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Abstract 
 

In large scale naval field, the propulsion system is usually electrical, in order to 

allow a free placement of the internal combustion engines (ICE), more flexible 

coupling with the power transmission and noise reduction. What is more, ships usually 

travel in steady speed, meaning that their load is steady and therefore their waste 

heat is steady. On that basis organic Rankine cycles (ORCs) are a promising technology 

to utilize the available waste heat in order to increase the efficiency and reduce fuel 

consumption. The design of the system must be as to maximize the power production 

and not to alter the working point of the ICEs. What is more its stability and safety 

must be guaranteed. 

Simulation models are a convenient tool to both design and simulate the 

behavior of a system. After the design models are created, the design point can be 

determined for various fluids with a simple change of inputs. Also dynamic simulations 

are a cheap, fast and reliable way to evaluate systems stability and performance in 

dynamic conditions and allow the definition of the control strategy.  

In this thesis flexible design point models of ORCs have been created in order to 

optimize the power output and determine the working fluid with the best 

performance. In addition to this, the basic parameters of the heat exchangers have 

been calculated and also performance parameters of other components. These data 

ŀǊŜ ǳǎŜŘ ƛƴ ƻǊŘŜǊ ǘƻ ŎǊŜŀǘŜ ŀ ŘȅƴŀƳƛŎ ƳƻŘŜƭ ǘƻ ǎƛƳǳƭŀǘŜ ǘƘŜ ŎȅŎƭŜǎΩ Řynamic response 

and develop a control strategy. The application of the models is done in a LNG carrier 

Three different ORC layout are considered in this study. Single-stage, two-stages 

both subcritical, and two stages with the high pressure stage to be supercritical. The 

power output respectively for the best scenario in each layout are: 383,61 kW, 625,61 

kW and 720,16 kW respectively. The control strategy proposed is the control of the 

superheating and subcooling temperature difference for the subcritical evaporators 

ÁÎÄ ÃÏÎÄÅÎÓÅÒÓ ÁÎÄ ÅÎÔÒÏÐÙ ÉÎ ÔÈÅ ÓÕÐÅÒÃÒÉÔÉÃÁÌ ÔÕÒÂÉÎÅȭÓ ÉÎÌÅÔȢ  4ÈÅ ÒÅÓÕÌÔÓ ÓÈÏ× 

that the systems reach steady state conditions within 150 seconds after the end of 

ÔÈÅ ÉÎÐÕÔÓȭ ÖÁÒÉÁÔÉÏÎȢ  

 

 

 

 

 

 

 



2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

ʃʶˊʾ˂ʹ˕ʹ  
 

 ʅˍʰ ˉ˂ˇʾʰ ˃ʶʴʱ˂ˇˎ ˃ʶʴʷʻˇˎˌΣ ˍˇ ˋˏˋˍʹ˃ʰ ˉˊˈ˖ˋʹˌ ʶʾ˄ʰʽ ˋˎ˄ʺʻ˖ˌ ʹ˂ʶˁˍˊʽˁˈΣ 

ˉˊˇˌ ʶ˂ʶˏʻʶˊʹ ˍˇˉˇʻʷˍʹˋʹ ˍ˖˄ ˃ʹ˔ʰ˄˗˄ ʶˋ˖ˍʶˊʽˁʺˌ ˁʰˏˋʹˌ όɾɳɼύΣ ʷ˔ˇ˄ˍʰˌ ˉʽˇ 

ʶˎʷ˂ʽˁˍʹ ˋˏ˄ʵʶˋʹ ˃ʶ ˍˇ ˋˏˋˍʹ˃ʰ ˃ʶˍʱʵˇˋʹˌ ˁʾ˄ʹˋʹˌ ˁʰʽ ˃ʶʽ˗˄ˇ˄ˍʰˌ ˍˇ˄ ʻˈˊˎʲˇ 

ˉʰˊʱ˂˂ʹ˂ʰΦ ʆʰ ˉ˂ˇʾʰ ˍʰ˅ʽʵʶˏˇˎ˄ ˋˎ˄ʺʻ˖ˌ ˃ʶ ˋˍʰʻʶˊʺ ˍʰ˔ˏˍʹˍʰΣ ˁʰˍΩ ʶˉʷˁˍʰˋʹ ˁʰʽ 

ˋˍʰʻʶˊˈ ˒ˇˊˍʾˇ ˁʰʽ ˋˍʰʻʶˊʱ ˉˇˋʱ ʰˉˇˊˊˎˉˍˈ˃ʶ˄ʹˌ ʻʶˊ˃ˈˍʹˍʰˌΦ ʆˇ ˉʶˊʽʲʱ˂˂ˇ˄ 

ʰˎˍˈ ˁʰʻʽˋˍʱ ˍʹ˄ ʶʴˁʰˍʱˋˍʰˋʹ ʁˊʴʰ˄ʽˁ˗˄ ɼˏˁ˂˖˄ Rankine (ORC) ˃ʽʰ ˉˇ˂˂ʱ 

ˎˉˇˋ˔ˈ˃ʶ˄ʹ ˍʶ˔˄ˇ˂ˇʴʾʰ ʴʽʰ ʰ˅ʽˇˉˇʾʹˋʹ ˍʹˌ ʻʶˊ˃ˈˍʹˍʰˌ ʰˎˍʺˌΣ ˃ ʶ ˋˍˈ˔ˇ ˍʹ˄ ʰˏ˅ʹˋʹ 

ˍˇˎ ʲʰʻ˃ˇˏ ʰˉˈʵˇˋʹˌ ˁʰʽ ˍʹ˄ ˃ʶʾ˖ˋʹ ˍʹˌ ˁʰˍʰ˄ʱ˂˖ˋʹˌ ˁʰˎˋʾ˃ˇˎΦ ʁ ˋ˔ʶʵʽʰˋ˃ˈˌ 

ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˉˊʷˉʶʽ ˄ʰ ʴʾ˄ʶʽ ʷˍˋʽ ˗ˋˍʶ ˄ʰ ˃ʶʴʽˋˍˇˉˇʽʶʾˍʰʽ ʹ ˉʰˊʰʴ˖ʴʺ ʽˋ˔ˏˇˌΣ 

ʵʾ˔˖ˌ ˄ʰ ˃ʶˍʰʲʱ˂˂ʶˍʰʽ ˍˇ ˋʹ˃ʶʾˇ ˂ʶʽˍˇˎˊʴʾʰˌ ˍ˖˄ ɾɳɼΦ ɳˉʽˉ˂ʷˇ˄ ˉˊʷˉʶʽ ˄ʰ ʷ˔ʶʽ 

ʶʴʴˎʹ˃ʷ˄ʹ ˋˍʰʻʶˊˈˍʹˍʱ ˁʰʽ ʰˋ˒ʱ˂ʶʽʰΦ  

 ʆʰ ˉˊˇˋˇ˃ˇʽ˖ˍʽˁʱ ˃ˇ˄ˍʷ˂ʰ ʶʾ˄ʰʽ ˃ʾʰ ˃ʷʻˇʵˇˌ ˋ˔ʶʵʽʰˋ˃ˇˏ ˋˎˋˍʹ˃ʱˍ˖˄ ˁʰʽ 

ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ˍʹˌ ˋˎ˃ˉʶˊʽ˒ˇˊʱˌ ˍˇˎˌΦ ɾʶ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ˃ˇ˄ˍʷ˂˖˄ ˋ˔ʶʵʽʰˋ˃ˇˏ 

˃ˉˇˊʶʾ ˄ʰ ʲˊʶʻʶʾ ˍˇ ʲʷ˂ˍʽˋˍˇ ˋʹ˃ʶʾˇ ˋ˔ʶʵʽʰˋ˃ˇˏ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʴʽʰ ʶˎˊʶʾˌ 

ˋˎ˄ʻʺˁʶˌ ˂ ʶʽˍˇˎˊʴʾʰˌΣ ʴʽʰ ʵʽʱ˒ˇˊʰ ˇˊʴʰ˄ʽˁʱ ˃ʷˋʰΣ ʰ˂˂ʱʸˇ˄ˍʰˌ ˃ˈ˄ˇ ˍʽˌ ˃ʶˍʰʲ˂ʹˍʷˌ 

ʶʽˋˈʵˇˎ ˍˇˎ ˃ˇ˄ˍʷ˂ˇˎΦ ɳˉʾˋʹˌΣ ˍʰ ʵˎ˄ʰ˃ʽˁʱ ˃ˇ˄ˍʷ˂ʰ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ʰˉˇˍʶ˂ˇˏ˄ ʷ˄ʰ˄ 

˒ʻʹ˄ˈΣ ʴˊʺʴˇˊˇ ˁʰʽ ʰ˅ʽˈˉʽˋˍˇ ˍˊˈˉˇ ˄ʰ ʶˁˍʽ˃ʹʻʶʾ ʹ ˋˍʰʻʶˊˈˍʹˍʰ ˁʰʽ ʹ ˋˎ˃ˉʶˊʽ˒ˇˊʱ 

ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ˋʶ ʵˎ˄ʰ˃ʽˁʷˌ ˋˎ˄ʻʺˁʶˌ ˂ʶʽˍˇˎˊʴʾʰˌΣ ʶˉʽˍˊʷˉˇ˄ˍʰˌ ˍʰˎˍˈ˔ˊˇ˄ʰ ˁʰʽ 

ˍˇ˄ ˋ˔ʶʵʽʰˋ˃ˈ ˁʰˍʱ˂˂ʹ˂ˇˎ ˋˎˋˍʺ˃ʰˍˇˌ ʶ˂ʷʴ˔ˇˎΦ 

 ɶ ˉʰˊˇˏˋʰ ʵʽˉ˂˖˃ʰˍʽˁʺ ʰ˒ˇˊʱ ˍʹ˄ ˁʰˍʰˋˁʶˎʺ ʶˎʷ˂ʽˁˍ˖˄ ˃ˇ˄ˍʷ˂˖˄ 

ˋ˔ʶʵʽʰˋ˃ˇˏ ˁʰʽ ˉˊˇˋˇ˃ˇʾ˖ˋʹˌ ORC. ʆʰ ˃ˇ˄ˍʷ˂ʰ ˋ˔ʶʵʽʰˋ˃ˇˏ ˎˉˇ˂ˇʴʾʸˇˎ˄ ˍˇ ˋʹ˃ʶʾˇ 

ˋ˔ʶʵʾʰˋʹˌ ˍˇˎ ˁˏˁ˂ˇˎ ˉˇˎ ʲʶ˂ˍʽˋˍˇˉˇʽʶʾ ˍʹ˄ ˉʰˊʰʴ˖ʴʺ ʽˋ˔ˏˇˌΣ ʴʽʰ ʵʽʱ˒ˇˊʰ 

ˇˊʴʰ˄ʽˁʱ ˃ʷˋʰΦ ɳˉʽˉ˂ʷˇ˄ ʵʽʰˋˍʰˋʽˇ˂ˇʴˇˏ˄ ʲʰˋʽˁʱ ʶ˅ʰˊˍʺ˃ʰˍʰ ˍˇˎ ˁˏˁ˂ˇˎ ˈˉ˖ˌ ˇʽ 

ʶ˄ʰ˂˂ʱˁˍʶˌ ʻʶˊ˃ˈˍʹˍʰˌΦ ɶ ʵʽʰˋˍʰˋʽˇ˂ˈʴʹˋʹ ʶʾ˄ʰʽ ʰ˄ʰʴˁʰʾʰ ʴʽʰ ˍʹ˄ ʵʹ˃ʽˇˎˊʴʾʰ ˍ˖˄ 

ʵˎ˄ʰ˃ʽˁ˗˄ ˃ˇ˄ˍʷ˂˖˄Σ ˉˇˎ ˉˊˇˋˇ˃ˇʽ˗˄ˇˎ˄ ˍʹ˄ ˃ʶˍʰʲʰˍʽˁʺ ˂ʶʽˍˇˎˊʴʾʰ ˍˇˎ 

ˋˎˋˍʺ˃ʰˍˇˌ ˋʶ ʰ˂˂ʰʴʺ ˍ˖˄ ʶ˅˖ˍʶˊʽˁ˗˄ ˉʰˊʰ˃ʷˍˊ˖˄Φ ɮˎˍˈ ʶˉʽˍˊʷˉʶʽ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ 

ʶ˄ˈˌ ˋˎˋˍʺ˃ʰˍˇˌ ʶ˂ʷʴ˔ˇˎ ˉˇˎ ʻʰ ˁˊʰˍʱʶʽ ˍʹ˄ ˂ʶʽˍˇˎˊʴʾʰ ˋʶ ʰˋ˒ʰ˂ʶʾˌ ˋˎ˄ʻʺˁʶˌΦ ɶ 

ʶ˒ʰˊ˃ˇʴʺ ˍ˖˄ ˃ˇ˄ˍʷ˂˖˄ ʷʴʽ˄ʶ ˋʶ ʷ˄ʰ LNG carrier. 

 ʆˊʶʽˌ ʵʽʰ˒ˇˊʶˍʽˁˇʾ ˁˏˁ˂ˇʽ ˃ʶ˂ʶˍ˗˄ˍʰʽ ˋˍʹ˄ ˉʰˊˇˏˋʰ ʶˊʴʰˋʾʰΦ ɾʾʰ 

ˎˉˇˁˊʾˋʽ˃ʹ ˉʾʶˋʹ ʰˍ˃ˇˉˇʾʹˋʹˌΣ ʵˏˇ ˎˉˇˁˊʾˋʽ˃ʶˌ ˉʽʷˋʶʽˌ ʰˍ˃ˇˉˇʾʹˋʹˌ  ˁʰʽ ʵˏˇ 

ˉʽʷˋʶʽˌ ʰˍ˃ˇˉˇʾʹˋʹˌ ʶˁ ˍ˖˄ ˇˉˇʾ˖˄ ʹ ˃ʾʰ ʶʾ˄ʰʽ ˎˉʶˊˁˊʾˋʽ˃ʹΦ ɶ ˉʰˊʰʴ˖ʴʺ ʽˋ˔ˏˇˌ 

ʶʾ˄ʰʽ 383,61 kW, 625,61 kW ˁʰʽ 720,16 kW ʰ˄ˍʾˋˍˇʽ˔ʰΦ ɶ ˋˍˊʰˍʹʴʽˁʺ ˍˇˎ ˋˎˋˍʺ˃ʰˍˇˌ 

ʶ˂ʷʴ˔ˇˎ ʶʾ˄ʰʽ ˄ʰ ˁˊʰˍʱʶʽ ˋˍʰʻʶˊʺ ˍʹ˄ ˎˉˈ˕ˎ˅ʹΣ ˍʹ˄ ˎˉʶˊʻʷˊ˃ʰ˄ˋʹ ʴʽʰ ˍˇˎˌ 

ˎˉˇˁˊʾˋʽ˃ˇˎˌ ʰˍ˃ˇˉˇʽʹˍʶˌ ˁʰʽ ˍʹ˄ ʶ˄ˍˊˇˉʾʰ ʶʽˋˈʵˇˎ ˋˍˇ˄ ˎˉʶˊˁˊʾˋʽ˃ˇ ˋˍˊˈʲʽ˂ˇΦ 

ʃˊˇˌ ʶˉʾˍʶˎ˅ʹ ˍˇˎ ˃ʶˍʰʲʱ˂ʶʽ ˍʽˌ ˋˍˊˇ˒ʷˌ ˍ˖˄ ʰ˄ˍ˂ʽ˗˄ ˁʰʽ ˍʹ˄ ˉʰˊˇ˔ʺ ˍˇˎ ˁˊˏˇˎ 

ˊʶˏ˃ʰˍˇˌ ˋˍˇ˄ ˋˎ˃ˉˎˁ˄˖ˍʺΦ ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ʵʶʾ˔˄ˇˎ˄ ˉ˖ˌ ˍˇ ˋˏˋˍʹ˃ʰ ʰˎˍˈ ʶʾ˄ʰʽ 

ʶˉʰˊˁʷˌ ˁʰʽ ˉ˖ˌ ˍʰ ˋˎˋˍʺ˃ʰˍʰ ʽˋˇˊˊˇˉˇˏ˄ мрл ʵʶˎˍʶˊˈ˂ʶˉˍʰ ˃ʶˍʱ ˍʹ˄ 

ˋˍʰʻʶˊˇˉˇʾʹˋʹ ˍ˖˄ ˃ʶˍʰʲˇ˂˗˄ ˍ˖˄ ˉʰˊʰ˃ʷˍˊ˖˄ ʶʽˋˈʵˇˎΦ 
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Nomenclature 
 

A Surface [m2] 

Bc Baffle spacing [m] 

Cp Specific heat at constant 

pressure [J/kg K] 

din ¢ǳōŜǎΩ ƛƴƴŜǊ ŘƛŀƳŜǘŜǊ ώƳϐ 

dout ¢ǳōŜǎΩ ƻǳǘŜǊ ŘƛŀƳŜǘŜǊ ώƳϐ 

Ds {ƘŜƭƭΩǎ ƛƴƴŜǊ ŘƛŀƳŜǘŜǊ ώƳϐ 

D Density [kg/m3] 

h Specific enthalpy [J/kg]  

Kt Stodola coefficient [m2]  

L  Tube length [m] 

Ἠ  Mass flow rate [kg/s] 

Nu Nusselt number 

Nt  Number of tubes 

P Pressure [kPa] 

pt Pinch between tubes [m]  

pp Pinch point [K] 

Pr Prandle number 

Re Reynolds number 

Q Heat transfer rate [W] 

s Specific entropy [J/kg K] 

T Temperature [K] 

u  fluid velocity [m/s] 

U Overall heat transfer 

coefficient [kW/m2K] 

  Volumetric flow rate [m3/s] 

ICE Internal Combustion Engines 

LNG Liquefied Natural Gas 

W Power [kW] 

wf Working fluid 

ῳ   Superheating temp. difference  

ῳ   Subcooling temp. difference 

 

Greek letters 

 ˃ dynamic viscosity [Ns/m2] 

 h Convection coefficient 

[kW/m2K] 

 ́ Efficiency 

 ˒ Heat recovery factor 

 

Abbreviations, apexes and subscripts 

hot hot source stream 

cold cold source stream 

cond condenser 

evap evaporator 

pre preheater 

sub  subcooling 

sup superheating 

dp design point 

odp off design point 

in inlet 

out outlet 

is  isentropic 

opt  optimum 
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HP high evaporation pressure 

LP low evaporation pressure 

turb turbine 
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Introduction 
 

Heat engines are machines that operate between two temperatures to 

generate mechanical work. They absorb high temperature heat from a medium and 

after producing mechanical power they reject heat at different temperature levels. 

The process of waste heat utilization uses this heat to produce additional power and 

reject the rest of the heat at lower temperature. The Organic Rankine Cycle (ORC) is a 

system able to operate with a low temperature heat source. Water-steam Rankine 

cycles are unable to produce power with high efficiency if the hot source temperature 

is low, while ORC can achieve good efficiency. Typical efficiencies are in the range of 

5% to 23% depending on the heat source characteristics and working fluid. 

The correct choice of the ORC design point is of critical importance, as it 

determines the overall efficiency of the system both at design and off-design point 

conditions. Additionally, a high priority matter is to guarantee a safe and efficient 

operations of the system at off-design conditions. Dynamic models predict transient 

and equilibrium behavior of the system under different external constraints, so 

helping in the creation of safe operating conditions and good control strategies prior 

to the creation of the system. 

Attention must be paid to the selection of the organic fluid that will be used as 

a working medium because it has a major impact both on thermal and overall system 

efficiency. As Karellas et. al. [3] show, for the same conditions of low temperature 

waste heat recovery different working fluids have up to 7% difference in the system 

performance. Although the number of working fluids is high, there are some studies 

which give indications of the characteristics that an organic fluid should have 

according to each particular case, such as the critical point temperature as suggested 

by Vivian et. al. [4]. 

An interesting field of ORC application is waste heat recovery. Ships have large 

amounts of waste heat due to the usage of internal combustion engines (ICE) as 

Spouse et. al. [5] shows. Shu et. al. [6] also reviewed the waste heat recovery on two-

stroke IC engine aboard ships and indicate that ORC is the best system to recover heat 

at this low grade. Soffiato et. al. [7] indicate the possible hot streams that can be 

utilized by an ORC in an LNG carrier and have studied this particular occasion. Also it 

should be noticed the ships travel most of the time at a constant speed, which makes 

it convenient to install an ORC. In naval applications safety is of great importance and 

if a system is to be applied it must have proven its reliability and safety. 

Dynamic models are a convenient way to check the models performance at 

partial loads and to design a control strategy. Wei et. al. [8] made a comparison study 

between different kind of models and concludes that different kinds have big 

differences both in accuracy and computational time. Vaja [13] presents a simple and 

flexible way to model an ORC system by connecting discrete components. His 
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approach is being followed in this thesis due to the simplicity that has. Quoilin et al. 

[10] designed a dynamic model of an ORC and used it in order to develop a control 

strategy, showing the usefulness of dynamic models. 

