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1 Introduction 
In our days, when environmental protection and low petroleum consumption are the 

top priorities of an engine manufacturer, the design and construction of fully optimized 

engines is required and therefore simulation plays a significant role in marine industry. The 

simulation is significant for evaluating the system during design stages and also in the long 

run, when the tuning process takes place in the orientation of optimization. It is also 

important for obtaining experience in the operation behavior of the real construction 

(engine in this case) with the minimum environmental and economical impact. Simulation 

also aids in designing, adjusting and applying control systems (in the implemented model) 

and uses the mathematical model of the system’s dynamic behavior for optimizing the 

operation of the individual subsystems. Most importantly, it optimizes the system as unit, 

using higher level optimizing criteria such as, total fuel consumption, emissions, operating 

cost and maintenance. The simulation also allows the better utilization of the propulsion 

system in a manner that does not affect the reliability by finding the optimized spot between 

the latter and performance. 

The use of simulation provides insight and deeper understanding of the physical 

processes that are being modeled. As interaction is made, simulation allows researchers to 

see the effects in the system. Thus, it is easier to find, correct, and change features in order 

to optimize the system. As complex models are used in practice, modelers require ways of 

abstracting their models and having the ability to traverse levels of abstraction.  The 

abstraction is an important design approach to break a system into hierarchical levels. In this 

thesis, the use of the term simulation is synonymously equal to computer simulation. 

The tools generally used for simulation are divided in three categories. The first 

category is the programming languages such as FORTRAN, C, C++. The second category is the 

simulation packages like Matlab - Simulink and the older platform named ACSL. In the third 

category belong the multidimensional analysis packages like FEM (Finite Element Method).  

Simulink is a software package for modeling, simulating, and analyzing dynamic 

systems. It supports linear and nonlinear systems, modeled in continuous time, sampled 

time, or a hybrid of the two. Systems can also be multirate, i.e. have different parts that are 

sampled or updated at different rates. For modeling, Simulink provides a graphical user 

interface (GUI) for building models as block diagrams. With this interface, the models are 

drawn easily. With ‘drag and drop’, in contrast with conventional simulation packages that 

formulate differential equations and difference equations in a compiled language or 

program. Simulink includes a comprehensive block library of sinks, sources, linear and 

nonlinear components, and connectors. Also user blocks can be constructed and put into the 

user libraries.  

FEM (sometimes referred to as finite element analysis) is a numerical technique for 

finding approximate solutions of partial differential equations (PDE) as well as of integral 

equations. The solution approach is based either on eliminating the differential equation 

completely (steady state problems), or rendering the PDE into an approximating system of 

ordinary differential equations, which are then numerically integrated using standard 

techniques such as Euler's method, Runge-Kutta, etc. 
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In solving partial differential equations, the primary challenge is to create an equation 

that approximates the equation to be studied, but is numerically stable, meaning that errors 

in the input data and intermediate calculations do not accumulate and cause the resulting 

output to be meaningless. There are many ways of doing this, all with advantages and 

disadvantages. The Finite Element Method is a good choice for solving partial differential 

equations over complex domains (like cars and oil pipelines), as well as cases of domain 

changes (as during a solid state reaction with a moving boundary), when the desired 

precision varies over the entire domain, or when the solution lacks smoothness. In the 

shipping industry, engine manufacturers utilized this method in order to forecast thermical 

and mechanical stress, dynamic charge, vibration and noise in mechanical pieces inside the 

burning chamber of the engine’s cylinder.  

This thesis uses the MATLAB®/Simulink® platform, to implement a marine propulsion 

system that uses a marine Diesel Engine. The model methods that have been proposed in 

order to implement internal combustion engines are the thermodynamic models and the 

fluid dynamic models. The difference between the two models is found at the basic 

equations that describe the structure of the model, are obtained using the conservation of 

mass law or from a full analysis of the motion of the fluid inside the engine (Kyrtatos, 1993). 

The thermodynamic models are also known as zero dimensional models because they do not 

utilize the geometrical data of the fluid motion inside the control plenums due to the fact 

that implementation of the fluid flow does not exist. For the needs of the model, zero 

dimensional models were used. The latter have several advantages over the higher order 

modes and can be very useful even if in nowadays plenty computational power is available. 

A zero dimensional model is easy to build, has fewer degrees of freedom to valuate, 

meaning less state variables and parameters that may cause problems in solving the 

equations, requires less known data that have to be inserted manually and is easier to adapt 

for warning or failure operation compared to higher order models.  

This thesis uses the model of emptying and filling methods (Heywood, 1988), (Kyrtatos, 

1993). The gas containers for inlet and exhaust are simulated as finite volumes where the 

gas mass changes as a function of time. The inlet and exhaust systems can be implemented 

as one volume (each one) or like a group of volumes, with restrictions of flow (e.g. valves, 

filters). Each volume afterwards is considered as control volume (open system with constant 

volume) which contains gas in a steady condition in each time step. The conservation of 

mass and energy laws, plus the additional information for the mass flow, from and to each 

volume, are utilized to specify the condition of the gas in each control volume. Such models 

can be used for time variable phenomena, which they do not have major variances inside 

the volume that each control volume describes. These models cannot describe the change of 

pressure and other gas properties that can be observed due to dynamic phenomena inside 

the inlet and exhaust gas containers.   

The target of this thesis is to elaborate on a methodology for the simulation of a marine 

diesel propulsion installation, with focus on an easy extendable manner with adequate 

accuracy. The methodology of the present thesis elaborates on the work of Lambropoulos 

(Lambropoulos, 2000).The simulation platform proposed in this work is suitable for the 

evaluation of the feasibility design in the early stages, the fine tuning of the design and as an 
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aid of taking operational decisions. Also, it can be used as part of an intelligent onboard 

controller for making higher level optimizations by evaluating the performance of the 

marine Diesel engine, with economical, technical and environmental advantages.  

Future work is required towards two main areas: the integration of building blocks that 

will lead to a complete engine and the utilization of more complex mathematic equations 

that represent the engine operation more accurately. 

This diploma thesis is divided in three chapters.  

Chapter 2 contains the mathematical equations that implement from thermodynamic 

point of view the engine, using the emptying and filling method, which was described above.  

In chapter 3 the simulation major engine blocks are presented. The building blocks 

(here after, blocks) are divided into groups based on their functionality.  

Chapter 4 contains the results of test examples that were performed in order to validate 

the blocks that form a marine Diesel Engine. Results from the simulation of a two stroke one 

cylinder marine diesel engine, type MAN DIESEL K90MC-C6, are also presented in this 

chapter. 
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2 Mathematical Equations 
The mathematical equations governing each block of the current thesis are presented in 

this chapter. The blocks that are represented are the following: 

 Gas Properties 

 Open Thermodynamic System 

 Valve 

 Compressor 

 Intercooler (Heat Exchanger) 

 Turbine 

 Combustion model S curve 

 Heat transfer elements 

o Conduction 

o Convection 

o Radiation 

 Cylinder Geometry 

 Geometrical Energy Loss 

The equations are contained in an s – function block, which the simulation platform 

utilizes in order to perform the necessary calculations. S-functions (system-functions) 

provide a powerful mechanism for extending the capabilities of the Simulink® environment. 

An S-function is a computer language description of a Simulink block written in programming 

languages like MATLAB®, C, C++, or FORTRAN that is provided in an easy to modify, 

template. S-functions follow a general form and can accommodate continuous, discrete and 

hybrid systems (Mathworks, 2002). An S- Function represents a general Simulink block with 

input vector u, output vector y, and state vector x, consisting of continuous and discrete 

states. Every S – Function must include code to set the initial values of all elements of the 

state vector and to define the sizes of the input vector, the output vector and the 

continuous (or discrete in other cases) components of the state vector (Dabney & Harman, 

2004). 

The S – Function code for the mathematical equations is presented in Appendix A. 

2.1 Gas Properties 
In this section the governing equations used for calculating the working gas properties 

are presented. It is assumed that the mixture is homogenous and that the combustion 

products are in thermodynamic equilibrium.  Thus the specific internal energy u of the gas is 

a function of temperature, pressure and equivalence ratio 

  , ,uu f T p   (2.1.1) 

When the change rate of the specific internal energy is not available, it can be rewritten 

using partial derivatives 

 
u u u

u T p
T p




  
     
  

 (2.1.2) 
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Gas constant R is also a function of temperature, pressure and equivalence ratio. Thus 

  , ,RR f T p   (2.1.3) 

 When the change rate of gas constant is not available, it can be calculated using partial 

derivatives 

 
R R R

R T p
T p




  
     
  

 (2.1.4) 

It is also known that specific heat at constant volume (cv) and at constant pressure (cp) is 

 
v

p

u
C

T

h
C

T









 (2.1.5) 

Specific enthalpy for one mol of gas is equal to 

 h u R T    (2.1.6) 

 

The derivation of the above equation with temperature 

 
 R Th u

T T T

  
 

  
 (2.1.7) 

But  

 
 R T R

T R
T T

  
  

 
 (2.1.8) 

Thus 

 
h u R

T R
T T T

  
   

  
 (2.1.9) 

According to equation (2.1.5), equation (2.1.9) can be written as 

 v p

R
c c T R

T


   


 (2.1.10) 

The isentropic coefficient γ will be 

 
p

v

c

c
   (2.1.11) 

Substituting equation (2.1.11) to (2.1.10) it is found that 
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1

1
v

R
c T R

T

 
    

  
 (2.1.12) 

or 

 
1

p

R
c T R

T





 
    

  
 (2.1.13) 

when the term  

 
R

T
T





 (2.1.14) 

is small comparing to the others, therefore it can be neglected and the equations are similar 

to the ones of the ideal gas.   

In order to use the above mentioned method to calculate the gas properties, 

functions  , ,uu f T p   and  , ,RR f T p   are required. Here fR and fu are obtained using 

curve fitting of the gas properties for various values of temperature, pressure and 

equivalence ratio. 

 The calculation method for lean air/ fuel mixtures (φ<1.0) were taken from Krieger 

and Borman (Borman & Krieger, 1966), obtained by curve fitting the equilibrium data of 

Newhall and Starkman (Newhall & Starkman, 1963), while the properties for rich mixtures 

products (1.0<φ<1.6) were obtained by curve fitting data published by the General Electric 

Company. 

Lean mixture 

Assuming the fact that no dissociation takes place (T<1333 K), specific energy u and 

gas constant R are calculated using the following expressions  

    1 2 [ / ]u K T K T kJ kg   (2.1.15) 

where 

 
  6 2 9 3

1

13 4 17 5

0.692 39.17 10 52.9 10

228.62 10 277.58 10

K T T T T

T T

 

 

        

    
 (2.1.16) 

 
  2 5 2

2

9 3 14 4

3049.39 5,7 10 9.5 10

21.53 10 200.26 10

K T T T

T T

 

 

       

    
 (2.1.17) 

The gas constant R is equal to 

 0.285 0.02 [ / ]R kJ Kg K     (2.1.18) 

For T>1333 K dissociation effects cannot be neglected and the specific internal energy and 

gas constant are given by 
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 0 2.326 Cu u e    (2.1.19) 

C is equal to 

 
1 2 3C C C C    (2.1.20) 

where 

 3

1 10.4166 7.85125 3.71257C        (2.1.21) 

  3

2

1800
27.00107 28.5087 17.30375C

T
         (2.1.22) 

 
   

3

3 (0.154226 0.38656 0.10329

1800
0.21289 0.026574 ) ln 14.5

C

p
T

 



    

     
 (2.1.23) 

while R is equal to 

 
310

0 4.1868 AR R e
    (2.1.24) 

where R0 is the gas constant as calculated from equation (2.1.18) and A is equal to 

    
1800

11.98 45.796 0.4354 ln 14.5 0.2977 lnA p
T

 
 

         
 

 (2.1.25) 

Rich mixture (1.0<φ<1.6)  

For φ>1.0 and T<1333 K specific energy will be equal to 

 
 

 4 2 8 3

2888.78 595.25 1 0.66854

2.71304 10 7.40325 10 0.25107 1

u T

T T T



 

       

        
 (2.1.26) 

For φ>1.1 and T>1333 K specific energy will be equal to 

 
 

4 2 8 3

3466.2 903.84 1 0.65898

3.79924 10 8.23288 10

u T

T T



 

       

    
 (2.1.27) 

For φ>1.1 and T>1333 K specific energy will be equal to 

  
4.5371

1 0.46024

11 10
14.2029 1388.89u u T

p

 
      (2.1.28) 

 In all above sub cases the gas constant R will be equal to 

 5 20.22751 0.063438 3.33005 10R         (2.1.29) 

The equivalent ratio φ is calculated from the burned fuel mass fraction ξ and the 

stoichiometric fuel to air ratio (F/A)st, thus 
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   1 /

st
F A







 
 (2.1.30) 

The derivative of equation (2.1.30) is the equivalence ratio change rate, so 

 
   

2
1 /

st
F A







 
 (2.1.31) 

The viscosity of air is calculated (Heywood, 1988) over temperature range of 500 K up to 

4000 K and for pressure from 1 bar to 100 bar using the following correlation 

 7 0.73.3 10air T     (2.1.32) 

The viscosity as a function of temperature of hydrocarbon differs from that of air. Including 

the correction for φ=0 up to φ=4, on the viscosity of hydrocarbon – air combustion products, 

the correlation is given below as 

 
1 0.027

air





 
 (2.1.33) 

Fig. 2-1 represents the block for gas properties in MATLAB/ Simulink. 

 

Fig. 2-1 Block: Gas Properties 
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2.2 Open Thermodynamic System 
In this section the equations for the open thermodynamic system are presented. The 

laws of mass and energy conservation are applied. This modeling approach is appropriate 

when the gas inside the open system boundary can be assumed uniform in composition and 

state at each point in time and when the state and mixture composition vary with time due 

to heat transfer, work transfer and mass flow across the boundary and boundary 

displacement. 

The law of mass conservation is 

 
1

n

i

i

m m


  (2.2.1) 

where im  is the individual mass rate exchange to the system. The instantaneous mass of the 

open thermodynamic system will be 

 
0

t

icm mdt m   (2.2.2) 

where mic is the mass contained in the open thermodynamic system at t=0 (initial mass). 

The equivalence ratio φ is given also from  

 

f

a

f

a st

m

m

m

m

 
 
 
 

 (2.2.3) 

while  

  /
f

a

m
F A

m
  (2.2.4) 

As a result 

 
 

/

/
st

F A

F A
   (2.2.5) 

For the specific instantaneous burned fuel mass fraction, ξ, of the open thermodynamic 

system, we have 

 f f

a f

m m

m m m
  


 (2.2.6) 

by performing the appropriate calculations using equation (2.2.3) – (2.2.6) the equation 

(2.1.30) in section of gas properties is constructed. 
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0

t

ic     (2.2.7) 

where ξic is the initial burned fuel mass fraction that was contained in the open 

thermodynamic system at t=0.  

Pressure Calculation  

In order to evaluate the pressure of the working gas inside the container, the ideal gas 

equation is applied 

 P V m R T     (2.2.8) 

or  

 
m R T

p
V

 
  (2.2.9) 

The time derivative of the above equation will be 

 
2

m R m T R T m R T
p T R m V

V V V V

    
         (2.2.10) 

The gas constant R is a function of temperature, pressure and equivalent ratio  

 , ,RR f T p  . By substituting equation (2.1.4) to (2.2.10) it is obtained 

 
2

m R m T R R R R T m R T
p T T p m V

V V T p V V




        
             

   
 (2.2.11) 

substituting the terms 

 
2

m R T p

V V

 
  (2.2.12) 

in the equation (2.1.11) the latter takes the following shape 

 
1 1 1

1
p R R R

p T m V p
R p T R T R m V




      
               

     
 (2.2.13) 

Setting the following terms to constants 

 1
p R

A
R p

 
  

 
 (2.2.14) 

 
1 R

B
T R T

 
  

 
 (2.2.15) 
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1 1R

C m V
R m V





     


 (2.2.16) 

Equation (2.2.13) becomes 

  A p B T C p      (2.2.17) 

and by solving for p  

 
 B T C p

p
A

  
  (2.2.18) 

Temperature Calculation 

 The energy conservation law for the open thermodynamic system will be 

 U Q W H    (2.2.19) 

where U  is the gas internal energy change rate, Q  is the heat flux entering or leaving the 

system, W is the work that the system produces or absorbs and H is the total enthalpy of 

the gas entering or leaving the system per time. It is also known that 

 U u m u m     (2.2.20) 

The total heat flux entering or leaving the system is the sum of the heat transfer through the 

boundaries of the system 

 
1 1

n n

i j

i j

Q Q Q
 

    (2.2.21) 

The power produced or absorbed by the system is 

 W p V   (2.2.22) 

The total enthalpy of the gas entering or leaving the system will be 

  
1

n

i i

i

H h m


   (2.2.23) 

By combining equations (2.2.20) – (2.2.23) it is obtained 

  
1 1 1

n n n

i j i i

i j i

u m u m Q Q p V h m
  

            (2.2.24) 

As it is mentioned in the previous chapter the specific internal energy of the gas is a function 

of temperature, pressure and equivalence ratio. By substituting equation (2.1.2) to (2.2.24) 

then 
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1 1 1

n n n

i j i i

i j i

u u u
T p m u m Q Q p V h m

T p


   

   
              

   
    (2.2.25) 

In order to simplify the above equation  

  
1 1 1

n n n

i j i i

i j i

D Q Q p V h m
  

         (2.2.26) 

And now it is written as 

  

 
u u u

T p m u m D
T p




   
         

   
 (2.2.27) 

By substituting the pressure change rate using the final simplified equation and by 

rearranging the term, it is obtained for T  

 

D u m u C u
p

m p A
T

u u B
p

T p A




    
   
  


 

  
 

 (2.2.28) 

The instantaneous gas temperature of the open thermodynamic system is the integration of 

equation (2.2.28), thus 

 
0

t

icT Tdt T   (2.2.29) 

where Tic is the initial temperature of the open thermodynamic system at t =0.  

 An open thermodynamic system, in order to be connected requires the calculation 

of Prandtl number and Reynolds number. Thus 

 
pc

Pr
k


  (2.2.30) 

while the Reynolds number Re will be 

 
w L

Re




 
  (2.2.31) 

where ρ is the gas density, w is the mean velocity of the gas, L is the characteristic length, μ 

is the viscosity coefficient and cp is the specific heat capacity of gas. The gas density is 

calculated from 

 
m

V
   (2.2.32) 
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 In order to calculate the average gas velocity, a semi experimental method is 

proposed from Woschni (Metz, Urben, & Steiger, 1967)modified for swirl phenomenon, thus 

  1 2 3
d r

p s m

r r

V T
w C S C u C p p

p V


       


 (2.2.33) 

Where Vd is the displaced volume, p is the instantaneous pressure of the cylinder, pr, Vr, 

Tr are the fluid pressure, volume and temperature at some reference state, and pm is the 

motored cylinder pressure at the same crank angle as p. Us is given from the equation 

 
2

p

s

B
U


  (2.2.34) 

where ωp,, is the rotation speed of the paddle wheel, used to measure the swirl velocity. The 

constants C1,   C2, C3 are specific to the period of engine cycle. Thus 

For the gas exchange period: 

 1 2 36.18 0.417 0.0C C C    (2.2.35) 

For the compression period: 

 1 2 32.28 0.308 0.0C C C    (2.2.36) 

For the combustion and expansion period: 

 
3

1 2 32.28 0.308 3.24 10C C C      (2.2.37) 

Fig. 2-2 represents the implemented open thermodynamic system in MATLAB/Simulink. 

 

Fig. 2-2 Block: Open Thermodynamic System 



21 
 

2.3 Valve 
This section presents the equations for mass flow through a restriction.  

The flow is assumed steady and isentropic. The mass flow through a restriction is given 

as a function of the condition of the gas upstream and downstream the restriction. As the 

flow is assumed isentropic, no heat transfer is taking place due to the fact that no friction is 

present. In order to obtain the real flow, an effective cross – sectional area AE is used instead 

of the reference area which is usually the minimum geometrical cross – sectional area AG. 

For this purpose, the discharge coefficient is introduced, given by the following relationship 

 E
D

G

A
C

A
  (2.3.1) 

Thus the effective area required to calculate the real flow is 

 E D GA C A   (2.3.2) 

The CD value is obtained experimentally or approximated using statistic data obtained 

through restrictions with the same geometry and flow conditions. The conditions applied 

before (upstream) the restrictions are dynamic, meaning the kinetic energy of the gas is also 

included, therefore stagnation conditions are applied. After the restriction (downstream) gas 

properties are static.  

For an isentropic flow the stagnation temperature of the gas T0 before the restriction is 

related to the conditions at the other points of the flow with the equation 

 
2

0
2 p

c
T T

c
 


 (2.3.3) 

where c is the topical velocity of the gas and cp is the specific heat for constant pressure.  

Also it is known that 

 

1

0 0

T p

T p







 
  
 

 (2.3.4) 

where γ is the isentropic coefficient and p0 is the stagnation pressure before the restriction. 

The Mach number M is defined as 

 
c

M
a

  (2.3.5) 

where a is the speed of sound. Solving equation (2.3.5) for c gives 

 c M a   (2.3.6) 

As the speed of sound is also equal to 
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 a R T    (2.3.7) 

equation (2.3.6) becomes 

 c M R T     (2.3.8) 

If dissociation effects are neglected, the specific heat at constant pressure cp of the gas is 

equal to 

 
1

pc R



 


 (2.3.9) 

  

 By substituting equation (2.3.9) to (2.3.3) the following equation can be obtained 

 
 2

0

1

2

M R T
T T

R





   
 

 
 (2.3.10) 

which by rearrangement leads to 

 2

0

1
1

2
T T M

  
    

 
 (2.3.11) 

Solving for the fraction T/T0  

 

1

2

0

1
1

2

T
M

T




 
   
 

 (2.3.12) 

Combing equations (2.3.12) and (2.3.4) and solving for p 

 
1

2

0

1
1

2
p M p






 
    
 

 (2.3.13) 

The mass flow through a restriction is the product of the gas density ρ, the geometric 

equivalent area A of the restriction and the gas speed c; thus 

 m A c    (2.3.14) 

and using the ideal gas law and solving for density ρ it is obtained that 

 
p

R T
 


 (2.3.15) 

Using equations (2.3.8), (2.3.14) and (2.3.15) the mass flow can be expressed as 

 
p

m A M R T
R T

     


 (2.3.16) 
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and by multiplying both terms with γ and by rearranging the equation, mass flow can be 

written as 

 
A p

m M
R T





 
 

 
 (2.3.17) 

By substituting temperature T and pressure p from equations (2.3.13) and the rearranged 

(2.3.11), mass flow can finally be written as 

 

 

 

1

2 1
20

0

1
1

2

A p
m M M

R T



 



 

    
     

   
 (2.3.18) 

but solving the equation (2.3.13) for M, it is found that 

 

1

0

2
1

1

p
M

p







 
        
  

 (2.3.19) 

and by substituting equation (2.3.19) to (2.3.18) it is obtained that 

 

2 1

0

0 00

2A p p p
m

p pR T



 



 
                 
  

 (2.3.20) 

The maximum mass flow occurs when the speed of the gas at the throat reaches the sonic 

speed where the Mach number is equal to 1. The pressure ratio when this occurs is called 

critical pressure ratio. While the working pressure ratio remains below this critical ratio the 

flow is unchoked while above the critical ratio, the flow becomes choked. The pressure ratio 

at critical speed is (Kyrtatos, 1993) 

 
1

0

1
1

2

p

p






 
  
 

 (2.3.21) 

or 

 
1

0

2

1

p

p







 
  

 
 (2.3.22) 

and so equation (2.3.18) resolves to 

 

 

 

1

2 1
0

0

2

1

A p
m

R T









    
  

   
 (2.3.23) 

Equation (2.3.23) is used for sonic flow. 
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The model of flow thought a restriction in MATLAB/Simulink is shown in Fig. 2-3. 

 

Fig. 2-3 Block: Valve 
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2.4 Compressor 
The behavior of compressor is obtained through performance maps that the 

manufacturer provides. These maps generally relate the mass flow rate through the 

compressor with the working pressure ratio (fraction of downstream to upstream pressure) 

and the compressor angular velocity (N will be noted as a from now on) along with the 

isentropic efficiency (ηoic). The performance maps in most cases are obtained under 

reference conditions. Thus, in order to obtain these values, equivalent reference mass flow 

rate and angular velocity must be calculated. The reference mass flow rate 
refm  and angular 

velocity 
refa are obtained using the following equations 

 1

1

ref

ref o ref

o

T
m V V

T
     (2.4.1) 

 
1

ref

ref

o

T
a a

T
   (2.4.2) 

The kinetic energy inside the control volume is neglected; for this reason the stagnation 

temperature To1 and stagnation gas pressure po1 are approximately equal to the static ones 

for the upstream volume (Watson & Janota, 1982), thus 

 
1 1

1 1

o

o

T T

p p
 (2.4.3) 

where T1 is the static gas temperature in the upstream volume and p1 is the static gas 

pressure respectively. 

Moreover the stagnation temperature To2 of the gas entering the downstream volume 

is not equal to the static one T2 due to the fact that kinetic energy of the gas cannot be 

neglected. In order to calculate the stagnation specific enthalpy entering the downstream 

volume, the stagnation temperature is used. In order to use the performance maps, it is 

required to have the reference conditions under which the measurements were conducted. 

Some manufacturers in order to produce maps that can be easily read, are integrating the 

values to the reference conditions to the map, thus the map flow rate and map angular 

velocity are available. Thus (Kyrtatos, 1993) 

 
1

ref

map

o

T
V V

T
   (2.4.4) 

 
1

ref

map

o

T
a a

T
   (2.4.5) 

The reference conditions (Tref and pref) can be considered properties of the map. Therefore 

the map flow rate through the compressor will be given from a map in the form 
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 2

1

,o
map m map

o

p
m f a

p

 
  

 
 (2.4.6) 

and the isentropic efficiency accordingly  

 2

1

,
oic

o
oic map

o

p
f a

p


 
  

 
 (2.4.7) 

The actual mass flow rate can now be calculated using the map mass flow value and To1 

 thus 

 1
1 1

o
o o map

ref

T
m V V

T
       (2.4.8) 

The power transfer from the compressor to the gas is W . This power transfer is translated 

to gas enthalpy increase oah , thus 

 
oaW m h   (2.4.9) 

and 

 2 1oa o oh h h    (2.4.10) 

where ho2 and ho1 are the stagnation specific enthalpies of the gas.  

The torque absorbed by the compressor is 

 
2

c
c

W
M

a


 
 (2.4.11) 

where a is the compressor impeller angular velocity in rotations per second [RPS] provided 

by the connection with the turbine.  

