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CHARACTERISING COMBUSTION IN DIESEL ENGINES

1.1 Research background and relevance

Already in 1988, Delft University of Technology (TU Delft) started developing a
diesel engine model using a ‘Mean Value First Principle (MVFP)’ approach [Boot,
1991]. Since it uses cycle time scale rather than crank angle, this model can simulate
the complete turbocharged diesel engine system rapidly and efficiently, acquiring the
diesel engine performance under various operational conditions at a certain level of
detail but at the same moment being suitable to be a sub-model in a total propulsion or
power generation system simulation [Grimmelius, 2000a]. As such this MVFP diesel
engine model is not primarily intended for engine development but is used for system
studies of engine users of complex propulsion systems such as in naval ships, and in
installations where, next to propulsion, also power is required for other purposes such
as in a dredging vessel.

The diesel engine model consists of a number of sub-models: the ‘in-cylinder process’,
‘gas exchange’, ‘thermodynamic-volume’, ‘exhaust process’, ‘turbo-machinery’, etc.
In 1998, the model was further developed by Baan and Boétius in a MATRIXx
environment [Boétius, 1998], to be used for advanced control research [Grimmelius,
1999a], [Grimmelius, 2000b] and for application in an engine room training simulator
[Grimmelius 1999b]. The ‘in-cylinder process’ model from the beginning of its
development used a Seiliger process model to describe the in-cylinder process between
the moment of Inlet valve Closed (IC) and Exhaust valve Open (EO). An empirical fit
was used to model the Seiliger parameters as function of some engine operation
parameters (e.g. engine speed, ignition delay, in-cylinder temperature) first based on
measurements on a test engine at the NLDA (then Royal Netherlands Naval College)
[Schulten, 1998] and data from (then) Wartsild Netherlands [Baan, 1998]. The ‘gas
exchange’ model for the first version was valid only to 4-stroke engines and was
developed by Boétius. Later Boétius extended it to a 2-stroke engine [Boétius, 1999],
[Grimmelius, 2000a]. In 2002, Paul Schulten transferred the overall model from the
MATRIXx to the MATLAB/Simulink environment [Schulten, 2005]. He did not
change the ‘in-cylinder process’ model of 1998 based on his own measurements of the
MAN4L20/27 and measurements of the Wirtsild 16V26ST engine, but the major
contribution of Schulten was the complete revision of the ‘gas exchange’ model for a
4-stroke engine [Schulten, 2003] with provisions for 2-stroke gas exchange. After that
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Chapter I Introduction

this 2-stroke engine ‘gas exchange’ model was implemented by Chris Dijkstra and
presented in [Dijkstra, 2003a]. Meanwhile the ‘turbo-machinery’ model was replaced
by a model using non-dimensional approach [Stapersma, 1997] and Chris Dijkstra also
implemented this into the DE B model [Dijkstra, 2003b]. Martijn Kom developed the
cylinder process model with a multizone fit [Kom, 2004a] and a Woschni fit [Kom,
2004b] but did not achieve the necessary improvement of the combustion model within
the Seiliger cylinder description.

The original Seiliger model, published in [Seiliger, 1922], had three combustion stages,
although the cycle that goes by the name now normally has two combustion stages and
also is referred to as the dual combustion cycle. The model was refined by [Stapersma,
2002a], who also returned to the original three stages of combustion. This development
is completed in this thesis, where a general cycle with four stages of combustion is
introduced to describe the net combustion heat of the ‘in-cylinder process’ model. The
heat loss (i.e. heat loss during compression and in some cases for expansion) is also
part of the cycle description. The result is a generalized finite stage cylinder process
model that is completely specified by a finite number of parameters.

The reason to use a finite stage model in the DE Il ‘“MVFP’ simulation model is that it
is capable to characterize the combustion and thus heat input with a finite number of
stages and its associated parameters, and further is capable to calculate in a simple way
the net work output from all the stages and their parameters. Then the in-cylinder
process can be transformed to engine cycle time scale easily and efficiently. Therefore
the key point to apply a finite, Seiliger type, model in DE B4 model is to obtain models
for the Seiliger parameters (especially the parameters describing net combustion heat).
This has been done in this thesis on the basis of both an experimental and theoretical
approach.

From the experimental approach, it will be shown that the in-cylinder pressure
measurement can be transformed to a Seiliger process definition on the basis of
different sets of equivalence criteria to uniquely determine the Seiliger parameters.
Then the dependence of Seiliger parameters with engine operating conditions can be
obtained, after which the models of the Seiliger parameters in relation to the engine
running parameters can be researched. As to the theoretical approach, the commonly
used heat release model based on Vibe functions can be implemented in a single zone
closed cylinder process simulation. The results also could be transformed to Seiliger

3
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parameters using the same equivalence criteria and then the Vibe driven cylinder
simulation could be compared with the Seiliger approximation.
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1.2 Research objectives

Characterizing combustion of diesel engines is not only necessary when researching
the instantaneous combustion phenomena but also when investigating the change of
the combustion process under variable engine operating conditions. An effective way
to achieve this goal is to parameterize the combustion process using a finite
combustion stage cylinder process model and then the parameters can be modeled to
give a global description of diesel engine combustion.

The main objective of this thesis is getting information how to calculate (simulate)
the parameters defining the finite stage cylinder process model using both theoretical
and experimental methods. The latter is essential but also complicated.

In order to achieve the main objective, the first step is to reconstruct the heat release
during combustion using physical principles, i.e. the gas law and the first law of
thermodynamics after carrying out the in-cylinder pressure measurement. Then a
smoothing technique should be used to get smoothed and reliable in-cylinder features
(e.g. in-cylinder pressure, in-cylinder temperature, heat input, work output).

In implementing this step, some simulation models must be built:

® [n-cylinder process simulation model: using Vibe heat release model to
calculate the in-cylinder features based on a single zone model. It will be used
for an exploratory investigation of the engine in-cylinder process.

® Heat release calculation model: the reversed model of In-cylinder process
simulation model, using in-cylinder pressure measurement, fuel consumption
measurement, etc. as input to calculate the heat release during combustion.
Here some improvements dealing with the dependence of the heat of
combustion with cylinder temperature and the effect of heat required for fuel
heating and evaporation are introduced.

® 4 new smoothing method: smoothing the combustion reaction coordinate on
the basis of multiple Vibe functions to obtain a smoothed pressure and
temperature trace, which potentially has a better quality than mathematically
(up-front) smoothed signals. This smoothing method needs both the heat

release calculation model and the in-cylinder process simulation model.
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The second step is to transfer the in-cylinder features to the Seiliger parameters. In
this step some goals should be reached:

® The Seiliger process definition must be correct and comprehensive.

® The possible sets of equivalence criteria are selected which relate the real
engine cycle to the theoretical Seiliger process in an unambiguous way. They
are used to set up the system of equations to find the solutions for Seiliger
parameters.

® A proper numerical iteration method should be selected to find the solutions
for Seiliger parameters.

® Any problems with converging of the iteration must be investigated in order to
decide whether problems are caused by the numerical solution or by the
non-existence of the roots.

® The different sets of equivalence criteria should be compared and evaluated.

The third step is a research into the theoretical method. The transformation of the
parameters of the commonly used Vibe heat release model to Seiliger parameters was
implemented and investigated. Then, after comparison, the behaviour of Seiliger
parameters in the in-cylinder process can be expressed in existing knowledge in terms
of Vibe parameters and it can be judged whether the Seiliger process can be used to
characterize the combustion and performance of the in-cylinder process.
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1.3 Thesis outline

The thesis is structured into five chapters and eight appendixes. Chapter 2 deals with
the concept of heat release simulation of the diesel engine cylinder process. The
‘in-cylinder process model’, the ‘heat release calculation model” including the effect
of temperature dependent heat of combustion and heat required for fuel evaporation
and a new method to smooth the in-cylinder pressure signals, are presented.

In Chapter 3, the definition of an advanced Seiliger process is given first, after which
the most important part of the thesis — fit the real engine cycle to a Seiliger process is
presented. Finally a comparison of the Seiliger process model with Vibe heat release

model is carried out.

Chapter 4 shows the final result of the trend of Seiliger parameters as function of
engine operating conditions based on extensive measurements, from which the
combustion process of a real diesel engine is characterized and parameterized.

The thesis ends with Chapter 5, in which the conclusions are drawn and

recommendations are given.
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2.1 Introduction

Heat release analysis is an important tool in the research of the combustion process in
diesel engines. Recently, with the development of new fuel injection technologies,
combustion in the diesel engine has changed considerably: with high fuel injection
pressures, common rail, variable injection timing and rate shaping, the heat release
pattern is different from the traditional engines and is to a certain extent controllable.
Following a heat release measurement, there are several methods to investigate the
combustion process in the diesel engine. An important application is the case where
heat release measurement is required to determine combustion model parameters.
Therefore the method to acquire an accurate heat release profile is rather important
for the following combustion model parameters analysis.

However, heat release during combustion is not measured directly on the engine.
Instead an in-cylinder pressure measurement is used to reconstruct the heat release
using physical principles, i.e. the gas law and the first law of thermodynamics. This
chapter will present the approach used in this thesis to acquire and process the heat
release of a diesel engine after measurement. When the engine parameters (i.e.
pressure signals, fuel consumption, engine trapped condition, etc.) are available, the
heat release can be calculated based on physical principles. But this calculated heat
release shows severe fluctuations, mainly due to the pressure signal measurement.
Hence a procedure should be applied in order to smooth the heat release, after which
the in-cylinder pressure, temperature, etc. can be reconstructed subsequently and be

used for combustion model parameter analysis.

An ‘in-cylinder process model’ is described first as it is the basis of the ‘heat release
calculation’ model. Moreover it can be used independently to simulate the in-cylinder
process to investigate the main features of the cylinder process of the engine. Then the
reversed and anti-causal ‘heat release calculation model’ is presented together with
the results for three engine operating points. Last but not least, a new smoothing
method based on multiple Vibe functions is presented in order to acquire a smoother
and more reliable pressure signal [Ding, 2011a].

10



Chapter 2 Heat Release Calculation Using Simulation Techniques

2.2 In-cylinder process simulation model

2.2.1 Introduction

The past few decades have witnessed the development and improvement of various
methods in modelling of the combustion process in diesel engine. Nevertheless, the
thermo-dynamical details of these models that basically are zero-dimensional or
quasi-dimensional remain critical and receive high attention nowadays.

Depending on the application, typically three different types of combustion models
are distinguished. In order of increasing complexity, according to [Stiesch, 2003],
these are the thermodynamic (or zero- dimensional) models (e.g. [Watson, 1980],
[Arregle, 2003], [Brown, 1996], [Vibe, 1970]), the phenomenological (or
quasi-dimensional) models (e.g. [Hiroyasu, 1983], [Tauzia, 2006], [Sahin, 2008]) and
CFD (or multidimensional) models (e.g. [Rietz, 1995], [Benkenida, 2004],
[Struckmeier, 2010]). The main task for these models is not only to investigate the
conditions of the combustion but also to obtain knowledge about the influence of the
combustion process on significant parameters in a diesel engine. In this section, a
double Vibe model [Vibe, 1970] is used to simulate the cylinder process for a diesel
engine and the MATLAB simulation results with respect to the pressure, temperature,
heat flow, etc. in the cylinder following from a systematic research of all factors of
the Vibe model will be discussed. In addition, the sub-models of the properties library
and heat loss to the cylinder wall in the simulation model are critically reviewed in
principle and application.

2.2.2 Structure of the simulation model

Figure 2.1 illustrates the overall in-cylinder process simulation model [Ding, 2009].
The final output of the model is the in-cylinder temperature, which is the result of
integration of the first law of thermodynamics (equation [2.1]). The heat release model
is based on the combustion reaction rate (£, fuel burn rate, i.e. mass of fuel burnt per
unit time). When multiplied with — a temperature dependent — heat of combustion
(ucomp) this acts as heat source (Q'wmb) in the first law. The reaction rate after
integration also causes a (slight) mass addition in the mass balance. The in-cylinder

11
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Figure 2.1 General block diagram of in-cylinder process model
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volume is calculated using the crank angle (), cylinder geometry and dimensions,
assuming a constant engine speed to calculate the crank angle in equation [2.2],
[Stapersma, 2009c]. Both the mass and volume, together with a feedback of the
in-cylinder temperature and gas constant, are used in the gas law to calculate
in-cylinder pressure. When calculating work and internal energy terms, volume is
differentiated: this can be done straightforward in a simulation environment.
Woschni’s model is used to evaluate the heat transfer coefficient [Woschni, 1967] to
calculate heat loss to the walls. All the properties of air, stoichiometric gas and fuel
(e.g. gas constant, internal energy, specific heat) are calculated in the ‘Properties
library’. The energy of fuel (£y) indicates the fuel carrying energy into cylinder upon
entry. The derivation and detailed explanation of the implementation of the first law of

thermodynamics in the control volume of this model is presented in Appendix I.

It is noted that the way the initial condition (i.e. p;, T}, m; and x;) is determined will be
presented in section 3.2.2.
. av

Qcom _Qoss_p.idl—E'
ar._Zem = ! 2.1]
dt m-c,
1 1 1 \/ﬁ
V(a)=4,-L,- 5 (1+cosa)+—(1— 1— A2, -sin a) [2.2]
CR

1) Mass balance and composition

The purpose in this sub-model is to acquire the mass in the cylinder and more
importantly the composition parameter ‘x’ which is used in the ‘Properties library’ to
calculate specific heat, internal energy, and enthalpy etc.

In the ‘Heat release model’, the Combustion Reaction Rate (CRR or &) is modelled

with a double Vibe model that will be discussed later:
=—L [2.3]

Adding the mass of fuel to the trapped mass in /C (Inlet valve Closed) condition, the

total mass in the cylinder is known according to the mass balance:

m=m +IIECO§-dt [2.4]

13



CHARACTERISING COMBUSTION IN DIESEL ENGINES

Last but not least, the composition of gas in terms of the air fraction, which is an
important variable in the ‘Properties library’ (presented in the next section), can be
calculated using o (air/fuel ratio). The ‘x;” in equation [2.5] is the air fraction of the
trapped condition, which is strictly speaking not equal to unity, due to the residual
exhaust gas remaining in the cylinder after scavenging.

EO
ml-xl—o-LC E-dt
X =

- [2.5]
m, + Lc E-dt

2) Properties library

In order to obtain the in-cylinder gas properties (e.g. ¢,, ¢, u and %), the in-cylinder gas
is modelled as a mixture of two well defined basic mixtures — air and stoichiometric
gas, which are in turn also considered to be mixtures of several species. If these two
basic mixtures are supposed to be ideal but non-perfect, the properties of the
composing species are only functions of temperature. Then the properties of air and
stoichiometric gas can be calculated using species fractions obeying ideal mixture.
Finally the in-cylinder properties can be calculated as a function of temperature using a
single parameter, in this case the air mass fraction, which is calculated in equation
[2.5]. The determination of the entropy is more complicated since it is not only
function of temperature and air fraction but also of pressure. The detailed explanation
of the ‘Properties library’ is presented in Appendix II.

3) Heat of combustion

The quantity Q..ms is defined as ‘combustion heat’, for a closed system based on
internal energy, and is calculated using the properties of fuel, air and stoichiometric
gas, which have been presented in Appendix II. The combustion heat rate is:

Qcomb = f.ummb 26
:f.(uf+a-ua—(l+a).usg) 2.6}

In most research studies, .. 1S set to be constant (e.g. 4.27*%10* kJ/kg for normal
diesel fuel), often also neglecting the small difference between heat of combustion
based on enthalpy and based on internal energy. In this thesis all terms in principle are
temperature dependent and heat of combustion therefore is not a constant.

14
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The composition of diesel fuel is rather complex. For calculating the stoichiometric
composition up to reasonable accuracy only the fractions of carbon, hydrogen and
sulphur are required. Then according to [BSI, 1982] also a good estimate of the heat
value at reference temperature can be obtained. The detailed composition of fuel
becomes important for the fuel thermodynamic properties at higher temperatures.

An approximation of fuel composition has been presented by [van Oosten, 2004] for
15 components and by [Kraaij, 2002] for 26 components. In those two
approximations, alkanes occupy a considerable portion. Later, [de Vos, 2008]
proposed to simplify the diesel fuel to consist of an alkane (C;3H,g) and a benzene
(Ci3Hyp), the idea being that the chosen species are typical for all alkanes and
aromatics and that the specific heat of alkanes and aromatics differ both at reference
temperature and in their temperature dependence. The fraction of C3H,g and Ci3H;
is calculated from the carbon percentage of the fuel, which is known when the fuel
type is determined. Then the ¢, ¢, urand Ay are calculated using the same method as
described in equation [I1.5] — [II.7] and equation [I.9] — [II.11]. The reference value

h in equation [I1.6] for fuel is used to match the heat of combustion to the heat

value at reference temperature according to [BSI, 1982], adding the fuel evaporation
heat at the reference temperature according to [Borman, 1998].

Ultimately the effect of uin the heat of combustion (equation [2.6]) is that the heat of
combustion increases with temperature, i.e. it compensates the effect of u, and u,, that
which tend to decrease the heat of combustion with increasing temperature.

4) Energy of fuel

The quantity Eris defined as ‘energy of fuel’ and for a closed system there are two
constituents: one is the difference caused by fuel phase changing from liquid to gas;
the other is the difference between fuel injection pressure and in-cylinder pressure.
(see Figure 1.1 in Appendix I). Therefore it is equal to the difference of total enthalpy
of entering (liquid) fuel (i.e. including the kinetic energy caused by the fuel injection
pressure) and the internal energy of (gaseous) fuel present in the cylinder. The energy
fuel rate is:

I . o | in+ _
E =m e =m, (hf',lfquid ”f,gas) [2.7]
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The fuel enters the cylinder as a fluid at some (low) temperature and after evaporation
is assumed to enter the gas phase at cylinder temperature. Both the injection rate and
evaporation rate are assumed equal to the combustion rate. One can view this energy
flow also as the heat flowing from the gas phase to the (liquid) fuel and required to
heat up and evaporate the fuel before combustion. As a result, the ‘effective heat of
combustion’ is lower than the nominal value at reference temperature since fuel in a
diesel engine enters at a low energy value (as a liquid and at a relatively low
temperature). This is illustrated in section 2.2.3, Figure 2.16.

The h’;’ igua 10 €quation [2.7] is the inflow fuel enthalpy in /iguid phase. The ¢, tiiguia

and uy;g.iq are calculated using the method as described in Appendix II.

5) Heat loss to the walls

During combustion, there is a large temperature difference between the combustion
gas and the cylinder wall. The heat loss to the surrounding metal should be taken into

account.

. 3
Qloss = Z {ag%w ’ (T - Tlvull,i) ' Awall,i} [28]
i=1

With: =1, cylinder wall;
i=2, cylinder cover;

i=3, piston crown.

Since it is difficult to measure the surface temperature in these three places and these
temperatures do not play a significant role in the heat loss value, these three
temperatures are estimated and kept constant. The heat transfer coefficient can be
estimated using semi-empirical formulae. In this model, the Woschni method is used
([Woschni, 1965], [Stapersma, 2009d]).

- 14
(ZZC'—_'L-(C3-C +C4-p po_?_ﬂ)mss [2.9]

Note that the py and T} here are the pressure and temperature in the ‘no fuel injection’
condition instead of ambient condition. The constants are valid for a heat transfer
coefficient in [W/mzK], while pressure must be in [bar], bore in [meter] and

temperature in [Kelvin].
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The constant C; in equation [2.9] will directly affect the heat loss to the walls and
further to the heat release during combustion. The influence of this parameter will be

discussed in section 2.3.3.

The parameter C; is related to the effect of in-cylinder gas swirl velocity w, and

Woschni advised:

During gas exchange: C,=6.184+0.417 i [2.10]
Cm

During compression and expansion: C,=2.28+0.308 i [2.11]
c

Since it was impossible to measure w,, the ratio w; /c,, is unknown. As C; will be
considered a variable, C; cannot very well be determined from measurements as well.
According to literature w;/c,, can vary within the range of 5 to 50, for this engine, it is

set to 10 because limited swirl is expected for this engine.

The parameter C, is related to the shape of the combustion chamber. Woschni

advised:

Direct injection: C,=0.00324 {%} [2.12]
S .

Pre-chamber: C, =0.00622 {%} [2.13]
S .

Since the engine used in this thesis has direct injection, equation [2.12] is applied in

the heat loss model.

2.2.3 Heat release model

1) Introduction Vibe heat release model

The Vibe combustion profile was originally presented in [Vibe, 1970] but can be
found in many textbooks, e.g. [Merker, 2006], [Watson, 1980], [Zhan, 2004]. The
Vibe function is based on the first principle of chain reactions [Stapersma, 2009c],
where the formation of radicals is proportional to the amount of fuel and the increase

of radicals is proportional to the decrease of fuel:
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_dl«f =k- m, and dm; =—U- dm/ [214]
And thus the reaction rate:
dm
-2 =K, [2.15]
Y7

The normalized rate of combustion Z, which is linked to the normalized reaction rate
X, can be defined as:

t m,
Z:d_ng‘ comb and X = f [216]
dr m, m,
where 7is normalized time:
T=t/t,. [2.17]

Vibe proposed a model assuming a nonlinear time dependency of the reaction constant
in equation [2.15]

koct” [2.18]
The normalized reaction rate and reaction coordinate then can be shown to be':

Z=a-(m+1)-t"-¢*" and X=1-¢" [2.19]

If the duration of combustion time and the total injected fuel are given, the CRR can be

acquired after selecting parameters m and a.

To make the model more suitable for real combustion processes and make a division
between the premix and diffusive combustion stages, a double Vibe model is often
used (Figure 2.2):

Z=b-a-(m+1)-7" e

ar"

[2.20]

-+l

+b,-a-(my,+1)-7™ -

X=by (1= b, (1= [2.21]

Here b; and b, are the ‘weighting factor’ for premix and diffusive combustion, which
must obey:

' Note that the Vibe function is mathematically equivalent to the Weibull function in statistics and
that the time dependent reaction rate equation [2.15] resembles the time dependent failure rate.
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b +b,=1 [2.22]

The parameter a is taken equal for both Vibe functions and then can easily be linked to
the combustion efficiency:

o
l-e*=n,, [2.23]
1 . 4 .
I I | I [ Z,:m,=02b,=0.8,n_  =0.999
| | | |
_— | | | | T | ——Z,:m,=3.0,b,=0.2,n  ,=0.999
L 08 ---- i B~ i b £ |
§ L e | | ] 2 N A
B | o | | k] !
< 06 ! : : : 2 [
% . T A | X;:m,=0.2b,=0.8,n . =0.999 .E :
2 | — X,;m,=30,b,=0.2n__ =0.999 8
s | s
o 04 g
2 2
s [
2 E
o
§ 02 z
c
0

0 0.2
non-dimensional combustion time [--]

0.4 0.8 1

non-dimensional combustion rate [--]

Figure 2.2 Double Vibe heat release profile

A series progression of Vibe functions was proposed in [Knobbe, 2001]:

X=3b X =Yb (1-e*")
k=1 k=1

[2.24]

The Vibe function is considered a wavelet from which a series expansion is formed.
Each single Vibe function has its own form factor m; and weight factor b, but they
share the same a and the same duration of combustion.

2) The influence of Vibe parameters on the combustion profile

Table 2.1 Summary of the double Vibe parameters range

Double Vibe
Base Value Range
Parameter
my 0.2 0.05-0.5
my 3 1.5-4.0
b, 0.8 03-09
a 6.9078 3.9120-9.2103
(M coms) (0.999) (0.980 - 0.9999)
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Figure 2.3 illustrates the influence of double Vibe parameters (m;, m», b; and a) on the
non-dimensional combustion rate. Since parameter a is linked to #., In a
straightforward manner, the 7., is used instead of parameter a. Table 2.1 gives a
realistic range of values for the parameters m;, m,, b; and #comp, in Which only one
Vibe parameter is changed at a time while the others remain at their base value.
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Figure 2.3 The influence of double Vibe parameters to heat release profile

Parameters m; and m, indicate the shape of ‘premix’ and ‘diffusive’ combustion
respectively (Figure 2.3(a) and (b)). There is more heat release during the premix
combustion stage and less during the diffusive combustion stage with m; descending. In
contrast when m;, decreases, the amount of heat release is decreasing during diffusive
combustion and increasing in the premix combustion. Parameter b, is the weight factor
of premix combustion and /-b, is the weight factor of diffusive combustion. Therefore it
is easy to understand that in Figure 2.3(c) there is more heat release during the premix
combustion stage and less during the diffusive combustion stage with b, increasing. As
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to a (Or #eomp), its influence is more complicated. First, the amount of heat release during
premix combustion stage becomes larger with increasing #:omp-

Second, it is noticed that the total combustion terminates earlier for larger #.,,,,, which is
the reason why a is sometimes taken larger for the Vibe functions representing premix
combustion stage. The effect of changing the a value for the premix combustion phase
is shown in Figure 2.4, where the @ value is changed from 6.908 (#.0ms = 0.9990) to
9.210 (Heomp = 0.9999): the premix combustion phase now terminates earlier (Z; and X;
of the black line in Figure 2.4) resulting in a more pronounced ‘peaky’ combustion.
However, to simplify the calculations, a common parameter « is preferred, used in both
premix and diffusive combustion stages, also because to a certain extent the same effect
can be accomplished by choosing a smaller m; value [Stapersma, 2009c].

1 T T 4 T
| | | | | ——Z;:m,=0.2b,=0.8,n_ ,=0.999
| | A | — | o _ _
T o8 | = | | % | Z,:m,=3.0,b,=0.2,n =0.999
g : ‘T ,////” p— ‘ ‘ © A jr | ——2Z;m=02b=0.8n_  =0.9999
= e c
] | 1 1 S |
i’_-, 061 - - — /| ——Xim=02b=08n_  =0.999 § :
g | X,:m,=3.0b,=0.2,n =0.999 § |
| Cm o= - -
g 04 | ———X;:m,=0.2b,=0.8,n_  =0.9999 i
2 ! — XX g
£ L __ 1 _ _ _o—-———= P ——— °
3 02 | | | i 5
| | t | <
| | | |
0 I I I I
0 0.2 0.4 0.6 0.8 1
non-dimensional combustion rate [--] non-dimensional combustion time [--]

Figure 2.4 Double Vibe heat release profile with the effect of different a value in

premix phase

2.2.4 Result and analysis

The model is verified with measurements taken from a MAN 4L 20/27 at NLDA. The
general data of the engine are listed in Table 2.2. The full load and maximum speed
define the nominal point used in the following simulation and analysis.
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Table 2.2 The dimensions of engine used in the model

Parameter
Model MANA4L 20/27
Cylinder Number 4
Bore 0.20 m
Stroke 0.27 m
Connection Rod Length 0.52m
Nominal Engine Speed 1000 rpm
Maximum Effective Power 340 kW
Compression Ratio 13.4[-]

L Plunger pump
Fuel injection . D

Direct injection

SOI 4° before TDC
IC 20° after BDC
EO 300° after BDC

1) Input parameters

According to Figure 2.1, the prime input of the simulation model is the ‘heat release’

along with the crank angle. The base values in Table 2.1 are selected as the shape

parameters for the double Vibe heat release model. The other two parameters SOC
(Start Of Combustion) and EOC (End Of Combustion) are estimated at 177 degree (the
ignition delay is estimated to be 1 degree) and 280 degree after BDC respectively.

g [kg/s]

Crank angle [deg]

Figure 2.5 Combustion reaction rate
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Figure 2.5 — Figure 2.7 show the combustion reaction rate, combustion heat flow, and
heat input flow separately. The shapes are almost congruent because they are all
derived from the Vibe combustion profile, but the non-constant effective heat of
combustion causes some distortion. The consequences of these heat releases will be
presented in section 2.3.2. Figure 2.8 shows the fuel burnt percentage — also referred
to as the reaction coordinate (RCO) — which is the integral of CRR.
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20-8717777777\7777T77
£ 3500 T | | ‘
= L | | |
g 3000 S 7 ) S
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5 2500 2 | | |
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5 2000 % 04 | | |
T 1500 éo_z,,\,,i,,,,‘,,,,
1000 £ ! ! !
5 | | |
R
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Crank angle [deg] Crank angle [deg]
Figure 2.7 Heat input flow Figure 2.8 Fuel burnt percentage

2) State parameters

Four gas state parameters are shown in Figure 2.9 — Figure 2.12. In Figure 2.9 and
Figure 2.10, the dash lines imply the in-cylinder pressure and temperature for ‘no fuel
injection’, the p, and Ty as used in equation [2.9] to calculate the heat transfer
coefficient. The in-cylinder volume versus crank angle is given in Figure 2.11. The
mass in the cylinder (Figure 2.12) increases from the start of combustion — just before
TDC — with the mass of fuel injected into the cylinder.

100 ———— : : : 1600
90 1400
80
1200
70 _
§ 60 ?1000
¢ 5 g 800
2 g
L 40 & 600
30 =
400
20 i
10 : 200
0 L 0
020 60 120 180 240 300 360
Crank angle [deg] Crank angle [deg]
Figure 2.9 In-cylinder pressure Figure 2.10 In-cylinder temperature
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Figure 2.11 In-cylinder volume Figure 2.12 In-cylinder mass

3) Gas property parameters

Figure 2.13 illustrates the fresh air fraction in the cylinder. It remains constant (x; =
0.95) during the compression phase and from the point of SOC it decreases. Figure
2.14 shows the e in equation [2.7]. Since hi'fﬂiq,,,-d is a function of fuel injection
temperature (Ty;; = 40 °C) and uyg, is a function of in-cylinder temperature, the
difference is also function of temperature and is negative, which can be considered to
be the net heat loss to the fuel before combustion.

120 — T T T T T O — T —
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g -1000
_. 80 = 1500
S 2
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oLt | | | L 4500 L | | | L |
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Crank angle [deg] Crank angle [deg]
Figure 2.13 In-cylinder air fraction Figure 2.14 Specific energy of fuel

The ¢, is illustrated in Figure 2.15 where the ¢, of air, stoichiometric gas and
in-cylinder gas are displayed separately. In Figure 2.15(b), due to the different air
fraction at the same gas temperature before and after 7, there are two different c,
values of the in-cylinder gas between 1200 K and 1500 K.
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Figure 2.15 Specific heat at constant volume (¢,)

Figure 2.16 shows the ‘heat of combustion’ derived from equation [2.6]. As stated,
due to the fact that the in-cylinder process takes place in a closed system, the internal
energy should be used to calculate the ‘heat of combustion’ (¢..,). However the ‘heat
of combustion’ derived from enthalpy (%..,5) 1s also displayed in the figures, which is
smaller than u,,,,,. The dark solid curves in Figure 2.16 indicate the ‘the effective heat

of combustion’ being (uc.ms - €y), i.€. after subtracting the heat required to evaporate
and heat up the fuel (energy of fuel ‘E,’ derived from equation [2.7]). It is clear that
the ‘effective heat of combustion’ is considerably lower than the ‘heat of combustion’,

in particular at higher temperature.
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Figure 2.16 Specific ‘heat of combustion’ and ‘effective heat of combustion’
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4) Heat loss to the walls

Figure 2.17 shows the heat transfer coefficient versus crank angle, estimated with
Woschni's model (equation [2.9]). The instantaneous heat loss flow is illustrated in
Figure 2.18, for a wall temperature of 400 K for the cylinder wall, 600 K for the piston
crown and 580 K for the cylinder head. Since wall temperatures were never measured
in this engine, they are estimates. Also for simplicity they are kept constant for all
operating points, which will not be true in reality. Due to the uncertainty in the
Woschni expression (in particular the value of the constants, see 2.3.3 5)) it was
thought not worthwhile to put in a more clever scheme. There is some heat input
(negative heat loss flow) at the beginning of the compression stroke, after that the heat
flow follows the trend of the in-cylinder pressure.