The aim of this thesis is to create general and flexible models in order to 

determine the design point of three different ORC systems and develop flexible 

dynamic models in order to simulate and control them. The three different ORC cycles 

that considered in this study are: one pressure level, two subcritical pressure levels 

and two pressure levels, one of which is subcritical and the other supercritical.  The 

models are also applied to a LNG carrier. The goal is to exploit waste heat energy from 

the ship ICE through an ORC waste heat recovery system. To this end, design point 

models are applied to calculate the optimum design point of the cycle for different 

fluids. Also basic characteristics of the system components are calculated, as length 

and number of tubes in shell-n-tube heat exchangers. In addition to this, dynamic Off-

design models are applied at variable loads of the ship engine and a control strategy 

is presented to validate the stability and safety of the system, which is a high priority 

matter in naval applications. 
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1. Literature review 
 

 In this chapter review in the literature is done. There are presented important 

publications that have contributed in the scientific fields that affect the current study. 

The review is focus in ORC architecture for waste heat recovery, in the choice of 

different working fluids, the coupling of ORCs with ICE and the dynamic models. 

Unfortunately, the literature in dynamic modeling of ORCs is not considered sufficient. 

The modeling approaches proposed by authors are limited and they are not explained 

fully enough as to be understood and applied. This is because the dynamic modelling 

of ORCs is a still growing field and there is no global model to predict the behavior of 

all systems.  

 

 

1.1 Review on ORC architecture for waste heat recovery 

 

 ORC is a commonly accepted way to convert low temperature heat sources 

into power. Their design allows them to operate without human presence and their 

maintenance needs are low. As a result, several units are in operation currently and 

ORC is a field that keeps growing. Except the simple cycle, more architectures are 

proposed in the literature, giving more possible designs in order to recover waste heat 

and transform it into power. Lecompte [22] made a review in the different kinds of 

ORC. 

 As a reference, he considered the most common one, the subcritical ORC 

(SCORC or basic ORC). Its layout is shown on the next figure. It is consisted by a pump, 

an evaporator, an expander and a condenser. The pump forces the working fluid into 

the evaporator where it evaporates and exits as vapor, usually superheated. Then it 

expands through the expander, producing the useful mechanical work, which is 

commonly transformed into electricity by a generator. After this it enters in the 

condenser as a superheated vapor, changes phase and exits as liquid. Then it is 

pressurized again by the pump, closing the cycle. 
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Fig 1.1 Subcritical ORC [22] 

 

 Several author propose the use of a recuperator (RC) after the expander. This 

is done in order to transfer heat from the superheated expanded vapor to the 

subcooled liquid after the pump. Because of this, dry fluids have better potential when 

a recuperator is used. This may lead to a big increase in thermal efficiency. But if there 

is no limitation in the outlet temperature of the hot source this will not result in higher 

power output, while having the cost of an additional component. A typical case that 

recuperation is used is when exploiting heat from flue gases, due to the limitations in 

their output temperature as acid dew point must not be reached. 

 

Fig 1.2 ORC with recuperator [22] 

 

 

 Another alternation of the basic ORC is the regenerative ORC (RG). This is 

ǳǎǳŀƭƭȅ ŘƻƴŜ ōȅ ŀ ǘǳǊōƛƴŜΩs bleeding as it is done in steam Rankine cycles. In this way 

the thermal efficiency is increased and the irreversibility of the cycle is decreased. But 

as stated in cases of waste heat recovery there is no need to increase the thermal 

efficiency without increasing the power output on the same time, unless there is a 

problem like the ADP of flew gases. 
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Fig 1.3 ORC with turbine bleeding [22] 

 

 A different approach is the organic flash cycle (OFC). In this case the liquid does 

not change phase in the evaporator towards becoming vapor. Instead, after the 

preheating of subcooled liquid, the liquid is throttled down to a lower pressure flash 

tank. In the tank the saturated liquid is separated from the saturated vapor. The vapor 

is leaded to the expander to expand. The liquid depending on the case can be leaded 

to the condenser or can be throttled again in order to provide more vapor, of lower 

pressure, which will be expanded afterwards. The OFC has in general good heat 

recovery as no phase change is happening during the heat transfer but has lower 

thermal efficiency due to the irreversibility that is caused by the throttle. Attention 

must be paid to the fluid selection because if the fluid that is used is wet, then in the 

end of the expansion there will be two phase mixture. This may cause problem to the 

expander due to the existence of droplets. 

 

 

Fig 1.4 OFC cycle [22] 
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 The trilateral (triangular) cycle (TLC) in T-s diagram resembles a OFC. It also 

does not evaporate the fluid during the heat exchange. Its main characteristic is that 

the expansion begins from the liquid phase without any flash and ends in the two 

phase region. In this way the heat recovery is very good as in OFC and also the 

irreversibility of the flash is avoided. Again the thermal efficiency is lower but the 

overall efficiency may be better than the one of the basic ORC due to the good heat 

recovery. The main problem in this case is the expander, because the expansion is 

done inside the two phase region and the efficiency is low. 

 

 

Fig 1.5 TLC [22] 

 

 In the literature, instead of the usage of pure organic fluid, is proposed the 

usage of mixtures of fluids. This involves the use of zeotropic mixtures. In this way the 

phase change is not done any more under constant temperate. The result of this is the 

decrease of the irreversibility of the cycle and therefor the increase in the exergy 

efficiency. Although there is some improvement in comparison with the basic ORC, it 

is around 3% the difference, so the writer proposes thermos-economic investigation 

to be done before choosing to design a ORC using a zeotropic mixture of fluids. 

 

 

Fig 1.6 ORC with zeotropic mixtures [22] 
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 Following the same evolution path as the one of steam Rankine cycle, 

transcritical (supercritical) ORCs are now possible to be designed with good efficiency 

and no undesirable problems. By reaching supercritical pressure the heating is be 

done without phase change, leading to better heat recovery. Usually it has less 

thermal efficiency but due to very good heat transfer it may result in bigger power 

output. Of course the selection of working fluids is limited to the ones which have 

critical temperature lower to the one of the heat source. Also depending on the fluid 

the heat exchange in the condenser may be done in supercritical conditions or in the 

two phase region, resulting different design of the condenser. In the layout there is no 

change of the component there is no change in comparison with the basic ORC. 

 

 

Fig 1.7 Supercritical ORC [22] 

 

 Instead of having only one evaporation level, more pressure levels can be more 

ŜŦŦŜŎǘƛǾŜ ŀǎ ǘƘŜȅ ƘŀǾŜ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ǘƻ ŘŜŎǊŜŀǎŜ ǘƘŜ ƘŜŀǘΩǎ ǎǳǊŜ ǘŜƳǇŜǊŀǘǳǊŜ ƳƻǊŜΦ 

more pinch point temperature differences are introduced to the cycle, but they are 

between different streams and so higher heat recovery is possible. Losses in two 

pressure level evaporator can be as low as 26% of the total irreversibility while in basic 

ORC are from 30% to 77%. The pressure levels of the evaporators must be chosen 

carefully and some methodologies for choosing them are proposed in the literature. 

As the pressure levels increase the cycle turn to be similar to the theoretical Lorentz 

cycle. On the one hand this might sound very promising, on the other the total UA 

required is bigger, meaning biggest components, and the complexity of the system is 

increased as more pumps and expanders are introduced too. The layout changes too. 
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Fig 1.8 Multi evaporation level ORC [22] 

 

1.2 Review on the working fluids 

 

The organic Rankine cycle, as is indicated by the name, is a Rankine cycle which 

uses an organic medium instead of water in order to produce energy. Although it is 

ǎŀƛŘ ƻǊƎŀƴƛŎΣ ǘƘŜ ƳŜŘƛǳƳ ŘƻŜǎƴΩǘ ƴŜŎŜǎǎŀǊƛƭȅ ƘŀǾŜ ǘƻ ōŜ ŀƴ ƻǊƎŀƴƛŎ ƻƴŜ ƛƴ ƻǊŘŜǊ ŦƻǊ 

the cycle to obtain the name. For example, CO2 and ammonia can be used in an ORC. 

Due to the vast difference in the applications that organic fluids are used and the big 

differences that their properties have, attention must be paid to the selection of the 

ŎȅŎƭŜΩǎ ŦƭǳƛŘΦ !ŎŎƻǊŘƛƴƎ ǘƻ ±ŜƭŜȊ ώмрϐ ǎƻƳŜ ƻŦ ǘƘŜ ǇŀǊŀƳŜǘŜǊǎ ǘƘŀǘ ŀre usually 

exanimated are:  

Environmental: All refrigerants have an impact on the ozone layer and global warming. 
These impacts are measured by Ozone Depletion Potential (ODP) which is defined and 
limited by Montreal Protocol and Global Warming Potential (GWP) which is by Kyoto 
Protocol. These International Agreements have been made in order to promote the 
usage of more environmental friendly chemical substances among other. 

Security: As chemical substances the refrigerants can be toxic and flammable. These 
factors make a leakage dangerous and must be taken into account when designing a 
system. ASHRAE has developed a classification system especially for refrigerants in 
order to indicate the danger level that their usage has. This is shown on Fig. 2.9: 
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Fig 1.9 ASHRAE classification system 

 

Stability: ƘŜŀǘ ǎƻǳǊŎŜΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ǊŜǎǘǊƛŎǘǎ ǘƘŜ ǳǎŀƎŜ ƻŦ ǎƻƳŜ ŦƭǳƛŘǎΦ ¢ƘŜǎŜ ƛǎ 
because if they are exposed to temperatures above a certain point and on the 
chemical structure is altered and the cycle is affected as a result. Also the danger might 
be increased in case of leakage.  

Pressure: high pressure is required in order for the cycle to operate. As the pressure 
ƛƴŎǊŜŀǎŜǎ ǘƘŜ ŎȅŎƭŜΩǎ ŜŦŦƛŎƛŜƴŎȅ ƛƴŎǊŜŀǎŜǎ ƛƴ ǎƻƳŜ ŎŀǎŜǎΣ ōǳǘ ŎƻƳǇƭŜȄƛǘȅ ŀƴŘ ǊŜǎƛǎǘŀƴŎŜ 
of the equipment are increased also, leading to increased installation cost. 

Availability and low cost: for obvious reasons fluids with high availability and low cost 
are preferable to the ones that are not. 

Latent heat and molecular weight: high molecular weight and latent heat results in 
more energy absorbed from the hot source and also contributes towards the 
ǊŜŘǳŎǘƛƻƴ ƻŦ ǘƘŜ ǎƛȊŜ ƻŦ ǎȅǎǘŜƳΩǎ ŎƻƳǇƻƴŜƴǘǎ ŀǎ ƭŜǎǎ Ƴŀǎǎ ŀƴŘ ǾƻƭǳƳŜ Ŧƭƻǿ ǊŀǘŜǎ ŀǊŜ 
required.  

Low freezing point: freezing point must be low enough to assure the lack of freezing 
ŎƻƴŘƛǘƛƻƴ ŘǳǊƛƴƎ ŎȅŎƭŜΩǎ ƻǇŜǊŀǘƛƻƴΦ  

Saturation curve: every fluid has a unique saturation curve which leads to a unique 
slope in the saturated vapor area in a T-s diagram. If the slope is vertical, then the fluid 
is called isentropic. If it is negative or positive, it is called wet or dry respectively. Dry 
fluids cannot end the expansion inside the two phase area and that is an advantage 
compered to wet fluids as water, which needs superheating. The next figure clarifies 
the differences between these fluids. 
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Fig. 1.10 Possible saturation curves 

 

In general, the selection of the proper fluid for the ORC is not easy due to the 
many different criteria in which this choice is based. The peculiar situation of the ships 
and the regulations that they have make this choice very crucial. Soffiato [7] chose to 
study the following liquids for an ORC-WHR process on board a ship: R-134a, R-125, 
R-236fa, R-245ca, R-245fa, R-227ea. Larsen [16] in his study about choosing fluid for a 
marine application find out that the following fluids are suitable and have a low hazard 
level: R-245ca, R-236ea, RC-138, C5F12, C-Propane, R-245fa, considering fire hazard, 
health hazard and physical hazard. Senian He [17] in his study about fluid selection on 
an LNG-carrier analyzes the following fluids to find the optimum one: C4F10, CF31, R-
236ea, R236fa, RC-318. 

 

 

1.3 Review on coupling engines-ORC 

 

 ORC are commonly used in waste heat recovery as to increase total 

energy production and improve the overall efficiency of the system. A very promising 

opportunity is to couple an internal combustion engine (ICE) with an ORC system. ICE 

have large amounts of waste heat energy aborted to the environment. The hot 

exhaust gases, the intercooler of the compressed air, the cooler of the jacket water 

and lubricating oil are the biggest part of them.  A Sankey diagram of a typical tanker 

ship as proposed by Dimopoulos et. al. [32] is shown in Fig 2.11. This Sankey diagram 

ƛǎ ǳǎŜŘ ǘƻ ƛƴŘƛŎŀǘŜ ǘƘŜ ƳŀƎƴƛǘǳŘŜ ƻŦ ǿŀǎǘŜ ƘŜŀǘ ƭƻǎǎŜǎ ƛƴ ŀ ǎƘƛǇΩǎ engine and the 
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possible gain of utilizing this waste. Although it is very promising to utilize the hot 

streams shown above, attention must be paid to the design of a system like this. In 

the literature there are several studies of coupling like this. 

 

 

Fig 1.11 Typical energy flow diagram of a modern tanker at sailing condition [32] 

 

Wang [18] performed an analysis of a novel system combining a dual loop ORC 

with a gasoline engine. In his study he recovered hear from an 130KW BL18T gasoline 

engine both from the cooling system and the exhaust gases and produced power 

through two expanders. The high pressure evaporator used the exhaust gases and was 

containing R-245fa while the low pressure evaporator was using the waste heat from 

the cooling system and was containing R-134a. The high pressure circuit after the 

expansion was preheating the low pressure circuit like in regenerative cycles. After 

them coupling of the two systems the maximum power is increased by 32 kW, 

ƳŜŀƴƛƴƎ ŀ нр҈ ƛƴŎǊŜŀǎŜΦ ¢ƘŜ ǎȅǎǘŜƳΩǎ ŎƻƴŦƛguration is in Fig 2.12: 
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Fig. 1.12. Schematic of a dual loop ORC system combined with a gasoline engine [18] 

 

 Another analysis of ICE combined with a dual loop ORC was performed by Song 

[19]. The configuration was similar with the one performed by Wang [18] and the two 

circuits also use different working fluids. The ICE uses diesel fuel and has a 996 kW 

power output at 1500 rpm. In this analysis for the HT loop cyclohexane, benzene and 

toluene are selected while for the HT loop R-123, R-236fa and R-245fa are chosen. In 

the end the results show that the maximum power output is obtained by cyclohexane 

in the HT loop and R-236fa in the LT and is 111.2 kW. This leads to a 11.2% increase in 

the total power of the ICE. A T-s diagram in Fig. 2.13 shows the two loops: 

 

 

Fig. 1.13. Tςs diagrams the dual loop ORC system for engine waste heat recovery [19] 
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 Yu [20] also utilized waste heat from an internal combustion engine. He used 

R-нпрŦŀ ŀƴŘ ǳǎŜŘ ƻƴŜ ƭƻƻǇΦ ¢ƘŜ ŀǎ ǿŜƭƭ ǳǎŜŘ ōƻǘƘ ƧŀŎƪŜǘΩǎ ǿŀǘŜǊ ŀƴŘ ŜȄƘŀǳǎǘ ƎŀǎŜǎ 

waste heat, but he used a thermal oil to transfer heat from the exhaust gases to the 

organic fluid. The diesel engine he studied had 6 cylinders and was driving a generator, 

so the rotational speed was constant at 1500 rpm. Albeit the speed was constant the 

load was not. The study involves five different loads of the engine, at 285.3 kW, 235.8 

kW, 211.6 kW, 176.2 kW and 117.7 kW. After the optimization of the cycle the power 

that the ORC produces in each case is 15.5 kW, 14.5 kW, 13.7 kW, 11.3 kW and 7.2 kW 

respectively.  

 

 

Fig. 1.14. Schematic diagram of the bottoming ORC [20] 

 

 Usitalo [21] made an experimental study in exploiting waste heat energy from 

the supercharged air before entering the ICE using one circuit with R-245fa and 

isopentane. He used a shell tube heat exchanger evaporator with a small superheat in 

order to be sure that there would be no liquid droplets in the expander. Both steady 

state and transient tests were run in order to evaluate the performance of the system. 

The steady state result showed that by increasing the evaporation pressure the heat 

rate introduced in the evaporator was decreased and the mass flow rate of the organic 

fluid too.  Also the available heat drops significantly with the loads decrease from a 

certain point and on. The transient test showed that the ORC reaches steady state 

ŎƻƴŘƛǘƛƻƴǎ мл ƳƛƴǳǘŜǎ ŀŦǘŜǊ ǘƘŜ ǎǘŀǊǘ ƻŦ ǘƘŜ L/9Ωǎ ƻǇŜǊŀǘƛƻƴΦ 
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Fig. 1.15. A simplified process diagram of an ORC utilizing charge air heat [21] 

 

1.4 Review on dynamic models and control strategies  

 

The dynamic Off-Design models are a convenient way to predict the 

performance, safety and stability of a real system. They also allow the development 

ƻŦ ǘƘŜ ǇǊƻǇŜǊ ŎƻƴǘǊƻƭ ǎǘǊŀǘŜƎȅΣ ōȅ ŜǾŀƭǳŀǘƛƴƎ ǘƘŜ ƛƳǇŀŎǘ ƛǘ Ƙŀǎ ƻƴ ǘƘŜ ǎȅǎǘŜƳΩǎ 

behavior through simulations. Off-design models are proposed in the literature and it 

is a scientific field that keeps developing as there is no global model to predict 

correctly the behavior of all the systems. 

Astrom etc. [28] analyzed the complex dynamic behavior of a drum filled with 

vapor and liquid. His analysis indicates ŀ ǿŀȅ ǘƻ ǇǊŜŘƛŎǘ ǘƘŜ ŘǊǳƳΩǎ ōŜƘŀǾƛƻǊ ǿƘŜƴ ǘƘŜ 

external parameters are known, such as mass flow rate entering and leaving and heat 

transferred to the drum. The calculations are done by solving the mass and energy 

balance equations that characterize the system. Astrom in order to avoid complex 

calculations proposes that the tubes temperature can be supposed to vary in the same 

way as the drums fluid does.   
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Fig. 1.16. Schematic of a drum [28] 

 

Wei [8] made an experimental analysis in a real ORC system in order to validate 

the models he constructed. He considered two different types of models for the 

evaporator and the condenser, one moving boundary and one discretized. The moving 

boundary model does not have fixed bounders, but they are moving as the zones of 

different phases change. For example, as Wei stated, for the evaporator three zone 

are enough to form the model, one for the subcooled liquid, one for the two-phase 

mixture and one for the superheated vapor.  

 

 

Fig. 1.17 Schematic of general moving boundary model [8] 

 

For each of the three zones above the heat and mass balance equations are solved in 

order to obtain the results.  

For the discretized model on the other hand, more areas are required in order 

to model the heat exchangers. Their boundaries are not moving as in the previous 

approach. They remain steady and in each cell friction and heat transfer are 

calculated. In his model Wei does not calculated mass entering and leaving cells 

through momentum balance, but it is a boundary condition for his model. Mass 

balance and energy balance problem in formulated for each unique cell as is usually 
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done for discretized models. The next figure is a nomenclature for his discretized 

model (design boundary conditions are shown in brackets, but these might be 

changed as required). 

 

 

Fig. 1.18 Schematic of fixed boundary model [8] 

 

  Finally, Wei states that his fixed boundary model achieves an error of 4% and 

simulated the systems behavior correctly and without oscillations and chattering 

(which are common problem in dynamic simulations). What is more he states that the 

moving boundary models are less complex as they are characterized by a smaller order 

higher computational speed and so they are preferable for control design applications. 

His results indicate that the discretized model is more accurate than the moving 

boundary as is shown in his diagrams that follow:   

 

 

Fig. 1.19. Results of turbine inlet pressure for the dynamic simulation [8] 
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Fig. 1.20. Results of evaporator outlet temperature for the dynamic simulation [8] 

   

 

 Bamgbopa [9] also introduced a dynamic model of an ORC system and validate 

it through the comparison with other models proposed in the literature. He also used 

a finite volume model for the heat exchangers in his study. 

