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The Division of Combustion Physics has been a separate division within the Department of Physics
since 1991. Its activities are directed towards phenomenological aspects of combustion phenomena
and have, by tradition, a strong background in the development of and application for laser diagnos-
tic techniques. These activities are still of major importance for the division. During the last few
years there has also been a strengthening within other areas of combustion. In the field of chemical
kinetics the division is presently running projects in the area of soot formation, NOx formation, as
well as, low-temperature oxidation phenomena, involving complex fuels e.g. autoignition and knock
in gas turbines and IC engines. The division has also a long tradition in studying spark ignition phe-
nomena. During the few last years this has included studies of the use of the spark plug as a sensor.
In the field of modelling turbulent reacting flows, activities have been directed towards large-eddy
simulation, with applications in pulsating combustion, as well as, gas turbine combustion.

The work within the division is closely connected to other research activities, in the area of com-
bustion, at the Lund Institute of Technology, through the Combustion Centre. Through this, Com-
bustion Physics activities are interconnected with related projects at the Schools of Mechanical En-
gineering, Civil Engineering and Chemical Engineering. Many of the projects described in this bi-
ennial report have enhanced by close collaboration between the departments in these schools.

During the last few years part of the financial support of research has been directed towards the ini-
tiation of interdisciplinary centres. In Sweden there have been two such initiatives, one towards de-
velopment of Centres of Competence, financed by the Swedish Board for Technical Developments
(NUTEK), the other involves the establishment of Centres of Excellence and Graduate Schools,
these financed by various foundations, the largest of which is the Foundation of Strategic Research.

The Division of Combustion Physics has been deeply involved in the establishment of two such
centres. One Centre of Competence, entitled Combustion Processes, was initiated in 1995 and is
directed towards the development of advanced diagnostic and modelling tools. This also includes
the Division of Combustion Physics, as well as, the Department of Heat and Power Engineering.
This centre is mainly financed through NUTEK and nine major companies in the field of combus-
tion.
The Division of Combustion Physics has also played a major role in the establishment of a national
Centre of Excellence in Combustion Science and Technology (CeCoST) financially supported by
the Foundation of Strategic Research. In this national centre there are participants from Lund Insti-
tute of Technology, and also from Chalmers University of Technology, in Gothenburg and Royal
Institute of Technology in Stockholm.
Thanks to the centres described above and to active international collaboration, the reduction of na-
tional research funds has not, as yet, caused any insuperable problems for the division in fulfilling
its scientific objectives.  For the future, it is believed that the activities will continue to develop and
that the close interaction between diagnostics and modelling will make the division competitive on
the international perspective.
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Projects within the EU, as well as, other international projects we are engaged in are presented in
Table 1. We have also received an Institutional Fellowship from the Human Capital and Mobility
Program.

7DEOH��

3URJUDP 6XEMHFW 1DWLRQDO�,QGXVWULDO�SDUWQHU
(8
IDEA-EFFECT (JOULE) Ignition studies VOLVO TU
BRITE-EURAM Droplet/gas phase visualisation VOLVO Aero Corp.
ZODIAC Development of diagnostic tech-

nique for 2-D temperature, using
atom seeding

VOLVO

Human Capital and Mobility
HCM

Institutional fellowships

2WKHUV
IEA Laser diagnostic developments
AGATA (EUREKA) Temperature-O2 measurements VOLVO Aero Corp.

���� %XGJHW

The Division's budget for 1996 totalled 9.4 MSEK, of which 80% came from external sources.



���� 8QGHUJUDGXDWH�&RXUVHV

Two three credit points undergraduate courses are given by the division of Combustion Physics. A
total of 180 credit points is required for the degree of Master of Science.

The course in )XQGDPHQWDO�&RPEXVWLRQ has been given since 1992/1993. The first years it was
given by four lecturers presenting different parts of the course. The literature used was combined
from several authors in the field of combustion. The last year course (1995/1996 was given by Per-
Erik Bengtsson and the course book was Griffiths and Barnard, Flame and Combustion (3rd edition).
The course consists of sixteen lectures, two practicals (chemical kinetics and flame velocity meas-
urements), as well as demonstrations at different divisions and departments within the Lund Insti-
tute of Technology. The course is for students on their fourth year of study in the disciplines of En-
gineering Physics, Engineering Chemistry and Mechanical Engineering. In the most recent year
more than 30 students participated in the course.

The course in /DVHU�%DVHG�&RPEXVWLRQ�'LDJQRVWLFV was held for the first time in the second study
period of 1996/1997. The recent book by Alan Eckbreth, Laser Diagnostics for Combustion Tem-
perature and Species, was used as the course book. The course consisted of fourteen lectures and
two practicals (LIF and CARS). The course is given for students from Engineering Physics and this
year fifteen students attended the course. In addition, some Ph.D. students also joined the course,
the total number of students was then about 20.
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As already indicated in the introduction, work on the application and development of laser diagnos-
tic techniques has become a tradition in Lund, one that extends back to the late seventies. During
the eighties, one of the major achievements was the first instantaneous multiple–point registration
produced by the use of laser induced fluorescence (LIF). This work has continued and today this
technique, as extended by Stanford University and Stanford Research Institute, to encompass two–
dimensional measurements, is one of the most widely applied techniques in combustion diagnostics.
Another achievement during the eighties, was the detection of oxygen atoms in flames for the first
time, using a two–photon excitation scheme. As shown below, a significant amount of work is still
devoted to the development and application of both imaging techniques and multi–photon schemes.

The laser work undertaken within the new division has been directed at the following areas:

1. The development of new diagnostic techniques and fundamental research both on these
and on well established techniques.

 
1. The application of well developed techniques to the measurement of relevant parameters,

e. g. species concentrations, temperatures, velocities and particle phenomenological
studies (volume fraction, size, and number density), within the framework of phenome-
nological studies, often in close collaboration with modelling expertise.

 
1. Research on the use of mature techniques for the characterisation, optimisation and con-

trol of industrial processes.

The distinctions between these different areas are more virtual than real, the links between them are
very close and there is also an exchange of people, equipment and knowledge.

������ )XQGDPHQWDO�5HVHDUFK

3LFRVHFRQG�7HFKQLTXHV

�)���2VVOHU��6��$JUXS���-��/DUVVRQ��/��0DUWLQVVRQ�DQG�7��0HW]�

The most important instruments in research involving picosecond (ps) resolution are a ps-laser sys-
tem for excitation and a streak camera for detection. These are used in the study of the fluorescence
decay. In atmospheric flames the effective lifetimes lie around or below 1 ns, 100 to 1000 times
shorter than the natural lifetimes. In some instances it is not necessary to use a streak camera. A fast
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photomultiplier tube and a fast oscilloscope are sufficient, if a deconvolution scheme is employed
for the evaluation of the effective lifetime.

The effective lifetime of the 3d state of the H atom was studied in a H2/O2 and a CH4/O2 flame
[Agrup et al., 1995]. In this case a two photon-excitation scheme at 205 nm was used. The fluores-
cence decay, due to de-excitation to the 2p state (656 nm) was recorded using the streak camera.
The effective lifetime in the preheat zone was low 60 ± 10 ps, but increased rapidly to 105 ± 16 ps
in the reaction zone.  The lifetime was longer in the methane flame, although the low signals did not
permit rigorous studies. In addition to the fluorescence, stimulated emission was also observed and
recorded. The stimulated emission was short-lived and followed the shape of the laser pulse.

The effective lifetime of the 2p33p3P and the 2p33p5P states of atomic oxygen were measured to be
290 ± 80 ps and 250 ± 80 ps respectively, in the recombination zone of a H2/O2 flame at atmos-
pheric pressure [Ossler et al., 1996a]. Measurements were also performed in different zones of the
flame and in the recombination zone of a H2/N2O flame. Laser pulses with a duration of 35 ps at a
wavelength of 225.6 nm, excited the atoms by a two-photon absorption process. Lifetimes were de-
duced from time resolved recordings of the fluorescence at 845 nm and 777 nm, using a fast photo-
multiplier tube combined with a fast oscilloscope and a deconvolution scheme.

Dopants and trace markers are often used to visualise the degree of evaporation of fuel e.g. in SI en-
gines in the stages prior to ignition, or in the study of turbulent flows. In order to determine the con-
centrations of these species, it is important to determine their fluorescence behaviour, at various
pressures and temperatures of importance for engine applied experiments. 3-pentanone (3P) and
acetone (Ac) molecules were studied in a static cell, which could operate at pressures of air, or ni-
trogen, ranging from 0.01 bar to 10 bar and temperatures between 323 K and 723 K  [Ossler and
Aldén, 1997, Ossler et al., 1996b].  The molecules were excited with ps-laser pulses at 266 nm (4th
harmonic of Nd:YAG). The fluorescence emission was measured, either temporally resolved with a
streak camera, or spectrally resolved with a spectrograph and an ungated diode–array detector con-
nected to an OMA. Changes in the effective lifetime of the emission were observed as a function of
pressure and temperature. The effective lifetime increased, or reached a maximum, with increasing
pressure of nitrogen. Temperature was found to have a quenching effect on the emission. Ac
showed a larger sensitivity to both temperature and pressure compared to 3P. Mixtures of 3P and air
did not react at temperatures lower than 548 K, when the concentration of 3P was kept low. The ef-
fective lifetime varied less than ± 20 % between 323 K and 473 K, at pressures of air or nitrogen
between 1 bar and 10 bar. The behaviour of the fluorescence emission of the ketones studied with
respect to pressure and temperature was contrary to that expected of atoms and small molecules.
This can, however,  be explained by internal de-excitation routes (internal quenching) which are ef-
fected by intermolecular collisions.