250

N
o
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o
=]
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)
o

Heat loss flow [kW]

50

Crank angle [deg] Crank angle [deg]

Figure 2.17 Heat transfer coefficient Figure 2.18 Instantaneous heat loss flow

5) Engine performance

The principle of energy conversion of a diesel engine is to transform the fuel heat
energy into (mechanical) work. The following chain of efficiencies are defined for the
energy conversion [Stapersma, 2010a]:

Neomb Hhi

}/Ild }/lm
Qf —_—) Qcomb

The representative overall efficiencies are ‘indicated efficiency’ (#;) and ‘effective
efficiency’ (1.):
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and 1, =0 [2.25]

o, o,

e

.=

The following partial efficiencies are defined to analyse the energy transfer chain:

a). Combustion efficiency: specifies the losses due to incomplete combustion.
Combustion efficiency can be modelled, see for instance [Betz, 1986]. With the recent
development of high pressure injection technology and combustion chamber

optimization, #..u 1s close to 1.

Qcom
ncamb = . [226]
o
b). Heat loss efficiency: specifies the heat loss to the cylinder walls during combustion.
Ocomp 18 difficult to measure or to calculate but the difference between Q,,,.,» and Q; (i.e.
QOloss) can be evaluated according to section 2.2.2 5).
O,
nh[ B meb [227]
¢). Thermodynamic efficiency: specifies the conversion efficiency from heat input to
indicated work. This efficiency is the ratio of W; (indicated work in the p-V diagram)
and Q; (heat input in the 7-S diagram). The energy loss due to this conversion takes

more than the others in the total energy loss.

W,
Ma=— [2.28]

O
d). Mechanical efficiency: specifies the mechanical loss of the engine between piston
and output flange. W; can be calculated based on p-V diagram while W, can be
measured directly from the output power. Otherwise, 7,, can be modelled according to
methods such as [Chen, 1965] or [Millington, 1968].
/4

e 2.29
UM W [2.29]

Figure 2.19 shows the instantaneous indicated power and the instantaneous heat
combustion flow, heat input flow and heat loss flow have been shown in Figure 2.6,
Figure 2.7 and Figure 2.18 respectively. However, of major concern to engine
performance evaluation is not the value of the instantaneous parameters but the mean
values per cycle.
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Figure 2.19 Instantaneous indicated Figure 2.20 Summary of mean value of
power energy flow

Figure 2.20 shows the mean value of the indicated power, heat combustion flow, heat
input flow and heat loss flow, which are calculated based on equation [2.30] — [2.33].

Here ‘k,,.’” has value two, as for four-stroke engines there is one combustion every two

cycles.
Pi= jp%dtz 7] [2.30]
G = [ a3 1) -
5 - j{io% " Z_yg 7] [2.32]
5, - ioqm . ng 4 [2.33]

Table 2.3 Summary of energy flow and engine efficiency per cycle and per cylinder

Energy flow Domb D; Dss P i N Ned
and efficiency  [kW] [kW] [kW] [kW] [-] [--] [-]
per cycle 202.10 177.18 2493 81.76 041 0.88 0.46

Actually, the end values in Figure 2.20 are the mean values of the overall in-cylinder
cycle (from IC to EO). Table 2.3 lists the summary of the engine energy flow per cycle

and efficiencies. The combustion efficiency (#coms ) is assumed unity so Peomp = D1
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6) Describing combustion with Vibe functions

The double Vibe (or multiple Vibe) model provides an efficient way to model the
combustion process in a diesel engine. With the determination of the Vibe parameters
(in a double Vibe model m;, m;, b;, a, SOC, EOC and my), the non-dimensional
combustion rate (e.g. Figure 2.2) is found, from which — together with the fuel
consumption — the combustion reaction rate (CRR, e.g. Figure 2.5) can be obtained.
Using this — with heat of combustion value — the heat of combustion flow versus crank
angle is obtained (e.g. Figure 2.6). In this research the most important in-cylinder
parameters (€.2. Pmax, Imax, €ngine efficiency) are used as benchmarks for finding the
correct Vibe parameters. [Watson, 1980] used an empirical method to investigate the
Vibe parameters (in fact single Vibe, so m,, m», b;, a) as a function of engine operating

parameters, but his research is limited to the truck engines.

Table 2.4 Summary of the double Vibe parameters range
Double Vibe Nominal

Range
parameter value

m 0.2 0.05-0.5
m; 3 1.5-4.0
b; 0.8 0.3-0.9

a 6.9078 3.9120-9.2103

(M comn) (0.999) (0.980 - 0.9999)
SocC 177 174 - 179
EOC 280 250 - 300
mg 1.0 0.7-1.2

In this section, the influence of parameters in a double Vibe model on the in-cylinder
process is investigated systematically. The value ranges of the parameters are shown in
Table 2.4. The values are the same as found in Table 2.1 but three additional
parameters are added. Again, when a parameter is changed, the others are kept at their
nominal value. The influence on the calculated in-cylinder pressure and temperature
figures as a result of each varying parameter are shown, which will provide some

guidelines for selecting the values of these parameters.
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a). Parameter m;
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Figure 2.21 Parameter m;

Parameters m; and m; are used to describe the ‘shape’ of the premix and the diffusive
combustion respectively. With m; decreasing, the maximum pressure is increasing and
the pressure in the late combustion period does not change significantly; the maximum
temperature follows the same trend as the maximum pressure and necessarily occurs at
an earlier crank angle, but the temperature during late combustion decreases (Figure
2.21).

b). Parameter m,

As to m;, the pressure changes only slightly in the late combustion stage (Figure 2.22).
Since the nominal value of b, is only 0.2, the proportion of diffusive combustion is
quite small. When zooming in on the pressure around 240°, it turns out that the
pressure is lower for larger m, values. With m, decreasing, the temperature initially
increases when combustion starts but then decreases after a certain value of crank
angle. This is caused by earlier heat release in the diffusive combustion stage with a

smaller m,.
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Figure 2.22 Parameter m,
¢). Parameter b;
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Figure 2.23 Parameter b,

The parameters b; and b, (b, = 1 — b)) specify the proportion of the premix and
diffusive combustion stages as a fraction of the entire combustion. A crossing point

emerges in the pressure and temperature (Figure 2.23), as a greater b; gives more heat
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release in the premix combustion and less heat release in the diffusive combustion,
and vice versa. This crossing point is also visible in Figure 2.3 (c).

d). Parameter a

Parameter a (in fact combustion efficiency #..ms) 1S influenced by many factors, e.g.
the combustion chamber shape or the amount of intake air. As shown in Figure 2.24,
the peak pressure and temperature increase with a (#..,») Whereas the temperature at
exhaust open (EO) is higher for smaller a (#..m» ) due to incomplete combustion. The
maximum temperature also shifts to a later crank angle because a (#¢0m») changes the
shape of combustion rate and for lower values more fuel is burnt at later crank angles.
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Figure 2.24 Parameter a (/comp)

e). Parameter SOC

SOC is defined as the start of injection including the ignition delay. The pressure and
temperature figures are zoomed in separately in Figure 2.25. With earlier SOC the
maximum pressure occurs earlier and the peak value is increasing, after which the
pressure traces converge rapidly. The temperature behaves in the same way as the
pressure around the peak value, but at around 220° the temperature trend changes
inversely.
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f). Parameter EOC
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Figure 2.25 Parameter SOC

Since the difference between SOC and EOC indicates the duration of combustion, a

smaller EOC value means shortening the combustion. From Figure 2.26, shortening

the duration of combustion will result in an earlier and more pronounced increase in
the peak pressure and temperature. Consequently, the parameters EOC and m; have

the strongest impact on maximum pressure. However, at point EO, the pressure and

temperature are lower for a shorter combustion because the combustion terminates

earlier. The selection of EOC should consider the engine type, and normally newer
engine types (with common rail or other advanced injection technology) should have
a shorter combustion time than older engines (such as the MAN engine used in this

thesis). However, for extreme late Start of Injection as can be required to lower NOy

emissions, even modern engines could have (very) late combustion.
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Figure 2.26 Parameter EOC

g). Parameter my,

The total mass of fuel burnt during combustion (7 in equation [2.16]) plays an
important role in determining the heat release, but it is an extensive rather than an
intensive parameter. In Figure 2.27, the my is the ratio between fuel burnt in the
simulation case and the nominal value. Since more fuel burnt under the same

combustion shape produces more heat release, the pressure and temperature after SOC
increase with larger my value.

There are two ways to determine the total fuel burnt during combustion ms,. One way
is to measure the fuel consumption per cycle at the engine test bed. The other way is
to calculate it according to equation [2.34]. Air excess ratio (1) can be estimated based
on experience and the stoichiometric air-fuel ratio (o) is known when the fuel type is
given.

m,, =T [2.34]
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2.2.5 Discussions

The in-cylinder process model gives the closed cycle simulation of a diesel engine,
resulting in pressure, temperature, power, heat release as the most important outputs.
Since the gas exchange is not included in the model it does not give an integral
simulation of the full diesel engine cycle.

The single Vibe, double Vibe or the multiple Vibe models can be used to estimate the
heat release rate in a diesel engine. They only give the approximate solution, but
especially in the first analysis stages, the Vibe model provides a concise and convenient
way to determine the heat release. However, in practice knowledge must be available
how the parameters in the Vibe formula should be selected at part load operating
conditions of engine.
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2.3 Heat release calculation model

2.3.1 Introduction

Heat release rate (HRR) analysis in a diesel engine provides an efficient way to acquire
combustion information. The HRR is defined as the rate at which the chemical energy
of the fuel is released by the combustion process [Heywood, 1988].

Knowing the heat release, the in-cylinder process can be simulated on the basis of
thermodynamic knowledge. As explained in the previous section, in such a model the
temperature and pressure in the cylinder can be calculated based on the first law of
thermodynamics and the gas law [Ding, 2009]. In contrast, if the in-cylinder pressure
is measured from the engine test bed, an anti-causal simulation model — being the
reverse of the ‘in-cylinder process model’ — can be used to reconstruct the temperature
and the heat release rate [Ding, 2011b].

The main purpose of this section is to present the method to calculate the heat release
rate during combustion in a diesel engine using this inverse in-cylinder process model
based on measurement of three operating points and discuss the MATLAB/SIMUL-
INK simulation results. All refinements that were taken into account in the process
simulation are automatically incorporated in the inverse simulation including variation
of the lower combustion value with temperature and the energy of the fuel entering the

system.

2.3.2 Structure of the simulation model

Heat release rate can be defined in many different ways. The three main definitions
used in this research are:

(a) Net Apparent Heat Release Rate (NVAHRR):

: . . dT dv
NAHRR=Q ., -0O,  +E =m-c, o +p I [J/s] [2.35]
(b) Gross Apparent Heat Release Rate (GAHRR):
GAHRR=Q,  +E =m-c, -‘;—f +p -Z—It/ +0,. [hs] [2.36]
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Figure 2.28 General block diagram of ‘heat release calculation model’
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(c) Combustion Reaction Rate (CRR):

ar — dv .
m'cv‘7+p'7+Qlaxs
CRR=¢&= L L [kg/s] [2.37]

ucomb +e v

NAHRR can directly be calculated form the pressure and temperature in the cylinder.
GAHRR includes heat loss to the walls and indicates the heat produced by combustion
correctly, but it is not possible to calculate it directly from measurements. Therefore
the accuracy of GAHRR relies on the appropriate estimation model of the heat loss.

For the CRR the effective combustion value (u,y + e, ) must be known including its
dependency on temperature. Also the effect of ‘energy of fuel’ is included, for which it
is assumed that the injection rate is equal to the evaporation rate of the fuel entering the
system, the latter being assumed equal to the combustion rate.

Figure 2.28 illustrates the structure of the ‘heat release calculation model’, which
shares many elements with the ‘in-cylinder process model’ but reverses the in- and
output. The prime input of the model is the pressure and volume (in fact the crank
angle) while the ultimate output is one of the definitions of heat release — Combustion
Reaction Rate (CRR). Since CRR is calculated based on measured pressure it is
heavily fluctuating, where the Reaction coordinate (RCO) — being the integral of the
CRR - is a monotonous increasing function, suitable for analysis and curve fitting as
most of the fluctuation are smoothed in the integration process. The submodels and
elements of the ‘heat release calculation model’ have already been discussed in
section 2.2.2.

2.3.3 Result and analysis

The results shown in this section are for three operating points measurements of
cylinder 1 in the MAN 20/27 diesel engine (The general data of this engine have been
shown in Table 2.2):

(A) the nominal point: 1000 rpm, 100% power;
(B) a point on the generator curve: 1000 rpm, 25% power;
(C) a point on the propeller curve: 800 rpm, 50% power.

A specification and description of the major sensors in the test bed and the measured
parameters are presented in Appendix VIIIL.
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The fuel type used during the tests was ‘F76’ (a NATO standard DMA type of fuel).
Since no sample of the fuel was sent to a laboratory, default property values based on
previous tests were used for the simulations and heat release calculations. The
properties of this fuel are listed in Table 2.5.

Table 2.5 Properties of ‘F76’ diesel fuel

Property Value Unit
Carbon mass fraction 0.865 [--]
Hydrogen mass fraction 0.133 [--]
Sulphur mass fraction 0.002 [--]

Density at 15°C 843 kg/m’

The results can be compared with the results in section 2.2.3, which are based on a
double Vibe heat release model. All the figures have a corresponding figure in section
2.2.3 (only the nominal point was calculated there). The comparison will show the

feasibility and reliability of the simulation models.

1) State parameters

First, the four gas state parameters are shown in Figure 2.29 — Figure 2.32. The
pressure signals in Figure 2.29 are derived from the measurement directly and the
temperatures in Figure 2.30 are calculated on the basis of the ‘gas law’. At first sight
it seems that the fluctuations in temperature are much fiercer than in pressure. Closer
inspection reveals that the fluctuations relative to the instantaneous value are identical
for pressure and temperature as expected from the gas law. The effect is a graphical
effect since the order of magnitude of the temperatures is much larger relative to the
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Figure 2.29 In-cylinder pressure Figure 2.30 In-cylinder temperature
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maximum (i.e. 400 K versus 1300 K) than for the pressures (i.e. 1 bar versus 90 bar).
The differences between the three operating conditions are clearly revealed in these
two figures. When calculating volume, the engine speed is assumed constant during
one revolution. Then the cylinder volume is only a function of crank angle and the
cylinder volumes plots shown in Figure 2.31 of the three cases are identical.
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2) Heat release analysis

When the reaction coordinate (RCO) is calculated (Figure 2.33 shows the normalized
reaction coordinate, which means the ‘fuel burnt percentage’), the values at the
beginning of the curves are larger than zero (discarding the measurement fluctuation)
and near the end of the curves the values are much higher than unity (the part load
lines — green and red — even go over 1.2). This last phenomenon would suggest there is
more fuel burned then injected in the cylinder, and that more heat is produced than in
the actual case. These effects could only partly be explained by a wrong choice of
TDC shift (as presented in the next section). Another and better explanation is that the
main cause is the start value of the RCO and, as this is the integral of CRR, the RCO is
very sensitive to the start value. Therefore as a correction it was decided to give the
RCO a vertical shift (Figure 2.34).

The jump in the RCO curve indicates the start of combustion and just before this jump,
there is a short descending slope period, representing the slightly negative heat release
due to fuel evaporation (Figure 2.35). The start of combustion (SOC) is defined in this
thesis at the point where RCO starts to increase again, just before TDC. Therefore the
RCO just before descending should be 0 to reveal that there is no fuel burnt at that time.
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In the model, the correction in RCO is based on the fact that between 160 degree and

170 degree should be zero.

Although after shifting the RCO, the RCO after SOC is reasonable and can be used for

curve fitting in the next section, the RCO before SOC —

in particular at the beginning

of the in-cylinder process — is negative, resulting in an endothermic process at the

beginning of the cycle, giving unrealistic values. This could be caused by the heat loss

estimated with the Woschni model as well as by the start value of RCO.
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3) Top Dead Centre (TDC) shift effect on the heat release

In the in-cylinder pressure measurement, the accuracy of the TDC determination

greatly affects the heat release calculation. In order to investigate the effect of a TDC
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shift, the ‘in-cylinder process simulation model’ is used to produce an in-cylinder

pressure signal, which is then used in the ‘heat release calculation model’ to (re)
calculate the heat release, but the TDC is shifted with 0, +0.3, +0.5 and +1.0 degrees

respectively.

Figure 2.36 — Figure 2.38 show the RCO for different TDC shifts. When shifting the
TDC, the RCO attains values less than unity as shown in Figure 2.36. The second

effect is during the compression (Figure 2.37). There is some heat input during

compression when the TDC is shifted and again a larger TDC shift results in a more

pronounced effect. The third effect is on the SOC according to the definition of the

previous section (Figure 2.38). The combustion starts earlier when shifting the TDC

and the dip in RCO just before SOC becomes more pronounced.
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The deviation of the RCO reaching unity is however much larger than can be
explained by a wrong TDC shift (see Figure 2.33 and Figure 2.34). Therefore the first
effect will finally be corrected by changing the constant in Woschni’s heat loss model,
see a next section 2.3.3 5). The second effect was already largely corrected by the
vertical shift of RCO.

The determination of TDC takes some effort and disturbs the engine measurement
and therefore is not carried out before every measurement. The accuracy of the TDC
is limited to a relative small range (normally it is unlikely to make 1 degree error in
shifting TDC). Therefore it was decided to apply a constant TDC shift of 0.7 degree

for all measurements.

4) Gas property parameters

Figure 2.39 illustrates the fresh air fraction in the cylinder. After revising the reaction
coordinate, before SOC it remains constant and does not fluctuate too much (x; =
0.95). From the point SOC it (obviously) decreases. When the engine is running at
low load, the fresh air fraction decreases less and ends at a higher value (about 0.7).
Figure 2.40 shows the e, in equation [2.7]. This figure is consistent with Figure 2.14
in section 2.2 4.
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The ¢, is illustrated in Figure 2.41 — Figure 2.43 for the three operating points. The ¢,
of air, stoichiometric gas and in-cylinder gas are displayed.
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Figure 2.44 — Figure 2.46 show the ‘heat of combustion’ derived from equation [2.6].
As stated before, due to the closed system of in-cylinder process the internal energy
should be used to calculate the ‘heat of combustion’ (#.0ms). The ‘heat of combustion’
derived from enthalpy (%.omp») 1S also displayed in the figures, which is smaller than
Ucomp- Again the black curves in these three figures indicate the ‘effective heat of
combustion’, which include eras part of heat loss for evaporation and heating the fuel
before combustion.

5) Heat loss to the walls

Figure 2.47 shows the heat transfer coefficient versus crank angle, as calculated with
Woschni’s model (equation [2.9]). The instantaneous heat loss flow is illustrated in
Figure 2.48, in which the temperature of cylinder wall, piston crown and cylinder head
are assumed the same as presented in section 2.2.4 4). There is some heat input
(negative heat loss flow) at the beginning of compression, during the rest of the cycle
the heat loss flow is positive. In part load, the heat loss during compression is close to

zero, which means it is more or less an adiabatic process.

Theoretically, the normalized reaction coordinate should reach unity for complete
combustion. However, this is not a fixed value but the result of a rather complex
calculation and often is not reached. Other authors report the same phenomenon (i.e.
that the normalized reaction co-ordinate did not arrive at unity ([He, 1990], [Hua, 1984]
and [Lapuerta, 2000]). Figure 2.52 shows the percentage of the components of heat
release (equal to the normalized reaction coordinate) for a turbocharged DI diesel
engine in mid-load and mid-speed range from [Heywood, 1988]. The heat loss to the
wall amounted to approximately 20% - 30% of total heat release (note that crevices
heat loss is not considered in this model). As mentioned previously, the heat loss is
derived from the empirical Woschni equations, resulting in uncertainty when
calculating the reaction coordinate. Overrating or underrating the heat loss to the walls
could lead to a final normalized reaction coordinate being above or below unity. C; in
equation [2.9] is directly proportional to the heat transfer coefficient. Therefore C; is
considered a varying parameter that can be used to bring the RCO to unity at different
operating points. In Figure 2.47 and Figure 2.48, the C;used is the original value of
130 (uncorrected) for all these three operating points. In the other case (corrected), C,
is set to 230, 70 and 20 for 1000 rpm at 100% power, 1000 rpm at 25% power and 800
rpm at 50% power respectively (Figure 2.49 — Figure 2.51). The latter will also be used
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in the simulation model when it is used for smoothing in a next section (i.e. the RCO
arrives at unity at EOC).

6) Engine performance

Figure 2.53 shows the instantaneous indicated power. The figures of heat combustion
flow, heat input flow and combustion reaction rate corresponding to Figure 2.5 —
Figure 2.7 are not shown here since, due to the heavy fluctuation in the measured
signal, it is hard to discern useful information.

2000

T 250 T T T T
| | | | | | — | | |
| | | Co | 200 P con | | \me,"ww
I M ] i R T o LM
1600f- < - — 4 | - t\ ; - s ) H Mmmmwww
€ ook do o] N o ] s et
=, | [L I i | P | |
o} | S | | |
H | 5 100 | BRI,
_g- | %’ | L
| HE .
] | Y | /) ]
= I I
— 1000rpm,25%load -50 S
1000 ‘ 800rpm 50%load : } }
0 20 60 240 300 360 240 300 360
Crank angle [deg] Crank angle [deg]
Figure 2.53 Instantaneous indicated Figure 2.54 Summary of mean value of
power energy flow (1000 rpm, 100% power)
g g
3 =
g g
8 &
[ 9]
5 5
‘G ksl
E ES
g g
c =4
§ §
= =
| | |
| | |
- L 1 1
0 20 60 120 180 240 300 360
Crank angle [deg] Crank angle [deg]
Figure 2.55 Summary of mean value of Figure 2.56 Summary of mean value of
energy flow (1000 rpm, 25% power) energy flow (800 rpm, 50% power)

Figure 2.54 — Figure 2.56 show the mean values of the indicated power, heat
combustion flow, heat input flow and heat loss flow, which are calculated based on

equation [2.30] — [2.33]. The end value of each one is the mean value of the overall
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in-cylinder cycle (from IC to EO). Table 2.6 summarises the energy flow per cycle
and the engine efficiencies of the three operating points. It is noted here again that
Heomb 15 assumed to be unity so Peomy = Dy

Table 2.6 Summary of energy flow and engine efficiency per cycle

Operating ¢comb ®i @loss P i ni Nhi Nid
point (kW]  [kW]  [kW] [kW] [--] [-] [-]
1000 rpm,

228.32 18570 42.62 82.85 041 0.88 046
100% power
1000 rpm,

68.32 62.73 5.59 2692 039 092 043
25% power
800 rpm, 50%

111.68 109.08 7.85 4949 044 098 046
power

2.3.4 Discussions

This heat release model as presented is an anti-causal simulation model that is derived
from an in-cylinder process model and is used to reconstruct the CRR. Since there are
integral and differential equations during simulation, it is important to choose a
suitable numerical solution (a solver named ‘ode45’ in MATLAB/SIMULINK, which
is based on an explicit Runge-Kutta (4,5) formula, the Dormand-Prince pair for
non-stiff problem with medium accuracy, is used in this thesis) for ordinary
differential equations to get a reliable outcome.

There are some uncertainties in the simulation model such as heat loss to the walls,
the effect of measurement errors in TDC. The way to tackle these effects was

discussed and practical solutions were found.
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2.4 Smoothing of the in-cylinder pressure signals

2.4.1 Introduction

The pressure signal in the cylinder, as measured from engine test facilities, is very
erratic due to the inherent character of the combustion process and in particular the
location of the pressure transducer. If and how the pressure signal is smoothed will
affect the subsequent heat release analysis. Mathematic algorithms can be used to
smooth the pressure signals, such as a parabola curve fitting to determine the peak
pressure or averaging a few points to one point in the trace. However, because these
algorithms do not physically interpret the data, they introduce the risk of loss of
information from the measurement. In this thesis, a new method will be presented
using not only mathematic calculation but also thermodynamic knowledge as
presented in [Ding, 2011]. The latter paper was taking up the idea of a multiple Vibe
function as introduced in an earlier paper [Knobbe, 2001], extending the concept of a
double Vibe function. As discussed in the previous sections a thermodynamic heat
release model is used to calculate the combustion reaction coordinate based on the
measured pressure, which will now be used for fitting a multiple Vibe function. These
Vibe parameters are the input to a single zone cylinder process model to obtain a
smooth pressure and temperature trace that potentially has a better quality than
mathematically (up-front) smoothed signals.

The procedure of smoothing is:

® Separate the closed cycle pressure signal (between IC and EO) from the overall
pressure trace.

® Take the average of 15 to 25 cycles (but refrain from smoothing at this stage).

® Apply a thermodynamic heat release analysis on the raw but averaged data to
calculate the reaction coordinate. Since the reaction coordinate entails an integration
of the signal this has already a smoothing effect. Also the reaction coordinate is
monotonously increasing.

® Fit the reaction coordinate with a multiple Vibe model by curve fitting techniques,
i.e. smooth the reaction rate.

® Calculate the pressure and temperature in the cylinder by simulating the cylinder
process with the same thermodynamic elements as the heat release calculation and
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with the fitted and smoothed combustion rate as input.

2.4.2 Averaging and direct mathematical smoothing of pressure
trace

The pressure signal as measured in the cylinder is oscillating and varying from cycle
to cycle. The oscillation of the pressure in the cylinder is partly caused by the
combustion process. The fast combustion causes in-cylinder gas velocities and
pressure fluctuations. Since combustion is stochastic these fluctuations will be
random and can be smoothed by taking the mean of a number of cycles. Another
important cause of fluctuations is the fact that the pressure transducer is installed in a
channel to the cylinder, where reverberations spoil the pressure signal. These
oscillations will not disappear after averaging over a number of cycles and must be
smoothed in a different way.
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Figure 2.57 Averaging of the measured pressure signal

Figure 2.57 shows a comparison of the cylinder pressure signals before and after
averaging (over 25 cycles for the engine running in the nominal point). It is obvious
that the pressure signal after averaging is smoother than before averaging, but the
oscillations due to the channel effect persist.

2.4.3 Indirect fitting of pressure signal based on multiple Vibe
function

The normalized reaction coordinate X, which is the CRR integrated over time, is very
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suitable for curve fitting since it is (contrary to the original pressure signal) a
monotonous increasing function:

dT dv
m'cv '7+p.7+Q1055
CRR=¢ = dt dt ref [2.37]
u comb +e f
R
x = k€O = S .t [2.38]
m/, soc m
The multiple Vibe function is expressed as:
X=Yh X, =5, .(1 —e ) ref [2.24]
k=1 k=1

It is mentioned here again that each single Vibe function has its own form factor my
and weight factor b, but they share the same @ and the same duration of combustion.

Combining equation [2.24] and equation [2.38] and assuming my,is known, X can be
fitted with for instance a double Vibe function (but higher orders are investigated too).
Since the reaction coordinate is a monotonous function this is expected to be more

accurate than direct smoothing of the pressure trace.

1) Use curve fitting techniques to obtain smoothed heat release

A fit is obtained using nonlinear least square fitting method, after setting fit options
and fitting function (equation [2.24]), using the Curve Fitting Toolbox in MATLAB
[MATLAB, 2009]. The theory of the method can be found in Appendix III. In the
fitting process the abscissa ‘time’ and the ordinate ‘reaction coordinate’ are used in
their non-dimensional form, which makes the procedure less complex and more
efficient. Fitting of higher order Vibe functions is numerically sensitive to the start
values of the parameters. Therefore the first order solution was used as start value for
the second order and so forth.

Pressure measurements of the three operating points used in the previous section are
analysed as a proof of principle of the proposed smoothing method. As the MAN
engine used is an older engine with direct injection using plunger pumps and
relatively low injection pressure, it is to be expected that late combustion will occur in
all three operating points.

52



Chapter 2 Heat Release Calculation Using Simulation Techniques

8 R
T 1T T T 7 ,m & T T T T T T B & 1T T T ,m
L |5 ess 0 (B Lo 0 B s s
® § 8 3|lo 5 9 L5 9 8
ST T T TrTroTroT3 88 OER Ll _o_L_L_1_13%® 5lg \7\ Il ___L__L_L_1|l328EE
& 5 6 o6 & 5 919 & 5 6 o6
N o T T T T T §52 I 8§52 ¢
[ T T R R R - N ™ [ R B R R -~ I L)
T g [ T T R B R R I
[ T T R R R S T T T T O N A =Y VIS < [N S N B
[ T T R R R I |
i A =1 ! !
o & I I
[ R R A A A T —~ I A~ ot
(o T R R N R R o < | m
it = it el el el el M e B e £ ~ I ~
[ T R R R R R A + I =!
[ R B R R - .E I = .8
Qo j=2)
-+ -+ -4+ -4-4F S o | g O
iz 5 &
S ” 3 o
j=2) g (=)
B T S R N R RO B 35 R = | § &
| | | | | | | | | NE .= < =
T T R T N A g =
¥ o — (6] fay
I I o 5] o
I | NS e R H i [<8 (oW
[ R R N A A T
o [ T B B ° ©) O
R R Nl e e I b o= i~
~ o] O
[ Ny R N R B N =
[ [ T T B R
ol N L1 8
o™ &
[ T T B oA
I o
B e e e e R iy iy By
[ T T R R R [ I
[ R B R o
o S
- —lm—m—F — bk —F —+ —+ -+ — 438 [ T
| | 1 | | L | | 1 1 | L 1 1 1 L L
- 9 © ~ © © ¥ ©® o - o - % © ~ © © ¥ o o = o
o o o o o o o o o o o o o o o o o o
[--] ejeUIPIO-00 UOROBEY PazZiBWION [-] sjeulpio-00 uonoBaY peziewIoN [-] sjeulpio-00 uonoeaY peziewIioN

250 260 270

240

Crank angle [deg]
53

190 200
(c) Operating point (c)

180

Figure 2.58 Fitting the reaction coordinate with multiple Vibe function



CHARACTERISING COMBUSTION IN DIESEL ENGINES

Figure 2.58 shows the fit results for the normalized reaction coordinate with different
order of Vibe functions for the three operating points and Table 2.7 summarizes the
fit parameters of these Vibe functions. Operating points (A) and (C) use third order
Vibe functions as the highest order for fitting and operating point (B) uses second
order, which depends on the freedom of sign of m in the first order Vibe function.

This will be explained in details in next section.

Other important parameters are SOC and EOC, which determine the interval over
which ROC is smoothed. Determination of SOC has been explained in section 2.3.3,
but EFOC remains difficult to decide. In [He, 1988] some methods are presented to
determine EOC but most of them are based on an experimental approach. In this
research, EOC is estimated according to experience, and based on the fact that this is
an older engine with presumably relatively late combustion. For operating point (A) it
is set to 290 degree (just 10 degree before EO) and for operating point (B) and (C) it
is set to 270 degree since combustion is ending faster at very low load.

Table 2.7 Vibe parameters for fit functions

Operating Vibe 1 2 3

point Function b, my b M b; ms
First order 0.956 0.423

(A) Second order 0.928 0.383 0.067 8.981

Third order ~ 0.957 0.398 0.069 8.974 -0.030 1.038
First order 1.01  -0.182
Second order 0.962 -0.234 0.100 4.899
First order 0.934 0.051
©) Second order 0.867 -0.039 0.129 5.099
Third order  0.425 -0.303 0.104 7981 0477 0.317

B)

Figure 2.59 shows contribution of each Vibe fitting function to the normalized
combustion rate for the nominal operating point. The single Vibe function only gives
premix combustion (Figure 2.59(a)) and a double Vibe function adds a late combustion
component (Figure 2.59(b)). In the third order Vibe function (Figure 2.59(c)), there is
one Vibe function for premix combustion (m; = 0.398) and one for late combustion (1,
= 8.974). The third Vibe function is a diffusive combustion (m;= 1.038). It can be
concluded here that for the nominal point, it is wise to use three orders Vibe functions
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in order to capture both diffusive and late combustion (if late combustion is important
for a specific engine).