 

 

Fig. 1.21. Representation of a counter flow heat exchanger [9] 

 

 He tested his model to check the independence of the grid. His test variable 

was the Ὡὶὶέὶ which was defined as Ὡὶὶέὶ   . The letter ʁ  is used to 

symbolize the efficiency of heat exchanger. The results were that at 80 finite volumes 

the error was close to zero but at 70 volumes there was a good combination of 

accuracy and computational time.  
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Fig. 1.22. Grid independency tests for N = 10, 20, 40, 60, 70, 75 and 80 [9] 

 

 Willatzen et. al. [11] in 1997 published a general dynamic simulation model for 
evaporators and condensers in refrigeration. Their model was a moving-boundary one 
with heat exchange.  The analysis that was performed in mass and energy balance in 
the working fluid is very precise and has been the basis for further development of 
moving boundary models with phase change. The balance equations are developed 
for each of the three different phase regions and are properly connected together, 
forming a solvable system of equations by having as inputs the heat transferred in 
each region. 

 

 
Fig. 1.22. A general two-phase heat exchanger structure [11] 

 

Vaja [13] made an extensive research in various methodologies and tools for 

dynamic simulation. In his study he categorizes variables of dynamic systems 

according to their properties in two categories: flow variables and level variables. After 

this, he categorizes the components into two categories according to the way their 

performance is affected by the variables: flow control components and 

capacity/reservoir components.  



27 
 

  

Fig. 1.23. Example of connection between state determined and not state 
determined components (reservoir and flow control devices) [13] 

 
 Vaja [13] also created an ORC power plant model with tools from {ƛƳǳƭƛƴƪϯ 
library. His approach is to model the overall system by connecting together models of 
individual components. The model that he used for the heat exchangers is shown in 
Fig. 224. Note that the counter flow heat exchanger with phase change that is used is 
connected with a capacity block. By using this approach Vaja separated the complex 
problem of modeling the heat exchanger into two different ones: one heat transfer 
problem and one mass and energy storage problem. As he states, it is necessary to 
take into account the mass and energy storage phenomena as they have significant 
impact on the cycles behavior. 
 
 

 
Fig. 1.24. {ƛƳǳƭƛƴƪϯ model of an evaporator-drum system [13] 

 
 

 Mazzi, et. al. [12] in their study also follow a similar approach. They subdivided 
the heat exchangers in two parts, one heat transfer component and one capacity 
component. The capacity component needs the initial values of pressure and 
temperature in the outlet and the values of inlet temperature and of mass flow rates 
at inlet and outlet during the simulation. The flow control components require the 
temperature at the inlet and pressure at the inlet and outlet in order to function. The 
heat transfer block requires the input conditions which are taken by the closest flow 
control component and capacity. The correct linking between the components is 
shown below. 
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Fig. 1.25. Links between variables and heat exchangers sides in the off-design model: 
the capacity is downstream of the heat exchanger side (a) and capacity is upstream 

of the heat exchanger side (b). [12] 
 

 
Quoilin [10] in his study tried to define the optimal control strategy for a small 

ORC application with a volumetric expander. For this, he created dynamic and steady 

state models to simulate the components of the cycle. He took into account the 

following general statement: 

1. The condensation pressure must be maintained as low as possible 

2. The superheating in the evaporator must be as low as possible 

3. The optimal evaporation temperature results of an optimization of the 

overall heat recovery efficiency 

 
In order to meet the following conditions, he considered two degrees of freedom: 

the rotational speed of the pump and the rotational speed of the expander. By 

changing these two he was able to control the main working conditions: evaporation 

pressure and superheating. Three different control regulations were introduced: 

 

1. Constant evaporation temperature  

 

 
 

Fig. 1.26. First regulation strategy: constant evaporating temperature [10] 
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2. Optimal evaporation temperature. This required the predefinition of the 

optimal evaporation temperatures in various conditions with steady state 

models, which are stored in the control system 

 

 
 

Fig. 1.27. Second regulation strategy: optimal evaporating temperature 

[10] 

 

 

 

3. Correlated pump speed. This approach uses also data obtained by steady 
state model and tries to achieve faster response to varying conditions. The 
expander speed is selected because it constitutes an indirect measurement 
of the flow rate for a given evaporating temperature. Therefore, the 
correlated mass flow rate is the one which obtains the optimum 
evaporation temperature. 

 

 
 

Fig. 1.28. Third regulation strategy: correlated pump speed [10] 

 

 

He used PI controllers in all the cases above. The reasons that lead to the choice of PI 

over PID is their satisfactory behavior in the test that were run and their lack of 

sensitivity to noise. 
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1.5 Conclusions 

 

In this chapter review in the literature that is connected with the thesis is done. It is 

shown that the choice of organic fluid is strictly depended on the application and the ORC 

layout. The layout is also depended on the application as different layout vary in the heat 

recovery factor, the thermal efficiency and the complexity. What is more different 

approaches for dynamic modelling have been presented. Unfortunately, this is a domain 

that is still developing and the literature is found relatively small since the authors neither 

describe precisely the work done nor publish all the results, as Vaja [13] also states. The 

current study follows the approach proposed by Vaja [13] and Mazzi [12] and the heat 

exchangers are modeled by two different blocks, on heat transfer and one capacity. Finally, a 

simple and effective control strategy found in literature and is presented. Considering the 

above, a moving boundary model is preferred to a fixed one, as it is simpler and faster. 

Three type of ORCs are considered, basic ORC, dual pressure subcritical and dual pressure 

supercritical.  Also the working fluids that are available for usage are limited to the ones 

allowed onboard ships. Finally, the control variable of pump rotational speed is considered a 

proper one and easy to apply in any case. The speed of the turbine in this study will be 

constant, as in the ships there are many generators and it is considered more possible to 

operate in steady rotational speed than in changing.  
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2.Case study 
 

 The case that is studied in this thesis is a LNG carrier which was previously 

studied by Soffiato [7, 29]. Soffiato studied the [bD ŎŀǊǊƛŜǊΩǎ engine obtaining data for 

ǘƘŜ ǎƘƛǇΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ōȅ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜΩǎ ōǊƻŎƘǳǊŜ ŀƴŘ after 3.5 years of 

measurements. It is considered that 3.5 years of measurement are enough in order to 

obtain a good statistic sample for the average year. The thesis was in developing 

design point models for different loads of the engine and performing an economical 

evaluation of the ORC installation. The data of this thesis will be used in order to select 

the hot streams which be utilized.   

 

2.1 Main engine description 

 

 The plant is composed of four Dual Fuel Diesel Electric engines (DFDE) that 

supply electric power to the ship. No. 1 and No. 4 Diesel engƛƴŜǎ ŀǊŜ ²ŅǊǘǎƛƭŅ мн±рл5C 

ǘȅǇŜΣ ŀƴŘ bƻΦ н ŀƴŘ bƻΦ о ŀǊŜ ²ŅǊǘǎƛƭŅ с[рл5C ǘȅǇŜΦ !ƭƭ ǘƘŜ ŜƴƎƛƴŜǎ ŀǊŜ ŦƻǳǊ-stroke 

turbocharged inter-cooled ones and the pumps of the cooling systems are of the 

engine driven type. Each engine can be fueled either with natural gas or with heavy 

fuel oil (HFO). In case of natural gas, a small amount of Light Fuel Oil (LFO) is required 

ŀǎ Ǉƛƭƻǘ ƛƴƧŜŎǘƛƻƴΦ ²ŅǊǘǎƛƭŅ с[рл5C ƛǎ ŀ ǎƛȄ ŎȅƭƛƴŘŜǊǎ ƛƴ-ƭƛƴŜ ŜƴƎƛƴŜ ŀƴŘ ²ŅǊǘǎƛƭŅ 

12V50DF is a twelve cylinders V engine.  

 

  

Fig 2.1 Cross section of the 6L50DF in-line engine (left) and of the 12V50DF V-engine 

(right) [29] 
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The design main characteristics of the two different engines are presented in Table 

2.1. Most of the information that is reported is ǘŀƪŜƴ ŦǊƻƳ ǘƘŜ άtǊƻŘǳŎǘ ƎǳƛŘŜέ ƻŦ ǘƘŜ 

engines, as Soffiato states. The rest of the data are found by thermodynamic 

calculations. Considering the composition of this plant and the data of Table 2.1, the 

maximum available electrical power at generators outlet is 33000 kW. 

 

Table 2.1 aŀƛƴ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ƻŦ ǘƘŜ 5ƛŜǎŜƭ ƎŜƴŜǊŀǘƻǊ ŜƴƎƛƴŜǎΣ ώ²ŅǊǘǎƛƭŅ όнлмнύΤ 

Energy and steam balance of the ship] [29] 

  

 Unit 12V50DF 6L50DF 

ώ²ŅǊǘǎƛƭŅ όнлмнύϐ 

Mechanical output kW 11400 5700 

Cylinder bore mm 500 500 

Stroke mm 580 580 

Engine speed rpm 500 500 

Mean piston speed m/s 9.7 9.7 

Mean effective pressure bar 20 20 

[Energy and steam balance of the ship] 

Electric output kW 11000 5500 

Generator efficiency % 96.49 96.49 
 

All main engines that compose the generating power plant of the present ship 

have a similar cooling system that rejects heat at certain temperature levels to the 

ŎƻƻƭƛƴƎ ǿŀǘŜǊ ǇǊƻǾƛŘŜŘ ōȅ ǘƘŜ άŎŜƴǘǊŀƭ ŎƻƻƭŜǊέΦ ¢Ƙƛǎ ƭŀǎǘ ŎƻƳǇƻƴŜƴǘ ƛǎ ŀ ǎystem mainly 

composed of heat exchangers which in turns dissipate heat to seawater. 

In particular, the cooling system of each engine is composed of the low 

temperature circuit (LT) and of the high temperature one (HT) as shown in Fig. 2.2. In 

these circuits, the cooling flows (water) coming from the central cooler pass through 

various components and absorb heat, which increases their temperature. 

The figure shows that the cooling flow in the HT circuit passes through the 

cylinder jackets and heads thus being heated from state w1 to state w2. Then, it passes 

through the first stage of the charge air cooler (cooler AC1 in the figure). A control 

valve after this cooler keeps the temperature of the HT water flow (Tw3) at an 

appropriate level, re-circulating a certain quantity of water. An additional valve is 

installed before the engine in order to maintain the temperature 1wT  approximately 

constant. 

The cooling flow of the LT circuit coming from the central cooler (state w7) 

passes through the second stage of the charge air cooler (cooler AC2 in the figure) and 

then absorbs heat from the lubricating oil at the lubricating oil cooler (LOC). A charge 
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air temperature control valve regulates the mass flow rate of the LT cooling water 

through the second stage of the charge air cooler (partly bypassing the cooler), in 

order to set the temperature of the air at state a4. Note that LT water flow comes 

directly from the central cooler so that its temperature depends on the operation of 

this component also in response to the climate conditions. 

A tank of the lubricating oil is located just below the engine. From this, the oil 

is pumped into the lubricating oil cooler (LOC) where it is cooled down by transferring 

heat to the LT cooling flow, it passes through the engine and the turbocharger (T/C) 

and comes back to the tank. A temperature control valve is installed after the 

lubricating oil cooler to keep oil temperature constant at the engine inlet. 

The arrangement shown in Fig 2.2igure 2.2 is valid for the two types of engines. 

The figure shows that the heat associated with the exhaust gas after the turbine of 

the T/C (state eg2) is exploited by an exhaust gas boiler (EGB). 
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Fig 2.2 Arrangement of Main Engine and cooling circuits [29] 
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Thermodynamic calculations are done for many possible loads by Soffiato et. al. [29]. 

The results are on the table 2.2. 

 

Table 2.2 Summary of the operating parameters [29] 

 

   ²ŅǊǘǎƛƭŅ с[рл5C  ²ŅǊǘǎƛƭŅ мнV50DF 

Par. Unit  100 90 85 75 50  100 90 85 75 50 

              

1wT  °C  74 74.6 75 76 78  76 76.4 76.6 77 78 

2wT  °C  79.4 78.3 78.6 79.5 81.0  80.1 79.8 79.9 80.5 81.0 

3wT  °C  83 82.2 82 82 82  85 83.3 83 83 82 

7wT  °C  36 36 36 38 38  36 36 36 36 36 

8wT  °C  45 43.7 43.1 43.9 41.4  45 43.7 43.1 41.9 39.4 

9wT  °C  54.2 52.6 51.9 52.6 49.7  54.2 52.6 51.9 50.6 47.2 

2aT  °C  187.0 177.6 170.5 151.9 113.1  183.3 176.8 169.6 151.9 113.1 

3aT  °C  97.8 95.2 94.1 91.1 79.3  96.3 94.9 93.7 91.1 79.6 

4aT  °C  44 44.6 45 46 50  45 44.2 44 45 51 

2egT  °C  390 397 409.7 441 438  390 397 409.7 441 438 

1loT  °C  76 75.4 75.3 75.1 73.6  76 75.4 75.3 75.1 73.6 

2loT
 °C  61 61 61 61 61  61 61 61 61 61 

ά  kg s
  18.1 18.1 18.1 18.1 18.1  36.2 36.2 36.2 36.2 36.2 

ά  kg s  31.5 42.7 42.6 41.3 41.7  82.1 93.9 93.2 82.6 83.4 

ά  kg s  13.3 13.3 13.3 13.3 13.3  26.6 26.6 26.6 26.6 26.6 

ά  kg s  9.15 8.27 7.78 6.9 5.26  18.3 16.64 15.67 13.81 10.52 

ά  kg s  9.4 8.5 8.0 7.1 5.4  18.8 17.1 16.1 14.2 10.8 

barp  bar   1.028 1.028 1.028 1.030 1.031  1.015 1.015 1.015 1.016 1.016 

2ap  [ ]bar-g   2.4 2.14 2 1.7 1  2.3 2.16 2 1.6 0.9 

1wp
 bar   3.15 3.15 3.15 3.15

 
3.15

 
 3.15 3.15 3.15 3.15

 
3.15

 
7wp  bar   3.15 3.15 3.15 3.15 3.15  3.15 3.15 3.15 3.15 3.15 

 

 

In order to help the reader, understand better the results the Fig 2.3 shows the 

ŀǊǊŀƴƎŜƳŜƴǘ ƻŦ ǘƘŜ ²ŅǊǘǎƛƭŅ мн±рл5C aŀƛƴ 9ƴƎƛƴŜ ŀƴŘ ŎƻƻƭƛƴƎ Ŏƛrcuits with the values 

of temperature and mass flow rates for 100% load. 
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Fig 2.3 Arrangement of ²ŅǊǘǎƛƭŅ мн±рл5C Main Engine and cooling circuits; load 

100% [29] 
 

The two fresh water generators are not coupled with any engine in particular 

as to be more flexible. This is done because engines operate better at high load, so in 

normal voyage conditions it is preferred to operate three out of four in high load than 

all of them in medium load. Their main features are shown in the table 2.3.  

 

Table 2.3 Main characteristics of the fresh water generators 
 

First model 

Generator capacity m3/24h 30 

Inlet temperature of the feeding water (range) ϲ/ ррҏфр 

Inlet temperature of the feeding water (design) ϲ/ 91 

Outlet temperature of the feeding water ϲ/ 73 

Operation point steam flow kg/s 11.8 
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Heat absorbed kW 891.7 

Second model 

Generator capacity m3/24h 30 

Operation point steam flow kg/s 7.08 

Heat absorbed kW 535.0 
 

 

 Power demands of a vessel are different in each phase of a trip and generally 

are a function of its service speed Vs. Propulsion represents the most important power 

need of a ship and, depending on the case, it can be satisfied directly by the 

mechanical power generated by the main engine plant or indirectly after conversion 

to electric energy. In this last case, electrical needs of the vessel can be expressed as: 

 

ὡ ὠ ὡȟ ὠ ὡȟ ὠ  

 

where ὡȟ ὠ  is the electrical power demand for propulsion (usually proportional to 

the cube of the service speed) and ὡȟ ὠ  represents the requirements of the 

additional electric loads (i.e., the electric loads except of propulsion).  Considering the 

maximum electrical power that can be made available by the generation plant when 

all the diesel generators are in operation at the condition of 100% load (equal to 33000 

kW) the maximum speed of the carrier in each case is: 

Vs,laden = 20.45 kn 

Vs,ballast = 20.75 kn 

 

The results for various speed values are reported in Table2.Error! Reference 

source not found.4 for the laden and ballast voyage.  

 

Table 2.4 Electrical needs of the ship, laden (left) and ballast (right) voyage [29] 
 

Vs Ẕe,p Ẕe,ep Ẕe,laden 
 

Vs Ẕe,p Ẕe,ep Ẕe,ballast 

kn kW kW kW 
 

kn kW kW kW 

8 1848 1300 3148 
 

8 1756 1170 2926 

10 3609 1300 4909 
 

10 3429 1170 4599 

12 6237 1300 7537 
 

12 5925 1170 7095 
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14 9904 1300 11204 
 

14 9409 1170 10579 

16 14784 1300 16084 
 

16 14045 1170 15215 

18 21050 1419 22469 
 

18 19998 1277 21275 

20 28875 1581 30456 
 

20 27432 1423 28855 

 

 

The operating profile of a vessel is a document which describes numerically 

how the vessel is operated during the year. The operating profile of the present LNG 

ŎŀǊǊƛŜǊ ŎƻƴǎƛŘŜǊǎ ǘƘǊŜŜ ƻǇŜǊŀǘƛƴƎ ƳƻŘŜǎΥ άƭŀŘŜƴ ǾƻȅŀƎŜέΣ άōŀƭƭŀǎǘ ǾƻȅŀƎŜέ ŀƴŘ 

άǎǘŀȅƛƴƎ ƛƴ ǇƻǊǘέΦ Figure 2.4 presents the percentage of the time and the number of 

ƘƻǳǊǎ ƻŦ ǘƘŜ ƻǇŜǊŀǘƛƻƴ ƛƴ ŜŀŎƘ ƳƻŘŜΦ 5ǳǊƛƴƎ ǘƘŜ άǎǘŀȅƛƴƎ ƛƴ ǇƻǊǘέ ƻƴƭȅ ŀƴ ŜƴƎƛƴŜ-

generator set is usually kept into operation and the result is low waste heat 

availability. 

 

 

 

Fig 2.4 Operating modes of the current ship [29] 
 

The vessel speed distribution profile is provided for laden and ballast modes. 

The overall range of the service speed (from 0 kn to 21 kn) is divided into 21 intervals 

of 1 kn, and for each of them, the number of hours is given as a percentage of total 

time in the mode; the number of hours of each interval is attributed to its average 

speed. The profile is presented in Fig. 2.5,Error! Reference source not found. where 

values for the service speed below 6 kn are not considered. The two percentages that 

are reported for each interval are referred to the laden and ballast modes, 

respectively. Note that most of the time the speed of the vessel is lower than the 

ƳŀȄƛƳǳƳ ǾŀƭǳŜΦ ¢ƘǳǎΣ ǘƘŜ ǾŜǎǎŜƭ ǎŀƛƭǎ ƛƴ άǎƭƻǿ ǎǘŜŀƳƛƴƎέ ƳƻŘŜΥ ŀ ƭƻǿŜǊ ǎŜǊǾƛŎŜ speed 

Port time
25.48 % 
2232 h

Ballast time
35.78% 
3134 h

Laden time
38.74%  
3394 h
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leads to a significant reduction in power for propulsion reducing at the same time the 

fuel consumption. 

 

 

Fig. 2.5 Distribution profile of the vessel speed at laden and ballast voyage. The 

percentages are referred to the hours in laden and ballast modes, respectively. [29] 
 

Soffiato [7, 29] during his study made two assumptions in order to overcome 

the missing information and calculate all the necessary data: the electrical power is 

generated by the lowest possible number of engine-generator sets, and tried to 

operate them at a load that is closed to the maximum efficiency; the second 

assumption considers that the total electric load is distributed to the operating 

generators in proportion to their nominal power.  