In addition to point-like measurements, or measurements along a line, the streak camera can be used
for multi-dimensional measurements. It has been demonstrated that ps scattering and streak camera
detection can provide three-dimensional imaging of turbulent flows  [Ossler et al., 1995a]. In that
investigation, a ps-laser was used to capture the elastic scattering from micrometer sized droplets in
six planes inside a water aerosol ((UURU��5HIHUHQFH�VRXUFH�QRW�IRXQG�). A three-dimensional map
was obtained within a period of a few tens of nanoseconds and with a single laser pulse. However,
this technique has the drawback of being sensitive to signal interference due to fluorescence emis-
sion. This could be partially circumvented by using narrow interference filters.
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PP�RI� WKH�VFDWWHULQJ� IODPHV��7KH�GLVWDQFH�EHWZHHQ� WKH� ODVHU±VKHHW�SODQHV�ZDV�����PP��7KH
LPDJHV�RQ�WKH�VWUHDN�FDPHUD�PRQLWRU�ZHUH�WDNHQ�ZLWK�D�&&'�FDPHUD��7KH�LPDJHV�ZHUH�WKHQ
HODERUDWHG�DQG�VHTXHQFHG�LQ� WKH�RUGHU� WKDW�FRUUHVSRQGHG� WR�D�GHFUHDVLQJ�GLVWDQFH�EHWZHHQ
WKH�ODVHU�VKHHWV�DQG�WKH�UHFHLYLQJ�RSWLFV��7KH�LPDJHV�DQG�WKH�FRUUHVSRQGLQJ�UHODWLYH�LQWHQVLW\
VFDOH�DUH�VKRZQ�LQ�IDOVH�FRORXU�

The ps-laser and streak camera were used to demonstrate the possibility of performing two-
dimensional measurements of the effective lifetime, without scanning procedures, in the measured
volume. Operating the streak camera in the “focus mode” (no temporal deviation) and the “streak
mode” (temporal deviation) two images are obtained. The latter contains the spatial and temporal
information on one axis which

max

min



)LJ�� ����� $Q� H[DPSOH� IRU� D� WZR�GLPHQVLRQDO� REMHFW�� $� �×�±PDWUL[� RI� G\HG� DQG� QRQ±G\HG
SLHFHV�RI�SDSHU��7KH�OHIW�LPDJH��³IRFXV�PRGH´��VKRZV�WKH�LQWHQVLW\�GLVWULEXWLRQ��LQWHQVLWLHV�LQ
DUELWUDU\�XQLWV���WKH�ULJKW�RQH�WKH�OLIHWLPH�GLVWULEXWLRQ�FDOFXODWHG�XVLQJ�6$0��OLIHWLPHV�LQ�VHF�
RQGV��

can then be separated by employing a numeric algorithm (SAM = separation algorithm method) on
the two images. This generates the two-dimensional distribution of the effective lifetime [Ossler et
al., 1997, Ossler et al., 1996b]. In principle the method allows the lifetimes to be determined with a
resolution set by the duration of the laser pulse and the resolution of the streak camera. In this way it
is possible to determine lifetimes shorter than that expected of measurements with gated image in-
tensifiers. The method was tested experimentally, as a proof of the principle, on different pieces of
dyed and non-dyed paper. By this approach SAM could be compared with traditional time resolved
lifetime evaluation along a line (TRM = time resolved method). As can be seen in Fig. 3.3 the
agreement between SAM and TRM was good. Finally, experiments were performed on two-
dimensional objects and the corresponding images of the
An example for a two-dimensional object: A 5×2–matrix of dyed and non–dyed pieces of paper.
The left image (“focus-mode”) shows the intensity distribution (intensities in arbitrary units), the
right one the lifetime distribution calculated using SAM (lifetimes in seconds).
two-dimensional distribution of the effective lifetime were obtained with SAM, see Fig. 3.2.
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During the last year we have been working with a detection technique for two-dimensional spatially
resolved absolute number density measurements of OH in flames [Versluis et al., 1996c]. In this
method the OH concentration is determined from the ratio of two LIF images of OH, one with the
laser sheet in a forward direction and one with the sheet in the opposite direction. The OH LIF pro-
files are measured in two dimensions with an intensified CCD camera. Using this bi-directional ap-
proach and dividing the fluorescence profiles on a pixel-to-pixel basis, the quenching rates are
eliminated. In addition, the concentration determination is not influenced by fluorescence trapping.
Moreover, and this is very important in many applications, the absolute concentration is directly
obtained using this technique. No separate calibration, or estimation of for instance the collection
efficiency and detector sensitivity is therefore required.

The absolute spatially resolved OH concentration is measured in two dimensions, using absorption
of the Q1(6) rotational line in the A2Σ+(v’=0) ← X2Π(v”=0) band of OH at 309 nm. It can be shown
that the number density N(x) is given by the following expression

N(x)
1

2

d

dx

F (x)

F (x)
FORTH

BACK

=








σ0

ln
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where FFOURTH and FBACK are the fluorescence intensity in point x for the laser beam in the forward
and backward direction through the flame. From this equation it follows that the density at any
given point x in the sample, can be determined by calculating the slope of the logarithm of the fluo-
rescence ratio in the back and forward directions. For an absolute calibration of the concentration,
only the value of the peak absorption cross section σo is required. Note that the equation does not
contain any terms associated with collisional quenching.

The experimental set-up is schematically shown in )LJXUH� ���. The laser beam intensity was re-
duced to approximately 200 µJ/cm2 to avoid saturation of the transition.

One series of measurements was undertaken in the flame of a welding torch, burning methane and
oxygen. The torch had a slit nozzle and the V-shaped flame was very stable.

LIF images in the back and the forward directions are shown in )LJXUH���� (top). The images are
averaged over 50 laser pulses. There is strong absorption by the flame, considering the flame is only
6 mm wide at the broadest part. The ratio of the two fluorescence images was calculated and the
natural logarithm was taken for every pixel in the image. The derivative with respect to the hori-
zontal direction was calculated and a contour plot of the absolute OH concentration is shown in
)LJXUH����. It is worthwhile to note that the symmetry in the image is fully restored.
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Preliminary investigations of the behaviour of two-photon laser-induced fluorescence signals from
carbon monoxide (CO) at elevated pressures were performed. In addition, methods of eliminating
spectral interferences from other combustion species, especially from C2 molecules, were investi-
gated. The purpose of these investigations was to study the applicability of two-photon excited LIF
for one- and two-dimensional imaging of CO molecules in real combustion environments, such as
internal combustion engines.

Carbon monoxide, like many other important combustion species has its first electronic resonances
in the vacuum ultraviolet region of the electromagnetic spectrum. Therefore, multiphoton excitation
has to be utilised for the detection of this molecule, in order to overcome the problem of both gener-
ating and using vacuum UV light. We have applied laser-induced fluorescence by exciting the CO
molecules from the ground state X1Σ+ to the excited state B1Σ+ using two photons at 230 nm and by
observing the fluorescence from the excited level to the lower lying A1Π level. The fluorescence
was detected in the spectral range between 451 nm (Y¶ 0, Y¶¶=0) and 662 nm (0, 5). Spectrally and
spatially (in one dimension) resolved measurements were carried out in a cell, as well as, in a flame
environment. The focal region of the laser beam focused to a line was imaged into a spectrometer
equipped with a CCD camera.

In the cell measurements, the two-photon fluorescence signal from CO was studied as a function of
the laser fluence and gas pressure. Measurements in the cell filled with different buffer gases were
carried out at pressures from 0.1 up to 10 bars. In the flame investigations, the behaviour of the
spectral interferences from nonresonantly excited C2 molecules, produced by photodecomposition
of fuel and fuel fragments were studied at various CH4/air–flame stoichiometries and laser intensi-
ties.

Possibilities for two-dimensional imaging of CO molecules in real combustion environments by
two-photon LIF were also studied. In these experiments CO distributions in different flames of vari-
ous stoichiometries were recorded. Since the signal in two-photon excitation depends quadratically
on the incident laser intensity, the laser beam profile should be as uniform as possible. In many in-
stances this can not, however, easily be achieved. Different approaches to laser beam profile correc-
tion were therefore investigated [Georgiev and Aldén, 1996].

7ZR�3KDVH�:DWHU�'HWHFWLRQ

�0��9HUVOXLV��*��-XKOLQ�DQG�g��$QGHUVVRQ�

The study of molecular species in different phases in a combustion environment is of great impor-
tance in the understanding of the processes taking place. For example, two-phase analysis of both
the gas and liquid phases of fuels and other combustion species would provide information on flame
stability and pollutant formation. Applications of this technique can also be found in spray diagnos-
tics, to study the evaporation characteristics of liquid fuel droplets. Moreover, a two-phase diagnos-
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tic technique would be very useful in the characterization of mixture preparation in gas turbines.
Here, the mixing of fuel and air and the complete vaporization of the fuel are essential, because of
the risk of NOx formation near liquid droplets.

Within the department we have investigated a method for simultaneous two-dimensional visualiza-
tion of water in both the gas and liquid phase. This laser-based diagnostic technique uses a combi-
nation of two-photon laser-induced fluorescence (LIF) and spontaneous Raman scattering. A tun-
able KrF excimer laser, operating near 248 nm, was used as the excitation source. The technique
was demonstrated using single water droplets and their surrounding vapor phase content. The mo-
lecular density in the liquid phase is much higher than in the gas phase. Consequently, the Raman
signal will almost exclusively contain contributions from the liquid phase. This technique will allow
quantitative detection, since both LIF of the gas phase and Raman scattering of the liquid phase, will
produce intensities which are proportional to the molecular density of the specific phase in the
probed volume.

For two-dimensional imaging, the laser beam was focused with a cylindrical quartz lens
( f  mm= 300 ). The emission was collected from a region of 40 mm x 30 mm.�The scattered emis-
sion from the droplet and the surrounding water vapor was collected and directed toward the CCD
detector using two adjustable mirrors.

   a)

   b)

)LJXUH������7ZR�GLPHQVLRQDO�OLTXLG�SKDVH�DQG�JDV�SKDVH�GHWHFWLRQ���D��)LOWHUHG�ZLWK�D�8*���
ILOWHU��VKRZLQJ�WKH�WZR�GLPHQVLRQDO�VSRQWDQHRXV�5DPDQ�VFDWWHULQJ�VLJQDO�RI�WKH�OLTXLG�SKDVH�
�E��)LOWHUHG�ZLWK�D�:*������VKRZLQJ�ERWK�SKDVHV�LQ�IOXRUHVFHQFH�



These were set in such a way that two images of the region of interest, were imaged beside each
other on the camera. Both signals were spectrally filtered and the emission were then focused by an
achromatic lens onto the photocathode of a CCD detector unit. In this way, one half of the CCD im-
age shows the liquid-phase Raman emission at 267 nm and the other half, the image of the water
fluorescence distribution above 350 nm.
In Fig. 3.6�(a) the liquid-phase spontaneous Raman scattering signal is shown, only the liquid-phase
water signal was observed. The emission signal through a WG 345 filter is shown in Fig 3.6(b). In
this instance both the liquid phase and the gas-phase fluorescence components from water were de-
tected. Consequently, it is possible to extract the individual gas/liquid phase distribution from the
two images shown in Fig. 3.6.