3

N

Combustion rate [--]
Combustion rate [--]

N

Combustion time [--] Combustion time [--]

(a) Single Vibe function (b) Double Vibe function

Combustion rate [--]

Combustion time [--]
(a) Triple Vibe function
Figure 2.59 Contribution of each Vibe fitting function to the normalized combustion
rate (1000 rpm, 100% power)

Figure 2.60 shows the contribution of each Vibe fitting function to the normalized
combustion rate for the 1000 rpm, 25% power point. The single Vibe function only
gives premix combustion (Figure 2.60(a)) but m;, is negative (m;=-0.182) and a double
Vibe function adds a late combustion component (m, = 4.899), but only occupying
about 10% of the total combustion (Figure 2.60(b)). For part load, the diffusive
combustion stage has almost disappeared. Therefore double Vibe functions can be
used to describe the premix and late combustion stages.
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Figure 2.61 Contribution of each Vibe fitting function to the normalized combustion

rate (800 rpm, 50% power)
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Figure 2.61 shows the contribution of each Vibe fitting function to the normalized
combustion rate of 800 rpm, 50% power point. Like the 1000 rpm, 100% power point,
the single Vibe function only gives premix combustion (Figure 2.61(a)) with a positive
value (m;=0.051). The second order Vibe function again adds a late combustion (m,=
5.099) with b; = 0.129, and the premix combustion parameter becomes negative to . (7,
=-0.01). The third order Vibe function adds a premix combustion (3= 0.317).

The late combustion for this cylinder (cylinder 1) is pronounced in particular for
operating points (A) and (C). It seems to be not accidental since the same behaviour
can be seen on the other three cylinders too. The phenomenon also showed up for
cylinder 1 when the original hole position was used (having a shorter channel since it
was located on the lower side of the cylinder head instead of on top). The smoothed
heat release measurement of the other three cylinders and for cylinder 1 with its
original hole position is presented in Appendix VII.

2) Restriction of fit parameters my and ‘b;’

The weight factor b; can be both positive and negative to allow exothermic and
endothermic processes during combustion. Originally the form factor my; as presented
in [Ding, 2011a] was only allowed to have positive values in order to give a realistic
physical meaning: a negative m implies an infinite reaction rate at the start of
combustion (Figure 2.62(a)) and more rapid combustion progress than in the case of
positive m value (Figure 2.62(b)). Nevertheless when the engine runs in part load, an
infinite reaction rate at the start of combustion improves the fitting of the relative
steep reaction coordinate at the start of combustion. The sign of my in the first order
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Figure 2.62 The combustion rate and progress for different m values
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Vibe fit function is also a criterion to determine what order Vibe function as the
highest will be applied in the curve fitting: if the sign is negative, i.e. the engine is
running at very low load, a second order Vibe function is sufficient for a satisfactory
fit; otherwise a third order Vibe function is required to fit more heat release during
diffusive combustion. This phenomenon will be further explained in the next section.

3) Fitting residual analysis

After fitting the reaction coordinate from a measurement with multiple Vibe functions
using the nonlinear least square method, it is necessary to evaluate the quality of the fit,
which is presented in Appendix I'V.

In this research, the number of measured points (n) of each fit is around 1000 (in the
nominal point, » = 951) and the number of parameters to be fitted (k) is 2, 4 and 6 for
first, second and third order fitting function respectively. Clearly the number of
degrees of freedom (u = n - k) is approximately equal to 7.

Table 2.8 lists the residual analysis of each fit functions for the three operating points.
Contrary to Sum of Squared Errors (SSE, which is an absolute value), R-square is a
relative value and therefore very useful for analysing the quality of fit. In short
R-squares describes the proportion of variability in a data set that is accounted for by
the statistical model. It is clear from Table 2.8 that for the same operating points a
higher Vibe order results in a higher R-square value. The residual of the fourth order
Vibe of operating point (A), the third order Vibe of operating point (B) and the third
order Vibe of operating point (C) are also shown in the table. They do not show much
improvement when compared to the next lower order function (e.g. the relative value
of R-Square).

There are some other statistics, provided by MATLAB, by which the fit can be
evaluated, e.g. Root Mean Squared Error (RMSE), Confidence and Prediction Bounds.
However such a residual analysis is only based on mathematics. In the next section the
smoothed results based on the multiple Vibe function will be compared with the raw
data on the basis of some important engine running parameters to verify that the fitting
method and results are not only statistically, but also physically reliable and therefor
useful.
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Table 2.8 Residual analysis of Vibe fitting functions

Operating . .
. Vibe Function  SSE R-Square DFE

point
First order 0.6824 0.9910 949

A) Second order 0.3610 0.9952 947
Third order 0.3601 0.9952 945
Fourth order 0.3599 0.9952 943
First order 2.6303 0.9125 793

(B) Second order 1.8202 0.9395 791
Third order 1.7666 0.9412 789
First order 2.4592 0.9486 1006
Second order 0.9978 0.9791 1004

© Third order 0.8348 0.9825 1002
Fourth order 0.8044 0.9832 1000

2.4.4 Smoothed result and analysis

1) Nominal speed, nominal load

Five important parameters are considered as criteria to evaluate the investigated
smoothing methods: maximum pressure (p;u.,), maximum temperature (7,.,), pressure
at exhaust open (prp), temperature at exhaust open (7xp) and indicated power (P;)
between IC and EO.

Figure 2.63 shows the smoothed pressure signals and heat release of the engine
running at nominal load (operating point (A)), and, in Table 2.9, the five important
parameters are compared for different order of Vibe functions. The maximum
pressure is a measure of mechanical loading of the engine and its value is predicted
highest for the second order Vibe function and lowest for the first order Vibe function.

The maximum temperatures are important in view of certain emissions and the
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Figure 2.63 Smoothed pressure and combustion reaction rate (point (A))

Table 2.9 Comparison results of different multiple Vibe functions (point (A))

Signal Prar (bar) — Tpax (K) — Pro (bar)  Teo (K) — Pi (kW)
Raw data 95.865 1569.70  8.952 1159.98  83.590
First order 92.109 152254  8.165 106259  83.378
Second order  93.336 1511.84  8.607 1118.73  83.309
Third order 93.194 151358  8.614 1119.60  83.322

thermal loading of the engine. The three Vibe fitting functions all estimate the
temperature around 50 K lower than the raw data. At EO, the value of pgpand Tgo
represent the last point of the in-cylinder process. This point is important since it
defines the starting point of the gas exchange, in particular the blow down process.
For the second and third order Vibe fitting functions the temperature 7o is about 40
K too low but still very close to the measured data. The first order (single) Vibe
function gives a much lower Txo (about 97 K lower), which is caused by the lack of
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late combustion in the fit. Note that the relative differences of pgo and Tgo are the
same since both are related by the gas law and the mass is constant. Last but not least,
the indicated powers (P;) between IC and EO change less than 1% when increasing
the Vibe order during fitting.

2) Nominal speed, part load (along generator law)
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Figure 2.64 Smoothed pressure and combustion reaction rate (point (B))

When the diesel engine runs in part load, the diffusive combustion almost disappears
but the late combustion still persists (Figure 2.64(c) and Figure 2.65(c)). Figure 2.64
and Table 2.10 illustrate the smoothed pressure and smoothed CRR and the
comparison of the results of different Vibe functions of the 1000 rpm, 25% power
point (operating point (B)). Since negative values for m are allowed, the single Vibe
function results in a reasonable pressure signal. The second order Vibe function adds
late combustion. The peak pressures for first and second order are almost the same
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and about 2 bar lower than the measured data. But the peak temperatures are around 7
K and 14 K lower than measured respectively. The pressure and temperature at EO of
the second order are high but lower than the measured raw data, where the single Vibe
is too low, which is caused by adding the late combustion. The differences in
indicated power are close to the measured value for both (about 1 kW lower).

Table 2.10 Comparison results of different multiple Vibe functions (point (B))

Signal Puar (bar) — Tpax (K) — Pro (bar) — Teo (K) — Pi (kW)
Raw data 63.802 1354.13  3.191 711.31 26.592
First order 61.528 1347.43  2.842 638.34 25.169
Second order  61.734 1340.10  3.000 673.47 25.339

3) Reduced speed, part load (along propeller law)
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Figure 2.65 Smoothed pressure and combustion reaction rate (point (C))
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This case is for the engine running at lower speed (800 rpm) and along the propeller
line (50% power) (operating point (C)). Figure 2.65 and Table 2.11 illustrate the
smoothed pressure and smoothed CRR and the comparison of the results for different
order of Vibe functions. The second order gives highest peak pressure but
lower peak temperature than the first order, and the third order gives the lowest peak
pressure and peak temperature. As for the pressure and temperature at EO, the third
order fit results in a highest value but still lower than measured. The indicated power
is for both about 2 kW higher than measured.

Table 2.11 Comparison results of different multiple Vibe functions (point (C))

Signal Prar (bar) — Tpax (K) — Pro (bar) — Teo (K) — Pi (kW)
Raw data 87.269 172932 5.715 109527  46.962
First order 83.400 1699.58  5.046 977.43 48.258
Second order  84.325 167527  5.454 1054.54  48.436
Third order 82.185 164124  5.471 1058.18  47.699

2.4.5 Discussions

The smoothing method presented in this section gives good results. Especially for ill
located pressure measured facilities [Knobbe, 2001], this method has great potential.
But the main advantage lies in the fact that in a natural way a characterization of the
combustion is provided in terms of the weighted contributions of a number of Vibe
functions. The curve fitting method uses a nonlinear least-square fitting theory, which
is sensitive to start points and type of iteration. It requires some experience in
numerical analysis and knowledge of diesel engine combustion in order to get good
results.
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3.1 Introduction

The combustion process of a diesel engine can be investigated using both a simulation
and an experimental approach. Nowadays with the development of advanced
experimental methods and computer technology, the combustion phenomena can be
described accurately and precisely. Nevertheless the in-cylinder combustion process
of diesel engine not always needs a very detailed model, for example, for the research
of integration of diesel engines in a ship propulsion system what is required is an
adequate mean value description of the changes of the combustion and the effect on
cylinder work as well as the air supply to the cylinder (i.e. interaction with the
turbocharger system) under various operational conditions [Stapersma, 2001]. The
Seiliger process then is a suitable method to calculate the in-cylinder process and
together with a suitable gas exchange model [Schulten, 2003] a complete ‘Mean
Value First Principle (MVFP)’ model can be developed that does not require an
integration of differential equations for the core cylinder model. The MVFP model is
not primarily intended for engine development but is used for system studies of
engine users, such as the shipping and dredging industry.

Using the parameters defined in the Seiliger process it is possible to parameterize the
in-cylinder process, both the net combustion heat and the heat loss during
compression and expansion. The heat loss during combustion as well as incomplete
combustion must be modelled separately. In particular the parameters describing the
net combustion heat release are used in a mean value simulation model to give a
global description of the combustion process. Determining a model for these
combustion parameters is critical to the mean value simulation model and the present

model as given in [Schulten, 2005] needs improvement.

Two approaches are used to research the Seiliger parameters: experimental and
theoretical. For the experimental approach, measurements at a MAN 41.20/27 test bed
of the Netherlands Defence Academy (NLDA) in Den Helder were carried out. The
in-cylinder pressure measurement is transformed to a Seiliger process definition on
the basis of equivalence criteria to uniquely determine the Seiliger parameters. Then
the dependency of Seiliger parameters on engine operational parameters is obtained
and the behaviour of the Seiliger parameters in relation to the engine running
condition is researched. As to the theoretical approach, the commonly used heat
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release model based on Vibe functions is implemented in a single zone closed
cylinder process simulation. The results are also transformed to Seiliger parameters
using the same equivalence criteria and then the Vibe driven cylinder simulation is
compared with the Seiliger approximation. Exploring the interrelation between Vibe
and Seiliger parameters provides an efficient way to understand the effect of
combustion shape as expressed with multiple Vibe models on the basic engine
thermodynamics as expressed by the Seiliger parameters and thus acquire a more
global understanding of the effect of combustion changes on engine efficiency.

In this chapter, the theory of a basic Seiliger process is presented, which, by adding
an isothermal combustion stage, goes back to the original cycle [Seiliger, 1922] and
was improved by [Stapersma, 2009a]. However this thesis presents a new extension
of the Seiliger model to enable modelling of very late combustion even better, called
advanced Seiliger process. After introducing the definition of the basic and advanced
Seiliger process models a systematic investigation of the Seiliger parameters and their
effects on in-cylinder process is carried out. The most important part in this chapter is
how to fit the measured engine cycle to the Seiliger process. Several combinations of
equivalence criteria are used to make this transformation and set up the applicable
systems of equations for the Seiliger parameters. A Newton-Raphson iteration method
then is applied to find the solutions of these systems of equations. Finally in this
chapter the developed method is tested on an artificial engine, i.e. a Vibe driven single
zone cylinder process simulation and the relation of the resulting Seiliger parameters
with the original Vibe parameters is investigated.
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3.2 Theory of Advanced Seiliger Process

The Seiliger process was originally published by [Seiliger, 1922] (Figure 3.1) He used
five stages (1-2, 2-3, 3-4, 4-5 and 5-6) to describe the closed cylinder process and four
stages (6-7, 7-1, 1-0 and 0-1) to model blow down and gas exchange separately. Note
that the combustion is represented by 3 of the 5 stages of the overall in-cylinder
process: stage 2-3 (iso-volumetric combustion), 3-4 (isobaric combustion) and 4-5
(isothermal combustion). Nowadays the Seiliger cycle mostly used is restricted to two
combustion stages (the so called dual combustion cycle see a.o [Klein Woud, 2002]).
However [Stapersma, 2002a], refer to (Figure 3.2), returned to the original 3-stage
combustion to define the basic Seiliger process, in order to be able to represent the
main features of diesel engine combustion, i.e. pre-mix, diffusive and late combustion.
In addition the compression and expansion stages 1-2 and 5-6 — which normally
(following original Seiliger) are taken adiabatic — were both changed into polytropic
processes in [Stapersma, 2009a]. This allows for some heat loss from the working
medium to the wall during compression and expansion, resulting in lower work
during these stages. Also note that both Seiliger and Stapersma allow the point where
compression starts and expansion ends to be at a different volume, to be able to model
earlier opening of the exhaust valve and later closing of inlet valve. The gas exchange
— that takes place in the stages 6-7, 7-1, 1-0 and 0-1 in the original [Seiliger, 1922]
version — was replaced in [Schulten, 2003] by a model using a mean value approach
as developed in [Stapersma, 2002b].

>
y 5 r
5 3 i
]
2z
é Z 6
g 7 7
J 7 7 '
. i [
[/ v 0

Figure 3.1 Original Seiliger process definition [Seiliger, 1922]
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Nevertheless when very late combustion is present there could be net heat input during
stage 5-6. Therefore in the advanced Seiliger process model, as defined in this thesis,
the polytropic (expansion) stage 5-6 now represents both heat loss and heat input from
combustion.

3.2.1 Definition of basic and advanced Seiliger process of closed
cycle

Figure 3.2 shows the six-point basic and advanced Seiliger process model. The
station points between these stages are designated 1 to 6 for the basic Seiliger process
based on [Stapersma, 2002a] and 1 to 6’ for the advanced Seiliger process. The stages
can be described as follows:

1-2: polytropic compression, indicating net heat loss;
2-3: isovolumetric combustion;

3-4: isobaric combustion and expansion;

4-5: isothermal combustion and expansion;

5-6: polytropic expansion indicating net heat loss, used when there is no combustion
in this stage;

5-6’: polytropic expansion indicating the net heat input caused by combustion.

p T

(a) p-V diagram (b) T-¢ diagram
Figure 3.2 six-point Seiliger process definition

Cycle 1-6 is the basic Seiliger process and point 6 is the polytropic process terminal
point due to heat loss during expansion, and, in this case, the state parameters are

based on point 6 (only heat loss).
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Cycle 1-6’ is the advanced Seiliger process and assumes there is combustion during
stage 5-6, the state parameters after expansion are based on point 6’ which is the
outcome of net heat input during expansion. The only difference between cycle 1-6
and cycle 1-6’ (i.e. basic Seiliger process and advanced Seiliger process) is whether
there is combustion in the last stage, which can be introduced by selecting the
appropriate value of the exponent (7..,). Note that if the heat loss to the walls in stage
5-6" needs to be determined in the advanced Seiliger process, it can be modelled
either by comparison with the basic Seiliger process (by choosing another n,,), or
using the same method to determine the heat loss to the wall directly as used in the
other combustion stages (using e.g. a Woschni heat loss model).

The basic and advanced Seiliger process can be described by a finite number of
parameters, that — together with the initial condition (trapped condition) and the
properties of the working medium — fully specify the process.

Table 3.1 Seiliger process definition and parameters

i
Stel lger Seiliger definition Parameter definition Seiliger parameters
stage
pz Neom) K
1-2 —=n" o -l Te s Meom
P V2 ’
v,
2.3 -2 =1 b a a
|4 b,
Py Vi
3.4 4 1 —+=b b
b; £
T, Vs
4.5 5 —=c c
T, Z
Ps _ ny V.
56(56) 0 y " T, Mexp

Table 3.1 gives the definition of the Seiligers stages as well as the definition of the
Seiliger parameters for the different stages. Among these parameters a, b, ¢ are the
‘shape’ parameters for the net combustion heat, 7., models the heat loss during

compression. The parameter n.,, models the net heat input in the advanced Seiliger
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process but the same parameter is used to model the heat loss during expansion in the

basic Seiliger process, like 71¢om, in stage 1-2.

The other two parameters r. and r, can be determined by the geometrical volumes
(equation [3.1] and [3.2]). Since V; is fixed by the inlet valve timing, r. is fixed by
ratio of V; and V (V; = Vypc in the definition of the Seiliger process). The same holds
for r, which is fixed by V7, determined by the exhaust valve timing, and the product
of b, ¢ and r;s. The parameter r,4 is defined in equation [3.2] as the ratio of V; and V
(equation [3.3]). These volumes are assumed to be geometrically fixed (equation [3.4]
— [3.6]) in [Stapersma 2009a].

/ [3.1]
r =— .
e
Vv b
pots Bbe o [3.2]
Vs Vs
v,
r, =— 33
s>y [3.3]
V] = V]C [34]
V2 = Vipe [3.5]
Vg = VEO [36]
With VIC: V(O!]),
Vio =V (ap),
Vipe =V (180°),
[27] :IO,
(271 =FEO.

Then the Vj¢, Vgo and Vrpe can be calculated using the volumetric relation as given in

equation [2.2]:

V(a) =A4,-L- L+l (1+cosa)+L(1—«/1—/léR ‘sinza) Ref [2.2]
Tle-1 2 A
However, as valve opening and closing also influence the process, IO and EO might

be considered as indicative values only. To investigate late (or early) start of
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combustion in this thesis 7. is used as variable, by varying V,. Also Vs is made
variable by bringing in a new parameter AEO allowing variation of the duration of the
expansion. The effect of these two variations will be investigated in section 3.2.3.

3.2.2 Modeling the in-cylinder process with Seiliger model

The MAN 4L 20/27 engine is used to investigate the possibilities to approximate the
in-cylinder process with the Seiliger model. The general data of the engine are
presented in Table 2.2. The full load and maximum speed define the nominal point

used in the following simulation and analysis.
1) Determine the initial condition

The initial condition of the Seiliger process (point 1) is the trapped condition at inlet
valve close (IC). The pressure and temperature (p; and 7;) can be approximated by
the measured pressure and temperature in the inlet receiver. Trapped pressure p; in a
nominal operating point is approximately equal to pg:

p1 =pr=2.085 bar [3.7]

The trapped temperature 7 is assumed to be induction temperature (7;,,) that can be

calculated considering the heat pick up during the air intake:

T

ind

=T +é&p (T, —T)) [3.8]

The parameter ¢, and Tpy; are estimated using an experimental equation [Zinner,
1980] &y, = 1/6, metal temperature Tpy;, = 513 K and 7. = Tjr = 315.8 K (measured).
In the nominal operating point this gives:

T =315.8+%(513—315.8)

[3.9]
=348.7K
The volume at trapped condition is:
V, = Vi Ref [3.4]
The mass at trapped condition can be calculated using the gas law:
m =20 [3.10]

R -T

1 1
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2) First estimate of Seiliger parameters

The initial values for the Seiliger parameters are selected here based on modelling
and measurement experience and will serve as a base value for the systematic

investigation of Seiliger parameters.

The parameters defining the combustion ‘shape’ and heat loss during compression
and expansion for the combustion stages (for basic three and for advanced four) are
selected as follows:

Table 3.2 Selection of Seiliger parameters

Seiliger Basic Seiliger process with Advanced Seiliger process with
Parameter three combustion stages four combustion stages

a 1.4 1.4

B 1.4 1.4

C 2 1.5

Hexp 1.31 1.27

Heomp 1.36 1.36

Ve VilVipce VilVipe

AEO 0 0

The parameter a, b, nomp, 7. and AEO are selected the same in these two Seiliger
process. As stated before, 7., is different to indicate heat loss and net heat input in
basic and advance Seiliger process respectively. In order to distinguish these two
processes unambiguously, c¢ is set to be smaller (1.5 instead of 2.0) in the advanced
Seiliger process, which is reasonable because some heat input from stage 4-5’ is then
moved to stage 5-6’ to represent very late combustion.

When determining 7o, and ne,, the actual isentropic coefficient (y) should be
considered:

y=-—= [3.11]

Since y is the ratio of the two specific heats, that are both functions of temperature and
composition, y also is a function of temperature and composition, albeit weaker.
Therefore the mean value of y during compression and expansion is different for

different operating points and the compression exponent and expansion exponent

73



CHARACTERISING COMBUSTION IN DIESEL ENGINES

should be determined on the basis of isentropic coefficient y, for which a polytropic
factor is used.

The polytropic factor is derived in [Stapersma, 2011(e)] and reproduced in Appendix
V, for compression:

y—1

comp

[3.12]

npol,comp = 1
Only when 1oy <9, Hporcomp > 1, the polytropic compression process will give net heat
loss.

The polytropic factor for expansion is defined in a inversed way:

n_—1
= [3.13]

npol,arp }/ _ 1

Then in this case, when 71¢y, > 7, #p01exp > 1, the polytropic expansion process has a net
heat loss. However, when n., <y, 0 < 1, the polytropic expansion process has a
net heat input and the heat source must be included in the heat input originating from

combustion.
3) Determine the state parameters at the stations

After selecting the Seiliger parameters and the initial conditions, the state parameters
in the six station points can be calculated on the basis of the Seiliger definition and
the gas law. Two state parameters V" and p (or T for stage 4-5) of each stage can be
calculated according to Table 3.1 and finally T (or p for stage 4-5) can be calculated
using the gas law when mass m is determined. In the original Seiliger process model
the mass was assumed to be constant. However, the fuel injected into cylinder
increases the mass slightly, which will be taken into account in the Seiliger models
applied here. The fuel injected per cycle into a cylinder is divided into the three or
four combustion stages in the process i.e. stage 2-3, 3-4, 4-5 and, if applicable, 5-6.
The fuel mass of each part is calculated based on the ‘heat input ratio’. Generally for
stage i to j:

my=mp-q,, ~ and g, =—" [3.14]
Withi=1,2345andj=i+1.
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The mass of the Seiliger station point j can be calculated from the previous point i:
m; :mi-i-m’;. [3.15]

For i =1, g;, = 0, at least for combustion, so m, = m; and x, = x,. Introducing the
stoichiometric air/fuel ratio (), the air fraction in these points is:
—mb .
_mx,—my o

X, =t S 7 [3.16]

; "
m; +my
4) Determine the state parameters during the stages

Now the state parameters p, T, m and V of the six station points have been obtained,
but to make sure the Seiliger process model describes the closed cycle reliably, the
process between the two station points should be described correctly as well.

First an array of crank angles is set up for the closed cycle between /C and
(EO+AEO):

Orer = [oyc 0go+arol [3.17]

The associated volume array can be calculated based on equation [2.2]:

Vier = [Vic VEo+arol [3.18]

Then the corresponding volume of the six station points is retrieved in order to
determine the crank angle of these station points a; to og-.

A factor for the crank angle increase for each stage (f;) is introduced to set the number
of steps between two station points (e.g. if f;; is 0.01 there are 101 points for the stage
if). In addition, the increase of mass and composition uses the factor f'as well, which
means that the mass and composition are assumed to increase linearly with the crank
angle during a stage. The calculation of pressure and temperature for each stage
follows:

1) In stage 1-2 and 5-6, the pressure is calculated based on the polytropic process and
the temperature is then calculated on the basis of the gas law.

2) In stage 2-3 and 3-4, the pressure is calculated using factor f since crank angle or
pressure are constant in these two stages respectively and the temperature is obtained
according to the gas law.
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3) In stage 4-5, the temperature is calculated using factor f since temperature is

constant in this stage and the pressure is calculated with the gas law.
Table 3.3 illustrates the procedure of the state parameter calculation for each Seiliger
process stage. It must be noted that in Table 3.3, the vectors (e.g. Z; ,27; etc.) are

used to represent one state parameter between two station points, including the start,

Table 3.3 State parameter calculation procedure for the Seiliger process

Seiliger stage

1-2

2-3

a12:a1+E'(0[2_a1)
Vi =V(a)

m—u:m1 +E-(m2—m1)
x—u=x1+E-(x2—xl)

R—12=Rair .x—12+ng (l_x_lg)

—_ N Heomp
P = P (%Vl;).)

()7,

" (ma) x(Ra),

Ay =a2+f—23~(a3 -a,)
Vi =V (@)
m—B=m2+f—23-(m3—m2)

Xyy =X, + oy - (0 = X,)
Ry =R, x5+ ng “(1=x,)

Py :p2+f—23'(p3_p2)
()

() x(R),

Seiliger stage

3-4

4-5

a34=a3+?3;-(a4—a3)

Vi =V (@)
@:m3+7;-(m4—m3)
Xyy =X+ fo (X, —X,)

Ry =R, x+R, -(1-x,)
Pu=pi+ fu(p=p)
I o}

e x(Ra),

a45=a4+z;-(a5—a4)
Vis =V (a5)
E;:m4+7;-(m5—m4)
x—45:x4+f75-(x5—x4)
Rs=R, xs+R, (1-x)

Z§=T4+E'(P5—P4)

) <R ¢ (7o),

(7).
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Seiliger stage | 5-6

a—%=a5+E~(a6—a5)
Vi =V (as)
Wm:ms+g'(me_ms)
x—%=x5+E-(x6—x5)

R56 :Rair .g+ng (1_756)

PPN £ ey
Ps¢ = Ps (/@).)

o (F) A7),
) AR,

end and all intermediate points. The symbol (e.g.(p—u) ,(m—u) ) indicates that the

elements of the vector are pointwise calculated.

Entropy is a function of pressure, temperature and composition and it is calculated
using the ‘Properties Library’, as presented in Appendix II.

Figure 3.3 to Figure 3.8 show the pressure, temperature and entropy in cylinder in
different forms. Figure 3.3 and Figure 3.4 are crank angle dependent diagrams, from
which the definition of Seiliger process can clearly be seen. Figure 3.5 is a p-V
diagram with abscissa V/Vrpcinstead of volume. When the pressure and volume are
taken as the logarithm, the curves of the 5 stages will be straight lines, see Figure 3.6.
Note that here the polytropic exponents are constant, and the slopes of line 1-2, line
5-6 increase with increasing temperature according to Appendix V, and even if the
polytropic factors in equation [3.12]and [3.13] are constant, the lines become also
curved. The slopes of line 2-3, 3-4, 4-5 are 0, infinite, zero and unity respectively.
Figure 3.7 and Figure 3.8 show the entropy diagram, from which it is easy to grasp
the information of the heat input. In particular for stage 5’-6’ and 5-6, the net heat
input and heat loss can be seen separately in the 7-S diagram.
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Furthermore using the mean properties parameters of the gas, the work, heat input,

internal energy and enthalpy, etc. of each stage can be calculated. Therefore the cycle

performance of the engine is known.
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3.2.3 Systematic investigation of the influence of Seiliger
parameters on the in-cylinder process

The Seiliger process provides a simple way to model the closed cycle of a diesel
engine. However, Seiliger parameters need to be determined to describe the process
correctly. For a real diesel engine, the Seiliger parameters can be determined from

measurement by using equivalence criteria.

In this section, a systematic variation of the Seiliger combustion parameters is carried
out. Table 3.4 shows the values of the Seiliger parameters used in the investigation.
During the variations, only one parameter is changed at a time, while the others are
kept at their base value. Another approach would be to change many elementary
parameters at the same time while keeping constant other derived quantities — such as
maximum pressure or temperature, or even more complex derived quantities, such as
heat, work, air excess ratio. This type of analysis can be found in [Stapersma, 2003a].
However the purpose here is to get a clear picture of the elementary parameter

variations.

Since the processes 5-6 and 5-6° both represent a polytropic expansion and the only
difference is the exponent n,,, and 7., »;, the influence of these two parameters is the
same. Therefore only variations of the parameter n,,, are carried out in this section
(i.e. mey plays both net heat input and heat loss roles in the Seiliger process,
depending on the choosen value). Also the virtual process 5-6’ will not be plotted in
these figures to avoid ambiguity.

Table 3.4 The values of Seiliger parameters used in the investigation

Seiliger Parameter Base Value Range

a 1.4 1.0-2.0

b 1.4 1.0-2.0

c 2 1.0-35

Heomp 1.36 1.30-1.40

7e VilVipe 0.9-1.0x Vi/Vipc
AEO 0 -10 - 15*

Hexp 1.31 1.27-1.37

* A negative sign of AEO means the exhaust valve opens earlier and a positive sign

means the exhaust valve opens later.
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In Figure 3.9, the maximum pressure as well as the maximum temperature is rising
with increasing a. Obviously Seiliger parameter a has a great effect on p,,,, and 7,,.

When parameter b rises, the peak pressures in point 3 remains the same (Figure 3.10
(a) and (c)). The temperature however rises from point 3 onward and the maximum
temperature is considerably higher with increasing b (Figure 3.10 (d)). Another
difference between 7T, in Figure 3.9 (b) and Figure 3.10 (b) is that the 7,,,, occurs at
the same crank angle in Figure 3.9 (b) but is retarded when b increases in Figure 3.10

(b).

Parameter ¢ only has an impact on the last stage of the Seiliger process (Figure 3.11).
The pressure and temperature at £O increase with larger ¢ values. Remember that the
peo and Tgp are the prime input of the gas exchange model and ultimately determine
the turbine inlet temperature of the turbocharger.
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Figure 3.11 Influence of parameter c to in-cylinder process

The parameter n.,, plays a role in stage 5-6 and also determines the state parameters
at EO point. According to Figure 3.12, the process from point 1 to point 5 does not

change with varying n.,, but the change occurs from point 5 until point 6 (the EO
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point). With larger n.., values the pressure and temperature at EO decrease, see Figure
3.12 (a) — (e). In Figure 3.12 (f) the slope of the T-s curve in stage 5-6 indicates
whether the process is exothermic or endothermic. If parameter 7., is used to indicate
heat loss during polytropic expansion, the slope of the 7-s curve should be positive. If
there is combustion occurring during that stage and the net heat flow is positive, the
slope of the T-s curve should be negative.
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Figure 3.12 Influence of parameter 7., to in-cylinder process

As shown in Figure 3.13, when 7., increases, p, and 7, are both increasing. The
parameters p, and 75, i.e. the start condition of combustion, will affect all the stages of
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Seiliger process. It can also be noted that in Figure 3.13 (d) when 7., increases, the
polytropic compression process changes from heat input to heat loss. In a measured
engine the beginning of the compression will imply heat input (from the hot wall) but
as soon as the gas temperature rises above the cylinder wall temperature, this will
change to a heat loss to the wall. Since heat loss dominates, 7.,,, must be selected
such that stage 1-2 represents a heat loss process.
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Figure 3.13 Influence of parameter 7,,,,, to in-cylinder process

Parameter 7. is normally a constant in the Seiliger process, but it can be used to model
late (or early) start of combustion by varying ¥, (it can also be varied by choosing
different /C). Here one case where the start of combustion (SOC) is considered earlier
is investigated to see the effect of this parameter. Figure 3.14 show the influence of
parameter 7. on the in-cylinder process. Parameter 7, also has an effect on the SOC
condition (point 2) not only through p, and T, (Figure 3.14 (a) — (d)) but also V>
(Figure 3.14 (f)). The peak pressure and temperature both increase with larger r. value
but the relative increase of p,,,, is much larger than 7, (Figure 3.14 (a) — (f)). When
r. decreases from V;/Vrpc, the temperature after 7, first goes down and then rises up
to 75 along with an irregular change of 7-s during stage 2-3 (Figure 3.14 (h)). From

these figures it is concluded that . affects stage 5-6 only slightly because Vs is fixed
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Figure 3.14 Influence of parameter r. to in-cylinder process

84



Chapter 3 Parameters for Finite Stage Cylinder Process Model

by AEO = 0 and V5 increases with decreasing 7. resulting in a lower 7, but ps and T
both decrease.