 In order to obtain the actual stagnation specific enthalpy change rate oah  the 

stagnation isentropic efficiency ηoic is used 

 oi
oa

oi

h
h




   (2.4.12) 

 where oih is the ideal stagnation enthalpy change for isentropic compression. Assuming 

constant specific heat under constant pressure cp for the gas working range in the 

compressor, equation (2.4.12) can be rewritten as  

 
p oi

p oa

oic

c T
c T




   (2.4.13) 
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and by rearranging  

 oi
oa

oic

T
T




   (2.4.14) 

where 

  

 

1

1

1

2

1

1o
oi oi

o

p
T T

p





 
       
 
  

 (2.4.15) 

thus the actual temperature increase will be 

 

1

1

1

1 2

1

1o
oa

oic

T p
T

p







 
       
 
  

 (2.4.16) 

The actual stagnation temperature entering the upstream volume is 

 2 1o o oaT T T   (2.4.17) 

and the stagnation specific enthalpy of the gas entering the downstream volume will be 

 2 1 1 2o oh u R T    (2.4.18) 

therefore the stagnation enthalpy change rate entering the downstream volume is 

 
2 2o oH m h   (2.4.19) 

Accordingly for the upstream volume 

 1 1 1 1o oh u R T    (2.4.20) 

and  

 1 1o oH m h    (2.4.21) 

In order to calculate the heat exchange that takes place at turbine, properties like the gas 

temperature, thermal conductivity, radiation, emissivity, Prandtl and Reynolds numbers, are 

required. 

The heat transfer calculation requires the mean gas temperature inside the compressor, 

thus 

 1
2

oa
o

T
T T


   (2.4.22) 
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 The thermal conductivity and radiation emissivity are considered constant and are the same 

with the gas that flows through the compressor.  Reynolds number is approximated in the 

same way as in valve’s equations, thus 

 
1

4

t

m
Re

D 




 
 (2.4.23) 

where m is the mass flow through the turbine and μ is the viscosity coefficient of the 

upstream volume. Prandtl number is obtained from 

 
1

1

pc
Pr

k


  (2.4.24) 

where  

 1
1

1 1
pc R




 


 (2.4.25) 

The total burned fuel mass fraction change rate,  , for the downstream volume equals to 

  2 1 2m       (2.4.26) 

while the upstream volume is zero, thus 

 
1 0   (2.4.27) 

The compressor block in MATLAB/Simulink is illustrated in Fig. 2-4. 

 

Fig. 2-4 Block: Compressor 
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2.5 Intercooler (Heat Exchanger) 
The mathematical equations of intercooler are presented here. The law of 

conservation of mass is applied thus the mass rate entering and leaving the intercooler is 

equal to 

 1 2m m  (2.5.1) 

The gas entering the system is denoted as 1 condition and leaving the system as 2 condition. 

The pressure at stage 1 will be equal to stage 2 plus the pressure drop  

 1
1 2

1

m
p p p

m
    (2.5.2) 

The term 1

1

m

m
provides the proper sign according to the flow direction. The pressure drop Δp 

for a particular heat exchanger is typically a function of the fluid mass rate. The relation 

between pressure drop and mass rate is provided in most cases by the manufacturer. Thus 

the pressure drop is provided by a function in the form 

  2pp f m   (2.5.3) 

The temperature of the fluid leaving the heat exchanger depends on the temperature of the 

fluid that enters the heat exchanger, the temperature of the heat exchanging medium 

(coolant for the intercooler) and the efficiency of the heat exchanger. The efficiency of the 

later is defined as 

 act

max

h

h






 (2.5.4) 

where acth  is the actual heat exchanged and maxh  is the maximum possible heat that can 

be exchanged. Also the heat exchange efficiency is provided by the manufacturer in the form 

of a chart which relates the efficiency with the mass flow rate, thus 

  2f m    (2.5.5) 

Assuming having constant specific heat for constant pressure for the temperature range of 

the fluid inside the heat exchanger, equation (2.5.4) leads to 

 
 

 
1 2 1 2

1 1

p

p w w

c T T T T

c T T T T


  
 

  
 (2.5.6) 

and by solving (2.5.6) for T1  

  1 2 1 wT T T        (2.5.7) 

The heat exchanged through the heat exchanger walls wQ  will be equal to 
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  1 1 2w pQ m c T T     (2.5.8) 

The law of energy conservation applies so 

 
2 wQ Q   (2.5.9) 

Cp can be calculated from the following equation 

 2
2

2 1
pc R




 


 (2.5.10) 

The phenomenon inside the heat exchanger is isenthalpic thus, the enthalpy change rate will 

pass unchanged from state 1 to state 2, thus 

 
2 1H H  (2.5.11) 

Also, since the composition of the fluid does not change inside the heat exchanger the 

burned fuel mass fraction of state 2 will be equal to the one of state 1, thus 

 1 2   (2.5.12) 

 This also means that the total burned fuel mass fraction change rate of state 2 will be equal 

to the one of stage 1, thus 

 
1 2    (2.5.13) 

The specific internal energy of the fluid u1 will be equal to the one in state 2, plus the specific 

internal energy difference due to temperature and pressure change. Although the internal 

energy depends on both temperature and pressure, due to the fact that depends little to 

pressure and the pressure drop inside the heat exchanger is negligent, then the specific 

internal energy will change only due to temperature difference, thus 

  1 2vu c T T     (2.5.14) 

where cv is the specific heat of the working fluid at constant volume and is equal to 

 2

2 2

1

1

p

v

c
c R

 
  


 (2.5.15) 

thus the specific internal energy of the fluid u1 is 

  1 2 1 2vu u c T T     (2.5.16) 

Also the mass density of the fluid ρ1 is equal to 

 1
1

2 1

p

R T
 


 (2.5.17) 



31 
 

Finally the gas constant R, the ratio of specific heats γ, the thermal conductivities k, the 

absolute gas viscosity μ and the radiation emissivity ε of the gas, are assumed constant.  

 

1 2

1 2

1 2

1 2

1 2

R R

k k

 

 

 











 (2.5.18) 

This assumption does not introduce significant error. The block representation of intercooler 

in MATLAB/Simulink is shown in Fig. 2-5. 

 

Fig. 2-5 Block: Intercooler 
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2.6 Turbine 
In this section the mathematical equation for the Turbine are presented. The 

mathematical model of the turbine requires the solution of coupled equations. The equation 

coupling cannot be avoided since turbine as like as the compressor model, includes maps 

(which are available in the form of an array and cannot directly solved in an uncoupled 

form). That’s why memory block is used in order to start the equation sequence.  

As already stated the behavior of the turbine is usually obtained through two maps. 

The first, represents the swallowing capacity (mass flow rate) of the turbine to the working 

pressure ratio po1/p2, (Watson & Janota, 1982). These maps generally relate the mass flow 

rate through the compressor with the working pressure ratio po1/p2 (1 refers to the 

upstream and 2 to the downstream) and the compressor angular velocity N along with the 

isentropic efficiency ηoit. The performance maps that are produced directly from the test 

facilities of the manufacturers, are obtained under reference conditions of gas temperature 

and pressure (Tref,pref). The reference mass flow rate 
refm is generally obtained from the 

following equation 

 1

1

ref o
ref

o ref

p T
m m

p T
    (2.6.1) 

Turbine maps use the stagnation to static pressure ratio1 since the kinetic energy leaving 

the system is considered as a loss. In order to calculate the downstream static pressure p2 

the velocity of the gas leaving the turbine, must be determined. In order to use the 

performance maps the reference conditions under which the measurements were 

conducted, are required. Some manufacturers in order to produce maps that can be easily 

read are integrating the values to the reference conditions of the map, thus the map flow 

rate according to the manufacturer of the selected turbine is 

 map REFm m T   (2.6.2) 

Each manufacturer has a different approach in representing the values. The map mass flow 

rate though, will be given for the turbine from the map in the following form 

 1

2

o
map m

p
m f

p

 
  

 
 (2.6.3) 

and the isentropic efficiency ηoit accordingly 

 1

2

,
oit

o
oit

p U
f

p C

 

  
 

 (2.6.4) 

The actual mass flow can now be calculated using the map mass flow, using the equation 

                                                           
1
 In contrast the compressor maps use the pressure to stagnation pressure ratio since the kinetic 

energy of the upstream volume is ignored (case of ambient air) while the kinetic energy of the gas 
leaving the compressor is not lost. 
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1

map

REF

m m
T

   (2.6.5) 

The term U/C is the turbine blade speed ratio and is defined as the turbine wheel tip linear 

velocity C for a radial flow turbine2 to the velocity that would be achieved by the gas if 

following an isentropic expansion from the inlet conditions, to the pressure at the exit from 

the turbine C, thus 

 
2

t

ois

D aU

C h

  



 (2.6.6) 

where Dt is the turbine diameter, a is the turbine wheel angular velocity and Δhois is the 

stagnation to static specific enthalpy difference when the gas follows isentropic expansion. 

Assuming constant specific heat this leads to 

 ois p oish c T    (2.6.7) 

By combining equation (2.6.6) and (2.6.7) is obtained 

 
2

t

p ois

D aU

C c T

  


 
 (2.6.8) 

Where cp is obtained from the following equation 

 1
1

1 1
pc R




 


 (2.6.9) 

and ΔTois is equal to 

 1 2ois o sT T T    (2.6.10) 

where Ts2 is the downstream static temperature for isentropic expansion (s is for isentropic). 

In order to obtain Ts2 the expression for isentropic expansion between the pressure and 

temperature of the expanded gas is used, thus  

 

1

1 1
1 1

2 2

o o

s

p T

p T



  
  
 

 (2.6.11) 

solving (2.6.11) for Ts2 leads to 

 

1

1

1

1
2 1

2

o
s o

p
T T

p







 
  

 
 (2.6.12) 

                                                           
2
 Or the wheel linear velocity at its mean height in the case of the axial flow turbine 
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In order to obtain the static downstream pressure p2, the following expression is used which 

relates the static and stagnation pressures of a gas 

 

1

1 1
2

2 2

2

o

o

T
p p

T



  
  

 
 (2.6.13) 

It is also known that 

 1 2oa o oT T T    (2.6.14) 

and  

 oa oit oiT T    (2.6.15) 

where 
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 (2.6.16) 

thus To2 is equal to 

 

1

1

1

1
2 1

2

1 o
o o oit oi

o

p
T T T

p







 
         
 

  

 (2.6.17) 

The downstream static temperature T2 required in (2.6.13) can be calculated from the 

downstream stagnation temperature To2 from the following equation 

 
2

2 2
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p
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c
 


 (2.6.18) 

where ud is the gas velocity exiting the diffuser. ud can be calculated by  

 
d

d d

m
u

A 



 (2.6.19) 

Where Ad is the cross section area of the diffuser and ρd is the density of the gas exiting the 

diffuser. This density can be calculated by approximation using the stagnation condition 

after the diffuser, thus 

 2

1 2

o
d

o

p

R T
 


 (2.6.20) 

Combining (2.6.19) and (2.6.20) 
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 (2.6.21) 

The mechanical power delivered by the turbine is calculated from the following equation 

 t p oaW m c T    (2.6.22) 

and the torque  developed to the turbine is 

 
2

t
t

W
M

a


 
 (2.6.23) 

The stagnation specific enthalpy of the gas entering the downstream volume is 

 2 1 1 2o oh u R T    (2.6.24) 

The stagnation enthalpy change rate entering the downstream volume is given from the 

following relationship 

 
2 2o oH m h   (2.6.25) 

Accordingly for the upstream volume, the stagnation specific enthalpy of the gas is 

 1 1 1 1o oh u R T    (2.6.26) 

The stagnation enthalpy change rate entering the upstream volume is given from the 

following relationship 

 
2 1o oH m h    (2.6.27) 

In order to calculate the heat exchange that takes place at turbine, the gas temperature, 

thermal conductivity, radiation, emissivity, Prandtl and Reynolds numbers, are required. 

The heat transfer calculation requires the mean gas Temperature inside the turbine, thus 

 1 2
1

2

o
o

T T
T T


   (2.6.28) 

 The thermal conductivity and radiation emissivity are considered constant and are the same 

to the gas’ that flows through the turbine. The Reynolds number is approximated the same 

way as in compressor equations, thus 
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 (2.6.29) 

where m is the mass flow through the turbine and μ is the viscosity coefficient of the 

upstream volume (us). The Prandtl number is obtained from the following equation 
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  (2.6.30) 

where  
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 (2.6.31) 

The total burned fuel mass fraction change rate for the downstream volume equals to 

  2 1 2m       (2.6.32) 

while the upstream volume is zero, thus 

 
1 0   (2.6.33) 

The models of Turbine block and sublocks in MATLAB/Simulink, are shown in Fig. 2-6, 

Fig. 2-7 and Fig. 2-8. 

 

Fig. 2-6 Block: Turbine 
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Fig. 2-7 Turbine Sub block 1 

 

Fig. 2-8 Turbine sub block 2 
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2.7 Combustion Model S Curve 
In this chapter the S – curve (fs) is presented as an implementation approach for the 

accumulated burned fuel during direct fuel injection in a cylinder.  

 For convenience, the time derivative of the s – curve is used. The later has the 

advantage that the time integral is equal to unity, thus by multiplying sf  with the fuel mass 

injected results in the fuel burning rate. 

The basic form of the S – Curve is 

 
2

11
C

C x

sf e 
   (2.7.1) 

where x is the S – Curve parameter taking values in the range [0,1] and C1, C2 are constants 

defining the shape of the S – Curve. For the purpose of using fs for modeling the 

accumulated burned fuel, during a single fuel injection in Diesel engines, the x parameter is 

substituted with the term 

 r 






 (2.7.2) 

where a is the instantaneous angular position of the crankshaft, ar is the reference angle 

where the fuel burning starts and Δα is the duration of the burning fuel expressed in 

crankshaft angle. So the S – Curve equation takes the form  
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   (2.7.3) 

and by differentiating  for the time the equation (2.7.3) and by rearranging the following 

equation is obtained 
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 (2.7.4) 

ar varies slowly over time, thus it can be assumed as constant with a negligible error 
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 (2.7.5) 

and finally by rearranging 
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 (2.7.6) 

Where a is the instantaneous angular position [-], a is the instantaneous angular speed [s-1], 

ar is the reference angular position (starting point) [-], Δa is s –curve angular length [-] and 

C1,C2 are constants [-]. 
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The implementation of the combustion block in MATLAB/Simulink is shown in Fig. 2-9. 

 

Fig. 2-9 Block: S - Curve Combustion 
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2.8 Heat Transfer Elements 
In order to create a model that describes suitably the heat transfer between two or 

more masses, three blocks are modeled that describe the three ways of heat transfer, 

conduction, convection and radiation. Each of these blocks contains the factors that 

equations need to calculate the heat flux between the elements that are connected. 

2.8.1 Conduction 

The conduction heat Flux Block illustrates the heat transfer between two masses 

using the Fourier law for calculating the heat flux amount. The equation witch calculates the 

heat flux requires certain geometry data, named, contact area of the two masses, the shape 

factors of each mass. Plus physical and thermal properties of the materials are needed who 

are provided by the female connections of the block, shown in Fig. 2-10.  The conduction 

block is used only for solid masses accumulating heat, which eventually ends in heat Transfer 

between them.  

The amount of heat flux passed between two masses is given from the Fourier Law. The 

equation shows the simplest case of heat exchange between two flat walls of different 

materials having thermal conductivities k1 and k2 respectively and with contact area Ac. Thus: 

 1 2
(2 1) 1 2 (1 2)

1 2

( ) ( )cd c c c c cd

K K
Q A T T A T T Q

 
             (2.8.1) 

Where: 

δ1 and δ2: are the distance between the center of each wall and the contact area. Typically is 

assumed that is the half of the wall thickness. 

Tc : is the absolute temperature of the contact area. 

The quantities 1/ δi  , where i  is the number of the material are the shape factors with 

respect to the contact area. Therefore, the equation (1.1) can be rewritten as follow: 

 (2 1) 1 1 2 2 (1 2)( ) ( )cd c c c c cdQ S A T T S A T T Q            (2.8.2) 

From the above equation is found that: 

 1 1 1 1 1 2 2 2 2 2c c c c c ck S A T k S A T k S A T k S A T                (2.8.3) 

By solving for the absolute temperature Tc of the contact area it is found that 

 2 2 2 1 1 1

1 1 2 2

c

k S T k S T
T

k S k S

    


  
 (2.8.4) 

And now by combining equations (2.6.1) and 

 (2 1) 2 1( )cd cQ L A T T      (2.8.5) 

 (2 1) 1 1 1 2 1( ) ( )cd c c cQ k S A T T L A T T           (2.8.6) 
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and by substituting in equation (2.6.4) and solving for L 

 1 1 2 2 1 1 2 2
2 1

1 1 2 2 1 1 2 2 2 1

1K S K S K S K S
L T T

K S K S K S K S T T

      
     

       
 (2.8.7) 

By eliminating T1 and T2 from the equation (2.6.7)  

 1 1 2 2

1 1 2 2

K S K S
L

K S K S

  


  
 (2.8.8) 

 

 

Fig. 2-10 Block: conduction Heat Flux Block 

 

2.8.2 Convection 

The convection heat flux block is an element that controls the heat flux between two 

masses that accumulating heat, using the Newton law for calculation the heat flux amount. 

As seen in Fig. 2-11, the required information for heat flux calculation are the contact area 

and geometry shape factor. Certain constants are also required for the calculation of 

convection coefficient h while physical and thermal properties of the materials are provided 

from the connection with other blocks.  

The heat flux passed between a solid and a fluid mass through convection is given 

from the Newton Law. The following equations model a simple case of a flat wall and a fluid, 

having thermal conductivities ks and kf respectively and with a contact area Ac. The heat flux 

exchanged will be 

 (2 1) (1 2)( ) ( )s
cv c c s c f c cv

s

k
Q A T T h A T T Q


            (2.8.9) 

Where Tc is the absolute temperature of the contact area and δs is the half thickness. Shape 

factor is equal to 
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  (2.8.10) 

Thus equation (2.6.9) can be rewritten as 

 (2 1) ( ) ( )cv s c c s c f cQ S A T T h A T T          (2.8.11) 

Heat flux can also be calculated using L 

 (2 1) ( )cv c f cQ L h A T T       (2.8.12) 

by combing equations (2.6.9) and (2.6.12) and solving for L it is found that 
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 (2.8.13) 

the absolute temperature of contact area will be 

 s s s s
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s s

k S T h T
T

k S h

   


 
 (2.8.14) 

Where 

 
fNu k

h
D


  (2.8.15) 

 Re Prb cNu     (2.8.16) 

 

 

Fig. 2-11 Block: Convection Heat Transfer 
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2.8.3 Radiation 

The radiation heat flux controller is an element which controls the heat transfer 

between two masses using the Steffan - Boltzman law for calculating the heat flux amount. 

The configuration of the block is shown in Fig. 2-12. Certain geometry data are required for 

the calculation named radiation shape factor and Contact area. 

According to theory of Steffan - Boltzman, the total energy density emitted from a black 

body is proportional to the fourth power of absolute temperature. Thus 

 
4

bE T   (2.8.17) 

Where, Eb is the energy radiated per unit time and area (power density) by the ideal 

radiator, σ is the Steffan – Boltzman constant and it is equal to 

 8 25.669 10 /W m K     (2.8.18) 

When heat flux takes place from 1 to 2, the following equation models the phenomenon 

 1 2 (1 2)bE A F    (2.8.19) 

Where F(1 -2) is the radiation shape factor and illustrates the fraction of energy leaving the 

surface one and reaches the surface two. As mentioned above the two surfaces are black 

meaning that all radiation is absorbed and the net heat power exchange is given by 

 (1 2) 1 1 (1 2) 2 2 (2 1)rd b bQ E A F E A F         (2.8.20) 

If the two surfaces have the same temperature, meaning that no heat exchange takes place, 

the equation (2.6.20) leads to 

 1 2b bE E  (2.8.21) 

And eventually to 

  1 (1 2) 2 1 2
A F A F 
    (2.8.22) 

By combing equations (2.6.20) – (2.6.21), the net heat exchange for black bodies is 

  (1 2) 1 (1 2) 1 2 2 (2 1) 2 1( )rd b b b bQ A F E E A F E E           (2.8.23) 

  The radiation heat flux is easy to calculate assuming that black bodies are invoked.  Since a 

part of the amount is absorbed by the materials meaning that energy can be reflected back 

and forth between the heat exchanging surfaces, a more complex system will be described 

in order to model the real physical system. Therefore, the irradiation G and radiosity J terms 

are used. Irradiation is the total radiation incident upon a surface per unit time and per unit 

area. The radiosity is the sum of the energy and the energy reflected when no energy is 

transmitted through the material.  

 bJ E r G     (2.8.24) 
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Where r is the reflectivity of the surface and ε is the emissivity which is defined as the ratio 

of actual heat radiated density E and the theoretical black body heat radiated density Eb  

 
b

E

E
   (2.8.25) 

The reflectivity is given by 

 1r    (2.8.26) 

Now by substituting the equations (2.6.25) and (2.6.25) to (2.6.24) it is obtained 

  1bJ E G       (2.8.27) 

The net energy leaving the surface is the difference of the above elements (irradiation and 

radiosity) 

    ( )
1

rd b s

b b b

r

Q
J G E G G E G

A
  


            (2.8.28) 

 where Ar is the surface of radiating body. By substituting G from the equation (2.6.27) 

equation (2.6.28) can be rewritten as follows 
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 (2.8.29) 

by simplifying and rearranging 
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 (2.8.30) 

 or alternately  

 
   

( )

1 /
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r r

Q E J
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 (2.8.31) 

 Examing the equation (2.6.31) it is found that if the denominator of the right side is 

considered as the surface resistance to radiation heat transfer, the numerator a potential 

difference and the heat flow of the current, then a network can be created similar to 

electrical systems.  

 The total radiation leaving the system one and reaching system two is 

  1 1 1 2
J A F


   (2.8.32) 

Versa 
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  2 2 2 1
J A F


   (2.8.33) 

The net interchange is equal to 

 
         1 2 1 1 2 21 2 1 2 2 1rd

Q J J A F J J A F
  

         (2.8.34) 

Knowing that 

    1 21 2 2 1
A F A F

 
    (2.8.35) 

The surface resistance of surface one is 

 
     

1 1

1

1 1 11 /

b

rd b

E J
Q

A 




 
 (2.8.36) 

Accordingly for surface two 
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 (2.8.37) 

Using the conservation law for energy and by eliminating the J, equation (2.6.34) can be 

rewritten as follows 
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 (2.8.38) 

By substituting Eb1 and Eb2 from the above equation 
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 (2.8.39) 

Which is the final equation used for calculating the heat exchanged between two surfaces 

due to radiation. 
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Fig. 2-12 Block: Radiation Heat Transfer 

 

2.9 Cylinder Geometry 
The mathematical equations governing the Cylinder Geometry are presented here. 

The model incorporates two volumes denoted as upper VU and lower VL. Both volumes are 

fully symmetrical and are equally treated. As a result of this, both volumes can be used as 

combustion chambers independently. The upper volume VU at any crank angle position is 

the sum of the upper clearance volume VcU and the upper displaced or swept volume VdU 

(Kyrtatos, 1993), thus 

 U cU dUV V V   (2.9.1) 

accordingly the lower part VL at any crank angle position is the sum of the lower clearance 

volume VcL and the lower displaced or swept volume VdL, thus  

 L cL dLV V V   (2.9.2) 

where the displaced volumes (VdU and VdL) are the product of the piston distance relative 

position (xU and xL accordingly) and the cylinder cross section area Acs. Thus the upper 

displaced volume VdU is 

 dU cs UV A x   (2.9.3) 

and 

 dL cs LV A x   (2.9.4) 

The cross section area of the cylinder Acs is  

 
2

4
cs

B
A    (2.9.5) 

where B is the cylinder bore. 
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The position of the piston with respect to the upper face of the piston is 

 Ux r d   (2.9.6) 

while the piston position with respect the lower face of the piston xL is 

 
Lx r d   (2.9.7) 

where r is the crank radius and d is the distance of the piston from the mid – stroke position 

as shown in Fig. 2-15 and is calculated using the following equation 

  cos 2d l r a E       (2.9.8) 

where l is the connecting rod length, a is the crank angle and E is equal to 

  
2

2

2
1 sin 2

r
E l a

l
       (2.9.9) 

The notation used in the previous equations is shown Fig. 2-13 

r

l

a

s

b

Fcr

Fcr Fp

T

 

Fig. 2-13 Basic length, angle and torque developed to crankshaft due to gas forces 

For simplicity in equations,  

 
 

 

cos 2

sin 2

a w

a h





  

  
 (2.9.10) 

thus,  

 d l r w E     (2.9.11) 

So equation (2.9.9) can now be rewritten as 
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 (2.9.12) 

The velocity of the piston with respect to the upper face of the piston is calculated from 

 2 1U

r w
x r h a

E


 
       

 
 (2.9.13) 

where a is the crank angular velocity. As already stated before, the system is symmetrical 

thus the velocity Lx  of the piston with respect to the lower face of the piston is opposite to 

the Ux thus, 

 L Ux x   (2.9.14) 

The cylinder upper volume change rate is calculated as the product of the piston velocity 

with respect to the upper part and the cross section area of the cylinder, thus 

 
U cs UV A x   (2.9.15) 

The system is symmetrical thus, 

 
L UV V   (2.9.16) 

The torque developed from (or absorbed by) the cylinder due to the sum of the gas forces 

Fig. 2-13 acting on the upper and lower faces of the piston Mp is 

 
pM T r   (2.9.17) 

 where T is the tangential component of Fcr force and is equal to 

 1p

r w
T F h

E

 
    

 
 (2.9.18) 

where Fp is the total force developed from the gas . By combining (2.9.17) and (2.9.18) 

 1p p

r w
M F r h

E

 
     

 
 (2.9.19) 

Fp is given by 

  p cs U cs L cs U LF A p A p A p p        (2.9.20) 

where pU is the absolute gas pressure developed on the the upper face of the piston and pL 

is the absolute gas pressure developed on the lower face of the piston. 

The moving parts of the system piston assembly, connecting rod assembly etc have 

considerable mass which during one engine cycle accelerate and de – accelerate. The system 
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can be simplified in two masses. A rotating mass mr and a mass moving linearly ml. For the 

purpose of this diploma thesis an equivalent polar moment of inertia of the system is 

needed. This equivalent polar moment of inertia can be the mean value over one complete 

crankshaft cycle or the instant value. In order to find the instantaneous equivalent polar 

moment of inertia of the moving parts the total kinetic energy stored to the system is 

considered. The total kinetic energy K of the system using the instantaneous equivalent 

polar moment of inertia is 

  
21

2
2

pK I a      (2.9.21) 

The kinetic energy of the rotating mass is 

  
21

2
2

r rK m r a       (2.9.22) 

and the kinetic energy  Kl of the linear moving mass ml is 

 21

2
l lK m x    (2.9.23) 

but the sum of the kinetic energies of the rotating and linear moving masses is equal to the 

total kinetic energy of the system using the instantaneous equivalent polar moment of 

inertia, thus 

    
2 221 1 1

2 2
2 2 2

r r pK m r a m x I a                (2.9.24) 

Solving equation (2.9.24) for the polar moment of inertia Ip 
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 (2.9.25) 

A modification of equation (2.9.25) is needed when the angular velocity takes value equal to 

zero, when the mentioned equation becomes illegal. In this case the second term has no 

meaning and can be safely ignored, thus 
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 (2.9.26) 

The presented model in MATLAB/Simulink is shown in Fig. 2-14 while Fig. 2-15 shows 

the typical cylinder arrangement. 
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Fig. 2-14 Block: Cylinder Geometry  
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Fig. 2-15 Typical cylinder arrangement 
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2.10 Geometrical Energy Loss 
The mathematical equations governing the Geometrical energy loss are presented in 

this section.  

