase T4 – T2 )

• Recuperator: technological problem
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Closed Brayton 
cycle gas turbine

Presenter
Presentation Notes
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
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Final remarks

• Importance of assumptions

• Always mass and energy balances

• Thermodynamic cycles: comparison with Carnot cycle

• Courses  on gas turbines of the Master in Sustainable Energy 

Technology:

WB4420 Gas Turbines and 

WB4421 Gas Turbines Simulation/Application 
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