Table 2.5 shows the electrical power that has to be generated, in case of laden 

voyage. For each condition, the engines that are kept in operation are presented and 

the corresponding power production is reported in accordance with the two 

aforementioned assumptions. The load of the engines is reported as well. Table 2.6 

Table 2.provides similar information relating to the case of ballast voyage.  
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Table 2.5 Operating profile of the engines, laden voyage [29] 
 

No. 
Average 
speed 

Hours Hours We 
12V50DF 

No.1 
6L50DF 
No. 2 

6L50DF 
No. 3 

12V50DF 
No.4 

Load 

- kn % - kW kW kW kW kW % 

1 7.5 3.5 117.1 2823 0 0 2823 0 51 

2 8.5 0.0 0.0 3517 - - - - - 

3 9.5 1.3 43.8 4395 0 0 4395 0 80 

4 10.5 3.7 125.2 5478 0 0 5478 0 100 

5 11.5 6.2 211.8 6789 0 0 0 6789 62 

6 12.5 5.3 180.6 8350 0 0 0 8350 76 

7 13.5 11.4 386.6 10180 0 0 0 10180 93 

8 14.5 10.5 357.7 12304 0 0 4101 8202 75 

9 15.5 22.6 766.4 14741 0 0 4914 9827 89 

10 16.5 14.2 483.3 17514 0 4378 4378 8757 80 

11 17.5 9.6 326.5 20711 0 5178 5178 10355 94 

12 18.5 4.3 146.6 24315 9726 0 4863 9726 88 

13 19.5 7.3 248.1 28302 9434 4717 4717 9434 86 

 

Table 2.6 Operating profile of the engines, ballast voyage [29] 
 

No. 
Average 
speed 

Hours Hours We 
12V50DF 

No.1 
6L50DF 
No. 2 

6L50DF 
No. 3 

12V50DF 
No.4 

Load 

- kn % - kW kW kW kW kW % 

14 6.5 0.7 22.3 2112 0 0 2112 0 38 

15 7.5 0.0 0.0 2617 - - - - - 

16 8.5 0.0 0.0 3276 - - - - - 

17 9.5 0.0 0.0 4110 - - - - - 

18 10.5 0.5 14.7 5139 0 0 5139 0 93 

19 11.5 6.2 192.8 6385 0 0 0 6385 58 

20 12.5 7.4 232.3 7867 0 0 0 7867 72 
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21 13.5 14.2 444.1 9607 0 0 0 9607 87 

22 14.5 5.6 175.5 11624 0 0 3875 7749 70 

23 15.5 17.9 561.4 13939 0 0 4646 9293 84 

24 16.5 34.5 1079.8 16573 8287 0 0 8287 75 

25 17.5 10.1 317.5 19607 9804 0 0 9804 89 

26 18.5 3.0 94.0 23027 9211 0 4605 9211 84 

 

 

 

2.2 Previous study ORC configurations 

 

With the current data Soffiato [29] considered that the ORC will be designed for 

the operating point that is presented in Table 2.6. Three engines are in operation while 

the engine No.2 is turned off. The load of the working engines is equal to 85%. The 

choice takes into consideration the observations on the speed distribution profile of 

the vessel that have been presented. 

 

Table 2.7 Operating point for the engines [29] 
 

ὡ  12V50DF No.1 6L50DF No. 2 6L50DF No. 3 12V50DF No.4 Load 

kW kW kW kW kW % 

23375 9350 0 4675 9350 85 

  

The choice allows the calculation of the thermal flows that are rejected to the 

engines cooling systems. The quality of the heat (in terms of temperature) that is 

possible to exploit coupling an ORC system with the cooling systems depends on their 

configuration. Soffiato considered three different layouts of coupling the ORC with the 

engines, utilizing many hot streams. In the current study not all of them are going to 

be utilized as this involves the design of many different components which excides the 

point of the current study. 

In the first case of Soffiato, the ORC system absorbs heat from the cooling flows of 

the engines cooling circuits and no modification in the layout of the cooling systems is 

introduced. Fig 2.6 presents this first cooling system configuration showing the 

coupling with the ORC system and the FWG. Two thermal sources are available from 

each engine-generator set that is considered as operating in accordance with the 
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choice of the operating point. The ORC system absorbs heat from the water flows of 

the HT and LT circuits at the point HE1 and HE2, respectively. HE1 and HE2 are defined 

as positions where heat can be transferred. The data after the calculations for the 

available heat for extraction are presented in Table 2.7 
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Fig. 2.6 Configuration of the cooling systems and coupling with the ORC, first case 

[29] 

 

Table 2.8 Calculation of various parameters, first configuration [29] 
 

Parameter Unit Value 

Tw3 ϲ/ 82.8 

Tw1 ϲ/ 76.3 

Tw7 ϲ/ 36.0 

Tw9 ϲ/ 51.9 

ἳw4 Kg/s 21.67 

ἳw1 Kg/s 229.0 

ἳw10  Kg/s 10.97 

ἳw11 Kg/s 196.36 

ἳw7 Kg/s 66.5 
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In the second case, Soffiatio investigates the possibility to split the LT cooling 

circuits into two parts as shown in Fig2.7. This allows a direct heat transfer between 

lubricating oil and organic fluid of the ORC system at the point HE3. The water flows 

heated by the charge air in the heat exchanger AC2 are also considered as thermal 

sources even if the quality of the heat associated with is low. These flows transfer heat 

to the ORC system at the point HE2. Water flows belonging to the HT circuits represent 

the third thermal source for the ORC system (HE1). The data after the calculations for 

the available heat for extraction are presented in Table 2.8 
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Fig. 2.7 Configuration of the cooling systems and coupling with the ORC, second case 

[29] 

 

Table 2.9 Calculation of various parameters, second configuration [29] 
 

Parameter Unit Value 

Tw3 ϲ/ 82.8 

Tw1 ϲ/ 76.3 

Tw7 ϲ/ 36.0 

Tw8 ϲ/ 43.1 

Tlo1 ϲ/  75.3 

Tlo2 ϲ/ 61 

ἳw11 Kg/s 196.36 
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ἳw7 Kg/s
 

66.5 

ἳlo Kg/s 90.5 

 

 

The third study case considers the possibility of proposing a new design for the 

engines cooling systems in order to better exploit the quality of the rejected heat. 

According with this new design presented in Fig. 2.7 Fig, thermal sources for the ORC 

are the jacket water, the lubricating oil and the charge air that has to be cooled after 

the compressor of the T/C. This layout allows the higher heat extraction to be 

performed. The temperature of the air at the beginning of the cooling (state a2) is 

relatively high so that the removal of the intermediate heat transfer with the HT 

cooling flows allows the occurring irreversibility to be reduced significantly. As it is 

shown in the figure, the water flow resulting from the mixing of the jacket flows is split 

into three flows: one of them is heated by the air and then feeds the FWG, another 

one is exploited by the ORC system and the third one is bypassed in order to keep the 

temperature at the state w6 at an appropriate value. In Table 2.8 the results of the 

study are presented 
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Fig. 2.8 Configuration of the cooling system and the heat sources of the ORC, third 

case [29] 
 

Table 2.10 Calculation of various parameters, second configuration [29] 
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Parameter Unit Value 

Ta2
 ϲ/ 169.75 

Ta4
 ϲ/ 44.15 

Tw2
 ϲ/ 79.66 

Tw1 ϲ/ 76.3 

ἳw16 kg/s 186.05 

ἳw17 kg/s 21.29 

ἳa kg/s 39.12 
 

 

 

 

2.3 Current study ORC configurations 

 

In the current study some of the hot sources shown above are chosen in order to 

utilize and produce electrical power. Three different case are studied. For these, also 

the configurations of the system are changed. The fresh water generator in all cases 

is coupled with the hot oil stream, as there is enough energy and high temperature 

for its operation. The first configuration refers in utilizing the jacket water and 

supercharge air by a one evaporation pressure level ORC. The second utilizes both 

jacket water and supercharge air by two different subcritical evaporation pressure. 

The third utilizes both jacket water and supercharge air by two different evaporation 

pressure levels, one subcritical and one supercritical, as proposed in the second 

layout. The cases are presented below, showing the coupling of the cooling system 

with the heat exchangers of the ORC, the ORC layout, the design point values of the 

hot steams and the constrains in temperature. 

 

1) hƴƭȅ ƧŀŎƪŜǘ ǿŀǘŜǊΩǎ ƘŜŀǘ ƛǎ ǳǘƛƭƛȊŜŘΣ ƻƴŜ ǎǳōŎǊƛǘƛŎŀƭ ǇǊŜǎǎǳǊŜ ƭŜǾŜƭ 
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Fig. 2.9 Configuration of the cooling system and the heat sources of the ORC for case 

1 

 

 

Fig. 2.10 Schematic of first ORC system 

 

Table 2.11 Calculation of various parameters, first case 
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Parameter Unit Value 

Tw3 ϲ/ 83 

Tw6 min ϲ/ 76.3 

ἳw1 Kg/s 229.1 
 

 

2) .ƻǘƘ ƧŀŎƪŜǘ ǿŀǘŜǊΩs and supercharged air heat are utilized, two subcritical 

pressure levels exist 

 

 

Fig. 2.11 Configuration of the cooling system and the heat sources of the ORC for 

case 2 
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Fig. 2.12 Schematic of second ORC system 

 

Table 2.12 Calculation of various parameters, second case 
 

Parameter Unit Value 

Tw2 ϲ/ 79.2 

Tw6 ϲ/ 76.3 

ἳw1 Kg/s 229.1 

Ta2 ϲ/ 177.0 

Ta3,min ϲ/ 44.2 

ἳa2 Kg/s 41.6 
 

 

3) .ƻǘƘ ƧŀŎƪŜǘ ǿŀǘŜǊΩǎ ŀƴŘ ǎǳǇŜǊŎƘŀǊƎŜŘ ŀƛǊ ƘŜŀǘ ŀǊŜ ǳǘƛƭƛȊŜŘΣ ƻƴŜ ǎǳōŎǊƛǘƛŎŀƭ ŀƴŘ ƻƴŜ 

supercritical pressure levels exist. The configuration is the same as to case number 
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Fig. 2.13 Configuration of the cooling system and the heat sources of the ORC for 

case 3 

 

 

Fig. 2.14 Schematic of third ORC system 
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Table 2.13 Calculation of various parameters, third case 
 

Parameter Unit Value 

Tw2 ϲ/ 79.2 

Tw6,min ϲ/ 76.3 

ἳw1 Kg/s 229.1 

Ta2 ϲ/ 177.0 

Ta3,min ϲ/ 44.2 

ἳa2 Kg/s 41.6 
 

 

 

2.4 Conclusions 

  

 In this chapter the case study is presented. First the main engine is analyzed 

and then the operation profile of the ship is given. After, the possible configurations 

that were proposed on the previous study are presented. Then, from the analysis of 

the hot streams that was done by Soffiato three new cycles are proposed and studied, 

by changing the placement of the two fresh water generators and introducing new 

heat exchangers. These choices will lead to deferent results in comparison with the 

previous study, as not all possible hot sources are utilized. This is done because it is 

very difficult to construct dynamic models for such a complex system that contains 

many heat exchangers. 
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3.Methodology-Modelling approach 
 

In this chapter the methodology that is followed and the modeling approach 

that is done are presented. Design point models, design of components, dynamic off-

design models and control systems are created in this thesis. The design point models 

have as objective function to maximize the net power at the design point conditions. 

This is achieved by choosing properly the cycle parameters as pressure. After the 

determination of the design point, it is possible to calculate the components 

characteristics. The design of components includes essential data for the off-design 

dynamic models such as number of tubes in the shell-n-tube heat exchangers and 

operation maps of some components. The dynamic off design models are created in 

order to simulate the dynamic behavior of the system as the ship load changes. This 

has an impact on the hot sources that are utilized and as a result the operating point 

of the cycle changes. The control systems are developed to reassure that the ORC 

system is operating steadily and safely, which is critical on board a ship. 

 

3.1 Methodology 

 

 In this subchapter he methodology that is followed in this study is presented. Two 

different kinds of models are developed in this thesis, design point and dynamic. The 

purpose of the two kinds of models is different and so, different methodologies are followed 

in order to create each model 

 

3.1.1 Design point methodology ŀƴŘ ŎƻƳǇƻƴŜƴǘǎΩ ŘŜǎƛƎƴ 

 

In this subchapter the way that the design point functions will be explained.  

Decision variables are the evaporation pressures for subcritical the cycle and both 

evaporation pressures and the entropy in the turbine inlet for the supercritical 

pressure level. The objective function is the maximization of the power output. The 

condensation pressure is not a decision variable as it is maintained as low as possible. 

Each hot source from the engine corresponds to a different pressure level and all the 

ŘƛŦŦŜǊŜƴǘ ǇǊŜǎǎǳǊŜ ƭŜǾŜƭ hw/Ωǎ ǎǘǊŜŀƳǎ end after the expansion in the same low 

pressure level where condensation takes place. Input data for the model are the inlet 

temperature and mass flow rate of hot sources, the inlet temperature of the cold sink, 

the values of the Pinch Point temperature differences and the minimum exit 

temperature of the hot source. This allows the mass flow rates of ORC and cooling 

water of the ORC to be calculated through the heat balance.  Superheating and 

subcooling are included even though they decrease the performance, as they 

guarantee safe operation for the components. The Design model also designs the type 
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E shell-tube heat exchangers. Approximations that are done is the efficiency of the 

pumps are 0.7 and for high pressure turbines 0.75 respectively. For low pressure 

turbines a correlation from the literature is used to predict the efficiency. No pressure 

drops are taken into account in this study.  

 

3.1.2 Dynamic models methodology 

 

 In this subchapter the way that the off-design model functions will be 

explained. The model has to simulate the dynamic behavior of a thermodynamic cycle. 

A thermodynamic cycle is a series thermodynamic transformations in order to absorb 

or to produce energy. The system is preferred to reach equilibrium conditions 

although it usually operates under transient ones. In real systems the pressure and 

temperature reach equilibrium conditions due to the existence of components that 

are having the function of a capacity. Capacity function means the ability keep 

pressure and temperature relatively constant by mass and energy storage. In real 

systems other components exist also, mass flow control components, that allow the 

communications between capacities by mass transfer.  

 A thermodynamic cycle is carried out by components which perform 

thermodynamic changes as stated. They are asked to increase or decrease enthalpy in 

order to perform the desired changes. Components that increase the enthalpy are 

pumps, heat exchangers, combustion chambers etc. components that decrease the 

enthalpy are turbines, heat exchangers, valves etc. we make a distinction between 

components that change enthalpy through work transfer and components that 

change enthalpy through heat transfer. The formal fixes the mass flow rate passing 

through them, given the values of pressure at inlet and outlet. These values are 

imposed by the capacities, which are at the inlet and outlet of the components 

respectively. 

Every component is modeled as individual block or blocks receiving input 

variables and calculating the output variables which feed other blocks respectively. 

This makes the overall system very flexible, as it is easy to replace a component 

without changing the rest of the model. Thermo-fluid systems can be described by 

two types of variables as Vaja [13] indicates. These are: 

 

Level variables: in general, they are differential variables provided by fundamental 

equations (exp. mass balance equation) that indicate the magnitude of 

thermodynamic properties stored inside a component (exp. pressure). They are an 

expression of state variables in state determined systems. 

Flow variables: they usually refer to fluxes of extensive properties through boundary 

surfaces or components and can be considered as outputs of not state determined 

systems (exp. mass flow rate).  
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Fig 3.1.1 Schematic of the connections of reservoirs-flow control components [13] 

 

 The simulation starts from the design point that all variables values are known 

and then calculates the systems behavior by solving the equations that characterize 

it. The model is consisted by three types of blocks as is proposed by Mazzi et. al. [12], 

flow control components, capacities and heat transfer blocks. In the current study the 

volumes of each different phase area are calculated by the heat exchanger block and 

the capacity only solves the heat and mass balance equation, as will be explained 

below. 

Flow control blocks: they receive level variables as input variables and have in general 

flow variables as outputs. Their behavior is characterized by the characteristic curves 

(operation maps). In the current study the flow control components that are used 

more specifically receive as inputs the inlet enthalpy and pressure, the outlet pressure 

and rotational speed and calculate the mass flow rate that runs through them and the 

outlet enthalpy (or enthalpy flow rate).  

Capacities/Reservoirs blocks: They act as storage tank, storing mass and energy. They 

receive as input variables both level variables and flow variables and calculate as 

output only level variables. In this study the capacities that are used have as inputs 

the inlet and outlet mass flow rate, inlet enthalpy, the heat that is transferred to them 

and the volume of the various phases of the organic fluid inside them. They have as 

outputs the pressure change and outlet enthalpy change. By feeding them with the 

initial pressure and outlet enthalpy they calculate the pressure and enthalpy values 

throughout the simulation. 

Heat transfer block: They are like flow control components but they are fed also by 

flow variables. They receive as input variables but the mass flow rate of both the 

organic fluid and the hot (or cold) heat sources. They calculate the heat that is 

transfers to the organic fluid and the volumes of each different phase inside 

(superheating area or two phase area for example). 

 

Between two flow control components there is a capacity/reservoir and 

between two capacities there is a flow component so that they feed each other 

respectively. After connecting all the blocks together, a loop is created that keeps 
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feeding its blocks as simulation time progresses, representing the overall systems 

behavior in the end. This is shown in the next figure. 

 

 

Fig 3.1.2 Connections between capacities and flow control components [12] 

 

In the present work the components of the cycle are modeled as following: 

Centrifugal one stage Pump: flow control component 

Axial one stage turbine: flow control component 

Subcritical Evaporator: capacity coupled with a heat exchanger 

Supercritical Evaporator: capacity coupled with a heat exchanger 

Condenser: capacity coupled with a heat exchanger 

 

 After the connection of the components the feed each other respectively 

throughout the simulation as the figure indicates 
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Fig 3.1.3 Correct connection of the different types of blocks [12] 

 

It is important to clarify that the arrows represent signals and not mass flow 

between the components. They are used to show the block which calculates each 

variable (having the same color) and the inputs that each individual block needs (arrow 

point at them). The model with the one evaporation temperature is presented as 

example below in order to make the way the connections function clearer. In the 

single stage ORC, the pump is followed by the evaporator, meaning one heat 

exchanger block and one capacity block. The evaporator is followed by the turbine, 

which expands till the pressure of the condenser that follows. In the end the pump is 

pumping fluid from the condenser to the evaporator and the cycle is completed. 

 

 

Fig 3.1.4 First case ORC, one evaporation pressure level 
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Now the signal flow will be explained. The signal flow is different from the mass 

flow and is presented in the following figure. The color shows which block calculates 

the signal. The arrows represent the block which is feed by the specific signal. For 

example, the pump calculates the mass flow rate and enthalpy outlet as a flow control 

component and it is feed by the pressure in its inlet an outlet (calculated by the 

capacities) and the enthalpy inlet. 

 

 

Fig 3.1.5 Schematic of the signals of the first case ORC 

 

 The same approach is used and to the two other cases that are studied 

respectively for each pressure level. 

 

 

3.1.3 Control strategy 

  

The safety of the process and the high efficiency are necessary to be guaranteed 

in every application. To this end, a proper control strategy must be developed 

according to the specific needs of each application. It is obvious that the liquid level 

inside the heat exchangers cannot be measured easily, as is done inside the drums in 

water-steam Rankine cycles, because it is located in the tube side and the ship 

oscillations. The pump needs to receive subcooled liquid in order to avoid cavitation 

and the turbine needs to be fed at least with saturated vapor in order to avoid 

corrosion in its blades in most cases. In the current one, the ship oscillations make 

superheating a necessary safety factor against liquid drops. The control strategy 

proposed in this thesis is to measure the superheating of the subcritical evaporators 
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ŀƴŘ ǘƘŜ ǎǳōŎƻƻƭƛƴƎ ƻŦ ǘƘŜ ŎƻƴŘŜƴǎŜǊ ŀƴŘ ŀƭǘŜǊ ǘƘŜ ǇǳƳǇΩǎ Ǌƻǘŀǘƛƻƴŀƭ ǎǇŜŜŘ ŀƴŘ ǘƘŜ 

mass flow rate of cooling water respectively. For the supercritical evaporator in the 

third case studied, as measured variable is proposed the entropy instead of the 

superheating. The measurement of the values of the control variables can be 

calculated by a software which receives the measured temperature and pressure. To 

ŎƘŀƴƎŜ ǘƘŜ ǇǳƳǇΩǎ Ǌƻǘŀǘƛƻƴŀƭ ǎǇŜŜŘ ŀƴŘ ǘƘŜ Ƴŀǎǎ Ŧƭƻǿ ǊŀǘŜ ƻŦ ǘƘŜ ŎƻƭŘ ǿŀǘŜǊ tL 

controllers can be used as is also proposed by Quoilin [10]. The reasons for this choice 

are: 

1) PI controllers will not amplify the noise that exists on ships 

2) Will result a steady state error of zero with the time of inputs that the system 

has 

3) There is no need for a fast response as changes are slow in these systems 

For the above reasons the PI controller is thought to be the proper one. The gains 

of the system are chosen according to the needs of the system through multiple 

simulations. In the next figure a schematic of the control strategy for the subcritical 

evaporators, the supercritical evaporators and the condensers is shown.  

 

Fig. 3.1.6. Control strategies 
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3.2 Design models of the cycles 

 

 The way the design point models function is explained in the subchapter. 

There are three different cycles studied in this thesis. A different design point model 

is created for each cycle, as to obtain the maximum power output in each case. 