Three terms consist the pressure loss. The first term is the proportional to the total 

pressure applied and is defined as a percentage of the total pressure applied and is defined 

as a percentage of the total pressure which is provided to the geometry of the cylinder. This 

pressure percentage drop is analogous to the mechanical efficiency ηf. The second term is 

proportional to the linear reference velocity. The third term is equal to a constant pressure 

drop which is always present (while the linear velocity is not equal to zero) independent of 

the loading condition. Thus the pressure loss is equal to 
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 (2.10.1) 

All the above constants and ps variable must be positive numbers. 

The mechanical power converted to heat is equal to 

 
f fQ V p   (2.10.2) 

It is noted that (2.10.2) is always positive since it represents the heat supplied. The pressure 

transmitted of state 1 before the pressure loss is equal to 
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 (2.10.3) 

The volume change rate and the volume are passing unchanged from the geometrical 

energy loss model, thus 

 2 1

2 1

V V

V V




 (2.10.4) 

Also, the linear velocity and linear position are passing unchanged from the geometrical 

energy loss model, thus  

 
2 1

2 1

x x

x x




 (2.10.5) 

The presentation of the model is shown in Fig. 2-16. 
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Fig. 2-16 Block: Geometrical Energy Loss  
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3 Simulation Blocks 
In this chapter of the diploma thesis, major simulink® blocks are described. The 

available groups are (Lambropoulos, 2000): 

 Thermo – fluid group, which contains all the necessary information about gas 

properties, the implementation of plenum as laws of thermodynamics and emptying 

and filling methods 

 Geometry group, which contains the equations of cylinder geometry and contains 

also the link between the thermo – fluid group and the mechanical interface of the 

system such as torque and angular velocity 

 Heat Transfer group, which implements the three ways of heat transfer, such as 

conduction, convection and radiation. Each of them or  combined properly 

implement the ways of heat flux of the engine 

Due to the fact that these blocks contain most of the blocks described in Chapter 2 as 

mathematical equations blocks, the term major is used in order to describe a group of blocks 

at a higher level, for engine configuration. In next section, the Simulink® library of the major 

blocks, or blocks that can be used independently, is presented. Also, each major block is 

described thoroughly.  

In order to construct a simple system, graphical connection of the blocks must be 

performed. The general idea of connection is with arrows that show the flow of the signals. 

Therefore, it is clear to the user, which block with which other or others is connected. Table 

3-1 groups the various blocks into the library. 

Table 3-1 Simulation groups 

Group Blocks 

Thermo - fluid Gas Properties, Fixed Fluid, Open 
Thermodynamic System, Compressor, 
Intercooler, Turbine, S – Curve combustion, 
Turbocharger, MAN NA70/TO78 TC, 8 
Cylinders, one cylinder 

Geometry Cylinder Geometry, Geometrical energy Loss, 
Stiff shaft 

Heat Transfer Conduction, Convection, Radiation, Cylinder 
Heat transfer 

 

The corresponding S – Functions can be found in Appendix A.  
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3.1 Block Library 
A total snapshot of the Simulink block library is shown in Fig. 3-1. Appendix C shows this 

library in greater detail.  The library contains 19 blocks as follows: 

 Turbocharger Block 

 Inlet and Exhaust Valve Blocks 

 Open Thermodynamic and Gas Properties Block 

 Fixed Fluid and Gas Properties Block 

 Cylinder Heat Transfer Block 

 Combustion Block 

 One Cylinder Block  

 Multiple Connected Cylinders Block 

The above blocks are presented in detail in section 3.2. 

 

Fig. 3-1 Simulink Block Library with 19 elements 
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3.2 Major Blocks 

3.2.1 Turbocharger and Intercooler blocks 

Various types of exhaust driven turbochargers have been designed for supercharging 

reciprocating internal combustion engines. A turbocharger consists basically of a compressor 

and a turbine coupled on a common shaft. The exhaust gases from the engine are directed 

by the turbine inlet casing on to the blades of the turbine and subsequently discharged to 

atmosphere through a turbine outlet which compresses the air and directs it to the engine 

induction manifolds, to supply the engine cylinders with air of higher density than is 

available to a naturally aspirated engine (Watson & Janota, 1982). The Marine Diesel Engine 

is equipped with a marine turbocharger that contains also a heat exchanger to cool down 

the gas after the compression due to the fact that the change of gas pressure after the 

compressor block also increases the temperature of the gas. Thus in order to provide lower 

density intake air, an intercooler (heat exchanger using as coolant medium water) is also 

installed. This text describes a radial compressor, an intercooler and a turbine along with a 

stiff rotating shaft that form the model of the turbocharger used. The implement engine 

uses 3 turbochargers manufactured by MAN. The type of turbocharger used is 

NA70/TO9098.  

The compressor is modeled as a standalone unit and the power required to drive the 

compressor is obtained as already stated, through a shaft. Thus the compressor can obtain 

power from turbine(s), crankshaft(s) and any combination of them. The compressor behaves 

as a device controlling the gas mass flow between two control volumes. The gas mass flow 

rate is depended on the pressure ratio between the control volumes and the compressor 

speed. 

Compressor performance is described using a map (usually obtained from the 

manufacturer) which provides the mass flow rate through the compressor (at reference 

states) and the corresponding isentropic efficiency for various pressure ratios and speeds 

(compressor’s angular velocity). 

The shaft power required by the compressor is equal to the enthalpy increase of the 

gas during the compression process. The actual temperature increase is calculated by 

dividing the ideal enthalpy increase with an efficiency factor called isentropic efficiency of 

the compressor (due to the fact that compression is not ideal to have isentropic change). 

Under normal circumstances, the compressor takes the air from the volume with the lower 

pressure (downstream) and delivers it to the volume with higher pressure (upstream) than 

the atmosphere. The working pressure ratio is defined as the ratio of the upstream pressure 

to the downstream pressure of the gas. The mass flow is implemented in the compressor as 

one way. Thus the gas flows only from upstream to downstream volume. Thus for pressure 

ratios higher that unity the mass will flow from the volume with the lower pressure to the 

volume with the higher pressure while in case of pressure ratios lower that unity the mass 

will flow from the volume with the higher pressure volume towards the lower pressure 

volume. 
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In reality heat transfer also occurs in the casing. Thus in order to have a better 

approach to the real behavior of the compressor, heat transfer is implemented using one 

heat transfer male interface though which the heat flux is defined externally using heat 

transfer elements assuming mean gas temperature and thermal conductivities. The heat 

extracted or added to the gas through heat transfer is then provided to the upstream 

volume using the female thermo fluid interface (Temperature, pressure, gas constant, 

viscosity coefficient, specific burned fuel mass fraction, density, internal energy, thermal 

conductivity and emissivity as inputs).  

The compressor is modeled as a subsystem which controls the flow between two 

control volumes. The compressor block uses the gas state and properties of the two control 

volumes together with the angular velocity of the compressor in order to calculate the mass 

flow rate using a map. The compressor block has twenty inputs and eight outputs that 

provide the aforementioned stated properties. The compressor block is shown in Fig. 3-2. 

 

Fig. 3-2 Block: Compressor 

The compressor is connected to a heat exchanger. This is necessary due to 

temperature increase of the gas pursuant to pressure increase and is undesirable at this 

stage. Thus an intercooler achieves lower temperature and thus higher density of the 

working fluid. The turbocharger block contains an intercooler based on the heat exchanger 

efficiency. The efficiency is provided by the manufacturer of the intercooler. The intercooler 

block implements a pipe which exchanges heat with the walls having a fixed one male 

thermo - fluid interface (mass flow specific Enthalpy change rate, Total Specific Burned fuel 

mass change rate and Heat flux as outputs), one female thermo – fluid and one female heat 

interface (Reynolds, Prandtl,  emissivity, thermal conductivity, temperature as outputs and 

Heat flux as input). The intercooler block is shown in Fig. 3-3. 
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Fig. 3-3 Block: Intercooler 

The turbines are used to convert gas thermal energy into mechanical rotational 

energy. Typically turbines are used for driving compressors or for providing extra power to 

the crankshaft. Turbines used in large marine Diesel engines are typically of the axial flow 

type whereas in smaller engines often radial flow type is used. 

The turbine performance is usually described using two maps. The first map shows 

the swallowing capacity (mass flow rate) of the turbine while the other gives the efficiency 

of the turbine. All values of the maps are given in the reference conditions so a correction 

has to be made (Watson & Janota, 1982).   

The power developed from the turbine to the turbine’s shaft is equal to the total 

enthalpy change of the gas. The total enthalpy change is calculated from the ideal enthalpy 

change calculated with the isentropic efficiency factor, due to the fact that the change is not 

ideal. 

A turbine can also be implemented as an equivalent valve, as the mass swallowing 

capacity behavior of turbine approaches the characteristic one of valve. Many turbine 

manufacturers adopt this approach and provide an equivalent area value of a valve instead 

of the swallowing capacity of the turbine. Since this adaption is not accurate over all the 

operating area of the turbine, they are forced to provide a correcting factor (usually denoted 

as αΤ) in order to compensate this. In this thesis, the swallowing capacity map is used instead 

of the equivalent area map.  

As heat transfer takes place through the turbine casing, it is taken into account in 

the simulation.  Heat transfer is implemented using female and male connections with the 

appropriate in each case heat transfer blocks.  The heat flux here, is provided externally 

using the female interface (female is considered when the flow of signals is entering the 

block) and the properties needed by the heat transfer block are provided using the male 

interface (male is considered when the flow of signal is leaving the block) which sends the 
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thermal properties. The heat extracted or added to the gas through heat transfer is then 

provided to the upstream volume using the female thermo – fluid interface. 

The turbine is modeled as a subsystem which controls the flow between two control 

volumes. The turbine block uses the gas state and properties of the two control volumes 

together with the angular velocity of the turbine in order to calculate the mass flow rate 

using a swallowing capacity map. Heat transfer is provided externally using mean values of 

the gas state and properties. The turbine block is equipped with two thermo fluid female 

interfaces, with mechanical female interface and with one heat transfer male interface. The 

turbine block is shown in Fig. 3-4 while the whole Turbocharger is shown in Fig. 3-5. 

 

Fig. 3-4 Block: Turbine 

 

Fig. 3-5 Turbocharger Major Block 
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3.2.2 Inlet and Exhaust Valve Blocks 

In many parts of the engine cycle, fluid flows through a restriction. Typical examples 

of flows through a restriction are the inlet and exhaust valves of the engine, where air flows 

from the intake manifold through the open inlet valve inside the cylinder plenum and when 

the combustion occurs, the exhaust gas flows from the cylinder plenum to pass through the 

open exhaust valve to the exhaust manifold. The gas flow is derived from the equivalent 

ideal steady state adiabatic and reversible flow (isentropic and frictionless) through a 

restriction with identical geometry and dimensions. Since the real gas flow behavior depart 

from the ideal assumption of isentropic flow, an effective area is used instead of the 

restriction’s geometric area for the calculation of the mass flow rate (Heywood, 1988). This 

correction is done in order to achieve the actual mass flow. Also the assumption that the 

steady state behavior extends to quasi steady conditions is made. 

Since the valve acts between two control volumes as a flow controller, the gas flows 

from the volume with the higher pressure to the volume with the lower pressure. Therefore 

as a controller, in valve block, the pressure controls the way of the flow and determines 

which volume at each time step is considered as upstream or downstream (flow from 

upstream to downstream).  

In most cases, in order to approach the real behavior of a gas passing through a 

restriction, the occurring heat transfer is taken into account, despite the isentropic gas flow 

assumption. Heat transfer is considered before and after the restriction using external heat 

flux blocks, by taking into account the temperature and thermal properties of the gas. The 

heat extracted or added to the gas through heat transfer is taken into account when the 

enthalpy of the gas entering the upstream volume is calculated.  

In order to implement the engines inlet or exhaust valve, the valve block is used with 

heat transfer blocks, heat capacitors impellent the material properties that match each 

metal part the valve has. Therefore, in order to implement the inlet valve, that no heat 

transfer is taking place, the major block inlet valve is constructed by the valve block that is 

insulated, thus no heat transfer interface is available and a control element of the equivalent 

area of the valve (Ae) that is provided externally controlled by the crank angle value. The Fig. 

3-6 illustrates the equivalent area of the valve versus the crank angle.  
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Fig. 3-6 Inlet Valve's Equivalent area vs crankshaft's Angle 

As already stated the valve is insulated and therefore no heat transfer takes place (heat flux 

equal to zero). Fig. 3-7 illustrates the Inlet Valve major block. 

 

Fig. 3-7 Block: Inlet Valve 
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As is the case of inlet port, the exhaust valve of the cylinder is implemented using again a 

valve block, with the heat transfer interface and the equivalent area that is provided 

externally and is controlled by the crankshaft angle. In the exhaust valve, heat transfer 

cannot be ignored and should be taken into account. The exhaust valve heat transfer 

includes various heat capacitors and heat flux controllers. Fig. 3-8 shows the equivalent area 

for the exhaust valve versus crankshaft’s angle.  

 

Fig. 3-8 Exhaust Valve's Equivalent area vs crankshaft's Angle 

 When the exhaust valve is open the area used in the conduction heat flux controller, 

a map of contact area versus the linear position of the piston is used, by the time the contact 

the valve disk and the cylinder head are no longer in contact, the output of the map is zero. 

These maps are provided externally and differ for each engine. The modular implementation 

of the Exhaust valve is shown in Fig. 3-9. 
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Fig. 3-9 Block: Exhaust Valve 

The major block shown in Fig. 3-9, contains inputs that are connected to the jacket cooling 

system in order to drop the rising temperature due to hot exhaust gas that flow through the 

exhaust valve to the exhaust manifold. 
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3.2.3 Open Thermodynamic System and Gas Properties Block 

This block contains two sub blocks namely, open thermodynamic system and gas 

properties. Each of these blocks calculates certain variables needed in the operation of the 

system. The gas properties sub block contains equations contained in (Heywood, 1988) that 

best describe the properties of the gas mixture contained in a certain volume. From a 

thermodynamic perspective, each volume (i.e. inlet, outlet or cylinder’s volume) is described 

using the equations of an open thermodynamic system, where laws of   thermodynamics are 

applied.   

Therefore, each of these blocks corresponds to simpler ones. The major block “Open 

Thermodynamic System and gas properties” is shown in Fig. 3-10. It is often required to 

implement a region of the engine as an open thermodynamic system. Typical examples are 

the cylinder volume and the intake and exhaust manifolds. This modeling approach is 

appropriate when the gas inside the open system boundary can be assumed uniform in 

composition and state at each time step and when the state and mixture composition vary 

with time due to heat transfer, work transfer and mass flow across the boundary and 

boundary displacement (Kyrtatos, 1993). Fluid gas is exchanged thought the open 

thermodynamic system boundary. The mass change rate of the fluid flow is controlled 

externally using the female ports of the block. These ports are connected e.g. with a valve, 

compressor blocks etc. The mass change rate totals the sum of the individual flow 

controllers connected to the Open Thermodynamic System. This combined mass is coupled 

with the Enthalpy change rate, the specific burned fuel mass fraction change rate (the 

change refers to the entrapped mass inside the control volume) and the heat flux exchanged 

due to the geometrical openings required in having mass flow. The total properties ( ,H  ) 

are required since the combined flow of all the flow controllers is used. Using the combined 

flow simplifies the calculations required. 

The Open thermodynamic block consists of twelve inputs and two values that are 

feed internally from the open thermodynamic system to the gas properties. These values are 

used also outside the boundaries of the major block. 

This block is subject to heat transfer through the boundary walls of the system. The 

heat flux is provided externally using female and male interface. The gas temperature along  

with the thermal properties of the material (e.g. thermal conductivity κ, radiation emissivity 

ε, Reynolds Re and Prandtl Pr numbers) are provided though this interface and the heat flux 

is calculated externally using heat transfer elements in topology which best suits the system 

modeled. The heat flux takes place in two stages. The first stage takes place through the 

openings required for the mass flow in and out of the system and the second part through 

the boundary walls of the system. The open thermodynamic system’s volume V and volume 

change rate are also provided externally through the female interface. This allows each time 

the same major block to implement different plenum (e.g. inlet manifold, or upper and 

lower volume of the cylinder, due to the motion of the piston). This approach facilitates easy 

expansion since new geometries can be added with the introduction of a new element. The 

geometrical information (that each time is provided using the appropriate interface) 

provides to this major block with the volume and volume change rate along with reference 

velocity and portion and utilizes the gas pressure in order to convert it to other forms. 
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Fig. 3-10 Major Block: Gas Properties and Open Thermodynamic System 
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3.2.4 Fixed Fluid and Gas Properties Block 

When implementing a thermodynamic system, it is often useful to investigate the 

behavior of schemes which although non - existent to nature, are interesting for studying 

purposes. Such a case is when an element exists which can impose a constant fluid mass 

flow rate into a thermodynamic volume regardless of the thermodynamic condition (gas 

temperature, pressure etc.) inside this volume. The flow can be positive or negative, where 

in the first case the element functions as a gas mass flow generator with constant gas 

properties, while in the second case the element functions as gas mass sanction device 

capable of maintaining constant flow rate. In the later case the properties of the gas are 

taken from the thermodynamic volume the fluid flows. In order to model this behavior the 

fixed fluid block is introduced. This block is connected to gas properties block and the two of 

them form the major block fixed fluid and gas properties.  The fixed fluid is modeled as a 

constant mass flow generator with constant properties if the flow is positive and with 

properties taken from the thermodynamic volume if the flow is negative. This block is used 

to implement the ambient air conditions, like the intake of the turbocharger or the exhaust 

gas after the turbine of the turbocharger.  

 

Fig. 3-11 Major Block: Fixed Fluid and Gas Properties 
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3.2.5 Cylinder Heat Transfer Block 

In order to implement the heat transfer of the cylinder, all the material that form 

the cylinder are implemented individually. The head of the cylinder is modeled individually, 

while the liner is divided in two parts, since the upper part is the one that takes all the heat 

flux due to the combustion. The piston is also divided in two parts, the piston crown and the 

piston skirt. 

 The working fluid is in contact with the head, the upper and lower part of the liner 

and the piston crown. Each connection is illustrated in Fig. 3-12 . The heat transfer method is 

illustrated using HTD1,R, HTB1,R, HTG1,R and HTA1,R (convection and radiation heat flux 

blocks).  

 The head, upper and lower liner of the cylinder are exchanging heat with the jacket 

coolant through HTD2, HTG2 and HTG3 respectively (convection heat flux blocks). 

 The heat developed on the piston crown is rejected to the piston coolant using the 

HTA2 (convection heat flux controller). Also the exchange between the piston and the 

cylinder liners through the ring is taken into account using the HTA3 and HTB2 respectively 

(conduction heat flux block) 

The piston crown and piston skirt are exchanging heat through HTA4 (conduction heat flux 

block). 
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Fig. 3-12 Cylinder and Exhaust Vale heat transfer implementation 
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Since the piston is changing position due to operation of the engine, the contact area 

between the working gas and the upper and lower parts of the liner is constantly changing. 

The contact area is controlled externally using the piston position x that is provided as an 

input to the Heat Transfer major block from Geometrical Energy Loss block. The diagrams 

used to control the area are presented in Appendix B, where the complete engine 

configuration is described. The implementation of the heat transfer major block is shown in 

Fig. 3-13. 

 

Fig. 3-13 Cylinder Heat Transfer major block 
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3.2.6 Combustion Block 

The combustion process normally takes place inside the open thermodynamic system 

that implements the cylinder volume. In order to have a flexible model, the combustion is an 

external block. This method is best suited here, because future work may upgrade the 

combustion model to a more complex one. Following this approach it is also possible to have 

multiple combustion elements that can be used (modeling two or more injectors with 

different injection timing). 

 The model presented here uses the S – Curve method. Taking a close look to the 

combustion modeling in the empty – filling method, it can be seen that the combustion 

process is typically a heat release and a mixture composition change. Both the heat release 

and the mixture composition change can be handled through a thermo - fluid connection so 

the advantages described above can be obtained.  

The S – combustor block is equipped with one female thermo - fluid interface which 

provides the heat released from the combustion process to the element connected and one 

female mechanical interface which provides the timing data.  The block representation of 

the S – Combustion Block is shown in Fig. 3-14. 

 

Fig. 3-14 Block: S - Curve Combustion 

 

Outputs 5 and 6 of the block show the mechanical interface (moment, moment of inertia), 

while input 7and outputs 1-4 provide connection with the thermo – fluid interface. 
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3.2.7 One Cylinder Block 

This block illustrates the complete model of one cylinder of an engine, comprising the 

piston, the rod the crankshaft, the upper and the lower volume of the cylinder, the liner, the 

inlet port (or inlet valve if the engine is 4 stroke), the exhaust valve and the combustion 

model that implements the injector and the combustion process inside the upper volume. 

Each of these blocks was individually described in the previous sections. 

The volumes of the cylinder are assumed as open thermodynamic systems. Inside the 

open thermodynamic system, gas properties block is connected. In order to establish the 

connection with the inlet and exhaust manifolds, the use of inlet port (or valve) and exhaust 

valve is necessary. Due to pressure difference, mass flow occurs, therefore fresh air 

(meaning rich to oxygen and other substances of atmospheric air) passes inside the 

cylinder’s plenum, where the variable geometry, due to piston movement, is implemented 

using the geometry block. As already stated in previous chapters, piston rings and other 

factors are responsible for the existence of friction. The pressure loss due to these factors is 

implemented and was taken into consideration with the use of geometrical energy loss 

block.  When the block that implements the rotation of the crankshaft axis, sends 

information about the current degrees of axis angle, certain controllers, open or close the 

inlet port, the exhaust valve, or give the command to start the combustion of the 

compressed mixture inside the upper volume (when the piston is located at the top dead 

center, TDC). The linear position of the piston is also a controller that allows the heat 

transfer blocks, to understand and calculate the heat flux at all positions of the piston.  

All the outputs of the cylinder are connected to the appropriate blocks (e.g. mass flow, 

enthalpy change rate etc to the inlet and exhaust manifolds or the torque and moment of 

inertia to the crankshaft interface). At each point of interest, scopes and display screens are 

connected in order to monitor the whole operation of the cylinder. Fig. 3-15 illustrates the 

cylinder of a marine 2 stoke Diesel Engine, with Inlet port(s) and Exhaust valve(s) and one 

beck. 

 

Fig. 3-15 One cylinder major block 
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3.2.8 Eight cylinders block 

In a realistic simulation, a multi cylinder engine is simulated. For this case a block for an 

eight cylinder MAN 8K90MC-C6 library block was developed 

Each cylinder is identical to the others in a multi cylinder engine. The only change is the 

initial crankshaft angle, because of the fact the each cylinder has different firing order and in 

order to have smooth production of torque and avoid vibrations, so they must have different 

phase angle. To avoid complex connection, the signals are inserted to a bus that transfers 

them to each cylinder. Each output of each cylinder is connected to signal combiner blocks 

that add each e.g. torque to one, that later is send to the appropriate block. The complete 

illustration of cylinders of the MAN 8K90MC-C6 diesel engine is illustrated in Fig. 3-16. 

 

Fig. 3-16 MAN 8K90MC-C6 Cylinders 

  



71 
 

4 Simulation Results 
This chapter contains the simulation results of test cases that were implemented in 

order to validate the results of the equation used in the blocks in chapter 3 and to affirm 

that these results would be meaningful and describe suitably the physical processes that 

took place in each component of a real engine. The test cases were set up in a manner that 

the results compared with already known results from other simulation efforts. As a general 

comment from these examples, the simulation results were found adequately close to 

existing and already verified results.  

The test case comprises: two containers connected through a valve, heat transfer, cylinder 

geometry, compressor and intercooler test and turbine test. 

 After completing the validation of the blocks, a single-cylinder of the marine diesel 

engine of MAN 8K90MC-C6 was set up using the blocks that were previously checked.  

4.1 Test examples 
In this section four test cases are presented in order to validate the results of the 

following blocks: gas properties and open thermodynamic system, fixed fluid, valve, 

compressor, intercooler, turbine, heat transfer blocks (conduction, convection and 

radiation), geometry block and geometrical energy loss block. 

4.1.1 Two gas containers connected through a valve 

This is a simple example of a valve fitted between two gas containers. The 

configuration of the example is shown in Fig. 4-1. The purpose of this example is to validate 

the results of the blocks: gas properties, open thermodynamic system and valve. In addition, 

it demonstrates how two fundamental fluid elements can be combined in order to model a 

physical configuration. 

 

Container 1

T1ic

m1ic

ξ1ic

Container 2

Valve

Ae

Au

T2ic

m2ic

ξ2ic

 

Fig. 4-1 Configuration of mass flow through a valve 

 The containers are insulated therefore no heat transfer is possible. Containers have 

also a certain known volume. A valve is fitted between them. The valve has a constant 

equivalent area and is also insulated.  

 The two gas containers are modeled using the open thermodynamic system block. 

Gas properties are given using the appropriate “gas properties” block that provides all the 
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necessary information.  Thus the gas properties element provides the thermodynamic 

properties of the fluids, a heat source provides the insulation condition (heat flux equal to 

zero) and geometry source provides the geometry of the container (volume). The data used 

in the example are shown in Table 4-1. 

Table 4-1: Container and Valve Data 

Container 1 Container 2 Valve 
2

1

3

3

402970 /

10

400

0.01

0.0

0.0 /

2.85

ic

ic

ic

p N m

m kg

T K

B m

V m s

V m









 







 

2

3

3

101303 /

1

300

0.0

0.0

0.0 /

0.85

ic

ic

ic

p N m

m kg

T K

B m

V m s

V m









 







 

2

2

0.0003

0.0006

e

u

A m

A m





 

 

All heat sources were set to zero due to insulation condition, meaning that no heat flux takes 

place in this example. 

Block representation of the example 

 

Fig. 4-1 The two container blocks are connected to each other through a valve 
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Results 

At time t=0 the mass flow started. Due to pressure difference mass flow occurs from 

the container with higher pressure (container one) to the container with the lower pressure 

(container two). The mass flow stops when the two pressures are equal. This condition is 

met at time 7.3 seconds, when the whole simulation lasts for 10 seconds. Fig. 4-2 shows the 

temperature, pressure and mass decrease in container one due to mass flow. Fig. 4-3 shows 

temperature and mass rising. Also the specific burned fuel mass fraction is rising due to the 

flow from container one to container two. Fig. 4-4 shows the pressure increase, the change 

of mass flow over time and the enthalpy change rate of container two. 

 

Fig. 4-2 Temperature mass and pressure of container one 
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Fig. 4-3 Temperature, mass and specific burned fuel mass fraction of container two 

 

Fig. 4-4 Pressure, mass flow and enthalpy change rate of container two 
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4.1.2 Heat Transfer 

A simple example of heat transfer is presented in Fig. 4-5. The configuration on the 

left side has a constant heat source of 100 W. The wall consists of two materials. Material A 

is carbon steel (C 0.5%) and material B is alusil (Al 78 – 80%, Si 20 – 22%). To the right hand 

side of material B, water is flowing at constant temperature. The heat source provides heat 

power ignoring the temperature of the material that the heat power is applied to.  

TA

TAB TB

TBW

TW =290 K

Qs=100 W
.

wa= 25 mm wb= 25 mm

mA mB

Aab=0.01m
2

Aab=0.01m
2

 

Fig. 4-5 Cross Section of configuration of heat transfer through wall 

For the material A the block heat capacitor was used. The wall is rectangular 

parallelepiped having cross section area Aab=0.01m2 and width wa=0.025m which leads to a 

volume of Va=0.00025. The physical and thermal properties of the materials used can be 

found in Table 4-2. Using these properties, it can be found that 

 1.958A A Am V kg    (4.1.1) 

Reynolds and Prandtl numbers are set to zero because the material is solid. 