Figure 3.15 shows the influence of Seiliger parameter AEO on the in-cylinder process.
AEO is used to virtually delay or advance the exhaust valve opening timing in order to
vary the duration of the expansion. It is obvious that from point 1 to point 5 there is no
change, as shown in Figure 3.15, and the curves are overlapping in stage 5-6 except for
the final part. Although AEO affects the in-cylinder process hardly, it has influence on
the work per cycle and will change T and pgo.
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Figure 3.15 Influence of parameter r, (AEO) to in-cylinder process

According to the parametric representation of the combustion in the Seiliger process,
parameter a can be loosely associated with the premix combustion while parameters b,
¢ and n,,, play the role of the diffusive and late combustion, in particular parameter
Neyp TEpresents the very late combustion.

There are some special cases of the advanced Seiliger process model. If n., indicates a
heat loss process, the advanced model becomes the basic six-point Seiliger process. If,

in addition, ¢ = 1, the basic Seiliger process becomes the ordinary 5-point dual Seiliger
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process. If a = 1 and ¢ = 1, the cycle will reduce to the ideal 4-point ‘Diesel’ process.
And ifa =1 and b = 1, the cycle will reduce to the ideal 4-point ‘Otto’ process.

Table 3.5 summarizes the Seiliger parameters for different numbers of finite
combustion stages. It is noted that the difference of basic and advanced Seiliger
process is whether there is combustion in stage 5-6, i.e. the parameter 7., indicates a
heat loss process or a net heat input process. It is obvious from Table 3.5 that in all the
advanced Seiliger process, n.y, is a combustion parameter to indicate a very late
combustion, and in the basic Seiliger process, 7.y, is not included in the combustion
parameters but only determines the heat loss during expansion. The numbers in the
bracket mean the total stages of the closed cycle. For the basic Seiliger process, the
difference between this number and the combustion stages is two, meaning two heat
loss processes (during compression and expansion respectively). For advanced Seiliger
process, the difference is only one.

(1) One combustion stage: only one parameter is used to describe the combustion. If
only b is used, the cycle is a ‘Diesel’ process; if only « is used, the cycle is an ‘Otto’
process. The other two cases — only combustion at constant temperature or combustion
only during expansion — are very unlikely to occur in a measured engine cycle.

(2) Two combustion stages: now there are six cases, three for the basic Seiliger process
and three for the advanced process. The case of using parameters a and b for the two
combustion stages is the standard ‘dual’ combustion cycle, as presented in [Klein
Woud, 2002] and [Moran, 2003].

(3) Three combustion stages: there is one case corresponding to the basic Seiliger
process, which is the Seiliger process as presented in [Stapersma, 2002a]. The other
three cases are based on the advanced Seiliger process.

(4) Four combustion stages: there is only one possibility, corresponding to the
advanced Seiliger process including four combustion stages.

When the Seiliger process is fitted to a measured engine cycle, the combustion stages
could be selected on the basis of engine type, engine running condition, etc. On the
other hand, the number of finite combustion stages (in fact the number of Seiliger
parameters) determine the number of features that can be made equal for the measured
cycle and the Seiliger model cycle, i.e. the equivalence criteria that will be introduced
in the next chapter.
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Table 3.5 Summary of finite combustion stages

Combustion . . .
¢ Basic Seiliger process Advanced Seiliger process
stages

a b c N,

! 3)* 3) 3) )

a, b a,c b, c a, ne b, n, c, N
2 4) 4) 4) (3) (3) (3)
a, b, c a, b, n, a, ¢, Ne b, c, n,
3 (5) @) @) (4)
a, b, c,n,
4
(5)

* the number in the bracket means total stages of in-cylinder process
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3.3 Fitting measured engine cycle with Seiliger
process

The Seiliger process provides an efficient and simple way to describe the engine closed
cycle. On the one hand the Seiliger process can be used to model the in-cylinder
process when the Seiliger parameters are known. On the other hand the Seiliger
process, or rather some Seiliger parameters can be used to fit the measured engine
cycle when equivalence criteria are established. Then the trend of the Seiliger
parameters as a function of the engine load and speed can be investigated and the
combustion process over the whole engine operating range can be characterized in

terms of the Seiliger parameters.

3.3.1 Determine equivalence criteria and suitable Seiliger
parameters

In order to fit the Seiliger process to the real diesel engine cycle, equivalence criteria
must to be selected first, as these are the objectives of the fit, and then their relation
with the Seiliger parameters must be established. Equivalence criteria relate the
Seiliger process to the measured engine parameters that are deemed important.
Therefore they should be selected to cover the engine performance as fully as possible.
Table 3.6 lists the equivalence criteria of the engine closed-cycle performance along
with their (subjective) significance level.

Table 3.6 Equivalence criterion

skoksksk
Pmax
*
Tmax
Q‘ skoksksk
mn
le' skksksk
skksk
Tro

Wi, Qi — Work and heat input are the main indicator of the engine output. Their ratio
is the efficiency of cycle, which is the most important parameter to evaluate the
engine performance. Therefore they are at the highest (the fourth) significance level.

Pmax — Maximum pressure represents the mechanical load of the engine. For example

in crankshaft, connecting rod and cylinder head strength calculation, p,,, is very
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important to determine the maximum stresses caused by the cylinder process.
Therefore it is at the fourth significance level as well.

Tro — Temperature at exhaust valve opens is the last point of in-cylinder process and
defines the starting point of gas exchange process, in particular the blow down
process. As such it determines for a large part the temperature of the gas that enters
the turbine, which has a strong impact on the performance of turbine. Therefore it is at
a relative high (the third) significance level. In addition, the pressure at EO point can
also be considered as a criterion. Since pgo and Tgo are both related by gas law and

mass is constant, only one of them is used as equivalence criterion.

T o — Maximum temperature represents the thermal load of the engine. However, it
occurs during such a short time that it hardly affects wall temperature but it may affect

emissions. It is put at the lowest significance level.

The maximum pressure is expressed according to the Seiliger process definition:

P =P w0 [3.19]
The maximum temperature can be expressed in equation [3.20] when the mass

addition is neglected (otherwise the gas law should be used to calculate the 7,,4y):

T, =T-r""" -ab [3.20]
The temperature at EO is expressed in equation [3.21], again the mass addition is
neglected. The parameter r,4 is a non-dimensional volume ratio defined in equation

[3.3]:

Il
~
oY N

i'_
1N}
=)
7~ N\
N
S
o
N
—
3

[3.21]

— Meomp -1 Nexp Nexp— Nexp =
=T, a-b*-c %

The specific net heat input for the three stages of combustion based on basic Seiliger

process is:
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iy =925 T G54 T s
=C,5 1 gt '(a _1) +¢,5 -1 '7"”cn(w_l a '(b _1) [3.22]

c

n,

+Cus Ty '(7_1)”’(,- " a-b-lInc
If there is combustion during last stage 5-6 (the advanced Seiliger process), the
specific net heat input is:
Qin =923 TG54 T 45 + s
=0T e '(a_1)+cv,34 -1 yera '(b_l)

c c

+¢,4s T (7 =1)-1""" -a-b-Inc [3.23]
exp

It is noted here that the net heat input in the Seiliger process (g;,) has no relation to
heat loss to the walls (refer to section 2.3). Therefore the correction of the Woschni
heat loss model (refer to section 2.3.3.5) is not necessary in the Seiliger fit models.
However, the equivalence criteria of the Seiliger fit are all taken directly from chapter
2, so in this chapter, the correction of the Woschni model is included, but in chapter 4

it is not considered anymore when analysing all the measurements.

The specific work of the closed cycle based on the Seiliger process definition is:

W, =Wy + Wy + Wy + Wy

=, T = (1=r" ey T3 (7 =1)- " wa(b=1)

comp

N 3.24
+Cv,45'Tl'(7/_1)”’cnwm” l'a'b~lnc [ ]

Y=l e I
+Cv,56.7-;.n 1.]/; .a.b. l_b -C .,/'26

exp
When expressing the equivalence criteria as functions of the Seiliger parameters
(equation [3.19] — [3.24]), some parameters can be assumed constant since their
influence is not significant or they do not change too much with engine running
condition (e.g. gas properties ¢,, y). Nevertheless in a time domain simulation
environment, the gas properties can be calculated based on the (mean) temperature in
the different Seiliger stages.
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Some parameters have a complex implication on the equivalence criteria and they
cannot be determined in a straightforward manner for varying engine running
conditions (i.e. a, b and ¢). Six Seiliger parameters, which have been introduced in the
last section, are listed in Table 3.7 along with a rating representing the significance

level of the corresponding parameter.

Table 3.7 Seiliger parameters

a AAAA
b AAAA
c AAAA
Reomp A

e A

Hexp AAA
AEO AA

Firstly, Seiliger parameters a, b and ¢ represent the main part of the combustion
process and thus are the most important (fourth significance level). The expansion
exponent 7., also indicates the combustion process of stage 5-6 but it only supplies a
small amount of very late combustion and in most cases only represents the heat loss
during expansion. So, it is set at the third significance level. The virtual shift of the
angle at which the exhaust opens, AEQ, is set at the second significance level due to
its effect only on work and hardly on the other equivalence criteria. Parameter ncom,
can be determined according to experience and does not vary much with engine
working condition. Parameter 7, is geometrically determined and would be constant
(although it has been considered to make . variable in order to simulate late start of
combustion). These two parameters are set at the lowest significance level.

3.3.2 Numerical method implementation and calculation
procedure

After selecting equivalence criteria and Seiliger parameters, a system of equations can
be determined on the basis of equation [3.19] — [3.24]. Since in most cases the system
of equations is non-linear, a numerical root finding method (i.e. Bisection method,
Secant method, Newton-Raphson method, etc.) needs to be used. When more
variables (Seiliger parameters) are chosen, the system of equivalence criteria becomes
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a multi-variable function and the Newton-Raphson method is a suitable way to find

the roots of the system of equations.

First the Newton-Raphson method applied for a single variable function is briefly
introduced. If the initial estimate of the root is x,, a tangent can be extended from the
point [x, , f(x,)]. The point where this tangent crosses the x-axis represents an
improved estimate of the root. The first derivative f”(x,) is equivalent to the slope of
the tangent and can be derived on the basis of a geometrical interpretation (Figure

3.16) and an iteration scheme is constructed:

f'(xn)_f(x”)_o [3.25]
xn _xn+1
Then
o f(x)
ST [3.26]

While | x,+; — x,+; | < tolerance, the x,+; can be considered to be the root of function

).

Slan)

— tan b

Figure 3.16 Graphical description of Newton-Raphson method [Otto, 2005]

Furthermore, the Newton-Raphson method can be used to acquire the solution for a
multi-variable function, f(x). If the zero was considered to occur at x = x*, where x*
is a vector, then the Taylor series for multi-variable function is applied. If x, is
assumed to be the current estimation of the functions and x,+; = X, + h, due to the

demand that f(x*) = 0, the Taylor series is acquired:
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£(0),_, . =F(x, +h)=f(x,)+ V] -h+ 0(|h|2 ) =0 [3.27]

If 0(|h|2) is assumed small enough to neglect, equation 3.26 becomes:

f(x,)=-VIf|_-h [3.28]

When —Vf| isreplaced by matrix A:

h=-A"f(x,) [3.29]
-
o, G
X Xy X, fl(xlaxzv"'xn)
% & . % Sl )
A=|ox ox, ox, | and f(x)=| 270 [3.30]
| Ox,  Ox, ox,

Finally the next estimate of X, is obtained and used as the initial value of the next

iteration and the iteration is terminated when the stop criteria are met.

The Newton-Raphson multi-variable root finding method is applied to find the
solution for the fitting of the (real) engine equivalence values by means of varying
Seiliger process parameters. The case with five equivalence criteria as functions of
five variables (Seiliger parameters) is taken as an example. The differences between
the calculated result from the equivalence criteria functions of the Seiliger process
and the measured engine cycle are the functions for which the zero has to be found:

fl(xl’x2’x3’x4’x5):qin_qin,th [3.31]
fz(xlaxzaxsaxwxs)zwi_Wi,zh [3.32]
f3(x1:xzax3ax4ax5):p2_pmax [3.33]
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ﬁt(xlﬂxzﬂx.’»’xwxs):]:l_Tmax [3.34]
fs(xl’x2>x3’x4’x5):TG_Tend [3.35]
The five functions are set to a column vector as func:
func:[ﬁ,ﬁ,ﬂ,ﬂ,ﬂ] [3.36]
A matrix PDE then is set to solve the derivatives:
o o]
0ox, Ox;
PDE=| : . : [3.37]
s 9
| Ox, 0x; |
Vect = -PDE\func [3.38]

Vect is the increment or decrement of the root that is obtained from the previous step:

x =x +Vect(i) i=12345 [3.39]

The partial derivatives of the elements in matrix PDE are obtained with numerical
analysis rather than with an analytical method. The latter is impossible because some
parameters in equivalence criteria functions (equation [3.19] — [3.24]) are
interdependent, e.g. in equation [3.24], ¢34 is determined by 73, T, and the air
fraction in stage 3-4, all of which are also influenced by parameters a and b.
Therefore a numerical method is used to avoid this problem.

Variable x; is changed one percent and then the partial derivatives are obtained relying
on the local linearity.

Ax,=0.0lx,  i=1,2,3,4,5 [3.40]
X, +Ax.,..)— flx.,..
o Ay )=/ {%) i=1,2,3,45  j=12345 [3.41]
ox; Ax,
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3.3.3 Fit versions with three Seiliger parameters

Among the equivalence criteria and Seiliger parameters, a number of equivalence
criteria can be selected and then a choice of appropriate Seiliger parameters is made, or
vice versa, refer to table 3.28 for an overview. Note that the number of them must be
equal in order to solve the system of equations. First the simplest version — three
Seiliger parameters — is introduced. In these fit versions, the three most significant
Seiliger parameters a, b and ¢ are set as variables and three equivalence criteria are
selected to derive the system of equations to find the solutions for the corresponding a,
b and c.

1) V3-1 (Equivalence criteria: py.xy Tuax and Q;,; Seiliger parameters: a, b and c)

In this version the equivalence criteria are p,u., Qi and T, to be fitted with Seiliger
parameters a, b and c. As to the other Seiliger parameters, n1comp, 7. and AEO (refer
Table 3.28), they are set to the base value presented in section 3.3.2 (also in Table
3.10). The expansion exponent 7., is set to be constant and the 7./, in equation
[3.13] is used to restrict the value of ., to indicate heat loss process, i.e. there is no
combustion in stage 5-6, so it is the basic Seiliger process.

In this fit version V3-1 the indicated work J7; is not an equivalence criterion resulting
in a cycle efficiency of the Seiliger process that is not necessarily equal to the
measured engine cycle. The system of equations between equivalence criteria and
Seiliger parameters of ¥'3-1 on the basis of the advanced Seiliger process definition are

as follows:

P = P17 -a=[M, -] [3.42]
T, =T-r'"".qab= [3.43]

Qi = s + 05y + s
=c T .,ﬂc"mmfl '(“‘1)+Cv T, .7.,2%”*1 -a-(b—l)
+e, T -(y=1)-r""a-b-In(c)
=M, -(a—a-b-In(Q))+ M, y-(a-b—a+a-b-In(c) - M,|

[3.44]

In equation [3.42] — [3.44], the constants (M;, M, and Mj3) can be obtained from the

constant Seiliger parameters #comp, 7o, AEO, hey, and the gas properties. This set of
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three equations is relative simple to solve using the elimination method. However the
universal Newton-Raphson method is applied to find the roots of the equations and the
numerical calculation converges as expected. In this version, 7., and n.,, are both set
to be constant and the limiting of the values is based on #,0.comp and #7,07.xp respectively.
If #poicomp and 7po1exp are both larger than unity, the 7., and n,., can be accepted.
Otherwise the exponents are adjusted until these demands are met.

The stop criteria of the iteration in the Newton-Raphson method are:

|l73 - pmax | S 1bar> |T4 - Tmax | S 1K, |Qin,Seiliger - Qin,measured| S 10 J [345]

The three measured engine operating points defined in Section 2.3.3 are also used to
investigate the Seiliger fit version. These points were: (A) the nominal point: 1000 rpm,
100% power; (B) a point along the generator curve: 1000 rpm, 25% power; (C) a point
along the propeller curve: 800 rpm, 50% power. Table 3.8 lists the values of

equivalence criteria from smoothed measurement.

Table 3.8 The equivalence criteria of smoothed measurement

Dmax Tonax Oin 4 Tko
point (A) 93.19bar |1513.58 K |21.52k]J 10.01 kJ 1119.60 K
point (B) 61.73 bar |1340.10K |5.71kJ 3.05kJ 673.47 K
point (C) 82.19bar |1641.24 K |14.23k]J 7.16 k] 1058.18 K

Table 3.9 lists the y value of Seiliger fit version V3-1 together with the selected
polytropic exponents and resulting polytropic factors.

Table 3.9 Selection of polytropic exponents of the three operation points

Yeomp Reomp Npol.comp | Vexp Rexp Npol.exp
point (A) | 1.368 1.360 1.022 1.294 1.31 1.054
point (B) | 1.370 1.360 1.028 1.329 1.33 1.003
point (C) | 1.370 1.360 1.028 1.300 1.31 1.033

In Table 3.10 and Table 3.11, the results of the Seiliger parameters after fitting to the
measured cycle are illustrated together with the error analysis of the equivalence
criteria used in this version and the absolute and relative difference of unused
equivalence criteria. Table 3.11 summarizes the heat input ratio of different Seiliger
stages of V3-1. Figure 3.17 — Figure 3.19 show the comparison of the V3-1 fit results
with the raw and the smoothed measurements. For the three operating points, the
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indicated work W; of point (A) and (C) are both about 3.6% larger than measured but
point (B) is about 2.0% smaller. Tx¢ of the Seiliger fit is around 4.5% — 6.5% smaller
than measured for all three points.

Table 3.10 Results of Seiliger fit version V3-1

Seiliger Parameter Value EC* ERelative Difference” .
rror (%) Absolute  Relative
Heomp ~ 1.36
Constant 7. 13.1073
AEO 0
a 1.3129 Pmax 0
Variable b 13362 |Tpee  4.831%107
(A) c 2.6250 | O 8.465%107
Constant 7.y, 1.31 W, 363.213]  3.63%
Tro -52428 K -4.68%
a 1.5281 Pmax 0
Variable b 1.0444  |Tppe  9.791%107
(B) c 1.1408 | Qs 4.012%10™
Constant 7.y, 1.33 W; -63.571)  -2.09%
Tro -40.692 K -6.04%
a 1.7842 Pmax 0
Variable b 1.1088 Tax 3.838%107
© c 1.9272 Oin 6.958%107
Constant 7.y, 1.31 W, 257.6241  3.60%
Tro -65.759 K -6.21%

* EC here means Equivalence Criteria

& the difference is the equivalence criteria of Seiliger fit minus smoothed measurement

Table 3.11 Heat input ratio of V3-1

Q23,rat1'o Q34, ratio Q45, ratio
point (A) 0.2080 0.4076 0.3844
point (B) 0.7639 0.1343 0.1019
point (C) 0.5300 0.1813 0.2887
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V3-1 is a simple fit version as a, b and ¢ can also be directly calculated by equation
[3.42] — [3.44] respectively. This is one of the reasons why most earlier research of

Seiliger parameters in the mean value diesel engine model was based on V3-1.

The main drawback of this version is that the cycle efficiency is not consistent with the
measured cycle. However due to the simple calculation with no need of iteration it
provides an efficient way to investigate the effect of Seiliger parameters.

2) V3-2 (Equivalence criteria: py. Qi and W;; Seiliger parameters: a, b and c)

In this version the equivalence criteria are the most significant three: p,,.., O and W,,
along with Seiliger parameters a, b and ¢ (refer Table 3.28). The other Seiliger
parameters are selected to be the same as in ¥3-1. Due to the inclusion of indicated
work W; in this version the theoretical engine efficiency is now equal to that of the
measured engine. The system of equations between equivalence criteria and Seiliger
parameters of }'3-2 according to Seiliger process definition can be expressed based on
equation [3.19], [3.22] and [3.24].

The first two equations are the same as V3-1 and the third one on w; is more

complicated, in fact the system cannot be solved explicitly anymore. The

Newton-Raphson method is applied to find the roots of the equations and the
numerical calculation is converging. The stop criteria for the iteration are:
[P3 = Pmax | < 1 bar, |Qiseitiger — Qinmeasured < 10T

and | W, seitiger — Wimeasured| < 10 ] [3.46]

The fit results and error analysis are shown in Table 3.12, Table 3.13 and Figure 3.20
— Figure 3.22. The parameter « is the same as for V3-1 because a is the only variable
influencing p,.... Because in the equivalence criteria T, is replaced by W, the
parameter b of all the three points is smaller than in V3-1. In point (B) the value of b
is smaller than unity, which would indicate that during stage 3-4, the heat input of the
(combustion) process is changing into a heat loss (Figure 3.21(d)). This is of course
impossible but the numerical method finds this solution anyway, albeit that it is
outside the initially allowed range of the roots. The ‘unrealistic’ b is accepted in this
fit version but in the V4 Seiliger fit version this issue will be considered in more detail
and a way will be presented to avoid these ‘unrealistic’ b values. The constant
parameter 7, of point (B), initially was set to be 1.34 instead of 1.33 (i.e. the heat
loss during stage 5-6 is -278.30 J instead of -25.06 J), but in that case the iteration is
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not converging. This is caused by the sensitivity of the equivalence criterion W; for

Hexp.

The unused equivalence criteria Txp and T, are also presented in Table 3.12. The
Tro for all three operating points is approximately 2% — 4% lower than measured. The
Tpax of the three points is around 5% — 10% lower than the smoothed data.
Nevertheless in the Seiliger process 7). is maintained for a longer time than in the
real case, where it occurs only during a very short time. Therefore, it is reasonable to
regard T, in Seiliger process as the mean value of the temperature in the real cycle
during the period corresponding to Seiliger stage 3-4, and a lower value is acceptable.

Table 3.12 Results of Seiliger fit version V3-2

i Difference®
Seiliger Parameter Value EC* Relative

Error (%) Absolute Relative
Reomp  1.36
Constant 7. 13.1073
AEO 0
a 13129 | poar 0
Variable b 12598 | W, 2.270%10
(A) c 3.5710 | O 1.954*%107
Constant 7y, 1.31 Tro -29439K  -2.63%
Tpax 82.192K  -5.43%
a 1.5281 DPumax 0
Variable b 0.9725 W, 0.1733
(B) ¢ 1.5521 | O 0.1698
Constant 7.y, 1.33 Tro -20.172 K  -3.00%
Tax -88.342K  -6.59%
a 1.7842 | poax 2.209*107
Variable b 1.0103 |, 1.471%107
(C) c 3.0848 | QO 2.091*%107
Constant 7.y, 1.31 Tro -36.577K  -3.46%
Tax -138293 K -8.43%

* EC here means Equivalence Criterion

& the difference is the equivalence criteria of Seiliger fit minus smoothed measurement
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In order to avoid the ‘unrealistic’ » < 1 in ¥'3-2 at part load, a new fit version V3-2-1

is introduced, which is derived from version V3-2. However, it is limited to two

equivalence criteria W; and Q;, and also only two Seiliger parameter a and c as

variables, together with » = 1. ¥3-2-1 is only applied in cases where b < 1, and

because this only occurs when the engine runs in part load p,,,, is eliminated from the

equivalence criteria. The numerical calculation is converging and the stop criteria are

the same as V3-2 except obviously for p,.,.

Table 3.14 Results of Seiliger fit version V3-2-1

Relative Difference®

- «
Seiliger Parameter Value EC Error (%) Absolute  Relaive
Heomp — 1.36
Constant e 13.1073
AEO 0
b 1
a 1.4926 |\W; 5.972%107
Variable ¢ 1.4913 | Oy 3.978%10
(B) Pmax -1.434 bar -2.32%
Constant ey, 1.33 Tro -20.169 K -3.00%
Trax -83.339 K  -6.22%

* EC here means Equivalence Criterion

& the difference is the equivalence criteria of Seiliger fit minus smoothed measurement
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Table 3.15 Heat input ratio of V3-2-1
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Table 3.14, Table 3.15 and Figure 3.23 illustrate the fit result of V'3-2-1 for point (B).
Compared with the results of FV3-2, parameter a and ¢ are both smaller since b

7.8

increased from 0.9725 to 1, resulting in an increase of the heat input during stage 3-4

and — since Q;, is still an equivalence criterion — the heat input during 2-3 and 4-5 must

decrease. The unused equivalence criterion Tz does not change because 7., (which

has the strongest effect on Typ) remains the same. Along with the decrease of

parameter a, also p,,, is decreasing and about 2.32% lower than measured. T, is
higher than in ¥3-2 but still about 6.22% lower than measured.
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Summarising, ¥’3-2 uses the most significant equivalence criteria and most significant
parameters to fit the Seiliger process to the measured cycle. Among others, the engine
efficiency found through the Seiliger process now is consistent with measurements,
which is the often the most important requirement to be considered. However during
fitting an unexpected error occurred where parameter » became smaller than unity at
some part load operating points. Therefore V3-2-1 was introduced to set b to 1 and
use only the equivalence criteria W; and Q,, to fit Seiliger parameters a and c.

3.3.4 Fit versions with four Seiliger parameters

In order to fit more equivalence criteria of a measured engine cycle with a Seiliger
process, Seiliger fit versions with four variable parameters are introduced, with which
there are many combinations of Seiliger parameters to fit the equivalence criteria, refer
to table 3.28 for an overview. However, it was found that in some cases the system of
equations on the basis of the equivalence criteria did not converge when using the
Newton-Raphson method, suggesting that there may be no roots. The four Seiliger
parameters fit versions V4-1 to V4-4, which are based on the basic Seiliger process
definition (i.e. there are three combustions phases, stage 2-3, stage 3-4 and stage 4-5),
are sorted by commonality of the equivalence criteria. The other two versions V4-5
and V4-6, which are based on the advanced Seiliger process (i.e. there are four
combustions phases, stage 2-3, stage 3-4, stage 4-5 and stage 5-6), are presented in
another section. The equivalence criteria, p,., QO and W; are in all V4 versions,
combined with either Tgp or T, As to the Seiliger parameters, the combustion shape
parameters a, b and ¢ are selected in all V4 versions, combined with AEO or n,, where
the latter can either indicate heat loss (V4-3 and V4-4) or combustion (V4-5 and
V4-6).

Since ncomp and 7, are parameters of stage 1-2, they affect all the following stages
(presented in section 3.2.3, see Figure 3.13 and Figure 3.14), which makes the fit
function sensitive and the numerical solution of the system of equations will easily
diverge. Also they can only vary in a relative narrow range. Therefore these two
parameters are not considered to be variables of choice in the V4 versions.
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1) V4-1 and V4-3 (Equivalence criteria: p,., Wi, Qi and Tgp)

The equivalence criteria are p,.., Qi and W; and Tgp in the versions V4-1 and V4-3
and the Seiliger parameters to fulfil these objectives are selected to be (Table 3.28):

V4-1—a, b, c and AEO;
V4-3 — a, b, c and ney, (nex, modelling heat loss during 5-6).

The equations of equivalence criteria p,,,, and Q;, of the two versions are the same as
in V3-1 and V3-2 (based on equation [3.19] and [3.22]). The other two equations
(based on equation [3.21] and [3.24]) of equivalence criteria W; and Tgo are the same
but with different variables (Seiliger parameters).

Again it is impossible to solve the system of equations directly. Therefore the
Newton-Raphson numerical method is used again to solve the system of equations.
During iteration, the system of equations for V4-3 is converging but for V4-1 it is not
converging. The stop criteria for the iteration are:

|P3 — Pmax | <1 bar, |Qin,Seiliger - Qin,measured| =< 10 J: |I/Vi,Seiliger - I/Vi,measuredl =< 10J
and [Ts — Tow | < 1 K [3.47]

The fit results and analysis of V'4-3 is shown in Table 3.16, Table 3.17 and Figure 3.24
— Figure 3.26. Parameter « is the same as in the '3 versions. Compared to V3-1, where
Tmae Was explicitly used as an equivalence criterion, parameter b in V4-3 is smaller,
which results in 7,,,, being considerably lower than measured. Especially in operating
point (B), b is smaller than 1 and even smaller than it was in ¥3-2. As to the other
fitting parameters 7., it can be concluded from the fitting result of the three points that
Neyp < 7, Which means the expansion process is an exothermic process rather than
endothermic process. However for this case stage 5-6 is assumed to be a heat loss and
consequently the heat Oss is not included in the total heat input originating from
combustion. The percentage Oss of O, (and thus the error in heat input) is 1.068%,
2.885% and 1.395% for the three operation points respectively.

The unused equivalence criterion 7, is lower than measured for the three operating
points and for point (B) and (C), the relative difference is more than 10%.
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Table 3.16 Results of Seiliger fit version V4-3

Relative Difference®

Seiliger Parameter Value EC* o
Error (%) Absolute Relative
Reomp  1.36
Constant 7. 13.1073
AEO 0
a 13129 |pmar 0
. 1.2473 W, 3.001*107
Variable 2
(A) c 3.7657 | O 2.694*10
Nep — 1.2827 | Tro 2.086%107
T 95585K  -6.32%
a 1.5281 | par 0
, 0.9204 | W, 0.1251
Variable
(B) c 1.9962 |0, 0.1347
Nep 13197 | Tro 4.363%107
T -152.650 K -11.39%
a 1.7842 | poax 0
. 0.9910 | W, 1.649%107
Variable 2
(C) c 3.4150 | O 4.067*10
Nep — 1.2857 | Tro 1.240%107
T -165.568 K -10.09%

* EC here means Equivalence Criterion

& the difference is the equivalence criteria of Seiliger fit minus smoothed measurement

Table 3.17 Heat input ratio of V4-3

O23,ratio O34,ratio Ou5,ratio
point (A) 0.2080 0.2996 0.4924
point (B) 0.7640 -0.2294 0.4654
point (C) 0.5300 -0.0124 0.4825
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Like V3-2-1, a new fit version V4-3-1 is introduced, which is the derived version
from V4-3 using three equivalence criteria W;, O; and Tgo and three Seiliger
parameter a, ¢ and n., as variables together with b = 1. The Newton-Raphson
numerical method is used to solve the system and the stop criteria are the same as
V4-3 except that p,,,, is removed.

Table 3.18, Table 3.19 and Figure 3.27 — Figure 3.28 illustrate the fit results of V4-3-1
for point (B) and (C). Compared to the results of V4-3, parameter ¢ and ¢ are both
decreasing and n,,, does not change. Together with the decrease of parameter a, also
Pmax 18 decreasing and is 7.56% and 0.72% lower than for the measured engine cycle
for these two operating points respectively. The unused equivalence criterion 7,y 1s
higher than it was in V4-3 but still around 10% lower than it in the measured engine

cycle.
Table 3.18 Results of Seiliger fit version V4-3-1
. . &
Seiliger Parameter Value EC* ERI?:.?:;‘E?,A) ) Difference
Absolute  Relative
Reomp  1.36
Constant e 13.1073
b 1
AEO 0
a 1.4125 | W, 5.133*%107
¢ 1.8159 | Oy 5.673%10
(B) |Variable n., 13195 [Tk 6.261%107
Pmax -4.669 bar  -7.56%
Tona -148.635 K -11.09%
a 1.7714 | W, 4.946*107
¢ 33630 | O 6.079%10
(C) |Variable n,, 12858 |Two 2.875%107
Pmax -0.590 bar -0.72%
Ta -163.110 K -9.94%

* EC here means Equivalence Criterion

& the difference is the equivalence criteria of Seiliger fit minus smoothed measurement
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Table 3.19 Heat input ratio of V4-3-1
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Figure 3.28 Comparison of Seiliger fit (V4-3-1) with raw and smooth measurement
(point (C))

V4-1 and V4-3 use as the equivalence criteria py., W, QO (having the highest
significance), in conjunction with Tgo. The shortcoming of these two versions is that
when Tgo is selected as an equivalence criterion rather than 7, the system of
equations becomes more complicated, and the iteration to find a solution with the
Newton-Raphson method is likely to diverge (V4-1 is one example). In Appendix VI,
the investigation of diverging in Newton-Raphson numerical method is carried out.
Although the iteration calculation of V4-3 is converging, the fit result of #,,, is not in
accordance with the definition of the basic Seiliger process (QOss should be negative
instead of positive from the fitting).
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2) V4-2 and V4-4 (Equivalence criteria: p,.o Wi, Qi and T,,,)

The equivalence criteria in the V4-2 and V4-4 versions are p,,,, Qi and W; again but
now in conjunction with 7y, and the following Seiliger parameters are selected (refer
Table 3.28):

V4-2 —a, b, c and AEO;
V4-4 — a, b, c and n., (intended to express a heat loss during 5-6)..

