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and spring 2004. The report is written using ITEX.

Thesis Outline

The first chapter gives a short introduction to the area combustion
modelling and ionization currents. The following chapter treats the
basic Otto motor concept and the multi-zonal model. Here, the the-
ory behind ionization current and different NO-models are explained.
The third chapter deals with the methods used when implementing the
dynamical NO-model. The main work has been done in the fourth
chapter, which consists of the results and analysis from various simu-
lations. The last chapter discuss the conclusions of the work and some
points for future work.
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Chapter 1

Introduction

1.1 Why Model Combustion Engines?

Simulating combustion engines is an important tool in research and
development of new engine concepts. With the increasing computer ca-
pacity it will in the future be possible to do real time in-car combustion
simulations. Given good models, this will provide engine management
systems useful information. Considering the time needed to get good
models, it is important to already now develop them.

1.2 Why do Combustion Models?

The simplest models developed considers the whole cylinder as one
zero-dimensional zone. Zero-dimensional means that there is no spatial
variations within the zone. In the one-zone models this means that the
temperature and the pressure is uniform throughout the cylinder. A
more advanced model is the two-zone zero-dimensional model, where
we have one burned and one unburned zone. Here each zone has its
own temperature and chemical composition and the pressure is uniform
in the whole cylinder.

In order to estimate thermal stresses on engine parts and to calcu-
late the number of ionized particles a higher resolution of the temper-
ature gradients within the cylinder is needed. To get this a theoretical
multi-zone zero-dimensional model has been developed at Vehicular
System, ISY, LiTH [8]. A Java implementation of the model has been
developed by Johan Gill, Gunnar Cedersund and Karl-Johan Nogenmyr
in [6, 9].
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1.3 Why Model Ionization Currents?

One simple way to monitor the combustion online is ionization cur-
rent sensing. This is done by applying a voltage across the spark plug
and measurement of the current that flows through. The in-cylinder
free ions and their electrons will conduct the current. By modeling
the ionization current, and comparing it with experiments, the physics
behind, that not yet is fully understood, can be revealed. When this is
done, the engine management systems can use the real time measured
ionization current to control the engine by, for example, prediction of
the position of the pressure peak.

1.4 The Current Situation

When starting to work on this thesis there were some tasks to deal with.
The first was the results Ingemar Andersson did in his lic, [2]. These
results showed that the simulated ionization current peak position was
located about 2 CAD! later than the measured peak position. In his
simulations he did not use any kind of heat transfer, massflow between
zones or a multi-zonal model. A plot of Andersson’s results can be seen
in Figure 1.1.

The second was the results Karl-Johan Nogenmyr did in his mas-
ter thesis [9]. In Nogenmyr’s simulations the ionization current peak
positions was located about 4 CAD earlier than the measured peak
position. Nogenmyr used different heat transfer models and a multi-
zonal combustion model. He also included massflow between the zones.
In Figure 1.2 three simulations with different heat transfer models are
done.

1.5 Objectives of this Thesis

The objectives of this thesis can be summarized in three parts

1. To state if the observation that the simulated ionization current
peak, always is a few degrees earlier than the measured peak is
correct. This is done by model validation in three parts

e Redoing the experimental verification done at the end of
Karl-Johans master thesis.
e Extending the verification with more data.

e Sensitivity analysis with respect to all parameters that are
not considered as cycle-to-cycle specific.

LCrank angle degrees
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Figure 1.1: Pressure peak location for four different operating points.
The simulations was done without any heat transfer model. The differ-
ence of about 2 CAD between simulated and measured pressure peak
location can directly be translated to ionization current peak location.
This 2 CAD delay was one of the conclusions in Andersson’s Lic. [2,
Fig. 6.5(a)].
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Figure 1.2: Simulations done with three different heat transfer models.
The simulated ionization current peak location is about 4 CAD earlier
than the measured peak location.
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Figure 1.4: Ionization current plots. One using a heat transfer model,
one without any heat transfer. The measured ionization current is also
plotted.

2. To explain the difference between Karl-Johan Nogenmyr’s [9] and
Ingemar Andersson’s [2] results. In Figure 1.4 the difference be-
tween Andersson’s simulations without heat transfer and Nogen-
myr’s with heat transfer.

3. To state whether the difference between the simulated ionization
current peak and measured peak, can be decreased, by for exam-
ple adding a dynamical NO-model.



Chapter 2

Theory

This chapter is divided into four parts. The first part is a short in-
troduction to the four-stroke Otto engine. Part two deals with one of
several models describing combustion/compression in a cylinder. The
two last parts is about ionization current models and NO-models, re-
spectively.

2.1 Short Four-stroke Otto Engine
Concepts

The four-stroke Otto enigne is a machine that converts chemical energy
in the fuel into mechanical energy and heat. As the name implies it
operates in four stages, see Figure 2.1. In the first stage (a) the piston
is moving downwards as the intake valve is open. The fuel, typically air
mixed with gasoline, flows into the cylinder due to the pressure differ-
ence in the intake manifold and the cylinder, caused by the movement
of the piston. When the piston reaches its lower turning point the in-
take valve closes, and as the piston moves up (b) it compresses the fuel.
When it reaches a certain point, (the ignition angle) before its upper
turning point an electric circuit creates a spark in the gap between the
spark plugs two electrodes. This starts the combustion. While the
combustion occurs the piston turns at its upper turning point. Dur-
ing the expansion phase the piston moves downward (c) and some of
the internal energy of the combusted gas is converted to mechanical
energy. When the piston reaches its lower turning point the exhaust
valve opens and as the piston moves up (d) the now combusted gas
flows out in the exhaust pipe.

When modeling the Otto engine, many equation are written as a
function of the position of the crank. The most common notation is the
angle between the crank and the axis of the cylinder, see Figure 2.2.



