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1 Abstract 
Since 2002, novel hydrogen combustion processes using high pressure direct injection have been under 

development at the Institute for Internal Combustion Engines and Thermodynamics at the TU Graz in 
collaboration with BMW Group Research and Technology. As with modern gasoline engines, a significant 
technical leap forward is also accessible in the case of hydrogen fuelling through direct injection into the 
combustion chamber, although the large number of degrees of freedom accessible for combustion process 
optimization makes it all the more necessary to apply specialized instrumentation to the analysis of processes 
within the engine. Here it is above all the application of optical diagnostic methods that offers improved 
understanding of many of the phenomena underlying mixing and combustion. 

In particular the application of Laser-Induced Fluorescence (LIF) to a transparent engine offers the 
possibility of a two-dimensional display of the entire high-pressure process, thereby gaining information 
about fuel distribution and flame propagation in the combustion chamber. 

For investigations of mixing, the so-called Tracer-LIF technique is applied. The addition of a 
fluorescence marker (so-called tracer), the task of which is to render fuel visible in laser light, allows a 2D 
determination of the local fuel/air ratio in the combustion chamber. It emerged during the investigations that 
the tracer Triethylamine (TEA) was suitable. This is mixed at a concentration of 200 ppm in hydrogen, 
thereby allowing realization of maximum pressures of up to 200 bar alongside high signal intensity. By 
virtue of the linear dependency of signal intensity on fuel/air ratio, the tracer is also suitable for 
quantification purposes, as described below.  

In order to permit derivation of additional information about the combustion process, two methods are 
applied, each of which is based on determining the OH distribution in the flame, namely OH-LIF and OH-
chemiluminescence. 

The tests were conducted on a single cylinder research engine with optical head and modern passenger 
car SI configuration built at the Institute for Internal Combustion Engines and Thermodynamics at the TU 
Graz. The engine has optical access routes to the combustion chamber, achieved by means of a glass insert in 
the piston and a glass ring inserted beneath the cylinder head.  

This paper offers an overview of the methods used in the analysis of mixing and combustion and goes 
on to show the way forward for the development of hydrogen combustion processes, using examples of 
results by way of illustration. The results of the investigations can be applied to the analysis and further 
development of such combustion processes, not only with regard to fuel consumption and emissions but also 
for the validation and refinement of 3D-CFD models. 

2 Introduction 
Against the background of the worldwide energy situation and future anticipated increase in 

primary energy consumption, the question arises as to which fuels, other than those produced 
conventionally from crude oil, might be suitable for powering internal combustion engines. In the 
short term, the application of natural gas powered engines does indeed offer potential for the 
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diversification of primary energy consumption and the reduction of CO2 emissions worldwide, yet 
natural gas is, like crude oil, a finite source of energy. In markets with only a weakly-developed 
natural gas distribution system, GtL (Gas-to-Liquids) methods seem better suited to supplying 
energy for transportation in the medium term. 

It is only through the use of regeneratively produced hydrogen as a fuel for internal combustion 
engines that a route to sustainable, CO2-free, individual mobility ultimately opens up. As a result, 
development work has been ongoing since 2002 on novel hydrogen combustion processes using 
high pressure direct injection at the Institute for Internal Combustion Engines and Thermodynamics 
at the TU Graz in collaboration with BMW Group Research and Technology (Eichlseder et al. 
2003). Here the aim is to develop a drive system that operates virtually free of pollutant emissions 
with a higher power density than today’s gasoline engines, whilst achieving an efficiency at least as 
high as today’s diesel engines. Initial trials with a single cylinder research engines already 
demonstrated the great potential of this concept to achieve these ambitious goals (Wallner 2004). 

Because of the large number of degrees of freedom inherent in the use of hydrogen fuel it 
became apparent that the standard development tools, such as thermodynamic analysis of cylinder 
pressure curves, were no longer sufficient to progress with combustion process development. Here 
an important tool is 3D CFD simulation, albeit still requiring the verification and optimization of 
existing models (Messner et al. 2006). New measurement techniques must therefore be developed 
and integrated into engine research and development. In this context, optical measurement 
techniques were used to investigate and further optimize mixing and combustion in hydrogen 
engines. 

3 Measurement techniques applied 
Ever since the development of lasers in the 1960s, laser-diagnostic methods have found broad 

application in research and development. One particularly versatile method that has made a 
significant contribution to improving the understanding of processes during mixing and combustion 
in engines is Laser-Induced Fluorescence (LIF). This method has become well established in engine 
research, albeit rarely applied routinely on the grounds of complexity. Yet precisely in the case of 
highly complex combustion processes, where only limited experience has been collected, the 
explanatory power of this optical method is practically without equal, more than justifying the effort 
involved. At the same time the combustion process can also be analyzed through recording the 
flame luminosity in the visible and UV range for example. The significant advantage of the latter 
method is that it is relatively cheap, fast and simple to apply to the engine. 