Table 4-2: Carbon Steal Properties 

Carbon steel (C 0.5%) properties at 290 K 
37833.0 /

465.0 /

54.0 /

0.8

A

pA

A

A

kg m

c J kg

k W m K









 

 

 

 

For the material B a heat capacitor was used also. This wall is also rectangular parallelepiped 

having the same cross section area as wall A Abf=0.01m2 and width wb=0.020 m which leads 

to a volume of Vb=0.00020 m3. The physical and thermal properties of Alusil can be found in 

Table 4-3. Using these properties the mass of the wall B can be found  



76 
 

 0.525B B Bm V kg    (4.1.2) 

Reynolds and Prandtl numbers are set to zero because the material is solid. 

Table 4-3 Alusil Properties 

Alusil (Al 78 – 80%, Si 20 – 22%) properties at 290 K 
32627.0 /

854.0 /

161.0 /

0.25

B

pB

B

B

kg m

c J kg

k W m K









 

 

 

 

The cooling water was assumed as heat sink, meaning that provides a constant temperature 

and all the heat flux passing to it, is absorbed. The water was considered to have mass flow 

equal to 45 kg/s. The Reynolds and Prandtl numbers can be obtained using the following 

equations 

 
w f

w

w

Y d
Re




  (4.1.3) 

 wp w

w

w

c
Pr

k


  (4.1.4) 

where df is the characteristic length and equal to 0.1 m. 

The properties of water can be found in Table 4-4 

Table 4-4 Water Properties 

Water  properties at 290 K 
3997.4 /

4179 /

0.604 /

0.25

0.00098 /

B

pB

B

B

f

kg m

c J kg

k W m K

kg m s











 

 

 

 

 

The heat transfer between wall A and wall B was conduction; therefore a conduction 

block was utilized. Contact area between the two materials is set to 0.01 m2. In order to 

calculate the shape factors δA and δB are required. These two are given from 

 0.00125
2

A
A m


    (4.1.5) 
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 0.001
2

B
B m


    (4.1.6) 

thus 

 11
800.0A

A

S m


   (4.1.7) 

 11
1000.0B

B

S m


   (4.1.8) 

The heat transfer between wall B and water was convection and radiation; therefore 

convection and radiation blocks were used. The contact area was set to 0.01 m2. For the 

convection heat flux block the geometry shape factor Ss was taken equal to SB. The a, b, c 

constants for the calculation of Nusselt number were taken equal to a=0.025, b=0.8 and 

c=0.333 due to the assumption of turbulent flow while the characteristic length D was set to 

0.1 m. For the radiation heat flux block the shape factor was set to 0.45 and the cross 

section area was taken equal to 0.01 m. The data used in heat transfer blocks are presented 

in Table 4-5. The data for the heat Capacitors are presented in Table 4-6 as well. As 

mentioned before, the heat source provides constant heat flux equal to 100 W. 

Table 4-5 Heat Transfer Block Data 

Convection Block Data Radiation Block Data Conduction Block Data 
2

1

0.01

1000

0.1

0.025

0.8

0.333

c

s

A m

S m

D m

a

b

c









 

 

 

  

2

1

2

2

1 2

0.01

0.01

0.45

A m

A m

F






 

 

2

1

1

1

2

0.01

800.8

1000

cA m

S m

S m











 

 

Table 4-6 Heat Capacitors Data 

Heat Capacitor A Block Heat Capacitor B Block Heat Sink  

 

 

1.958
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290

0.0

0.0

54 /
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p

ic

m kg

c J kg K

T K
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0.0

0.0

161 /
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T K
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6.78

4592
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0.95

icT K
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k W m K





 

 

 

 

 

 

  



78 
 

Building block representation of the example 

 

 

Fig. 4-6 Block Representation of the Example 

Results 

The simulation runs for 3600 seconds (one hour). The initial wall temperature was 

taken equal to 290 K. The heat source provided 100 W constant heat during the simulation. 

The heat absorbed from heat capacitors and heat sink is presented in Fig. 4-7 - Fig. 4-9. Also, 

during the simulation, the heat absorbed by the heat capacitors A and B decreases since the 

temperature of them reaches gradually the equilibrium. On the other hand, the heat 

absorbed by the heat sink increases with time until it reaches the highest value, which is 

equal to the heat supplied by the heat source. In Fig. 4-7 the heat flux entering the heat 

capacitors and water can be seen. Also the temperature rise is illustrated. In the same figure 

it is shown the temperature difference of conduction and convection for heat capacitor B. In 

Fig. 4-8 it is shown the amount of Heat flux due to conduction and convection. Also it is 

illustrated the temperature difference of convection and conduction. In Fig. 4-9, the whole 

heat flux arriving at heat capacitors A, B and water is presented.  
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Fig. 4-7 Heat flux and temperature at capacitors A, B and heat sink and temperature difference 

 

Fig. 4-8 Heat flux due to conduction and convection and temperature difference from convection block 
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Fig. 4-9 Heat flux elements and total at capacitors A, B and heat Sink 
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4.1.3 Cylinder Geometry 

In this example a piston inside a cylinder is connected to a rotating shaft. On the top 

and bottom sides of the piston, constant pressure is applied, while it is rotated by an 

external rotating torque sink (which models the crankshaft) with constant angular velocity 

regardless of loading torque value.  
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Fig. 4-10 Configuration of piston connected to crankshaft 

The purpose of the test is to show how the geometry elements are used and also for 

validation purposes. Constant pressures are preferred since any implementation faults can 

be easily identified. The upper pressure models the gas pressure that is applied to the piston 

due to the weight of mass m equal to /csp A g  , where Acs is the cylinder cross section area 

and g is the gravity acceleration. The lower pressure can be considered to be the 

atmospheric pressure.  The upper pressure is equal to 

 21950000 /Up N m  (4.1.9) 

which is approximately equal to the indicated mean effective pressure of a two stroke Diesel 

Engine. The lower pressure is equal to the atmospheric pressure at sea level 

 2100000 /Lp N m  (4.1.10) 

The cylinder bore B was set equal to 

 0.9B m  (4.1.11) 

the cylinder’s cross section area is given by the following equation 

 
2 2

20.9
0.63617

4 4
cs

B
A m       (4.1.12) 

The crankshaft radius r, was taken equal to 

 1.275r m  (4.1.13) 

and the rod length l, was set equal to 
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 3.5l m  (4.1.14) 

In this test the upper and lower compression volumes (VUL and VCL) were set to zero due to 

the assumption that they are infinite. Thus 

 30CU CLV V m   (4.1.15) 

For the linear moving mass ml and rotating mass mr, the following values were used 

 6000lm kg  (4.1.16) 

and  

 4000rm kg  (4.1.17) 

The energy loss due to piston ring friction is calculated using a geometry loss block. This 

energy loss is considered as pressure loss pf which consists of three terms. First is the 

pressure loss as a percentage of the applied pressure. Since the piston rings are pressed 

against cylinder’s walls with a pressure proportional to the applied pressure, the energy loss 

will be proportional to the applied pressure. The percentage of this pressure was taken 

equal to 

 0.02f   (4.1.18) 

Second term is the pressure loss due to piston linear velocity Ux . This pressure loss is 

proportional to Ux and this is explained by the fact that there is a lubrication layer on the 

cylinder walls. The value of the pressure loss constant, due to piston linear velocity, C1 was 

calculated using an estimation of the pressure loss when the engine rotates at full load 

where the angular velocity is 1.5 s-1. The estimated pressure loss was set equal to 

pf2=100000 N/m2. Using the mean piston velocity
Ux , is obtained from the following 

relationship 

 4Ux a r    (4.1.19) 

By substituting the values to equation (4.1.19) it is obtained that 

 14 1.5 1.275 7.65Ux s     (4.1.20) 

The pressure loss constant due to linear velocity is 

 2 13072 /
f

U

p
C N m s

x
    (4.1.21) 

The third term of the pressure loss is taken constant and is produced from the constant 

pressure that piston rings are applying to the cylinder walls due to their elasticity. This value 

was taken constant and equal to 
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 210000 /sp N m  (4.1.22) 

The crankshaft angular velocity was set initially to 1.5 s-1 and was kept constant for 2 

seconds after that the angular velocity was linearly reduced for 26 seconds to - 1.5 s-1 and 

kept there for 4 more seconds till it was linearly increased for other 26 seconds and kept at  

1.5 s-1 for the final 2 seconds of the simulation. Total simulation time 60 seconds (1 minute). 

The heat dissipated from the geometrical energy loss is used from the heat capacitor block 

for the calculation of the rise of temperature. In order to calculate the heat due to friction 

the mass m and heat capacity at constant pressure cp values were set to unity. The initial 

heat capacitor temperature Tic was also set to zero for convenience in results. The 

configuration can be seen in Fig. 4-11. The data used in the example can be found in Table 

4-7 and Table 4-8. 

Table 4-7 Geometry and Heat Capacitor Data 

Cylinder Geometry Block Heat Capacitor Block 
3

3

2

0

0

0.6317

3.5

6000

4000

1

cU

cL

cs

l

r

V m

V m

A m

l m

m kg

m kg

c













 

 

1

1 /

0

0

0

0 / ( )

0

p

ic

m kg

c J kg K

T K

Pr

Re

k W m K





 



 

 

 

 

 

 

Table 4-8 Geometry loss and Pressure of Cylinder's Volume Data 

Geometry Energy loss 
Block 

Upper Cylinder 
Volume 

Lower Cylinder 
Volume 

2

0.02

13072 /

10000 /

f

s

C N m s

p N m s

  

 

 

 

21950000 /p N m  210000 /p N m  
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Building block Representation of the example 

 

Fig. 4-11 Geometry and Energy Loss Elements test 

Results 

The results were obtained from a simulation which run for 60 seconds. The angular 

velocity and angular position can be seen in Fig. 4-16. From the following figures it is 

extracted that the piston works symmetrically for both positive and negative values of the 

angular velocity. This is better observed in Fig. 4-14 and Fig. 4-15. Also Fig. 4-12 illustrates 

the elements that produce the total pressure loss.   
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Fig. 4-12 Pressure loss elements at pressure loss block 

 

Fig. 4-13 Friction heat, temperature and cylinder's torque and polar inertia 
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Fig. 4-14 Upper cylinder: volume change rate, volume, linear velocity and linear position 

 

Fig. 4-15 Lower cylinder: volume change rate, volume, linear velocity and linear position 
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Fig. 4-16 Crankshaft’s angular velocity, angular position and angular position based on engine's cycle 
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4.1.4 Compressor and Intercooler test 

In this example, a compressor is coupled with an intercooler heat exchanger and 

both of them are fitted between a gas container with infinite volume and a gas container 

with finite volume.  The purpose of this example is mainly to validate the results of the 

compressor and secondary check the operation of the intercooler block. The configuration of 

the example is shown in Fig. 4-17. The input of the radial compressor is connected to a gas 

container which is so large that can keep the thermodynamic properties of the contained 

gas constant. The compressor is connected to a shaft that provides the necessary 

mechanical power to the compressor (in a turbocharger block the moment is provided by 

the rotation of the turbine). The output of the compressor is connected to a heat exchanger 

which cools the compressed gas before entering the downstream gas container. This 

container is insulated; therefore no heat flux is possible through the boundary wall. The 

infinite volume (upstream) is implemented using the fixed fluid block connected to the gas 

properties block. The container is implemented using the open thermodynamic system block 

and the gas properties blocks which controls the properties of the fluid inside the container. 

It is connected to a heat source that provides the insulation condition (heat flux equal to 

zero) and a geometry source that provides the geometrical data of the container.  

 

V2

T2ic

m2ic

ξ2ic

T1

m1

ξ1

at
.

Tw

 

Fig. 4-17  Compressor and heat exchanger coupled between an infinite volume gas and a gas container 

The compressor is implemented using the compressor block which is connected to 

the fixed fluid block that is the upstream state and downstream to the open thermodynamic 

system block. The compressor is also connected to a heat source that provides the insulation 

condition and a mechanical sink which provides the torque required by the compressor.  

The heat exchanger is implemented using a heat exchanger (intercooler) block which 

is connected downstream to the open thermodynamic system and to a heat sink that 

absorbs the rejected from the intercooler heat.  The configuration can be found in Fig. 4-22, 

while the data used in the example are shown in Table 4-9 and the compressor values of the 

map are located in Appendix A. 
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Building block representation of the example 

 

 

Fig. 4-18 Compressor Intercooler fitted between infinite volume and gas container 

Data used in the example 

 

Table 4-9 Data for Open thermodynamic system, fixed fluid and geometry of the container 

Open 
Thermodynamic 
System Block 

Geometry Block of 
gas container one 

Fixed Fluid Block 

1700

300

0.01

0

ic

ic

ic

m kg

T K

B m







 



 

3

3

0

480

0 /

0

V m

V m

x m s

x m









 

298000 /

295

0.01ic

p N m

T K







 

 

 

The compressor map used corresponds to MAN NA70/TO9098 Turbocharger. The basic 

dimensions are presented in Table 4-10. 

Table 4-10 Dimensions of MAN NA70/TO9098 Turbocharger 

Compressor impeller tip diameter Dc 0.840 m 

Turbine impeller tip Diameter DT 0.761 m 

Turbine Diffuse outlet area Atd 1 m2 

Turbocharger Polar Moment of Inertia Ip 13kg m2 

Rotational Speed at design point n 10700 RPM 
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The heat exchanger efficiency was each time interpolated between 0.80 and 0.82, 

due to mass flow, while the pressure drop was interpolated also between the values of 0 

and 18000Pa. The temperature of cooling water was set equal to 298 K. The rotational speed 

of the compressor was set 170.9 sec-1 while the initial angular position was set zero. 

Results 

The simulation run for 10 seconds. When the simulation started, the pressure at the 

gas container was found equal to 363234.4 Pascal. In the following graphs the expected 

behavior is observed, meaning that due to the compressor action, mass flows from the 

upstream infinite volume (atmosphere) to the finite gas container, which results in 

temperature and pressure increase due to the added mass at constant volume (fixed 

geometry container) and subsequently causes the mass flow rate to decrease over time. This 

increase is shown in Fig. 4-19.  As a result Fig. 4-20 shows the downstream temperature 

after the intercooler where a temperature and pressure decrease is observed. Fig. 4-21 

shows the map mass flow of the compressor, the efficiency and the pressure ratio that 

compressor was working and finally the required torque (torque absorbed) in order to work. 

 

Fig. 4-19 temperature, pressure, mass increase and Enthalpy change rate of gas container 
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Fig. 4-20 Intercooler's downstream temperature, pressure and mass flow to container 

 

Fig. 4-21 Compressor's Pressure Ratio, mass flow, efficiency and Torque absorbed 
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4.1.5 Turbine test 

In this test a turbine is fitted between a container of gas and an infinite volume. The 

purpose of this example is mainly to validate the turbine block. The configuration used in the 

example is shown in Fig. 4-22. The input of the axial turbine is connected with a finite 

volume gas container which is insulated (no heat transfer is possible), while the output of 

the compressor is connected with a gas container which is so large that can keep the 

thermodynamic properties of the contained gas constant. The turbine is connected to a 

shaft which absorbs the mechanical power from the turbine. The turbine is also insulated 

meaning no heat transfer between the passing gas and the turbine casing is possible.  

V1

T1ic

m1ic

ξ1ic

T2

m2

ξ2

at
.

 

Fig. 4-22 Configuration of turbine fitted between gas container and infinite volume 

The finite volume of gas container is implemented using the open thermodynamic 

system block which is connected to the gas properties block that provides the necessary 

thermodynamic properties of the contained gas, a heat source which provides the insulation 

condition (heat flux equal to zero) and a geometry source which provides the geometry of 

the container (volume). The infinite downstream volume gas container is modeled using a 

fixed fluid block connected to gas properties block which provides the thermodynamic 

properties of the contained gas. The turbine is modeled using the turbine block which is 

connected upstream to the finite volume and downstream to the infinite volume. The 

turbine is also connected to a heat source that provides the insulation condition (heat flux 

equal to zero) and a mechanical sink which absorbs the torque produced by the turbine.  

Building block representation of the example 

 

Fig. 4-23 Turbine connected to finite and infinite volumes 
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Data used in the example 

The data used in the open thermodynamic system, in the fixed fluid block and in the fixed 

geometry block are presented in Table 4-11. 

Open 
Thermodynamic 
System Block 

Geometry Block of 
gas container one 

Fixed Fluid Block 

750

810

0.01

0

ic

ic

ic

m kg

T K

B m







 



 

3

3

0

500

0 /

0

V m

V m

x m s

x m









 

298000 /

310

0.01ic

p N m

T K







 

 

Table 4-11 Data used in the example 

The swallowing capacity map of the turbine is illustrated in Fig. 4-24, while the turbine 

efficiency is illustrated in Fig. 4-25. For simpler results, it is assumed that turbine efficiency is 

constant.  

 

Fig. 4-24 Turbine swallowing capacity map versus pressure ratio 

 

Fig. 4-25 Turbine stagnation to static isentropic efficiency map 

Results 

The duration of the simulation was 10 seconds. When the simulation started (t=0s) 

the gas pressure in the container one was equal to p1= 348847 N/m2. Due to the turbine 

operation, mass flows from the upstream container to the downstream container. This 

results to a temperature, mass decrease for the upstream container. Since the upstream 
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container has finite volume, due to mass flow the pressure in this container drops, Fig. 4-26. 

Fig. 4-27 shows the mean temperature of the turbine, the actual temperature increase and 

Enthalpy change rate of gas container 1. The Turbine’s efficiency, map mass flow and torque 

developed are shown in Fig. 4-28. 

 

Fig. 4-26 Temperature, Pressure and Entrapped Mass drop of gas container 1 
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Fig. 4-27 Enthalpy change rate, mass flow to container 1, mean and Actual Temperature Increase 

 

Fig. 4-28 Turbine's mass flow, efficiency and torque develloped 
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4.2 One cylinder engine example 
Although the modeling in the present thesis targeted towards the complete engine, 

time constraints of data input and submodel refinement, complelled to produce simulation 

results of adequate quality to compare to available exmerimental data only for the single 

cylinder case. These are presented below. 

The model for the complete engine (8 cylinders, 3 turbochargers) is presented in Appendix 

B. 

Building block representation of the one cylinder engine closed cycle  

 

 

Fig. 4-29 One cylinder engine configuration 
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One cylinder simulation results 

In this section, the results from the simulation of the one cylinder of the above 

mentioned engine are presented. These results were compared with the simulation program 

MoTher developed at LME. Motor Thermodynamics (MoTher), is a general purpose engine 

performance prediction program based on the thermodynamic control volume principle. The 

first version of this program was released in 1985. Since then it has been under continuous 

development, and in its present form is designed for the current needs of the engine 

designers and manufacturers (LME, 2008). 

In order to divide the engine cycle to phases, Table 4-12 is introduced. 

Table 4-12 Phase of phenomenon versus crank angle 

Angle Phase 

0.0o – 44.8 o Combustion Period 

44.8 o – 110.8o Expansion Period 

110.8o – 247.2o Gas Exchange Period 

247.2o – 360.0o Compression Period 

 

  Simulations were performed at 90% load at 100.5 RPM crankshaft angular velocity, at 

75% load at 94.6 RPM and at 50% load at 82.5 RPM crankshaft angular velocity. The results 

are presented below. 
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Case: 90% load at 100.5 RPM 

Fig. 4-30 shows the pressure developed inside the engine cylinder along with the 

temperature, in crank angle.  

 

Fig. 4-30 Simulation temperature (top) and pressure of cylinder 

As it is shown in Fig. 4-30, pressure trace of the Simulink run has an insignificant 

error in the compression period as compared MoTher. When the piston reaches the top 

dead center (TDC), the result of pressure at TDC, namely compression pressure, has a 

deviation from MoTher results, while it is slightly greater than the measured value3.  As it is 

shown, the Simulink pressure trace is smaller compared to MoTher due to the fact that the 

cylinder has less entrapped mass (showed in Fig. 4-33). This deviation can be explained with 

the fact that during the gas exchange period, Simulink gives different temperature than 

MoTher. Simulink implementation of cooling system utilizes approximate values for the 

properties of the materials of the engine. Also, Simulink model has different approach in the 

model of heat transfer than the one of MoTher. Therefore it is not clear which constants 

have to be adjusted in order to compare the same simulation problem. This temperature 

difference results less instantaneous mass flow inside the cylinder. When the compression 

period ends and the combustion process occurs, a deviation is observed from MoTher. This 

can be explained from the fact that this thesis utilizes a very simple model of combustion. 

When applying the constants to form the S – Curve (section 2.7) it is not accurate to 

                                                           
3
 As measured on board ship. Data available at L.M.E.  



99 
 

speculate the appropriate constants (Gunter, Schwarz, Stiesch, & Otto, 2006) and adjust the 

S – Curve so that it matches the different combustion model of MoTher. The latter utilizes 

the Woschni – Ansits model. For more accurate results, the method of a Heat Release map 

which the engine manufacturer could provide, is proposed.  

Fig. 4-31 shows the mass flow from inlet port to the cylinder chamber. Also it 

presents the mass flow from cylinder to exhaust manifold, when the exhaust valve opens. 

 

Fig. 4-31 Inlet port (top) and exhaust valve mass flow to or from cylinder 

Comparing the two simulation traces, it is observed that Simulink model produces a 

smaller trace of mass flow in and out of the cylinder. This is explained by the fact that higher 

pressure inside the cylinder is observed at the overlapping period. According to the 

equations of mass flow through restrictions, the amount of mass transferred is a function of 

pressure ratio before and after the restriction, of temperature before the restriction and of 

effective area of valve. Assuming the fact that the timing maps provided are identical to 

both models and on-site measurements of valve opening are correct, the error of two 

percent is rather acceptable.  

Fig. 4-32 shows the work produced by engine cylinder in one cycle versus crank 

angle. 
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Fig. 4-32 Cylinder developed torque (top) and moment of inertia  

A significant deviation is observed in angles 20o to 150o due to the fact that cylinder 

pressure during and after the combustion is significantly different. According to equations 

described in chapter 2, section 2.9, the force developed by the piston movement is the 

difference of pressures (the gas pressure inside the engine cylinder minus the pressure 

applied below piston) multiplied by the area of the piston. This difference of gas pressure 

entrains the force and therefore the piston developed torque. 

Fig. 4-33 presents the trapped mass inside the engine cylinder and also shows the 

change of equivalence ratio, Φ, in one cycle.  
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Fig. 4-33 Cylinder trapped mass (top) and equivalence ratio 

As mentioned before the trapped mass is below the value of MoTher almost seven 

percent.  This causes an overall error in the simulation results. In order to validate the 

assumption that the Simulink model describes best the volume change rate, Fig. 4-34, is 

presented. 

 

Fig. 4-34 Instantaneous volume of cylinder (top) and burning fuel rate of combustion  
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As shown in Fig. 4-34, the instantaneous volume of the cylinder is the same for Simulink 

model with the results of MoTher. This figure allows considering the mechanical model of 

the Simulink successful.  

 

Table 4-13 Inlet and exhaust manifold temperature, pressure at 90% load 

 Temperature (Kelvin) Pressure (bar) 

Inlet 314 3.445 

Exhaust 643.7 3.19 
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Case: 75% load at 94.6 RPM  

In this case, the results of Simulink simulation at 75% at 94.6 RPM are presented. 

Comparison between MoTher and Simulink was not able due to lack of MoTher data for this 

particular load point. The results of the non parametric run at 75% are shown in Fig. 4-35, 

Fig. 4-36, Fig. 4-37 and Fig. 4-38, while the data3 of inlet and exhaust conditions during the 

measurements are presented in  

Table 4-14. 

 

Fig. 4-35 Simulated temperature (top) and pressure of cylinder (75%) 

 

Table 4-14 Inlet and exhaust manifold temperature and pressure at 75% load measured
3
 

 Temperature (Kelvin) Pressure (bar) 

Inlet 306.7 2.93 

Exhaust 621.3 2.70 

 

Fig. 4-36 presents the torque developed per cycle by cylinder. In comparison with the values 

of 90% and 50%, the max value calculated in 75% is between the other two max values. This 

allows believing that consistency in results exists.  
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Fig. 4-36 Torque (top) and polar inertia developed by cylinder (75%) 

In Fig. 4-37 mass flow from inlet port and the mass flow from exhaust valve is 

presented while Fig. 4-38 presents the trapped mass inside the cylinder and the equivalence 

ratio. 

 

Fig. 4-37 Inlet port (top) and exhaust valve mass flow to or from cylinder (75%) 
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Fig. 4-38 Trapped mass and equivalence ratio inside cylinder (75%) 
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Case: 50% load at 82.5 RPM 

Here are presented the results for partial load of the engine at 50% and at 82.5 RPM. 

Fig. 4-39 shows the temperature developed inside the engine cylinder along with the 

pressure, in crank angle.  

 

Fig. 4-39 Simulation temperature (top) and pressure of cylinder (50%) 

As compared to 90% load, in the case of 50%, larger deviation in pressure is observed. As a 

result, lower values of temperature are calculated from Simulink simulation.  

Fig. 4-40 shows the mass flow from inlet port to the cylinder chamber. Also it 

presents the mass flow from cylinder to exhaust manifold, when the exhaust valve opens. 

 

Table 4-15 Inlet and exhaust manifold temperature, pressure at 50% load 

 Temperature (Kelvin) Pressure (bar) 

Inlet 301 2.05 

Exhaust 605 1.86 

 

 



107 
 

 

Fig. 4-40 Inlet port (top) and exhaust valve mass flow to or from cylinder (50%) 

Fig. 4-41 shows the work produced by engine cylinder in one cycle versus crank 

angle. 

 

Fig. 4-41 Cylinder developed torque (top) and moment of inertia (50%) 
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A significant deviation is observed in angles 20o to 150o due to the fact that cylinder 

pressure during and after the combustion is significant different. According to equations 

described in chapter 2 section 2.9, the force developed by the piston movement is the 

difference of pressures (the one applied below the piston equal to the compressed air and 

the gas pressure inside the engine cylinder multiplied with the area of the piston). This 

difference of gas pressure entrains the force and therefore the piston developed torque. 

Fig. 4-42 presents the trapped mass inside the engine cylinder in one cycle and also 

it shows the change of equivalence ratio, Φ, in one cycle.  

 

Fig. 4-42 Cylinder trapped mass (top) and equivalence ratio (50%) 

As it is seen in Fig. 4-42, the equivalence ratio inside the cylinder shows a decreased 

value of 0.17 as compared to MoTher, due to the fact that different temperature is 

measured inside the engine cylinder. This deviation in temperature has resulted in different 

mixture phenomenon inside cylinder volume (Fig. 4-42). Different equivalent ratio changes 

the whole parameters of the system.   

Combustion constants greatly affect simulation results. The sets of the constants that 

affected the Simulink model are shown in Table 4-16. Only the results of the last three sets 

are presented in Fig. 4-43 and in Fig. 4-39. Fig. 4-43 shows that although maximum pressure 

remains the same for set 7 and set 8, the temperature trace has great deviation among the 

various sets and MoTher. 

On the other hand, when adjusting the S curve parameters (set 2, 3 and 5) it was 

observed that Pmax value and the shape of pressure trace changed (not shown here). In 
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addition, when adjusting the constants to set 4, the temperature was found greater than 

MoTher while the pressure trace was the same with the one of MoTher.  

