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Content

• Organization

• Soft start:



 

What is it about, why it is relevant, how is it done



 

Objectives (examples)

• Review of concepts from Thermodynamics 1

• The Rankine cycle

Lecture 9 -
 

overview
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We study thermodynamics because…
(You can give your own answer)

"I'd put my money on the sun and solar energy. What a source of 
power! I hope we don't have to wait until oil and coal run out 

before we tackle that."

Thomas Edison (1847-1931) to Henry Ford (1863-1947) in 1931.

•With it engineers can help solving the most 
critical problems and improve life quality
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Organization

• Course Reader: draft of W.C. Reynolds and P. Colonna 
“THERMODYNAMICS Fundamentals and Engineering 
Applications” (Please HELP ME!)

Chapters 7 (energy systems) and 9 (exergy)

• M.J. Moran, H.N. Shapiro “Fundamentals of Engineering 
Thermodynamics”

Chapters 8, 9, 10 (energy systems) and 7 (exergy)

• Assistant: ir. Emiliano Casati (E.Casati@TUDeft.nl)

mailto:E.Casati@TUDeft.nl?subject=wb1224
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Thermodynamic (Energy) Systems

• Energy conversion for something useful

• Modern society: electricity, refrigeration, heating

• In common: 

An energy source 
(fuel, solar radiation, geothermal heat, biomass, waste heat)

A fluid undergoing transformations 
(mechanical work, heat transfer, …)

An energy sink

WHAT

Presenter
Presentation Notes
Reynolds and Colonna, Ch. 7 - Introduction
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Example: solar power station •Working 
•fluid

•CLOSED CYCLE

WHAT

Presenter
Presentation Notes
Reynolds and Colonna, Sec. 7.1
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Example: Turboprop

•OPEN CYCLE

WHAT

Presenter
Presentation Notes
Reynolds and Colonna, Sec. 7.1
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Gas Turbine Engine Start Video

Presenter
Presentation Notes
Reynolds and Colonna, Sec. 7.1
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It is relevant!

• We need clean energy systems for sustainable development

• Energy conversion for anything considered a primary need:
Food and water

Health

Housing

Instruction

Mobility

Access to information

Computers

…

• Political stability

Why

EXAMPLE

per-capita energy consumption in 2004:

• 8 toe/year in North America

• 3.5 toe/year in OECD Europe

• 0.6 toe/year in Africa

There is a lot to do

•More on my web page: 
Energy: an outlook, from the global situation to 
my vision of academic research

Presenter
Presentation Notes
Reynolds and Colonna, Sec. 7.1

http://www.3me.tudelft.nl/live/pagina.jsp?id=6c43422e-846b-4945-b586-6cb89146691a&lang=en&binary=/doc/WhitePaperEnergyVision.pdf
http://www.3me.tudelft.nl/live/pagina.jsp?id=6c43422e-846b-4945-b586-6cb89146691a&lang=en&binary=/doc/WhitePaperEnergyVision.pdf
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Let’s start!
 Accounting of basic quantities

production = output* – input* + accumulation
or

accumulation = input – output + production
accumulation = final – initial

ALSO ON A RATE BASIS

CONSERVATION       PRODUCTION =0 (P = 0)

*input and output         entering and leaving the system

Reynolds and Colonna, Sec. 1.2

Presenter
Presentation Notes
Reynolds and Colonna, Sec. 1.2
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Analysis methodology
How to be systematic

1. Sketch the system and define the boundary (in a clever way)

2. Indicate the reference frame

3. List simplifying assumptions

4. Indicate time period or rate basis

5. Indicate on the sketch all terms of balance equations



 

Transfers (arrows), accumulation, production. Nomenclature

6. Write balance equations (per terms defined on the sketch)

7. Bring in other equations # equations = # unknowns 

(symbols!)

Reynolds and Colonna, Sec. 1.3

Presenter
Presentation Notes
Reynolds and Colonna, Sec. 1.1 to 1.3



Example: Volumetric Air Compressor
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Energy transfer as work

• Thermodynamics: energy is a conserved property of matter

• Work is energy transfer

• MICRO: work is the only mechanism of energy transfer

• MACRO: all particle can be observed moving (detectable distance)

Example: work done by expanding gas

Reynolds and Colonna, Sec. 2.5

Presenter
Presentation Notes
Reynolds and Colonna, Sec. 2.5



Example: work done by an expanding gas

Presenter
Presentation Notes
The pressure P is the macroscopic representation of the average force per unit area exerted by the colliding molecules on the atoms in the piston.