The following section deals in further detail with the specific application of these methods and 
their usability on hydrogen engines, as well as the measurement principle on which each respective 
method is based.  

3.1 Tracer-LIF on the hydrogen engine 
In engine research the primary interest is in methods that enable the determination of localized 

fuel concentration or localized fuel/air ratio. To this end use is made of either the intrinsic 
fluorescence properties of the fuel or those of a fluorescence marker (so-called tracer) mixed with 
the fuel. The task of this tracer is to make the fuel visible in the laser light. The process of selecting 
suitable tracer materials involves a multitude of differing requirements. A fundamental prerequisite 
is good, preferably broadband susceptibility to laser excitation. This requires large branched 
molecules with a large number of potential transition energies. However, at the same time the 
physical properties of the tracer should match those of the fuel as closely as possible in order to 
avoid separation. When using hydrogen these requirements are inevitably contradictory because no 
substance can posses both a branched structure and, at the same time, a density even approaching 
that of hydrogen. In this case priority must be given to the optical properties since no investigation 
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would otherwise be possible.  
Another conflict arises in the choice of tracer concentration for measurement during high 

pressure hydrogen injection in that, on the one hand, the concentration must be set sufficiently low 
to avoid tracer condensing out anywhere within the entire range of pressures (partial 
pressure < saturated vapor pressure) and, on the other hand, despite low concentration the 
fluorescence output must be strong enough to yield conclusive results. 

On the basis of theoretical considerations and findings in work already published (Blotevogel et 
al. 2003), Triethylamine (TEA) was chosen as the tracer for hydrogen. Earlier investigations 
(Blotevogel et al. 2005) had already shown that with this material no significant separation takes 
place during injection. For real application on the engine, a concentration of 200 ppm TEA in 
hydrogen proved adequate for good signal intensity and was therefore used as standard for 
subsequent work. Furthermore, the branched molecular structure of TEA (C6H15N) yields a large 
number of potentially excited energy levels, enabling a broadband response to excitation by an 
excimer laser in the UV at 248 nm. The fluorescence signal is emitted in a range around 300 nm 
(Fröba et al. 1998). 

Also of particular importance are the ways in which signal intensity depends on changes in 
environmental conditions. In the case of Triethylamine it is known that, on the one hand, the signal 
intensity is directly proportional to the concentration of tracer and therefore of fuel whilst, on the 
other hand, the signal is indirectly proportional to oxygen concentration, because oxygen acts as a 
quenching and spectator molecule that weakens the signal. The result for use in engines is an 
altogether favorably direct dependency of the signal on fuel/air ratio Φ (Reboux et al. 1994). It was 
also possible to verify this relationship on the transparent engine. 

The measurements were carried out by means of external mixing with helium instead of 
hydrogen in order to permit safe operation with high concentrations of the gas to be measured. The 
results were then re-scaled to the corresponding fuel/air ratio for equivalent concentrations of 
hydrogen. The result of these investigations is shown in Figure 1. 
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Figure 1: Dependance of fluorescence intensity on fuel/air ratio, measured on a transparent engine 

These results show that there is a linear relationship. Thus the tracer is also well suited to use 
for quantification purposes, as described below. 

The quantification method used here is based on measuring reference images with 
homogeneous mixture distribution of a known composition, then using them as a basis for 
processing images taken during direct injection. This means there is a reference value available for 
every pixel, and the signal linearity thus permits the calculation of a straight calibration line for 
every point. 

Individual influences, such as pressure or temperature affecting signal intensity, are 
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automatically compensated during quantification. Because both the LIF images of direct injection 
and those of pre-set reference mixtures are taken at the same crank angle and therefore also at 
nearly the same pressure and temperature, these influences can be neglected in comparison with the 
measurement accuracy. 

3.2 Methods for investigating combustion 

3.2.1 Selective LIF methods  
Certain species, such as the various radicals that arise as intermediate products during 

combustion processes, can be made visible by means of laser-induced fluorescence. Among the 
well-known flame front markers, formaldehyde (CH2O) and the hydroxyl radical (OH) have proven 
to correlate well with the flame front. The detection of such species becomes possible with LIF if 
the excitation wavelength comes into resonance with an electron transition of the molecule. 

The OH radical possesses many transition energies and therefore a large number of potential 
excitation wavelengths. The excitation band most commonly used for laser-induced detection of 
OH is the A←X (3,0) transition (Koch 1992), which can be achieved using a narrow-band tunable 
KrF excimer laser. 