This deviation of traces, allows considering that a more complex and fine tuned 

combustion model, could converge towards the results of MoTher. 

Table 4-16 Constant sets for combustion model 

Cases 

Variables4 Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8 

ar 0 0 4 2 2 -0.5 4 4 

as 8 11 8.41 8 8 2.41 8.4 4 

C1 3 2.8 600 120 280 3.8 500 6 

C2 1 1 5 5 5 1 5 1 

 

 

Fig. 4-43 Temperature (top) and pressure traces for different combustion parameters 

 

                                                           
4
 See section 2.7 
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Parametric runs for 75% load at 94.6 RPM 

Parametric simulations were run at 75% load. In the first set of parameters,  values like, 

S – curve constants, start and duration of combustion that change the fuel burning rate, 

were tested (Table 4-17). In the other two simulations that were performed (case 1 and 2), 

the injected percent of fuel was changed while the other constant values were kept 

constant. In the final simulation (case 3 and 4), the injected fuel and combustion elements 

remained constant and the clearance volume was changed. Table 4-17 presents the sets of 

factors that change the simulated model.  

Table 4-17 Constant values for parametric runs at 75% load 

Cases 

Variables Case 1 Case 2 Case 3 

ar 0 2 4 

C1 30 26.7 15.6 

C2 2.7 2 2 

 

 

Fig. 4-44 Temperature (top), pressure traces for different combustion constants 

Fig. 4-44 shows temperature and pressure traces for different S - curve constants but 

also for different start angle of combustion. As it is shown, for the 4o degrees start of 

combustion, the piston is moved significantly from the top dead center and occurred to a 
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non negligible pressure drop (case 3). As a result, the cylinder cannot achieve the maximum 

pressure per cycle. The trace for case 2 is almost the same as with case 1 but again cylinder 

cannot achieve the maximum pressure. This is a significant error in the burning process and 

consequently the torque developed per cycle is less than in case 1. This difference is shown 

in Fig. 4-45. Fig. 4-46 shows the torque traces per cycle in greater detail. 

While the different cases change the already mentioned traces, the traces of mass flow 

from inlet port and from exhaust valve slightly change (Fig. 4-45 and Fig. 4-46) This can be 

explained by the fact that in gas exchange period the pressure trace is almost the same for 

all the cases while the total trapped mass inside the cylinder has a small deviation.  

 

Fig. 4-45 Torque developed per cycle (top) and moment of inertia 
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Fig. 4-46 greater detail (top) of figure Fig. 4-45 

This can be explained due to the fact that mass is added to the system from the 

openings, as mentioned in chapter 2 section 2.3, pressure difference is responsible for the 

mass flow through a restriction. If this difference is almost zero between the three cases in 

the same periods, no great difference can be observed. This slight difference can be 

observed in Fig. 4-49. It must be taken into account that same amount of fuel is injected per 

cycle. 

  

Fig. 4-47 Mass flow from inlet port (top) and exhaust valve 
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Fig. 4-48 Trapped mass inside cylinder (top) and equivalence ratio 

 

 

Fig. 4-49 Details of Fig. 4-48 (top) and equivalence ratio 

Finally, for case 1 and 2, the mass of fuel modified. The data are presented in Table 4-18. For 

the cases 3 and 4, the clearance volume of the cylinder was modified. The data are 

presented in Table 4-19. 



114 
 

Table 4-18 Combustion constants and fuel injected per cycle 

Cases 

Variables Case 1 Case 2 

ar 0 0 

C1 30 30 

C2 2.7 2.7 

Mass of fuel 0.090 0.102 

 

Table 4-19 Combustion constants and clearance volume of cylinder 

Cases 

Variables Case 3 Case 4 

ar 0 0 

C1 30 30 

C2 2.7 2.7 

Clearance 
Volume 

0.089 0.093 

 

Comparison is made for pressure and temperature traces for the two set of cases.  

 

Fig. 4-50 Temperature (top) and pressure trace for one cylinder, for different values of injected fuel 
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Fig. 4-51 Temperature (top) and pressure trace for one cylinder, for different values of clearance volume 

 

Fig. 4-52 greater detail of Fig. 4-51  



116 
 

As shown in Fig. 4-50, the compression pressure trace is the same for case 1 and in 

case 2. Due to the fact that more fuel is injected per cycle and combustion constants were 

kept the same, maximum pressure in case two is greater than in case one. This can be 

explained by the fact that burning fuel rate is different and as more fuel is injected more 

energy is released and this results in temperature and pressure increase while the volume 

change rate is the same in every case.  

As shown in Fig. 4-51, the compression pressure trace changes, due to the fact that 

clearance volume is less than the original in case 3 and greater in case 4. As a result, having 

same trapped mass inside cylinder’s clearance volume, pressure and temperature is less 

than the original when clearance volume is greater than the original and greater when the 

clearance volume is less than the original. This example shows the advantages of the 

simulation platform; the easy modification of engine parameters, during a parametric run 

which will allow for conclusions on the sensitivity of the tuning of certain operating 

variables.  
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5 Conclusions 
This thesis attempts to illustrate a method for implementing a modular simulation of a 

marine propulsion installation. According to this concept, the approach was to create a 

library with scalable and extendable building blocks with an easy and well defined interface 

between the various sub - blocks of the model.  

The essential governing thermodynamic equations of the whole engine were 

implemented. The basic engine configuration of one – cylinder in closed loop configuration 

was eventually simulated.  

In the simulation tests, various numerical integration methods were used, like Euler, 

Heun, Runge - Kutta 4rth order and Dorman Prince, with variable and fixed step integration. 

Variable step integration methods are not suitable for simulation of quasi steady engine 

models. The results obtained from the first two methods introduced significant errors, while 

Runge - Kutta 4rth order method with 0.002 second time step, produced better results than 

the others but not a stable solution. In order to find the proper time step for the simulation, 

a wide range of values was tested. Using steps equal to 0.002 seconds, spikes were observed 

and very high or very low peaks caused the simulation to fail several times. Finally, based on  

observations of the unsteady simulation occurred by the wrong integration time step, it was 

found that time a step of 0.0001 second is optimum for simulation with the Runge - Kutta 

4rth order method, in the MATLAB/Simulink platform.    

This text is intended to introduce a new simulation package to simulate marine 

propulsion installations with an easily extendable manner with adequate accuracy. A lot of 

work is required to be done, in order to simulate a complete engine model. Also 

mathematical models for the blocks already presented in this thesis can be introduced. For 

example a more complex combustion model like Woschni - Ansits or a multi zone injection 

system can be implement and inserted to the block library, so that a wide variety of internal 

combustion engines can be modeled.  
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 Appendix A 
In this appendix MATLAB® code is presented that implements the mathematical 

equations of chapter 2. Table 0-1 contains the functions used. 

Table 0-1 Developed S - Functions 

Name of Block: Function Name: 

Gas Properties sfun_13cgas(t,x,u,flag) 

sfun_1c(t,x,u,flag) 

Open Thermodynamic System OTS_cylinder1_50(t,x,u,flag) 

Valve sfun_2test3(t,x,u,flag) 

Compressor sfunctioncompr1(t,x,u,flag) 

sfunctioncompr2(t,x,u,flag,TCTREF) 

Intercooler sfunctionintercooler(t,x,u,flag) 

Turbine sfunctiontur1(t,x,u,flag) 

sfunctionturb2(t,x,u,flag) 

sfunctionturb3(t,x,u,flag) 

Conduction sfun_061(t,x,u,flag) 

Convection sfun_062(t,x,u,flag) 

Radiation sfun_063(t,x,u,flag) 

Combustion (S – Curve) sfun_05_1(t,x,u,flag) 

Cylinder Geometry sfun_3(t,x,u,flag) 

Geometrical Energy Loss sfun_4(t,x,u,flag) 

 

Gas Properties 

function [sys,x0,str,ts] = sfun_13cgas(t,x,u,flag) 

 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 8;   
sizes.NumInputs      = 3;  
sizes.DirFeedthrough = 1; 
sizes.NumSampleTimes = 1; 
 

 

function sys=mdlOutputs(t,x,u) 

  
T=u(1); 
fi=u(3);  
p=u(2)/10^5;  

  
% Values for R0 and U0 according to Krieger Borman  

  
R0=0.287-0.02*fi; 
k1=0.692*T+(39.17*10^-6*T^2)+(52.9*10^-9*T^3)-(228.62*10^-

13*T^4)+(227.58*10^-17*T^5); 
k2=3049.39-(5.7*10^-2)*T-(9.5*10^-5*T^2)+(21.53*10^-9*T^3)-

(200.26*10^-14*T^4); 
U0=k1-k2*fi; 

  
if (T<=1333 && fi<1.0) % Dissociation effect negligible 
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    k1=(0.692*T)+((39.17*10^-6)*T^2)+((52.9*10^-9)*T^3)-((228.62*10^-

13)*T^4)... 
        +((227.58*10^-17)*T^5);  

     
    k2=3049.39-(5.7*10^-2)*T-((9.5*10^-5)*T^2)+((21.53*10^-9)*T^3)... 
        -(200.26*10^-14)*T^4;  

     
    y1=(k1-k2*fi)*10^3;     %U J/kg 
    %y1=k1-k2*fi;        %U  kJ/kg 

     
    %θu/θT 
    y2=-fi*((-5.7*10^-2)-((2*9.5*10^-5)*T)+((3*21.53*10^-9)*T^2)... 
        -((4*200.26*10^-14)*T^3))+(0.692+(2*39.17*10^-

6)*T)+((3*52.9*10^-9)*T^2)... 
        -((4*228.62*10^-13)*T^3)+((5*277.58*10^-17)*T^4);  
    %θu/θp 
    y3=0;  

     
    %θu/θφ 
    y4=-k2; 

     
    % R 
    y5=(0.287-0.02*fi)*10^3; %R J/kg*K 
    %y5=0.287-0.02*fi;  % R  kJ/kg*K 

     
    %θΡ/θT     
    y6=0;  

     
    %θΡ/θp 
    y7=0;  

     
    %θΡ/θφ 
    y8=-0.02;  

     
end       
if (T>1333 && fi<1.0) % Dissociation effect not negligible 

  
    % U and U partial derivatives approximation: 

  
    C1=10.41066+7.85125*fi-3.71257*fi^3;  
    C2=(-27.00107-28.5087*fi+17.30375*fi^3)*1800/T;  
    C3=((0.154226*fi^3)-(0.38656*fi)-0.10329+(0.21289*fi-

0.026574)*1800/T)*log(14.5*p);  

         
        C=C1+C2+C3;  

         
        C1_dotT=0;  
        C2_dotT=-(-27.00107-(28.5087*fi)+(17.30375*fi^3))*1800/(T^2);  
        C3_dotT=-((0.21289*fi-0.026574)*1800/T^2)*log(14.5*p); 

              
        C_dotT=C1_dotT+C2_dotT+C3_dotT;  

         
        y2=((-fi*((-5.7*10^-2)-((2*9.5*10^-5)*T)+((3*21.53*10^-

9)*T^2)... 
        -((4*200.26*10^-14)*T^3))+(0.692+(2*39.17*10^-

6)*T)+((3*52.9*10^-9)*T^2)... 
        -((4*228.62*10^-13)*T^3)+((5*277.58*10^-

17)*T^4))+2.326*(C_dotT)*exp(C)); 
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        C1_dotp=0;  
        C2_dotp=0;  
        C3_dotp=(0.154226*fi^3-0.38656*fi-0.10329+(0.21289*fi-

0.026574)*1800/T)*((1/(14.5*p))*14.5);  
        C_dotp=C1_dotp+C2_dotp+C3_dotp;  

  
        y3=(0+2.326*(C_dotp)*exp(C));  

         

         
        C1_dotfi=7.85125-3*3.71257*fi^2;  
        C2_dotfi=(-28.5087+3*17.30375*fi^2)*1800/T;  
        C3_dotfi=(3*0.154226*fi^2-

0.38656+(0.21289)*1800/T)*log(14.5*p);  

         
        C_dotfi= C1_dotfi+ C2_dotfi+ C3_dotfi;  

        
        y4=(-(3049.39-(5.7*10^-2)*T-((9.5*10^-5)*T^2)+((21.53*10^-

9)*T^3)... 
        -(200.26*10^-14)*T^4)+2.326*(C_dotfi)*exp(C));  

         
        y1=(U0+2.326*exp(C))*10^3; 

         
% R and R partial derivatives approximation: 

  
        A=(11.98-45.796*(1800/T)-

0.4354*log(14.5*p))*fi+0.2977*log(fi);  

         

         
        y5=(R0*10^3+4.1868*exp(A)); 

  
        A_dotT=(45.796*(1800/T^2))*fi;  
        A_dotP=(-14.5*0.4354*(1/(14.5*p)))*fi;  
        A_dotfi=(11.98-45.796*(1800/T)-

0.4354*log(14.5*p))+0.2977*(1/fi);  

         
        y6=10^-3*(0+4.1868*A_dotT*exp(A));  

         
        y7=10^-3*(0+4.1868*A_dotP*exp(A));  

         
        y8=10^-3*(-0.02*10^3+4.1868*A_dotfi*exp(A));  

         
end       
if (T<1333 && fi>1.0)  
        y1=(-2888.78+595.25*(fi-1)+0.66854*T+2.71304*10^-4*T^2-

7.40325*10^-8*T^3+0.25107*(fi-1)*T)*10^3;  
        y2=0.66854+2*2.71304*10^-4*T-3*7.40325*10^-8*T^2+0.25107*(fi-

1); 

        y3=0;   
        y4=595.25+0.25107*T;  

                
        y6=0;  
        y7=0;  
        y8=0.063438+2*(-3.33005*10^-3)*fi;  
        y5=(0.22751+0.063438*fi-3.33005*10^-3*fi^2)*10^3;  
end       
if (T>1333 && fi>1.1) 
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        y1=(-3466.2+903.84*(fi-1)+0.65898*T-3.79924*10^-4*T^2-

8.23288*10^-8*T^3)*10^3;  
        y2=0.65898-2*3.79924*10^-4*T-3*8.23288*10^-8*T^2;   
        y3=0;  
        y4=903.84;  
        y6=0;  
        y7=0;  
        y8=0.063438+2*(-3.33005*10^-3)*fi;  
        y5=(0.22751+0.063438*fi-3.33005*10^-3*fi^2)*10^3;  
end      
if(T>1333 && fi<1.1 && 1.0<fi) 
    uu1=-3466.2+903.84*(fi-1)+0.65898*T-3.79924*10^-4*T^2-

8.23288*10^-8*T^3;         
    y1=(uu1+14.2029*((T-1388.89)^4.5371)*((11-

10*fi)/p^0.46024))*10^3;            y2=0.65898-2*3.79924*10^-4*T-

3*8.23288*10^-8*T^2+... 
                14.2029*4.5371*((T-1388.89)^(4.5371-1));            

y3=(-14.2029*((T-1388.89)^4.5371)*((11-10*fi))*0.46024*p^(0.46024-

1))/(p^(2*0.46024));  
            y4=14.2029*((T-1388.89)^4.5371)*(-10)/(p^0.46024);  
            y6=0;  
            y7=0;   
            y8=0.063438+2*(-3.33005*10^-3)*fi;  
            y5=(0.22751+0.063438*fi-3.33005*10^-3*fi^2)*10^3;  

             
end 

            
sys = [y1, y2, y3, y4, y5, y6, y7, y8];  % muxed outputs   
 

 

function [sys,x0,str,ts] = sfun_1c(t,x,u,flag) 
 

 

sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 6;   
sizes.NumInputs      = 8;  
sizes.DirFeedthrough = 1; 
sizes.NumSampleTimes = 1; 
 

function sys=mdlOutputs(t,x,u) 

  
y1=(u(3)/((1-u(4))^2*u(6)));        %fi_dot 
y2=(u(4)/((1-u(4))*u(6)));          %fi 
miair=3.3*10^-7*u(8)^0.7;           %miair calculation 
y3=miair/(1+0.027*y2);              %Isentropic Coefficient 
y6=u(1)+u(2)*u(8)+u(7);             %Cp Calculation 
y4=y6/u(1);                         %gamma calculation 
y5=((9*y4-5)/4)*y3*u(1);            %k calculation  

  
sys = [y1, y2, y3, y4, y5, y6];  % muxed outputs  

 

Open Thermodynamic System 

function [sys,x0,str,ts] = OTS_cylinder1_50(t,x,u,flag) 
 

sizes.NumContStates  = 2; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 4;   
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sizes.NumInputs      = 24;  
sizes.DirFeedthrough = 1; 
sizes.NumSampleTimes = 1; 
 

function sys=mdlDerivatives(t,x,u) 

  
A=1-(x(2)/u(5))*u(7); 
B=(1/x(1))+(1/u(5))*u(6); 
C=(1/u(5))*u(8)*u(9)+(1/u(20))*u(18)-(1/u(21))*u(22); 
D=u(16)-(x(2)*u(22))+u(17); %not u(15), correction: 10/7/2009 

  
arithmitis=((D-u(1)*u(18))/u(20))-(u(3)*(C/A)*x(2))-u(4)*u(9); 

  
paronomastis=u(2)+u(3)*(B/A)*x(2); 

  
y1=arithmitis/paronomastis; % Temperature Dot Calculation 
y2=(B*y1+C)*x(2)/A;         %Pressure Dot Calculation 
sys = [y1,y2]; 
function sys=mdlOutputs(t,x,u) 
mps=2*(100.5/60)*2.3; %mean piston speed 2*n*stroke 
%reference values taken from MOTHER 
Vd=2.3*pi*(0.9^2)/4;   %cylinders volume m^3 
Tr=365.081;            %Kelvin 
pr=3.68502*10^2;       %Kpa 
Vr=1.22489;            %m^3 
pm=14.5*10^2;          %Kpa 
%Paddle=3.33; 
if (0.5575<u(25) && u(25)<=2.3) 
    %gas exchange period 
    C1=6.18; 
    C2=0; 
%    C3=0.417; 
end 
if (0<=u(25) && u(25)<0.2870) %0.2875 
    %combustion period 
    C1=2.28; 
    C2=3.24*10^-3; 
    C3=0.308; 
end 
if (0.2870<=u(25) && u(25)<=0.5575) 
    %compression period 
    C1=2.28; 
    C2=0; 
%    C3=0.308; 
end 

  
%w=C1*mps+C3*Paddle+C2*(Vd*Tr/(pr*Vr))*(x(2)-pm); 
w=C1*mps+C2*(Vd*Tr/(pr*Vr))*(x(2)-pm); 
r=u(20)/u(21); %Density 
y3=r*w*u(23)/u(10); %Reynolds 

  
Cp=u(6)*x(1)+u(2)+u(5); %Cp calculation 
y4=Cp*u(10)/u(12); %Prandtl 

  
sys = [x(1), x(2), y3, y4];  % muxed outputs 

 

 

Valve 
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function [sys,x0,str,ts] = sfun_2test3(t,x,u,flag) 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 6;  
sizes.NumInputs      = 10;  
sizes.DirFeedthrough = 1; 
sizes.NumSampleTimes = 1; 
 

function sys=mdlOutputs(t,x,u) 

  
Pcr=u(2)*(2/(u(5)+1))^(u(5)/(u(5)-1));  
% Downstream mass flow calculation 

  
if (u(3)<=Pcr) %Subsonic Flow, subsonic when the pressure is less 

than the Pcr 

   
%MOTHER 
y1=u(9)*u(2)*sqrt((u(5)/(u(4)*u(1)))*((2/(u(5)+1))^((u(5)+1)/(u(5)-

1))));  
end 

  
if (u(3)>Pcr) % sonic flow or ultrasonic 

  
   %MoTher mass flow calculation    
   K1=u(9)*u(2); 
   K2=(2*u(5)/((u(5)-1)*u(4)*u(1))); 
   K3=(u(3)/u(2))^(2/u(5)); 
   K4=(u(3)/u(2))^((u(5)+1)/u(5)); 
   y1=K1*sqrt(K2*(K3-K4)); 

     
end 

  
h=u(6)+u(4)*u(1);  %h calculation 
y2=(h*y1+u(10));   %Downstream Enthalpy flow 
y3=-h*y1;          %Upstream Enthalpy flow  
y4=-y1;            %Upstream mass Flow 
y5=0;              %Upstream sp_bm_dot_Capital 
y6=y1*(u(7)-u(8)); %Downstream bm_dot_Capital  
%y6=y1*(u(7)-0);   %Downstream bm_dot_Capital  

  

  
sys = [y1, y2, y3, y4, y5, y6];  % muxed outputs    

 

function [sys,x0,str,ts] = sfun_2a(t,x,u,flag) 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 2;   
sizes.NumInputs      = 6;   

sizes.DirFeedthrough = 1; 
sizes.NumSampleTimes = 1; 

 

function sys=mdlOutputs(t,x,u) 

  
y1=(2*u(1))/(u(2)*sqrt(pi*u(6)));  
Cp=(u(3)*u(5))/(u(3)-1);             
y2=Cp*u(2)/u(4); 
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Compressor 

function [sys,x0,str,ts] = sfunctioncompr1(t,x,u,flag) 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 5;   
sizes.NumInputs      = 13;  
sizes.DirFeedthrough = 1; 
sizes.NumSampleTimes = 1;  

 

function sys=mdlOutputs(t,x,u) 

  
Cp=(u(2)*u(4)/(u(4)-1));        
y1=Cp*u(6)/u(7);                %Prandtl Number Calculation  
y2=u(10)*4/(pi*u(11)*u(6));     %Reynolds Number Calculation  
y3=u(3)+(u(2)*u(1));            % Specific Enthalpy Calculation 
y4=u(10)*(u(5)-u(9));           % Specific Burned Fuel Mass Calc.  
y5=u(10)*Cp*u(12)/(2*pi*u(13)); % Moment Calculation OK 

  
sys = [y1,y2,y3,y4,y5];  % muxed outputs    

 

function [sys,x0,str,ts] = sfunctioncompr2(t,x,u,flag,TCTREF) 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 4;   
sizes.NumInputs      = 8;  
sizes.DirFeedthrough = 1; 
sizes.NumSampleTimes = 1; 
 

function sys=mdlOutputs(t,x,u) 

  
function sys=mdlOutputs(t,x,u,TCTREF) 

  
y1=(u(1)/u(6))*(((u(8)/u(2))^((u(4)-1)/u(4)))-1);  %Actual 

Temperature increase Calculation  
y2=u(1)+y1/2;                          %Mean Temperature Calculation  
To2=u(1)+y1;                           %Actual Stagnation Temp. 

UpsteamCalculation  
y3=u(5)+u(3)*To2;                      %Specific enthalpy Calculation  
%y4=u(7)*sqrt(u(1));                   % a_dot for map Calculation 
y4=u(7)*60*sqrt(TCTREF/u(1));          %RPS----> RPMcorrected 
sys = [y1,y2,y3,y4];  % muxed outputs    

 

Intercooler 

function [sys,x0,str,ts] = sfunctionintercooler(t,x,u,flag) 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 4;   
sizes.NumInputs      = 8;  
sizes.DirFeedthrough = 1; 
sizes.NumSampleTimes = 1; 
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function sys=mdlOutputs(t,x,u) 
%1 is the OUTPUT and 2 is the INPUT 
T1=(u(7)*u(8)-u(4))/(u(7)-1); 
y1=u(1)/(u(2)*T1); 
Cp=(u(5)/(u(5)-1))*u(2); 
Cv=Cp/u(5); 
y2=u(3)+Cv*(T1-u(4)); 
y3=T1; 
y4=u(6)*Cp*(T1-u(4)); 
sys = [y1,y2,y3,y4];  % muxed outputs 

 

Turbine 

function [sys,x0,str,ts] = sfunctiontur1(t,x,u,flag) 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 6;   
sizes.NumInputs      = 13;  
sizes.DirFeedthrough = 1; 
sizes.NumSampleTimes = 1; 

 

function sys=mdlOutputs(t,x,u) 

  
Cp=(u(4)*u(2)/(u(4)-1));        %Cp Calculation 
y1=Cp*u(6)/u(7);                %Prandtl Number Calculation 
y2=u(10)*4/(pi*u(11)*u(6));     %Reynolds Number Calculation 
y3=u(3)+(u(2)*u(1));            % Specific Enthalpy Calculation 
y4=u(10)*(u(5)-u(9));           % Specific Burned Fuel Mass 

Calculation 
y5=u(10)*Cp*u(12)/(2*pi*u(13)); % Moment Calculation 
y6=Cp;                   
sys = [y1,y2,y3,y4,y5,y6];  % muxed outputs 
 

 

function [sys,x0,str,ts] = sfunctionturb2(t,x,u,flag) 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 5;   
sizes.NumInputs      = 14;  
sizes.DirFeedthrough = 1; 
sizes.NumSampleTimes = 1; 
 

function sys=mdlOutputs(t,x,u) 

  

 
%m_dot=u(12)*(u(2)/sqrt(u(1)));        
m_dot=u(12);                          %Already Corrected mass flow 
ud=(m_dot*u(3)*u(9))/(u(11)*u(8));     
y1=u(13)*u(10);                       %Actual Temperature increase 

ΔToa OK 
To2=u(1)-y1;                           
T2=To2-((ud^2)/(2*u(6)));              
y2=u(1)+((u(1)-T2)/2);                %Mean Temperature  
Ts2=u(1)*(u(2)/u(8))^((1-u(4))/u(4));  
DTois=u(1)-Ts2;                        
y5=pi*u(14)*u(7)/sqrt(2*u(6)*DTois);  %U/C   
ho2=u(5)+u(3)*To2;                    %Stagnation specific Enthalpy 

OK 
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y4=m_dot;                              
y3=m_dot*ho2;                         % Stagnation Enthalpy change 

Rate OK 
sys = [y1,y2,y3,y4,y5];  % muxed outputs    

  
 

function [sys,x0,str,ts] = sfunctionturb3(t,x,u,flag) 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 3;   
sizes.NumInputs      = 9;  
sizes.DirFeedthrough = 1; 
sizes.NumSampleTimes = 1; 
 

function sys=mdlOutputs(t,x,u) 

  
m_dot=u(8)*(u(2)/sqrt(u(1))); 

  
DToi=u(1)*(1-(u(2)/u(7))^((1-u(4))/u(4))); 
y3=u(9)*DToi;                         %Actual Temperature increase  
To2=u(1)-y3;                           
ud=(m_dot*u(3)*To2)/(u(5)*u(7));       
T2=To2-((ud^2)/(2*u(6)));              
y1=u(7)*(T2/To2)^(u(4)/(u(4)-1));     %Pressure 2 
y2=T2;                                %Downstream static Temperature 

  
sys = [y1,y2,y3];  % muxed outputs 

 

Conduction 

function [sys,x0,str,ts] = sfun_061(t,x,u,flag) 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 2;   
sizes.NumInputs      = 7;  
sizes.DirFeedthrough = 1; 
sizes.NumSampleTimes = 1; 

 

function sys=mdlOutputs(t,x,u) 
L=u(2)*u(3)*u(7)*u(4)/(u(2)*u(3)+u(7)*u(4)); 
Tc=(u(2)*u(3)*u(1)+u(7)*u(4)*u(6))/(u(2)*u(3)+u(7)*u(4)); 