*O\R[DO�'HWHFWLRQ

�3��(��%HQJWVVRQ��)��0DXVV�DQG�)��(��7LFK\�

Work by Frank Tichy at Norwegian University of Science and Technology, Trondheim, has led to
detection of glyoxal (C2H2O2) in acetylene flames. Our part in this project was in the spectroscopic
identification and in chemical calculations of glyoxal [Tichy et. al., 1996, Tichy et al., 1997]. The
spectrally analysed fluorescence signal corresponded closely with the known spectra of glyoxal. The
laser-induced fluorescence spectra from the flame was also found to contain the same characteristic
lines as the LIF spectra from glyoxal vapour. Glyoxal was detected in a thin layer on the fuel-rich
side of the reaction zone in diffusion flames. Imaging of glyoxal is a promising tool for obtaining
new insight into flame phenomena.

������ $SSOLHG�5HVHDUFK

9LVXDOLVDWLRQ�RI�)XHO�'LVWULEXWLRQV�LQ�3UHPL[HG�'XFWV��LQ�D�/RZ�(PLVVLRQ�*DV�7XUELQH�&RP�
EXVWRU��8VLQJ�/DVHU�7HFKQLTXHV

�&���/|IVWU|P�DQG�+��.DDOLQJ��

A two-wavelength laser technique has been developed and applied to qualitative visualisation of
mixing and vaporisation of the fuel in an industrial gas turbine combustor [Löfström et al., 1996c].
The fourth harmonic of a Nd:YAG laser at 266 nm was used to visualise the gas phase distribution
using laser induced fluorescence and the second harmonic at 532 nm, was used to visualise the
droplets by Mie scattering. The experiments were undertaken using JET-A as  the fuel. This multi-
component mixture contains hydrocarbon components of differing spectroscopic and thermody-
namic properties. It was therefore necessary to precede the practical studies by laboratory experi-
ments, aimed at spectroscopic investigations of the fluorescence emission, as a function of both the
temperature and the influence of oxygen quenching on the fluorescence signal. The practical meas-
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urements were made on-site at VOLVO Aero Corporation, using a mobile system, where double
images, yielding simultaneous LIF and Mie scattering, were recorded for different operating condi-
tions of two gas turbine ducts. The ducts were investigated in relation to the effect of temperature,
different equivalence ratios and duct design. The results could then be used as a tool in the under-
standing of  the LPP (Lean, Premix, Prevaporised) concept (see )LJXUH� ���, ������������������
/,)��YDSRXU�����������������������0LH��OLTXLG�
)LJXUH����). Preliminary attempts were also made to investigate the accuracy and precision of the
technique.
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/DVHU�,QGXFHG� )OXRUHVFHQFH� LQ� 6PDOO� 7ZR�6WURNH
(QJLQHV

��g�� $QGHUVVRQ�� *�� -XKOLQ�� 0�� (NHQEHUJ�� DQG� %�� -R�
KDQVVRQ��

In order to separate the HC-emissions, from two-stroke
engines, into short-circuit losses and emissions due to
incomplete combustion, laser-induced fluorescence
(LIF) measurements were performed on the exhaust
gases, just outside the exhaust ports of two engines of
different design.

The difference between the two engines was the design
of the transfer channels. One engine had "finger" trans-
fer channels and the other "cup handle" transfer chan-
nels. Apart from these they were identical. The engine
with "finger" transfer channels was already known to
produce more short-circuit losses, than the other. This
was confirmed by our measurements. Both two-
dimensional imaging measurements and spectroscopic
investigations were performed.
Generally, the results show that there are two steps in
the exhaust process of these engines. Spectroscopic in-
vestigations show differences between the two stages.
Combustion products were found to be emitted in the
earlier step, whilst in the later step fresh fuel is emitted.
This is due to fresh fuel-air mixture short circuiting the
cylinder during the scavenging process. In the cup-
handle engine the two steps can be clearly separated,
whereas for the finger-type cylinder there is an overlap
between the two.
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The results show that LIF can be used to obtain information on the gas exchange processes in high
speed two-stroke engines. It has also been shown that the finger geometry is less efficient at retain-
ing the fresh charge in the cylinder than the cup-handle geometry.

'HYHORSPHQW�RI�'LDJQRVWLF�7HFKQLTXHV�IRU���'�0DSSLQJ�RI�7HPSHUDWXUH�DQG�12�&RQFHQWUD�
WLRQV

�&���.DPLQVNL�DQG�-��(QJVWU|P�

A problem with the detection of nitric oxide (NO) in practical combustion engines by single-photon
techniques is related to the strong spectral interference caused by the presence of other molecular
species which strongly absorb in the wavelength region required for the resonant excitation of NO.
The aim of the project is to investigate the possibility of the use of a two-photon detection scheme
in the γ-bands (two-photon absorption wavelength around 450 nm), based on laser-induced fluores-
cence (LIF), as an alternative to single-photon techniques.  The sensitivity of the technique and its
ability to map NO concentration distributions are to be investigated.  The advantages and disadvan-
tages of the technique are investigated under realistic conditions.

The possibility of using LIF from atoms seeded directly into the fuel of SI engines for two-
dimensional quasi instantaneous maps of temperature is being studied.  This technique is an alter-
native approach to two-line temperature measurements based on either NO, or OH  LIF being de-
veloped  by other groups.  Potential advantages and disadvantages, in comparison with these tech-
niques will be investigated and, if successful, the technique will be applied to practical SI engines
using a variety of fuels.
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3ODQDU�/DVHU�,QGXFHG�)OXRUHVFHQFH�RI�+�2�WR�6WXG\�WKH�,QIOXHQFH�RI�5HVLGXDO�*DVHV�RQ�&\�
FOH�WR�&\FOH�9DULDWLRQV�LQ�6,�(QJLQHV

�*��-XKOLQ��0��9HUVOXLV��+��1HLM��DQG�%��-RKDQVVRQ��

Two-photon laser-induced fluorescence (LIF), with a tuneable KrF excimer laser operating at 248
nm, has been used to visualise water (H2O) vapour prior to ignition, close to the spark plug, in a
high pressure combustion cell. Two-photon absorption of water, laser sheet focusing and two-
dimensional fluorescence imaging conditions were studied. The water vapour content was corre-
lated with the combustion rate of the next cycle, which was determined from the measured pressure
development during combustion.
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LJQLWLRQ�DQG�WKH�UDWH�RI�FRPEXVWLRQ�GXULQJ�WKH�QH[W�F\FOH�

As can be seen from the scatter plot in )LJXUH���� the combustion rate is strongly dependent on the
water vapour content close to the spark plug prior to ignition in the cell experiments. The influence
of residual exhaust gases on the cycle-to-cycle variations in spark-ignition engine combustion was
also investigated in a running internal combustion (IC) engine. The IC engine measurements show
that with a low inlet manifold pressure, the correlation between the residual gas fraction and the
combustion rate was as high as 0.6.
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���� 6RRW�&KDUDFWHULVDWLRQ�DQG�9LVXDOLVDWLRQ
�3��(��%HQJWVVRQ�DQG�*��-XKOLQ�

The development of efficient engines producing low concentrations of pollutants is very important
for the future. The Diesel engine is very fuel efficient, but the production of soot is an inherent
problem with this type of engine, when using ordinary Diesel fuels. In order to understand the com-
bustion processes in a Diesel engine and for further development of Diesel technology, LQ�VLWX
measurements of soot in the chamber of Diesel engines are required. Different laser-based tech-
niques have been studied for soot characterisation in combustion environments.

The detection of both the background emission and elastic scattering have drawbacks in soot detec-
tion. Emission is a line-of-sight technique of poor spatial resolution in the direction along the detec-
tion path, whilst elastic scattering from soot is strong, it is difficult to evaluate in terms of soot
properties. This is because the scattering is strongly dependent on the particle size which can vary
over several orders of magnitude, the dynamic range of the detector is therefore of critical impor-
tance for the measurements.

There are two techniques which have in recent years received increased interest for soot characteri-
sation. These are based on the heating of particles by absorption of incident laser radiation. The
technique of laser-induced incandescence (LII) is now widely used among researchers using laser-
based soot analysis. In LII, soot particles are heated to temperatures of 4000 to 5000 K, at these
temperatures they strongly radiate according to Planck’s law. A particle with a higher temperature
will radiate more strongly at shorter wavelengths according to Wien’s displacement law. By detect-
ing wavelengths close to 400 nm, an efficient reduction of the background emission is achieved and
the soot can then be detected. The induced incandescence signal has been shown to be approxi-
mately proportional to the volume fraction of soot in the probe region. The second technique is
based on heating to high enough temperature subsequently to vaporise the particles. In this process
carbon fragments such as C2 radicals are formed. By tuning the laser to the (v’=0) d 3Πg ← (v”=1) a
3Πu transition in C2 (the Swan bands), the same laser can be used not only to vaporise the soot parti-
cles, but also to excite the C2 radicals. The fluorescence signal in the (v’=0) → (v”=0) band close to
516 nm has been shown to be approximately proportional to the volume fraction of soot. The tech-
nique has been given the acronym LIF(C2)LVS (laser-induced fluorescence in C2 from laser-
vaporised soot).

The techniques LII and LIF(C2)LVS were compared in fundamental studies in atmospheric pressure
laboratory flames [Bengtsson and Aldén, 1995a]. The LIF(C2)LVS signal was of higher spectral in-
tensity, which could be useful if the background flame luminosity causes severe interference. In LII,
the detected signal can be time-delayed, until all the other laser-induced signals have decayed,
which could be of value if PAH-fluorescence is a major problem. In this work one-dimensional im-
aging measurements were demonstrated.

In the following work two-dimensional imaging using LIF(C2)LVS was carried out [Bengtsson,
1996c]. Simultaneous single-shot 2-D images of LII, elastic scattering, and LIF(C2)LVS were re-
corded using the same CCD in combination with a Cassegrainian telescope. This telescope was also
used to simultaneously record two-dimensional images of LIF(C2)LVS and laser-induced fluores-
cence of OH. Excitation of OH was in the band head (v’=1) A 2Σ+ ← (v”=0) X 2Π, in the region
from 281.1 nm to 281.8 nm, and the fluorescence was detected in the (v’=0) → (v”=0) band close to



310 nm. This simultaneous detection of the soot regions and OH (probing the reaction zone and the
hot post-combustion gases), is of great interest for practical combustion studies.