In this case one can also use the term laser-induced pre-dissociative fluorescence (LIPF), given 
that a large proportion of the molecules dissociates. Furthermore, the energy loss due to quenching 
of the excited state of these predissociated transitions in the (3,0) band can be neglected, with the 
result that the method is also suitable for quantitative OH measurement (Andresen et al. 1990). 
Because of this lower fluorescence quenching, with consequent advantages for signal intensity 
particularly at higher pressures, the LIPF method is particularly well suited to engine trials 
(Andresen et al. 1992). 

Because the wavelength used for the measurements cannot be set directly on the laser, it is 
necessary to carry out reference measurements with a calibration burner. The resulting LIF 
excitation spectrum is then compared with one simulated using LIFBase 2.0 which then allows the 
wavelength and position of the laser to be determined. For OH radical excitation in the engine, the 
KrF excimer laser was tuned to the A-X(3,0) Q1(11) rotation line.. 

3.2.2 Chemiluminescence 
Another method, also based on elucidation of the OH distribution in the flame, is OH-

chemiluminescence (or OH flame luminosity). Chemiluminescence describes a process in which a 
molecule receiving energy (e.g. through an increase in gas temperature) is shifted to an excited 
condition, only then to return to the ground state by emitting a photon. The chemiluminescence of 
the OH radical, with an emission band at 308 nm (Jauk 2005), is particularly suitable for hydrogen 
combustion investigations.  

4 Test arrangement and instrumentation 

4.1 Transparent engine 
The tests were conducted on a single cylinder research engine with optical head, modern 

passenger car SI configuration, displacement of 0.5 dm³, pent roof combustion chamber, four valves 
and central spark plug. In addition, this engine offers the possibility of mounting DI injectors in 
central or side positions. Optical access to the combustion chamber is by means of a glass insert in 
the piston and a glass ring inserted beneath the cylinder head. The glass ring, with a minimum 
height of 44 mm, is shaped to match the roof shape, allowing a good view of the zone around the 
spark plug and injector. Its thickness, at 18 mm, allows cylinder peak pressures of up to 60 bar, so 
operation with ignition is possible. Figure 2 shows the test arrangement. 
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Figure 2: Single cylinder transparent engine 

4.2 Beam delivery 
By means of cylindrical lenses, the excimer laser beam is formed into a planar illumination 

slice which is then coupled into the combustion chamber by means of the glass ring and piston 
window. Two configurations were realized with the illumination slice either vertical or horizontal. 
The beam delivery arrangement is shown in Figure 3, with the vertical illumination slice variant 
being the standard arrangement. In this configuration the laser beam is divided into two beams of 
equal intensity. One beam is coupled in from the side via the glass ring whilst the other enters from 
beneath via the glass insert in the piston. In this way an even and complete illumination of the 
combustion chamber is possible whatever the piston position. Both laser beams coincide at the 
cylinder head separation plane, with the spark plug and injector axis lying in the illumination plane. 

In the case of the horizontal illumination slice arrangement, the plane of the illumination slice is 
at the level of the squish gap because this location allows illumination of the combustion chamber 
over the greatest possible area and independently of piston position. 

 

Figure 3: Schematic layout of test arrangement for planar LIF measurements: vertical (left) and 

horizontal (right) illumination slice 

The test arrangement is equally applicable to LIF and chemiluminescence measurements, 
though laser illumination can be omitted in the latter case. 

4.2.1 Laser 
The laser used in this test arrangement is a KrF excimer laser (λL = 248 nm) manufactured by 
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Lambda Physik, type COMPex 150. The special construction, consisting of a tunable oscillator and 
amplification tube, enables the generation of laser light with a bandwidth of < 3 pm over a 
controllable range of 0.8 nm, prerequisites for application to selective LIF methods. 

Operation with the amplification tube alone allows generation of UV laser light with pulse 
energies > 400 mJ, enabling efficient application to tracer LIF. The schematic arrangement of this 
laser system is shown in Figure 4. 
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Figure 4: Excimerlaser 

The “tuning optics” of the oscillator allow the bandwidth of the laser beam to be reduced and 
the wavelength to be set exactly. The wavelength tuning range is achieved by movement of a tuning 
grating by means of a stepper motor, with the position of the stepper motor (units: steps) 
determining the wavelength. 

This wavelength adjusting unit is not temperature compensated however, with the result that 
changes can occur in wavelength as a result of ambient temperature fluctuations despite a constant 
stepper motor position. It is therefore not possible to assign fixed wavelengths to grating positions 
and regular wavelength calibrations must be carried out. 

4.2.2 Camera 
Signal detection is by means of an intensified CCD camera (LaVision, type Imager 3s + IRO, 

1280 x 1024 Pixel, f = 8 Hz). Hardware binning (the fusing of individual pixels into summary 
points) allows both the repetition rate and sensitivity to be raised, albeit with reduced image 
resolution as a consequence. The best compromise for LIF measurements was found to lie at 2 x 2 
binning, allowing a frame rate of 16 Hz to be achieved. The image intensifier quantum efficiency is 
around 15 % at 300 nm. The ICCD camera is fitted with a UV-compatible lens made by Nikon. The 
focal length is f = 105 mm and the maximum aperture is f/4.5. In order to reduce light interfering 
with measurements, emanating for example from metallic fluorescence, stray light from the laser 
and flame chemiluminescence, a dielectric filter (307 ± 25 nm) is placed before the camera.  