 

3.2.1 One pressure level subcritical cycle 

  

The way the one pressure level design point model functions is explained in the 

subchapter. As stated above, decision variable is only the evaporation pressure (ὖ ) 

of the cycle and not condensation pressure (ὖ ) ŀǎ ƛǘ ŀŦŦŜŎǘǎ ǘƘŜ ŎȅŎƭŜΩǎ ŜŦŦƛŎƛŜncy 

always in the same way. Input data are the organic fluid, the inlet temperature and 

mass flow rate of heat source, the inlet temperature of the cold sink, and the values 

of the Pinch Point temperature differences (ῳ ) which are equal to 10 oC. The 

approximations that are done is the efficiency of the pump is 0.7 and not taking 

account of the pressure drops. Also an important feature taken into account is the 

return temperature of the hot source in the jacket. Turbines efficiency is calculated by 

a correlation of Luca Da Lio et. al. [23]. The correlation uses as input the ŦƭǳƛŘΩǎ ŎǊƛǘƛŎŀƭ 

temperature (Ὕ ), the expansion ratio (VR) and size parameter (SP). The literature 

defines them as: 

 

ὠὙ
”

”
               Ὓὖ

ά Ȣ

” ȢϽὬ Ὤ Ȣ
 

 

 

 After all the parameters needed are defined the calculation starts. The models 

start the calculation from choosing the maximum available evaporation pressure. This 

Ŏŀƴ ōŜ ŘŜŦƛƴŜŘ ŜƛǘƘŜǊ ōȅ ǘƘŜ ŎǊƛǘƛŎŀƭ ǇǊŜǎǎǳǊŜ ƻŦ ǘƘŜ ŦƭǳƛŘ ƻǊ ōȅ ǘƘŜ Ƙƻǘ ǎƻǳǊŎŜ ƛŦ ƛǘΩǎ 

temperature is lower than the critical temperature plus the superheating. The 

optimum evaporation pressure is between the maximum one and the condensation 

pressure.  

 

 

– Ὢὖ  

ὖ ȟ ÍÉÎὖ ȟὖ Ὕ  ῳ   

ὖ ȟ ὖ ȟ ὖ  
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Ὕ ȟ Ὕ ȟ ȟ  

 

A loop solves the problem for every pressure. !ŦǘŜǊ ǘƘƛǎ ŀƭƭ ǘƘŜ ŎȅŎƭŜΩǎ Ǉƻƛƴǘǎ 

are known for this pressure except the point after the expansion as it needs the 

expanders efficiency, which calculated by the correlation of Da Lio et. al. [23]. The 

ŎƻǊǊŜƭŀǘƛƻƴ ƎƛǾŜǎ ǘƘŜ ǘǳǊōƛƴŜΩǎ ŜŦŦƛŎƛŜƴŎȅ ōȅ ƪƴƻǿƛƴƎ ǘƘŜ ŦƭǳƛŘΩǎ ŎǊƛǘƛŎŀƭ ǘŜƳǇŜǊŀǘǳǊŜ 

Ὕ , the expansion ratio VR and size parameter SP, so the correlation needs both the 

inlet and output conditions of the turbine in order to calculate the efficiency. 

 

ὲȟ ὪὝȟὠὖȟὛὖ 

 

 To solve the problem another loop is added which is starting by an initial   value 

of 0.75 and calculates all the cycle points. Then a first value of the ὲȟ  is obtained and 

is used in the next loop. When the  ὲȟ  converges all the cycle point are known and 

by energy balance equations in the pinch point both the ORC mass flow and the cold 

ǿŀǘŜǊΩǎ Ƴŀǎǎ Ŧƭƻǿ ŀǊŜ ƻōǘŀƛƴŜŘ. The power now can be easily calculated. Also the 

thermal efficiency, heat recovery factor and total efficiency are calculated: 

 

ὡ ὡ ὡ  

–
ὡ

ὗ
 

•
ὗ

ά ϽὝ Ὕ
 

– – Ͻ• 

 

 

The same procedure is followed for all the possible evaporation pressures by 

the external loop. After that, the optimum pressure is obtained and all the points of 

the cycle are recalculated for this pressure. The useful results are being obtained in 

the end. 
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bϲ ƻŦ ǾŀǊƛŀōƭŜǎΥ  42 

 ὠὖ, Ὓὖ, Ὕ , ὲȟ , ὲȟ, ὡ , ὡ , ὡ , ὖ ȟ , Ὕ ȟ , Ὕ ȟ  , ά , ὅὴ , 

Ὕ ȟ ,  ά , ὅὴ ,  Ὕ ȟ , ὖ , ῳ  , ῳ  , ῳ , wf, ά , – , – , 

,˒   В Ὕ , В ί 

 

bϲ ƻŦ ŘŜǇŜƴŘŜƴǘ ǾŀǊƛŀōƭŜǎΥ 33 

 ὠὖ, Ὓὖ, Ὕ , ὲ ȟ , ὲ ȟ , W, ὡ , ὡ , ὖ ȟ , ά , ὖ , ά , 

– , – , – , Ὕ ȟ , Ὕ ȟ , В Ὕ , В ί 

 

bϲ of independent variables: 6 

 Ὕ ȟ , ά , ὅὴ , ὅὴ ,  Ὕ ȟ , wf 

 

bϲ ƻŦ ŦƛȄŜŘ ǾŀǊƛŀōƭŜǎΥ 4 

 ῳ  , ῳ  , ῳ , ὲȟ 

 

bϲ of output variables: 29 

 ὲȟ , ὡ , ὡ , ὡ , ὖ ȟ , ά , ὖ , ά , – , – , ˒ , Ὕ ȟ , 

Ὕ ȟ , В Ὕ , В ί 

 

 

 

 

 

 

 

 

 

 

 

A flow chart of this program is presented below in order to make these steps clearer: 
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Inputs for design point: 

Thot, Tcold, mhot, Cphot, Cpcold ,wf, ́ pump, ῳ  , ῳ  , pp 

 

Calculations 

Pevapmax, Pcond 

Does ́ t converge? 

Calculations 

Wdummy, Pevap,dummy,new 

 

Yes 

Outputs: 

ὡ , Pevap,В Ὕ , В ί  mORC, mcold, 

Thot,out, Tcold,out, ́ turb, ˒ , ́  

  

t́,new= ́ t 

Pevap,dummy 

Calculations 

В Ὕ , В ί, mORC, mcold, 

Thot,out, Tcold,out, ́ turb,new 

Pevap,dummy,new >Pcond? 

Recalculate everything for Pevap,opt 

No 

No 
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3.2.2 Two pressure level subcritical cycle 

 

 In the case of the two evaporation pressure levels the principles that have been 

followed are the same as in the one pressure level. Again there is a small subcooling 

in the evaporator and a small superheating in both the evaporators. The correlation 

that was uǎŜŘ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ ǘǳǊōƛƴŜΩǎ ŜŦŦƛŎƛŜƴŎȅ ƛǎ ǳǎŜŘ ƻƴƭȅ ƛƴ ǘƘŜ ƭƻǿŜǊ ǇǊŜǎǎǳǊŜ 

turbine as the higher pressure turbine operates out of the range of the correlation. 

Also now the ῳ  is equal to 10K for the LP evaporator and the condenser, while it is 

20K for the HP evaporator due to the big size that the heat exchanger has otherwise. 

A constrain for the outlet temperatures of hot sources exists here as well. An efficiency 

equal to 0.75 is supposed for this reason. Each pressure level is optimized 

independently, as the condensation pressure is not a decision variable. In the end the 

characteristics of the cycle for the optimum pressures are obtained. 

 

 

– Ὢὖ ȟ ȟὖ ȟ  

ὖ ȟ ȟ ÍÉÎὖ ȟὖ Ὕ ȟ  ῳ  ȟ  

ὖ ȟ ȟ ὖ ȟ ȟ ὖ  

ὖ ȟ ȟ ÍÉÎὖ ȟὖ Ὕ ȟ  ῳ  ȟ  

ὖ ȟ ȟ ὖ ȟ ȟ ὖ  

Ὕ ȟ ȟ Ὕ ȟ ȟ ȟ  

Ὕ ȟ ȟ Ὕ ȟ ȟ ȟ  
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bϲ ƻŦ ǾŀǊƛŀōƭŜǎΥ  71 

 ὠὙ , Ὓὖ, Ὕ , ὲȟ ȟ , ὲȟ ȟ, ὲȟ ȟ, ὲȟ ȟ , ὡ ȟ , ὡ ȟ , ὡ ȟ , 

ὖ  ȟ , Ὕ ȟ ȟ , Ὕ ȟ ȟ  , ά ȟ , ὅὴ ȟ , ὡ ȟ , ὡ ȟ , ὡ ȟ , 

ὖ  ȟ , Ὕ ȟ ȟ , Ὕ ȟ ȟ  , ά ȟ , ὅὴ ȟ ,  Ὕ ȟ ,  ά , ὅὴ ,  Ὕ ȟ , 

ὖ , ῳ  ȟ  , ῳ  ȟ  , ῳ  , ῳ ȟ , ῳ ȟ , wf, ά ȟ , ά ȟ , – ,  

– ȟ , – ȟ , ʒ , – ȟ , – ȟ , ʒ   В Ὕ , В ί 

 

bϲ ƻŦ ŘŜǇŜƴŘŜƴǘ ǾŀǊƛŀōƭŜǎΥ 57 

 ὠὙ , Ὓὖ, Ὕ , ὲȟ ȟ , ὲȟ ȟ, ὲȟ ȟ, ὲȟ ȟ , ὡ ȟ , ὡȟ , ὡ ȟ , 

ὖ  ȟ , Ὕ ȟ ȟ  , ὡ ȟ , ὡȟ , ὡ ȟ , ὖ  ȟ , Ὕ ȟ ȟ  , Ὕ ȟ ,  ά , 

Ὕ ȟ , ὖ , ά ȟ , ά ȟ , – ,  – ȟ , – ȟ , ʒ , – ȟ , 

– ȟ , ʒ   В Ὕ , В ί 

 

bϲ of independent variables: 9 

 Ὕ ȟ ȟ  , ά ȟ , ὅὴ ȟ , Ὕ ȟ ȟ , ά ȟ , ὅὴ ȟ ,  Ὕ ȟ , ὅὴ , wf 

 

bϲ ƻŦ ŦƛȄŜŘ ǾŀǊƛŀōƭŜǎΥ 8 

ῳ  ȟ  , ῳ  ȟ  , ῳ  , ῳ ȟ , ῳ ȟ , ὲ ȟ, ὲ ȟ, ὲ ȟ 

 

 

bϲ ƻŦ ƻǳǘǇǳǘ ǾŀǊƛŀōƭŜǎΥ 51 

 ὲȟ ȟ, ὡ ȟ , ὡȟ , ὡ ȟ , ὖ  ȟ , Ὕ ȟ ȟ  , ὡ ȟ , ὡȟ , ὡ ȟ , 

ὖ  ȟ , Ὕ ȟ ȟ  , Ὕ ȟ ,  ά , Ὕ ȟ , ὖ , ά ȟ , ά ȟ , – ,  

– ȟ , – ȟ , ʒ , – ȟ , – ȟ , ʒ   В Ὕ , В ί 

  

 

3.2.3 Two pressure level supercritical cycle 

 

 For the lower evaporation pressure the principles that are applied are the 

same as in the one pressure level. The supercritical pressure though was approached 

in a different way. In the supercritical area there is no superheated vapor, as it is a 

different state of matter. For pressure above the critical there is no vapor, but a state 

different from solid, liquid and vapor. This is shown in Fig 3.2.1 
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Fig. 3.2.1 States of matter 

 

The negative result that superheating had on the cycle efficiency then is not 

valid for this occasion. So both the enthalpy and the pressure of the fluid in the turbine 

inlet are decision variables. In order to determine the range in which the entropy 

varies some calculations need to be done first. The maximum entropy of saturated 

vapor curve from condensation pressure till critical pressure is found. If entropy in the 

outlet of the evaporator is greater than this value, then even with – ȟ  there will 

be no two phase state in the expander during the expansion. The Fig 3.2.2 and 3.2.3 

are used to show this clearer: 

 

 

Fig. 3.2.2 Supercritical ORC of wet fluid 
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Fig. 3.2.3 Supercritical ORC of dry fluid 

 

In Fig. 3.2.2 and Fig. 3.2.3 two pressure level ORCs are depicted. The area which 

can be the end of the supercritical evaporation is marked by the yellow lines and the 

arrows. In this way the expansion does not enter the two phase area in any point, both 

for dry and wet fluids. Pinch Point temperature differences are set again as ῳ ȟ
ρπὑ , ῳ ȟ ςπὑ. For the subcritical evaporator the pinch point is obviously going 

to be at the point of saturated liquid, and by energy balance between the two streams 

(organic and hot source) the mass flow rate of the low pressure level of the ORC is 

calculated. For the supercritical evaporation the pinch point position is not known a 

priori. To solve the problem of the supercritical mass flow rate, the temperature 

difference is calculated through energy balance in 90 points along the evaporation 

curve, for various mass flow rates. The mass flow rate starts from zero and increases 

till the pinch point difference reaches the value of 20K in at least one point. After this, 

the maximum mass flow rate of the cycle is obtained and the power is calculated for 

this evaporation pressure and turbine inlet entropy. The procedure is followed for all 

possible evaporation pressures and turbine inlet entropy in two loops. In the end the 

optimum pair is obtained. 

 

– Ὢὖ ȟ ȟὖ ȟ ȟί ȟȟ  

ὖ ȟ ȟ ÍÉÎὖ ȟὖ Ὕ ȟ  ῳ  ȟ  

ὖ ȟ ȟ ὖ ȟ ȟ ὖ  

ὖ ȟ ȟ ÍÉÎὖ ȟὖὝ ȟ ȟί   

ὖ ȟ ȟ ὖ ȟ ȟ ὖ  
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ί ȟȟ ȟ ÍÁØί   

ί ȟȟ ȟ ί ȟȟ ȟ ρππ
ὐ

ὯὫϽὑ
 

ί ȟȟ ȟ ί ȟȟ ȟ ί ȟȟ ȟ  

Ὕ ȟ ȟ Ὕ ȟ ȟ ȟ  

Ὕ ȟ ȟ Ὕ ȟ ȟ ȟ  

 

bϲ ƻŦ ǾŀǊƛŀōƭŜǎΥ  ст 

 ὠὙ , Ὓὖ, Ὕ , ὲ ȟ, ὲ ȟ , ὲ ȟ , ὲ ȟ, ὡ , ὡ ȟ , 

ὡ ȟ , ὖ  ȟ , Ὕ ȟ ȟ , Ὕ ȟ ȟ  , ά ȟ , ὅὴ ȟ , ὡ , ὡ ȟ , 

ὡ ȟ , ὖ  ȟ , Ὕ ȟ ȟ , Ὕ ȟ ȟ  , ά ȟ , ὅὴ ȟ ,  Ὕ ȟ ,  ά , 

ὅὴ ,  Ὕ ȟ , ὖ , ί ȟȟ ȟ  , ῳ  ȟ  , ῳ  , ῳ ȟ , ῳ ȟ , wf, ά ȟ , 

ά ȟ , – ,  – ȟ , – ȟ , – ȟ , – ȟ , – ȟ , – ȟ   В Ὕ , 

В ί 

 

bϲ ƻŦ ŘŜǇŜƴŘŜƴǘ ǾŀǊƛŀōƭŜǎΥ рм 

 ὠὙ , Ὓὖ, Ὕ , ὲ ȟ , ὡ , ὡ ȟ , ὡ ȟ , ὖ  ȟ , Ὕ ȟ ȟ  

, ὡ , ὡ ȟ , ὡ ȟ , ὖ  ȟ , Ὕ ȟ ȟ  , Ὕ ȟ ,  ά , Ὕ ȟ , ὖ , 

ά ȟ , ά ȟ , – ,  – ȟ , – ȟ , – ȟ , – ȟ , – ȟ , – ȟ  

 В Ὕ , В ί 

 

bϲ ƻŦ ƛƴŘŜǇŜƴŘŜƴǘ ǾŀǊƛŀōƭŜǎΥ ф 

 Ὕ ȟ ȟ  , ά ȟ , ὅὴ ȟ , Ὕ ȟ ȟ , ά ȟ , ὅὴ ȟ ,  Ὕ ȟ , ὅὴ , wf 

 

bϲ ƻŦ ŦƛȄŜŘ ǾŀǊƛŀōƭŜǎΥ 7 

ῳ  ȟ  , ῳ  , ῳ ȟ , ῳ ȟ , ὲ ȟ, ὲ ȟ , ὲ ȟ 

 

bϲ ƻŦ ƻutput variables: 48 

 ὲ ȟ, ί ȟȟ , ὡ , ὡ ȟ , ὡ ȟ , ὖ  ȟ , Ὕ ȟ ȟ  , ὡ , 

ὡ ȟ , ὡ ȟ , ὖ  ȟ , Ὕ ȟ ȟ  , Ὕ ȟ ,  ά , Ὕ ȟ , ὖ , ά ȟ , 

ά ȟ , – ,  – ȟ , – ȟ , – ȟ , – ȟ , – ȟ , – ȟ   В Ὕ , 

В ί 
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3.3 Design models of the components 

 

 After the basic parameters of the ORC are defined the calculation of some 

characteristics of the components is done. This involves the following: pump, turbine, 

heat exchangers. These characteristics are going to be used in the dynamic model to 

calculate the transient response of the ORC system 

 

3.3.1 Subcritical heat exchangers 

 

The heat exchangers are type E shell-n-tube. The reason for this choice is the 

small space for oscillations that exists in the tubes side. It is considered the best 

scenario for the phase change. The assumptions that are made are the following: 

1) They are adiabatic, meaning heat losses are neglected 

2) No pressure losses have been calculated 

3) The axial heat transfer is not taken into account 

4) Thermal resistance of the tubes is neglected as it is considered too small 

compared with the convection ones 

5) The properties of the heat source are calculated one time only in the inlet of 

the exchanger while the properties of the organic fluid are calculated again for 

each different phase area 

 

The selected layout is the following: 

1) The organic fluid is in the tube side and the heat source in the shell side 

2) The tubes are in triangular pitch formation 

3) The heat exchange is done counter-currently 

 

The following characteristics are predefined in the model and therefor are as inputs: 

1) Inlet diameter of the tube, Ä  

2) Reynolds number of organic fluid in the liquid area. 

 

 The inputs from the design point model are: 

1) Mass flow rate of organic fluid and the outer source 

2) Temperatures and specific enthalpies in inlet and outlet of the heat 

exchanger  4 ȟȟ4 ȟ ȟ4 ȟȟ4 ȟ ȟÈ ȟȟÈ ȟ  

3) Temperature and pressure of phase change 4 ȟ0   
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All the needed fluid properties are calculated using the wŜŦǇǊƻǇϯ. In order to 

calculate the total length of the exchanger, it is subdivided in three areas, according 

to the phase that exists in the interior of each area. In the case of the evaporator these 

are the preheater (subcooled area), the evaporation area (two phase area) and the 

superheater (superheating area). In the case of the condenser there are respectively 

the same areas. The number of tubes is defined by the Reynolds number of organic 

fluid in the liquid area ǘƘŀǘ ǘƘŜ ƘŜŀǘ ŜȄŎƘŀƴƎŜ ǿƛƭƭ ǘŀƪŜ ǇƭŀŎŜ ŀƴŘ ǘƘŜ ǘǳōŜΩǎ ƛƴƴŜǊ 

diameter Ä . 

.Ô Æ2ÅȟÄ  

Then all the other crucial parameters of the heat exchangers geometry can be 

calculated by empirical correlations except from the length. These are the outer 

diameter of the tube Ä , the triangular pitch 0 of the tubes, the baffles spacing ", 

the inner diameter of the shell $, the shell-side cross flow area !, and the shell-side 

hydraulic diameter $ . All the equations used except the estimation of outer diameter 

are proposed by Edwards et. al. [25] and Kern et. al.  [2] and can be found on the 

Appendix. 

 

Ä ρȢςÄ  

0 ÆÄ  

" ÆÄ  

$ Æ0ȟ.Ô 

! ÆÄ ȟ0ȟ"ȟ$  

$ ÆÄ ȟ0  

 

After the calculation of these geometrical parameters it possible to evaluate 

the velocity of the fluid in the shell side and as result the Reynolds number too. 

Õ Æ!ȟÍ  

2Å ÆÕȟ$  
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Fig. 3.3.1 Type E counter flow shell and tube heat exchanger 

 

For each area, all the unknown temperatures of the heat source are calculated. 