6 Chapter 2. Theory

Figure 2.1: The four-stroke Otto cycle.

Figure 2.2: The angle 6 determines the position of the piston

2.2 Combustion/Compression Models

There exists several combustion/compression models. The one used is
explained in this section.

During the simulation, the cylinder is divided into an arbitrary num-
ber of zones. First, during the compression, there is only one unburned
zone. As the combustion starts a new small burned zone is created and
a mass-flow from the unburned zone to the burned zone is established.
When the zone reaches a certain mass limit its mass-flow is cut off, and
a new small zone is created between the two zones. The mass-flow from
the unburned zone continues to flow but now to the new zone. When
this new zone reaches the mass limit its mass-flow is also cut off, and
a new zone is created. This process continues until all the mass in the
unburned zone is consumed. The mass-flow between the unburned and
the burned zone is determined by the experimental Vibe function:

mp

xp(0) = o 1—e o

0—0¢g )m+1
[ .

(2.1)

This determines the mass fraction burned xz;,, the ratio between the
burned mass, m; and the total mass my., as a function of the crank
angle . Here 60 is the angle at which the combustion starts, Af is
the combustion duration. a and m are adjustable parameters. This is,
as already said, an experimentally developed function, and there are
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alternatives. One is to calculate the instantaneous burn rate by flame
speed times flame area, see [10, 11].

2.2.1 Derivation of the Multi Zonal Model

As said before the in-cylinder pressure is assumed to be spatially invari-
ant. What remains to be unique for the zones are their temperatures,
volumes and chemical composition. Two assumptions are made.

e The reactions in a burned zone are fast enough, to be aprroxi-
mated as in equilibrium.

e The reactions in the unburned zone are slow enough, to be ap-
proximated as frozen.

The first relation to be satisfied is the balance equation for the volumes:

av =Y _"dv;, (2.2)

where dV; is the change of volume for zone i, and dV is the change of
volume for the whole system, typically due to movement of the piston.
For each zone the ideal gas law, pV = mRT, must be satisfied, in the
differentiated form:

Vidp + pdV; = R;T;dm; + m;T;dR; + m; R;dT; . (23)
An energy conservation equation to be satisfied for all zones:
dU = dW +dQ . (2.4)

Equation (2.2), (2.3) and (2.4) forms a system with 2N +1 ODE’s.
These ODE’s are highly non-linear but can be put in a matrix form as
follows:

Adx =B, (2.5)
where dx is the change in the system:
dx = [dp dV, dTy ... dVy dTn]T . (2.6)

The A and B matrices are as following;:

0o 1 0 ... 1 O

a p by ... 0 0

C1 P d1 0 0
A= . . . . y

an 0 0 R Y bN

CN 0 0 p dN

LOrdinary Differential Equation
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dV
RT; Zi;&l dmy;
0Q1 + Z¢¢1(h1i — hi + RyTy)dma;

0QN + Z¢¢N(hNi — hy + RyTn)dmy;

The a;, b;, ¢; and d; coefficients in the A matrix are:

M:w<1—£xiﬁ)n) (2.7)
bi = —m; (Ri +Ti(8£)p> (2.8)
() ) e
d; =m; <c,, R T, (g];f)p) . (2.10)

When equation (2.5) is solved for dx, one gets the change in the
system as a function of the present state. By this a numerical integrator
can calculate the next state. A more detailed study of the calculations
has been made by Eriksson [3].

2.2.2 Initial Temperature of a Burned Zone

When a new burned zone is created it must have a correct initial tem-
perature, T3,. This temperature can be found by solving

ha(Tu;p) = ho(To, p) (2.11)

i.e. the enthalpy for the combusted mass, h; is the same as the enthalpy
for the uncombusted mass, h,. In the Java implementation these en-
thalpies are tabulated in a table generated with CHEPP [4]. A detailed
description is available in [3].

2.2.3 Heat Transfer

Since there is a temperature difference, AT, between the in-cylinder gas
and the cylinder walls, we have included an energy flow. According to
Newton’s law of cooling, the heat transmitted through the gas-cylinder
contact area A per unit time is:

dq

% . 1
= hAAT (2.12)
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B 9.0e-2 [m]

4 2[]
P [Pa]
ps [Pal
DPm [Pa]

Trve | 363 [K]
Viisp | 4.94¢-4 [m?]

Cy 044 []
prve 6.5e4 [Pa]
Vive [m?]

Up 4.97 [m/s]

T (K]

Table 2.1: Parameter list for the heat transfer model.

In equation (2.13), py is the pressure in a firing cycle and p,,, is the
pressure in a motored cycle, a cycle without combustion. C7 and Cs
are motor-type dependent constants. U, is the mean velocity of the
piston. This gives the heat transfer coefficient used in the simulations,
see [12]:

prveVive

0.8
253B_O'201p0'8 <0‘0034(pfpm)TIVCVdispC2 + Up)
h =

T0.53 (2.13)
All the parameters and their values in equation (2.13) are tabulated in
Table 2.1.

2.3 lIonization Current Models

As the combustion occurs some of the nitrogen in the air is oxidized into
NO, typically around one percent. Due to the high temperature within
the cylinder this NO is thermally ionized into NOT. The presence of
these ions and their free electrons can be detected by applying a voltage
across the spark plug electrodes. Technology and theory for this topic
has been developed at Vehicular Systems the recent years, and several
publications has been written. A detailed study of the research has
been put together by Andersson [2].