The equations of the equivalence criteria p, Tmex and Q;, of these two versions
(based on equation [3.19], [3.20] and [3.22]) are the same as in F3-1. The other
equations (based on equation [3.24]) of equivalence criterion W; are the same but with
different variables.

Again it is impossible to solve the system of equations directly. The numerical
iteration for the two versions are both converging. The stop criteria of the iteration are:

LD3 — Pmax | = 1 bar: |Qin,Seiliger - Qin,measured's 10 Ja |VVi,Seiliger - i,measured| = 10J
and |Ty — Tpee | < 1K [3.48]

Table 3.20, Table 3.21 and Figure 3.29 — Figure 3.31 illustrate the fit results of V4-2.
The Seiliger parameters a, b and ¢ are the same as in ¥3-1 because piux, Tnar and Oy,
are based on the same functions and the same variables. Parameter AEO is calculated
based on the work W;(equation [3.24]). The result of AEO for operating point (A) and
(C) are both negative (i.e. making the exhaust valve virtually open earlier) but for
operating point (B) is positive (i.e. making the exhaust valve virtually open later).

The unused equivalence criterion 7o is 2% — 7% smaller for the three operating points
than for the measured engine cycle.

Table 3.20 Heat input ratio of V4-2

Q23 ratio Q3 4, ratio Q45, ratio
point (A) 0.2080 0.4085 0.3836
point (B) 0.7639 0.1342 0.1020
point (C) 0.5300 0.1813 0.2887
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Table 3.21 Results of Seiliger fit version V4-2

i Difference®
Seiliger Parameter Value EC* ER:i?)t:‘Eg %)
°) Absolute Relative
Neomp — 1.36
Constant
7. 13.1073
a 1.3129 DPmax 0
, 13369 | W; 1.694%107
Variable P
(A) c 2.6184 Oin 1.278*10
AEO 71924 | Tpu 5.251%107
Constant 7.y, 1.31 Tro -32.651 K -2.92%
a 1.5281 DPmax 0
, b 1.0445 | W, 3.210%107
Variable P
(B) c 1.1409 Oin 2.643*10
AEO  4.0637 T 5.865*107
Constant 7y, 1.33 Tro -47.000 K -6.98%
a 1.7842 DPmax 0
, b 1.1090 | W, 3.971*107
Variable 2
© c 1.9270 Oin 3.506*10
AEO  -8.0139 | T, 1.727*10
Constant 7y, 1.31 Tro 44760 K -4.23%

* EC here means Equivalence Criterion

& the difference is the equivalence criteria of Seiliger fit minus smoothed measurement
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Figure 3.31 Comparison of Seiliger fit (V4-2) with raw and smooth measurement
(point (C))

Table 3.22, Table 3.23 and Figure 3.32 — Figure 3.34 illustrate the fit result for V4-4.
The Seiliger parameters a, b and ¢ are the same as in ¥3-1 and V4-4 due to the fact that
Pmaxs Tmax and Oy, are determined with the same functions. Parameter #.,, is calculated
based on the work W; (equation [3.24]). The value of n.,, (intended to express a heat
loss) for all the three points is larger than the isentropic coefficient (y), indicating a
heat loss process. The heat loss is relative high, especially for operating point (A) and
(C), see Figure 3.33 (d) and Figure 3.34(d).

The unused equivalence criterion Tgo for all three operating points is more than 10%
smaller than in the measured engine cycle. Compared to the unused equivalence
criterion Tro in V4-2, the relative difference is much larger in V4-4.

117



CHARACTERISING COMBUSTION IN DIESEL ENGINES

Table 3.22 Results of Seiliger fit version V4-4

Relative Difference®

Seiliger Parameter Value EC* o
Error (%) Absolute Relative
Reomp  1.36
Constant 7. 13.1073
AEO 0
a 13129 | ppar 0
. 1.3362 W, 4.246*107
Variable 3
(A) c 2.6249 |0y 2.894*10
Nep 13960 T — 2.208%107
Tro -150.988 K -13.49%
a 1.5281 | pax 0
. 1.0445 W, 6.903%107
Variable 2
(B) c 1.1409 | Oy, 2.643*10
Mep 13303 |Tpwe  5.865%107
Tro 26.896 K -3.99%
a 1.7842 | pmax 0
. 1.1090 W, 4.199%10
Variable 2
(C) c 1.9270 | Oy 3.506*10
ey — 1.3541 | T 1.727%107
Tro -134.066 K -12.67%

* EC here means Equivalence Criterion

& the difference is the equivalence criteria of Seiliger fit minus smoothed measurement

Table 3.23 Heat input ratio of V4-4

O23,ratio O34,ratio Ou5,ratio
point (A) 0.2080 0.4076 0.3844
point (B) 0.7639 0.1342 0.1020
point (C) 0.5300 0.1813 0.2887
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Figure 3.33 Comparison of Seiliger fit (V4-4) with raw and smooth measurement
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Since two parameters @ and b can be determined by two separate equations using
equivalence criteria py,; and T4y, V4-2 and V4-4 are both converging. In V4-2, the fit
result of AEO is negative in operating point (A) and (C). In V4-4 the n.,, is appropriate
and indicates heat loss during stage 5-6, albeit that the resulting heat loss looks

somewhat high.

3) V4-5 and V4-6 (Seiliger parameters: a, b, ¢ and n,.;,)

In Seiliger fit versions V4-1 — V4-4, it was assumed that there is no combustion in
stage 5-6, so only heat loss is expected to happen in stage 5-6. Therefore in the
equivalence criterion Q;,, the heat Qss is excluded. However, if there is very late
combustion, some heat could be released during stage 5-6. In order to describe the
heat input process, the advanced Seiliger process is defined to consist of four stages
of combustion: stage 2-3, stage 3-4, stage 4-5 and stage 5-6. Stage 5-6 uses a different
value for the polytropic exponent 7., such that it has heat input, which has been

explained in section 3.2.

Seiliger fit versions V4-5 and V4-6 are based on the advanced, but still six-point
Seiliger process. The Seiliger parameters are the same: a, b, ¢ and n,, and the
equivalence criteria are selected to be (refer Table 3.28):

V4-5 — Piaxs Wi, Oin and Tgo (same as V4-1 and V4-3);
V4-6 —pae, Wi, Oin and T, (same as V4-2 and V4-4).

Note that due to the four staged combustion in V4-5 and V4-6, one of the equivalence
criteria (;, is based on equation [3.23] instead of equation [3.22]. The system of
equations of V4-5 is based on equation [3.19], [3.21], [3.23] and [3.24], and V4-6 is
based on equation [3.19], [3.20], [3.23] and [3.24].

The system of equations for V4-6 is numerically converging but V4-5 does not

converge. The stop criteria for the iteration are:

V4-5: |P3 — Pmax | < 1 bar, |Qin,Seiliger - Qin,measured| < 10 Ja
and |VVi,Seiliger - VVi,measured| < 10 Js |T6 - Tend | < 1K [349]
V4-6: |.U3 — Pmax | < lbar, |Qin,Seiliger - Qin,measured|§ IOJ,

and |VVi,Seiliger - VVi,measured' < 10 Jn |T4 - Tmax | < 1K [350]
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Table 3.24 Results of Seiliger fit version V4-6

i Difference®
Seiliger Parameter Value EC* ER:iit:‘zg %)
°)  Absolute  Relative
Heomp 136
Constant 7. 13.1073
AEO 0
a 13129 | poax 0
, 13362 | W, 5.190%107
Variable 3
(A) c 13014 | Q. 2.114*10
Nep 11671 | T 5.715%10°
Tro 14546 K -1.30%
a 1.5281 | puax 0
, b 1.0445 | W, 2.377*107
Variable P
(B) c 1.0996 | O 2.016*10
Nep 13185 [T  6.077*107
Tro -17.851 K -2.65%
a 17842 | puax 0
, b 1.1088 |, 0.1049
Variable P
(©) c 1.2284 |0, 7.014*10
ey 12170 | T 8.475%10™
Tro -17.648 K -1.67%

* EC here means Equivalence Criterion

& the difference is the equivalence criteria of Seiliger fit minus smoothed measurement

Table 3.25 Heat input ratio of V4-6

053 ratio O34 ratio Oy ratio 056 ratio
point (A) 0.2080 0.4076 0.1042 0.2802
point (B) 0.7638 0.1343 0.0734 0.0285
point (C) 0.5300 0.1814 0.0917 0.1968
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Table 3.24 and Figure 3.35 — Figure 3.37 illustrate the fit results for F4-6. The Seiliger
parameters a and b are the same as in V3-1, V4-2 and V4-4. As for parameter ¢ and
Ney, for operating point (A) and (C): parameter ¢ is for both decreasing when
compared with the ¢ value in V4-1 — V4-4, and parameters 7., are much smaller than
the isentropic exponent meaning that there is much net heat input during stage 5-6.
Table 3.25 summarises the heat input ratios of the different Seiliger stages of V4-6.
Osé,rario OF operating point (A) and (C) are 28.0% and 19.7% and Qs 41, are only 10.4%
and 9.2% respectively. This means the heat input during late combustion shifts to a
much later phase and becomes ‘very late combustion’. For operating point (B), ¢ is
also very closed to unity and 7., is smaller than, but close to, the isentropic coefficient
(»). Ossraio Of operating point (B) is about 2.9% which indicates less very late
combustion when the engine is running at part load.

The unused equivalence criterion Tgo of the three operation points are all smaller than
in the measured engine cycle and the relative difference is small (less than 3% of the
three points).

V4-5 and V4-6 are the Seiliger process fit versions on the basis of the advanced
Seiliger process definition (four combustion stages in Seiliger process), in which there
is some heat input expected during stage 5-6. In terms of the fit results, V4-5 is not
converging which could be caused by the fact that, besides equation [3.19], the other
three equations all include three variables (b, ¢ and n.,) and the relationship among
them are complicated. V'4-6 is converging and the fit results are reasonable that for the
aged engine, there very late combustion in heavy load (operating point (A) and (C))
and less in part load (operating point (B)).

3.3.5 Fit versions with five Seiliger parameters

In this ultimate case the five important equivalence criteria p,.y, Qi and W;, Tgo and
Tmax are all selected and the Seiliger parameters to achieve these are chosen as a, b, c,
Neyy and AEQ. V5-1 is based on the basic Seiliger process, i.e. parameter #., for stage
5-6 is chosen such that heat loss is implied. V'5-2 is based on advanced Seiliger process,
i.e. parameter n.y, for stage 5-6 is chosen such that heat input is implied (refer Table
3.28 for an overview).
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The system of equations of ¥5-1 is based on equation [3.19] [3.22] and [3.24], and
V'5-2 is based on equation [3.19] — [3.21], [3.23] and [3.24].

The Newton-Raphson numerical method is used to solve the system of equations in the

SIMULINK environment. During iteration, the system of equations of V35-1 is

converging but for V'5-2 is not converging. The stop criteria of the iteration setting in

Newton-Raphson method are:
LD3 — Pmax | =< lbar, |Qin,Seiliger - Qin,measuredlf 10]: |VV1',Seiliger7 I/Vi,me(ztsureal| =< IOJ,

T — Tena | < 1K, [Ty = Tpar | < 1K [3.51]
Table 3.26 Results of Seiliger fit version V5-1
. : &
Seiliger Parameter Value EC* g:i?)t;‘zﬁ/o) Difference )
Absolute Relative
Constant Mooy 1.36
re 13.1073
a 13129 | poax 0
b 13362 | W, 2.467%10
(A) |Variable ¢ 2.6206 | O 8.676 *107
ey 12860  |Tpee — 4.972%107
AEO  -8.8408 |Txo 4.782%10
a 1.5281 | poax 0
b 1.0444 | W, 1.334%10
(B) |Variable ¢ 1.1412 |0y 2.539%10
Nep 13175 |Tpee  4.674%107
AEO  -49636 |Txo 1.521%10
A 1.7842 | poax 0
B 1.1086 | W; 3.846%10
(C) |Variable C 1.9291 |0y, 3.400%10
ey — 1.2878 | T 1.389%107
AEO  -112313 |Txo 1.212%10

* EC here means Equivalence Criterion

& the difference is the equivalence criteria of Seiliger fit minus smoothed measurement
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Table 3.27 Heat input ratio of V5-1

Q23,ratio Q34,mtio Q45,ratio
point (A) 0.2080 0.4083 0.3838
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Figure 3.40 Comparison of Seiliger fit (V'5-1) with raw and smooth measurement
(point (C))

Table 3.26, Table 3.27 and Figure 3.38 — Figure 3.40 illustrate the fit results for V5-1.
The Seiliger parameters a, and b are the same as in V3-1, V4-2, V4-4 and V4-6 .
Parameter 7., of the three points are all smaller than isentropic coefficient (y) meaning
that there is some heat input during stage 5-6 which should not be the case. Parameter
AEO of the three operating points are all smaller than 0, which means the exhaust
valve is virtually opened earlier than in reality.

3.3.6 Summary and comparison of Seiliger fit versions

Table 3.28 summarises all the Seiliger fit versions. The numbers of equivalence
criterion and Seiliger parameters must be equal to the number of equations (or
degrees of freedom). The number of combustion stages (refer Table 3.5) are not equal
to the equation number for some fit versions but cannot be larger than it. For example,
in fit version V3-1, the three Seiliger parameters (a, b, ¢) are all combustion shape
parameters, so the number of combustion stages is equal to number of equations; in fit
version F4-3, one of the Seiliger parameters 7., is not a combustion shape parameter
resulting in number of combustion stages smaller than the number of equations. The
latter can be compared with V4-6, although they use the same equivalence criteria and
the same Seiliger parameters as variables, due to different combustion stages, the
meaning of n., is different in these two version resulting in different equation used
for the calculation of ¢;, (equation [3.22] vs. [3.23]).

Since equation [3.20] is simpler than equation [3.21], it can be conclude that V4-1,
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V4-3 and V4-5 tend to be diverging than V4-2, V4-4 and V4-6 respectively. The cause
and results of diverging problem based on graphical solution for the algebraic
equations has been presented in Appendix VI. On the other hand, the Seiliger
parameters 7., and 7. could be used in these equivalence criterion equations as
variables but they appear in the equations [3.19] — [3.24] in many positions, therefore
these approaches also tend to be diverging. They are varied in a relative small range,

so in all the Seiliger fit versions, they are set to be constant.

Table 3.28 Summary of Seiliger fit versions

Fit ) L. Seiliger Nr of Combustion
. Equivalence criterion .

version parameter Equations stages
V3-1 Pmaxs Tmaxs Qin a,b,c 3 3
V3-2 Prmaxs Wi, Qin a,b, c 3 3

V3-2-1 Wi, O a,c 2 2
V4-1 Pmaxs Wi, Oins Tro a, b, c, AEO 4 3
V4-2 Pmaxs Wis Qins Trax a, b, ¢, AEO 4 3
V4-3 Pmaxs Wi, Oins Tro a, b, ¢, ney, 4 3

V4-3-1 Wiy Oin, Tro a, ¢, Nexp 3 2
V4-4 DPmaxs Wis Oins Tnax a, b, ¢, neyy 4 3
V4-5 Pmaxs Wi, Oins Tro a, b, ¢, ney, 4 4
V4-6 Pmaxs Wis Oins Tnax a, b, ¢, neyy 4 4
V5-1 DPmaxs Wis Qins Tnaxs Teo @, b, €, Hexp, AEO 5 3
V5-2 DPmaxs Wis Qins Tnaxs Teo @, b, €, Rexp, AEO 5 4

The Seiliger fit results of all the investigated fit versions for the three operating points
are listed in Table 3.30 —Table 3.32. The text in grey indicates an unexpected fit result.
Table 3.29 compares the advantages and disadvantages of the fit versions. In the last
column of Table 3.29 the (subjective) ratings of the fit versions are listed, A — good, B
— moderate, C — poor. V3-2-1, V4-4 and V4-6 are the favourites according to the
analysis in Table 3.29.

Table 3.29 Comparison of Seiliger fit versions results

Fit . Subjective
. Advantage Disadvantages .
version rating

V3.1 The simplest fit versionandequa- | The theoretical engine c
tions can be solved ina simple way. | efficiency in not fitted.
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Fit

version

Advantage

Disadvantages

Subjective
rating

V3-2

Also a simple fit version. The
most important three
equivalence criteria (pq, Wi
Q) are fitted

The fit value b is smaller than
unity in operating point (B).

V3-2-1

Not real a new version and
only used when b < 1 in
V3-2. bis setto 1. pyay 1S NO
longer an equivalence

criterion.

V4-1

not converging

N/A

V4-2

The fit results of AEO in
operating point (A) and (C)

are negative.

V4-3

1) The fit result of n,,,
wrongly indicates heat input
in all operating points;

2) The fit value b is smaller
than 1 in operating point (B)
and (C).

V4-3-1

Not real new version and
only used when b <1 in
V4-3. b is set to 1. The fit
results of n,y, wrongly
indicate heat input process in
all operating points.

V4-4

All the values of fit

parameters are reasonable.

The difference in unused
equivalence criterion Tgo
between fit and real cycle are
large for operating point (A)
and (C)

V4-5

Not converging

N/A
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Fit . Subjective
. Advantage Disadvantages .
version rating

On the basis of advanced

Seiliger process and
V4-6 ; i A
considers four combustion

stages.
The five important The fit results of AEO in

V5-1 |equivalence criteria are all in | operating point (A) and (C) B
this version. are negative.

Vs5-2 Not converging N/A
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Table 3.32 Summary of results of Seiliger fit versions of point (C)
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3.4 Comparison of Seiliger process with Vibe heat
release model

The Seiliger process model and the Vibe model both contain a set of parameters to
specify the combustion and cylinder process. In particular for the Seiliger process this
requires a clear definition of the equivalence criteria between real cylinder process and
the Seiliger model. Using the double Vibe model as the basis of the ‘in-cylinder
process model” — as presented in Chapter 2 — the in-cylinder pressure, temperature,
work, heat input, etc, can be obtained. The output can be used to determine the Seiliger
parameters on the basis of the Seiliger process fit versions. Here the simplest but
efficient fit version V3-1 and the fit version based on advanced Seiliger process V4-6
are used. In this way the relation between the two sets of parameters, i.e. the Seiliger
parameters and the Vibe parameters can be investigated, for full load and part load
operating conditions of the engine. The investigation based on V3-1 has been
published in [Ding, 2010].

Table 3.33 lists the base values and the range of the double Vibe parameters used in
the ‘in-cylinder process model’. According to the discussion in section 2.2.3, Vibe
parameter ¢ and mg can be constant, so in this section they are set to their respective
base value in all cases. Figure 3.41 shows the p-¢ and T-¢ diagram of the Seiliger
process fit, found with fit version V3-1 and based on a double Vibe model with the
base values from Table 3.33.

Table 3.33 The values of double Vibe parameters used in the comparison

Double Vibe Base Value Range
Parameter
m; 0.1 0.01-0.6
m; 3 1.0-7.0
b; 0.7 0.1-0.9
SOC 176 160 — 190
EOC 260 240 - 300
a 6.908
my; 1
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Figure 3.41 Comparison of Seiliger process and double Vibe model

3.4.1 Seiliger process model based on V3-1 fit version
1) Comparison of Vibe parameter m; and Seiliger parameters (V3-1)

The shape factor m; in a double Vibe model represents the premix combustion stage.
With larger values of m;, Seiliger parameter a becomes smaller (Figure 3.42 (a)) and
b larger (Figure 3.42(b)). A larger a value in the Seiliger process corresponds to a
larger heat release during premix combustion while for b a larger value corresponds to
less premix combustion. Also a decreasing parameter a obviously corresponds to a
decreasing peak pressure. The product a*b is proportional to the maximum (peak)
temperature, and is almost constant in this case (Figure 3.42(d)).

Although hardly visible, a*b and thus T, has a minimum for m;= 0.28, which can
be traced down to the fact that for that value the peak temperature caused by the
second Vibe function in the later part of the heat release (occurring at around 240° in
Figure 3.41(b)) becomes higher than the peak temperature caused by the first Vibe
function. The effect can also be seen as a slight change of slope of b at m;= 0.28 in
Figure 3.42(b). The Seiliger parameter ¢ increases first with increasing m,, to provide
more diffusive combustion (Figure 3.42(c)). However, parameter b also plays an
important role in diffusive combustion. The slight but noticeable change in slope of b
then causes ¢ to decrease rather abruptly.

The product of b*c is, in terms of the Seiliger process, equal to the duration of the

combustion, or rather the volume change during combustion. For values of m; higher
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than 0.28 the duration of combustion becomes almost constant. So the subtle shift
from premix to diffusive combustion caused by an increase of m; in terms of Vibe is

translated in an abruptly different combination of changes in b and ¢ in terms of
Seiliger.
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Figure 3.42 Seiliger parameters (V3-1) vs. variation of Vibe parameter m;
2) Comparison of Vibe parameter m; and Seiliger parameters (V3-1)

The parameter m; is set to a relative wide range of values and it is obvious that from
around m,= 4, the three Seiliger parameters remain constant. Before that point, a and
b both decrease steeply with increasing m; (Figure 3.43(a) and (b)), while parameter ¢
increases steeply (Figure 3.43(c)). Parameter ¢ corresponds to the intensity of the
diffusive combustion. The duration of the combustion b*¢ also increases up to m,= 4
and remains constant from then onward (Figure 3.43(d)). In the same figure the

maximum temperature, characterized by a*b, hardly changes.
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Weight factor b; indicates the percentage of premixed combustion. So Seiliger
parameter a increases with increasing b; (Figure 3.44(a)) and Seiliger parameter b
decreases with increasing b, (Figure 3.44(b)). But for ; > 0.64, parameter b remains
constant, while at that point ¢ changes abruptly from increasing to decreasing (Figure
3.44(c)). Also the combustion duration b*c becomes shorter, as can be seen in Figure
3.44(d). The cause again seems to be the hardly noticeable minimum of 7, as
expressed by the product a*b, Figure 3.44(d). Again it can be shown that at b; = 0.64
the peak temperature caused by the second Vibe function in the later part of the heat
release becomes higher then the peak temperature caused by the first Vibe function.

4) Comparison of Vibe parameter SOC and Seiliger parameters (V3-1)
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Figure 3.45 Seiliger parameters (V3-1) vs. variation of Vibe parameter SOC

The base value of start of combustion (SOC) is set to 176° (4° before TDC).
Parameter a decreases to almost unity when SOC is retarded (Figure 3.45(a)).
Parameter b again shows the opposite trend (Figure 3.45(b)). Thus an (very) early
start of combustion makes the pressure increase very sharp (large values of a while b
=1, i.e. ‘Otto like’) and late start of combustion gives a very low peak pressure (a =1
while b becomes larger, i.e. ‘Diesel like’). A later SOC not only decreases the peak
pressure but also reduces the maximum temperature as expressed by a*b in Figure
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3.45(d). Parameter c first increases but from SOC = 184°, it sharply decreases (Figure
3.45(c)). The explanation is the same as before, i.e. a change of order in the first and

second Vibe temperature peak, at SOC = 184°.

Although the shape of the Vibe heat release remains the same, it shifts to a later crank
angle segment and therefore finishes later. In the Seiliger representation (where
combustion starts at TDC by definition) this is reflected in a longer duration of the
combustion b*c, Figure 3.45(d).

5) Comparison of Vibe parameter EOC and Seiliger parameters (V3-1)

The duration of combustion (Aa..») s a parameter in Vibe function. However when
SOC and EOC are fixed, Ao.,mp 1s the difference between them. Therefore in this
thesis, EOC is used to investigate the duration of combustion. Since the length of
premixed combustion becomes longer when EOC increases, parameter a is decreasing
(Figure 3.46(a)) resulting in a lower peak pressure. EFOC has a minor impact on b
(Figure 3.46(b): b increased slightly from around 1.14 to 1.17). Enlarging combustion
duration time causes late combustion, so ¢ increases with rising EOC (Figure 3.46(c))
and thus the duration b*c also increases (Figure 3.46 (d)).
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Figure 3.46 Seiliger parameters (V3-1) vs. variation of Vibe parameter FOC
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In order to show what happens in cases where one of the Seiliger parameters (most
often parameter c¢) changes abruptly, the cylinder process for the transition point b; =
0.64 is shown in Figure 3.47. In particular the Figure 3.47(b) shows the second
temperature peak becoming as high as the first temperature peak and this causes, after
mapping to a Seiliger cycle, the parameter ¢ to abruptly change direction in Figure
3.44(c). Of course this cause by an extreme Vibe combustion shape that probably will

not occur in real engines, at least when the fuel injection is operating without failures.

110 1600
— ~ ~Profuel
Proad 1400+

1200 -

1000

800+

Pressure [bar]
Temperature [K]

600

400+

200

1 L L L 0 L L L L L
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Crank angle [deg] Crank angle [deg]

(a) p-¢ diagram (a) T-p diagram
Figure 3.47 Double Vibe driven cylinder process: basic values but b; = 0.64

3.4.2 Seiliger process model based on V'4-6 fit version

In this section, the Seiliger fit version used is the F4-6, which is based on the
advanced Seiliger process with four combustion stages. As discussed in section 3.3.6,
the a and b are the same as in the V3-1 version. Therefore only the comparison of
Vibe parameters and Seiliger parameters ¢, b*c and n., is investigated in this section,
and the comparison of a, b and a*b for each Vibe parameters can be found in section
3.4.1 and Figure 3.42 — Figure 3.46. In order to investigate whether the expansion
exponent 7., appropriately indicates the heat input to the process, the polytropic
factor 7.y, is shown in the figures below.

1) Comparison of Vibe parameter m; and Seiliger parameters (V4-6)

Figure 3.48 shows the comparison of Vibe parameter m; and Seiliger parameters ¢
and 7y, also b*c and #,y,. Compared with Figure 3.42(c), the trend of c fitted with
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V4-6 is the same as V3-1, also the point, where the second peak temperature becomes
the highest (m; = 0.28) is the same (Figure 3.48(a)). But for the same m,, ¢ is smaller
in V4-6, which means some heat input in stage 4-5 is moved to the stage 5-6. #eyp,
increases first, then at m; = 0.28 abruptly decreased caused by noticeable change of c.
Hexp follows the same trend as 7., with values that are smaller than unity indicating
the heat input during stage 5-6 (Figure 3.48(d)).

| I | cm—— b*c
| |
NI |
] e U iy
A AN |
4 N,
a IS, |
i ] i B R
[ ] | | N
S xo4 N
2507~ - v:2832 — - - - —% - - -4
| |
| | |
2 I I I
0 0.2 0.4 0.6 08

Nexp U

Figure 3.48 Seiliger parameters (V4-6) vs. variation of Vibe parameter m;
2) Comparison of Vibe parameter m; and Seiliger parameters (V4-6)

Since parameter m, indicates the diffusive and late combustion in the Vibe model,
when the Seiliger fit version V4-6 is used adding a very late combustion stage, the
parameter m; is sensitive to parameter ¢ and #..,. Therefore, ¢ and 7., change
remarkably with m,. Parameter ¢ increases in the beginning and at around m, = 2.8,
decreases rapidly, then at about m, = 5, the value goes below 1 indicating heat loss
during stage 4-5 (Figure 3.49 (a)). ., and 7., are both decreasing with rising m; so it
is proved that a large m, value results in more heat input occurring in very late
combustion stage.

It is mentioned that when the value m;, rises to about 5.5, the fit equations of V4-6
cannot find solutions for the Seiliger parameters. Since the other Vibe parameters are
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kept at the basic value, when m; rises to 5.5, only extreme engine running conditions,
which could not happen in the measured engine cycle, could lead to cases where no
Seiliger parameters can be fitted. Compared with F3-1, version V4-6 has more
variables to fit and more complicated equations, and therefore it cannot fit some
extreme running condition case like V3-1.
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Figure 3.49 Seiliger parameters (V4-6) vs. variation of Vibe parameter m,
3) Comparison of Vibe parameter b; and Seiliger parameters (V4-6)

Like m;, although the range of b, is set to be 0.1 — 0.9 (refer Table 3.33), only for b; =
0.55 the iteration is converging. With b, rising, parameter ¢ firstly increases and then
decreases at b; = 0.64 (Figure 3.50 (a)). This is the same effect, caused by the second
peak in temperature, as explained in Figure 3.47. When m; increases, ney, and #., are
increasing but from b; = 0.64 the curves become less steep (Figure 3.50 (c) and (d)).
Hexp finally almost arrives at unity when b, = 0.64, implying that stage 5-6 is almost
isentropic process if the diffusive combustion is very short.
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Figure 3.50 Seiliger parameters (V4-6) vs. variation of Vibe parameter b,

4) Comparison of Vibe parameter SOC and Seiliger parameters (V4-6)
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Figure 3.51 Seiliger parameters (V4-6) vs. variation of Vibe parameter SOC
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When the start of combustion is late, the parameters ¢ and 7., both first increase and
then start to decrease at about SOC = 184° (Figure 3.51 (a) and (c)), which is the same
point as in V3-1 (Figure 3.45 (c)). From Figure 3.45 (d), #x, is below unity for the
whole range of SOC meaning that in all cases during stage 5-6 there is net heat input.

5) Comparison of Vibe parameter EOC and Seiliger parameters (V4-6)

When EOC is increasing, the duration of combustion is extended. In Figure 3.52 (a),
when EOC increases, parameter ¢ increases a little for the first 10°, then decreases
slightly until EOC = 274°. Since the iteration stops converging at EOC = 276°, the last
two points of EOC seem out of range. But from about EOC = 272°, parameter ¢
becomes smaller than unity, meaning heat loss occurring in (combustion!) stage 4-5
instead of heat input. 7., decreases with larger FOC, and, also in the last two points of
the EOC variation, n., changes abruptly (Figure 3.52 (c)). 7.y, in the beginning is
larger than unity, indicating the heat loss during stage 5-6, but at about EOC = 247°, it
becomes smaller than unity.

EOC [degree] EOC [degree]

Figure 3.52 Seiliger parameters (V4-6) vs. variation of Vibe parameter EOC
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3.4.3 Summary

This section compares two manners to characterise the combustion process in a diesel
engine: the Seiliger process model and the Vibe model. They were compared to
investigate the influence of the double Vibe parameters on the Seiliger parameters.

The systematic research of the three (V3-I) and four (V4-6) Seiliger combustion
parameters leads to the conclusion that a wide variety of Vibe combustion shapes can
be mapped adequately to the three (or four) Seiliger combustion parameters. Even
when under extreme conditions the latent second temperature peak becomes the larger
one, the Seiliger parameters still react in a very sensitive way.