In the first experimental study in Diesel engines, we investigated the possibility of using the back-
ground flame emission, elastic scattering, LIF(C2)LVS, and LII for two-dimensional soot visualisa-
tion in an engine. At these high pressures the LII signal was stronger in comparison to the
LIF(C2)LVS signal. It can also be regarded as a much more promising technique in high-pressure
applications. The results have been summarised in [Juhlin, 1996].

���� &RKHUHQW�/DVHU�7HFKQLTXHV

������ &RKHUHQW�$QWL�6WRNHV�5DPDQ�6SHFWURVFRS\��&$56�

�3��(��%HQJWVVRQ��-��%RRG�DQG�/��0DUWLQVVRQ��

Coherent anti-Stokes Raman spectroscopy (CARS) is now a widely used method for non-intrusive
measurements of gas-phase temperatures in practical combustion situations. The method yields
point measurements of high spatial and temporal resolution. In CARS, a signal is generated in the
medium through the third-order interaction, when the frequency difference between two photons
(normally from two different lasers) is in resonance, with a rotational, or a rotational-vibrational
resonance in a molecule. When rotational-vibrational resonances are probed, the technique is called
vibrational CARS, which is the most common CARS technique. Vibrational CARS thermometry of
nitrogen is nowadays a standard tool in combustion research. In rotational CARS the rotational
resonances are used for  the spectroscopy. The dual broadband approach to rotational CARS, devel-
oped in 1986, is mainly used for nitrogen thermometry in fundamental flame studies, as well as
more recently in practical situations  [Bengtsson et al., 1995b,c].

The possibility of using dual broadband rotational CARS as a technique for concentration measure-
ments has been investigated. The accuracy and the precision of the technique for oxygen concentra-
tion measurements were studied at atmospheric pressure and at temperatures between 290 and 1410
K [Martinsson et al., 1996]. Oxygen concentrations are LQ�VLWX calibrated to nitrogen, and can be
measured very accurately when the concentrations are close to the oxygen concentration in air.
However, at concentrations of a few percent the technique is inaccurate. The use of weighting
methods is therefore required to improve the accuracy. The possibility of using oxygen spectra for
temperature measurements was also investigated [Martinsson et al., 1996]. An example of a rota-
tional CARS spectrum from a mixture of 20% oxygen and 80% nitrogen is shown in )LJXUH����.
The evaluated temperature was 1508 K. Below each spectrum the difference between the experi-
mental spectrum and the best-fit theoretical spectrum is shown.

Rotational CARS is in most cases incapable of detecting the fuel. However, very strong vibrational
CARS signals are often obtained from the fuel C-H stretching mode in hydrocarbon fuels. By com-
bining the rotational CARS due to nitrogen and oxygen, with vibrational CARS of the fuel, there is
a potential for measurement of the fuel-air ratio. This has been demonstrated in both gases and
flames [Bengtsson et al., 1995b,c]. In this study, the beams were aligned in a double-folded
BOXCARS phase-matching geometry. The rotational CARS beam and the vibrational CARS beam
were superimposed and directed onto the spectrograph. Inside the spectrograph the two paths were



aligned, so that the rotational and vibrational CARS signals could be detected by the same diode-
array. The technique is promising, but suffers from increased experimental complexity, which is a
drawback in practical applications.

)LJXUH� ����� $Q� H[�
SHULPHQWDO� URWDWLRQDO
&$56� VSHFWUXP� IURP
D� PL[WXUH� RI� ���
R[\JHQ� DQG� ���� QL�
WURJHQ� ZLWK� DQ
HYDOXDWHG� WHPSHUD�
WXUH� RI� ����� .�� %H�
ORZ� WKH� VSHFWUXP� WKH
GLIIHUHQFH� EHWZHHQ
WKH� H[SHULPHQWDO
VSHFWUXP� DQG� WKH
EHVW±ILW� VSHFWUXP� LV
VKRZQ�

In a study of engine knock, the dual-broadband rotational CARS technique has been applied to a
single-cylinder spark-ignition engine [Bengtsson et al., 1996a, Bengtsson et al., 1996b, Bood et al.,
1996, Bood et al., 1997]. The measurements were performed at the Department of Thermo and
Fluid Dynamics, at Chalmers University of Technology in Gothenburg. In this study, cycle-resolved
temperature measurements were undertaken prior to ignition, at different distances from the wall (in
the end-gas region), at different crank angle positions and also at different knock intensities. Prob-
lems were experienced with stray light interference from the 532 nm laser beam. To reduce this a
notch filter, suppressing the intensity at the wavelength 532 nm, was used,  but there was a reduc-
tion in experimental accuracy. The measured temperatures were used as input data for chemical ki-
netic calculations, and also for comparison with chemical kinetic calculations presented in this sec-
tion of the report.

������ ,QYHVWLJDWLRQV� RI�7ZR�3KRWRQ� ,QGXFHG�3RODULVDWLRQ� 6SHFWURVFRS\� �7,36�
IRU�&RPEXVWLRQ�'LDJQRVWLFV

�&��.DPLQVNL��%��/|IVWHGW��5��)ULW]RQ�DQG�7��'UHLHU�

Since its first demonstration, single-photon polarisation spectroscopy (PS) has been established as a
powerful tool in high resolution atomic and molecular spectroscopy. More recently, PS has gained
attention as a diagnostic technique for the probing of combustion and flame environments.  In this
field the coherent nature of the process and the high signal to background ratio that can be achieved
can provide distinctive advantages over other laser-based methods.

For most atomic and many molecular species, the first accessible energy levels lie in the vacuum-
ultraviolet spectral region, which cannot be probed in single-photon steps with the majority of avail-



able light sources. The problem is exacerbated by strongly absorbing surrounding gases in this
wavelength region and in most combustion environments, such schemes are therefore not feasible.
Danzmann et al. first introduced Doppler-free two-photon induced polarisation spectroscopy (TIPS)
for the detection of H atoms in a dense plasma discharge. This technique overcomes these problems.
Furthermore, in contrast to single-photon PS, the TIPS signal is created in the time interval when
the two-photon absorption takes place which is instantaneous on the time scale of molecular colli-
sions. It has therefore been suggested that neither ionising, velocity changing, nor population
changing collisions affect the TIPS signal. In many combustion environments, where molecular
quenching is severe, this characteristic could make TIPS an attractive alternative or a complemen-
tary tool to other laser-based techniques.
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Present research has resulted in the first demonstration of two-photon induced polarisation spectros-
copy (TIPS) detecting molecular nitrogen in atmospheric pressure flow mixtures. Laser-induced
fluorescence (LIF) from N2

+ which was created via a (2+3)-photon resonance from N2, was moni-
tored simultaneously with TIPS to allow a quantitative comparison between the two techniques in
different operating regimes. )LJXUH����� shows an example of such scans obtained in a flow of at-
mospheric pressure N2 at room temperature.

Power dependence checks for both techniques were performed and the effect of collisional partners
were investigated in different gas flow mixtures.

The results suggest that TIPS is not so severely affected by molecular quenching collisions as is LIF,
[Kaminski et al., 1996a]. The high signal levels obtained prove that the technique is sensitive and
may have potential as diagnostic tool for combustive and non-combustive flows. Current effort fo-



cuses on the development of a theoretical basis for the process, which will allow the prediction and
modelling of signal lineshapes under realistic conditions. This work is undertaken in collaboration
with groups at Department of Physical Chemistry, University of Heidelberg, Germany.



��� 6SDUN�,JQLWLRQ�DQG�,RQ�&XUUHQW�6HQVRUV
�$��6DLW]NRII��5��5HLQPDQQ�DQG�0��$NUDP�

We are currently working on two different applications of ionized gases. The first one concentrates
on the energy deposition into a (combustible) gas from an electrically generated spark discharge.
The second project concerns the use of Ion Currents for detection of the combustion process, using
the spark plug as the sensor. The main objective of these projects is to develop models which can be
useful for the industry. As a part of this research, substantial experimental work and software devel-
opment has been carried out.

In addition to these projects, two separate models of the spark discharge have, partly for historical
reasons, been developed. The models developed for the two above mentioned projects are required
to be simple and foremost, fast. The two separate models are, however, quite complex. The first of
these complex models calculates the breakdown of the spark whilst the second model calculates the
behavior of the plasma and the surrounding gas directly after the breakdown.

These different models will be briefly described in the sections below. They are presented in a com-
bustion related order starting with the spark breakdown and ending with the actual combustion pro-
cess.

���� %UHDNGRZQ�0RGHO

The ignition of a combustible gas is highly dependent on the properties of the spark. It is well
known that the characteristics of the spark that ignites the gas influences the flame. It is therefore
important to understand the spark ignition process and its relation to the ignition system circuit, as
well as, the gas medium in which the spark is discharged.

The physics of a spark is a complex interaction between electromagnetic, thermodynamic and mo-
lecular interaction processes. A spark is divided into several different phases. First, there is the
breakdown phase, in which the gas is ionized and a plasma channel is established, this results in a
very high current and temperature. This is followed by a transient phase, where the channel expands
to the pressure of the surrounding gas, and finally, there might be an arc and/or a glow phase. This
model is a comprehensive study of the initial phase of a spark, the breakdown.

By applying a strong electric field over an electrode gap, an electron avalanche process will be initi-
ated, and will eventually lead to a breakdown in the gas. The time ranges of the breakdown, as well
as the values of other parameters, depend on the external circuit. There are two main circuits (igni-
tion systems) available, the rather slow inductive one, and the fast capacitative system. The system
which has been used here are the high energy capacitative circuit.

The model is based on the time-dependent Boltzmann transport equation, Maxwell’s equations and
Kirchoff’s equations for a circuit. It calculates the energy distribution of the electrons in the spark
gap during the pre-breakdown processes down to the sub-nanosecond time scale. The first model



has one energy dimension, but is only zero-dimensional in space. In the second model a one-
dimensional space resolution has been introduced.