The current that flows through the spark plug has a characteristic
shape in the time domain, with one peak around TDC?, and one peak
10 to 15 CAD after TDC. The second peak may be caused by the ionized
NO and it has also a strong correlation to the cylinder pressure peak.
This makes the ionization current an interesting property for real time

2Top Dead Center. i.e. the piston is at its upper position.
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Figure 2.3: Example of a measured ionization current with its three
characteristic phases.

monitoring of the combustion when cylinder pressure is not directly
measured. There exists several different ionization current models, and
some of them are presented in the next part.

2.3.1 Saitzkoff-Reinmann Model

Saitzkoff et al. [1] has made an approach, based on thermal ionization
of NO, to explain the second peak. A cylinder shaped control volume is
put between the spark plug electrodes, see Figure 2.4. Since the electric
field is strongest here, the ions and the free electrons in this cylinder
will make the main contribution to the conduction. The free electrons
are highly mobile compared to the ions and these will dominate the
current. Saha has put up an equation for thermally generated free
electrons (see [1] for assumptions) that describes the balance of the ion
and electron concentration when first order ionization is considered:

leo

o —e FT (2.14)

ng By

nine 2<2ﬂ'mek:T> 2B B
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o ([

Figure 2.4: The spark plugs two electrodes with the voltage U applied.
The cylinder shaped volume contains the ions and the free electrons
conducting the current.

This equation combined with electron drift velocity gives the current I
when the voltage U is applied:

3 By

o 62 Q(QTFILSJCT)Z%G—)C—T
I1=U ——— /O 0 2.15
d Jme\/@ ¢ Ntot ( )

[NO] - 108

.= 2.16
¢ Mot/ Na (2.16)
P RLﬂNA . (2.17)

All entries in these equations are found in Table 2.2.

2.3.2 Calcote Model

This model was presented by Calcote 1963. In the Calcote model the
spark plug is modeled as a Langmuir probe. The central electrode has
some electrical potential, Us relative the grounded parts of the spark
plug. In the combustion chamber there is a mixture of ionized gases,
including positive and negative ions and free electrons. If the electrical
potential Uy is negative enough all electrons will be repelled by the
electrical field. Only the positive ions will produce some current. If
U, increase towards positive the fastest electrons will start to overcome
the electrical field and produce some current.

The surface process at the electrodes can be described with the
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ny
Ne

no

<

o
[NOJ
R

Ty

p

Number density of ions [ ]
Number density of free
electrons [ ]

Number density of
neutral particles | ]
Measurement voltage [V]
Radius of measurement
cylinder [m)]

Length of measurement
cylinder [m)]

Collision cross

section [m?]

NO Concentration
[mol/cm?]

Universal gas constant [ ]
Kernel temperature [K]
Cylinder pressure [Pa]

Ntot

Temperature of gas [K]
Ratio of NO in gas
mixture | |

Electron mass [kg]
Internal partition
function

Tonization energy for
1st order ionization [J]
Total particle density
density [1/m?]
Boltzmann’s constant
/K]

Planck’s constant [Js]
Unit charge constant
[As]

Avogadro constant
[molecule/mol]

Table 2.2: Parameter list for the Saitzkoff-Reinmann equation.

U 80 [V]

r 1 [mm)]

d 1 [mm)]

o 0.1 [A?]

me | 9.31 x 10731 [kg]
g—; 1[]

FE 9.25 [eV]

k| 1.38 x 10723 [J/K]
h | 6.63 x 10734 [Js]

e 1.6 x 10719 [Ag]

Table 2.3: Parameter values in Saitzkofl-Reinmann model.
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ne | Electron concentration [ ] Xe | =14+ 2) [m]

m. | Electron mass [kg] B, | = /X2 —(d+2).)? [m]
T. | Electron temperature [K] n; | Ion concentration [ |

Ae | Electron mean free path [m] || m; | Ion mass [kg]

e | Unit charge [As] T; | Ton temperature [K]
I | Probe length [m] Ai | Ton mean free path [m]
d | Probe diameter [m] Xi | =142\ [m]

B

A | Probe surface area [m?] i | = VX7 — (d+2X))? [m]

Table 2.4: Parameter list for the Calcote model

following expressions:

KT, 31d X.+ B\
I neA, ) | 2.18
e\ 2rm, { W <Xe Beﬂ (219
T 31d X+ B\
Ie =n; As 1 l R 219
M orm, { T ionB; (Xz- - Bi (219

where all entries are listed in Table 2.4. The first equation is valid for
electrons at the positive electrode and the second is valid for positive
ions at the negative electrode.

2.3.3 Yoshiyama-Tomita Model

The theory is based on flame front ionization. Experiments were made
in a combustion bomb. The combustion bomb wall can be electrically
isolated or connected to one of the electrodes. The result shows to
characteristic ionization current peaks. The first peak appears when
the flame front is close to the spark gap. The second peak only appear
when the bomb wall is connected to the negative electrode, and when
the flame front reaches the wall. Two conclusions were drawn from the
experiments:

e The ionization current shape is dependent of the flame position
and electrode polarity.

e Jons and electrons are generated in the flame front by chemical
reactions and thermal ionization is negligible.

A more extensive explanation of the Calcote model and the Yoshi-
yama-Tomita model can be found in [2].

There are a number of ways of calculating the NO-concentration.
This is the topic of the next section.
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2.4 NO-Models

2.4.1 Fix NO Concentration

The fixed NO concentration model used in earlier simulations uses a
fixed value on the ®4 parameter, typically 0.01. This means that one
percent of the gas mixture in the cylinder consists of NO.

The simulations done by Karl-Johan Nogenmyr in [9] showed that
with a fixed NO concentration, the simulated ionization current peak
is a few CAD earlier than the measured peak.

2.4.2 Dynamical NO Concentration

The core in the dynamical NO model is thermal ionization of nitric
oxide, NO. The model is built up by two processes, NO formation and
thermal ionization. Most reactions, except for NO formation, are de-
scribed as fast compared to the time-scale of a combustion and the
concentrations are close to equilibrium. The formation of NO is slower
and is better described as reaction rate limited rather than in equilib-
rium.