V4-6 Seiliger fit version presents more Seiliger parameters (four instead of three in
V3-1 fit version) to give more combustion stages. However, due to more complicated
equations of equivalence criteria, for some extreme engine running condition points,
the iteration is not converging. Nonetheless, the advanced Seiliger process, as
presented in this thesis, can also be used to characterise the combustion process at least
as good as the basic Seiliger process. Furthermore, a Seiliger process description can
achieve the same goal as a Vibe heat release model in characterizing the combustion of
diesel engines.
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4.1 Introduction

In Chapter 3, the fit of the real engine cycle with a Seiliger process was presented in
three representative operating points (nominal point, nominal speed and 25% power,
low speed and 50% power). The differences of the Seiliger parameters coming out of
several fit procedures for the three operating points were compared and their global
behaviour as function of power and speed could be seen. However, to fully
characterize the combustion process using a Seiliger model, the dependency of the
Seiliger parameters on the engine running conditions (e.g. power output, engine speed)
over the full operational range of the engine should be investigated. In this chapter,
the behaviour of the Seiliger parameters over the full operational range of the MAN
41.20/27 diesel engine for cylinder 1 is shown based on one extensive series of

measurements.
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4.2 Flow chart of the simulation procedure

First, the flow chart of the overall simulation procedure is shown in Figure 4.1. The
simulation procedure involves 5 main models: 1) heat release calculation model; 2)
Vibe combustion fit model; 3) in-cylinder process simulation model; 4) Seiliger fit
model and 5) Seiliger process model. The prime input of the procedure is the
measured in-cylinder pressure signals and the output is the Seiliger parameters. The
complete procedure will briefly be summarised here.

The ‘heat release calculation’ model (presented in Chapter 2) uses the measured data,
primarily the in cylinder pressure signals, to calculate the reaction rate according to
the ‘first law of thermodynamics’ and the temperature in cylinder based on the ‘gas
law’. The combustion reaction rate (CRR), which is in fact the output of the ‘heat
release calculation’” model, is integrated to get the monotonous increasing and
smoother reaction co-ordinate (RCO) and then the RCO may be corrected to fit the
gross heat input (section 2.3)". The ‘combustion fit model’ (section 2.4) makes use of
multiple Vibe functions. The multiple Vibe parameters fitted with the ‘combustion fit
model” are then the input of the ‘in-cylinder process simulation model’, where the
major in-cylinder parameters can be obtained (section 2.2). Then the Seiliger
parameters (presented in Chapter 3) are determined on the basis of a chosen
combination of equivalence criteria between Seiliger process and real engine. The
Seiliger parameters are calculated from the ‘Seiliger fit model’ (section 3.3). This
iteration method uses the equivalence parameters that are calculated by the ‘Seiliger
process model’ (section 3.2). Then finally the cylinder performance is expressed in
the Seiliger parameters. These parameters characterize the cylinder process and in
particular the combustion shape.

With the simulation procedure, the Seiliger parameters can be calculated for one
operational point. After obtaining the Seiliger parameters for all measured points over
the engine operational map, their trend as function of the engine operating condition
can be presented.

' As presented in section 3.3.1, the heat loss to the walls is not necessary for the Seiliger fit.
Therefore the correction of the Woschni model is not considered in this chapter.
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Figure 4.1 The flow chart of the overall simulation procedure
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4.3 The map of measured series

Four series of measurements were carried out with the MAN 4L.20/27 engine at the
NLDA test facility. Figure 4.2 — Figure 4.5 show the map of measured points in terms
of engine speed and indicated power for the four series.
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Figure 4.2 Map of measured points: Series [

In the measurement Series I, 29 engine operating points were measured (Figure 4.2).
The engine was running between 700 rpm and 1000 rpm and the measurement was
carried out with increments of 50 rpm. Three points were taken at engine speeds 700
rpm — 800 rpm and five points for engine speeds 850 rpm — 1000 rpm. The
measurement of the overall series was started at the lowest load point at the lowest
engine speed (700 rpm). In order to get the engine running points as much as possible
thermodynamically stable, the operating points at constant speeds were traversed
alternatively up and down, as indicated by the arrows.
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Figure 4.3 Map of measured points: Series 11

The measurement Series II was carried out in almost the same points as for Series 1
but with a different starting point and traversing direction (Figure 4.3). Some
measurement errors became apparent after calculation and analysis in the lowest load
point at an engine speed 900 rpm and this point is removed from the series.
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Figure 4.4 Map of Measured points: Series II1
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Series--4 Measuremed points 2010-01-18
(38 points) 2010-01-19
80 4
7436
70 A
67.11 66.79 |
4 (O Start measured
60 159.00 58.37 57.55 58.30 point
= 50 A a 51.24 5089 15215 | A Missing point
=
5 A :4 N 1442 g 43.58 44.26 B Error point
533 40 | 1.5
= 36.42 3369 A 36.83 3488 36.22
g 30
é 2776 42916 29.86 27 64 29.54
= 2231 22.92
20 [ oot 4 f B R f
14.04 14.87
" 137 41201 13.24
I [N > 4764
%3‘10 l 409 A A 6.08 5.69
0 . — . .
650 700 750 800 850 900 950 1000 1050

Engine Speed [rev/min]

Figure 4.5 Map of measured points: Series [V

Figure 4.4 and Figure 4.5 show the measured points map for Series III and Series IV.
It was the intention to take 56 measured points in both series but some unexpected
and unpredictable failures of the test set-up occurred during the measurement.
Therefore five intended point in Series III and sixteen intended points in Series IV are
missing. Also five measured points in Series III and two measured points in Series [V

gave no results because of errors that became apparent after calculation and analysis.

Among the four series measurement, Series I and II both were completed in one day.
Since there were more measured points planned in Series III and IV, they were
expected to be measured over two days. But for Series III, during the measurement
the torque meter broke down on the first day with the consequence that no effective
power could be measured. This is the reason why this series ultimately was carried
out in three days. Also some adjacent points were very close to each other, in
particular for engine speeds of 900 rpm and 1000 rpm. Although there are only 28
points measurements in Series II, they are all relatively reliable and evenly spaced.
Therefore the following illustration and explanation of results are on the basis of
Series II. The results of the other series are similar to this series and in due time they
will be presented in a full internal report for later reference.
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4.4 Result of Seiliger parameter a

Table 4.1 Summary of values of Seiliger parameters

a b c Heyp AEO
V3-1 Value 1 Value 1 Value 1 Value 1 Value 1
V3-2 Value 1 Value 2 Value 2 Value 1 Value 1
V3-2-1 Value 2 Value 3 Value 3 Value 1 Value 1
V4-1 Not converging
V4-2 Value 1 Value 1 Value 1 Value 1 Value 2
V4-3 Value 1 Value 4 Value 4 Value 2 Value 1
V4-3-1 Value 3 Value 5 Value 5 Value 3 Value 1
V4-4 Value 1 Value 1 Value 1 Value 4 Value 1
V4-5 Not converging
V4-6 Value 1 Value 1 Value 6 Value 5 Value 1
V5-1 Value 1 Value 1 Value 1 Value 6 Value 3
Vs5-2 Not converging

For all Seiliger parameters Table 4.1 lists the fit versions in which they are used,
sorted according to the different values of the equivalence criteria introduced in
Chapter 3.

Seiliger parameter a indicates the premixed combustion phase. A large value of a is
associated with more premixed combustion. Figure 4.6 — Figure 4.8 show the trend of
a as function of power (indicated power P; rather than effective power P,) at different
engine speeds. At each engine speed, the value of a increases in at low load and
reaches a maximum, then decreases going to higher load (but for low engine speed
700 rpm and 750 rpm there is no deflection due to relative low power output). As to
the effect of engine speed on the Seiliger parameter «, it can be observed that for a

certain load point parameter « is lower for higher engine speed.

There are three different sets of values for a appearing in the Seiliger process fit
versions:

Value 1: V3-1, V3-2, V4-2, V4-3, V4-4, V4-6, V5-1

Value 2: V3-2-1

Value 3: V4-3-1
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Since V3-2-1 and V4-3-1 are only applied when the Seiliger parameter b becomes
smaller than unity in ¥3-1 and V4-3 respectively, the a in Figure 4.7 and Figure 4.8
are equal to value 1 at higher loads. But in part load, parameter a really gets value 2
and value 3 and both decrease fast at low load. At very low load (the lowest load point
for each engine speed) the values go below unity. This implies that the elimination of
the unrealistic heat input of stage 3-4 in Seiliger process by increasing parameter b
from a value b < 1 to b = 1 is mostly compensated by a decreasing heat input in stage
1-2 (The black and blue dashed lines in the Figure 4.7 and Figure 4.8 indicate the
boundary lines where parameter b becomes smaller than unity). The result must
inevitably be that all combustion shifts to late combustion (parameter ¢) at low load,
at least for this engine.

Seiliger parameter a - Value 1

o neng=700rpm

n ng=750rpm

el

n__ =800rpm
eng
neng=850rpm

SN neng=900rpm

neng=950rpm

neng: 1000rpm

Seiliger parameter a [--]
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Figure 4.6 Result of Seiliger parameter a (value 1)
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Figure 4.7 Result of Seiliger parameter a (value 2)
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4.5 Result of Seiliger parameter b

Seiliger parameter b indicates the diffusive combustion phase. A large value of b is
associated with more heat input during the diffusive combustion (stage 3-4 in Seiliger
process), which generally is beneficial for engine efficiency. Figure 4.9 — Figure 4.13
show the tendency of b as function of indicated power for different engine speeds.
There are five different sets of values of  appearing in the Seiliger fit versions:

Value 1: V3-1, V4-2, V4-4, V4-6, V5-1
Value 2: V3-2

Value 3: V3-2-1

Value 4: V4-3

Value 5: V4-3-1

In all the versions where parameter b has value 1, since 7, is one of the equivalence
criteria, according to equation [3.20] it can be concluded that parameter b is always
larger than unity. At a certain engine speed, b goes up with increasing load. The
engine speed seems to have less effect on b, i.e. there is hardly any difference for
different engine speeds at the same load, at least for this engine.

Value 2 and value 4 exclude the 7, as equivalence criterion, i.e. the T,,, in these
Seiliger fit versions are lower than in the real engine cycle so for the same operating
point, these values for parameter b are smaller than value 1. In particular in part load
(below 50 kW), b becomes even smaller than unity, which means the heat input
changes to heat loss during stage 3-4, which of course is unrealistic. From this point
of view, fit versions V'3-2 and V4-3 are poor.

In order to avoid parameter b becoming smaller than unity, the ‘reduced’ fit versions
V3-2-1 and V4-3-1 were applied, however only at part load from the point where b <
1. This is a discontinuous change that is of course not attractive. Value 3 and value 5
of b both become unity in part load. The black and blue dashed lines in the figures
indicate the boundary lines where parameter » becomes smaller than unity.
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Seiliger parameter b -- Value 5 (V4-3-1)
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Figure 4.13 Result of Seiliger parameter b (value 5)
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4.6 Result of Seiliger parameter ¢

Seiliger parameter ¢ indicates the diffusive and late combustion process. A large value
of ¢ is associated with more combustion occurring in a late stage, which generally is
not beneficial to engine efficiency and harmful in view of the possible unburned
hydrocarbon emissions. Figure 4.14 — Figure 4.19 show the tendency of ¢ as function
of indicated power at different engine speeds. There are six different sets of values for
¢ appearing in the Seiliger fit versions:

Value 1: V3-1, V4-2, V4-4, V5-1
Value 2: V3-2

Value 3: V3-2-1

Value 4: V4-3

Value 5: V4-3-1

Value6: V4-6

According to value 1 parameter c is rising with increasing load at a certain engine
speed and the engine speed seems to have a minor effect on c.

The tendencies of value 2, value 3, value 4 and value 5 are difficult to describe due to
the irregular and chaotic results. Same as for Seiliger parameter b, value 3 and value 5
are the extended versions of value 2 and value 4 respectively at low load. Therefore
when value 3 is compared with value 2 and value 5 with value 4, the values only in
the part load are somewhat lower. Again the black and blue dashed lines in the figures
are used to indicate the boundary lines where parameter » becomes smaller than unity.

Value 6 is valid for the new advanced Seiliger process fit version and the values are
rather low, which means the heat input during stage 4-5 is very low. However together
with the result of 7., (discussed in section 4.7), it can be said that in ¥'4-6, the heat
input during stage 4-5 moves to stage 5-6, also in some part load points. In some
operating points at very low load the heat input changes into heat loss (¢ is smaller
than unity), which of course is unrealistic.
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Figure 4.15 Result of Seiliger parameter ¢ (value 2)
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Seiliger parameter ¢ -- Value 3 (V3-2-1)
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Figure 4.16 Result of Seiliger parameter ¢ (value 3)
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Seiliger parameter ¢ -- Value 5 (V4-3-1)
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Figure 4.18 Result of Seiliger parameter ¢ (value 5)
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4.7 Result of Seiliger parameter n,,,

Seiliger parameter n., indicates net heat input during stage 5-6 due to very late
combustion, or is used to describe the heat loss during stage 5-6. The determination of
these parameters can be sorted in three categories:

(1) neyp is a fixed constant and larger than the isentropic factor y. The parameter
indicates the heat loss during expansion stage 5-6. In fact this is a defining feature
of the basic Seiliger process (value 1).

(2) nexp is a variable and equal to or larger than the isentropic factor y. The
parameter again is expected to indicate a heat loss during expansion stage 5-6 but
the values are depending on the Seiliger fitting procedure. Again this is a defining
feature of the basic Seiliger process (value 2, value 3, value 4 and value 6).

(3) nexp is a variable. The parameter is expected to indicate a heat input during
expansion stage 5-6. In fact this is the defining feature of the advanced Seiliger

process (value 5).

The polytropic factor #..,, which has been introduced in Appendix V, can be used to
distinguish the effect of n.,: from the polytropic factor it is immediately clear
whether the process involves heat input or heat loss. Figure 4.20 — Figure 4.34 show
the tendency of 7., and 7., as function of indicated power for different engine speeds.
There are six different sets of values for ., in the Seiliger fit versions:

Value 1: V3-1, V3-2, V3-2-1, V4-2
Value 2: V4-3

Value 3: V4-3-1

Value 4: V4-4

Value 5 V4-6

Value 6: V5-1

Value 1 represents the constant settings in the Seiliger process (Figure 4.20). The
versions in value 1 are all cases with heat loss during expansion so 7., must be larger
than unity to represent the heat loss (Figure 4.21 —Figure 4.24). However in V3-2 and
V3-2-1 (Figure 4.22 and Figure 4.23), #.y, is smaller than unity at some part load
operating points to indicate heat input during expansion. It is impossible to set correct
value of n.y, at these operating points since when 7., > 1 the Seiliger fit is diverging
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when using Newton-Raphson method. It can conclude 7., is sensitive to the numerical
root finding.

It is should be noted that Seiliger parameter 7., is the setting value and polytropic
factor 7.y, is only used to verify the effect of n.,,. If 7., is set to be constant this can
easily result in numerical difficulties in the model, because y is dependent on

temperature.

The parameter values according to value 2, value 3 and value 6 are the result of a
Seiliger fitting procedure and all #.,, turn out to be smaller than unity (Figure 4.26,
Figure 4.28 and Figure 4.34). This should not be the case since the Seiliger fit
versions for these three values are based on the basic Seiliger process, in which no
combustion during stage 5-6 is foreseen. The values for the polytropic factor 7., are
not far from unity (value 2 and value 3 lie above 0.95 and value 7 is above 0.97). This
still means that there is a small amount of heat input in stage 5-6 (and therefore in
principle wrong) that is not included in equivalence criterion Q.

The polytropic factor #,., according to value 4 is larger than unity over the whole
range indicating heat loss, but for high loads, the values are very large (3., = 1.43 for
the nominal point), which could be an indication that the heat loss is overrated.

Value 5 is applicable to the advanced Seiliger process definition. Whatever of value
Neyp coming from the Seiliger fit, the heat, even if it is a heat loss, is included in the
equivalence criterion Q;,. For value 5 in Figure 4.31, all the values of 7., in Figure
4.32 are smaller than unity indicating heat input. With decreasing load 7., goes down
rapidly, in this case meaning more heat input, so very late combustion. Compared to
Figure 4.19, the heat input in ¥4-6 moves from stage 4-5 to stage 5-6 resulting in a
decreased value of ¢ and a low value of 7..,. In particular at high load, the heat input
percentage is very high, as already found in section 3.4.3 3) for the selected three
operational points. It can be concluded that the heat input observed during stage 5-6 is
a very late combustion that could occur in an aged diesel engine, e.g. the MAN 20/27
diesel engine used in this thesis.
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Figure 4.20 Result of Seiliger parameter 7., (value 1)
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Figure 4.21 Result of 7.y, (value 1(V3-1))
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Figure 4.27 Result of Seiliger parameter 7., (value 3)
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Figure 4.29 Result of Seiliger parameter 7., (value 4)
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Figure 4.30 Result of 7.y, (value 4)
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Figure 4.31 Result of Seiliger parameter 7., (value 5)
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Figure 4.32 Result of #,,, (value 5)
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Figure 4.33 Result of Seiliger parameter 7., (value 6)
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Figure 4.34 Result of 7, (value 6)
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4.8 Result of Seiliger parameterAEO

Seiliger parameter AEQ is used to allow variation of the duration of the expansion. A
later (or earlier) timing of the exhaust valve opening mainly changes the work and
temperature at the moment of exhaust valve opening. There are three sets of values of
AEQ in all the Seiliger fit versions:

Valuel: V3-1, V3-2, V3-2-1, V4-3, V4-3-1, V4-4, V4-6 (AEO = 0).
Value2: V4-2
Value3: V5-1

Value 1 of AEO is zero, indicating that there is no extension of the expansion. Value 2
and value 3 are both chaotic and the values are all negative and tend to shorten the
expansion. This is a further reason that this parameter has the lowest priority among
the Seiliger parameters.
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Figure 4.35 Result of Seiliger parameter AEO (value 2)
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4.9 Non-used equivalence criteria

(1) Indicated work W;

The indicated work W; is the only non-used equivalence criterion in V3-1. Figure 4.37
shows the error of W; in V3-1. Except for the lowest power operating point at 750 rpm,
800 rpm and 900 rpm, the errors are all below 10% (a positive value of the error means
that W; in the Seiliger fit is larger than obtained from the smoothed measurement).

Non-used equivalence criterion Wi - V3-1
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Figure 4.37 Non-used equivalence criterion W; (V3-1)
(2) Peak pressure p,,.yx

Figure 4.38 and Figure 4.39 show the errors of p,,,, in V3-2-1 and V4-3-1 respectively.
Since these two versions are used only when b < 1 in ¥3-2 and V4-3, the errors at
high load are zero. At part load the errors become large with decreasing power. Again
the black and blue dashed lines in the figures are used to indicate the boundary lines

where parameter b becomes smaller than unity.
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(3) Peak temperature T,,,,

Figure 4.40 —Figure 4.43 show the errors of 7, in V3-2, V3-2-1, V4-3 and V4-3-1
respectively. In ¥3-2 and V4-3, the errors go down and then up with power decreasing
within 10%. In ¥3-2-1 and V4-3-1, the errors are the same as V3-2 and V4-3 in part
load, but in at high load the errors become larger for the same operating point. Again
the black and blue dashed lines in the figures are used to indicate the boundary lines

where parameter b becomes smaller than unity.
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Figure 4.40 Non-used equivalence criterion 7., (V3-2)
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Figure 4.43 Non-used equivalence criterion 7., (V4-3-1)

(4) Temperature at point where exhaust is opening Tgo

Figure 4.44 — Figure 4.49 show the errors of Txp in V3-1, V3-2, V3-2-1, V4-2, V4-4
and V4-6 respectively. In V4-4 (Figure 4.48), the errors are relative high (more than
15%) in particular at high load. In ¥'3-1, the errors at some operating points are larger
than 5%. The errors in the other versions are all within 5%. Again the black line in the

figures is used to indicate the boundary lines where parameter » becomes smaller than

unity.
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4.10 Summary

The tendency of the Seiliger parameters for the different fit versions — as function of
engine load and speed — are investigated in this chapter. The fit values of the Seiliger
parameters are sorted into sets where the fit results were similar.

The trends of Seiliger parameters a and b are unambiguous, but at low load, value 2
and value 3 of ¢ and value 2 and value 4 of b become smaller than unity. Parameter ¢
is relatively chaotic and it is difficult to discern a trend. However in the ‘DE B4’
simulation model, the heat input during stage 4-5 and thus parameter ¢ is calculated
after modelling the heat input during stage 2-3 and 3-4 on the basis of models for
parameters a and b, given the total input heat as determined by the fuel allowing for
incomplete combustion and an estimate of the heat loss.

As to parameter .y, the polytropic factor (7.,) could be introduced to restrict its value.
But in the Seiliger fit versions it is impossible to restrict the polytropic factor since it is
essentially an output of the whole procedure. The results are sometimes (value 2, value
3 and value 6) not correct, i.e. indicating heat input when heat loss is expected and vice

versa.

The Seiliger parameter AEO comes always out at negative values and shows erratic
behaviour.

Table 4.2 compares the fit Seiliger parameters for different fit versions, from which
the drawbacks of some Seiliger fit versions can be concluded.

There are two versions with a value smaller than unity, i.e. V3-2-1 and V4-3-1, but
these two versions are extensions (in fact only used at part load) from ¥3-2 and V4-3
respectively, introduced to avoid b values smaller than unity in part load. But when
the parameter b is set to unity, parameter a in turn drops below unity, proving that
both premixed and diffusive combustion, at least for the MAN 20/27 engine, tend to
disappear at low load in favour of the late and very late combustion.

The latter is proven since there is one version where even parameter ¢ drops below
unity at very low load, V4-6, and combustion shifts to very late combustion in stage
5-6. However all the fit values for ¢ in this version are in a relative small range: all
between 0.8 and 1.0 (except one point in 950 rpm which looks like an outlier).
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As for ney, first —in V3-1, V3-2 and V3-2-1 — this parameter is set to be constant such
that heat loss occurs during stage 5-6. The polytropic factor 7., can be used to judge
whether the n,., is appropriately set. Then in V4-2, V4-3, V4-3-1, V4-4 and V5-1, the
ey should also indicate heat loss during expansion. However, only in V4-4 there is
heat loss. Last but not least, ¥4-6 — which is based on the advanced Seiliger process
definition — uses 7., as a variable in the fitting procedure. The results are satisfactory
in the sense that there is heat input during expansion stage 5-6 as expected.

There are two versions where A4EQ is variable, i.c. V4-2 and V5-1. All the fit values of
AEQ appear to be negative indicating shorter total expansion. A change of the exhaust
opening is not realistic since the timing of the opening of the valve is a geometric

parameter. It was however introduced to see whether it could give a better fit.

Table 4.2 Comparison of Seiliger parameters in Seiliger fit versions

a b c Ry Texp AEO
Expect Result
V3-1 fixed >1 >1 0
V3-2 <l fixed >1 >1 0
V3-2-1 <1 fixed >1 >1 0
V4-2 fixed > 1 >1 <0
V4-3 <1 variable >] <1 0
V4-3-1 <1 variable >] <1 0
V4-4 variable >1 >1 0
V4-6 <1 variable <1 <1 0
V5 1 variable >] <1 <0

In combination with section 3.3.1 and section 3.3.6, the Seiliger fit versions can be
evaluated on three aspects:

1) Priority of equivalence criteria;
2) Seiliger parameters fit results;
3) The unused equivalence criteria.

Table 4.3 lists the scores for each fit version in these three aspects. ‘A’ is good, ‘B’ is
moderate and ‘C’ is poor.

Since ‘priority of equivalence criteria and parameters’ is a subjective selection and

always is done before the fit procedure, it has less weight in the evaluation of the
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Seiliger fit versions. As to the ‘Unused equivalence criteria’, although it is critical for
the engine performance, only a few performance parameters can be restricted. On the
other hand, in order to model the Seiliger parameters in the ‘DE B4’ model using
engine measurement, good and realistic fitting results are important. Therefore the
rating of different ‘Fitting Seiliger parameters result’ should be considered firstly.
Besides the simplest version V3-1, V4-4 and V4-6 could be the favourite for the further
research, at least for this MAN 20/27 engine.

Table 4.3 The evaluation of Seiliger fit versions

Priority of . . .
. L. Fitting Seiliger Unused equivalence
equivalence criteria .
parameters result criteria
and parameters

V3-1 C A B
V3-2 A C A
V3-2-1 A C A

V4-1 B N/A N/A
V4-2 B C A
V4-3 A C A
V4-3-1 A C A
V4-4 B B C

V4-5 A N/A N/A
V4-6 B B A
V5 1 B C A

V5-2 A N/A N/A
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5.1 Summary of thesis work

Characterizing combustion of diesel engines investigates not only the instantaneous
combustion phenomena at a certain operating point, but also the change of the
combustion process under variable engine operating conditions. Both experimental and
theoretical methods were used in this thesis to investigate the combustion process

using finite cylinder process models.

In Chapter 2 the ‘heat release calculation model’, as built in MATLAB/SIMULINK,
uses the same elements as the ‘in-cylinder process simulation’ model but in a reversed
way: it is in fact an anti-causal simulation model. On the basis of the physical
principles the state parameters (smoothed pressure, temperature, mass, volume), engine
performance parameters (heat input, heat release rate, power output, etc.) were
calculated from the model using the engine in-cylinder pressure, fuel consumption
measurements and engine parameters. Some sub-models — such as the ‘property
library’, the ‘heat loss to the walls’ etc. — were also built in the SIMULINK
environment. The gas in the cylinder is assumed to consist of dry air and
stoichiometric gas, and the properties are calculated in the ‘properties library’. The
specific heat and heat of combustion are a function of temperature and composition in
the simulation model instead of constants, making the model more correct. The main
application of the model in this thesis is to calculate the reaction coordinate, which is a
monotonous increasing function of crank angle. The reaction coordinate has been used
in a new smoothing method based on a multiple Vibe heat release model to reconstruct
the in-cylinder pressure signals. The smoothed pressure and temperature traces

potentially have a better quality than mathematically (up-front) smoothed signals.

The definition of the basic and advanced Seiliger process model is given in Chapter 3,
after which the possible finite combustion stage cylinder process models are
summarized based on these two kinds of Seiliger process. A systematic investigation
of Seiliger parameters was carried out to show their influences on the Seiliger process
stages and the overall cycle. The most important part in this chapter is to present
unambiguous ways to fit a measured engine cycle to a Seiliger process. Several
combinations of equivalence criteria are proposed as requirements for this fit and the

applicable systems of equations for the Seiliger parameters were set up. A
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MATLAB/Simulink model was taken from the mean value first principle diesel
engine model developed at TU Delft / NLDA (DE B4). The combination of
equivalence criteria and Seiliger parameters led to a total of twelve fit versions, where
nine versions are based on a basic Seiliger process with three combustion stages and
three versions are based on an advanced Seiliger process with four combustion stages.
In three versions the numerical iteration to find the solutions did not converge when
using a Newton-Raphson method. The cause of this non-converging was investigated.
Some fit versions resulted in unrealistic values of Seiliger parameters.

In Chapter 4, the trend of the Seiliger parameters as a function of the engine operating
conditions (e.g. the power output, engine speed) for the full operating range of the
engine was investigated for all Seiliger fit versions that converged to a solution. Also
the error in the equivalence criteria that were not used was presented for the full range
of operating conditions in order to decide on the most preferable fit version to use as a
basis for modelling and characterizing the combustion.

193



CHARACTERISING COMBUSTION IN DIESEL ENGINES

5.2 Conclusions

The conclusions from Chapter 2 are:

(1)

)

€)

4

©)

The ‘Heat of combustion’ is temperature dependent in this thesis and results in a
slightly higher heat of combustion than the constant value at reference
temperature (e.g. the often used 4.27*10J/kg).

The ‘Energy of fuel’ as defined in this thesis, causes an ‘Effective heat of
combustion’ which is lower than the nominal value at reference temperature,
since fuel in a diesel engine enters at a low energy (as a liquid and at a relatively
low temperature) and the additional heat to evaporate and heat up the fuel is taken
from the heat released by the fuel.

The Woschni model is used to evaluate the heat loss to the walls, which affects
the gross heat release considerably. Therefore, the constants in Woschni's model
could be selected to fit the total gross heat release when this is known from a fuel

flow measurement..

The TDC (Top Dead Centre) shift has effect on the shape of the heat release. A
theoretical exercise proved that the effect is not as large as expected and that it is
impossible to get the heat release at zero before SOC (Start of Combustion) by a
proper choice of TDC shift only. Therefore a constant value for the shift of 0.7
degree is used in this thesis.

The method of smoothing the combustion reaction coordinate as obtained from
the raw in-cylinder pressure signals and then simulating the cylinder temperature
and pressure potentially gives a better signal quality than mathematically

(up-front) smoothed signals.

The conclusions from Chapter 3 are:

(1)

)

In the basic Seiliger process the polytropic exponents during compression and
expansion have an effect only on work and heat loss. The polytropic efficiency is
used to verify whether the polytropic exponent indicates the net heat correctly as

a negative heat flow (heat loss).

If very late combustion is present, the polytropic exponent during expansion can
be used to describe an extra combustion phase in the advanced Seiliger process.
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€)

(4)

)

The polytropic efficiency is used to verify whether the polytropic exponent
indicates the net heat correctly as a positive heat flow (heat input).

It is possible to fit heat and work (and thus efficiency) together with maximum
pressure and temperature of a Seiliger process to a measured engine cycle, but it
is apparently difficult to fit the temperature at the moment of opening the exhaust
valve (EO) right.

When the temperature at Exhaust Open (EO) is selected as equivalence criterion,
the process of fitting a Seiliger cycle to a measured engine cycle does not always
converge owing to the fact that actually no solution exists. Therefore temperature
at EO should be abandoned and preference should be given to the peak

temperature as an equivalence criterion.

The fit process requires the net apparent heat release and thus can be obtained
without the uncertainties of the heat loss model. Characterizing the combustion in
terms of Seiliger parameters however is a characterization of combustion and
heat loss. The mean value first principle model that uses the Seiliger parameters
must also include a heat loss model.

The conclusions from Chapter 4, for a classic injection system as tested in this

research, are:

(1

)

€)

(4)

6))

The Seiliger parameter a and b, whatever the Seiliger fit version, behave in a

clear and unambiguous way.

Seiliger parameter ¢ seems to behave erratic and dependent on the Seiliger fit
version, but it need not to be modelled in a basic Seiliger cycle with three

combustion stages.

In the basic Seiliger cycle at part load the parameter a first increases and then
decreases. Seiliger parameter b is the first to become unity (and its value must be
frozen), then parameter a goes to unity.

In the advanced Seiliger cycle the polytropic exponent during expansion (7,)
can help to better describe very late combustion: parameter b still goes to unity,
but less quickly.

The qualitative description given in (3) and (4), together with graphs of the
parameters versus load and speed, or even better of the associated heat fractions,

can serve as an objective characterization of the net heat release of the cylinder
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process.

(6) When comparing the results of all the Seiliger fit versions, two versions are

preferred:

a) If the engine combustion is assumed to have three combustion stages, the
results from the basic Seiliger cycle with fit parameters a, b, ¢ and n,,, and
equivalence criteria maximum pressure (p,.q), net heat input (Q;,), indicated

work (#;) and maximum temperature (7},,,) (version V4-4) can be used.

b) If very late combustion is present then the results from an advanced Seiliger
cycle with the same fit parameters a, b, ¢ and ., and the same equivalence

criteria iy, O, Wi and T, (version V4-6) should be used.
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5.3 Recommendations

The recommendations for further work following the research presented in this thesis

arc:

(1) The temperature and air fraction dependent gas properties such as specific heat,
enthalpy, entropy etc. are calculated in the ‘Properties library’, which was
presented in Chapter 2. However a weak point of the present property library is
that it cannot handle humid air. How to implement this effectively should be

researched.

(2) The Woschni model is used to evaluate the heat loss to the walls. There are
uncertainties in the determination of the constants in the formula. Especially the
overall multiplicating parameter C;, (refer equation [2.9]) should be reconsidered.
C; is used to correct the final value of the normalized reaction co-ordinate to arrive
at unity in three typical operating points in Chapter 2 and Chapter 3. This is not
applied in all measurements in Chapter 4 because it is not needed for the process
analysis. Further investigation of the variations in C; as a function of load and

speed is necessary to model the heat loss more accurately.