  
%y1=u(2)*u(3)*u(5)*(Tc-u(1)); % equation 5.14 flow from 2 to 1 
% Alternatly  
y1=L*u(5)*(u(6)-u(1)); 
y2=-y1; 
sys = [y1, y2];  % muxed outputs 

 

Convection 

function [sys,x0,str,ts] = sfun_062(t,x,u,flag) 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 2;   
sizes.NumInputs      = 12;  
sizes.DirFeedthrough = 1; 
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sizes.NumSampleTimes = 1; 

 

function sys=mdlOutputs(t,x,u) 

  
%k1=ks and k2=kf 

  
Nu=u(5)*(u(11)^(u(6)))*(u(12)^(u(7))); 
h=Nu*u(10)/u(8); 
L=u(2)*u(3)*h/(u(2)*u(3)+h); 
Tc=(u(2)*u(3)*u(1)+h*u(9))/(u(2)*u(3)+h); 

  
%y1=h*u(4)*(u(9)-Tc); % equation 5.18 flow from 2 to 1  
%y1=h*u(4)*(Tc-u(1)); % equation 5.18 flow from 2 to 1 
% Alternatelly  
 y1=L*u(4)*(u(9)-u(1)); 
y2=-y1; 
sys = [y1, y2];  % muxed outputs    

 

Radiation 

function [sys,x0,str,ts] = sfun_063(t,x,u,flag) 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 2;   
sizes.NumInputs      = 7;  
sizes.DirFeedthrough = 1; 
sizes.NumSampleTimes = 1; 

 

function sys=mdlOutputs(t,x,u) 

  
% Stephan Boltzman Law for energy radiation 
% si is stephans boltzman's constant 
si=5.6697*10^-8; % Watt/K^4*m^2 
Eb=si*((u(1)^4)-(u(6)^4)); % from 1 to 2 else u(6)^4-u(1)^4 
c1=(1-u(7))/(u(7)*u(5)); 
c2=(1-u(2))/(u(2)*u(4)); 
c3= 1/(u(4)*u(3)); 

  
y1=Eb/(c1+c2+c3); 
y2=-y1; 

  
sys = [y1, y2];  % muxed outputs 

 

Combustion (S – Curve) 

function [sys,x0,str,ts] = sfun_05_1(t,x,u,flag) 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 6;   
sizes.NumInputs      = 11;  
sizes.DirFeedthrough = 1; 
sizes.NumSampleTimes = 1; 
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function sys=mdlOutputs(t,x,u) 
a1=rem(u(8),u(10))+u(7); 
fs_dot=u(3)*u(4)*(u(11)/u(2))*... 
    exp(-u(3)*((a1-u(1))/u(2))^u(4))*((a1-u(1))/u(2))^(u(4)-1); 
sp_bm=1; 
y1=fs_dot*u(6);         %m_dot 
y2=u(5)*fs_dot*u(6);    %Enthalpy Change Rate 
y3=y1*(sp_bm-u(9));     %Specific Burned Fuel Mass Fraction Capital 
y4=0;                   % Q_dot 
y5=0;                   %Moment 
y6=0;                   %Inertia 

  
sys = [y1, y2, y3, y4, y5, y6];  % muxed outputs  

 

Cylinder Geometry 

function [sys,x0,str,ts] = sfun_3(t,x,u,flag) 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 11;   
sizes.NumInputs      = 12;  
sizes.DirFeedthrough = 1; 
sizes.NumSampleTimes = 1; 

 

function sys=mdlOutputs(t,x,u) 

  
    a1=rem(u(10),u(7)); 
    y11=a1; 

  

  
w=cos(2*pi*a1); 
h=sin(2*pi*a1); 
E=u(2)*sqrt(1-(u(1)*h/u(2))^2);  
xu_dot=u(1)*h*2*pi*u(9)*(1+(u(1)*w)/E);  
d=u(2)-u(1)*w-E;  
Fp=u(6)*(u(11)-u(12));  

  
y1=xu_dot*u(6);  
y2=u(4)+((u(1)+d)*u(6)); % OK 
y3=xu_dot;  
y4=u(1)+d;  
y5=Fp*u(1)*h*(1+(u(1)*w/E)); % Torque OK 

  
%Ip Caclulation equation 4.20 page 81 
if (u(9)~= 0) % a_dot not zero 
    y6=u(8)*u(1)^2+u(5)*(xu_dot)^2/((2*pi*u(9))^2);  
else 
    y6=u(8)*u(1)^2;  
end 

  
y7=-y1;  
y8=u(3)+((u(1)-d)*u(6)); % x2  
y9=-y3;      
y10=u(1)-d;  
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sys = [y1, y2, y3, y4, y5, y6, y7, y8, y9, y10, y11];  % muxed 

outputs 

 

 

Geometrical Energy Loss 

function [sys,x0,str,ts] = sfun_4(t,x,u,flag) 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 10;   
sizes.NumInputs      = 8;  
sizes.DirFeedthrough = 1; 
sizes.NumSampleTimes = 1; 

 

function sys=mdlOutputs(t,x,u) 

  
if (u(4) ~= 0) 
    pf=u(6)*abs(u(1))+u(7)*abs(u(4))+u(8); 
    y8=u(6)*abs(u(1)); %pf1  
    y9=u(7)*abs(u(4)); %pf2 
    y10=u(8);          %ps 
else 
    pf=u(6)*abs(u(1))+u(7)*abs(u(4)); 
    y8=u(6)*abs(u(1)); %pf1 
    y9=u(7)*abs(u(4)); %pf2 
    y10=u(8);          %ps 
end 

  
if (u(4) >= 0) 
    y1=u(1)-pf; 
else 
    y1=u(1)+pf; 
end 

     
y2=u(2); 
y3=u(3); 
y4=u(4); 
y5=u(5); 
y6=abs(u(2))*pf;  
y7=pf; 

  
sys = [y1, y2, y3, y4, y5, y6, y7,y8, y9, y10];  % muxed outputs 
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 Appendix B 

Complete engine example 

The engine is equipped with a single inlet manifold (plenum) where thee 

compressors of the turbochargers supply it with air. From the single inlet plenum, all the 

engine cylinders are supplied with compressed air through the inlet port of each cylinder. As 

already stated in previous chapters of this thesis, the inlet plenum is implemented using an 

open thermodynamic system block which is connected to the downstream side to the 

engine cylinders and to the upstream side to heat exchanger located at the downstream side 

of the compressors of the turbochargers. The open thermodynamic system is connected to 

the gas properties block which provides the open thermodynamic system block with the 

thermodynamic properties of the compressed air. All the atmospheric conditions and also 

the conditions that were measured during manufacturer at shop tests were provided as 

input of the simulation process. The configuration is shown in Fig. 0-1. 
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Fig. 0-1 Engine Configuration 

Table 0-2 contains the data used in the open thermodynamic system block representing 

the inlet plenum and the geometrical volume of inlet manifold. 

Table 0-2 Inlet Plenum geometry and gas properties 

Open 
Thermodynamic 
System Block 

Geometry Block  

113.5

314

0.029

1.68

ic

ic

ic

m kg

T K

B m







 



 

3

3

0

29.6

0 /

0

V m

V m

x m s

x m









 

 

The inlet manifold is considered insulated; therefore no heat transfer is possible. In this type 

of engine, the heat transfer taking place in the inlet manifold is very small and does not 
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affect the performance of the engine, thus the open thermodynamic system block is 

connected to a heat source that provides zero heat flux (insulation condition). 

 The engine is equipped with a single exhaust manifold (plenum) where all the 

exhaust valves of the engine cylinders are connected. The exhaust manifold provides 

exhaust gas to the turbines. As already stated in previous chapters of this thesis, the exhaust 

plenum is implemented using an open thermodynamic system block which is connected to 

the thermodynamic properties of the exhaust gas. Table 0-3 contains the data used in the 

open thermodynamic system block representing the exhaust plenum and the geometrical 

volume of exhaust manifold. 

Table 0-3 Exhaust Plenum geometry and gas properties 

Open 
Thermodynamic 
System Block 

Geometry Block  

82.7

643.7

0.29

1.68

ic

ic

ic

m kg

T K

B m







 



 

3

3

0

42.7

0 /

0

V m

V m

x m s

x m









 

 

The heat transfer taking place in the exhaust plenum cannot be ignored due the higher 

temperature of the exhaust gas relative to the environment and the impact at the 

performance of the engine cannot be neglected. A simple heat transfer model is used using 

a convection heat flux block between the exhaust gas and the exhaust manifold and a 

convection heat flux block between the exhaust manifold and the ambient air. The data used 

in the simulation are presented in Table 0-4.  

Table 0-4 Heat transfer Convection Data for Exhaust Casing 

Convection Block Data 2 Convection Block Data 2 
2

1

95

100

2.1

0.03

0.8

0.4

c

s

A m

S m

D m

a

b

c









 

 

 

 

2

1

95

100

2.1

0.02

0.8

0.4

c

s

A m

S m

D m

a

b

c









 

 

 

 

 

The exhaust plenum manifold is implemented using a heat capacitor (data presented in 

Table 0-5) while the ambient air is implemented using a heat sink (data also presented in 

Table 0-5). 
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Table 0-5 Exhaust Casing heat capacitor Data and Ambient Air’s properties 

Heat Capacitor E. Manifold Heat Sink Ambient Air 

 

 

1250

465.0 /

640

0.0

0.0

54 /

0.8

p

ic

m kg

c J kg K

T K

Pr

Re

k W m K





 



 

 

 

 

  

290

6.78

4592

0.604 /

0.95

icT K

Pr

Re

k W m K





 

 

 

 

 

 

The air entering the turbocharger block is implemented using the fixed fluid block, 

representing the ambient air conditions. A pressure drop equal to 500 N/m2 (=0.005Bar) is 

taken into account to compensate for air filter existence. The data used in the fixed fluid 

block is presented in Table 0-6. 

Table 0-6 Intake Ambient Air conditions 

Fixed Fluid Block Intake Ambient Air  

2101340 /

303.3

0.00ic

p N m

T K







 

 

 

The air leaving the turbocharger block is implemented using the fixed fluid block, 

representing the ambient air conditions. A pressure drop equal to 2950 N/m2 (=0.0295Bar) is 

taken into account due to exhaust casing. The data used in the fixed fluid block is presented 

in Table 0-7. 

Table 0-7 Exhaust Ambient Air conditions 

Fixed Fluid Block Exhaust Ambient Air  

2103460 /

298

0.48ic

p N m

T K







 

 

 

The crank shaft block is a rigid shaft used for the transmission of the power produced by the 

engine cylinders. In general it is not a weightless shaft, but may include the equivalent polar 

moment of inertia of the engine moving parts. Since the polar moment of inertia of each 
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cylinder is included in the piston geometry blocks, the rest of the system polar moment of 

inertia is included. The crank shaft may be connected to other shaft element through 

mechanical connections such as a gear box (for 4stroke medium speed engines) or a clutch, 

or may be connected to any number of shaft loads. 

 The data used for the stiff shaft block representing the crankshaft is presented in 

Table 0-8. 

Table 0-8 Crank shafts Data 

Data used for Stiff shaft representing the 
crank shaft of the ship 

2

1

10

1.675

0

ic

ic

I kg m

a

a

s

 



 

 

 

In the following graphs, the contact area of the heat transfer blocks is illustrated. The 

contact area is given versus the piston linear position. Also the following tables contain the 

thermal properties of all materials that form the engine’s cylinder. Thus the used contact 

area graphs are shown in Fig. 0-2, Fig. 0-3, Fig. 0-4, Fig. 0-5 and Fig. 0-6. 

 

Fig. 0-2 Heat Transfer area versus piston position for convection HTB2 
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Fig. 0-3 Heat Transfer area versus piston position for convection HTG2 

 

Fig. 0-4 Heat Transfer area versus piston position for conduction HTA3 

 

Fig. 0-5 Heat Transfer area versus piston position for convection HTB2 
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Fig. 0-6 Heat Transfer area versus crankshaft position between the exhaust valve disk and cylinder head EVA2 

 

Table 0-9 Abbreviation for Heat Transfer Elements 

Abbreviation 

G Working Gas 

H Cylinder’s Head 

UL Upper cylinder Liner 

LL Lower cylinder Liner 

PC Piston Crown 

PS Piston Skirt 

JC Jacket Coolant 

OC Oil Coolant 

 

Table 0-10 Data used in radiation heat flux Blocks 

Item Units HTD1R HTB1R HTG1R HTA1R 

A1 m2 0.47 graph graph 0.8 

A2 m2 0.47 graph graph 0.8 

F(1 – 2) - 0.95 0.95 0.95 0.95 

 

Table 0-11 Data used in the conduction heat flux controllers 

Item Units HTA4 HTA3 HTB2 EVA2 EVA3 EVB2 

AC m2 0.108 graph graph graph 0.005 0.25 

S1 m-1 5.6 10 10 34 1.33 40 

S2 m-1 13.5 50 50 34 50 40 
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Table 0-12 Data used in the convection heat flux controllers 

Item Units HTD1 HTB1 HTG1 HTA1 HTA2 HTD2 HTG2 HTG3 EVA3 EVA1 EVA5 EVB1 EVB3 

Ac m2 0.47 graph graph 0.8 0.5 0.8 2.4 15 0.18 0.18 0.054 0.1875 0.628 

Ss m-1 50 50 50 50 50 50 50 50 100 50 34 40 30 

D m 0.9 0.9 0.9 0.9 0.25 0.15 0.05 0.1 0.45 0.45 0.3 0.75 1 

a - 0.035 0.035 0.035 0.035 0.5 0.5 0.5 0.5 0.5 0.025 0.025 0.025 0.025 

b - 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

c - 0 0 0 0 0.333 0.333 0.333 0.333 0.333 0.333 0.333 0.333 0.333 

 

Table 0-13 Data used in the heat capacitors 

Item Units PS PC UL LL H VD VS SG 

m kg 305 747 763 2976 1600 70 59 500 

cp J/kg K 465 465 465 465 465 465 465 465 

Tic K 390 655 510 400 515 520 380 365 

Pr - 1 1 1 1 1 1 1 1 

Re - 0 0 0 0 0 0 0 0 

k W/m K 54 54 54 54 54 54 54 54 

ε - 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

 

Table 0-14 Data used in the Open Thermodynamic system Block representing cylinder 

Item Units Cyl 1 Cyl 2 Cyl 3 Cyl 4 Cyl 5 Cyl 6 Cyl 7 Cyl 8 

mic kg 4.41 6.04 4.41 3.30 4.46 4.42 4.51 4.53 

Tic K 395 1077 421 856 908 562 1077 344 

P Bar 5.15 48.94 3.4 5.71 118 18.7 14.34 3.15 

ξic - 0.0029 0.0393 0.0096 0.0393 0.0029 0.0029 0.0393 0.0029 

B m 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 
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Building block Representation of the MAN 8K90MC-C6 marine diesel engine 

 

 

Fig. 0-7 MAN 8K90MC-C6 implementation 
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 Appendix C 
Simulink block library is presented in this appendix in greater detail. Also the Simulink 

model of the closed cycle period of one cylinder of large marine diesel engine MAN K90MC-

C6 is presented. In addition, the proposed implementation of the MAN 8K90MC-C6 Marine 

Diesel engine is shown in this appendix.  

A) Simulink block library 

B) MAN 8K90MC-C6 implementation 

C) One cylinder engine configuration 

D) Presents the cylinder layout  

E) Exhaust valve model 

F) Cylinder heat transfer 
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 Appendix D 
In this appendix, the compressor map of NA70/TO9098 MAN turbocharger is presented. 

 

Compressor map 
RPM  Pressure Ratio   Volume flow(m3/s) Efficiency 

2842          1.081         8.12          0.73  

 3410          1.103         8.75          0.73  

 3979          1.155         9.56          0.73  

 4547          1.2145        10.53         0.73  

 5116          1.312         11.64         0.73  

 5684          1.4185        12.9588       0.73  

 6253          1.5379        14.6123       0.73  

 6821          1.683         16.281        0.73  

 7389          1.832         18.1384       0.73  

 7958          2.0135        19.823        0.73  

 8526          2.2124        21.7957       0.73  

 9095          2.4236        23.919        0.73  

 9663          2.6792        25.584        0.73  

 10254         2.9614        27.5054       0.73  

 10800         3.2966        28.9433       0.73  

 11368         3.5037        29.5418       0.73  

 2842          1.104         7.93          0.76  

 3410          1.132         8.56          0.76  

 3979          1.193         9.2607        0.76  

 4547          1.2556        10.2566       0.76  

 5116          1.3498        11.4218       0.76  

 5684          1.4628        12.739        0.76  

 6253          1.5851        14.3112       0.76  

 6821          1.7402        15.8812       0.76  

 7389          1.8969        17.7918       0.76  

 7958          2.0796        19.5354       0.76  

 8526          2.3093        21.4947       0.76  

 9095          2.5559        23.6759       0.76  
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 9663          2.8221        25.4197       0.76  

 10254         3.129         27.44         0.76  

 10800         3.4949        28.8778       0.76  

 11368         3.7244        29.4973       0.76  

 2842          1.137         7.68          0.79  

 3410          1.1823        8.19          0.79  

 3979          1.2324        8.9214        0.79  

 4547          1.3029        9.7962        0.79  

 5116          1.3937        10.8767       0.79  

 5684          1.5065        12.1405       0.79  

 6253          1.6319        13.7221       0.79  

 6821          1.7933        15.285        0.79  

 7389          1.9594        17.2779       0.79  

 7958          2.1546        19.0912       0.79  

 8526          2.4003        21.086        0.79  

 9095          2.6662        23.3439       0.79  

 9663          2.9544        25.1463       0.79  

 10254         3.2877        27.2389       0.79  

 10800         3.6755        28.7679       0.79  

 11368         3.8478        29.4529       0.773  

 2842          1.16          7.2           0.82  

 3410          1.208         7.76          0.82  

 3979          1.258         8.3457        0.82  

 4547          1.339         9.22          0.82  

 5116          1.4205        10.2019       0.82  

 5684          1.5377        11.4321       0.82  

 6253          1.6727        12.9641       0.82  

 6821          1.8417        14.5322       0.82  

 7389          2.0232        16.4907       0.82  

 7958          2.243         18.2729       0.82  

 8526          2.4924        20.3814       0.82  

 9095          2.763         22.7664       0.82  

 9663          3.0806        24.6364       0.82  
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 10254         3.4376        26.8625       0.82  

 10800         3.8915        28.3681       0.82  

 11368         3.9316        29.4085       0.785  

 2842          1.176         6.58          0.815  

 3410          1.2144        7.28          0.822  

 3979          1.2663        7.6           0.825  

 4547          1.359         8.11          0.828  

 5116          1.4401        9.31          0.83  

 5684          1.5638        10.3683       0.835  

 6253          1.7021        11.9836       0.847  

 6821          1.8813        13.6905       0.85  

 7389          2.0663        15.531        0.85  

 7958          2.3045        17.2559       0.85  

 8526          2.5685        19.3896       0.85  

 9095          2.8515        21.6816       0.85  

 9663          3.2087        23.5595       0.85  

 10254         3.6052        25.7566       0.85  

 10800         4.0065        27.9262       0.84  

 11368         3.9888        29.3875       0.79  

 2842          1.177         6             0.81  

 3410          1.216         6.65          0.82  

 3979          1.269         6.61          0.83  

 4547          1.365         6.88          0.835  

 5116          1.45          8.668         0.836  

 5684          1.5684        9.8937        0.84  

 6253          1.712         11.3137       0.845  

 6821          1.9036        12.8489       0.85  

 7389          2.0846        14.6046       0.855  

 7958          2.331         16.0589       0.858  

 8526          2.6051        18.264        0.86  

 9095          2.8911        20.7301       0.86  

 9663          3.2734        22.2918       0.86  

 10254         3.6932        24.3399       0.86  
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 10800         4.0549        27.5709       0.847  

 11368         4.068         29.3641       0.795  

 2842          1.18          5.04          0.794  

 3410          1.221         5.17          0.796  

 3979          1.269         5.76          0.8  

 4547          1.365         6.1377        0.82  

 5116          1.457         7.4165        0.838  

 5684          1.5815        8.8206        0.84  

 6253          1.7202        10.4443       0.842  

 6821          1.9078        12.0516       0.845  

 7389          2.091         13.9573       0.85  

 7958          2.3357        15.8812       0.858  

 8526          2.6159        17.6998       0.864  

 9095          2.9129        19.6687       0.8687  

 9663          3.2947        21.672        0.866  

 10254         3.7197        23.8091       0.86  

 10800         4.0903        27.2833       0.85  

 11368         4.209         29.1887       0.815  

 2842          1.185         3.97          0.7456  

 3410          1.229         4.28          0.75  

 3979          1.2771        4.65          0.775  

 4547          1.375         4.92          0.795  

 5116          1.475         6.22          0.81  

 5684          1.5815        7.2706        0.828  

 6253          1.7204        9.0949        0.832  

 6821          1.9078        11.1211       0.838  

 7389          2.0948        12.6694       0.842  

 7958          2.3445        14.5766       0.85  

 8526          2.6262        16.5176       0.855  

 9095          2.9264        18.2519       0.86  

 9663          3.3147        20.6396       0.859  

 10254         3.7463        23.0329       0.858  

 10800         4.1387        26.6193       0.855  
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 11368         4.324         29.0111       0.82  

 2842          1.187         3.63          0.73  

 3410          1.235         3.93          0.74  

 3979          1.289         4.2057        0.76  

 4547          1.38          4.58          0.78  

 5116          1.484         5.91          0.8  

 5684          1.5861        7.004         0.82  

 6253          1.7213        8.4776        0.82  

 6821          1.9036        9.9498        0.82  

 7389          2.0958        11.8674       0.83  

 7958          2.3445        13.9781       0.83  

 8526          2.6297        15.7356       0.84  

 9095          2.9395        17.6978       0.85  

 9663          3.3233        20.0824       0.85  

 10254         3.7551        22.5677       0.85  

 10800         4.1741        25.9787       0.85  

 11368         4.3766        28.6791       0.79 
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1 Ειςαγωγή 
τισ  μζρεσ μασ, όταν θ προςταςία του περιβάλλοντοσ αλλά και θ χαμθλι 

κατανάλωςθ καυςίμου, αποτελοφν πρωταρχικοφσ ςτόχουσ για τθν υλοποίθςθ μίασ 

καταςκευισ, ο ρόλοσ τθσ προςομοίωςθσ λειτουργίασ, γίνεται επιτακτικόσ. Η προςομοίωςθ 

βοθκά τον καταςκευαςτι των μθχανϊν ςε όλα τα ςτάδια τθσ ςχεδίαςθσ τθσ, όπωσ είναι θ 

καταςκευι τθσ με βάςθ το βζλτιςτο δυνατό τρόπο, θ παρακολοφκθςθ τθσ εφρυκμθσ 

λειτουργίασ μετά τθν παράδοςθ και παραλαβι τθσ από τον πελάτθ αλλά και παράλλθλα, θ 

ςυνεχισ ρφκμιςθ τθσ, με απϊτερο ςτόχο τθν βελτιςτοποίθςθ των παραμζτρων. Επίςθσ θ 

προςομοίωςθ, επιτρζπει τον ζλεγχο των βακμϊν ελευκερίασ του ςυςτιματοσ και λόγω τθσ 

αλλθλεπίδραςθσ όλων των κομματιϊν που απαρτίηουν το ςφςτθμα μεταξφ τουσ να 

βελτιςτοποιοφνται τελικά όλα μαηί.  

Η χριςθ τθσ προςομοίωςθσ, επιτρζπει τθ βακφτερθ κατανόθςθ των φυςικϊν 

διεργαςιϊν μζςα ςτο ςφςτθμα. Κακϊσ αυτι λειτουργεί, οι ερευνθτζσ μποροφν να βλζπουν 

ανά πάςα ςτιγμι τθσ επιδράςεισ ςτο ςφςτθμα. υνεπϊσ, είναι πολφ πιο εφκολο να βρεκοφν 

και να διορκωκοφν ςτοιχεία τα οποία κα βελτιςτοποιιςουν το ςφςτθμα. 

τισ μζρεσ μασ, κυριαρχοφν τρεισ κατθγορίεσ λογιςμικοφ για τθν μοντελοποίθςθ 

προςομοίωςθ και ανάλυςθ τθσ δυναμικισ των ςυςτθμάτων. τθν πρϊτθ κατθγορία 

ανικουν οι γλϊςςεσ προγραμματιςμοφ όπωσ είναι θ FORTRAN, C, C++. τθ δεφτερθ 

κατθγορία εντάςςονται τα πακζτα προςομοίωςθσ όπωσ είναι το παλαιότερο ACSL και θ 

γνωςτι πλατφόρμα MATLAB/Simulink. τθν τρίτθ κατθγορία, εντάςςονται τα πακζτα 

πολυδιαςταςιακισ ανάλυςθσ όπωσ είναι θ Μζκοδοσ των Πεπεραςμζνων τοιχείων. 

Σο Simulink είναι ζνα πρόγραμμα μοντελοποίθςθσ και προςομοίωςθσ λειτουργίασ 

με εφκολο γραφικό περιβάλλον. Διακζτει βιβλιοκικθ με ζτοιμα blocks υπολογιςμοφ, ενϊ 

αλλθλεπιδρά ςυνεχϊσ με τισ ρουτίνεσ του MATLAB. Τποςτθρίηει μεκόδουσ ολοκλιρωςθσ 

ςτακεροφ ι μεταβλθτοφ βιματοσ ενϊ μοντελοποιεί διακριτά ι ςυνεχι ςυςτιματα. 

Η Μζκοδοσ Πεπεραςμζνων τοιχείων, είναι μία αρικμθτικι μζκοδοσ για τθν εφρεςθ 

προςεγγιςτικϊν λφςεων των μερικϊν διαφορικϊν εξιςϊςεων. Η λφςθ τουσ βαςίηεται ςτθν 

τεχνικι τθσ μείωςθσ τθσ διαφορικισ εξίςωςθσ ι τθσ μετατροπισ τθσ ςε ςυνικθ διαφορικι 

εξίςωςθ όπου μπορεί και να λυκεί με τισ γνωςτζσ μεκόδουσ αρικμθτικισ ολοκλιρωςθσ 

όπωσ θ Runge – Kutta, Euler κλπ. τθν ναυπθγικι βιομθχανία ι μζκοδοσ των πεπεραςμζνων 

ςτοιχείων χρθςιμοποιείται ςτθ μοντελοποίθςθ του καλάμου καφςθσ, προκειμζνου να 

προβλεφτοφν οι κερμικζσ και οι μθχανικζσ καταπονιςεισ ςε δυναμικζσ φορτίςεισ αλλά και 

να προςομοιαςτεί ο κόρυβοσ και οι ταλαντϊςεισ των μθχανικϊν μερϊν του. 