From the 31 approximation of the Boltzmann transport equation, transforming it into energy space
and discretesizing it, a series of coupled differential equations are obtained. The ignition system cir-
cuit is described by another set of differential equation based on Kirchoff’s equations. Using Max-
well’s equations, a description of the electric field can be formulated, and a relationship between the
circuit and the gas obtained. This is a discrete model that includes most kinds of interactions, such
as ionization (of course), excitation, recombination (absorption), as well as, elastic and super-elastic
collisions. Collisions between electrons and other electrons are also included. The model basically
works by keeping track of the kinetic energy of the electrons, and also the electron density at a spe-
cific energy. In addition to the electron densities, the electric field, the current and the voltage, a
number of other properties are also calculated. These include, the energy loss from elastic and ine-
lastic collisions, the diffusion and ionization rate, the mobility and mean energy, to name a few. A
computer program (IGNIS) has been written for the numerical solution of the model. Measurements
of the current and voltage have provided valuable information for the validation of the theoretical
calculations.

The theoretical results show an interesting interplay between the electric circuit and the electrons in
the gas. Sub-nanosecond processes can be seen, such as fast oscillations in the current and the volt-
age. In the picosecond region, the energy spectrum of the electrons is totally determined by the
scattering processes and their cross sections. The system is in a far-from-equilibrium state, see ��
��������������������������������������E�
)LJXUH���� �D�. After a couple of nanoseconds the structure of the spectrum is smoothed out, but the
scattering process can still be seen. It is not until a very high electron density is reached, that the
spectrum begins to resemble a Maxwellian distribution, see ��
��������������������������������������E�
)LJXUH���� �E�. Initially the electron density changes very little, but after a few nanoseconds, the
density begins to increase at a faster-than-exponential rate and the electron avalanche is initiated.
The phase difference between the electric field and the electron density can easily be observed. At
some point, determined by the electron density, the actual breakdown occurs, the voltage drops
down to almost zero and the current increases to very high values. The actual values and time ranges
depends on which electric circuit is used.
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)LJXUH������D��(OHFWURQ�GHQVLW\�DV�IXQFWLRQ�RI�WLPH�DQG�HQHUJ\�LQ�SUH�EUHDNGRZQ���E��(OHFWURQ
GHQVLW\�DV�IXQFWLRQ�RI�WLPH�DQG�HQHUJ\�IRU�WKH�ZKROH�EUHDNGRZQ�SHULRG�

���� 3ODVPD�0RGHO

The ignition and self-sustained propagation of a flame in a combustible gas depends upon many
physical and chemical properties. The products (exhausts) in a combustion system not only depend
on the mixture characteristics (e.g., lean or rich), but are also related to the ignition process. Lean
mixtures are difficult to ignite, but once the mixture has ignited it produces less unwanted exhaust
gases, such as NOX, due to a comparatively low combustion temperature. To maintain a reasonable
control over the ignition, as well as, over the emissions of a combustion system, it is therefore im-
portant to know the reasons why lean mixtures are difficult to ignite.

This work was initiated to understand the spark to flame transition and also to answer the above
question. To simplify the investigation, the physical and chemical processes involved were studied
separately. The physical processes were studied by modeling the spark behavior in chemically inert
gases. One and two-dimensional models in a cylindrical coordinate systems were developed for this.
Air and nitrogen were selected as the gases, because these are an important part of the real ignitable
mixtures and because no significant contributing chemical reactions occur during the evolution of
the spark. The injection of electrical energy from the ignition circuit to the gas and its re-distribution
both in space and time is successfully modeled. The flow field generated during the evolution of a
spark has also been studied at length. Experimental studies have been carried out in order to validate
the predictions of the models. [Akram, 1996, Reinmann, 1996]
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These models have been proven to provide realistic initial conditions for combustion and are there-
fore suitable for further studies of ignition processes. The two-dimensional model has been ex-
tended by including chemical kinetics to a multi-component chemically reacting system. The early
NO formation in the plasma channel, from oxygen and nitrogen by the Zeldowich mechanism, can
be studied together with dissociation and ionization processes. The predictions obtained from this
model are very encouraging, as can be seen in )LJXUH����, where the concentrations of NO and NO+

are shown together with N and O. The maximum NO concentration seems to exist at a temperature
of about 4000 K and is controlled by a balance between thermal formation and dissociation. [Ak-
ram, 1996]

���� 6SDUN�(QHUJ\�'HSRVLWLRQ�3URMHFW

This work has been undertaken within the IDEA-EFFECT project. We have concentrated our work
within this project on measuring and modeling the energy deposition into the gas between the elec-
trodes of a spark discharge. The quality of the combustion is dependent on the total amount of de-
posited spark energy. Normally, the energies supplied by ignition systems used in present produc-
tion engines, are well above the minimum ignition energy. However, with the introduction of lean
burn engines this changes. The lean burn engine concept has many advantages, such as a higher
thermal efficiency and less pollution emissions. The energy delivered by conventional ignition sys-
tems is, however, far too low to cover the full range of requirements of a lean-burn operating en-
gine. These aspects of the modeling of the energy deposition are very interesting to the car manu-
facturers (Volvo, Volkswagen, Fiat, Renault, Peugeot and Rover). The resulting model will be an
integrated part of the SPEED/STAR CD multi-purpose thermofluids analysis code.

This model is based on two contributing terms, referred to as the transient-model and the glow-
model. The energy contribution from the transient phase is itself divided into two parts, the first part
is the breakdown energy and then follows a short relaxation period where very little energy is de-



posited. The breakdown energy originates from the stray capacitances in the close vicinity of the
spark plug. The capacitances are charged to the breakdown voltage and at breakdown they will de-
posit their electrical energy into the gas with very high efficiency (nearly 100%). At this time, there
exists a small cylindrical, conducting channel. In the following quasi-stationary phase, which is
modeled in the glow-model, the current initially is limited by the resistances of the cables, but at the
end the spark the current is limited by the spark itself. In this phase the energy input is due to joule
heating. The Joule heating energy originates from the current that carries the electrical charges
through the gas. These then collide with surrounding gas molecules and thereby transfer energy to
the gas. Higher energy deposition in the gas increases the conduction of the channel and thereby the
efficiency of the energy conversion is decreased. This heating is balanced by the diffusion process
which tends to lower the temperature in the central part of the spark channel. When the temperature
has reached a low enough value and the current is low, the spark will disappear, since the spark gap
resistance rapidly increases under these conditions.

The model for the energy deposition has been found to be consistent with experimental result. The
measurements have been carried out in a small calorimetric bomb, in which the pressure increase
originating from the spark can be measured. The pressure increase is proportional to the energy de-
posited into the gas if the pressure is measured at a time when all pressure transients have disap-
peared and before the energy has dissipated into the surrounding walls. The response of the model
to different initial conditions, such as changes in the voltage pulse, electrode distance, or the sur-
rounding gas and the pressure, is in agreement with the results from the measurements. A compari-
son between the experimental and the calculated spark energies are presented for a modern coil ig-
nition system at various pressures in )LJXUH����. [Reinmann, 1995 and 1996]

We have used commercial ignition systems for the final evaluations, but whilst completing the vari-
ous parts of the model, special ignition systems have been constructed within the department. This
made it possible to check the validity of each part of the model. The results were very promising
since there are no fitted parameters in the model.

)LJXUH� ����� 7KH� PHDVXUHG
DQG� FDOFXODWHG� VSDUN� HQHU�
JLHV� DV� D� IXQFWLRQ� RI� SUHV�
VXUH�� 7KH� LJQLWLRQ� V\VWHP
XVHG�ZDV�D�PRGHUQ�FRLO�LJQL�
WLRQ�V\VWHP�VXSSOLHG�E\�)LDW�
7KLV� V\VWHP� VHUYHG� DV� WKH� IL�
QDO�WHVW�RI�WKH�PRGHO�
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Electronic engine management has been conducted in various ways during the last two decades, as
electronic controls have steadily increased. The California On-Board-Diagnostic (OBD-2) require-
ments for 100 % misfire detection, in order to maintain a high performance rate of the catalyst, has
led to a more intense research in this area. The implementation of Crankshaft Velocity Fluctuation
(CVF) has been adopted by several automobile manufacturers. However, CVF measurements during
rough road driving are difficult, since these conditions generate noisy signals. Complementary to
this technique, the use of in-cylinder measurements of the combustion, has been shown to be a
promising approach.

Measurements of what is going on inside an internal combustion engine is a challenging task. The
use of advanced laser techniques has been successful in many instances, but is not very practical for
monitoring the inside of an engine during the regular use of motorized vehicles. Utilizing something
already present in the combustion chamber would be of great advantage, not only to minimize the
total cost, but also the number of sensing probes which could disturb the combustion process.

By applying a small voltage across the gap of a spark plug after ignition, a small current is generated
and measured. An ionization sensing technique based on this has been developed. This is possible
because there is a relation between the state of the combustion gases and the current that can be
driven through the spark gap. It is the spark plug itself that acts as the sensor. The current is carried
by the charges produced in the high temperature conditions during and after the combustion. The
ionization ratio of the species present in the post-flame region can be calculated as a thermal ioniza-
tion process according to Saha’s equation. The physical background for this model can be found in
thermodynamics, electrodynamics, statistical physics and atomic (molecular) physics. It is known
that a rather minor species, namely nitric oxide (NO), is of major importance for the charge produc-
tion in the post-flame region. This is due to the relatively low ionization energy of NO compared to
the other major and minor species. In the reaction zone the process responsible for the charge pro-
duction is different. Here it is chemi-ionization that acts as a major contributor and the important
species are: H3O, C3H3, CHO and CH3.

When the current through the spark gap is investigated, three distinct phases can be identified: first a
large current that generates a spark and ignites the mixture. The spark current in the figure has been
filtered out and only a remnant can be seen. Immediately after the spark, the first current peak oc-
curs. It is related to the combustion reaction process in the flame kernel present in the vicinity of the
spark gap at this time. Finally, there is a second ion current peak that is related to the thermody-
namical condition of the post-flame (burned) gas in the cylinder. See )LJXUH����.