Then the heat transfer problem is solved for each area separately and in the end the 

total length of the heat exchanger is the sum of the length of the different areas. The 

equations that define the problem are: 

 

1 Í ϽÈȟ Èȟ  

1 Í Ͻ#Ð Ͻ4ȟ 4ȟ  

1 5Ͻ!Ͻɝɬ  

ɝɬ
ɝɬ ɝɬ

ÌÎ 
ɝɬ
ɝɬ

 

! .ÔϽʌϽÄ Ͻ, 

5
ρ

ρ
Áᴂ

Ä
$ÅϽÁᴂᴂ

 

 

ŀΩ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ōȅ the Nusselt number that Dittus-Boelter equation predicts as 

a function of Reynolds and Prandle numbers. This is for single phase flow 

 

.Õ πȢπςσϽ2ÅȢϽ0Ò   

×ÈÅÒÅ Î πȢτ ÆÏÒ ÈÅÁÔ ÁÎÄ πȢσ ÆÏÒ ÃÏÏÌÉÎÇ 

Á
.ÕϽʇ

Ä
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 For the evaporation heat transfer coefficient, the Dittus-Boelter equation 

cannot be used as it is not valid for this conditions. Instead, Winterton [14, 24] 

correlation is used, which takes into account various phenomena that take place when 

evaporation takes place: 

 

Á &ϽÁ 3ϽÁ  , where 

Á πȢπςσϽ
ʇ

Ä
Ͻ2ÅȢϽ0ÒȢ 

& ρ ØϽ0Ò
ʍ

ʍ
ρ

Ȣ

 

Á υυϽ0 Ȣ ϽÑϽ ÌÏÇ0 Ȣ Ͻ- Ȣ 

3
ρ

ρ πȢπυυϽ&ȢϽ2ÅȢ
 

 

 For the condensation heat transfer coefficient also the Dittus-Boelter is not 

valid. A correlation proposed by Cavallini et. al. [30, 31] is used: 

 

Á πȢπςσϽ
ʇ

Ä
Ͻ2ÅȢϽ0ÒȢ  

 

where the equivalent Reynolds number can be expressed as 

 

2Å 2ÅϽ
ʍ

ʍ

Ȣ

Ͻ
ʈ

ʈ
2Å 

 

ŀΩΩ ƛǎ ŎŀƭŎǳƭŀǘŜŘ as a function of Reynolds and Prandle numbers as proposed by 

John Edwards [25] for the equivalent outer diameter De 

 

.Õ πȢσφϽ2ÅȢ Ͻ0ÒȢ
ʈ

ʈ

Ȣ

 

Á
.ÕϽʇ

$Å
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Finally, the total length of the shell-n-tube is obtained by the sum of the single 

lengths and total area is calculated respectively 

 

, , 

! .ÔϽʌϽÄ Ͻ,  

 

The previous procedure is presented in flow chart:  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Inputs from design point: 

ά , ά , ὖ , Ὕ , Ὤᴂ, 

Ὤᴂ, Ὕᴂᴂ, Ὕᴂᴂ 

 

Calculation 

ὄ, ὖ, Ὀ, ὃ, Ὀ 

Calculations 

ὙὩᴂ, ὙὩᴂᴂ, ὖὶᴂ, ὖὶᴂᴂ, ὔόᴂ, ὔόᴂᴂ, ὥᴂ, 

ὥᴂᴂ, ὒὓὝὈ, Ὗ, ὗ ὃ, ὒ 

Outputs: 

ὙὩᴂ, ὙὩᴂᴂ, ὖὶᴂ, ὖὶᴂᴂ, ὥᴂ, 

ὥᴂᴂ, ὃ , ὒ    

 

Variables defined by user: 

wŜΩΣ Ὠ  

Calculations 

Ὕᴂᴂ, Ὕᴂ, Ὤᴂ 

Properties of both fluids 
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3.3.2 Supercritical heat exchangers 

 

 The supercritical heat exchanger is different from the subcritical ones 

as no phase change takes place inside. The equations that define the heat transfer 

properties of the shell side are the same as in the subcritical one. The correlation that 

is used for the supercritical heat transfer bǳǎǎŜƭǘ ƴǳƳōŜǊ ƛǎ WŀŎƪǎƻƴΩǎ correlation [34, 

35]. It is proposed by Karellas et. al. [26] because the Dittus-Boelter equation that is 

used usually for subcritical heat transfer does not predict that quarterly the heat 

transfer coefficient near the critical point. 

 

.Õ πȢπρψσϽ2ÅȢ Ͻ0ÒȢ
ʍ

ʍ

Ȣ #Ð

#Ð
 

#Ð
È È

4 4
 

 

If pc is the pseudo-critical point, then the exponent n is defined as: 

 

Î πȢτ ÆÏÒ 4 4 4  ÁÎÄ 4 4 ρȢςϽ4   

Î πȢτ πȢς
4

4
ρ ÆÏÒ 4 4 4  

Î πȢτ πȢς
4

4
ρ ρ υ

4

4
ρ   ÆÏÒ  4  4 ρȢςϽ4  

 

 

Fig. 3.3.2 Nusselt number, according to Jackson and Dittus Boelter, as a function of 
temperature of the organic fluid [26] 
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3.3.3 Pumps 

 

 The pump is a centrifugal one stage pump which provides the necessary head 

in order for the cycle to operate. LǘΩǎ ǎǇŜŜŘ ŀǘ ǘƘŜ ŘŜǎƛƎƴ Ǉƻƛƴǘ ƛǎ оллл ǊǇƳ. In the off-

ŘŜǎƛƎƴ ŎƻƴŘƛǘƛƻƴǎ ƛǘ ƛǎ ŎƘŀƴƎŜŘ ōȅ ǘƘŜ ŎƻƴǘǊƻƭ ǎȅǎǘŜƳ ƛƴ ƻǊŘŜǊ ǘƻ ƪŜŜǇ ǘƘŜ ŎȅŎƭŜΩǎ 

parameters steady. The operation and performance are described by the operation 

map, which indicates the head provided in accordance to the volume flow rate and 

the rotational speed of the pump. The map also provides information about the 

efficiency of the pump according to the head, the volume flow rate and the rotational 

speed. Useful data can be exported from the design point model in order to create an 

operation map which will be used in the off-design point conditions. These are the 

nominal head of the pump, the volume flow rate, the nominal rotational, the 

efficiency at that point and the volume flow rate in which the head is equal to zero, 

dead flow rate. The equations that provide these values are: 

 

ὣ
ὖ ὖ

” ϽὫ
 

ὠ
ά ȟ

”
 

ὠȟ
ὠ

πȢχ
 

–ȟ πȢχ Ὧὲέύὲ 

‫ σπππὶὴάὯὲέύὲ 

 

 The efficiency of the pump and the rpm at the design point are known as they 

are values defined in the design point model. The characteristic curve of the pump, 

for constant RPM, is assumed to be a second order polynomial function (parabola) 

with symmetry around the Y axis and the efficiency is calculated by the correlation 

that Vaja [13] proposes:  

 

–ȟ –ȟȟ Ͻς
ὠ

ὠ

ὠ

ὠ
 

 

  The characteristic curve is fully defined for the nominal rotational speed. In the 

off-design conditions the rotational speed changes and so the affinity laws are used 

to predict the performance of the pump. As the speed varies, the parameters of the 

pump change as shown below: 
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ὠ

ὶὴά

ὶὴά
 

ὣ

ὣ

ὶὴά

ὶὴά
 

ὡ

ὡ

ὶὴά

ὶὴά
 

 

  

 

Fig. 3.3.3 Affinity laws 

 

By applying the affinity laws to the design point and the dead volume flow rate 

point two new operation point for the new speed are obtained. Then by applying the 

assumption of the parabola, the characteristic curve in the new speed is fully defined. 

The isentropic efficiency is calculated by the correlation that Vaja [13] proposes: 

–ȟ –ȟȟ Ͻς
ὠ

ὠ

ὠ

ὠ
 

 

Where the ὠ  is the one at the nominal rotation speed, ‫ . In this way the 

operation map of the pump is created. A figure is shown below just to give an 

example of an operation map of a pump.  
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Fig. 3.3.4 Pump operation map example 

 

3.3.4 Turbines 

  

The turbine is a one stage axial turbine, working on constant RPM. It is the 

component producing the power, so it is a very crucial component to the cycle. In the 

literature seems that there is not yet a standard correlation to define the performance 

of a turbine expanding organic fluid in all operating conditions. This is because of the 

very big number of organic fluids in usage and the different operation conditions that 

may exist.   

 {ƛƴŎŜ ǘƘŜ ǘǳǊōƛƴŜ ǊŜǾƻƭǾŜǎ ŀǘ Ŏƻƴǎǘŀƴǘ ǎǇŜŜŘ ƛǘΩǎ ƳŀǇ ƛǎ ŀŎtually a curve. In 

order to create the curve, information must be exported from the design point 

conditions. The Stodola coefficient ὑ and the non-dimensional mass flow rate ά  

proposed by Mazzi et. al. [12]. The isentropic efficiency of the turbine at the design 

point –ȟȟ  is known. 

 

ὑ
ά

” ȟ Ͻὖ ȟ ὖ ȟ

 

ά ȟ

ά ϽὝȟ
Ȣ

ὖ ȟ
 

–ȟȟ Ὧὲέύὲ 
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 These values are used to create the curve as shown below. The efficiency is 

calculated by the correlation that Vaja [13] is proposing:  

 

ά ὑϽ” Ͻὖ ὖ  

ά
άϽὝȢ

ὖ
 

–ȟ –ȟȟ Ͻς
ά

ά ȟ

ά

ά ȟ
 

 

 Note must be taken in the fact that ὑ is constant in all operating conditions 

while ά  changes. Since the turbine is axial and one stage the cone law describes the 

operation as shown in Fig 3.3.5 

 

 

Fig. 3.3.5. Stodola law of eclipse 

 

 

3.4 Dynamic off-design models 

 

 In this chapter the dynamic off-design models of the components are 

presented. In this study the components are modeled by one or mƻǊŜ {ƛƳǳƭƛƴƪϯ 

blocks. The pump and the turbine are modeled by one block each, while the shell-n-
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tube heat exchangers are modeled by two. The creation of the models needs data that 

are taken from the design point model, such as Í ȟ . 

 

3.4.1 Pump block 

 

 The pump is a one stage centrifugal pump with variable speed. It is a flow 

control component. It mainly receives level variables and calculates flow variables. 

The mass and energy storage of the component is neglected, as it is considered very 

small in comparison with the one of the shell-n-tubes. No mass and energy storage is 

taken into account because the mass and energy storage phenomena of the heat 

exchangers are considered much more impactful. Also its inertia is neglected. The 

equations that characterize the block are the following: 

Mass balance equation: 

 

ÄÍ

ÄÔ
πP Í πP Í Í  

 

Energy balance equation: 

 

Ä%

ÄÔ
πP % πP % % 7  

 7 Í ϽÈ È  

 

 

The inputs from other blocks are:  È , 0ȟ 0 , ̟  

The outputs towards other blocks are:  Í , È  

This is shown in the next figure: 
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Fig. .3.4.1. Pump {ƛƳǳƭƛƴƪϯ block 

 

 In order to calculate the outputs, the map developed in the design of the 

components is used. The volume flow rate is determined by the present rotational 

speed ̟  ŀƴŘ ƘŜŀŘ ƛƳǇƭƛŜŘ ƛƴ ǘƘŜ ǇǳƳǇΣ ¸Φ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ ǇǳƳǇΩǎ Ƴŀǎǎ Ŧƭƻǿ ǊŀǘŜ 

is determined by speed ̟, pressure difference in inlet and outlet and the inlet density 

ʍ .  

Í Æ0ȟ0 ȟʍȟʖ  

 

The enthalpy in the outlet is calculated using the inlet enthalpy, the isentropic 

efficiency –ȟ of the pump and the isentropic enthalpy È ȟ 

 

– ȟ – ȟȟ Ͻς
ὠ

ὠ

ὠ

ὠ
 

 

È È
È ȟ È

–ȟ
 

All the fluid properties needed are calculated by the wŜŦǇǊƻǇϯ program in 

aŀǘƭŀōϯ environment. 

 

3.4.2 Turbine block 

 

 The turbine is a one stage axial turbine operating at constant speed. It is a flow 

control component as the pump and mainly receives level variables and calculates 

flow variables. Also the mass and energy storage of the component is neglected as 
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done in the pump, as it is considered very small in comparison with the one of the 

shell-n-tubes.  

 

Mass balance equation: 

 

ÄÍ

ÄÔ
πP Í πP Í Í  

 

Energy balance equation: 

 

Ä%

ÄÔ
πP % πP % % 7  

 7 Í ϽÈ È  

 

The inputs from other blocks are: È , 0ȟ 0  

The outputs towards other blocks are: Í , È  

This is shown in the next figure: 

 

Fig. .3.4.2. Turbine {ƛƳǳƭƛƴƪϯ block 

 

 In order to calculate the outputs, the curve developed in the design of the 

components is used. The turbineΩǎ Ƴŀǎǎ Ŧƭƻǿ ǊŀǘŜ ƛǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǇǊŜǎǎǳǊŜs in inlet 

and outlet and the inlet density ʍ .  

 

Í Æ0ȟ0 ȟʍ  
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Í ὑϽ” Ͻὖ ὖ  

 

The enthalpy in the outlet is calculated using the inlet enthalpy, the isentropic 

efficiency –ȟ of the turbine and the isentropic enthalpy È ȟ. Also the non 

dimentional mass flow rate ά  is used, as indicated below: 

 

ά
Í ϽὝȢ

ὖ
 

– ȟ –ȟȟ Ͻς
ά

ά ȟ

ά

ά ȟ
 

 

È È –ȟϽÈ È ȟ  

 

All the fluid properties needed are calculated by the wŜŦǇǊƻǇϯ program in aŀǘƭŀōϯ 

environment. 

 

3.4.3 Subcritical heat transfer block 

 

 The subcritical heat transfer block belongs in the block category of heat 

exchangers. It is one of the two block that models a subcritical shell-n-tube exchanger. 

It is similar to a flow control component as it calculates flow variables (heat transferred 

between two fluids) but it receives both level variables, such as pressure, and flow 

variables, such as mass flow rate, as input. It is important to clarify from the beginning 

that the subcritical heat transfer blocks do not have mass and energy storage 

phenomena, and these phenomena are taken into account in the capacity blocks, with 

which they are coupled. In the capacity block that follows the storage phenomena are 

taken into consideration for the organic fluid only. For the hot or cold source fluid are 

not taken into account in general as they go further than the purpose of this study. 

The mass flow rate of the organic fluid with which the calculations are done is the one 

that enters the shell-n-tube, meaning is the one calculating from the previous flow 

ŎƻƴǘǊƻƭ ŎƻƳǇƻƴŜƴǘΦ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘ ŦƻǊ ǘƘŜ ŜǾŀǇƻǊŀǘƻǊ ƛǎ ǘƘŜ ǇǳƳǇΩǎ Ƴŀǎǎ Ŧƭƻǿ ǊŀǘŜ 

and for the condenser tƘŜ ǘǳǊōƛƴŜΩǎΦ 

 

Í Í  

Í Í  
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 The subcritical heat transfer block is subdivided in three parts according to the 

phase of the organic fluid inside: 

Preheater: the part of the heat exchanger from the inlet of the organic fluid till the 

two phase region 

Evaporator/Condenser: the part in which the phase change is done 

Superheater/Subcooler: the part of the heat exchanger after the two phase region in 

which the superheating/subcooling is done, which in the last area of the heat 

exchangers and stretches till the outlet. 

 

 For each of the areas above the block calculates the amount of energy that is 

transferred and the surface/length that is required for the heat exchange also. So the 

different phases volumes inside the tubes are calculated in this bock. The inputs and 

outputs that the block receives and gives from and to others blocks of the models 

during the simulation are presented below. The model also receives inputs that have 

been calculated during the design-point model and the components design programs. 

These are information related to the geometry and heat transfer as well 

 

Inputs from other model blocks: ÍᴂȟÍ ȟ4ᴂᴂȟÈᴂȟ 0  

Inputs from design-point conditions: Ä  , Ä  , $Å , ,  , .Ô,  Áȟ  , Áᴂᴂȟ  , 

Í ȟ , Í ȟ , 0Òȟȟ  

Outputs: 4ᴂᴂȟ6ȟ1 

  

The volumes occupied inside the tubes be different organic fluid phases and 

the energy given to each area are the 6 and 1  respectively. A figure of the {ƛƳǳƭƛƴƪϯ 

block is shown in order to give a supervisory view the variables. On the left side are 

the input variables, while on the right are the output ones. 
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Fig. .3.4.3. Subcritical evaporator heat transfer {ƛƳǳƭƛƴƪϯ block 

 

The equations that define the problem are: 

Mass balance equations: 

 

Í πP
ÄÍ

ÄÔ
π 

 

For the organic fluid: 

  Íᴂ Íᴂ  

  Íᴂȟ Íᴂ ȟ Í  

 

CƻǊ ǘƘŜ ǎƻǳǊŎŜΩǎ ŦƭǳƛŘΥ 

Íᴂᴂ Íᴂᴂ Í  

 

Energy balance equations: 

 

% πP
Ä%

ÄÔ
π 

1 1 =1 
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1 1ᴂᴂ 

 

For the organic fluid: 

1ᴂ ÍᴂϽÈᴂ Èᴂ  

1 Í ϽɝÈᴂ 

 

CƻǊ ǘƘŜ ǎƻǳǊŎŜΩǎ ŦƭǳƛŘΥ 

1ᴂᴂÍ Ͻ#Ð Ͻ4ᴂᴂ 4ᴂᴂ  

1 Í Ͻ#Ð Ͻɝ4ᴂᴂ 

 

Heat transfer: 

1 5Ͻ!Ͻɝɬ ȟ 

! .ÔϽʌϽÄ Ͻ, 

5
ρ

ρ
Á

Ä
$ÅϽÁ

   

 

For the convective coefficients in the off-design points, a correlation proposed 

by Manente et. al. [33] is used. By using this correlation, the calculation of the heat 

transfer coefficients in each area is simple. The correlation is the one following: 

 

Áᴂ Áᴂȟ Ͻ
Í ȟ

Í ȟ
Ͻ
0Òȟ
0Òȟȟ

 

 

ÁᴂᴂÁᴂᴂϽ
Í ȟ

Í ȟ
 

 

×ÈÅÒÅ É ÐÒÅȟÅÖÁÐȾÃÏÎÄȟÓÕÐȾÓÕÂ 

 

In the current case that Dittus-Boelter, Winterton , Cavallini and Edward correlations 

are used the exponents are: 
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Î πȢψ 

Î πȢσ ÆÏÒ ÔÈÅ ÅÖÁÐÏÒÁÔÏÒ ÁÎÄ πȢτ ÆÏÒ ÔÈÅ ÃÏÎÄÅÎÓÅÒ 

Î πȢυυ 

 

The temperatures in the heat exchanger outlet are unknown and cannot be 

found without interactions. Therefor a superheating (subcooling for the condenser) is 

assumed for the organic working fluid (ῳ   or  ῳ  ) and by solving the energy 

balance equation the temperatures and enthalpies of both fluids are calculated in 

every characteristic point for the current time step. 

4 ËÎÏ×Î 

È ËÎÏ×Î 

 

After this assumption, by solving the heat transfer problem for this situation 

the total surface needed for the heat exchange is calculated. Then it is compared to 

the actual one. If it is not equal to the actual one, the assumption of the ῳ   (or  

ῳ  )  in the outlet changes and the calculations are repeated. When the surface 

converges the problem is solved and the outputs can be obtained in order to feed the 

capacity block that follows. 

 

!
1

5Ͻɝɬ ȟ
 

ὃ  ! ! ! Ⱦ ! Ⱦ  

 

After the determination of the heat exchange areas, the volume occupied by 

each phase is calculated. For the determination of the volume occupied by saturated 

vapor, and the one by saturated liquid, in the saturated area the average void fraction 

 ɹis used. The homogenous model proposed by Butterworth [27] is used for reasons 

of simplicity: 

 

ɾ
ØϽʍ

ØϽʍ ρ ØϽʍ
ÄØ 

where x is the vapor quality 
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The variables used by the block are summarized: 

 

bϲ ƻŦ variables: 45 

Í ȟÍ ȟ4ᴂᴂȟÈᴂȟ 0 , 4ᴂᴂȟ6ȟ1, Ä  , Ä  , $Å , ,  , .Ô, Áȟ  , 

Áᴂᴂ, Í ȟ  , Í ȟ  , 0Òȟȟ , ɝÈᴂ,  #Ð , ɝ4ᴂᴂ, 5, ɝɬ ȟ , !, Áᴂᴂ , Áᴂ,  ɹ

 

bϲ ƻf independent variables: 5 

 Í ȟÍ ȟ4ᴂᴂȟÈᴂȟ 0 , 

 

bϲ ƻŦ dependent variables:  26 

4ᴂᴂȟ6ȟ1, ɝ4ᴂᴂ, ɝÈᴂ, 5, ɝɬ ȟ , !, Áᴂᴂ, Áᴂ,  ɹ

 

bϲ ƻŦ ŦƛȄŜŘ variables:  13 

 Ä  , Ä  , $Å , ,  , .Ô, Áȟ  , Áᴂᴂ, Í ȟ  , Í ȟ  , 0Òȟȟ , #Ð  

 

bϲ ƻŦ ƻǳǘǇǳǘs:  7 

 4ᴂᴂȟ6ȟ1 
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Inputs from 

design point: 

geometry, Áȟ  , 

Áᴂᴂ 

Calculations 

ɝ4ᴂᴂ, ɝÈᴂ, 5, ɝɬ ȟ , !, Áᴂᴂ, 

Áᴂὃ , Ὤ , 4ᴂᴂ 

Is ὃ =ὃ  ? 