 Η ςυγκεκριμζνθ διπλωματικι εργαςία, χρθςιμοποιεί τα μοντζλα μθδενικισ 

διάςταςθσ (zero dimensional models), τα οποία περιλαμβάνουν πιο απλζσ διαφορικζσ 

εξιςϊςεισ ςτθ μοντελοποίθςθ τουσ, ζχουν λιγότερουσ βακμοφσ ελευκερίασ, ενϊ απαιτοφν 

μικρότερθ υπολογιςτικι ιςχφ, προκειμζνου να προςομοιαςτοφν. Θεωροφνται οι εξιςϊςεισ 

αυτζσ ωσ κερμοδυναμικά μοντζλα διότι δεν απαιτοφν γνϊςθ τθσ γεωμετρικισ κατανομισ 

του αερίου μζςα ςτον όγκο ελζγχου. Γενικότερα τα μοντζλα που χρθςιμοποιοφνται ςτθ 

μοντελοποίθςθ είναι τα κερμοδυναμικά, ενϊ ςε άλλεσ περιπτϊςεισ μοντελοποίθςθσ 

χρθςιμοποιείται και τθσ  δυναμικισ των αερίων. Η διαφορά των δφο μοντζλων ζγκειται ςτο 
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γεγονόσ ότι οι βαςικζσ εξιςϊςεισ που περιγράφουν το μοντζλο, προκφπτουν από τθν αρχι 

διατιρθςθσ τθσ μάηασ ενϊ ςτθν δεφτερθ προκφπτει από τθν πλιρθ ανάλυςθ τθσ κίνθςθσ 

του ρευςτοφ μζςα ςτουσ όγκουσ τθσ μθχανισ (Κυρτάτοσ, 1993). τθ παροφςα εργαςία θ 

μοντελοποίθςθ κα γίνει με το κερμοδυναμικό μοντζλο. Επίςθσ θ μοντελοποίθςθ γίνεται με 

τθν μζκοδο πλιρωςθσ και απόπλυςθσ (emptying and filling method) (Heywood, 1988). Οι 

οχετοί ειςαγωγισ και εξαγωγισ όπωσ επίςθσ και του μεταβλθτοφ όγκου του κυλίνδρου, 

κεωροφνται πεπεραςμζνοι όγκοι. Επίςθσ θ ςυνολικι μθχανι μπορεί να μοντελοποιθκεί ωσ 

ζνα ςφνολο όγκων  οι οποίοι περιζχουν ςτενϊςεισ (π.χ. κυρίδεσ, βαλβίδεσ). Ο κάκε όγκοσ 

πλζον μπορεί να κεωρθκεί ωσ όγκοσ ελζγχου όπου το περιεχόμενο αζριο κεωρείται ότι ζχει 

ομοιόμορφεσ ιδιότθτεσ ςε όλο τον χϊρο που καταλαμβάνει. Οι νόμοι τθσ διατιρθςθσ τθσ 

ενζργειασ και τθσ μάηασ ιςχφουν, υπό τθν προχπόκεςθ τθσ γνϊςθσ τθσ μεταφερόμενθσ 

μάηασ από και προσ το ςφςτθμα, προκειμζνου να γνωρίηεται θ κατάςταςθ του αερίου τθν 

κάκε χρονικι ςτιγμι. 

Η εργαςία αυτι διαρκρϊνεται ςε 3 κεφάλαια. 

Σο κεφάλαιο 2 περιγράφει όλεσ τισ μακθματικζσ εξιςϊςεισ των μοντζλων που 

χρθςιμοποιικθκαν. 

Σο κεφάλαιο 3 περιλαμβάνει τα βαςικά blocks που μοντελοποιικθκαν και ζχουν 

ομαδοποιθκεί με βάςθ τθ λειτουργικότθτα τουσ 

Σο κεφάλαιο 4 περιλαμβάνει τα αποτελζςματα διατάξεων επαλικευςθσ 

αποτελεςμάτων και τα αποτελζςματα προςομοίωςθσ για φορτία 90%, 75% και 50% τθσ 

μζγιςτθσ ιςχφοσ του κινθτιρα, για ζναν κφλινδρο. υγκρίςεισ με το πρόγραμμα του 

εργαςτθρίου ναυτικισ μθχανολογίασ και παραμετρικζσ προςομοιϊςεισ, βρίςκονται και 

αυτζσ ςτο κεφάλαιο 4. 

κοπόσ τθσ εργαςίασ αυτισ ιταν να ειςάγει ζνα νζο εργαλείο μοντελοποίθςθσ όπωσ 

είναι θ πλατφόρμα του MATLAB/Simulink, για τθν εφαρμογι τθσ ςε ναυτικά ςυςτιματα 

πρόωςθσ, ζχοντασ ικανοποιθτικι ακρίβεια. Μελλοντικι δουλειά απαιτείται για να 

ολοκλθρωκεί θ μοντελοποίθςθ τθσ πλιρουσ ναυτικισ μθχανισ. Παρόλο που αρκετά 

μακθματικά μοντζλα ειςιχκθςαν ςτθν παροφςα διπλωματικι εργαςία, πιο πολφπλοκεσ 

εξιςϊςεισ ςε κάποια μοντζλα πρζπει να αντικαταςτιςουν τισ υπάρχουςεσ προκειμζνου να 

ζχουμε πιο ακριβι αποτελζςματα ςτθν προςομοίωςθ των φυςικϊν διεργαςιϊν που 

παρατθροφνται ςε ζναν ναυτικό κινθτιρα Diesel. 
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2 Μαθηματικά μοντέλα 
το ςυγκεκριμζνο κεφάλαιο παρουςιάηονται οι εξιςϊςεισ που μοντελοποιοφν τα 

ςυςτιματα των παρακάτω κομματιϊν: 

 Ιδιότθτεσ αεριϊν 

 Ανοικτό κερμοδυναμικό ςφςτθμα 

 Βαλβίδα 

 Μοντζλο καφςθσ ςφμφωνα με τθν S – curve 

 Μεταφορά κερμότθτασ 

o Αγωγι 

o υναγωγι 

o Ακτινοβολία 

 Γεωμετρία κυλίνδρου 

 Ενεργειακζσ απϊλειεσ 

 

2.1  Ιδιότητεσ αερίων 
το κεφάλαιο αυτό, περιγράφονται οι εξιςϊςεισ υπολογιςμοφ των ιδιοτιτων των 

αερίων. Προκειμζνου να υπολογιςτοφν οι ιδιότθτεσ των εργαηόμενων μζςων, 

χρθςιμοποιοφνται τα πολυϊνυμα υπολογιςμοφ τθσ ςτακεράσ των αερίων και τθσ 

εςωτερικισ ενζργειασ όπωσ προζκυψαν από τουσ Krieger και Borman (Borman & Krieger, 

1966) όπου ανζλυςαν τα διαγράμματα των Newhall και Starkman (Newhall & Starkman, 

1963). 

  , ,uu f T p   (2.1) 

  , ,RR f T p   (2.2) 

Για φτωχό μίγμα (Φ<1)  και για Σ>1333 Κ οι εξιςϊςεισ προκφπτουν από 

    1 2 [ / ]u K T K T kJ kg   (2.3) 

όπου, 

 
  6 2 9 3

1

13 4 17 5

0.692 39.17 10 52.9 10

228.62 10 277.58 10

K T T T T

T T

 

 

        

    
 (2.4) 

κακϊσ και  

 
  2 5 2

2

9 3 14 4

3049.39 5,7 10 9.5 10

21.53 10 200.26 10

K T T T

T T

 

 

       

    
 (2.5) 

Η ςτακερά του αερίου δίδεται από τον τφπο 

 0.285 0.02 [ / ]R kJ Kg K     (2.6) 
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Ενϊ για κερμοκραςίεσ μεγαλφτερεσ των 1333 Κ, προςτίκεται διορκωτικόσ ςυντελεςτισ, 

κακϊσ θ διάςπαςθ των μορίων μετά τθ καφςθ δεν μπορεί να αγνοθκεί 

 0 2.326 Cu u e    (2.7) 

όπου το C είναι ίςο με 

 
1 2 3C C C C    (2.8) 

και οι ςυντελεςτζσ είναι ίςοι με 

 3

1 10.4166 7.85125 3.71257C        (2.9) 

  3

2

1800
27.00107 28.5087 17.30375C

T
         (2.10) 

 
   

3

3 (0.154226 0.38656 0.10329

1800
0.21289 0.026574 ) ln 14.5

C

p
T

 



    

     
 (2.11) 

Η ςτακερά των αερίων δίδεται από τον τφπο 

 
310

0 4.1868 AR R e
    (2.12) 

ενϊ το Α από 

    
1800

11.98 45.796 0.4354 ln 14.5 0.2977 lnA p
T

 
 

         
 

 (2.13) 

ε ότι αφορά τα υπόλοιπα μεγζκθ, αξίηει να αναφερκεί θ ςχζςθ υπολογιςμοφ του λόγου 

ιςοδυναμίασ 

 
   1 /

st
F A







 
 (2.14) 

2.2 Ανοικτό θερμοδυναμικό ςύςτημα 
τθ παροφςα ενότθτα περιγράφονται οι εξιςϊςεισ υπολογιςμοφ τθσ πίεςθσ και τθσ 

κερμοκραςίασ των αερίων ςε κάκε χρονικό βιμα τθσ ολοκλιρωςθσ. το ανοικτό 

κερμοδυναμικό ςφςτθμα ιςχφει θ διατιρθςθ τθσ μάηασ όπωσ επίςθσ και ο ενεργειακόσ 

ιςολογιςμόσ, λαμβάνοντασ υπ’ όψιν τθν εναλλαγι ενζργειασ με το υπόλοιπο περιβάλλον. 

Επομζνωσ, 

 
0

t

icm mdt m   (2.15) 

 
0

t

ic     (2.16) 

 P V m R T     (2.17) 
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2

m R m T R R R R T m R T
p T T p m V

V V T p V V




        
             

   
 (2.18) 

Για απλοφςτευςθ τθσ ςχζςθσ (2.18) αντικακιςτοφμε ςφμφωνα με τισ παρακάτω ςτακερζσ 

 1
p R

A
R p

 
  

 
 (2.19) 

 
1 R

B
T R T

 
  

 
 (2.20) 

 
1 1R

C m V
R m V





     


 (2.21) 

Επομζνωσ θ ςχζςθ (2.18) μεταςχθματίηεται ςε 

 
 B T C p

p
A

  
  (2.22) 

Για τον υπολογιςμό τθσ κερμοκραςίασ ιςχφει θ ςχζςθ 

 U Q W H    (2.23) 

Επομζνωσ 

  
1 1 1

n n n

i j i i

i j i

u m u m Q Q p V h m
  

            (2.24) 

Όπου και τελικά προκφπτει θ κερμοκραςία, αντικακιςτϊντασ και πάλι τισ ςτακερζσ ( 

εξιςϊςεισ (2.19 – 2.21) 

 

D u m u C u
p

m p A
T

u u B
p

T p A




    
   
  


 

  
 

 (2.25) 
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2.3 Βαλβίδα 
Οι ροι ρευςτοφ μζςα από ςτζνωςθ περιγράφεται από τισ ακόλουκεσ εξιςϊςεισ. Όταν 

θ ροι είναι θχθτικι, ο αρικμόσ Mach είναι ίςοσ με τθ μονάδα. Η πίεςθ για τθν οποία ο 

αρικμόσ Mach γίνεται ίςοσ με τθ μονάδα, καλείται κρίςιμθ πίεςθ.  

Για θχθτικι ροι θ παροχι μάηασ μζςα από τθν βαλβίδα γίνεται από τθν εξίςωςθ 

 

2 1

0

0 00

2A p p p
m

p pR T



 



 
                 
  

 (2.26) 

Ενϊ για τθν υποθχθτικι ροι, όταν θ πίεςθ είναι ίςθ με τθν κρίςιμθ πίεςθ (εξίςωςθ 2.27) 

 
1

0

1
1

2

p

p






 
  
 

 (2.27) 

θ παροχι μάηασ δίδεται από τον τφπο 

 

 

 

1

2 1
0

0

2

1

A p
m

R T









    
  

   
 (2.28) 

2.4 Μοντέλο καύςησ ςύμφωνα με την S – Curve 
τθν ενότθτα αυτι χρθςιμοποιείται το μοντζλο τθσ S – curve για τθν μοντελοποίθςθ του 

εκλυόμενου ρυκμοφ καφςθσ για τθν απευκείασ ζγχυςθ ςτον κφλινδρο. Για ευκολία, ζχει 

χρθςιμοποιθκεί θ χρονικι παράγωγοσ τθσ S – Curve. Ζτςι, για το βαςικό τθσ μοντζλο 

ζχουμε, 

 
2

11
C

C x

sf e 
   (2.29) 

ενϊ για μθχανζσ ε μονι ζγχυςθ ο όροσ x είναι ίςοσ με 

 r 






 (2.30) 

Όπου α είναι θ γωνία του ςτροφάλου, αr είναι θ γωνία ζναρξθσ τθσ καφςθσ και Δα είναι θ 

διάρκεια τθσ καφςθσ. Επομζνωσ θ ςχζςθ (2.29) γίνεται: 

 

2

1

1

C
rC

sf e
 




 

   (2.31) 

Η χρονικι παράγωγοσ τθσ ςχζςθσ (2.31) είναι θ εξισ 

 

2
2

1

1

1 2

C
r

C
C

r
sf C C e

 


 

 


 


 

     
  

 (2.32) 

όπου C1 και C2 είναι ςτακερζσ που ρυκμίηουν το ςχιμα τθσ. 
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2.5 Μοντέλα μεταφοράσ θερμότητασ 
τθ παροφςα ενότθτα, κα περιγραφοφν οι εξιςϊςεισ που περιγράφουν τα τρία βαςικά 

είδθ μεταφοράσ κερμότθτασ όπωσ είναι θ αγωγι, θ ςυναγωγι και θ ακτινοβολία.  

Αγωγι 

Η αγωγι εμφανίηεται όταν δφο θ περιςςότερα ςϊματα βρίςκονται ςε επαφι, όπου το 

ςϊμα με τθν μεγαλφτερθ κερμοκραςία προκαλεί μεταφορά ενζργειασ ςε αυτό με τθ 

μικρότερθ κερμοκραςία ςφμφωνα με τον νόμο του Fourrier. 

 1 2
(2 1) 1 2 (1 2)

1 2

( ) ( )cd c c c c cd

K K
Q A T T A T T Q

 
            (2.33) 

υναγωγι 

Η μεταφορά κερμότθτασ με ςυναγωγι ςυμβαίνει όταν ζρχονται ςε επαφι ζνα ςτερεό και 

ζνα υγρό ρευςτό με κερμοκραςιακι μεταξφ τουσ διαφορά. Σο ποςοςτό τθσ ενζργειασ που 

μεταφζρεται δίδεται από τον νόμο του Newton. 

 (2 1) ( ) ( )cv s c c s c f cQ S A T T h A T T          (2.34) 

Ακτινοβολία 

Η ακτινοβολία είναι θ τρίτθ βαςικι μορφι μεταφοράσ κερμότθτασ. Εμφανίηεται όταν το 

ςϊμα δεν είναι ςε επαφι με κάποιο άλλο, αλλά ακτινοβολεί ωσ μζλαν ςϊμα ενζργεια. 

φμφωνα με τθ κεωρία των Steffan - Boltzman θ ςχζςθ υπολογιςμοφ είναι θ ακόλουκθ 

  

 

 

  
 

4 4

1 2

1 2

1 2

1 1 2 21 1 2

1 11
rd

T T
Q

A AA F



 

 





 

 

   
  
 

 (2.35) 

2.6 Γεωμετρία κυλίνδρου 
Ο κφλινδροσ αποτελείται από δφο μεταβλθτοφσ όγκουσ για τουσ οποίουσ το μζγεκοσ 

τουσ κακορίηεται κάκε ςτιγμι από τθ κζςθ του εμβόλου. Επιπλζον του όγκου ςαρϊςεωσ, 

υπάρχει και ο επιηιμιοσ όγκοσ, όγκοσ ο οποίοσ παραμζνει παρόλο που το ζμβολο βρίςκεται 

ςτο ΑΝ (Άνω Νεκρό θμείο). 

 U cU dUV V V   (2.36) 

όπου, 

 dU cs UV A x   (2.37) 

και 

 
2

4
cs

B
A    (2.38) 
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Εκτελϊντασ πράξεισ ςτθ γεωμετρία του κυλίνδρου και κάνοντασ χριςθ του ςχιματοσ 1 

r

l

a

s

b

Fcr

Fcr Fp

T

 

χιμα 1 Γεωμετρικά ςτοιχεία κυλίνδρου – εμβόλου 

Προκφπτουν οι παρακάτω εξιςϊςεισ 

  
2

2

2
1 sin 2

r
E l a

l
       (2.39) 

ενϊ για ευκολία αντικακιςτοφμε τουσ παρακάτω όρουσ με ςτακερζσ 

 
 

 

cos 2

sin 2

a w

a h





  

  
 (2.40) 

Ζτςι για τθν ταχφτθτα του εμβόλου ιςχφει θ ςχζςθ 

 2 1U

r w
x r h a

E


 
       

 
 (2.41) 

ενϊ για τθν αναπτυςςόμενθ ροπι ιςχφει 

 1p p

r w
M F r h

E

 
     

 
 (2.42) 

όπου θ δφναμθ που αναπτφςςεται ςτον κφλινδρο δίδεται από τθ ςχζςθ 

  p cs U cs L cs U LF A p A p A p p        (2.43) 

Εκτελϊντασ πράξεισ για τθν διατιρθςθ τθσ ενζργειασ προκφπτει ότι θ πολικι ροπι 

αδρανείασ δίδεται από τθ ςχζςθ 

  

2
2

2

2

if 0
2

if 0

l U
r

p

r

m x
m r a

aI

m r a



 
  

  


 

 (2.44) 
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2.7 Ενεργειακέσ Απώλειεσ 
Οι ενεργειακζσ απϊλειεσ ςτον κφλινδρο οφείλονται ςε τρεισ παραμζτρουσ. τθν φπαρξθ των 

ελατθρίων ςτεγανοποίθςθσ, ςτθν ταχφτθτα του εμβόλου αλλά και γενικζσ απϊλειεσ ωσ 

ποςοςτό τθσ ςυνολικισ αναπτυςςόμενθσ πίεςθσ. Η ςχζςθ υπολογιςμοφ είναι θ παρακάτω 

 
2 2 2

2 2 2

if 0

if 0

f s

f

f

p C x p x
p

p C x x





     
 

   

 (2.45) 

ενϊ θ πίεςθ δίδεται αναλόγωσ τθσ ταχφτθτασ του εμβόλου, 

 
2 2

1

2 2

if 0

if 0

f

f

p p x
p

p p x

 
 

 

 (2.46) 

Για τθν ενζργεια που απελευκερϊνεται από το ςφςτθμα ιςχφει ότι 

 
f fQ V p   (2.47) 
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3 Simulink Blocks 
τθ ενότθτα αυτι, περιγράφονται μερικά ςφνκετα blocks. Σα blocks αυτά είναι: 

 Θερμοδυναμικι ομάδα 

 Γεωμετρικι ομάδα 

 ομάδα Μεταφοράσ Θερμότθτασ 

Η ιδζα τθσ φπαρξθσ των ςφνκετων blocks οφείλεται ςτο γεγονόσ τθσ απλοφςτευςθσ των 

ςυνδζςεων ςε ζνα πολφπλοκο μοντζλο, κακϊσ ςυγκεκριμζνα blocks μεταξφ τουσ 

εμφανίηονται πάντα ςυνδεδεμζνα μαηί ςε πολλζσ περιπτϊςεισ. 

Σα ςφνκετα Blocks που εμφανίηονται ςε αυτι τθ διπλωματικι εργαςία είναι τα ακόλουκα: 

 Θυρίδεσ Ειςαγωγισ, Βαλβίδα Εξαγωγισ 

 Ανοικτό Θερμοδυναμικό φςτθμα και Ιδιοτιτων Αερίων 

 τακερϊν Ιδιοτιτων ρευςτό και Ιδιοτιτων Αερίων 

 Μεταφορά Θερμότθτασ Κυλίνδρου μθχανισ 

 Καφςθσ 

 Μονοκφλινδρο ςφςτθμα  

 Μοντζλο ςφνδεςθσ πολλϊν κυλίνδρων 

Ποιο ςυγκεκριμζνα ο Πίνακασ 1 περιλαμβάνει τα ονόματα των blocks που ομαδοποιοφνται 

ςτισ προαναφερκζντεσ ομάδεσ.  

Πίνακασ 1 Ομαδοποίθςθ Blocks 

Ομάδα Blocks 

Θερμοδυναμικι Ιδιότθτεσ Αερίου, τακερζσ Ιδιότθτεσ 
Αερίου, Ανοικτό Θερμοδυναμικό ςφςτθμα, 
υμπιεςτισ, Εναλλάκτθσ Θερμότθτασ, 
τρόβιλοσ, Καφςθ S – Curve, Τπερπλθρωτισ, 
Τπερπλθρωτισ MAN NA70/TO78, 8 
Κφλινδροι, Ζνασ Κφλινδροσ 

Γεωμετρικι Γεωμετρία κυλίνδρου, ενεργειακζσ 
απϊλειεσ, μθ ελαςτικόσ άξονασ 

Μεταφοράσ 
Θερμότθτασ 

Αγωγι, υναγωγι, Ακτινοβολία, Μεταφορά 
κερμότθτασ κυλίνδρου 

 

3.1 Θυρίδα ειςαγωγήσ και Βαλβίδα εξαγωγήσ 
ε πολλά ςθμεία τθσ μθχανισ το ρευςτό ρζει μζςα από ςτενϊςεισ. Χαρακτθριςτικζσ 

περιπτϊςεισ είναι όταν ο κρφοσ ςυμπιεςμζνοσ αζρασ ειςαγωγισ, ειςζρχεται μζςω των 

κυρίδων ςτον κφλινδρο, αλλά και τθσ περίπτωςθσ όπου το κερμό καυςαζριο εξζρχεται από 

τον κφλινδρο, κατευκυνόμενο ςτον οχετό εξαγωγισ. Μία ροι ρευςτοφ ιδανικά κεωρείται 

αδιαβατικι και αναςτρζψιμθ. Επειδι ςτθν πραγματικότθτα δεν ςυναντιζται τζτοια 

περίπτωςθ, χρθςιμοποιείται αντί για το πραγματικό άνοιγμα τθσ βαλβίδα, ιςοδφναμθ 

επιφάνεια (effective area).  
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Οι κυρίδεσ ειςαγωγισ δεν περιλαμβάνουν ςυνδζςεισ για τα μοντζλα τθσ μεταφοράσ 

κερμότθτασ κακϊσ κεωρείται ότι δεν ζχουμε ανταλλαγι κερμότθτασ που να επθρεάηει τα 

αποτελζςματα τθσ προςομοίωςθσ. Αντικζτωσ όμωσ, δεν γίνεται να αγνοθκοφν τζτοια 

φαινόμενα ςτθ βαλβίδα εξαγωγισ. 

 

Εικόνα 3-1 Πραγματικό άνοιγμα Θυρίδασ ειςαγωγισ ςυναρτιςει ςτροφαλογωνίασ 

 

Εικόνα 3-2 Πραγματικό άνοιγμα Βαλβίδασ εξαγωγισ ςυναρτιςει ςτροφαλογωνίασ 

τθν Εικόνα 3-1 και ςτθν Εικόνα 3-2 , απεικονίηεται ο χρονιςμόσ των κυρίδων και τθσ 

βαλβίδασ εξαγωγισ ςυναρτιςει τθσ γωνίασ του ςτροφάλου. τθν Εικόνα 3-3, απεικονίηεται 

θ αναπαράςταςθ τθσ βαλβίδα εξαγωγισ, ςυνδεδεμζνθ με τα μοντζλα μεταφοράσ 

κερμότθτασ ςε MATLAB/Simulink. 
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Εικόνα 3-3 Block: Βαλβίδα Εξαγωγισ 
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3.2 Ανοικτό Θερμοδυναμικό ύςτημα και ιδιότητεσ Αερίων 
Σο μοντζλο αυτό περιλαμβάνει τα μοντζλα των ιδιοτιτων αερίων κακϊσ και τισ 

εξιςϊςεισ υπολογιςμοφ τθσ πίεςθσ και τθσ κερμοκραςίασ, όπωσ αυτζσ ςυναντιοφνται ςτο 

κεφάλαιο 2 και περιγράφουν τα φαινόμενα που απαρτίηουν ζνα ανοικτό κερμοδυναμικό 

ςφςτθμα. υγκεκριμζνα παραδείγματα χριςθσ αυτοφ του ςφνκετου block είναι οι οχετοί 

ειςαγωγισ και εξαγωγισ, αλλά και ο μεταβλθτισ γεωμετρίασ όγκοσ του κυλίνδρου λόγω τθσ 

κίνθςθσ του εμβόλου.  

Σο  μοντζλο του ανοικτοφ κερμοδυναμικοφ ςυςτιματοσ ζχει δϊδεκα ειςόδουσ και 

τζςςερεισ εξόδουσ ενϊ ςυνδζεται μζςα ςτο μεγάλο block με το μοντζλο των ιδιοτιτων του 

αερίου.  Σο ςυγκεκριμζνο μοντζλο υπόκειται ςε ανταλλαγι κερμότθτασ  ςτα ςφνορα του. 

Σα ςτοιχεία που απαιτοφν τα μοντζλα μεταφοράσ κερμότθτασ υπολογίηονται και 

τροφοδοτοφνται ςε αυτά μζςω των κατάλλθλων ςυνδζςεων. 

 

Εικόνα 3-4 Block: Ανοικτό κερμοδυναμικό ςφςτθμα 
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3.3 ταθερέσ Ιδιότητεσ και Ιδιότητεσ Αεριών 
τθν ίδια φιλοςοφία με τθν παράγραφο 0 κινείται και το ςυγκεκριμζνο ςφνκετο block. Η 

ουςιϊδθσ διαφορά τουσ είναι ότι το ςυγκεκριμζνο, δεν λαμβάνει υπ’ όψιν του όλεσ τισ 

παραμζτρουσ που υπολογίηει το μοντζλο των ιδιοτιτων του αερίου. Αυτό ςυμβαίνει γιατί 

το ςυγκεκριμζνο μοντζλο των ςτακερϊν ιδιοτιτων χρθςιμοποιείται για τθ μοντελοποίθςθ 

αερίων που οποιαδιποτε προςκικθ ενζργειασ ςε αυτά λόγω του απείρου όγκου που 

καταλαμβάνουν, δεν κα τουσ επιδράςει ςε καμία ιδιότθτα τουσ. Παραδείγματα που 

χρθςιμοποιείται αυτό το ςφνκετο block είναι οι ςυνκικεσ ςτο φίλτρο του ςυμπιεςτι 

(ατμοςφαιρικόσ αζρασ) ι μετά τθν ζξοδο του ςτροβίλου (φουγάρο και ατμόςφαιρα). Η 

ςχθματικι αναπαράςταςθ του ςυγκεκριμζνου block γίνεται ςτθν Εικόνα 3-5. 

 

Εικόνα 3-5 Block: τακερζσ ιδιότθτεσ και Ιδιότθτεσ Αερίου 
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3.4 Μεταφορά θερμότητασ ςτον κύλινδρο 
Μζςα ςτον κφλινδρο εμφανίηονται και οι τρεισ τρόποι μεταφοράσ κερμότθτασ. Λόγω τθσ 

καφςθσ το ηεςτό αζριο κερμαίνει τα τοιχϊματα του κυλίνδρου (χιτϊνιο), τθ κεφαλι του 

εμβόλου, το καπάκι κακϊσ και τθ βάςθ και το υπόλοιπο ςτζλεχοσ τθσ βαλβίδασ εξαγωγισ. 

χθματικά το μοντζλο, όπωσ αυτό προκφπτει από τθν ανάλυςθ του ςφμφωνα με τθ κεωρία 

των κερμικϊν αντιςτάςεων φαίνεται ςτθν Εικόνα 3-6. 