In [2] exists a more detailed description of the mechanism behind
NO formation and thermal ionization. In the following part only the
fundamental mechanism is described.

The description of the model does not cover the formation of all
species in the reactions. These species were calculated using the Matlab
program CHEPP [4]. The equilibrium concentration of NO was the
compared between the Heywood model, [7] and the CHEPP program.

The dominating reactions in NO formations are:

O+No=NO+N
N+0O;=NO+O0O
N+OH=NO+H.

With the following two assumptions:

1. The content of N is small and changes slowly compared to the
content of NO.

2. Concentrations of O, Oz, OH, H and N> can be approximated
by their equilibrium concentrations.

The expression for NO formation is:

d[NO] _ 2R (1 - ([NOJ/[NOI.)?) (2.20)
dt 1+ ([NO]/INOJ.)R,/(Rs + Rs) ’ '
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3
Rate constant %
molXs

kir 76 X 10136_38000 T
ki | 1.6 x 1013

ky | 6.4 x 107 x Te=3150/T
ky | 1.5 x 10%e~19500/T

ki | 4.1 x 1013

k?? 2.0 % 10146_23650/T

Table 2.5: Reaction rate constants for NO formation.

where

The concentration [] is in the unit [mol/cm?] and the reaction rate
constants are listed in Table 2.5. The concentration [NO)] is defined as

[NO]:M,

(2.21)
where Nyo is the quantity of NO in [mol] distributed in the volume
V. If V is constant equation (2.20) can be written as

1 dNno 2R (1 — ([NOJ/INOJ.)?)

Vodt 1f(NOJINOLR(Ret Ry~ 22

NO Formation and Volume Change

The value of the formation rate in equation (2.20) is close to zero for a
frozen mixture. This fact reveals a lack in equation (2.20). If the quan-
tity of NO is constant but the volume will increase the NO concentra-
tion will decrease. This is the case in internal combustion engines, and
an extension of equation (2.20) that accounts for a change in burned
zone volume, V} is proposed:

dINO] _ 2R (L—(NOYINOLY) o L dV
dt o 1+([NO]/[NO]6)R1/(R2+R3) Vi, dt '

(2.23)

An increase of the cylinder volume in equation (2.23) will increase the
burned zone volume and decrease the concentration of NO in the zone.
The above model is the model used in the simulations of the ionization
current.
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Material and Methods

3.1 Numerical Solvers

The java implementation uses the Janet package to handle the matrices
and the numerical integration. The implementations handles two differ-
ent integrators. The first integrator is the Runge-Kutta Pair-integrator.
This integrator takes smaller time steps if the problem is stiff. First
it takes the time step in four steps, then it takes the same time step
in five steps, which is more accurate. Then it compares the results of
these two calculations, and if they differ more than a given value, the
integrator assumes that the time step was too long. It then shortens
the time step and redo the calculations until the difference between the
four and five steps results is smaller than the given value. A more ad-
vanced integrator is Diagonally-Implicit Runge-Kutta Pair-integrator,
which is an implicit integrator for solving stiff problems. Parameters
for the simulators can be found in Appendix A.1.2 and A.2.

3.2 The Dynamical NO Java Implementa-
tion

To implement the dynamical NO model into the java implementation
developed by Johan Gill, Gunnar Cedersund and Karl-Johan Nogenmyr
in [6, 9] different cases were considered. The first case was to imple-
ment the NO model in the existing program. This approach in fact
had a couple of difficulties. First to introduce an extra state represent-
ing the NO concentration in the state vector. The program requires
that the states in the state vector are in the right order to function
correctly. The amount of work to rewrite the program and find all the
dependencies between the state vector and the program, was consid-

17
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ered quite big compared to the amount of work writing a completely
new program. The new program would only simulate the formation of
dynamical NO concentration and the ionization current based on data
from the existing program. This was the second approach to write a
completely new program.

The new program’s task was to simulate the differential equation (2.23)
using the Janet simulation package. The concentration of the unknown
species such as [Na], [Oz], [OH], [O] and [N] were calculated using the
Matlab program CHEPP [4]. A big table was constructed with the out-
put concentrations with corresponding 7', p and ¢ values. This table
was constructed using a Matlab script which generated vectors with
T, p and ¢ values. These values were used as inputs to the CHEPP
function chemEqSolve(T,p). To use the data in the table a three di-
mensional interpolation program was written. The program takes ar-
bitrary values of T, p and ¢ and returns an interpolated value of the
corresponding concentration. First three normalized variables s, ¢ and
u were created using equation: (3.1).

s P Ap
t |=| 7T |mod| AT | . (3.1)
u ¢ A¢

The concentration was then evaluated as a sum of basis functions
weighted with the corresponding values in the table:

8

[Ole(s.t,u) = [Olei Jils, t,u) . (3.2)

i=1

The basis functions are as follows:

Ji(s,t,u) =1—s—t—u+ st+ su+tu — stu

Ja(s,t,u) :Jl(s,t,l—u)

Jg(S,t,u):Jl( S, )

Ji(s,t,u) = J1(5,1 t 1—wu) (3.3)
Js5(s,t,u) = J1(1 — s,t,u) ‘
Jo(s,t,u) = J1(1 —s,t,1 —u)

Jr(s,t,u) = Ji(1—s,1 —t,u)

Js(s,t,u) =J1(1—s,1—t,1—u).