Inputs from model: 

ά , Ὤ , ά ,

 Ὕ ȟ , ὖ  

Assumptions for 

calculationS: 

ῳ   or  ῳ   

Calculations 

4ᴂᴂȟ6ȟ1, 

Yes 

Outputs: 

4ᴂᴂ, 6, 1 

 

New assumptions 

ῳ   or  ῳ   
No 
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3.4.4 Subcritical capacity block 

 

 The capacity block is the second block used to model the shell-n-tube, together 

with the heat exchanger one. It receives flow variables as inputs (such as mass flow 

rate) and calculates level variables (such outlet enthalpy). Its role is to simulate the 

storage phenomena that exist in the system. The two storage phenomena that are 

modeled are the mass and energy storage of the organic fluid. The heat sources 

phenomena are not taken into account. It is a very important component as it 

describes very crucial parameters of a thermodynamic cycle.  

 

Inputs from the design point model: Ὠ , Ὠ , ὔ, ὅὴ , ὒ ȟ ,  0 ȟ

Èᴂ ȟ  

Inputs from other blocks:   Í  ȟÍ  ȟÈᴂȟ6ȟ1 

Inputs from previous interaction: 0 ȟÈᴂ ȟ  

Outputs: 0 ȟÈᴂ ȟ , ῳ   or ῳ   

 

 

Fig. 3.4.4. Subcritical evaporator capacity {ƛƳǳƭƛƴƪϯ block 
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The equations that are solved are the mass balance, energy balance and volume 

preservation. The analysis is similar to the one done by Willatzen et. al. [11], with the 

difference that here the thermal inertia of the tubes is added to the energy balance of 

the working fluid and is not written as a separate equation. In the Fig.3.4.5 the general 

structure is shown: 

 

 

Fig. .3.4.5. Subcritical evaporator capacity structure 

 

The Volume preservation in differential form is written as: 

 

Ä6

ÄÔ
πȟO  

Ä6

ÄÔ

Ä6

ÄÔ

Ä6

ÄÔ
π 

 

The Mass Balance equation in differential form is written as: 

 

Íᴂ Íᴂ
Ä-

ÄÔ
 

Ћʍ

ЋÔ

ЋʍϽÕ

ЋÚ
π 

 

After the integration in the hole volume of the heat exchanger it is written for each of 

the three different areas as: 

First area (preheating/precooling): 
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Ä6

ÄÔ
ʍ ʍ 6

Äʍ

ÄÔ
Í Í  

 

Second area (evaporation/condensing): 

 

6 6
Äʍ

Ä0
ɾ ρ ɾ

Äʍ

Ä0

Ä0

ÄÔ

Ä6

ÄÔ
ʍ ʍ

Ä6

ÄÔ
ʍ ʍ Í Í  

 

Third area (superheating/subcooling): 

 

Ä6

ÄÔ
ʍ ʍ 6 6

Äʍ

ÄÔ
Í Í  

 

   

The Energy Balance equation in differential form is written as: 

 

% %
Ä%

ÄÔ
 

ЋʍÈ 0

ЋÔ

ÄÍ Ͻ#ȟ Ͻ4 4

ÄÔ

ЋʍϽÕϽÈ

ЋÚ
1 

 

The reference temperature of the tube does not change, so:  

 

ÄÍ Ͻ#ȟ Ͻ4 4

ÄÔ

ÄÍ Ͻ#ȟ Ͻ4

ÄÔ
 

 

What is more, the tube temperature is assumed to change in the same way as 

the one of the organic fluid, as is proposed by Astrom et. al. [28], meaning:  

Ä4 ȟ

ÄÔ

Ä4 ȟ

ÄÔ
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After the integration in the hole volume of the heat exchanger it is written for each of 

the three different areas as: 

 

First area (preheating/precooling): 

 

ʍÈ ʍÈ 6 È ʍ Í ȟϽ#ȟ
ȟ

Í È ÍÈ 1   

 

Second area (evaporation/condensing): 

 

6 6 ɾ ρ ɾ ρ ʍÈ ʍÈ

ʍÈ ʍÈ Í ȟϽ#ȟ
ȟ ÍÈ ÍÈ 1   

 

Third area (superheating/subcooling): 

 

ʍÈ ʍÈ 6 6 È ʍ Í ȟϽ#ȟ
ȟ

ÍÈ Í È 1   

 

Each thermodynamic magnitude like  can be written as a function of the 

temperature and pressure derivative over time for the single phase regions 1 and 3: 

 

Äʍ

ÄÔ

Ћʍ

Ћ4
Ͻ
Ä4

ÄÔ

Ћʍ

Ћ0
Ͻ
Ä0

ÄÔ
 

 

For the two phase region the pressure and the temperature are not 

independent values, so the derivative of the temperature can be expressed as a 

function of the pressure derivative. Therefore, for the saturated region 

thermodynamic magnitudes like  can be written as:  
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Äʍ

ÄÔ

Ћʍ

Ћ4
Ͻ
Ä4

ÄÔ

Ћʍ

Ћ0
Ͻ
Ä0

ÄÔ

Ћʍ

Ћ4
Ͻ
Ћ4

Ћ0

Ћʍ

Ћ0
Ͻ
Ä0

ÄÔ
 

 

For the area of the preheating/precooling it is supposed that the fluid inside 

has average temperature equal to the average between the inlet and the saturation 

one. For the area of the superheating/subcooling it is supposed as well that the 

average temperature is equal to the average between the saturation and the outlet 

one. 

 

4
4 4

ς
 ȟ 4 4 ȟ 4

4 4

ς
 

 

And so: 

 

Ä4

ÄÔ

Ä4
ÄÔ

Ä4
ÄÔ

ς
ȟ

Ä4

ÄÔ

Ä4

ÄÔ
ȟ    
Ä4

ÄÔ

Ä4
ÄÔ

Ä4
ÄÔ

ς
 

 

The outlet enthalpy derivative is expressed as: 

 

ÄÈ

ÄÔ
#Ͻ
Ä4

ÄÔ

ЋÈ

Ћ0
Ͻ
Ä0

ÄÔ
 

 

!ƭƭ ǘƘŜ ŦƭǳƛŘΩǎ ǇǊƻǇŜǊǘƛŜǎ ƭƛƪŜ  are calculated with the wŜŦǇǊƻǇϯ tool. In the 

end there is a system of linear equations, containing 7 equations and 7 unknown 

variables. Through its solution the outputs of the capacity are obtained. Note that 

ῳ   or ῳ   is not an independent value, as it is calculated from 0 ȟÈᴂ ȟ . 

 

 

 

7 equations: 3 mass balance equations, 3 energy balance equations, 1volume 

preservation 

7 unknowns: ,   , Í  ȟÍ  ,   , ,  
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bϲ ƻŦ ǾŀǊƛŀōƭŜǎ: 24 

 Í ȟȟÍ ȟ ȟÈᴂȟ6ȟ1, 0 ȟÈᴂ ȟ , ,   , 

 Í  ȟÍ    , ,  , , ῳ   or ῳ   

 

bϲ ƻŦ independent variables: 12 

 Í ȟȟÍ ȟ ȟÈᴂȟ6ȟ1, 0 ȟÈᴂ ȟ , ῳ   or ῳ   

 

bϲ ƻŦ dependent variables:  7 

 ,   , Í  ȟÍ  , , ,  

 

bϲ ƻŦ fixed variables:  5 

 Ὠ , Ὠ , Nt, ὅὴ , ὒ ȟ  

 

bϲ ƻŦ ƻǳǘǇǳǘǎΥ  о 

 0 ȟÈᴂ ȟ , ῳ   or ῳ   
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The next flow chart presents the way that calculations are done: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Fig. 3.4.6 that following shows the overall connections in the one pressure 

level dynamic model. The connections are the signals representing values of 

thermodynamic values as is already stated. 

Inputs from design point: 

Geometry, tube properties, 

ὖ , Èᴂ ȟ  

Mass and energy balance 

equation, Volume preservation: 

 ,ὖ , , Èᴂ ȟ   

Inputs from model: 

ά , Ὤ , ά ȟὗ , 

ὖ ,Vi 

 

Outputs: 

ὖ , Èᴂ ȟ ,  

ῳ   or ῳ   
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Fig.3.4.6 {ƛƳǳƭƛƴƪϯ model of one pressure level 

 

 For comparison, in figure 3.4.7 is shown the ORC model created by Vaja. As the 

Figure indicates, the modeling approach and the connections between the 

components are similar.  

 

 

Fig. 3.4.7. {ƛƳǳƭƛƴƪϯ ƳƻŘŜƭ ƻŦ ŀƴ hw/ ǇƻǿŜǊ Ǉƭŀƴǘ ώмоϐ 
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3.4.5 Supercritical heat transfer block 

 

 The supercritical heat transfer block belongs in the block category of heat 

exchangers. It is one of the two block that models the supercritical shell-n-tube 

exchanger. The supercritical heat transfer block does not have mass and energy 

storage phenomena, and these phenomena are taken into account in the capacity 

block which follows and are taken for the organic fluid only. The mass and energy 

storage phenomena for the hot source fluid are not taken into account in general as 

they go further than the purpose of this study. The mass flow rate of the organic fluid 

with which the calculations are done is the one that enters the shell-n-tube, meaning 

is the one calculating from the previous flow control component. This means that for 

ǘƘŜ ǎǳǇŜǊŎǊƛǘƛŎŀƭ ŜǾŀǇƻǊŀǘƻǊ ƛǎ ǘƘŜ ǇǳƳǇΩǎ Ƴŀǎǎ Ŧƭƻǿ ǊŀǘŜ ŀƴŘ ŦƻǊ ǘƘŜ ŎƻƴŘŜƴǎŜǊ ǘƘŜ 

ǘǳǊōƛƴŜΩǎΦ 

 

Í ȟ Í  

 

Mass balance equations: 

 

Í πP
ÄÍ

ÄÔ
π 

 

For the organic fluid: 

  Íᴂ Íᴂ =Í  

 

CƻǊ ǘƘŜ ǎƻǳǊŎŜΩǎ ŦƭǳƛŘΥ 

Íᴂᴂ Íᴂᴂ Í  

 

Energy balance equations: 

 

% πP
Ä%

ÄÔ
π 

1 1ᴂᴂ 
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For the organic fluid: 

1ᴂ Í ϽÈᴂ Èᴂ  

 

For the souǊŎŜΩǎ ŦƭǳƛŘΥ 

1ᴂᴂÍ Ͻ#Ð Ͻ4ᴂᴂ 4ᴂᴂ  

 

Heat transfer equations: 

1 5Ͻ!Ͻɝɬ  

! .ÔϽʌϽÄ Ͻ,  

5
ρ

ρ
Á

Ä
$ÅϽÁ

   

 

Á Á Ͻ
Í

Í ȟ
Ͻ
0Ò

0Òȟ
ȟ×ÈÅÒÅ 0Ò ÉÓ ÃÁÌÃÕÌÁÔÅÄ ÉÎ ÔÈÅ ÉÎÌÅÔ ÏÎÌÙ    

 

ÁᴂᴂÁᴂᴂϽ
Í ȟ

Í ȟ
 

 

In the current case that WŀŎƪǎƻƴΩǎ correlation and the one proposed by Kern 

are used the exponents are: 

Î πȢψς 

Î πȢσ 

Î πȢυυ 

The temperatures in the outlet of the heat exchanger are considered unknown 

and cannot be found without interactions. Therefore, an output temperature is 

supposed for the organic working fluid and by solving the energy balance equation the 

temperatures and enthalpies of both fluids are calculated in each point for this 

temperature. 

 

4 ËÎÏ×Î 

È ËÎÏ×Î 
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After by solving the heat transfer problem for this situation the total length 

needed is calculated. Then it is compared to the actual one. If it is not right the 

assumption of temperature in the outlet changes and the calculations are repeated. 

When the length converges the problem is solved and the outputs can be obtained in 

order to feed the capacity block that follows. 

 

!
1

5Ͻɝɬ
 

 

Now the inputs and outputs that the block receives and gives from and to 

others blocks of the models during the simulation will be presented 

Inputs from other blocks:   Í ȟÍ ȟ4ᴂᴂȟÈᴂȟ 0  

Inputs from design-point conditions: Ä  , Ä  , $Å , ,  , .Ô, Á  , Áᴂᴂ ,  

Í ȟ ȟÍ ȟ , 0Ò ȟȟ  

Outputs:  4ᴂᴂ, Q, V 

 

Mind that the volume V does not change during the simulation, so the block 

has as output a constant value. 

 

Fig. .3.4.8 Supercritical evaporator heat transfer {ƛƳǳƭƛƴƪϯ block 
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Inputs from 

design point: 

geometry, Áȟ  , 

Áᴂᴂ 

Calculations 

ɝ4ᴂᴂ, ɝÈᴂ, U, ɝɬ  , Áȟ  , 

Áᴂᴂ, ὃ , Ὤ , 4ᴂᴂ 

Is ὃ =ὃ  ? 

Inputs from model: 

Ὤᴂ, Í ȟÍ ȟ

Ὕᴂᴂ, ὖ  

Assumptions for 

calculationS: 

4ᴂ  

Calculations 

4ᴂᴂȟ6ȟ1, 

Yes 

Outputs: 

4ᴂᴂ, 6, 1 

 

New assumption 

4ᴂ  
No 
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3.4.6 Supercritical capacity block 

 

 In the supercritical shell-n-tube heat exchanger the capacity block that is used 

to model the storage phenomena is different from the subcritical one. This is because 

there is only one phase inside. This results in a different dynamic response as the mass 

balance and energy balance equations that are used are different. Also the volume 

preservation equation has no impact as there is no volume change between different 

phases.  

 

Inputs from the design point model: Ὠ , Ὠ , Nt, ὅὴ , ὒ ȟ ,  0 ȟÈᴂ ȟ  

Inputs from other blocks:   Í  ȟÍ  ȟÈᴂȟ6ȟ1 

Inputs from previous interaction: 0 ȟÈᴂ ȟ  

Outputs: 0 ȟÈᴂ ȟ , Óᴂ ȟ , 4ᴂ ȟ  

 

 

Fig. .3.4.9. Supercritical evaporator capacity {ƛƳǳƭƛƴƪϯ block 

 

  

The equations that define the problem are: 

Mass balance: 

 

Í Í 6Ͻ
Äʍ

ÄÔ
6Ͻ
Ћʍ

Ћ4
Ͻ
Ä4

ÄÔ

Ћʍ

Ћ0
Ͻ
Ä0

ÄÔ
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Energy balance: 

 

Í ϽÈ Í ϽÈ 1 ʍϽ6
ÄÕ

ÄÔ
ÕϽ6

Äʍ

ÄÔ
Í Ͻ#ȟ Ͻ

Ä4

ÄÔ
 

 

Where: 

Äʍ

ÄÔ

Ћʍ

Ћ4
Ͻ
Ä4

ÄÔ

Ћʍ

Ћ0
Ͻ
Ä0

ÄÔ
 

ÄÕ

ÄÔ

ЋÕ

Ћ4
Ͻ
Ä4

ÄÔ

ЋÕ

Ћ0
Ͻ
Ä0

ÄÔ
 

4
4 4

ς
 

The tubes temperature 4  is supposed to change in the same way as the  4 . The 

procedure is synopsized in the next flow chart: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Inputs from design point: 

Geometry, tube 

properties, ὖ , 

Ὤ   

Mass and energy balance 

equation, Volume preservation: 

 ,ὖ , , Ὤ   

Inputs from model: 

ά , Ὤ , ά ȟὗ , 

ὖ  

 

Outputs: 

ὖ , hout new, 

Óᴂ ȟ , 4ᴂ ȟ  
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3.5 Conclusions 

 

 In this chapter the design point models and the off-design dynamic models are 

explained, for all three cases that are studied. The design point models construct the 

ORC cycle that produces the maximum power in the specific conditions and with the 

assumption that are done. What is more, they calculate essential data for the dynamic 

models such as the Stodola coefficient ὑ and the number of tubes that the heat 

exchangers have ὔ. The off-design dynamic models are realized by the proper 

connection of individual blocks. The blocks are used to simulate the behavior of the 

cycle components in dynamic changes. The approach proposed by Vaja is followed in 

the current study. The heat exchanger is modeled with a moving boundary model, 

which is not very accurate but it is simple, fast and is preferable when it comes to 

control design. It is known that the dynamic models contain errors due to the 

assumptions that are made, but the overall approach is sufficient. Unfortunately, 

there is no real system in order to be used to check the accuracy of the models. 

Additionally, no experimental data were found in the literature, describing precisely 

all the parameters of an ORC in transient conditions. Although the accuracy of the 

models is unknown, the flexibility is achieved in both the design point and dynamic 

models. The initial parameters, which are defined by the user, make the design models 

easy to apply in every hot source stream. The dynamic models are flexible also as they 

are formed by discrete blocks. These blocks can be easily altered to simulate an 

existing system, if the equations proposed in this study are not valid for a specific 

application or better fitting equations are known. In conclusion, the goal of flexibility 

is achieved.  
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4. Modeling tools 
 

 In this chapter the modeling tools that were used are presented. The tools are 

used to realize the modelling approach that is been developed. This involves the 

a!¢[!.ϯ programming language and its modelling tool, {ƛƳǳƭƛƴƪϯ. 

 

4.1 a!¢[!.ϯ 

a!¢[!.ϯ is a high-performance language for technical computing. It integrates 
computation, visualization, and programming in an easy-to-use environment where 
problems and solutions are expressed in familiar mathematical notation. Common 
uses are: 

¶ Mathematics and computation  
¶ Algorithm Development  
¶ Modeling, simulation, and prototyping  
¶ Data analysis, exploration, and visualization  
¶ Scientific and engineering graphics  
¶ Application development, including Graphical User Interface building  

a!¢[!.ϯ is an interactive system whose basic data element is an array that does 
not require dimensioning. This allows the solving of many technical computing 
problems, especially those with matrix and vector formulations, in a fraction of the 
time it would take to write a program in a scalar non interactive language. The name 
a!¢[!.ϯ stands for matrix laboratory. a!¢[!.ϯ was originally written to provide 
easy access to matrix software developed by the LINPACK and EISPACK projects, which 
together represent the state-of-the-art in software for matrix computation.  
 

a!¢[!.ϯ has evolved over a period of years with input from many users. In 
university environments, it is the standard instructional tool for introductory and 
advanced courses in mathematics, engineering, and science. In industry, a!¢[!.ϯ is 
the tool of choice for high-productivity research, development, and analysis. 
a!¢[!.ϯ features a family of application-specific solutions called toolboxes. Very 
important to most users of a!¢[!.ϯ, toolboxes allow the learning and applying 
specialized technology. Toolboxes are comprehensive collections of a!¢[!.ϯ 
functions (M-files) that extend the a!¢[!.ϯ environment to solve particular classes 
of problems. Areas in which toolboxes are available include signal processing, control 
systems, neural networks, fuzzy logic, wavelets, simulation, and many others. 
 

 

 

 



102 
 

4.2 {ƛƳǳƭƛƴƪϯ 

Simuliƴƪϯϯ is a block diagram environment for multi-domain simulation and 
Model-Based Design. It supports system-level design, simulation, automatic code 
generation, and continuous test and verification of embedded systems. {ƛƳǳƭƛƴƪϯ 
provides a graphical editor, customizable block libraries, and solvers for modeling and 
simulating dynamic systems. It is integrated with a!¢[!.ϯϯ, enabling the 
incorporation with a!¢[!.ϯ algorithms into models and exporting simulation results 
to a!¢[!.ϯ for further analysis.  

Key Features 

¶ Graphical editor for building and managing hierarchical block diagrams 
¶ Libraries of predefined blocks for modeling continuous-time and discrete-time 

systems 
¶ Simulation engine with fixed-step and variable-step ODE solvers 
¶ Scopes and data displays for viewing simulation results 
¶ Project and data management tools for managing model files and data 
¶ Model analysis tools for refining model architecture and increasing simulation 

speed 
¶ a!¢[!.ϯ Function block for importing a!¢[!.ϯ algorithms into models 
¶ Legacy Code Tool for importing C and C++ code into models 

4.3 w9Ctwhtϯ 

 

w9Ctwhtϯ is an acronym for REFerence fluid PROPerties. This program, 
developed by the National Institute of Standards and Technology (NIST), provides 
tables and plots of the thermodynamic and transport properties of industrially 
important fluids and their mixtures with an emphasis on refrigerants and 
hydrocarbons, especially natural gas systems. 

w9Ctwhtϯ is based on accurate pure fluid and mixture models. It implements 
three models for the thermodynamic properties of pure fluids: equations of state 
explicit in Helmholtz energy, the modified Benedict-Webb-Rubin equation of state, 
and an extended corresponding states (ECS) model. Mixture calculations employ a 
model that applies mixing rules to the Helmholtz energy of the mixture components; 
it uses a departure function to account for the departure from ideal mixing. Viscosity 
and thermal conductivity are modeled with either fluid-specific correlations, an ECS 
method, or in some cases the friction theory method.  
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5.Results and Simulations 
 

 In this chapter the results of the simulation are presented and remarks are 

made upon them. The modeling approach that is presented in chapter 3 is followed in 

order to create the models. In the begging, the design point of each case is calculated. 