Macroscopic observation: observable force in the direction of the motion of the piston is P*A



If piston is still: no energy transfer as work



If piston moves of dx -> macroscopically observable work from the gas to the piston is dW = PA dx



The increase in gas volume is dV = A dx



Energy transfer as work from the gas to the piston is dW = P dV (valid for any shape if P is uniform at the boundary)



Have a look at the simple examples on the reader
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Energy transfer as heat

•THOT •TCOLDQ

• Internal Energy: energy stored in the random motion of molecules

• Heat: microscopically random/disorgnized transfer of energy

• IMPORTANT: understand phenomena at microscopic level!

Reynolds and Colonna, Sec. 2.6

Presenter
Presentation Notes
Engine of the example: gas is hotter than wall and wall is cooled by water in the jacket. Microscopically, molecules of gas banging on the wall, putting atoms of the metal into motion, the same with cooling water molecules. Microscopically: energy is transferred as work (vibration of molecules), but macroscopically cannot be observerd. We account for this energy transfer macroscopically by defining this energy transfer mode as heat.
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Control volume energy analysis (1)

Q

W
  11
e Pv M

1

2

  22
e Pv M

CVdE

         1 2 CV CV1 2
energy output tranferenergy input tranfer energy accumulationmass-associated mass-associated with workwith heat inside the CVenergy input energy output

e Pv M Q e Pv M W E t dt E t              

•Flow work

Reynolds and Colonna, Sec. 4.3

2 2

2 2
w we Pv u gz Pv h gz       •e = total energy

Presenter
Presentation Notes
Reynolds and Colonna, Sec. 4.3



17Wb1224 – Energy Conversion Systems

Control volume energy analysis (2)

• Enthalpy and mass-associated energy transfer

• Enthalpy does not accumulate! 

h is mass-associated energy transfer and NOT mass-associated energy 

storage

• Rate-basis Energy Balance

2 2

2 2
w we Pv u gz Pv h gz

 
        

 

   


CV
1 21 2

rate of energy input rate of energy output rate of energy 
accumulation

dEe Pv M Q e Pv M W
dt

       
 

Reynolds and Colonna, Sec. 4.3

Presenter
Presentation Notes
Reynolds and Colonna, Sec. 4.3
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Analysis of thermodynamic systems

• Working fluid

• Cycle (open or closed)

• Fluid properties (tables and FluidProp)

• Thermodynamic charts (meaning of areas in cycles)

• Process flow diagram

• Mass, energy and entropy balances

End of Review: 
Reynolds and Colonna, Chap. 7

Presenter
Presentation Notes
Reynolds and Colonna, Sec. 7.1
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Always sketch on paper!

•Process flow diagram or flow sheet:
•Functionality, components, flows
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Graphical representation of processes in 
thermodynamic diagrams

• Energy transfer as heat 
(Hypothesis: reversible process)

dqds
T



• Work of a reversible 
thermodynamic cycle

0u 

•q12 is per kg of working fluid
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The Rankine cycle
Steam power plants

• It started in the 19th century: steam engines. 
Rankine, Clausius, Kelvin: basis of 
thermodynamics

• Electricity in the world     steam power plants

• Also for renewable 
(solar, biomass)

• Turbomachinery
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Superheated Rankine cycle calculation:
 The process

•(Real plants are more complicated)
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Rankine cycle analysis:
 Input data

INPUT DATA: operating parameters

• State 1, saturated liquid at 303.15 K

• State 2, 8 MPa (80 bar)

• State 3, superheated steam at 673.15 K

• State 4, 303.15 K

INPUT DATA: components efficiencies

• Pump: is, pump =0.65

• Turbine: is, turb =0.85
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Assumptions

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

• Pump and turbine adiabatic

• Perfect electrical generator: gen = 100%

• System is at steady state

• Water is in thermodynamic equilibrium at states 1, 2, 3, and 4

• No pressure drop along the heat exchangers and the connecting ducts

•Analysis is made per unit of mass flow 
(independent of mass flow rate)
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Pump work (state 1 & 2)

•1

•2,is
•2

•Real pump process

•T

•s

•P2

•P1

Presenter
Presentation Notes
We want to calculate the power that goes into pumping the water



Energy balance wPump = h2 – h1



State 1: Saturation at 303.15 K = 30 °C -> obtain enthalpy and entropy from tables (saturated water) 

h1 = 125.75 kJ/kg, s1 = 0.437 kJ/kg K

P1 = P4 = 0.042 bar = 42 mbar = 4200 Pa 



State 2s: to get h2 first calculate the isentropic state at the outlet and then use the definition of isentropic efficiency

h2s = h2s(P3,s=s1) 