Data from the three dimensional interpolation program was sent to
the main program which consists of a simulation part and a model part.
The model part takes care of the differential equations of concentration
for each zone. It also handles the pressure, temperature and volume
data reading from file. These data comes from simulations done with
the earlier simulation program. The simulation output is a file with
NO concentration and ionization currents for each zone.
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The dynamical NO simulation starts when the first burned zone
is created. The initial NO concentration for this zone was set to the
equilibrium concentration. All the other zones have zero NO concen-
tration. For each time step new values of T, p, ¢, V and dV/dt were
generated using the data from earlier simulation. These data was used
to calculated the equilibrium concentration of the unknown species.

When a new burned zone starts, the initial concentration of the zone
is set to the equilibrium concentration for that zone. A short tutorial
for the program can be found in Appendix B.

3.3 Description of Data

The engine parameters and used measured data, come from a tur-
bocharged 2.3 litre SAAB engine. The engine measurement was done
by Mecel. Measurement data are not calibrated in amplitude, and
therefore any assumptions of the absolute values are not possible.
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Figure 3.1: Graphical User Interface to the Java program.



Chapter 4

Results

As explained in the introduction the objectives of this thesis are di-
vided into three parts. In this chapter the results of the objectives are
presented.

This chapter is divided into three different parts. The first part deals
with the observation that the simulated ionization current peak, always
is a few CAD earlier than the measured peak [5]. A new simulation and
comparison of the same data as Karl-Johan Nogenmyr did in [9] was
done. Then an analysis of simulation data and measured data made
with new data was done. At last a sensitivity analysis where all of the
parameters was decreased and increased with several percent ended the
analysis part.

The explanation of the difference between Karl-Johan Nogenmyr’s
and Ingemar Andersson’s results is discussed in the second part. In No-
genmyr’s simulations the ionization current peak position was located
about 4 CAD earlier than the measured peak position. Andersson’s re-
sult showed a simulated peak position 2 CAD later than the measured.

The result of all the above analysis showed that the current model
did not explain all the dynamics of the ionization current. The sim-
ulated ionization current peak position was always a few CAD earlier
than the measured peak position. Therefore an extended model with
dynamical NO formation was considered, to decrease the difference be-
tween the simulated and measured ionization peak positions. This is
what the third part is about, implementation of the dynamical NO
model and evaluation and analysis of that model.

21
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Figure 4.1: A simulated pressure curve plotted with the measured
pressure. As can be seen the curves matches quite well.

4.1 Direct Experimental Comparison

4.1.1 New Comparison of the Same Data

To find out whether the fitting between the simulated and measured
pressure is a sensitive part in the model a new comparison was done.
The data used was the same as Karl-Johan Nogenmyr used in [9]. The
fitting was done by adjusting the residual gas fraction, x5, the com-
bustion duration, Af in equation (2.1) and the initial temperature, Tiyc.
The parameters were adjusted until the simulated and measured pres-
sure curves corresponded as good as possible. To calculate the initial
temperature, Tiye, equation (4.1) was used. 1350 is the final tempera-
ture from a typical engine cycle, and 300 is an approximate manifold
temperature:

Tive = 1350 % Tyes + 300 * (1 — Zyes) - (4.1)

Figure 4.1 shows a simulated pressure curve plotted with the mea-
sured pressure. The curves matches quite well, except for the ampli-
tude.

In Table 4.1 the mean value and standard deviation of the ioniza-
tion peaks position from the simulation are presented. It can be seen
in Table 4.1 that the new simulation results and the old are almost
identical. This means that the model is not specially sensitive in the
pressure fitting. It can also be seen that the standard deviations in
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Comparison I | Comparison 1T Measured

0o [CAD BTDC] | Mean | Std | Mean | Std | Mean | Std
27.0 12.36 | 0.27 | 12.44 0.39 16.00 | 2.14
21.1 16.19 | 0.52 | 16.03 0.71 19.45 | 1.64
241 18.26 | 0.40 | 18.26 0.48 21.65 | 4.15
18.1 20.74 | 1.28 | 20.05 0.85 25.25 | 2.75

Table 4.1: Data from two independent simulations. The simulations
have been done with different ignition angles 6y and the table presents
the mean value and standard deviation of the ionization peak position.
The first simulation was done by Karl-Johan Nogenmyr [9]. As can be
seen in the table, the standard deviation in the measured values are
quite big. This is a consequence of the large cycle-to-cycle variations
of the ionization currents.

the measured data are quite big. This is due to large cycle to cycle
variations and even because the data is quite noisy. For each ignition
angle, 0y eight different pressure cycles were fitted and then simulated.
The eight cycles were chosen as the eight cycles where the pressure
peak time occurrence was closest to the median pressure peak time
occurrence.

Figure 4.2 shows a plot of the measured and simulated mean values
and standard deviations for each ignition angle. The length of the lines
is one standard deviation from the middle of the line were the mean
value is located. The horizontal lines correspond to measured values,
and the vertical lines to the simulated values. The horizontal lines are
equal because the same data has been used in both simulations.

In Figure 4.3 the data from Table 4.1 have been used to create a
least-square approximation. For each simulation a straight line has
been fitted with the measured mean values as a function of the simu-
lated mean values.

4.1.2 Extending the Comparison to More Data

To even more eliminate the possibilities that the parameter settings
causes that the simulated ionization peak is a few CAD early, a com-
parison of more data has been made. The simulations have been done
with four different lambda values and compared to the corresponding
measured data and are presented in Table 4.2.

4.1.3 Results of the Sensitivity Analysis

The last step in the first part is a sensitivity analysis. Here all the
simulation and engine parameters are increased and decreased by ten
percent. For each parameter set a simulation has been run. If the
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Figure 4.2: The simulated position of the ionization peaks against the
measured peaks. The length of the lines is two standard deviations,

and the mean value is the middle of the line.