This includes a comparison study between different organic fluids as working 

mediums in order to determine the one that maximizes the power output. After this, 

basic parameters of the components are calculated by the design point model, such 

as the Stodola coefficient of the turbines and the length of the shell-n-tube heat 

exchangers. In this way, all the essential parameters for the dynamic simulations are 

obtained. Dynamic simulations are done for a load increase of the engines, from 85% 

to 100% within 50 seconds. The results show that the system, of each of the cases 

studied, is operating safely and that the control strategy proposed is acceptable, 

reaching its goals. What is more the results are smooth and without oscillations, which 

is a common problem in dynamic models. The overall behavior of the system is the 

expected one. 

 

 

 The cases which are studied are presented: 

 

1) hƴƭȅ ƧŀŎƪŜǘ ǿŀǘŜǊΩǎ ƘŜŀǘ ƛǎ ǳǘƛƭƛȊŜŘ, one subcritical pressure level 

2) .ƻǘƘ ƧŀŎƪŜǘ ǿŀǘŜǊΩǎ ŀƴŘ supercharged air heat are utilized by using two 

subcritical pressure levels 

3) .ƻǘƘ ƧŀŎƪŜǘ ǿŀǘŜǊΩǎ ŀƴŘ ǎǳǇercharged air heat are utilized by using one 

subcritical and one supercritical pressure level 
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5.1 First case 

 The one hot source-one pressure level model is applied for the first case for 
several working fluids in order to find the one that maximizes the power output. The 
working fluids that are thought to be suitable for the application are the following: R-
134a, R-125, R-245ca, R-245fa, R-227ea, RC-318. The results are summarized in the 
next table 

 

Table 5.1 First case design point for various working fluids 

 
R-245ca R-134a R-125 R-227ea R-245fa RC-318 

ὖ  (kPa) 355,34 1799,89 3368,92 1256,93 500,52 898,8 

ὖ  (kPa) 120,99 766,88 1562,54 526,09 176,84 363,88 

Ὕ  (oC) 62,94 63,04 62,93 62,93 62,94 62,93 

Ὕ  (oC) 30 30 30 30 30 30 

ῳ   (oC) 5 5 5 5 5 5 

ῳ   (oC) 5 5 5 5 5 5 

Ὕ  (oC) 76,3 76,3 76,3 76,3 76,3 76,3 
–ȟ  0,61 0,74 0,76 0,73 0,65 0,72 
–ȟ  0,7 0,7 0,7 0,7 0,7 0,7 

ά  (kg/s) 27,62 32,84 54,56 47,33 29,28 49,13 

ά  (kg/s) 169,05 176,79 182,52 162,08 169,54 157,78 

ὡ  (kW) 344,06 423,67 440,63 394,69 366,99 377,1 

ὡ  (kW) 6,67 40,05 117,23 35,53 10,11 25,02 

ὡ  (kW) 337,39 383,61 323,4 359,16 356,88 352,08 

˒ (%) 9,56 9,56 9,56 9,56 9,56 9,56 

–  (%) 5,17 5,88 4,96 5,5 5,47 5,4 

–  (%) 0,49 0,56 0,47 0,53 0,52 0,52 

 

The optimum scenario as it can be seen is usage of R134a as working fluid. For this, 

the T-s diagram is constructed: 
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Fig 5.1 First case T-s diagram  

 

For the optimum scenario, the shell-n-tube heat exchangers are designed and 

their mean features are shown in the table below: 

Table 5.2 First case, characteristics of shell-n-tubes 

 Evap Cond 

Ὠ  (mm) 14 14 

Ὠ  (mm) 16,8 16,8 

Nt 1513 1628 

ὴ (mm) 23,52 23,52 

ὄ 1,4 1,4 

Ὀ (m) 1,09 1,13 

De  (mm) 19,51 19,51 

wŜΩΩ 30049,76 6165,66 

'h' (kW/m^2*K) 4,62 2,69 

ὙὩ 10002,91 9999,15 

‌ (kW/m^2*K) 0,31 0,32 

‌ /‌  (kW/m^2*K) 1,66 1,74 

‌ /‌   (kW/m^2*K) 0,42 0,33 

L (m) 6,64 6,97 
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The dynamic behavior of the system can be studied at this point. The case is 

the increase of the engines load from 85% to 100% within 50 seconds. This results in 

a change ōƻǘƘ ƛƴ ǘƘŜ ƻŦ ƧŀŎƪŜǘΩǎ ǿŀǘŜǊ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ Ƴŀǎǎ Ŧƭƻǿ ǊŀǘŜΦ The 

temperature is increasing 1.62 K and the mass flow rate decreasing 33.4 kg/s during 

the transient period. 

The system starts from the design point of 85% load as stated before and 

remains as it is for 50 secs in order to assure it starts from a stable condition. Then 

from 50 secs till 100 secs the load change takes place and from 100 secs till 250 secs 

the system reaches steady state conditions again, with superheating and subcooling 

returning to their nominal values. The results are presented below in the form of 

diagrams: 

 

Inputs: 

 

Fig 5.2 First case, jacket water mass flow rate 

 

 

Fig 5.3 First case, jacket water temperature 
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Outputs: 

 

Fig 5.4 First case, evaporation pressure 

 

 

Fig 5.5 First case, condensation pressure 

 

 

Fig 5.6 First case, net power 
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Fig 5.7 First case, turbine mass flow rate 

 

 

Fig 5.8 First case, superheating 

 

 

Fig 5.9 First case, subcooling 
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Fig 5.10 First case, pump rotational speed 

 

 

Fig 5.11 First case, cold source mass flow rate 

 

 

Fig 5.12 First case, turbine inlet enthalpy 
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Remarks: 

 

1) The superheating is increasing as the ships load is increasing and the 

temperature of the hot source is increasing as well 

2) The control system starts to increase he RPM of the pump as a response to the 

rise of the superheating. This results in bigger mass flow rate passing through 

the pump and so the pressure in the evaporator is rising 

3) The power produced by the ORC is increasing as the load of the ship changes. 

This is done because both bigger mass flow rate of organic fluid runs through 

the system and the specific work of the turbine and is increasing 

4) An increasing cooling power is demanded from the condenser, throughout the 

transient period, while the control system tries to maintain subcooling at the 

nominal value. This happens because both the mass flow rate of the ORC and 

superheating are increasing 

5) Through various simulations it was found that superheating has a dominant 

impact in the ŎƻƴŘŜƴǎŜǊΦ !ǎ ǾŀǇƻǊ Ƙŀǎ ƳǳŎƘ ƭƻǿŜǊ ŀΩ ǘƘŀƴ ƭƛǉǳƛŘΣ ŀƴ ƛƴŎǊŜŀǎŜ 

in superheating means that there is much less available surface in the heat 

exchanger to cool the liquid in the desired conditions 

6) The pressure of the condenser is relatively constant, only a small change is 

happening. The pressure is relatively constant because the condenser contains 

mainly low density compressible vapor and because the temperature of the 

cold source remains constant 

7) Finally, the control strategy proposed is able to maintain the cycle under safe 

conditions in the transient period and reach steady conditions after, without 

oscillations and overshoots 
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5.2 Second case 

 The two hot sources-two subcritical pressure levels model is applied for several 
working fluids in order to find the one that maximizes the power output. The working 
fluids that have been thought to be suitable for the application are the following: R-
134a, R-125, R-245ca, R-245fa, R-227ea, RC-318. The results are summarized in the 
next table 

Table 5.3 Second case design point for various working fluids 

 
R-245ca R-134a R-125 R-227ea R-245fa RC-318 

ὖ ȟ  (kPa) 319,8 1653,99 3121,74 994,65 452,12 705,61 

ὖ ȟ  (kPa) 885,16 2164,24 2313,46 1684,67 1284,76 1632,41 

ὖ  (kPa) 120,99 766,88 1562,54 526,09 176,84 363,88 

Ὕ ȟ  (oC) 59,35 59,45 59,45 53,37 59,35 53,37 

Ὕ ȟ  (oC) 98,1 71,14 46,14 75,68 100,86 89,12 

Ὕ  (oC) 30 30 30 30 30 30 

ῳ  ȟ  (oC) 5 5 5 5 5 5 

ῳ  ȟ  (oC) 5 5 5 5 5 5 

ῳ   (oC) 5 5 5 5 5 5 
Ὕ ȟ  (oC) 76,3 76,3 76,3 76,3 76,3 76,3 
Ὕ ȟ  (oC) 79,8 46,12 44,15 44,15 77,91 44,15 
–ȟ ȟ  0,63 0,74 0,77 0,76 0,67 0,75 
–ȟ ȟ  0,75 0,75 0,75 0,75 0,75 0,75 

–ȟ  0,7 0,7 0,7 0,7 0,7 0,7 

ά ȟ  (kg/s) 13,16 15,53 25,49 23,1 13,94 24,19 

ά ȟ  (kg/s) 16,05 28,34 47,69 40,17 17,35 39,26 

ά  (kg/s) 178,72 236,2 244,8 216,68 181,2 203,75 

ὡ ȟ  (kW) 152,69 182,42 190,51 145,84 161,01 140,82 

ὡ ȟ  (kW) 2,69 16,27 47,31 11,12 4,09 7,87 

ὡ ȟ  (kW) 150 166,14 143,2 134,71 156,92 132,95 

•  (%) 4,74 4,74 4,74 4,74 4,74 4,74 

– ȟ  (%) 4,88 5,41 4,66 4,39 5,11 4,33 

– ȟ  (%) 0,23 0,26 0,22 0,21 0,24 0,21 

ὡ ȟ  (kW) 468,72 446,05 211,21 455,5 489,18 525,44 

ὡ ȟ  (kW) 12,62 46,74 42,76 47,76 20,49 47,35 

ὡ ȟ  (kW) 456,1 399,31 168,45 407,74 468,69 478,09 

•  (%) 58,91 79,32 80,52 80,52 60,05 80,52 

– ȟ  (%) 10,81 7,03 2,92 7,07 10,89 8,29 

– ȟ  (%) 6,37 5,57 2,35 5,69 6,54 6,67 

ὡ ȟ  (kW) 606,09 565,46 311,65 542,45 625,61 611,04 
 

The optimum scenario as it can be seen is usage of R245fa as working fluid. For this, 

the T-s diagram is constructed: 
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Fig 5.13 Second case T-s diagram  

 

For the optimum scenario the shell-n-tube heat exchangers are designed and 

their mean features are shown in the table below: 

 

Table 5.4 Second case, characteristics of shell-n-tubes 

 
Evap HP Evap LP Cond 

Ὠ  (mm) 5 10 10 

Ὠ  (mm) 6 12 12 

Nt 1076 434 1041 

ὴ (mm) 9,6 16,8 16,8 

ὄ 1,51 1,09 1,09 

Ὀ (m) 0,37 0,42 0,64 

De  (mm) 10,94 13,94 13,94 

wŜΩΩ 8541,77 69062,76 14771,81 

'h' (kW/m^2*K) 0,34 10,35 5,55 

ὙὩ 9995,75 9992,49 10001,68 

‌ (kW/m^2*K) 1,11 0,55 0,83 

‌ /‌  (kW/m^2*K) 6,84 6,57 5,32 

‌ /‌   (kW/m^2*K) 2,19 0,93 0,54 

L (m) 12,59 5,25 6,52 
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The dynamic behavior of the system during an increase of ships load from 85% 

to 100% within 50 seconds is being studied here. This results in a change of both jacket 

water temperature and mass flow rate. The temperature is increasing 1.62 K and the 

mass flow rate decreasing 33.4 kg/s during the transient period. 

The system starts from the design point of 85% load as stated before and 

remains as it is for 50 secs in order to assure it starts from a stable condition. Then 

from 50 secs till 100 secs the load change takes place and from 100 secs till 250 secs 

the system reaches steady state conditions again, with superheating and subcooling 

returning to their nominal values. The results are presented below in the form of 

diagrams: 

 

Inputs: 

 

 

Fig 5.14 Second case, supercharge air mass flow rate 

 

Fig 5.15 Second case, supercharge air temperature 

 

41

41,5

42

42,5

43

43,5

44

44,5

45

45,5

46

0 50 100 150 200 250

m
a

ss
 f

lo
w

 r
a

te
(k

g
/s

)

time (s)

176

177

178

179

180

181

182

183

184

185

0 50 100 150 200 250

T
e
m

p
e
ra

tu
re

 (0
C

)

time (s)



114 
 

 

Fig 5.16 Second case, jacket water mass flow rate 

 

 

Fig 5.17 Second case, jacket water temperature 

 

Outputs: 

 

 

Fig 5.18 Second case, high evaporation pressure 
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Fig 5.19 Second case, low evaporation pressure 

 

 

Fig 5.20 Second case, condensation pressure 

 

Fig 5.21 Second case, net power 
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Fig 5.22 Second case, high pressure turbine mass flow rate 

 

 

Fig 5.23 Second case, low pressure turbine mass flow rate 

 

 

Fig 5.24 Second case, high pressure level superheating 
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Fig 5.25 Second case, low pressure level superheating 

 

 

Fig 5.26 Second case, subcooling 

 

 

Fig 5.27 Second case, high pressure pump rotational speed 
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Fig 5.28 Second case, low pressure pump rotational speed 

 

 

Fig 5.29 Second case, cold source mass flow rate 

 

Fig 5.30 Second case, high pressure turbine inlet enthalpy 
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Fig 5.31 Second case, low pressure turbine inlet enthalpy 

 

 

 

Remarks: 

 

1) The superheating of the high pressure level is increasing as the ships load is 

increasing and the temperature of the supercharge air is increasing as well 

2) The subcooling is decreasing as it is expected, because the mass flow rate 

running through the condenser is increasing and also the superheating of the 

high pressure level is increasing. The air temperature and mass flow rate 

change much more than the water ones, demanding an increasing cooling 

power from the condenser in order to maintain subcooling at the nominal 

value 

3) The control system starts to increase he RPM of the high pressure pump. This 

results in bigger mass flow rate passing through the pump and so the pressure 

in the high pressure evaporator in rising 

4) Because the subcooling is decreasing, in the begging the superheating of the 

low pressure level is increasing although the mass flow rate of the water is 

decreasing. After 25 seconds it starts decreasing for 50 seconds, obtaining 

value lesser than 5 oC, and by the end of the simulation it reaches the nominal 

value of 5 oC again. 

5) The high pressure evaporator pressure is increasing 120 kPa while the low 

pressure is decreasing 1,2 kPa. This is done because the thermodynamic 

characteristics of the supercharge air change much more than the ones of the 

jacket water and the control system of each evaporator reacts separately. The 

final pressure is formed by the Stodola coefficient ὑ, as it connects the 

pressure levels with the mass flow rate passing through the turbine 
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6) The pressure of the condenser is relatively constant, as the one of the high 

pressure evaporator is increasing and the one of the low pressure evaporator 

is decreasing. Also it contains mainly low density compressible vapor and the 

temperature of the cold source remains constant. 

7) The power produced by the ORC is increasing significantly as the load of the 

ship changes. This is done because both bigger mass flow rate runs through 

the high pressure turbine and also the its specific power is greater. On the 

other hand, in the magnitudes which are connected to the jacket water 

happens the opposite, but the increase of the HP magnitudes is much greater 

8) Finally, the control strategy proposed is able to maintain the cycle under safe 

conditions through the transient period and reach steady conditions after, 

without oscillations and overshoots in most of the magnitudes 
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5.3 Third case 

 

The two hot sources-two pressure levels model, one subcritical and one 

supercritical, is applied for several working fluids in order to find the one that 

maximizes the power output. The working fluids that have been thought to be suitable 

for the application are the following: R-134a, R-125, R-227ea, RC-318. The results are 

summarized in the next table 

 

Table 5.5 Third case design point for various working fluids 

 R-134a R-125 R-227ea RC-318 

ὖ ȟ  (kPa) 1620,5 2642,27 1132,28 807 

ὖ ȟ  (kPa) 6279,25 8257,65 5708,83 4514,25 

ὖ  (kPa) 766,88 1562,54 526,09 363,88 

Ὕ ȟ  (oC) 58,59 51,95 58,59 58,6 

Ὕ ȟ  (oC) 138,53 123,57 143,73 141,71 

Ὕ  (oC) 30 30 30 30 

ῳ  ȟ  (oC) 5 5 5 5 

ῳ   (oC) 5 5 5 5 

Ó ȟ  (kJ/kgϽK) 1,72 1,53 1,56 1,52 
Ὕ ȟ  (oC) 76,3 76,3 76,3 76,3 

Ὕ ȟ  (oC) 59,83 48,17 52,51 49,96 

–ȟ ȟ  0,74 0,78 0,74 0,73 
–ȟ ȟ  0,75 0,75 0,75 0,75 
–ȟ  0,7 0,7 0,7 0,7 

ά ȟ  (kg/s) 15,55 25,33 22,63 23,59 

ά ȟ  (kg/s) 23,6 39 33,1 36,2 

ά  (kg/s) 210,78 215,22 190,84 191,99 

ὡ ȟ  (kW) 178,66 153,04 168 161,33 

ὡ ȟ  (kW) 15,68 32,62 14,1 9,95 

ὡ ȟ  (kW) 162,98 120,42 153,9 151,38 

•  (%) 4,74 4,74 4,74 4,74 

– ȟ  (%) 5,31 3,92 5,01 4,93 

– ȟ  (%) 0,25 0,19 0,24 0,23 

ὡ ȟ  (kW) 709,77 738,78 721,89 705,4 

ὡ ȟ  (kW) 152,59 305,98 174,73 142,18 

ὡ ȟ  (kW) 557,18 432,8 547,16 563,22 

•  (%) 71,01 78,08 75,45 77 

– ȟ  (%) 10,95 7,74 10,12 10,21 

– ȟ  (%) 7,78 6,04 7,64 7,86 

ὡ ȟ  (kW) 720,16 553,22 701,07 714,6 
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The optimum scenario as it can be seen is usage of R134a as working fluid. For this, 

the T-s diagram is constructed: 

 

 

Fig 5.32 Third case T-s diagram  

 

For the optimum scenario the shell-n-tube heat exchangers are designed and 

their mean features are shown in the table below: 

 

 

Table 5.6 Third case, characteristics of shell-n-tubes 

 Evap HP Evap LP Cond 

Ὠ  (mm) 6 14 14 

Ὠ  (mm) 7,2 16,8 16,8 

Nt 2449 718 1941 

ὴ (mm) 11,52 23,52 23,52 

ὄ 1,73 1,4 1,4 

Ὀ (m) 0,68 0,75 1,23 

De  (mm) 13,12 19,51 19,51 

wŜΩΩ 4938,26 41718,68 9769,76 
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'h' (kW/m^2*K) 0,21 5,6 3,16 

ὙὩ 10001,57 9998,62 9999,54 

‌ (kW/m^2*K) 0 0,31 0,16 

‌ /‌  (kW/m^2*K) 0 0,4 0,3 

‌ /‌   (kW/m^2*K) 0 1,73 1,74 

‌ (kW/m^2*K) 0,63 0 0 

L (m) 12,11 5,56 7,5 

 

The dynamic behavior of the system is being studied now. The case that is 

studied is the increase of ships load from 85% to 100% within 50 seconds. This results 

ƛƴ ŀ ŎƘŀƴƎŜ ōƻǘƘ ƛƴ ǘƘŜ ƻŦ ƧŀŎƪŜǘΩǎ ǿŀǘŜǊ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ Ƴŀǎǎ Ŧƭƻǿ ǊŀǘŜΦ ¢ƘŜ 

temperature is increasing 1.62 K and the mass flow rate decreasing 33.4 kg/s during 

the transient period. 

The system starts from the design point of 85% load as stated before and 

remains as it is for 50 secs in order to assure it starts from a stable condition. Then 

from 50 secs till 100 secs the load change takes place and from 100 secs till 300 secs 

the system reaches steady state conditions again, with superheating and subcooling 

returning to their nominal values. The results are presented below in the form of 

diagrams: 

 

Inputs: 

 

 

Fig 5.33 Third case, supercharge air mass flow rate 
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Fig 5.34 Third case, supercharge air temperature 

 

 

Fig 5.35 Third case, jacket water mass flow rate 

 

 

Fig 5.36 Third case, jacket water temperature 
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Outputs: 

 

Fig 5.37 Third case, high evaporation pressure 

 

 

Fig 5.38 Third case, low evaporation pressure 

 

 

Fig 5.39 Third case, condensation pressure 
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Fig 5.40 Third case, net power 

 

 

Fig 5.41 Third case, high pressure turbine mass flow rate 

 

 

Fig 5.42 Third case, low pressure turbine mass flow rate 
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Fig 5.43 Third case, high pressure turbine inlet specific entropy 

 

 

Fig 5.44 Third case, low pressure level superheating 

 

 

Fig 5.45 Third case, subcooling 
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Fig 5.46 Third case, high pressure turbine inlet temperature 

 

 

Fig 5.47 Third case, high pressure turbine inlet specific enthalpy 

 

 

Fig 5.48 Third case, low pressure turbine inlet specific enthalpy 
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