)LJXUH������$�PHDVXUHG�LRQ�FXU�
UHQW�� 7KLV� LV� DQ� DYHUDJH� RI� ��
F\FOHV� DW� :27� �:LGH� 2SHQ
7KURWWOH�� DQG� ����� USP�� 7KH
PHDVXUHPHQWV� ZHUH� GRQH� LQ� D
)OLQW������9��HQJLQH��7KH�VSDUN
FXUUHQW� KDV� EHHQ� ILOWHUHG� RXW�
ZKDW�LV�VHHQ�LQ�WKH�ILJXUH�DW����
FUDQN�DQJOHV�LV�MXVW�WKH�UHPDLQV�

This so called “Ion Current” has been used for some time by several research and development
groups, car manufacturers and universities, to detect, for example, knock and misfire. However,
only SAAB uses it today in production cars. The work that has been undertaken here, was to de-
velop a model that accurately predicts the pressure in the cylinder and theoretically relates the cur-
rent to the chemical and thermodynamic states of the gas in the cylinder. The ion current contains a
lot of information about the chemical, thermodynamical and mechanical processes in the cylinder. It
has for example been shown, with the help of neural networks, that it is possible to very accurately
predict the air/fuel ratio. The crank angle at peak pressure is another factor that can be determined
with the help of the ion current. The ongoing work is targeted towards developing a few models that
are able to determine the pressure and the air/fuel ratio with the help of the ion current. There are
other highly interesting parameters that can be obtained from the ion current, like the local gas tem-
perature and the shape of the mass fraction burned curve for instance. These models are also re-
quired to be fairly simple. The reason for this is that the calculations have to be completed from one
cycle of the engine to the next, if they are to be of any use. The use is of course to make a correction
in the engine performance (ignition timing, valve timing, fuel mixture etc.), so that the next cycle is
as optimized as possible.

The work that has been published to date, consists of a model for the ionization ratio in a gas based
on statistical physics and an analysis of the thermodynamic and chemical conditions present in a
combustion chamber. From these conditions the current can be calculated. The method is basically
this: First, we calculate the temperature from both the combustion and the adiabatic compression of
the gas. Second, the ionization ratio is calculated from the temperature which gives the current. For
a more detailed description we refer to the reference at the end of this paragraph. In order for this to
be useful, the equations are reversed and the current is used to calculate the temperature, and from
the temperature the pressure is obtained. Since the current reflects the local conditions around the
spark plug and what is required is the global pressure, the mass fraction burned ratio also has to be
considered. [Saitzkoff, 1995 and 1996]
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)LJXUH������$�FRUUHODWLRQ�EHWZHHQ�SUH�
GLFWHG�DQG�PHDVXUHG�SHDN�SUHVVXUH� IRU
D�IHZ�GLIIHUHQW�GULYLQJ�FRQGLWLRQV

Introducing chemistry into the models makes it possible to incorporate the effect of the presence of
the other species, in addition to NO. Calculations reveal that the additional species contribute about
5 to 7 percent of the current in the post-flame zone. Knowing the concentrations of all present spe-
cies also makes it possible to estimate the effect of the electronegative species. Calculations show
that about 85 percent of the free electrons that are created, form negative ions. However, even if
only a minority of the charged particles are electrons, they are still responsible for the major part of
the current (more than 95%), due to their much smaller mass and hence considerably greater mobil-
ity. Taking into account all possible effects, the pressure peak level can be predicted with a very
good accuracy. The correlation is above 95% when using averaged cases (500 cycles) in predicting
different driving conditions, see )LJXUH���� [Saitzkoff, 1997].

)LJXUH� ����� 7KH� ULVLQJ� HGJH� GHULYD�
WLYH�RI�WKH�ILUVW�LRQ�FXUUHQW�SHDN�DV�D
IXQFWLRQ�RI�λ�YDOXH�

It has been observed that the first ion current peak has a strong correlation with the air/fuel ratio.
Parameters such as the peak level of the current and the delay of its occurrence after ignition are re-
lated to the air/fuel ratio and can therefore be used to predict this ratio. The maximum value of the
first peak is actually a function of the CH and O concentrations in the reaction zone of the flame.
These concentrations show a clear dependence on the air/fuel ratio. The time delay between ignition
and the position for the fist peak maximum is connected with the ignition delay of the gas mixture.
This parameter is also dependent on the air/fuel ratio. By dividing the peak value and the “ignition
delay” an even stronger dependence is obtained. This dependence can be seen in )LJXUH����. A theo-
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retical analysis of the thermodynamic, electrodynamic and the chemical conditions is able to explain
and recreate the measured current quite accurately [Reinmann, 1997].

This project has been undertaken in co-operation with Mecel, a subsidiary to Delco Electronics and
General Motors.



��� 6LPXODWLRQ�RI�7XUEXOHQW�&RPEXVWLRQ
�6��,��0|OOHU��&��)XUHE\�DQG�(��/XQGJUHQ��

Simulation of combustion processes has become an important tool for increased understanding of
fundamental processes in combustion. Simulation of combustion systems can also be used in the
design process, to reduce the number of necessary laboratory tests, when new combustion devices
are developed. Theoretical studies of combustion and development of appropriate simulation mod-
els have therefore gained increased attention. The efforts described here originate from a project
concerning Pulsating Combustion, initiated in 1989 at the Lund Institute of Technology. This col-
laborative project is carried out at Division of Combustion Physics, Division of Mechanics and De-
partment of Heat and Power Engineering, where pulsating combustion is being studied from both
theoretical and experimental points of view. The aim of the theoretical part of the project has been
to derive a physical model and develop a simulation model.

During the progress of the project, the field of activities within the theoretical part of the project, has
been enlarged to encompass chemically reacting flows in general, with special emphasis on turbu-
lent combustion. Pulsating combustion is still one of the applications but other test rigs including
two different bluff body stabilised flames, the ENSMA rig  and the Validation Rig, have also been
used to verify the applicability of the model [Fureby et al., 1995a, Fureby and Möller, 1995a, Möller
et al., 1996]. The second rig is a model of an after burner for a jet engine, developed and operated
by Volvo Aero, Trollhättan, Sweden. Results from simulations and experimental measurements car-
ried out on these rigs are also being used to investigate fundamental mechanisms occurring in com-
bustion, e.g. flame stabilisation and the production of small scale fluctuations.

In turbulent combustion the combustion process can be characterised by the complicated interaction
between different processes, such as fluid dynamic mixing and the chemical reactions. The theoreti-
cal model, as well as, the simulation model must be derived with great care, in order to correctly
treat the non-linear, unsteady behaviour of the physical and chemical processes involved.

The theoretical model used here is derived utilising the methods and principles of the theory of
mixtures embedded in modern continuum mechanics. This model is a general model for chemically
reacting flows and may encompass non-linear material properties, hierarchical models for species
diffusion and multiphase flows. A simplified version of this model has been cast into a numerical
simulation model, which is currently under development in order to include as much physics and
chemistry as found relevant.

The processes in turbulent combustion occur over a wide range of spatial and temporal scales. The
governing equations in the theoretical model are the same for any flow, turbulent or not. The prob-
lem is the numerical implementation of these equations, which are transformed from a set of con-
tinuous equations to a set of discretised equations. The computer capacity available today does not
allow for Direct Numerical Simulation (DNS), where all spatial and temporal scales are resolved,
for simulation of combustion processes in practical engineering applications. The general approach
of circumventing this problem is based on various kinds of averaging e.g. Reynolds Averaging
Simulation (RAS), where the governing equations are averaged in time and the effects of turbulent
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fluctuations on the mean flow are modelled. A different more general approach is Large Eddy
Simulation (LES), where the governing equations are filtered spatially. The large scale eddies are
resolved on the computational grid, while the effect from the Sub Grid Scales (SGS) is modelled by
SGS models.

In this project a numerical simulation model for chemically reacting flows based on the LES tech-
nique has been developed. The chemical reactions are described by various reduced mechanisms, up
to four step mechanisms, for combustion of hydrocarbons in air. The simulation model has been
implemented in the commercially available code Phoenics, Concentration Heat and Momentum,
CHAM, Ltd. (London), which here has been used as a numerical solver.

t=0.125 (measured) t=0.375 t=0.625 t=0.875

(simulated) HR

Nox

)LJXUH������0HDVXUHG��WRS��DQG�FDOFXODWHG��ERWWRP��KHDW�UHOHDVH�DQG�YHORFLW\�ILHOGV�LQ�WKH�IODW
FRPEXVWLRQ�FKDPEHU�DW�IRXU�LQVWDQWV�RI�WKH�RSHUDWLQJ�F\FOH��$OVR�LQFOXGHG�DUH�WKH�FDOFXODWHG
12;� � IRUPDWLRQ�LQ�WKH�FRPEXVWLRQ�FKDPEHU��2SHUDWLQJ�FRQGLWLRQV��3RZHU� LQSXW� ������N:�
H[FHVV�DLU� �����DQG�IUHTXHQF\� ����+]��5HIHUHQFH�YHORFLW\�YHFWRUV�UHSUHVHQW���P�V�>/LQGKROP
DQG�0|OOHU������@�

In order to understand some of the main features of the complicated physics taking place in chemi-
cally reacting flows and to evaluate the predictive capabilities of the LES model, it is important to



apply the simulation model to different well known and well documented combustion systems. One
simulation object is the Validation Rig, Volvo Aero Corporation, Trollhättan, Sweden, which has
been chosen because a large amount of experimental data, such as LDV measured velocities and
velocity fluctuations, CARS measured temperatures and gas analysis already exists. Various SGS
models have been tested [Fureby, 1995a, Fureby and Möller, 1995a] and also different models for
the filtered reaction rates have been investigated at various operating conditions [Möller et al.,
1996]. The ENSMA Rig has also been simulated [Fureby et al., 1995a]. The LES model seems to be
capable of describing the overall behaviour, as well as such complicated behaviour as flame front
dynamics. The model also works well for different rigs at various operating conditions

Furthermore, simulations of the experimental pulse combustors at Heat and Power Engineering has
been carried out. Simulations have been compared with LDV measured velocity cycles. The com-
puted spatially and temporally resolved heat release has been compared with spontaneous emission
from the CH radical [Lindholm and Möller, 1997]. The model is capable of predicting the overall
behaviour of the pulse combustor, the calculated heat release is also in good agreement, both spa-
tially and temporally, with spontaneous emission from the CH-radical.