The large standard

deviations in the measured data are a consequence of the large cycle-
to-cycle variations in the measured ionization current data. Another
consequence is that the measured data is quite noisy which makes it
hard to determine the correct peak position. As can be seen the data
from the two simulations are almost identical. Comparison I was done
by Nogenmyr and comparison II was done in this thesis.

Comparison IIT Measured
A Mean Std Mean | Std
0.8824 | 11.17 0.44 13.25 | 1.67
0.9200 | 11.46 0.62 14.00 | 2.88
0.9536 | 12.32 0.50 15.00 | 1.41
1.0682 | 14.50 0.75 18.40 | 0.55

Table 4.2: Mean values and standard deviations of the ionization
peaks. The simulations have been done with four different lambda
values and 0y = 27.2. The simulated peaks are still 2-4 CAD earlier
then the measured peaks.
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Figure 4.3: A least-square approximation of the mean value data from
Table 4.1. As can be seen in the plot the approximations from the
two different fittings are almost identical. Comparison I was done by
Nogenmyr and comparison II was done in this thesis.
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Figure 4.4: The temperature of four different zones plotted as func-
tions of the pressure of the zone. The numbering of the zones is ex-
plained in Figure 4.5.
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Figure 4.5: This shows the shells in a typical situation.
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Figure 4.6: Comparison III done with four different lambda values.
The length of the lines is two standard deviations, and the mean value is
located in the middle of the line. Comparison I was done by Nogenmyr
and comparison II was done in this thesis.



4.1. Direct Experimental Comparison 27

Parameter | Value —10% +10% Ranking

Tres | 0.065 0.11 ~0

Lst 14.7 ~0 ~0

init BurnedV ol F'rac le-5 0.11 ~0
massLimit | 4.7e-5 ~0 ~0
FlameSpeed 4.5 ~0 ~0

WoschniCy 2 —0.44 0.47 1
WoschniCsy 0.44 —0.18 0.33 2
tstop | 0.0736 ~0 ~0 4

m 4 0.46 —0.32 1

a 20 0.34 ~0 2

Pive | 6.5e4 0.18 ~0 3

Tive 363 ~0 0.23 2

10) 1 ~0 ~0 4

qbres 1 ~0 ~0 4

3

4

3

4

4

Table 4.3: Simulation data from the sensitivity analysis. The simula-
tion parameters have been decreased and increased by ten percent.

simulation did not converge the parameter change was decreased to
one percent.

The results are presented in the Tables 4.3, 4.4, 4.5 and 4.6. The
values presented in the table are calculated by first taking the distance
between the pressure peak and ionization peak without any parameter
change. Then the distance between the pressure peak and ionization
peak in simulation data with a parameter change was calculated. These
two values are then subtracted from each other.

As can be seen in Table 4.3 and 4.4, all the values are under a half
degree. This means that a small parameter change has little influence
on the result. Even in Table 4.5 and 4.6 the values are small, except
for 65 and 0. But a change of one percent in these parameters are
not realistic, because the 0, and 0 parameters are converted to simu-
lation time. Then a one percent increase or decrease of that time value
becomes very big.

In Table 4.7 and 4.8 gives an short explanation of all the parameters
used in the sensitivity analysis.
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Parameter | Value —10% +10% Ranking

a | 3.9e-2 0.34 ~0 1
[ | 15.9¢-2 ~0 ~0 2
Vi | 4.96e-4 —0.18 0.33 1
dt 2e-3 ~0 ~0 3

Table 4.4: Simulation data from the sensitivity analysis. The engine
parameters have been decreased and increased by ten percent.

Parameter | Value —1% +1% Ranking
Twall 470 ~ 0 0.11
w 200 ~0 ~0
tstart | 0.0497 =0 ~0
fs | 12.09 0.98 —0.89
O | 13.33 —0.45 0.67
n | 0.99 ~0 ~0
h | 2eb ~0 ~0

I N N e Y

Table 4.5: Simulation data from the sensitivity analysis. The simula-
tion parameters have been decreased and increased by one percent.

Parameter | Value —1% +1% Ranking

B | 9.0e-2 ~0 0.11 3
Te 9.25 ~0 ~ 0 4
V. | 6.0le-5 =0 0.10 4
S | 0.078 ~0 ~0 4

Table 4.6: Simulation data from the sensitivity analysis. The engine
parameters have been decreased and increased by one percent.
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Twan | Temperature at the cylinder wall [K]
WoschniCy | Heat transfer constant [ ]
WoschniCy | Heat transfer constant | ]
w | The angular velocity [rad/s]
tstart | Simulation start-time [s]
tstop | Simulation stop-time [s]
fs | Start of combustion [CAD]
0 | Combustion duration [CAD]
n | Parameter in the Vibe function [ ]
m | The m parameter for the Vibe function

[]

a | The a parameter for the Vibe function
[]
Pive | Pressure at intake valve close [Pa]
Tive | Temperature at intake valve close [K]
phi | Fuel / air equivalence ratio [ ]
phives | Fuel / air equivalence ratio in residual
gas ]
Zres | Residual gas fraction [ ]
Lst | Stoichiometric air/fuel ratio | ]

h | The timestep of the simulation [s]
initBurnedVolFrac | Fraction in the unburned zone used to
create a burned zone | |
massLimit | The maximum mass that a boundary
zone might have [kg]

FlameSpeed | The speed of the flame [m/s]

Table 4.7: Simulation parameters that were increased and decreased
in the sensitivity analysis. A short explanation to each parameter is
also given.

a | Crank radius [m]

! | Connecting rod length [m]
B | Cylinder bore [m]

re | Compression ratio [ ]
Vi | Displaced volume [m
V. | Clearance volume [m
S | Piston stroke [m)]

dt | Distance spark-gap to cylinder head [m]

°]
]

Table 4.8: Engine parameters that were increased and decreased in
the sensitivity analysis. A short explanation to each parameter is also
given.
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Figure 4.7: Simulations done with different heat transfer models and
without heat transfer. The data is compared to the measured data. It
can be seen that simulations with heat transfer results in a ionization
current peak location about 4 CAD earlier than the measured peak
location. But simulations without heat transfer results in a ionization
current peak location about 2 CAD later than the measured peak lo-
cation. The first observation was done by Karl-Johan Nogenmyr in [9]
and has been analyzed in this thesis. The second observation was done
by Ingemar Andersson in [2].