Stem

Guide

Gas

Head

Valve

Stem

Valve DiskUpper

Liner

Lower

Liner

Piston Crown

Piston

Skirt

EVB2

EVB3

EVB1

EVA5
EVA1

EVA2

EVA3

EVA4

HTB2

HTD1,R

HTG1,R
HTA1,R

HTA4

HTA2

HTD2

HTG2

HTG3

Jacket

Coolant

Jacket

Coolant

 

Εικόνα 3-6 Μοντζλο μεταφοράσ κερμότθτασ μζςα ςτον κφλινδρο 

Λόγω του ότι το ζμβολο αλλάηει ςυνεχϊσ κζςθ, θ επιφάνεια επαφισ μεταβάλλεται 

ςυνεχϊσ. Ζτςι οποιοδιποτε μοντζλο απαιτεί τθ επιφάνεια, διαβάηει κάποιον χάρτθ με τθ 

μεταβολι τθσ κάνοντασ όποτε απαιτθκεί γραμμικι παρεμβολι. Ζνα χαρακτθριςτικό 

παράδειγμα τζτοιου χάρτθ δίδεται ςτθν Εικόνα 3-7 ενϊ θ μοντελοποίθςθ τθσ μεταφοράσ 

κερμότθτασ μζςα ςτον κφλινδρο φαίνεται ςτθν Εικόνα 3-8. 
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Εικόνα 3-7 Παράδειγμα χάρτθ μεταβλθτισ επιφάνειασ επαφισ 

 

Εικόνα 3-8 Block: μεταφορά κερμότθτασ ςτον κφλινδρο 
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3.5 Καύςη 
Σο μοντζλο καφςθσ που χρθςιμοποιείται ςε αυτι τθ διπλωματικι εργαςία είναι 

απλοϊκό και ςτθρίηεται ςτθν S – curve. Σο μοντζλο αυτό είναι τυπικά μία καμπφλθ 

απελευκζρωςθσ κερμότθτασ. Απαιτεί ςαν μοντζλο ςτοιχεία όπωσ θ ενκαλπία των 

καυςαερίων (προϊόντα τθσ καφςθσ), μάηα εγχυόμενου καυςίμου αλλά και τθσ γωνίεσ 

ζναρξθσ και λιξθσ τθσ καφςθσ. Προςδιορίηεται από δφο ςτακερζσ οι οποίεσ δίνουν ςχιμα 

ςτθν καμπφλθ, μεταβάλλοντασ τα χαρακτθριςτικά τθσ καφςθσ. Η ςχθματικι αναπαράςταςθ 

του μοντζλου γίνεται ςτθν Εικόνα 3-9. 

 

Εικόνα 3-9 Block: S - curve 
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3.6 Κύλινδροσ 
Σο μοντζλο του κυλίνδρου περιλαμβάνει όλα τα μθχανικά μζρθ όπωσ είναι το ποδάρι, το κομβίο, θ 

κεφαλι του εμβόλου, το χιτϊνιο, οι κυρίδεσ, ο εγχυτιρασ και θ βαλβίδα εξαγωγισ. Ο όγκοσ του 

κυλίνδρου περιγράφεται από το ανοικτό κερμοδυναμικό ςφςτθμα, κακϊσ μάηα μεταφζρεται από και 

προσ αυτό από τθ βαλβίδα και τισ κυρίδεσ αντίςτοιχα. Η μεταφορά μάηασ ςυμβαίνει εξαιτίασ του 

γεγονότοσ όπου θ πίεςθ μζςα ςτον κφλινδρο είναι διαφορετικι από τισ πιζςεισ που επικρατοφν 

ςτουσ οχετοφσ ειςαγωγισ και εξαγωγισ. Λόγω τθσ διαφοράσ αυτισ από τθ κυρίδα ειςζρχεται ςτο 

ςφςτθμα ςυμπιεςμζνοσ κρφοσ αζρασ που διϊχνει τα καυςαζρια ενϊ παραμζνει και μζροσ του 

προκειμζνου να ςυμπιεςτεί ϊςτε να αναμιχκεί με το καφςιμο αργότερα. Μζςα ςτον κφλινδρο λόγω 

τθσ καφςθσ αυξάνεται θ ενζργεια του και παράγεται μθχανικό ζργο που εμφανίηεται ωσ δφναμθ ςτο 

ζμβολο. Η μεταφορά κερμότθτασ γίνεται μζςω του μοντζλου 0.  Η Εικόνα 3-10 παρουςιάηει το 

μοντζλο του κυλίνδρου. 

 

 

Εικόνα 3-10 Block: Ζνασ κφλινδροσ 

  



21 
 

3.7 Μοντέλο οκτώ κυλίνδρων 
ε μία πραγματικι προςομοίωςθ, θ λειτουργία μίασ πολφ-κφλινδρθσ μθχανισ 

προςομοιάηεται.  Για αυτι τθ περίπτωςθ ζνα μοντζλο για τουσ κυλίνδρουσ τθσ MAN 

8K90MC-C6 αναπτφχκθκε.  

Η διαφορά ςτουσ κυλίνδρουσ ζγκειται μόνο ςτο γεγονόσ ότι ο κάκε ζνασ λειτουργεί ςε με 

διαφορετικι γωνία φάςθσ ωσ προσ τον ςτροφαλοφόρο. τθν ςυγκεκριμζνθ ναυτικι μθχανι 

θ φάςθ των οκτϊ κυλίνδρων είναι 45 μοίρεσ και αυτό γίνεται προκειμζνου να υπάρχει μία 

ομαλι παραγωγι ροπισ αλλά και ταυτόχρονα να αποςβζνονται οι ταλαντϊςεισ που 

αναπτφςςονται λόγω τθσ παλινδρομικισ κίνθςθσ των εμβόλων. τθν Εικόνα 3-11, 

παρουςιάηεται το μοντζλο των οκτϊ κυλίνδρων. 

 

Εικόνα 3-11 Κφλινδροι MAN 8K90MC-C6  
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4 Αποτελέςματα προςομοίωςησ ενόσ κυλίνδρου 
Αν και ο αρχικόσ ςτόχοσ τθσ διπλωματικισ εργαςίασ ιταν να μοντελοποιθκεί και να 

προςομοιωκεί θ λειτουργία τθσ 8 κφλινδρθσ μθχανισ, ςυνδεδεμζνθ με τουσ 3 

υπερπλθρωτζσ, θ προςομοίωςθ δεν ςτάκθκε δυνατι λόγω χρονικϊν περιοριςμϊν ςτθν 

επεξεργαςία των δεδομζνων ειςόδου αλλά και ςτθν βελτιςτοποίθςθ των διαφόρων υπό- 

μοντζλων. Ζτςι λοιπόν, πραγματοποιικθκαν προςομοιϊςεισ για ζνα κφλινδρο κατά τον 

κλειςτό κφκλο, για το 90% του φορτίου ςτισ 100.5 ΑΛ,  για το  75% του φορτίου ςτισ 92.4 

ΑΛ και για το 50% του φορτίου ςτισ 82.5 ΑΛ. 

Σχέδιο διάταξησ προςομοίωςησ ενόσ κυλίνδρου 

 

 

Εικόνα 4-1 Διάταξθ προςομοίωςθσ 

Αποτελέςματα προςομοίωςησ ενόσ κυλίνδρου 

ε αυτι τθν ενότθτα, παρουςιάηονται τα αποτελζςματα από τθν προςομοίωςθ του 

ενόσ κυλίνδρου τθσ μθχανισ. Σα αποτελζςματα ςυγκρίκθκαν με το πρόγραμμα MoTher 

αναπτυγμζνο από το Ε.Ν.Μ.. Motor Thermodynamics, είναι ζνα πρόγραμμα για τθν 

προςομοίωςθ και τθν πρόβλεψθ των επιδόςεων μθχανϊν, ςφμφωνα με τθν αρχι των 

όγκων ελζγχου. Σο πρόγραμμα αυτό βρίςκεται υπό ςυνεχι βελτίωςθ από το 1985 (LME, 

2008).  

Προκειμζνου να χωριςτεί ο κφκλοσ τθσ μθχανισ ςε φάςεισ, ειςάγεται ο Πίνακασ 2. 
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Πίνακασ 2 Φάςεισ κφκλου 

Γωνία Φάςθ 

0.0o – 44.8 o Καφςθ 

44.8 o – 110.8o Αποτόνωςθ 

110.8o – 247.2o Εναλλαγι Αερίων 

247.2o – 360.0o υμπίεςθ 

 

Περίπτωςη 1η: 90% φορτίου ςτισ  100.5 ΣΑΛ 

Η Εικόνα 4-2 δείχνει τθν αναπτυςςόμενθ κερμοκραςία και πίεςθ ςτον κφλινδρο 

ςυναρτιςει τθσ γωνίασ ςτροφάλου.  

 

Εικόνα 4-2 Κχνοσ κερμοκραςίασ (πάνω) και πίεςθσ μζςα ςτον κφλινδρο 

Όπωσ φαίνεται ςτο διάγραμμα αυτό, το ίχνοσ τθσ πίεςθσ του Simulink ζχει μία πολφ 

μικρι απόκλιςθ κατά τθ διάρκεια τθσ περιόδου τθσ ςυμπίεςθσ ςε ςφγκριςθ με το MoTher. 

Όταν το ζμβολο φτάνει το άνω νεκρό ςθμείο (ΑΝ), θ πίεςθ (πίεςθ ςυμπίεςθσ αφοφ 

αναπτφςςεται εξαιτίασ των μθχανικϊν μερϊν του κυλίνδρου), ζχει απόκλιςθ από αυτι του  

MoTher ενϊ είναι λίγο μεγαλφτερθ από αυτι τθσ μζτρθςθσ1.  Όπωσ φαίνεται από το 

διάγραμμα αυτό, θ υπολογιηόμενθ πίεςθ από το Simulink είναι μικρότερθ από αυτι του  

MoTher, εξαιτίασ του γεγονότοσ ότι ο κφλινδροσ ζχει μικρότερθ εγκλωβιςμζνθ μάηα. Η 

απόκλιςθ αυτι οφείλεται ςτο γεγονόσ ότι κατά τθ διάρκεια τθσ εναλλαγισ των αερίων το 

Simulink υπολογίηει μεγαλφτερεσ κερμοκραςίεσ από ότι το MoTher. Η μοντελοποίθςθ τθσ 

μεταφοράσ κερμότθτασ ςτο Simulink δεν γίνεται με τισ ίδιεσ ςτακερζσ με του MoTher, 

κακϊσ το δεφτερο χρθςιμοποιεί διαφορετικά μοντζλα. Εκτόσ αυτοφ, οι ςτακερζσ ςτο 

                                                           
1
 Όπωσ μετρικθκε πάνω ςτο πλοίο. Σα δεδομζνα είναι διακζςιμα ςτο Ε.Ν.Μ.  
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Simulink, ζχουν ρυκμιςτεί με εμπειρικό τρόπο, κάτι που προκαλεί διαφορζσ με τα 

αποτελζςματα του MoTher. Επίςθσ,  παρατθρικθκε απόκλιςθ κατά τθ διάρκεια αλλά και 

μετά τθ καφςθ, κάτι το οποίο οδθγεί ςτο ςυμπζραςμα ότι το μοντζλο τθσ καφςθσ που 

αναπτφχκθκε και χρθςιμοποιικθκε δεν προςομοιάηει ςωςτά τθν φυςικι διεργαςία ςτον 

κινθτιρα. Επίςθσ παρατθρικθκε και μικρι διαφορά ςτθν εναλλαγι των μαηϊν κάτι το 

οποίο επθρεάηει τθν ποςότθτα τθσ εγκλωβιςμζνθσ μάηασ, που μειϊνει τθν πίεςθ ςυμπίεςθσ 

κατ’ επζκταςθ. Η διαφορά αυτι φαίνεται ςτθν Εικόνα 4-3. 

 

Εικόνα 4-3 Μεταφορά μάηασ από τθν κυρίδα ειςαγωγισ (πάνω) και από τθν βαλβίδα εξαγωγισ 

Οι διαφορζσ ςτθν πίεςθ, ζχουν άμεςο αποτζλεςμα ςτθν αναπτυςςόμενθ ροπι. Ζτςι λόγω 

του ότι θ προςομοίωςθ με το Simulink, δίνει χαμθλότερο ίχνοσ πίεςθσ, θ αναπτυςςόμενθ 

ροπι από τον κφλινδρο είναι μικρότερθ, όπωσ φαίνεται ςτθν Εικόνα 4-4. 

 

Εικόνα 4-4 Αναπτυςςόμενθ ροπι (πάνω) και πολικι ροπι αδρανείασ κυλίνδρου 
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Περίπτωςη 2η: 75% φορτίου ςτισ 94.6 ΣΑΛ  

ε αυτι τθ περίπτωςθ παρουςιάηονται τα αποτελζςματα τθσ προςομοίωςθσ για το 

75% του φορτίου ςτισ 94.6 ΑΛ. Η ςφγκριςθ με τα δεδομζνα του MoTher δεν ιταν δυνατι 

λόγω τθσ ζλλειψθσ δεδομζνων για αυτό το φορτίο. Σα αποτελζςματα για τθ μθ 

παραμετρικι προςομοίωςθ παρουςιάηονται ςτθν Εικόνα 4-5. 

 

Εικόνα 4-5 Αναπτυςςόμενθ κερμοκραςία (πάνω) και πίεςθ ςτον κφλινδρο (75%) 

  



26 
 

Περίπτωςη 3η: 50% φορτίου ςτισ 82.5 ΣΑΛ 

ε αυτι τθν ενότθτα παρουςιάηονται τα αποτελζςματα για το μερικό φορτίο τθσ 

μθχανισ (50%) ςτισ 82.5 ΑΛ. Η Εικόνα 4-6 δείχνει τθν κερμοκραςία και τθν πίεςθ που 

αναπτφςςεται ςτον κφλινδρο ςυναρτιςει τθσ γωνίασ ςτροφάλου για το Simulink και το 

MoTher.  

 

Εικόνα 4-6 Αναπτυςςόμενθ κερμοκραςία (πάνω) και πίεςθ μζςα ςτον κφλινδρο (50%) 

υγκρίνοντασ τα παραπάνω ίχνθ, παρατθρείται ότι υπάρχει μεγαλφτερθ απόκλιςθ 

ςτα αποτελζςματα του 50% φορτίου ςε ςχζςθ με το 90%. Λόγω του ότι το ίχνοσ τθσ πίεςθσ 

είναι ςθμαντικά χαμθλότερο κυρίωσ ςτθ φάςθ τθσ αποτόνωςθσ, θ κερμοκραςία ςε αυτι τθ 

φάςθ είναι πολφ χαμθλότερθ για τθ προςομοίωςθ του Simulink. τισ Εικόνα 4-7 και Εικόνα 

4-8, παρουςιάηονται τα ίχνθ τθσ μεταφοράσ μάηασ από τισ κυρίδεσ ειςαγωγισ και τθ 

βαλβίδα εξαγωγισ όπωσ επίςθσ και θ αναπτυςςόμενθ ροπι και θ πολικι ροπι αδρανείασ 

του κυλίνδρου. θμαντικι απόκλιςθ παρατθρείται ςτισ γωνίεσ 20o μζχρι 150o λόγω τθσ 

διαφοράσ πίεςθσ μετά τθ καφςθ. Όπωσ ζχει περιγραφεί ςτο κεφάλαιο 2 ενότθτα 2.4 θ 

διαφορά ςτθν αναπτυςςόμενθ πίεςθ ςυμπαραςφρει τθν αναπτυςςόμενθ ροπι κακϊσ θ 

δφναμθ που αναπτφςςεται ςτο ζμβολο ορίηεται ωσ θ διαφορά τθσ αναπτυςςόμενθσ πίεςθσ  

από το αζριο μείον τθ πίεςθ του ςυμπιεςμζνου αζρα που περνάει από τισ κυρίδεσ εκείνθ τθ 

ςτιγμι κάτω από το ζμβολο.  
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Εικόνα 4-7 Μεταφορά μάηασ από τισ κυρίδεσ ειςαγωγισ (πάνω) και τθ βαλβίδα εξαγωγισ 

 

Εικόνα 4-8 Αναπτυςςόμενθ ροπι (πάνω) και πολικι ροπι αδρανείασ κυλίνδρου 
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Παραμετρικέσ προςομοιώςεισ για το 75% φορτίου ςτισ 94.6 ΣΑΛ 

Παραμετρικζσ προςομοιϊςεισ πραγματοποιικθκαν ςτο 75% του φορτίου. τθ πρϊτθ 

ομάδα παραμζτρων, τροποποιικθκαν τιμζσ όπωσ οι ςτακερζσ τθσ καφςθσ, θ αρχι και το θ 

διάρκεια τθσ ςυμπίεςθσ, που επθρεάηουν το ρυκμό τθσ καφςθσ όπωσ φαίνεται ςτον 

Πίνακασ 3. Οι άλλεσ δφο προςομοιϊςεισ πραγματοποιικθκαν με τροποποιθμζνθ τθν 

ποςότθτα εγχυόμενου καυςίμου (Περίπτωςθ 1 και 2), με ςτακερζσ τισ υπόλοιπεσ 

παραμζτρουσ (Πίνακασ 4).  τθν τελευταία προςομοίωςθ (περίπτωςθ 3 και 4), θ μάηα του 

εγχυόμενου καυςίμου παρζμεινε ςτακερι ενϊ τροποποιικθκε ο επιηιμιοσ όγκοσ (Πίνακασ 

5). 

Πίνακασ 3 τακερζσ καφςθσ για διάφορεσ περιπτώςεισ 

Περιπτώςεισ 

Μεταβλθτζσ Περίπτωςθ 1 Περίπτωςθ 2 Περίπτωςθ 3 

ar 0 2 4 

C1 30 26.7 15.6 

C2 2.7 2 2 

 

 

Εικόνα 4-9 Αναπτυςςόμενθ κερμοκραςία (πάνω) και πίεςθ ςτον κφλινδρο για περιπτώςεισ 

Η Εικόνα 4-9 δείχνει τθν αναπτυςςόμενθ κερμοκραςία και πίεςθ για διαφορετικζσ 

ςτακερζσ καφςθσ αλλά και για διαφορετικζσ γωνίεσ ζναρξθσ καφςθσ. Όπωσ φαίνεται ςτο 
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ςχιμα, οι 4 μοίρεσ προκαλοφν μία βφκιςθ ςτθ πίεςθ λόγω του ότι πριν τθν ζναυςθ το 

ζμβολο ζχει μετακινθκεί από το ΑΝ και θ αποτόνωςθ που παρατθρείται δεν είναι 

αμελθτζα. Αυτό ζχει ωσ αποτζλεςμα ο κφλινδροσ να μθν μπορεί να επιτφχει τθ μζγιςτθ 

πίεςθ ανά κφκλο. Για τθν περίπτωςθ 2, το ίχνοσ πίεςθσ είναι ςαν το ίχνοσ τθσ περίπτωςθσ 1, 

αλλά και πάλι δεν επιτυγχάνεται θ μζγιςτθ πίεςθ. Οι διαφορζσ αυτζσ ςτθν πίεςθ, οδθγοφν 

και ςε ςφάλματα ςτον υπολογιςμό τθσ αναπτυςςόμενθσ ροπισ, όπωσ φαίνεται ςτισ εικόνεσ 

Εικόνα 4-10 και Εικόνα 4-11. 

 

Εικόνα 4-10 Αναπτυςςόμενθ ροπι (πάνω) και πολικι ροπι αδρανείασ παραμετρικών προςομοιώςεων 
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Εικόνα 4-11 Εςτίαςθ ςε περιοχι τθσ Εικόνα 4-10 

Πίνακασ 4 τακερζσ καφςθσ και μάηα εγχυόμενου καυςίμου 

Περιπτώςεισ 

Μεταβλθτζσ Περίπτωςθ 1 Περίπτωςθ 2 

ar 0 0 

C1 30 30 

C2 2.7 2.7 

Μάηα 
καυςίμου 

0.090 0.102 

 

Πίνακασ 5 τακερζσ καφςθσ και επιηιμιοσ όγκοσ 

Περιπτώςεισ 

Μεταβλθτζσ Περίπτωςθ 3 Περίπτωςθ 4 

ar 0 0 

C1 30 30 

C2 2.7 2.7 

Επιηιμιοσ 
όγκοσ 

0.089 0.093 

 

Ακολουκεί ςφγκριςθ των αποτελεςμάτων για τισ προςομοιϊςεισ των περιπτϊςεων που 

βρίςκονται ςτουσ πίνακεσ 4,5. 
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Εικόνα 4-12 Αναπτυςςόμενθ κερμοκραςία (πάνω) και πίεςθ ςτον κφλινδρο για διαφορετικι μάηα 
εγχυόμενου καυςίμου 

 

Εικόνα 4-13 Αναπτυςςόμενθ κερμοκραςία (πάνω) και πίεςθ ςτον κφλινδρο για διαφορετικό επιηιμιο όγκο 
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Εικόνα 4-14 Μεγαλφτερθ ακρίβεια τθσ Εικόνα 4-13 

Όπωσ φαίνεται ςτθν Εικόνα 4-12 τα ίχνθ τθσ κερμοκραςίασ και τθσ πίεςθσ είναι τα 

ίδια για τθν περίπτωςθ 1 και 2. Επειδι όμωσ περιςςότερθ μάηα καυςίμου εγχφεται, 

προκαλείται αφξθςθ τθσ μζγιςτθσ πίεςθσ λόγω τθσ καφςθσ. Αυτό εξθγείται από τον 

διαφορετικό ρυκμό καφςθσ λόγω τθσ μεγαλφτερθσ μάηασ ανά κφκλο που εγχφεται και 

επομζνωσ εκλφεται μεγαλφτερθ ενζργεια. Αυτό ζχει ωσ άμεςο επακόλουκο ςε δεδομζνο 

όγκο να αυξθκεί θ πίεςθ και θ κερμοκραςία ςτο δοχείο.  

Όπωσ φαίνεται ςτθν Εικόνα 4-13 τα ίχνθ πίεςθσ και κερμοκραςίασ διαφζρουν από 

τα ίχνθ που προζκυψαν από τα αντίςτοιχα διαγράμματα για τον αρχικό (και πραγματικό) 

επιηιμιο όγκο τθσ μοντελοποιθμζνθσ μθχανισ. τθ περίπτωςθ 3 όπου ο επιηιμιοσ όγκοσ 

είναι μικρότεροσ από τον πραγματικό, παρατθρείται μεγαλφτερθ πίεςθ ςυμπίεςθσ. Ακριβϊσ 

το αντίκετο παρατθρείται όταν αυξάνουμε τον επιηιμιο όγκο. Αυτό εξθγείται από το 

γεγονόσ ότι για κάκε μία περίπτωςθ ζχουμε τθν ίδια εγκλωβιςμζνθ μάηα για μεγαλφτερο ι 

μικρότερο όγκο ζχουμε μικρότερθ θ μεγαλφτερθ πίεςθ και κερμοκραςία αντίςτοιχα. 

Σο παράδειγμα αυτό αποδεικνφει πόςο εφκολο είναι ςτθ ςυγκεκριμζνθ πλατφόρμα  

εναλλαγι των δεδομζνων και τθσ γεωμετρίασ τθσ μθχανισ. Σαυτόχρονα επιςθμαίνει πωσ 

τυχόν λάκθ ςτα δεδομζνα ειςόδου μποροφν να οδθγιςουν ςε μθ αποδεκτά αποτελζςματα.  
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5 υμπεράςματα 
ε αυτι τθ διπλωματικι εργαςία πραγματοποιικθκε ςπονδυλωτι μοντελοποίθςθ μίασ 

ναυτικισ εγκατάςταςθσ πρόωςθσ και να δθμιουργικθκε μία βιβλιοκικθ με κλιμακοφμενα 

κομμάτια και υποςυςτιματα, με τρόπο εφκολο και επεκτάςιμο.  

Οι βαςικζσ κερμοδυναμικζσ εξιςϊςεισ τθσ πλιρουσ μθχανισ μοντελοποιικθκαν. Παρ’ 

όλα αυτά, μόνο θ προςομοίωςθ του κλειςτοφ κφκλου ενόσ κυλίνδρου προςομοιϊκθκε. 

τισ προςομοιϊςεισ που πραγματοποιικθκαν, χρθςιμοποιικθκαν αρκετζσ μζκοδοι 

ολοκλιρωςθσ, είτε μεταβλθτοφ είτε ςτακεροφ βιματοσ. Οι μζκοδοι αυτζσ είναι οι Euler, 

Heun, Runge-Kutta 4θσ τάξθσ και Dorman-Prince. Οι μζκοδοι ολοκλιρωςθσ με μεταβλθτό 

βιμα δεν μποροφν να εφαρμοςτοφν με επιτυχία ςε αυτοφ του είδουσ τα μακθματικά 

μοντζλα και ςτθ κεϊρθςθ τθσ ομοιομορφίασ των ιδιοτιτων (quasi steady models).Σα 

αποτελζςματα δε που προζκυψαν από τισ δφο πρϊτεσ μεκόδουσ ολοκλιρωςθσ κρίκθκαν 

μθ αποδεκτά. Αντικζτωσ θ μζκοδοσ Runge - Kutta 4θσ  τάξθσ με αρχικό βιμα 0.02 

δευτερόλεπτα, παριγαγε καλφτερα αποτελζςματα αλλά μθ ςτακερι λφςθ. Μετά από ςειρά 

δοκιμϊν, το ςυμπζραςμα που αντλικθκε ιταν ότι βιμα 0.0001 δευτερολζπτων με μζκοδο 

ολοκλιρωςθσ Runge-Kutta 4θσ τάξθσ είναι το βζλτιςτο για τθν πλατφόρμα του 

MATLAB/Simulink για αυτοφ του είδουσ τθσ προςομοιϊςεισ.   

Αυτό το κείμενο είχε ωσ ςκοπό να εμβακφνει ςτθν δουλειά που είχε γίνει ςχετικά με 

τθν ςπονδυλωτι προςομοίωςθ ναυτικϊν υποςυςτθμάτων πρόωςθσ, του Λαμπρόπουλου 

(Lambropoulos, 2000). Επιπλζον είχε ωσ ςκοπό να ειςάγει μία νζα πλατφόρμα 

προςομοιϊςεων, ικανοποιθτικισ ακρίβειασ, για ναυτικά ςυςτιματα πρόωςθσ. 

Απαιτείται ακόμα αρκετι δουλειά, προκειμζνου να προςομοιωκεί θ λειτουργία μίασ 

πλιρουσ μθχανισ. Επίςθσ τα μακθματικά μοντζλα που αναπτφχκθκαν ςτθ διπλωματικι 

εργαςία επιδζχονται προςκικεσ και πικανζσ αντικαταςτάςεισ με μερικά πιο ςφνκετα, όπωσ 

για παράδειγμα ςτθν περίπτωςθ ενόσ ςφνκετου μοντζλου καφςθσ. Η ειςαγωγι του 

μοντζλου των Woschni - Ansits όπωσ και θ μοντελοποίθςθ ζγχυςθσ καυςίμου πολλαπλϊν 

ηωνϊν, μπορεί να ειςαχκεί ςτθν βιβλιοκικθ, προκειμζνου να μπορεί να προςομοιωκεί 

μεγαλφτεροσ αρικμόσ μθχανϊν εςωτερικισ καφςθσ.  
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