��� &KHPLFDO�.LQHWLFV
�)��0DXVV��0��%DOWKDVDU�DQG�'��1LOVVRQ�

The conversion of fossil fuels into energy is the most important chemical process, used by industry
and private households in stationary and mobile combustion devices. Detailed knowledge of all
combustion phenomena occurring in engines, ovens and furnaces is of great technical importance.
The limited resources of fossil fuels and the undesirable formation of air pollutants demand efficient
devices which control all chemical processes. The complex interactions of not only the huge chemi-
cal kinetic system describing combustion chemistry itself, but also the involvement  of  fluid dy-
namics further complicates this control. Such a chemical system involves about 1000 chemical re-
actions with 100 chemical species. Great effort has been made to understand the basic chemical
mechanism in flames. Global parameters, such as the ignition delay time of gaseous mixtures, flame
velocities or the strain necessary to extinguish diffusion flames can be calculated for a large number
of fuels and the data obtained is in good agreement with the experimental results. It is possible to
predict the concentration profiles of fuel, oxidiser, both intermediate and the main products (CO,
CO2, H2 and H2O) of the combustion processes accurate. The most important chemical pathways
leading to the formation of air pollutants, NOx, soot, or dioxins are already known today. However,
the level of the knowledge of the basic combustion processes required to calculate these pathways
accurately, is much higher, if the concentrations of the pollutants are low, as is the case in the ex-
haust of modern, highly optimised combustion devices.

���� 0RGHOOLQJ�RI�WKH�&RPEXVWLRQ�RI�+\GURFDUERQ�)XHOV

One of the main research activities within the Combustion Kinetics group is the development of re-
action mechanisms for the combustion of hydrocarbons. This is a major task of combustion model-
ling, because the success of all simulations of the combustion processes is based on a deep under-
standing of the chemical reactions occurring in a flame.

A mechanism involving over 1000 chemical reactions and more than 100 different species was de-
veloped based on a mechanism provided by Chevalier et al, enhanced and revised by recent kinetic
rate data. The mechanism includes chemical species containing up to 14 carbon atoms and describes
the formation of benzene and the first polycyclic aromatic hydrocarbons (PAH). This mechanism is
updated periodically, with the help of the latest studies in the field of chemical kinetics, including
both experimental and theoretical results.

This mechanism was mainly compared with the behaviour of rich C2H2 flames and is also used as
the gas phase mechanism for the calculation of soot formation within these flames. Good agreement
between measured and calculated species profiles was obtained. To illustrate its ability to model the
behaviour of other hydrocarbon fuels, a series of simulations of flames have been performed and
also planed for the future. The starting point was the calculation of various flames burning with
small hydrocarbons as methane, acetylene and propane. Further simulations will be performed for
higher hydrocarbons up to heptane, octane and even dodecane, as this is of greater practical and en-
gineering interest. The validation of the mechanism in these flames will lead to a powerful tool for
combustion modelling. Emphasis is also concentrated on the development and validation of mecha-



nisms for new fuels. One of the most promising is Dimethylether (DME). The advantage of DME
compared the currently used Diesel fuel is that engines running with DME do not emit soot. A
mechanism developed by Dagaut et al. has been included and simulations for counter-flow flames
are planned. The results of these calculations will be compared with collaborative measurements
which carried out within the Division of Combustion Physics at the Lund Institute of Technology.

The results of the simulation of a methane flame with equivalence ratios varying from φ=0.92 to
φ=1.94 are presented below. The measurements were taken from a study by Musick et al. using
Molecular Beam Mass Spectrometry (MBMS) for the characterisation of 13 different species pro-
files. The agreement between the calculations and the measured species profiles for the flame with
φ=1.17 shown in )LJXUH���� was quite encouraging.

As a further improvement, a new pathway for the oxidation of the vinyl radical with molecular oxy-
gen was included. This is one of the most discussed reactions in the  combustion of hydrocarbons. It
represents the main reaction channel leading from C2-species to C1-species, e.g. CHO and CH2O,
which are then successively oxidised to CO and CO2. One reason for its importance is that the vinyl
radical is believed to play a major role in the formation of benzene, PAHs and soot. Another reason
is the complexity of this reaction due to the change in the reaction pathway as the temperature and
pressure vary. The rate coefficients for the different reaction channels and the thermodynamic data
of the intermediate species have been calculated by using QRRK and ab-initio MO methods.

These reactions were included in the existing mechanism and the resulting species profiles con-
cerning the species involved were satisfactory in relation to the reaction paths, used in older mecha-
nisms This new pathway for the oxidation of C2H3 is quite complicated and involves five additional
species.
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It is planned to employ this pathway for not only the oxidation of the vinyl radical, but also for the
oxidation of hydrocarbons with a vinyl group, e.g. C4H5, C6H5 and all the PAHs, that have reacted
with C2H2. Implementing these complex reaction paths for all these species will lead to an increase
in the number of chemical species and to an unacceptable increase of computational time. The com-
plex reaction mechanism was therefore reduced by assuming steady state conditions for one of the
intermediates. This means only one global reaction is modelling the complex reaction scheme and
just one species must then be added to the mechanism. Calculations on the same flame were per-
formed, but now using the reduced reaction scheme and the results have been compared with the
simulations performed with the full mechanism. The species profiles are in good agreement for
φ=0.92, φ=1.17, φ=1.42, however, for the very rich flames the results differ slightly. The results for
CH2O are plotted in )LJXUH����.
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���� 6RRW�)RUPDWLRQ

The formation of soot is the most complex chemical system in flames. Soot particles containing
several thousand carbon atoms are formed from simple fuel molecules within a few microseconds.
Soot is one of the most unwanted products in almost all combustion processes used for the produc-
tion of energy. Its emission not only reduces the efficiency of practical combustion devices, but also
has a strong impact on the environment and human health. A method of calculating soot formation
in real combustion systems, such as diesel engines, gas turbines and power plants is therefore re-
quired. This should lead to a better understanding of soot formation and also a decrease of soot
emission in these industrial applications. One of the major projects within the Combustion Kinetics
group is the reduction a detailed chemical soot model to make it applicable to 3D calculations.

The most detailed soot models, can be subdivided into those which describe the size distribution
function of the soot particles, either by a statistical momentum approach, or by subdividing the size
range of interest ,into discrete intervals ,or classes. Both approaches can be applied to one-
dimensional and laminar combustion problems with the computer capacity available. Nowadays the



dependence of soot formation on temperature and pressure, up to 20 atm, can be calculated for dif-
ferent hydrocarbon fuels and compared with the experimental results.

A graphical representation of the different processes leading from small gas-phase molecules to the
soot particles is shown in )LJXUH����.
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)LJXUH������5HSUHVHQWDWLRQ�RI�WKH�GLIIHUHQW�SURFHVVHV�LQYROYHG�LQ�VRRW�IRUPDWLRQ�

The gas-phase is modelled using a reaction system containing more than 1000 chemical reactions
and over 100 species which is described more detailed in section 1. The first aromatic rings, e.g.
benzene and small PAHs, are formed in the gas phase. Acetylene molecules can react with these
small PAHs and polymerise to larger PAHs. This process is modelled by the method of linear
lumping. The first soot particles are formed when two PAHs collide and form a three dimensional
particle (particle inception). The soot particles formed can interact with the gas-phase by the addi-
tion of acetylene to their surfaces (surface growth) and by the reaction with molecular oxygen and
the hydroxyl-radical (oxidation). Another process which increases the soot mass is the collision of a
PAH with a soot particle.

The formation of soot in a two dimensional diffusion flame can be calculated using a detailed soot
model on the basis of the classical flamelet model. However, the growth of soot particles is slow in
comparison with other chemical reactions, or transport processes, in the flame. Additional transport
equations have to be solved in the CFD-code for both the number density and the soot volume frac-
tion. The source terms of particle inception and of surface growth, scaled by the local soot volume
fraction, are stored in the flamelet library.

Conventional libraries include the local scalar dissipation rate, the pressure variation with time, the
composition of the fuel and the temperature on the air-side of the flamelet. This more accurate ap-
proach is probably of interest, if the formation of soot and the formation of NOx  are calculated si-
multaneously. However, the libraries required for the application in 3D calculations set too high
demand on computer storage and CPU time. A reduction of the flamelet libraries, with the help of
multi-parameter fitting, is therefore introduced resulting in simple algebraic equations and a pa-
rameter library. Rates of particle inception, surface growth and oxidation are given as parameter



functions. These will be included, as the source term, in the transport equation of the soot volume
fraction  part of the CFD code. It can be shown that the latter processes, i.e. surface growth and oxi-
dation can be calculated as functions of the local soot volume fraction, with only a slight loss of ac-
curacy. The dependence of the rates of soot formation on scalar dissipation rate, pressure and tem-
perature of the fuel and air, can be used to perform a multi-parameter fit. This results in simple al-
gebraic equations and a set of parameters describing the dependence of the source terms of soot vol-
ume fraction. This compact formulation is a major advantage in comparison to the multi-
dimensional flamelet libraries. The calculations performed could be reproduced much more easily
by other scientists, by just implementing the fitted functions and parameters into their codes. A li-
brary of parameters for different fuel compositions could be calculated and used as a standard table
for the calculations of all combustion systems.

In order to test the accuracy of this approach, a laminar 2D instationary diffusion flame was studied
by providing the source terms for the soot volume fraction from both the flamelet libraries and the
poly-parameter fit. The calculations were then compared with measurements taken from a study of
soot formation in a methane/air flame. A detailed chemical soot model using the statistical momen-
tum approach, as developed by Frenklach, was used for creating the flamelet libraries for the three
different contributions to the source term of the soot volume fraction.

The aim of this project is to replace the soot models within current CFD codes for combustion by an
more sophisticated soot model. Application within a 3D code for the calculation of soot formation
in a Diesel engine and a 3D code for the simulation of room fires will then be the first steps to vali-
date the model in real combustion systems.

���� 12;�)RUPDWLRQ

Within the last few decades of this century, the environmental effects of pollutant emissions from
combustion sources have become increasingly serious. Smog - an unhealthy mixture of sulphur ox-
ides and soot particles - was first encountered in London at the beginning of this century. The role
of nitrogen oxides (NOX) did not, however, become apparent until later, when photochemical smog
gradually became a problem in the Los Angeles area from the mid-1940’s onwards. Photochemical
smog is mainly generated by the action of solar radiation on NOX from car exhaust gases. NOX also
has an acidic effect in combination with water, thus forming acid rain. Since combustion processes
are major sources of NOX species, it is of great interest to examine the NOX generation mechanisms
connected with combustion - especially high-temperature combustion of lower-grade fuels.