4.2 Comparison with Other Models

In Figure 4.7 the difference between the simulated peak location with
heat transfer and without heat transfer, can be seen. When Andersson
did his simulations he did not include heat transfer. The ionization
current peak is located about 2 CAD later than the measured. But by
including heat transfer the peak location is moved to a position 4 CAD
earlier than the measured peak.

Figure 4.8 shows the results from simulations done with 1-14 burned
zones. The value of the y-axis is the ionization peak position, which is
quite stabile for simulations done with 2—14 burned zones. The reason
that the simlation done with one burned zone differs, is that the spark
plug is located in the first burned zone, and the heat transfer with that
zone is quite big. In Figure 4.9 the ionization current peak location
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Figure 4.8: The ionization current peak location for simulations done
with different number of zones. The low value for the simulation done
with one zone depends on the large heat transfer, which is a consequence
of the geometry.

has been plotted for simulations done with three different massflows
between the zones. The difference between the three simulations is
very small, about 0.1 CAD.

4.3 Improved Model Agreement

4.3.1 Including a Dynamical NO-Model

Section 4.1 showed that the static NO-model did not explain all the dy-
namics in ionization current formation. Therefore an extension of the
model with a dynamical NO-model was considered. In [2], simulation
with a two-zone model and dynamical NO-model shows that the ion-
ization current peak occurs about 2 CAD later than simulations done
with a static NO-model. The expectation is that the same peak delay
occurs even in the multi-zonal model using dynamical NO. In Table 4.9
the results from the simulations with dynamical NO are presented. It
can be seen that the dynamical NO-model give rise to a delay in the
ionization current peak, even in the multi-zonal model. A compari-
son between Table 4.1 and 4.9 shows that the peak delay is about 3—4
CAD. The simulated- and measured ionization currents peak position
in Table 4.9 are within 1 CAD, and the standard deviations for the
simulated curves are approximately 1 CAD.
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Figure 4.9: The ionization currents plotted for different massflow be-

tween the zones. The difference between the three simulations is very
small, about 0.1 CAD.

Comparison Measured
0y [CAD BTDC] | Mean | Std | Mean | Std
27.0 16.67 | 0.70 | 16.00 | 2.14
24.1 18.75 | 0.86 | 19.45 | 1.64
21.1 21.25 | 1.12 | 21.65 | 4.15
18.1 24.41 | 0.69 | 25.25 | 2.75

Table 4.9: Data from simulations done with the dynamical NO-model.
Now the simulated and measured peak positions of the ionization cur-
rents are within 1 CAD. The standard deviations from the simulations
are approximately 1 CAD.
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Figure 4.10: The measured- and simulated ionization current for four
different ignition angles are plotted. The plot with dynamical NO shows
good agreement with the measured plot. Simulation parameters can be
found in Appendix A.3.

In Figure 4.10 the ionization currents have been plotted for four
different ignition angles. The amplitudes of the curves are normalized.

In Figure 4.11 the equilibrium and dynamical NO concentrations are
plotted. Figure 4.11(a) shows the concentrations for the first burned
zone, Figure 4.11(b) for the third burned zone, Figure 4.11(c) for the
fifth burned zone and Figure 4.11(d) for the seventh burned zone.
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Figure 4.11: Equilibrium and dynamical NO concentration for the
first- and second burned zone. The equilibrium concentrations are
calculated using CHEPP. Simulation parameters can be found in Ap-
pendix A.1.2.
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Figure 4.12: Simulated NO concentration for burned zones 1, 3, 5, 7
using dynamical NO.

x 10
45t ~3 CAD —— Burned zone 1 ||
— Burned zone 3
al —-— Burned zone 5 ||
- - - Burned zone 7

lonization current [A]
N
al

0 L L o=
-20 0 20 40 60 80 100
Crank angle degrees

Figure 4.13: Simulated ionization currents for burned zones 1, 3, 5, 7
using dynamical NO.






Chapter 5

Conclusions and Future
Work

5.1 Conclusions

The purpose of this thesis was to give answer to the three points stated

in the introduction.

1. When doing simulations with the multi-zonal, static NO and heat
transfer model, the observation that the simulated ionization cur-
rent peak location always is a few CAD earlier than the measured
peak, seems to be correct. Repeating the simulations Karl-Johan
Nogenmyr did in his thesis leads to almost the same ionization
peak locations. This means that the model is not very sensitive
in the two different manually made pressure curve fittings. The
fittings was also extended with more data, but the results showed
even here that the ionization current peak location was about 2-4
CAD to early. At last the sensitivity analysis showed that almost
all parameters had none or very small influence on the results. In
Figure 5.1 the ionization current curve has been plotted for one
cycle at a certain working point. The curve corresponding to all
this above is the curve marked Heat transfer - geometry. It can
clearly be seen that the simulated curve is located a few CAD to
early. Even other heat transfer models have been used and the

results have been plotted in Figure 5.1.