(3) The uncertain factors in the new smoothing method (presented in section 2.4),
such as the selection of starting points and the type of iteration to use, make that
the user needs to have experience in numerical analysis and have knowledge of
diesel engine combustion in order to get good results. The traditional, purely
mathematical, method is simpler and apparently can achieve the same goals to
some extent. These two methods should be compared in detail to gain knowledge
on their applicability and boundary conditions.

(4) The in-cylinder process simulation model in this thesis is based on a single zone
cylinder process model, assuming a direct relation between injection, evaporation,
mixing and combustion. If differences between injection rate, evaporation rate and
combustion rate are to be included in the model it must be extended to a ‘few-zone
model’, i.e. next to the gas zone also a droplet zone, and perhaps a combustion
zone, should be defined. In this way a more detailed description of the in-cylinder
process can be made.

(5) In the basic Seiliger process model, stage 1-2 and 5-6 include the heat loss
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(6)

(7)

(8)

€))

process during compression and expansion, which are modelled with polytropic
exponents, and the other three stages are for net heat input. In the advanced
Seiliger process, only stage 1-2 indicates heat loss (again modelled with a
polytropic exponent) and the other four stages result in a net heat input. In the DE
B4 simulation model heat loss during 2-3, 3-4 and 4-5 is modelled using the
Woschni heat loss model, albeit only at maximum cylinder temperature (point 4).
Heat loss during combustion, and preferably also during compression and
expansion in the basic and advanced Seiliger process should be based on the
Woschni model, but then applied in the finite stations of the Seiliger cycle. In a
continuous cylinder process simulation, the Woschni heat loss model is based on
crank angle and can easily be evaluated continuously. In the Seiliger process there
are seven finite stations for which the pressures and temperatures are only known
after calculation of the heat losses, introducing an essential algebraic loop. How
to introduce a Woschni (-like) heat loss model rigorously in a finite stage
in-cylinder process model deserves further attention.

In this research, the Seiliger parameters as function of work and engine speed
were investigated. However, when modelling Seiliger parameters in the DE B4
model, other relations between Seiliger parameters and engine operating
conditions could be used. For example the air excess ratio, which indicates the
relative air supply to the engine, could be used as an input. In general, the
non-dimensional Seiliger parameters should preferably be expressed in

non-dimensional operating parameters.

The analysing approach in this thesis is proposed to be used in the modern
engines with such as high pressure injection equipment, later injection timing and
common rail. The comparison of Seiliger parameters behaving in the classic and
modern engine could give more information on characterising the combustion.

The research in this thesis can be used to characterize combustion in general and
as such could be applied to condition monitoring of diesel engines.

Similar analysis based on the experimental data could be used to investigate the
Vibe combustion model parameters as function of engine load and speed.
Although this has been done before (a.0. [Watson, 1980]), it is perhaps time do it
again on modern engines using the improved heat release analysis developed in

this thesis.
198



Appendix



CHARACTERISING COMBUSTION IN DIESEL ENGINES

Appendix L. Single-zone combustion model'

In the control volume, the in-cylinder gas is considered to be single-zone. The fuel
droplets are a zone within the control volume but their dwelling time is assumed to
be zero (i.e. the injection rate and the evaporating rate are the same). Also the
dwelling time of the firel gas after evaporating is assumed to be zero (evaporating

rate and combustion rate are the same).

- in h[n+

m_f,/iquid [ liquid

Fuel (liquid) )

.in  Fuel (ga§)x’/

. \\\\ "
Q/{)Ax\‘,fuel \]/;:gasz‘//

. comb
m;"’" — M, + My

> QI oss

p, T, V,mu,h
Control Volume

Figure 1.1 Scheme of the control volume
The energy and mass balance for an open control volume in general is:
d(m-u)=h""-dm" —h™" -dm™ +5Q - 6W [L.1]
dm =dm" —dm™" [1.2]

The + in the upper index of (total) enthalpy indicates that the kinetic term may be
included. Divide equation [I.1] and [1.2] by time difference ‘d¢’ and introduce mass-,
heat- and workflow:

d(m ) u) in+ s in out+ s out | ;

T:h " =R m™ + Q-W [1.3]

M _ i _ i [14]
dt

! Part of the text of in this appendix is reprinted with permission from ©Copyright Royal
Netherland Naval College, 2009 [Stapersma, 2009c].
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Now applied to the system in Figure 1.1, there is no mass flow out of the control

volume:
m™ =0 [L.5]
The inflow only consists of liquid fuel:
min = n'/lj‘r’l,liquid [16]
with its (total) enthalpy:
B = R i [L7]
Equation [I.3] and [1.4] become:
d (m i u) in+ - in ~ r
T = hf,liquid : m‘f',liquid + Q - W [18]
dm .,
i =My tiguia [1.9]

In the gas phase of the control volume, it is assumed that fuel vapor enters the
system from the liquid phase. The result is that fuel vapor (f) and air (a) are present
in the control volume. They combine by a chemical reaction (combustion) producing
stoichiometric gas (sg). The total mass at any moment is:

m=mg+m,+mg, [L.10]

Also the internal energy within the control volume is the sum of these constituents

and the ‘first law of thermodynamic’ for this system becomes:
d(m +ma-un+mjg-usg)

dt

Uy

=1 a0 gid O W [1.11]

f Jliquid '

Now proceed by differentiating the left hand side:

du/. du du?g
mg-——+m, -—<+m, ——=
dt dt dt [112]
hin+ - in dm/ dma dm&@ - 7
¢ tiguid ~ g tiquia Uy dt U, di Uy - Jt +0-W

If the dwelling time of the fuel vapour is assumed zero:
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m; =0 [1.13]

Assuming that air and stoichiometric gas behave as ideal gases:

ideal

du, =c,,-dT [L.14]

ideal

dusg = Cy

dT [1.15]

The total change of the specific internal energy for the mixture as occurring in the
first law is:

du du, dT dr
m -—<+m_ - =\m -c, +m_ -c —=m-c, — 1.16
a dt sg dt ( a v,a sg v,sg) dt v dt [ ]

Then the energy balance:

dT dmf dm dm,,

in+ . in a 58 s 1
m-c,-——=hp = -u,- -u, +0-W [L.17]
drtid Mg =Rt 7 w

Each mass balance of substance has a term that represents the amount that is
disappearing or appearing as a result of the combustion taking place in the cylinder
(= control volume). This term is super-indexed ‘comb’. The mass balances of
substance then are:

dm , .
th =M g4 —n'ij}‘””b for fuel vapor [1.18]
dmy _ _ycomt for air [1.19]
dt
dm
d:g =n'1§§'”b for stoichiometric gas [[.20]

The mass balance for the combustion reaction process (reaction balance) is:

. comb . comb - comb
m" +m, M =mgg [[.21]

The ratio of the air (required for the combustion) to the amount of fuel is — by
definition — the stoichiometric ratio:

mg™" = o - m" [1.22]
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Then, using the mass balance of the reaction, the amount of stoichiometric gas is:

mgg"" = (1+0)-m§" [1.23]

Define the reaction rate (on kg basis) as the fuel combustion (or fuel burn) rate:

E=mim [1.24]

Substitute the reaction equations into the mass balances of air and stoichiometric gas
in equation [L.18] — [L.20]:

dm .
[ _ -in
7—’”/,% =& for fuel vapor [1.25]
dm
t=—0- for air 1.26
7 4 [1.26]
dm
d;g =(l+0)-& for stoichiometric gas  [1.27]

Substitute the mass balances of substance, equation [1.25] — [[.27] into the energy
balance [[.17]:

dT . B B .
m'cv 'E:h?jiquid 'm_lfn,liquid _uf '(m}n,gas _§)+ua 'U'é_usg (1+0)§+Q_W

[1.28]

Since the dwelling time within the droplet zone is assumed zero, the mass flow of
the liquid fuel into the cylinder will be equal to the mass flow of fuel evaporating as
gas from the fuel droplets:

n./l_l;l,liquid = 'h?},gas = ’nl;17 [129]
After sorting terms ultimately the energy balance becomes

m-cv-‘;—fzm;". (] -—uf)+§-[(uf +ou, —(1+0)-usg)J+Q—W [1.30]

If the kinetic energy caused by the fuel injection pressure is not neglected in the
energy balance:

2
v

h}n,;riquld = h;"’,liquid + ? [13 1]

The kinetic energy can be estimated if it is assumed that it is fully converted to a
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permanent pressure drop across the injector:

2
S Vi
Py =P+ Pragia 7 [1.32]
2
Now the ‘combustion heat flow’ (Q.,,, ) is introduced:
O =&-[ (4, + 01, ~(1+0)-u, )] [1.33]

Also the ‘energy flow of fuel’ (£ /) 1is defined as the (negative) effect of energy
transport of liquid fuel into the cylinder when compared with the ultimate energy
within the volume:

E =iy, (R — 1)) [1.34]

One can view this energy flow also as the heat flowing from the gas phase to the
(liquid) fuel and required to heat up and evaporate the fuel before combustion
(Qlas's,fuel in Figure I.1).

Assume the indicated work is reversible and the heat loss to the wall gives rise to a
negative term in the equation [1.30], then it becomes:

dr - . av .
m-c — = - -p—+E, 1.35
v dt Qcomb Qlo.vs p dt f [ ]
Eventually:
Qcomb - Qloss -p—+ Ef
a_ dt [1.36]
dt m-c,
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Appendix II. Properties library

The in-cylinder gas consists of air and stoichiometric gas. In these two constituents,
the air is the a mixture of Nitrogen (N;), Oxygen (O;), Argon (Ar) and Carbondioxide
(CO,); the stoichiometric gas is the mixture of of Nitrogen (N,), Argon (Ar),
Carbondioxide (CO,), Sulphuroxide (SO;) and Water (H,O). For each species in air
and stoichiometric gas, they are considered to be ideal but non-perfect gases and then
the mixture behaves as ideal but non-perfect as well. Therefore the specific heat,
enthalpy, and internal energy of air and stoichiometric gas are functions of only
temperature and the mixture fractions. The latter is well defined for air and for
stoichiometric gas it can be calculated based on fuel composition and a fuel reaction
mass balance. Ultimately the properties of the in-cylinder gas are functions of only
temperature and air fraction in the cylinder.

A power series of the (normalized) temperature (equation [II.1]) is used to fit these
property data for all the species in both air and stoichiometric gas and then the
properties of air and stoichiometric gas can be known on the basis of ideal mixture.

Finally the composition x is used to calculate the in-cylinder gas property data.

_ 2 k-1 m—1
Cp_a]+a2.6+a3.9 ...... ak.e ...... am.e

m
_ k-1
= E a, -0
k=1

[IL1]

T-T,.
With §=—""
T — the Kelvin temperature is shifted to a non-zero point, usually 7y, = 0 K.

Torm — normalized temperature, usually 7,,,,,, = 1000 K.

It is mentioned that T is usually higher such as 273 K, 800 K or even 1000 K. In
this case 0 K was chosen in order later to integrate for entropy.

There are several reasons for using a power series to obtain the specific heat at
constant pressure. Firstly, given the power series of the specific heat at constant
pressure, it is easy to integrate them resulting in the enthalpy difference relative to a
certain reference according to equation [II.2]. In addition, the number of terms of the
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power series can be selected according to the required accuracy. In this case generally
6 terms are used to cover a range between 200 — 2500 K with reasonable accuracy
(Table I1.1) and based on data from [Zeise, 1954] valid for this range.

dh=c,-dT [11.2]

du=c, -dT [11.3]

ds=c, -d—T—Rd—p [11.4]
r p

First of all, the properties of each species in air, stoichiometric gas and fuel are

calculated:
¢,;=¢,,—R =>4, 0" -R [11.5]
k=1

m a, . m a, .

Ah, =h, ~ K = R YA YA -6, [11.6]
J - k - k g
k=1 k=1

u; =Au, +u =h,—R,-T [11.7]

[11.8]

With 7,.,= 25 °C.
Pres= 0.1 Mpa.

hyr and s, are the specific enthalpy and entropy at reference condition (7., and p,)
and their values for different species are given in Table 11.2.

Then the properties of air (in fact dry air) can be calculated summing the properties of
each species weighted by the mass fractions of the species (equation [I1.9] — [IL.11]).
The expressions for the stoichiometric gas are the same as for air, the index ‘sg’
(stoichiometric gas) taking the place of index ‘da’ (dry air) in equation [I1.9] — [I1.12].
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Cv,da p da Zxda ' - ija . Rj [119]
J
By =D x% b, [11.10]
J
= x%u, [IL11]
J

The calculation of the entropy of a mixture of air is more complicated than for the
other properties above since it is, even for ideal gas, not only a function of
temperature and mass fraction but also of pressure

:Zx;l“.(Asi-i—s;ef—R] {]’7"’“] R,- Zy"“ In(y¢ )J [IL12]
J ref

In the dry air, j are the components: N,, O,, Ar and COy; in the stoichiometric gas, j
are the components: N, Ar, CO,, H,O and SO..

Finally, together with the air mass fraction calculated in equation [2.5], the
in-cylinder gas properties are calculated:

¢, =xC, +(l=x)c,, [11.13]
h=x-h, +(1-x)-h, [11.14]
u=x-u, +(1-x)u, [II.15]

s=x-|As, +s¢ —R, -In| £~ +(1-x)[ As,, +5 =R, -In £
pre/' i pn{f

_Rg 'ny ~1n(yf)
J

[11.16]
With:
R, =(1-x)-R, +x-R, [11.17]
L .18
Vi =X YA [1L.18]
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xf=(1-x)-xF +x- x;.i“ [11.19]
A _I=x x [11.20]
Mg Mg Mg

y —the mole fraction [--]

p — in-cylinder pressure [pa]
The calculation of the properties of liquid fuel is somewhat different from the

gaseous fuel. The enthalpy of the liquid fuel is based on the definition:

h _r [1.21]

¢ tiquid = U s iguia T
[ liquid

The first item in the right hand side is calculated based on:

du=c, -dT ref [I1.3]

Then the internal energy of liquid fuel is:
uf,liquid = u;ef + cv,f,/iquid : (T - 7—;’£f ) [1122]

The diesel fuel is assumed to consist of an alkane (Cy3Hyg) and a benzene (Cy3H,),
the idea being that the chosen species are typical for all alkanes and aromatics and
that the specific heat of alkanes and aromatics differ both at reference temperature
and in their temperature dependence. The fraction of C;3H,g and C13H, is calculated
from the carbon percentage of the fuel, which is known when the fuel type is
determined. The ¢, zquia can be then be calculated with the data in Table II.1, which

for the moment is not temperature dependent. The reference value u;.‘ff equals h;ef
minus the volume work ( p,,, / p}’ff ) at the same reference temperature. The

reference enthalpy h}ef of the fuel was used to match the effective heat of

combustion to a real measured value or a value determined according to [BSI, 1982],
as explained in Chapter 2 of this thesis. The evaporation heat of the two typical fuel
constituents at reference condition can be estimated based on [Borman, 1998] (See
Table I1.3).
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The density of liquid fuel can be taken according to [Stapersma, 2011c]
Pstiia = Py —0.68-(6-15) [11.23]
With p}” is the fuel liquid density at 15 °C.

Table I1.1 The coefficients for the polynomial to calculate ¢, [Stapersma, 20091],
[Yaws, 1986], [Borman, 1998]

a; a asz ay ds ds range (K)
N2 3.5463 0.5773 1.8224 1.1149 0.2731 0.0239 200-2500
0, 3.0845 1.8622 -1.0049 0.2817 -0.0320 0.0007 200-2500
Ar 2.500 0.000 0.000 0.000 0.000  0.000  200-2500
CO, 2.5468 8.0614 -5.9398 2.2908 -0.4380 0.0327 200-2500
H,0 3.9800 -0.4380 2.5797 -1.4469 0.3244 -0.0264 200-2500
SO, 27915  8.9226 -8.4591 4.1789 -1.0431 0.1038 200-2500

CisHyo (g)* -74.758 1018.70 -717.21 221.40 -20.28 0.000  200-1500
CisHas(g)* 11040 53321  739.84 1021.20 32423 0.000  150-1500
CisHio (D% 2210 0 0 0 0 0 0
CisHys(D® 1700 0 0 0 0 0 0

*(g) means fuel in gas phase
& (/) means fuel in /iquid phase and this coefficient is used to calculate ¢,z jiguia

Table I1.2 The reference values of enthalpy and entropy at p = 0.1 MPa, T = 25°C
[Baehr, 2006]

hyer (kJ/mol) Srer (J/mol/K)
N, 0 191.609
0, 0 205.152
Ar 0 154.846
CO, -393.51 213.785
H,O -241.83 188.835
SO, -296.8 248.22
Table I1.3 Evaporation heat of fuel composition at p = 0.1 MPa, T'= 25 °C.
W evap (KI/kg)
CisHyo 339
Ci3Hag 246
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Appendix III. Curve Fitting Techniques Using Least
Square Theory

The strategy of least square regression is to minimize the sum of squares of the
residual S, resulting in a unique curve for ‘best’ fit [Chapra, 2006].

S" = Zeiz = Zl (yi,measured - yi,ﬁtttng )2 [III 1]

Since equation [2.24] is nonlinear in the coefficients, the nonlinear least square
method should be used. The relation between the fit equation f (where a,, are the
parameters in the equation) and measured data (x; and y;) can be expressed generally

as:
Vi = f(x;aq,a,,a,)+e [111.2]

The nonlinear equation f can be expanded in a Taylor series at the initial value of the
parameters and curtailed after the first derivative. A two parameters case is taken as
an example:

10,0 =705, + L g+ T

a, a,

L Aa, [111.3]

Where: j — the initial guess;
j+1 — the prediction;
Aa, = o j1 — ;s
Aa, = Ay
Up to now, equation [III.3] has been linearized with respect to the parameters ay and
a; Equation [III.3] can be substituted in to equation:
of (x.), of (x,
Vi _f(xi)j = fa(al)/ Aao + f( l)

0 al

L Aa, +e, [111.4]

A matrix form of equation [III.4]can be obtained:

{D}=[Z,]1A4} +{E} [111.5]
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[Z;] is the matrix of partial derivatives of the function evaluated at the initial guess j,
n is the number of measured data point.

of/ay &, /0a,

2,1 o, /:6a0 o, {aal

[1IL6]
of,/0a, 0f,/0a,

The vector /D] contains the differences between the measurements and the function

values,
y=f(x)
Dy=|" {[(xz) [111.7]
v = f(x,)
The vector /4] contains the change of the parameter values,
Aa,
{Ad} = A:al [T11.8]
Aa

n

Then the linear least square theory can be applied in equation [III.5] to get the
normal formula:

[[Z,T'[Z,11{a4} ={(Z,]"{D}} [IIL.9]

Thus, the approach consists of solving equation [III.9] for {AA4}, which can be
employed to compute improved values for the parameters, as in

a ;. =a,; +Aq, and @, =a ;+Aq [1I1.10]

This procedure is repeated until the solution converges — that is, until

| T Py

&

a

[IL11]

k

ak,j+1
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falls below an acceptable stopping criterion.
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Appendix IV. Fitting residual analysis

Assume that in the fit process, y is the measured data, » is the corresponding fit value
and ¥ is the mean value of the measured data. The residual r is defined:

r:yi_.);i [IV.1]
There are several goodness-of-fit statistics for the fit model, with which the goodness
of the fit result can easily be evaluated [MATLAB, 2008].

® Sum of square due to error (SSE)

n

SSE=>(y-7) [1V.2]

i=1
If SSE is closer to 0, the fit results in a smaller random error and will give a more
accurate prediction.
® R-square

R-square is defined as the ratio of squares of regression (SSR) and the total sum of
squares (SST). In fact it is the square of the correlation between the fit values and the
predicted fit value, in which the mean value of the measured data is used as the

benchmark.
SSR
R- =— Iv.3
square ST [ ]
With SSR=Y(5,-5) and  SST=>(y, -7 [1V.4]
i=1

i=1

According to equation [IV.2] and [IV.4], the R-square can be expressed as:
SSR  SST-SSE _~ SSE

1- [IV.5]
SST SST SST

R —square =

R-square can have a value between 0 and 1, where a value closer to 1 means that a

large proportion of variance is accounted for in the fitting model. For example, an
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R-square value 0.8234 means that the fit explains 82.34% of the total variation in the
data around the average.

When increasing the number of fitted coefficient (fit parameters b; and my), the
R-square becomes larger although the fit may not improve in a practical sense. In order
to describe the fit properly, the adjusted R-square is introduced considering the
residual degree of freedom (DFFE). The residual degree of freedom u is defined as the
number of the measured data #» minus the fitted parameters number £:

u=n—k [IV.6]

And adjusted R-square is:
SSE(n—1)

Adjusted R-square=1-
SST (u)

[1V.7]
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Appendix V. Polytropic Process’

V.1 Introduction

The polytropic process is a process for which the heat exchange is reversible and can

take the general form:

50 =T-dS=c-m-dT

[V.1]

where the specific heat ¢ is anything between the specific heat at constant pressure

and the one at constant volume. Remember that the internal energy for an ideal gas is:

ideal

dU = c,-m-dT

Then substitute the last two equations into Gibbs equation:

dU=T-dS-p-dV = c¢,-m-dl=c-m-dT —p-dV

Rearranging yields:

(c—¢c,) m-dT=p-dV

Assume ideal gas:

ideal

pV =mRT

ideal

¢c,—¢, =R

Then in equation [V.3] replace m and p with the gas law by 7 and V-

c,—¢, T vV

With the ideal gas law for constant mass in logarithmic form:

! Part of the text of in this appendix is reprinted with permission from ©Copyright Royal
Netherland Naval College, 2002 [Stapersma, 2007].
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ideal
dp AV e dl

V.8
=T [V.8]
The temperature can be eliminated:
- c—c
c-c¢, (dp_ dv\_ dv _ dp c=¢ dV_, [V.9]
c,—¢, \p V vV p c¢c—c, V
Now introduce the polytropic exponent n:
c—c
n= L [V.10]
c—c

and its relation to the general specific heat ¢ and the isentropic index «:

n=

S
S SN (4 [V.11]
%_1 ¢, n-l1

then:
dp

+n.d_V=0 = p-V" =constant [V.12]
p V

This way of introducing the polytropic process is that right at the beginning reversible
heat exchange is assumed as the only cause for entropy change, which is the right
assumption for compression and expansion in diesel engines. In [Stodola, 1922] and
[Baehr, 1989] a more general basis, applicable to both reversible and irreversible
processes is introduced. The following derivation for a closed volume process is taken
from [Stapersma, 2007],

V.2 Polytropic efficiency and exponent for closed systems

The ‘polytropic efficiency’ for a closed system is defined by the ratio between the
reversible work and change in internal energy of a small step change within the
process:

" def -p- dV

= V.13
’7;701 dl/l [ ]
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With Gibbs and the second law the polytropic efficiency for the closed system can be

written as:

-p-dV -p-dV
-p-dV+T-ds —p-dV+6q+T-0s,,

[V.14]

u —_—
77;;01 -

It can be seen very precisely that both reversible heat input (or loss) and/or
irreversible entropy production will result in a polytropic efficiency different from
unity since both cause a change of the entropy. The state of change — in terms changes
of temperature, pressure and specific volume — is completely determined by the
polytropic efficiency. This will be investigated in the following.

For ideal gas:

ideal

du = ¢, -dT [V.15]

ideal R . T ideal
po BT SR Y [V.16]

v v
The polytropic efficiency becomes:

ideal R-dy
# o= —— LV V.17
npal c d]/ [ ]

v T

Therefore equation [V.17] can be written as differential equations for the change of

temperature as function of the change of specific volume:

T ideal 1 R
ar s 1R dv [V.18]
T ’71701 Cv v

Then the relation between polytropic efficiency and polytropic exponents will be
presented. For ideal gas:

R ideal (¢ — cv . C]
= = 2oy with y=-2 [V.19]
C C C

v v v

Define in the same way:
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= a1 [V.20]

where n again is the polytropic exponent. Rearrange equation [V.20], the relating

between polytropic efficiency and polytropic exponent is:

ideal
u -1
= V.21
Mo 1 [V.21]
or reversed:
ideal 1
n = 1+(7/—1)- - [V.22]
npul

Note that the definition of polytropic efficiency in an expansion process will be
reversed, so the polytropic efficiency according to [V.21] must be reversed for

expansion, i.e.:

ideal
u y-1
77 ol ,com, = [V23]
! Y ncomp -1
77;01’@([7 id;a] neXp -l [V24]
y—1

Next the derivation of the inclination of a polytropic line in the 7-S diagram (d7/ds) is

presented.

The entropy equation of state as following from the Gibbs equation is:

ideal
ds = cv-d—T+R-ﬂ [V.25]
T Y
Rearrange equation [V.17]:
dV ideal dT
_:_C,'_' u V.26
v v R . T npol [ ]

Substitute equation in entropy state equation [V.25]:
ideal dT B dT

ds = ¢, -— " V.27
v n [V.27]

cv' T : pol
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Sort the equation:
dT et 1

—=—-T V.28
ds ¢, -(1 —77;01) [ ]

Note that the definition of polytropic efficiency in an expansion process will be
reversed, so the inclination according to [V.28] must be reversed for expansion, i.e.:

ae_ [V.29]
dS cv : (1 - ’7:0/,vomp )
a1 4 [V.30]

da (1)
cv' 1- ul ]
npol,exp

According to equation [V.28] and [V.30], it can concluded that when the polytropic
factor # is assumed to be constant, the curves of polytropic compression and
expansion in 7-s diagram are not straight lines but change with temperature, in fact

with the ratio of temperature and specific heat..

Substitute equation [V.23] and [V.24] in [V.28] and [V.30] respectively, and then the
inclination in 7-s diagram can be expressed in the polytropic exponent, and is the
same for compression and expansion:

ideal 4, _
ar =" 1T [V.31]
ds n—-y c

v

Note that the factor appearing here is the inverse of the ratio c/c, in equation [V.11].

With equation [V.31] the tendency of the curves for stage 1-2 (polytropic compression)
and 5-6 (polytropic expansion) in the Seiliger process when plotted in 7-s diagram

can be explained (refer to Figure 3.7, Figure 3.9(d), etc.).
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Appendix VI. Investigation of diverging in
Newton-Raphson numerical method

In the Seiliger fit versions, there are three fit versions, V4-1, V4-5 and V5-2,
diverging when using Newton-Raphson iteration method to find solutions of the
system of equations in the SIMULINK environment. In order to investigate whether
there are either no solutions of the equations or the Newton-Raphson method does
not find the solution, the algebraic equations for the equivalence criteria are taken
from the simulation model and after some simplifiaction will be directly applied to
get some information of the roots of the equations.

Firstly, the Seiliger fit version V4-3, which is converging when using the Newton
-Raphson method, is investigated to verify the solutions of the equations as found.
Then the diverging version V4-5 will be investigated.

VI.1 Seiliger fit version V'4-3 (converging)

In V4-3, the equivalence criteria are p,, ¢in, Wi and Tgo and the Seiliger parameters
are a, b, ¢ and n.,. The gas properties will now assumed to be constant in the
equations for the equivalence criteria, although they are dependent on the temperature
and air fraction in the simulation model. However the purpose of this investigation is
not to get the precise solutions but to see whether there are solutions. The constants
listed in Table VI.1 are the fit results of }’4-3 in the SIMULINK environment. The
nominal point (100% speed, 100% power) is used in the following investigation.

Table VI.1 The constant used in the equivalence criteria equations

parameter value unit
P 2.1446*10° Pa

re 13.11 [-]
Reomp 1.36 [-]
Cy23 867.79 J/kg/K
T, 348.65 K

Cp 34 1221.20 J/kg/K
Rsy 286.92 J/kg/K
Rys 286.78 J/kg/K
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parameter value unit
qin, measured 1.1199* 106 J/kg
Prmax 9.319*10° Pa
Wi -4.240%10° Tikg
Wss 3.041%10° Tikg
726 0.0923 [-]
Wi, measured 5.211%*1 05 J/kg
TEO, measured 1 1 1960 K
1) Peak pressure p,,y:

The equivalence criterion of p,,,, based on the Seiliger definition is:
Do =D, 1" - a [VI.1]

Substitute the parameters which are constant as listed in Table VI.1 and fit the

maximum pressure to the smoothed measurement:

P 93.139
p et 21441311

a= =1.3129 [VI.2]

2) Net heat input q;,:

The equivalence criterion for g;, based on the basic Seiliger process definition is:
Gin =923 T 934 s
=, T r (a=1)+c T 7 g (b-1)
45 T (y=1)-r"" -a-b-Inc [VL3]
=c 1 1;:"""”’”_1 ‘(a - 1) +c, 5T, rc”m"w‘l ca- (b _ 1)

ne,

-1
+Ry-T 7" .a-b-Inc

Substitute the parameters which are constant as listed in Table VI.1 and fit the heat

input to the smoothed measurement:

2‘3906+l4.116-(b—1)+3.3149-b-1n(c) =11.199 [VL4]

Thus:

14.116-b+3.3149 b -In(c) - 22.9244 = 0| [VL5]
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3) Indicated work w;:

The equivalence criterion for w;, based on the Seiliger process definition is:

W = Wy + Wy + Wys + Wy

:_CV,IZ T{ n7_1 (1—7”,” (((((( v _1)+va34~7; .(}/—1)-’2.%0'@_1 a(b_l)

[VL6]

n'um 71 n()( 71 n()( 71 nBX 71
56 T]'rc‘ P ab(l_b roLe? .r26 P )

Substitute the parameters which are constant as listed in Table VI.1 and fit the

inidacted work to the smoothed measurement:

~4.2398+3.3166-(h—1)+3.3149-b-In(c)

#2320 (1 (009236 -0y )= 5211 [VL.7]
nEXp _1
Thus:
33166-b+33149-b-In(c)
+ 3'312? b-(1-(0.0923-b )™ ) ~12.7669 =0 VLS]
—

exp

4) Temperature at opening of exhaust valve Tg:

The equivalence criterion for 7Tz based on the Seiliger process definition is:

lfnexﬂ
_T e g, b(V/ )
b b-c-V, [VL9]



Appendix VI Investigation of diverging in Newton-Raphson numerical method

Substitute the parameters which are constant as listed in Table VI.1 and fit the
temperature at Exhaust Opening to the smoothed measurement:

1155.9-5" -(0.0923-¢)™ ™ ~1119.6 =0 [VL.10]

Thus:

b" -(0.0923-¢)™ " ~0.9686 =0 [VIL11]

From equation [VI.5] parameter c can be made explicit:
~22.9244-14.116-b

In(c VI.12
( ) 3.3149-b [ |
Therefore:
22.9244-14.116-b
c—e  3.3149b [VI.13]

Eliminate variable ¢ in equation [VL.8] and [VI.11] using equation [VI.13]:

3.3166-b+(22.9244 —14.116-b) +

. ORI VL14

exp

22.9244-14.116-b

’h»xp’l

Then the ‘ezplot’ command in MATLAB is used to plot the equation [VI.14] and
[VI.15]. The result is shown in Figure VI.1, from which it is obvious that there is an
intersection point in the realistic range of the two parameters. In this point b = 1.602,
Neyy = 1.285, ¢ = 1.1619 while the fit results with Newton-Raphson method gives b =
1.247, neyp, = 1.283, ¢ = 3.766 (refer Table 3.30). The result could be accepted since
the difference is mainly caused by the gas properties constant setting instead of
variables when using Newton-Raphson in simulation model. It can be concluded that
using a graphical solution for the algebraic equations of the equivalence criteria is a
reliable way to verify whether there are roots of the equations or not.
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V4-3 Seiliger fit version

exp 7]
]

08l |

Seiliger parameter n

0.6 i

0.4 i
0.2F .
0 | ! | | | |

L
0 0.5 1 1.5 2 25 3 3.5 4
Seiliger parameter b [--]

Figure V1.1 Equivalence criteria equations of V4-3

V1.2 Seiliger fit version V4-5 (diverging)

In V4-5, the equivalence criteria are p,, ¢in, Wi and Tgo and the Seiliger parameters
are a, b, ¢ and n.,. Since this version is diverging when using the Newton-Raphson
method, the constants listed in Table VI.2 are from fitting results of V4-6 in the
SIMULINK environment, for which the solution of V4-5 must be close by (if it
exists).