There are two possible sources for the nitrogen that is transformed into NOX during combustion in
air; the fuel itself and atmospheric nitrogen. In the combustion of nitrogen free fuels NOX can only
be produced in processes involving atmospheric nitrogen. Some examples of practical fuels con-
taining negligible amounts of N, are natural gas and lighter liquid petroleum fractions. These fuels
are well described with the classical NOX reaction mechanisms (thermal, N2O, NO2 and prompt
mechanisms). It is well known that NOX emissions from these fuels increases with increasing tem-
perature and decreasing fuel-to-air ratio (in the relevant range). Secondary NOX reduction processes
like reburning, thermal DeNOX and staged combustion (e.g. rich-lean and lean-rich staging) are well
documented - also in practical use. These are all based on injection of some substance into the par-
tially burned mixture. This can either be fuel or air or an additive such as ammonia or cyanuric acid.



If the fuel is contaminated with nitrogen, large amounts of NOX can be emitted. This applies to a
wide range of combustibles, such as crude oil, biogas and hazardous waste. For these fuels the de-
pendence of NOX emissions on the different parameters is not well known and should therefore be
investigated in the future. For the successful modelling of these kinds of fuels, information on the
decomposition of more complex nitrogen compounds is required, in addition to detailed knowledge
of the basic NOX formation mechanisms.

It is an essential task to design combustion processes for minimum NOX emissions from nitrogen
containing fuels without loss in efficiency. Staged combustion is a method which has been utilised
in heat generation applications for some time, e.g. for NOX reduction in large-scale stationary coal
furnaces and boilers. For nitrogen free fuels, staged combustion with ammonia doping of the fuel
can be used to reduce NOX emissions considerably. The experiences gained with this type of proc-
ess are of course applicable to fuels containing natural nitrogen impurities as well. Often the staging
is made up of an initial stage with fuel-rich conditions keeping initial NO production low, followed
by a subsequent stage, with air injection at a lower temperature, to achieve overall fuel-lean opera-
tion. The reverse process (lean-rich operation) utilises the reburn process for minimisation of the
NO emission. Alternatively, three-stage processes (lean-rich-lean) can be applied.

The method of staged combustion was quite recently applied to waste incineration. Investigations
were undertaken, using monomethylamine (CH3NH2) as a model species of fuel-bound nitrogen
compounds found in waste products. Fuel-bound nitrogen also contains more complicated sub-
stances, but in general terms, the kinetic behaviour of these is poorly understood. The use of
CH3NH2 may thus be considered as a first approximation. Previous investigations have been under-
taken using ethylene (C2H4) doped with CH3NH2 burned in a scaled-down model of an industrial
two-stage burner, consisting of a toroidal jet-stirred reactor followed by a tubular section with sec-
ondary air injection. A successful theoretical model for this device is represented by a combination
of a perfectly stirred reactor (PSR) and a plug flow reactor (PFR). The jet-stirred reactor is assumed
to operate far from blow-out conditions, and can therefore be closely approximated to by the PSR
model. Current activities include the modification of existing FORTRAN code for a homogeneous
batch reactor, to incorporate models for series-connected PSRs and PFRs, as well as a general pro-
cedure for combustion and re-injection of mixtures of arbitrary fuels and oxidants.

Focussing  on specific aspects of kinetic modelling, there is evidence for certain similarities in
emission characteristics of fuels doped with CH3NH2 and NH3 it is expected that CH3NH2 is rapidly
decomposed and that the NO formation is then mainly controlled by the concentration of NH3 and
its reaction paths. Special effort will therefore made to modify the H/N/O mechanism, with the help
of experiments from investigations of NH3/NO flames, as well as H2/O2 flames doped with NH3 and
NO/NH3. Well proven mechanisms for hydrocarbon combustion, NOX formation and CH3NH2 de-
composition are taken as the basis for the simulations which can then be compared with relevant
measurements. To compare the efficiency of the two staging concepts (two and three stage), addi-
tional simulations will be made of the three-stage process, with C2H4/CH3NH2 as fuel, i.e. only the
staging geometry is then changed. Sensitivity analyses will be performed to cast further light on the
kinetics and also to serve as the first step towards a reduced reaction mechanism. The question of
which reactions are relevant for the description of fuel and air re-injection is of special interest.



���� (QJLQH�.QRFN

Future demands on spark-ignition engines towards low fuel consumption and zero emission of air
pollutants require detailed information of the physical and chemical processes during ignition and
combustion. Nowadays, three-way catalysts minimise the emissions of NOx, CO, and unburned hy-
drocarbons from passenger cars. Technologies that reduce the formation of unwanted pollutants
during the engine combustion process are however more efficient. Low fuel consumption and in-
creased efficiency is desirable both due to considerations of carbon dioxide production (contributing
to the greenhouse effect) and economy (cost effectiveness).

The most simple strategy for increasing the efficiency of an combustion engine is to increase the
compression ratio. An increase in compression ratio leads however to higher end-gas temperatures
and pressures and thereby to a higher tendency of the fuel-air mixture to autoignite. The autoignition
of the end-gas can cause engine knock that may damage the engine. The occurrence of knock limits
the compression ratio of SI engines using today’s fuels, thus, a more detailed understanding of the
processes governing knock is important.

As stated above is the onset of autoignition processes in the unburned end-gas of the cylinder a ma-
jor cause for the occurrence of engine knock. But it is also found, that the information, that autoig-
nition will occur gives no indication about the knock intensity. This is reasoned by the two stage
autoignition of higher hydrocarbons at low and intermediate temperatures. For engine knock a high
rate of heat release is needed and the heat of formation is released during the second stage of the
ignition process.  It is found that the end gas temperature ranges from 900—1200 K, that is within
the intermediate range, for knocking cycles. But before autoignition occurs passes the end-gas the
low temperature regime, thus the ignition process might be influenced by the low temperature reac-
tions also.

A detailed reaction mechanism for studying the oxidation of  the primary reference fuels iso-octane
and n-heptane and over a wide range of temperature and pressure is known from the literature. This
mechanism has been expanded to cetane with the help of an automatic generation tool for reaction
mechanism, so that the influence of pro-knock and anti-knock additives could be analysed. It is con-
cluded that the onset of knock is mainly influenced by the production or consumption of radicals
between the two stages of the autoignition process.

Such a detailed reaction mechanism involves more than 200 chemical species and 2000 chemical
reactions. An analysis of the basic reaction pathways is therefore even with advanced computational
tools, such as sensitivity and automatic reaction flow analysis, difficult. It has been shown that the
basic response of the ignition processes calculated from the detailed reaction mechanism to varia-
tion in the pressure and temperature can be reproduced with a simple skeletal mechanism.

The temperature measurements described above will be completed by an analysis of  the chemistry
in the end gas of the cylinder. The end gas was modelled as an  homogeneous reactor, which follows
the curve of mean pressure over about 200 cycles near to the knock limit measured within the  cyl-
inder. The influence of end gas compression/expansion by both the piston movement and also by
the propagating flame front can therefore be taken into account. This approach has been shown be-
fore to be a useful tool in analysing the chemistry of the end gas in cylinders in both fired and mo-
tored cycles.



The chemistry of the end gas has been analysed assuming that the unburnt gas mixture is homoge-
neous. Non-homogeneous effects, such as hot spots, heat conductivity from the flame front and heat
losses to the walls are neglected. These assumptions lead to a set of zero-dimensional time depend-
ent equations that can be solved with a higher order backward differential scheme.
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The set of equations (1) describes the conservation of mass for the all chemical species 1V intro-
duced by the chemical reaction mechanism used.. Here ρ is the density of the gas mixture, <L are the
species mass fractions, :L the molecular weight of the species L, νι,κ the matrix of the stoichiometric
coefficients and ωκ the reaction rate of reaction N�� Equation (2) describes the conservation of energy
and FS is the heat capacity at constant pressure, KL�the enthalpy of species L and S the pressure in the
cylinder. The last term on the right hand side of equation (2) is the volume work due to compression
or expansion of the end gas by the piston and by the propagating flame front. This term is used in
the calculations shown in the next chapter taken from the pressure transducer measurements.
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The chemical reaction mechanism used, is based on a mechanism originally developed for fuel rich
gases combined with a skeletal mechanism for premium reference fuels taken from the literature. A
schematic illustration of the low temperature oxidation mechanism is presebted in )LJXUH����. From
this the global reactions for the low temperature oxidation of iso-octane and n-heptane can be given
as follows:

iso-C8H18+O2 → C3H6+C2H4+CH3+CH2O+CO+H2+H



n-C7H16+O2 → 2C2H4+CH3+CH2O+CO+H2+H

It is obvious that the only difference in the two oxidation mechanisms is the formation of C3H6 from
the iso-octane, instead of the C2H4 from n-heptane. The formation of C2H4 from the C3H6 radical is
consuming or chain breaking.

C3H6+O+OH → C2H4+CO+H2O+H

In addition, it is known that the overall rate for the global oxidation reaction of the branched-chain
fuel iso-octane is lower than for the linear n-heptane. The abstraction of a secondary H-atom has a
significantly lower activation energy, due to the lower number of secondary H-atoms. The influence
of the fuel structure on the auto-ignition process will be discussed in the next chapter, where calcu-
lations of the end gas chemistry are shown for different RON-numbers of the primary reference fuel.

)LJXUH���� illustrates the evaluated temperatures as a function of degree crank angle. The measure-
ments were taken at a distance of 3 mm from the combustion chamber wall. At each degree crank
angle the temperature data shown, results from one hundred single-shot spectra. The relative stan-
dard deviation of the temperatures at -42° is found to be 2.5%. The precision of the temperature
measurements using the rotational CARS technique cannot be estimated from this value, since it is
due to the sum of the errors in the measurement and the cycle to cycle variations of the engine under
knocking conditions.

It can be seen from )LJXUH���� that auto-ignition of the end gas occurs at crank angles between 9
and 26 degrees. For most cycles the flame front has passed the control volume at 26 degree crank
angle. An evaluation of the CARS-spectra was not possible either after auto ignition, or behind the
flame front. The number of spectra which could be evaluated, decreased rapidly as the crank angle
increased.

The zero dimensional numerical calculations have been undertaken for three different initial tem-
peratures within the spread of the experimental data. For these calculations the pressures have been
taken from the measurements. During the compression of the end gas, the calculated temperature
gradient agrees closely with the experimental results. The onset of auto ignition is also comparable
with the experimental findings. Typical profiles of calculated mole fractions of n-heptane and iso-
octane, the product CO2, and the intermediate products CO and C2H4 are shown in )LJXUH����.
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