2. An explanation of the difference between Karl-Johan Nogenmyr’s
and Ingemar Andersson’s results is that Nogenmyr included heat
transfer in his model, which Andersson did not. This heat transfer
makes the ionization current peak moving about 8 CAD earlier.
In Nogenmyr’s model there is also included a massflow between

37
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Figure 5.1: Here ioinization current curves for all the different models
are plotted. It can be seen that the peak from the model without heat
transfer is located about 2 CAD later than the measured peak. The
peak for the models with heat transfer is located about 4-5 CAD earlier
than the measured peak. For the latest model with heat transfer and
dynamical NO, the peak is located within 1 CAD from the measured
peak.

the zones. But this massflow has very little influence on the peak
location. This can be seen in Figure 4.9. Another explanation is
the multi-zonal model. In Figure 4.8, it can be seen that simu-
lations done with only one burned zone differs quite much from
simulations done with more zones. This would move the peak
location about 2 CAD later than Andersson’s who used only one
burned zone.

3. After the implementation of a dynamical NO-model, the simu-
lated and measured ionization current peak locations are within
1 CAD. The result is within the margin of error. Trying to achieve
better agreement is not relevant, because of the noise in the mea-
sured data. Figure 5.1 shows the ionization current curve, using
the dynamical NO-model.
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5.2 Future Work

e Making the Java program easier to use with a Graphical User
Interface (GUI).

e Invert the fitting. First do simulations, and then use the results
to predict the pressure peak location.

e Investigate why the measured absolute value of the ionization
current differs so much from the simulated value.
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Notation

Symbols used in the report.

Variables and parameters

NQO Nitrogen oxide
Ny Nitrogen

0>  Oxygen
OH Hydrogen oxide
(0] Oxygen

Nitrogen

Pressure [Pa]

N

T Temperature [K]
p

¢

Normalized fuel/air equivalence ratio [ |

Abbreviations

CAD Crank Angle Degrees

TDC Top Dead Center, engine crank position at 0 CAD

ATDC After TDC

BTDC Before TDC

IvC Inlet Valve Close

10) Fuel/air equivalence ratio

Lst Stoichiometric fuel/air ratio

DIRK Diagonally Implicit Runge-Kutta Integrator

CHEPP CHemical Equilibrium Program Package, a MATLAB
based software package for calculating chemical
equilibrium concentrations in a gas mixture.

ODE Ordinary Differential Equation

GUI Graphical User Interface
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Appendix A

Measurement
Background

A.1 Parameters in the Java Implementa-
tion

A.1.1 Engine parameters

Crank radius 39 [mm)]
Connecting rod 159 [mm]
Bore 90 [mm]
Compression ratio 10:1 [ ]
Displacement volume 4.94e-4 [m?]
Clearence volume 5.99e-5 [m3]
Stroke 78 [mm]
Distance spark-gap to cylinder head | 2 [mm]
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46 Appendix A. Measurement Background

A.1.2 Simulation Parameters

Cylinder wall temperature
Woschni Cy

Woschni Cs

Crank angular velocity
Intake valve close
Exhaust valve open
Ignition angle
Combustion duration
Vibe n parameter
Vibe m parameter
Vibe a parameter
Pressure @ IVC
Temperature @ IVC

¢
¢res

Residual gases

K

Lst

Time step in simulation

Smallest mean step length

Maximum time step

DIRK error parameter

Jacobian absolute pertubation parameter
Jacobian relative pertubation parameter
Initial volume of a burned zone
Maximum zone mass

Heat transfer type

Combusted part

470 [K]

1)

1/2.28 [ ]

200 [rad/s]

125 [CAD BTDC]
123 [CAD ATDC]
27.0 [CAD BTDC(]
44 [CAD]

0.99 [ ]

2[]
20

4.7¢-5 [kg]
Calculated from
geometry

0.97 []

A.2 Parameters in the Dynamical Java Im-

plementation
7 o0T]
Simlation time step | le-12 [s]
Absolute error le-13 [ ]
Relative error le-6 [ ]

Integrator type Runge-Kutta Pair




A.3. Parameters used in the fittings
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A.3 Parameters used in the fittings

Ignition angle 27.0 | 24.1 21.1 18.1
Combustion duration | 47 49 49 54
Temperature @ IVC | 360 368 368 368
Residual gases 0.060 | 0.065 | 0.065 | 0.065







Appendix B

A

short NOSimulator

manual

The program consist of several class files. The NOSimulator. java file
handles the simulator and its parameters. It also handles the writing
of data to file. Data is written as a big matrix.

Column 1 corresponds to the crank angle.

The second column is the ionization current for the first burned
zone.

Column number 3 — 9 are the dynamical NO concentration for all
the burned zones in order 1 — 7.

Column 10 to 15 are the ionization current for burned zone 2 —
7.

Column 16 — 20 are the equilibrium NO concentration for burned
zone 1, 2, 3, 5, 7.

Output data is saved in the file outData_NO.dat.
Listed below are some of the parameters for the integrator.

ExtendedButcherTable table =

ExtendedButcherTable.

getExtendedButcherTable ("RKF(4,5)");

TimeContinuous f = new NOModel (phi);

double t = (((NOModel)f).

getZoneStartTime(1) +

0.0005); //Simulation start time
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50 Appendix B. A short NOSimulator manual

double h = le-12; //Timestep
double epsa = le-13; //Absolute error
double epsr = le-6; //Relative error

Integrator integrator =
new RungeKuttaPairIntegrator(table,
f, t, h, epsa, epsr);

The NOModel. java file contains the entire dynamical NO model.
All the equilibrium data comes from CHEPP [4] and are converted into
java objects with the program EqDataReader.java. These objects are
then used in the simulation program.

To start the program first compile it with the commando

javac -classpath Janet.jar:. *.java

then to start the simulation

java -classpath Janet.jar:. NOSimulator

The program reads the file outData.dat which must be on the form
e Simulation time in column 1.
e The spark plug zone in column 2.
e Pressure in column 3

e The remaining columns should consist of volume and temperature
for each zone.
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