Table V1.2 The constant used in the equivalence criteria equations

parameter value unit
D 2.1446*10° Pa

Te 13.11 [-]
Reomp 1.36 [-]

Cy,23 867.79 T/kg/K
T, 348.65 K

Cp34 1232.72 J/kg/K
R34 286.92 T/kg/K
Rys 286.73 T/kg/K
Gin, measured 1.1199*10° Jkg
Piax 9.319%10° Pa
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Appendix VI Investigation of diverging in Newton-Raphson numerical method

parameter value unit
Wi -4.240%10° Tikg
26 0.0923 [-]

Wi, measured 5211%10° J/kg
Tr0, measured 1119.60 K

Cys56 963.84 J/kg/K
V56 1.2974 [-]

1) Peak pressure p,,y:

The equivalence criterion of p,,,, based on Seiliger definition is:

Po =D 71" Ref [VL1]

Substitute the parameters which are constant listing in Table VI.2 and fit to the

smoothed measurement:

Do 93.139

a= =
poror 214413110

=1.3129 Ref [VI.2]

2) Net heat input q;,:

The equivalence criterion for g;, based on the advanced Seiliger process definition is:
Qi =923 T 934 T 445 G5

Y(a=1)+c Ty a-(b-1)

teus T (y=1)-r"""a-b-Inc

— Neomp —
_Cv,23 T; rL

-1 Ry — "o — "o i
+Cv,56']-l"(1_ 7 ']’;‘wmpl'a'b-(l_b“ﬁl.cexul'r26exp 1) [VII6]

=y T r (@l ke g Ton e (b-1)

=
W
=N
~
VR
—
|
S
m
§N
I
I =
[
N——
o

Neomp =1 Mgy =1 ey =1 Ny =1
g eom ~a~b~(l—b ot e )

Substitute the parameters which are constant as listed in Table VI.2 and fit the heat

input to the smoothed measurement:
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2.3906 +14.249 (b —1)+3.3143-b-1In(c)

n, —1.2974 . [VI.17]
S11AL = (1-(0.0923-b-¢) ™) =11.199
Moy -1
Thus:
14.249-b+3.3143-b-1In(c)
n,, —1.2974 - [VI.18]
—11.41'[W—lj-b-(l—(0.0923-b‘c) “ 1)—23.0574= 0
nexp -
3) Indicated work w;:
The equivalence criterion for w;, based on the Seiliger process definition is:
W, =Wy + Wy + Wy + Wy
=—C 1) '/;1(1—’2'1”"’“71%%34 -1 '(7_1)"?" ((((( ! -a-(b—l)
comp
Fe T (=) b e
P Al B casb(1=p"" Ref [VL6]
’ n,, -1
=w, + Ry, T} 'rcn ((((( & -a-(b—l)

omp 1
+Ry-T - -a-b-Inc

R n -1 Ny, —1 Ny —1 Ny —1
56 .Ti_rcwmp .a.b.(l_buxp Lot _r26e.\'p )
-1

exp

+

Substitute the parameters which are constant as listed in Table VI.2 and fit the

indicated work to the smoothed measurement:

~4.2398+3.3166-(h—1)+3.3143-b-1In(c)

433138 -b-(1—(0.0923-b-c)"””_1)= 5211 [VL19]
nexp -
Finally:
3.3166-b+3.3143-b-In(c)
+ w (1-(0.0923-5- )™ )-12.7669 = 0 [V120]
n&(p -
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Appendix VI. Investigation of diverging in Newton-Raphson numerical method

4) Temperature at opening of exhaust valve Tg:

The equivalence criterion for 7o based on the Seiliger process definition is:

I
EO ’7exp’1
T,
1-n
o1 V v
=T{.rcn“’ .a-b- % v
eV, Ref [VL9]
n, 1
-1 vV, L'
=T -r"m ab-(bc 2 )
Ts
[ n Moy =1 Ny =1
:TI ’,.C p a,b P P _’,.6 p

Substitute the parameters which are constant as listed in Table VI.2 and fit the

temperature at Exhaust Opening to the smoothed measurement:
1155.9-5" -(0.0923-¢)™ "' ~1119.6 =0 [VI21]

Finally

b (0.0923-¢)"™ " ~0.9686 =0 [V1.22]

From equation [VI.21], the variable b can be expressed in ¢ and 7,y:
1

p=| 20086 [V1.23]
(0.0923¢)™

Eliminate variable b in equation [VI.18] and [VI.20] using equation [VI.23]:

1 1
14249, 09080 T 5 qqg3. ) 09086 T o)
(0.0923-¢)™ (0.0923 )"

1

~1.2974 ey
—11.41-{"” N 0'9686%1} (1-(0.0923-5-c) ) [V1.24]

nexp -1 (00923 ‘C)

—23.0574=0
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3.3166'(

0.9686

07000 1T 33943,
(0.0923-¢)"™" J

1

0.9686

0.9686 | (©)
(0.0923-¢)"™"

Hypy —1

N 3.3138‘ 0.9686 e 1=
nexp -1 (00923 . C)nulﬁI

0.0923 | —20 | ¢
(0.0923-¢)™"

-12.7669=0

[VI.25]

The ‘ezplot’ command in MATLAB is again used to plot the equation [V1.24] and
[VL.25]. The result is shown in Figure VI.2, from which it is obvious that no
intersection point exists in the realistic range of the two parameters. Therefore it can
be concluded that the system of equations for the Seiliger fit version V4-5 has no
roots. On the other hand, the solid and dash lines between ¢ = 1 — 4 are pretty close,
which means that if a relative wide range for the error of the equivalence criteria is
acceptable, there could be "solutions" for the equations. (e.g. the error of Typ in
fitting results of V4-6 is 1.30%; if this is acceptable, the fit result of V'4-6 can be
considered to be a solution of V4-5, refer to Table 3.30).

Seiliger fit version V4-5

5 T T T
.......... w,

41 epeecrssnnsnnen ] qin —

_'.Q 3L i
3
c
9]
©

£ ,
o
©
a
o)
2

= i
(2]

I I I I I
1.5 2 25 3 3.5 4

Seiliger parameter ¢ [--]

Figure V1.2 Equivalence criteria equations of V4-5
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Appendix VII. Smoothed heat release measurement of the other three cylinders and
cylinder 1 with original hole position

Appendix VII. Smoothed heat release measurement
of the other three cylinders and
cylinder 1 with original hole position

VII.1 Cylinder 2

Table VII.1 Vibe parameters for fit functions (cylinder 2)

Operating Vibe 1 2 3
point Function b; my b, my b; ms
First order 0.962 0414
(A) Second order 0.943 0.054 0.386 10.8
Third order  0.989 0.409 0.057 10.78 -0.049 1.034
®) First order 0.914 -0.240
Second order 0.853 -0.312 0.137 5.264
First order 0.943 0.024
©) Second order 0.848 -0.099 0.153 3.618
Third order ~ 0.526 -0.310 0.101 7.595 0.390 0.458
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Appendix VII. Smoothed heat release measurement of the other three cylinders and
cylinder 1 with original hole position
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VIIL.2 Cylinder 3

Table VII.2 Vibe parameters for fit functions (cylinder 3)

Operating Vibe 1 2 3
point Function b, my b my b; ms
First order 0.941 0.405
(A) Second order 0.917 0.370 0.072 11.72
Third order  0.959 0.401 0.079 10.08 -0.051 1.539
®) First order 0.922 -0.258
Second order 0.874 -0.315 0.136 7.348
© First order 0.921 -0.013
Second order 0.855 -0.101 0.140 5.806
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Appendix VII. Smoothed heat release measurement of the other three cylinders and
cylinder 1 with original hole position

o o
T T T T T T —= 4] = IS T =
[ A g g 7 I =
[ N E L E L =l E L
Ho----F-L-L_1_ 1253 58 R = CR
1 2 56 5|% 8 5 518 (= g 6 °
! [ % 2 2 2y 2 ! 2y 2
} | | | I =T N =% N = =% N
. St el el el el i N ,/
I | | | | | 3 L=
i | | | [ « |
Lo o L L _ L _Ir—1-1-418 T T |
| | | | [ | | | D | | |
| [ e e T | ~ 1_1_1% ~ == —— - - — i
| R 3 < [ A Mm | | |
[/ T [ T R N B K1 ~— | | ~ | I | |
| [ N B m [ m | Q | |
| [ 0T o= 1_1_18 = it = = S -t -+ -+ -4 -
AT i R F-t-r-+-+-+-48§8 © [ ~ o [ |
I [ R T - [ o I I
| [ 2 gy [ an | |
&
DI S I L_L_L_L_1_1_]8®w o 1_1_ |8 ] i - - i e e
| [ T R NE = [ R = |
© |
I [ N B T g = [ < I
(ST =
| I o [ |
N S I S B A 2 ) O
| i TTT T N Q. 1_1_]°e Q. - - - - - i
| | | | | | o | | ~ @) | | |
| | [ I T . [ | | |
ittt ndh et Mt Sty Pt \nM/ | ! m ! | |
| | [ - 1_1_18 - - =R\ - -t —+t—- 14—
| | | | | | | ~ | | |
L_1L_1_1_18 | | | | |
[ N B [ B T « [ | | |
[ R B [ 1_1_.18 it it i = it a s Bl S|
L [ 3 [ -~ | |
A e R MY ISy A i 2 [ | |
[ R B | [ | S |
[ R B . 1_1_18 i TSI T T
S 4 8 0 - [ T I T R A
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
- o ©o N © 1 ¥ M N - O N - o - ® © N © 1 ¥ ® N = O
o o o o o o o o o o o o o o o o o o o o
[] eyeulpio-00 uoljOBSY PazZIjeULON [] eyeulpio-00 uoIOBSY PaZIjeULON [] eyeulpi0-00 uoIOBSY PaZIjeULON

200 210 220 230 240 250 260 270
(c) Operating point (c)
233

190

180

Figure VILS Fitting the reaction coordinate with multiple Vibe function (cylinder 3)



300

15t order
2" order

280

260

Crank angle [deg]
240
Crank angle [deg]

220

200

(b) Combustion reaction rate
(b) Combustion reaction rate

180

04 bbb —— — b - — b - - -

360
360

Measurement
Measurement
15t order
Measurement
15 order
2" order

300

Crank angle [deg]
Crank angle [deg]

(a) Pressure
(a) Pressure

CHARACTERISING COMBUSTION IN DIESEL ENGINES

Crank angle [deg]

(b) Combustion reaction rate

234

240 300 360

180

Crank angle [deg]

Figure VII.6 Smoothed pressure and combustion reaction rate (point (A), cylinder 3)
Figure VII.7 Smoothed pressure and combustion reaction rate (point (B), cylinder 3)

(a) Pressure

60

Figure VIIL.8 Smoothed pressure and combustion reaction rate (point (C), cylinder 3)

[req] ainssaid



Appendix VII. Smoothed heat release measurement of the other three cylinders and
cylinder 1 with original hole position

VIL.3 Cylinder 4

Table VII.3 Vibe parameters for fit functions (cylinder 4)

Operating Vibe 1 2 3
point Function b, my b my b; ms
First order 0.953 0.415
(A) Second order 0.929 0.381 0.061 9.842
Third order 0971 0.403 0.064 9.831 -0.044 1.035
®) First order 0.893 -0.274
Second order 0.843 -0.332 0.117 5.482
© First order 0.917 -0.006
Second order 0.833 -0.115 0.139 3.761
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Appendix VII. Smoothed heat release measurement of the other three cylinders and
cylinder 1 with original hole position
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VII1.4 The measurement of different measured holes

The original hole was located at the low side of the cylinder head which was only
possible on cylinder 1. In order to carry out measurements on cylinder 2, 3 and 4,
the measuring hole on all cylinders was moved to the top of the cylinder head,
resulting in a longer channel. For cylinder 1 pressure measurements using the
original hole were carried out in order to judge the differences. Two operating points
are analysed: operating point I is 1000 rev/min, 100% power; operating point II is
800 rev/min, 61% power.
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Appendix VII. Smoothed heat release measurement of the other three cylinders and
cylinder 1 with original hole position

Table VII.4 Vibe parameters for fit functions (cylinder 1, original hole)

Operating Vibe 1 2 3

point Function b, my b my b; ms
First order 0.931 0.457

@D Second order 0.902 0.413 0.070 8.855

Third order  0.861 0.396 0.068 8.842 0.042 0.807
First order 0.898 0.038

(1) Second order 0.823 -0.062 0.123 3.874
Third order ~ 0.211 -0.490 0.096 5.783 0.646 0.139
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Appendix VIII. Description of the measurement
system (based on manufacturer's
data)

VIII.1 Pressure sensor

The pressure sensor used in the measurement system is a KISTLER 7061B, which is
a water-cooled precision pressure sensor especially suited for duty in internal
combustion engines for high-precision thermodynamic measurement. The technical

data of this sensor is shown in Table VIII.1.

Table VIII. 1 KISTLER 7061B pressure sensor technical data

Parameters Unit Value
Range bar 0-250
Calibrated partial ranges bar 0-50
0-5
Overload bar 300
Sensitivity pC/bar ~-80
Natural frequency kHz =45
Linearity %FSO <+0.5

all ranges (cooling)

Acceleration sensitivity bar/g <0.01
(axial) with cooling

Operating temperature range  °C -50-350
Without cooling
Sensitivity shift
cooled 50 +35°C % <+2
non-cooled 200 + 150 °C % <+0.5
Load-change drift bar/s <#£0.5

(Drop of zero line after
cutting the ignition)
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Appendix VIII. Description of the measurement system based on manufacturer's data

Parameters Unit Value
Thermo shock
at 1500min'1, 9bar IMEP
Ap bar <=£0.1
AIMEP % <+£0.5
APmax % <+0.5
Insulation torque TQ
at 20°C
Tightening torque Nm 25
Cooling water pressure bar <6
Capacitance (incl. cable) pF 11 (117)
weight g 27
Plug, ceramic insulator Type 10 — 32 UNF

The temperature conditioning unit (KISTLER Type 2621E) has a pressure control
system for the cooling circuit, an electronic flow monitoring system and a
standardized monitoring/alarm signaling system, and can be operated from a variety

of wall power. Features of the unit are:

For up to 10 sensors
Cooling circuit with pressure regulation
Electronic flow monitoring system

Standardized monitoring/alarm signalling system

Water-cooled cylinder pressure sensors are used for precision measurements where
minimum long term drift is required and when a suitable mounting space is available
in the engine. Cooling adapters are mainly used for cooling piezoresistive absolute
pressure sensors in intake and exhaust manifolds. The temperature conditioning unit
should be mounted on the engine test bench and the distributor as close as possible
to the engine.

241



CHARACTERISING COMBUSTION IN DIESEL ENGINES

VIIL.2 Charge Amplifier

The mains-operated, microprocessor controlled single-channel charge amplifier

Type 5011B converts the electrical charge produced by piezoelectric sensors into a

proportional voltage signal.

Large measuring range

Wide frequency range

Automatic zero correction

Adjustable low-pass filter and time constant

Various options and versions provide optimum adaptation to the measuring
problem

Conforming to CE

This amplifier serves mainly to measure mechanical quantities, e.g. pressure, force

or acceleration. The instrument dimensions are DIN standardized and it can be

supplied in a desktop or rack mount case.

The principle measurement without calculation:

Set sensor sensitivity

Select display scale

Sensor sensitivity and scale are displayed

Set the signal output of the data acquisition unit (recorder, oscilloscope...), for
example to 1 V/unit (1 V/cm)

The display appears directly in mechanical units according to the display scale
selected

Table VII1.2 KISTLER 5011B charge amplifier technical data

Basic unit

Parameters Unit Value

Measuring range for 10 V FS pC +10 — 4999 000

Sensor sensitivity [T]. pC/M.U +10 —+9 990
(M.U. = Mechanical units)

Scale [S] M.U./V 0.001 -9,990,000

Output voltage v +10

Output current mA +5

(short-circuit protected)
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Parameters Unit Value
Output impedance Q 10
Frequency range kHz ~0-200
(-3dB, Filter ‘OFF’)
Low-pass filter kHz (%) 0.01 — 30 (£10)
upper cutoff frequency -3dB
Butterworth, 2 pin
8 stages (1, 3, 10 ...)
Time constant [TC] (high pass filter)
Long >1 000 — 100 000
Medium (T =R, C,) 1-10 000
Short (T =R,'C,) 0,01 ... 100 0.01-100
Error
<+100 pC FS (max./typ.) % <£3/<42
>=+100 pC FS (max./typ.) % <#£1/<+£0.5
Linearity % FS <+£0.05
Noise mV s <0.5(<1.5)
9.99 pC/V (1 pC/V) mVy, <4(<8)
Loss due to cable PCims/PF <2-107
capacitance
Drift at 25 °C pC/s <=+0.07
General Data
Parameters Unit Value
Operating temperature range °C 0-50
Connections
Measuring input/signal output - BNC negative
Remote control - Connector 6 pin
(Operate, Overload, ...) -- DIN 45322
Power plug -- IEC320C 14
Conformity to EC Directive
Safety EN 61010-1
EMC Interference Emission EN 50081-1/EN 50081-2
EMC Interference Immunity EN 50082-1/EN 50082-2
Power, switchable VAC (%)  230/115 (-22/+15)
(Protection class I) Hz (VA) 48 — 62 (20)
Voltage between protection Vims <50

and measuring ground
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Parameters Unit Value
Dimensions

with desktop case Type 5747A1 mm 94*141*195

for rack mounting mm 71.12*%128.7*169
Front panel according to HE (mm) 3 (128.7)

DIN 41494 (Part 5) TE (mm) 14 (71.12)
Weight kg ~2

(incl. IEEE-488 or RS-232C)

VIIL.3 Precision balance talent TE6101

The fuel flow is determined by measuring the time required for a certain amount of

fuel to be consumed. The amount of fuel was such that the time was something like

60 — 150 seconds. The time was measured by a chronometer and the amount of fuel

was weighed by a precison balance.

The Precision balance is from ‘Sartorius mechatronics’. The standard features are:

® High-grade stainless steel weighing pan

® [arge, high-contrast LCD

® High level of operating convenience, thanks to keys with positive click action
and 2 tare keys

® Built-in application programs: counting, weighing in %, net-total formulation;
averaging; toggling between 2 units

® Battery- operable (eight 1.5-V Mignon AA batteries) or runs on line current
(AC adapter included as part of the equipment supplied)

® BidirectionalRS-232C data interface port

® [SO/GLP-compliant logging capability for calibration, adjustment and
weighing data in conjunction with the optional YDP03-0CE data printer

® Four digital filter levels for adaptation of the balance to the conditions at the
place of use

® Mechanical protection of the weighing system against side impact and
overloading

® Rugged construction; compact size; reliable weighing technology
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Table VIII.3 SARTORIUS Precision balance Talent TE6101

Readability 0.lg
Weighing capacity 6,100 g
Response time (avg.) 2s

Housing (W*D*H) 200*270*70 mm
Reproducibility <£0.1g
Linearity <£02¢g

Key accessories Order no.
Data printer with date, time and YDPO03-0CE
statistics functions

Data transfer software SartoConnect YSCO1L

with RS-232C standard cable (1.5 m);

Test and calibration weight: 5,000 g, YCW6548-00
accuracy class F2

External rechargeable battery pack YRBO08Z
Carrying case YDBOITE
Dust cover 6960TE03

VIIL.4 Measured parameters in the test bed

Table VIII.4 Measured parameters in the test bed

Parameter

Unit

[u—

Atmosphere Pressure

mbar

Fuel Leakage

Fuel Control Rod

Fuel Vessel

CO Emission

CO2 Emission

Cylinder Cool Water Pressure

CxHy Emission

O [0 [ Q| | W | B[ W[

Pressure after Turbine in Exhaust Pipe Point 1
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Parameter Unit
10 Sea Water Pressure bar
11 Fuel Pressure before Engine bar
12 Central Cool Water Pressure bar
13 Cylinder 1 Pressure bar
14 Cylinder 2 Pressure bar
15 Cylinder 3 Pressure bar
16 Cylinder 4 Pressure bar
17 Inlet Receiver Pressure bar
18 Nozzle Pressure bar
19 Water Brake Pressure bar
20 Pressure before Turbine in Exhaust Pipe Above bar
21 Pressure before Turbine in Exhaust Pipe Beneath bar
22 Total Efficiency %
23 Fuel Flow kg/s
24 Central Cool Water Flow fo.r bo.th Cy.linder Water kgs

Cooler and Lubricating Oil

25 Central Cool Water Flow for Inter Cooler kg/s
26 Cylinder Cool Water Flow kg/s
27 Lubricating Oil Flow kg/s
28 Average Toque N'm
29 Average Temperature for Exhaust N'm
30 Load --
31 High Level of Fuel Weighter --
32 High level of Leakage Tank --
33 Kisler Cooler --
34 Toque N'm
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Parameter Unit
35 Torque Set Point --
36 Fuel Leakage --
37 Air consumption kg/s
38 NOx Emission --
39 DO Tank Level --
40 HFO Tank Level --
41 02 Emission --
42 Governor -
43 Relative Humidity %
44 SFC
45 Lubricating Oil Pressure bar
46 Fly Wheel Signal --
47 Inlet Air Temperature °C
48 Temperature after Turbine in Exhaust Pipe ©
49 Fuel Temperature Before Engine ©
50 Central Cool Water Temperature after Cylinder oc
Water Cooler
51 Central Cool Water Temperature after Inter Cooler °C
5 Central Cool Water Temperature after Lubricating oc
Oil Cooler
53 Central Cool Water Temperature Before Cylinder oc
Cool Water Cooler
54 | Central Cool Water Temperature before Inter Cooler °C
55 Central Cool Water Temperature before Lubricating oc
Oil Cooler
56 Cylinder Cool Water Temperature after Cooler °C
57 Cylinder Cool Water Temperature after Engine °C
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Parameter Unit
58 Cylinder Cool Water Temperature before Cooler °C
59 Cylinder Cool Water Temperature before Engine °C
60 Inlet Receiver Temperature °C
61 Air Temperature After Compressor ©
62 Temperature after Turbine ©
63 Sea Water Temperature to Bolnes ©
64 Sea Water Temperature to MAN ©
65 Lubricating Oil Temperature after Cooler °C
66 Lubricating Oil Temperature after Engine ©
67 Lubricating Oil Temperature before Cooler ©
68 Lubricating Oil Temperature before Engine o
69 Exhaust Temperature for Cylinder 1 °
70 Exhaust Temperature for Cylinder 2 °C
71 Exhaust Temperature for Cylinder 3 ©
72 Exhaust Temperature for Cylinder 4 ©
73 | Temperature before Turbine in Exhaust Pipe Above °
74 Temperature before Turbine in Exhaust Pipe oc
Beneath
75 Time s
76 Fuel Weighter Time s
77 Turbocharger Speed +1000
rpm
78 Engine Speed rpm
79 Heat Input from Fuel J
80 Power kW
81 Water Brake Control %
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LS}

LS}

LS}

Nomenclature
Abbreviation
TU Delft Delft University of Technology
NLDA Netherlands Defence Academy
MVFP Mean Value First Principle
DE Diesel Engine
CFD Computational Fluid Dynamics
CRR Combustion Reaction Rate
IC Inlet valve Closed
EO Exhaust valve Open
SOI start of injection
SOC start of combustion
EOC end of combustion
TDC Top Dead Centre
BDC Bottom Dead Centre
RCO Reaction coordinate
CRR Combustion Reaction Rate
NAHRR Net Apparent Heat Release Rate
GAHRR Gross Apparent Heat Release Rate
EO exhaust open condition
Symbol
A area m
Ap bore m
Dy bore m
Ey energy of flow J
E J energy of fuel flow W
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Ly
P
Qcomb

Qcamb

H
H

Q[OS.Y

S

NNSVQ.Q’%‘O%QLQ

N}

Cm

Cy

er

enthalpy
enthalpy flow
stroke

indicated power
combustion heat

combustion heat flow

heat loss flow

heat from fuel

heat input

net heat input in Seiliger process
entropy

temperature

internal energy

internal energy flow

volume

stroke volume

normalized reaction rate
normalized rate of combustion

Vibe parameter linked to combustion efficiency

Seiliger parameter

Seiliger parameter

Weight factors in multiple
(k=1,2,3,...)

Seiliger parameter

mean piston speed

specific heat at constant pressure
specific heat at constant volume
specific energy of flow

specific enthalpy

Reaction speed constant

mass
251

J/s

£ - =B

HWHMHM

J/kg/K
J/kg/K
J/kg
J/kg
[--]

kg
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ny, Form factors in multiple Vibe function (k=1,2,3,...)  [--]
m mass flow kg/s
Reomp compression exponent [--]
Hexp expansion exponent [--]
Neng engine speed rev/s
mg fuel consumption ratio [--]
p pressure Pa
e effective compression volume ratio [--]
Te effective expansion volume ratio [--]
t time s
teomb duration of combustion S
u specific internal energy J/kg
Ucomb heat of combustion J
X air mass fraction [--]
o crank angle [degree]
Olg-v heat loss to the walls coefficient W/m’/K
Heomb Combustion efficiency [-]
Heomp compression factor [--]
Hexp expansion factor [--]
e effective efficiency [--]
i heat loss efficiency [--]
n; indicated efficiency [--]
. mechanical efficiency [--]
N thermodynamic efficiency [--]
& geometric compression ratio [--]
¢ fuel burn rate (or combustion reaction rate) kg/s
A air excess ratio [--]
Acr radius to length ratio [--]
U multiplication factor [--]
o air/fuel ratio [--]
p density kg/m’
T Normalized time t/tom [--]
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Subscript

inj
max

ref
sg

Superscript

in
out
comb
ref

no fuel injected condition
trapped condition

fuel

injection

maximum

reference

stoichiometric gas

into the system
out of the system
combustion
reference
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Summary

Characterising combustion of diesel engines is not only necessary when researching
the instantaneous combustion phenomena but also when investigating the change of
the combustion process under variable engine operating conditions. An effective way
to achieve this goal is to parameterize the combustion process using a finite
combustion stage cylinder process model and then the parameters can be modeled to
give a global description of diesel engine combustion.

The main objective of this thesis is getting information how to calculate (simulate) the
parameters defining the finite stage cylinder process model using both theoretical and
experimental methods. The latter is essential but also complicated.

Heat release analysis is an important tool in the research of the combustion process in
diesel engines. An ‘in-cylinder process model’ is described firstly which is the basis
of the ‘heat release calculation’ model. Moreover it can be used independently to
simulate the in-cylinder process to investigate the main features of the cylinder
process of the engine. Then the reversed and anti-causal ‘heat release calculation
model’ is presented together with the results for three engine operating points. Then a
new smoothing method based on multiple Vibe functions is presented in order to
acquire a smoother and more reliable pressure signal.

In order to fit the measured engine cycle to the Seiliger process and to calculate the
parameters which define the finite stage cylinder process model, the theory of a basic
and advanced Seiliger process is presented. Then a systematic investigation of the
Seiliger parameters and the effects on in-cylinder process is carried out. The more
important investigation is how to fit the measured engine cycle to the Seiliger process.
Several combinations of equivalence criteria are used to make this transformation and
set up the applicable systems of equations for the Seiliger parameters. A
Newton-Raphson iteration method then is applied to find the solutions of these
systems of equations.

Three representative operating points (nominal point, nominal speed and 25% power,
low speed and 50% power) are applied in the fitting of the real engine cycle with a

Seiliger process firstly. The differences of the Seiliger parameters coming out of
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Summary

several fit procedures for the three operating points were compared and their global
behaviour as function of power and speed could be seen. Finally the behaviour of the
Seiliger parameters over the full operational range of the MAN 4L.20/27 diesel engine
is shown based on one extensive series of measurements. Also the error in the
equivalence criteria that were not used was presented for the full range of operating
conditions in order to decide on the most preferable fit version to use as a basis for

modelling and characterizing the combustion.

The analysing approach in this thesis has been verified on an ancient engine, i.e.
MAN 41.20/27. However it can be used for characterising combustion in modern
engines with late injection timing, high pressure injection equipment, and even
common rail since the simulation models and Seiliger model are based on basic

principles of physics.
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Samenvatting

Het karakteriseren van de verbranding in dieselmotoren is niet alleen noodzakelijk
voor het onderzoek van het verloop van de verbranding op enig moment, maar ook bij
het onderzoek naar de verandering van het verbrandingsproces in de motor bij andere
bedrijfsomstandigheden dan nominaal. Een effectieve manier om dit doel te bereiken
is om het verbrandingsproces te parametriseren met behulp van een model van het
cilinder proces met eindige verbrandingsfasen waarna de parameters kunnen worden
gemodelleerd om te komen tot een globale beschrijving van het verbrandingsproces in
de dieselmotor.

De belangrijkste doelstelling van dit proefschrift is om informatie te verkrijgen hoe de
parameters, die het cilinder process model met een eindig aantal verbrandingsfasen
definiéren, berekend (en dus gesimuleerd) kunnen worden, gebruikmakend van zowel
theoretische als experimentele methoden. Die laatste zijn essentieel, maar ook lastig.

De analyse van de warmtevrijgave is een belangrijk hulpmiddel in het onderzoek van
het verbrandingsproces in dieselmotoren. In het proefschrift wordt eerst een 'gesloten
cilinder proces model' beschreven dat de basis is van het model van de
"warmtevrijgave berekening '. Tevens kan dit model onafhankelijk worden gebruikt
om het gesloten cilinder proces te simuleren en de belangrijkste kenmerken van het
cilinder proces van de motor te onderzoeken. Vervolgens is het omgekeerde (in feite
anti-causale) 'warmtevrijgave rekenmodel' gepresenteerd samen met de resultaten
voor drie motorbedrijfspunten. Ten slotte is een nieuwe smoothing methode op basis
van meerdere Vibe functies ontwikkeld met als doel tot een gelijkmatiger en meer
betrouwbaar druksignaal te komen.

Om de gemeten motorcyclus af te beelden op het Seiliger proces en om de parameters,
die dat cilinder proces-model met een eindig aantal verbrandingsfasen definiéren, te
berekenen, is een theorie voor een basaal en een geavanceerd Seiliger proces
ontwikkeld. Vervolgens is een systematisch onderzoek van de Seiliger parameters en
de effecten op het in-cilinder proces uitgevoerd. Het belangrijkste onderzoek is hoe de
gemeten motorcyclus moet worden afgebeeld op het Seiliger proces. Meerdere

combinaties van equivalentie criteria worden gebruikt om deze transformatie uit te
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voeren en de van toepassing zijnde systemen van vergelijkingen voor de Seiliger
parameters op te stellen. Een Newton-Raphson iteratie methode wordt dan toegepast
om de oplossingen van deze stelsels van vergelijkingen te vinden.

Drie representatieve bedrijfspunten (een nominaal punt, een punt bij nominaal
toerental en 25% vermogen, een punt bij lage toerental en 50% vermogen) worden
gebruikt om de echte motorcyclus tot een Seiliger proces te transformeren. De
verschillen van de Seiliger parameters voor verschillende combinaties van
equivalentie criteria zijn voor de drie werkpunten met elkaar vergeleken en hun
globale gedrag als functie van de belasting en toerental kan worden bestudeerd.
Uiteindelijk is het gedrag van de Seiliger parameters over het volledige werkgebied
van de MAN 4L.20/27 dieselmotor onderzocht op basis van een uitgebreide reeks
metingen. Ook de fout in de equivalentie criteria die niet werden gebruikt, werd voor
alle operationele omstandigheden gepresenteerd om te kiezen wat de meest te
prefereren fit-versie is als basis voor het modelleren en karakteriseren van de

verbranding.

De analyse methode, ontwikkeld in dit proefschrift, is geverifieerd op een gedateerde
motor, d.w.z. een MAN 4L.20/27. Niettemin kan de methode worden gebruikt voor het
karakteriseren van de verbranding in moderne motoren met een later inspuitmoment,
hoge druk injectie-apparatuur, en zelfs common rail, omdat de simulatie modellen en
het Seiliger model zijn gebaseerd op de basisprincipes van de fysica.
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CHARACTERISING COMBUSTION IN DIESEL ENGINES
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