From the energy conservation for a reversible process h2s - h1 = v1 * (P2 - P1)

(calculation in SI with conversion to “k”)

h2s = h1 + v1 * (P2 - P1) = [ 125.75 + 1.0044 * (80 – 0.042) *105 * 10-3 ]  kJ/kg = 133.78 kJ/kg



State 2:

Definition of isentropic efficiency

eta_pump = w / w_is = (h2 – h1) / (h2s – h1) 



-> h2 = h1 + (h2s – h1)/eta_pump = 125.75 + (133.76 – 125.75) / 0.65 = 138.08 kJ/kg

Pump specific work (work per unit mass flow):

wPump = h2 – h1 =  138.08 – 125.75 = 12.33 kJ/kg

P2 = P3 = 8 MPa = 80 bar



Use “Water Tables.xls”
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Energy transfer to the boiler (state 3)

Presenter
Presentation Notes


Energy balance (per unit mass flow): q = Q’ / m’ = h3 – h2 [kW/(kg/sec)] = kJ / sec / (kg / sec) = kJ / kg



State 3:

From tables (P = 80 bar and T = 400 C)

h3 = h3 (P2= P3, T3) = 3193.3 kJ/kg

s3 =s3 (P3, T3) = 6.3657 kJ/kg . K



qboiler = h3 – h2 = 3001.2 kJ/kg
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Turbine work (state 4) vapor quality (vapor fraction)

L L

V L V L

s s h hq
s s h h
 

 
 

Presenter
Presentation Notes
Energy balance wTurbine = h3 – h4



To get h4: First calculate the isentropic state at the turbine outlet and then use the definition of isentropic efficiency



State 4s:

With FluidProp:

h4s = h4s(P1=P4,s=s3)  = 1923.1 kJ/kg



To calculate state 4s we need to calculate the quality, from which we can calculate the enthalpy

From the definition of vapor quality:

q4s = (s4s – sL(T4)) / (sV(T4) – sL(T4)) 

We get sL(T4) and sV(T4) from the table for saturated water

q4s = (6.3657 – 0.4332) / (8.4576 – 0.4332) = 0.74 



Also from the definition of quality:

h4s = hL + q4s (hV – hL) =  124.67 + 0.74 * (2555.1 – 124.67) = 1923.2 kJ/kg



State 4:

Definition of isentropic efficiency

eta_turbine = w_is / w = (h3 – h4) / (h3 – h4s)



 -> h4 = h3 - (h3 – h4s) * eta_turbine = 3193.3 + (3193.3– 1923.1) * 0.85= 2105.5 kJ/kg



wturbine = h3 – h4 =  3193.3 – 2105.5 = 1033.8 kJ/kg



Calculation of the quality (vapor fraction of state 4):



q4 = (h4 - hL) / (hV - hL) = (2105.5 – 124.67) / (2555.1 – 124.67) = 0.82



We see that the liquid water content at the turbine outlet is 18 %, therefore quite high: there is a problem of erosion of blades due to impact of droplets
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Efficiency, Power, Mass flow rate

Presenter
Presentation Notes
System efficiency η = w_net / q_boiler = (w_turbine – w_pump) / q_boiler = (1033.8 – 12.33) kJ/kg / 3001.2  kJ/kg = 0.34



E.g. Assume that a power plant of 30 MW must be designed



   -> required mass flow: 	M’= W’_turb / w_turb = 30 * 103 kW / 1033.8 kJ / kg= 29.02 kg/s    (kW = kJ / sec)

   -> power consumed by the pump:   W’_pump = M’ * w_pump = 29.02 * 12.33  = 358 kW

   -> thermal power transferred to the boiler:   Q’_boiler = M’ * q_boiler = 29.02 * 3001.2 * 10-3 = 87.1 MW



After the system design (some optimization will be needed) we can design (or buy) the components.



Finally, let’s compare with the best conversion device (cycle) operating with the same maximum and minimum temperature: the Carnot cycle.

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



Therefore

etaII = eta / eta Carnot = 0.34 / 0.55 = 0.62



This is a better indication of the thermodynamic quality of the engine because it compares with the absolute maximum that could be done.
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Final remarks

• Learn how to do it on paper + tables (exam)

• Be precise with the units!

• Use FluidProp to make your own tables: by making tables you 
learn how to use them

• Explore “Superheated Rankine Cycle.xls”: you can use is to check 
exercises (you may need to modify it a bit)
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