4.3 Mixing 
The exceptional properties specific to hydrogen as a fuel, particularly the broadly spaced 

ignition limits, mean there is more scope for influencing mixing processes in comparison with other 
fuels. This yields a large number of possibilities for optimizing the combustion process. Starting 
with homogeneous mixing at the time of ignition there are also possibilities for charge stratification 
(Wallner 2004). There is also scope for concepts that influence or indeed control combustion in 
targeted ways through further fuel injections during combustion for example (Gerbig et al. 2004). 

Here quantified LIF images can deliver important information about fuel distribution and offer 
an indispensable basis for evaluating novel concepts. The complete set of data also constitutes a 
valuable aid to the validation of 3D CFD calculations and other simulations of relevance to engines. 



14th Int. Symp. on Applications of Laser Techniques to Fluid Mechanics 
Lisbon, Portugal, 7-10 July, 2008 

Paper #1057 

- 7 - 

4.3.1 Quantitative measurements of fuel/air ratio 
As described in 3.1, the tracer LIF method is applicable to investigations of mixing. In order to 

generate the homogeneous mixtures necessary for signal calibration, a low-pressure injection valve 
was fitted between inlet tract and throttle. The relatively large distance between the location of 
injection and the inlet valves in the cylinder head allows good mixing with intake air, justifying the 
assumption of an ultimately homogeneous mixture. 

For the selected instants of recording, the actual procedure involved first taking LIF 
measurements with direct injection and the reference image, recording and then averaging 50 
images in each case. A corresponding series of images is also recorded without gas injection (so-
called background images), in order to be able to subtract stray light emanating from the laser beam 
from the actual measurements. The resulting averaged images are then mathematically corrected 
and normalized. The step size between individual images during the mixing phase is 1° CA during 
injection and 10° CA from then until the start of ignition. 

4.3.2 Results of mixing investigations 
Typical results of mixing with hydrogen direct injection are shown below. In the baseline 

configuration the injector is equipped with a multiple orifice nozzle (8 x 0.4 mm), side mounted in 
the cylinder head. The arrangement of nozzle orifices is such as to inject hydrogen in the direction 
of the spark plug whilst at the same time covering the largest possible volume within the pent-roof 
combustion chamber. The holes are laid out in a lens shape with two holes precisely on the plane of 
symmetry of the cylinder head. 

The measurements were carried out at a rotation speed of 1000 rev/min and fuel feed pressure 
of 50 bar. The start of injection, at 120° BTDC (start of injector actuation), occurs close to inlet 
closure. Figure 5 shows the results of mixing investigations with vertical (left) and horizontal (right) 
illumination slices. The two series of measurements were taken in immediate succession, thereby 
minimizing any effects due to changes in ambient conditions. 
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Figure 5: Typical application of quantified LIF-measurements: Comparison of vertical (left) and 

horizontal (right) illumination slice 

The results show that the jet’s high energy of impingement, resulting from the super-critical 
pressure ratio across the nozzle orifices and correspondingly high exit speed, causes a strong tumble 
flow pattern. There is also evidence of fuel jet attraction both mutually and to the combustion 
chamber roof. This is caused by the so-called Coanda effect, which describes the merging of 
individual jets (Nasr 1997) and their tendency to be drawn to nearby walls (Nasr 1998). This 
injection strategy gives rise to thorough intermixing between the hydrogen and air present in the 
combustion chamber, resulting in a homogeneous fuel-air mixture at the time of ignition (ZZP). 

4.4 Combustion process 
An ever deeper understanding of the processes and mechanisms taking place in an engine is 

essential for the development of internal combustion engines having optimized efficiency and 
minimized emissions. Both OH LIF and OH chemiluminescence measurements can make a 
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significant contribution to an improved understanding of the combustion process. Given that 
combustion in engines still presents an enormous challenge to currently available CFD codes, 
experimental data with the power to explain phenomena constitute an indispensable data resource. 
The speed of fuel combustion and that of the flame front itself are significant parameters for the 
validation of 3D CFD models for example. 

4.4.1 Laser-induced fluorescence of the OH radical 
In combustion research the OH radical is one of the most important radicals because it can be 

harnessed for the analysis of flame propagation. The start of combustion can be very clearly defined 
using the distinct rise in OH concentration at the flame front (Arnold et al. 1997). Nevertheless one 
must bear in mind that OH radicals are present not only in the flame front but also at a substantial 
level in the post-reaction zone. Overall one observes a steep increase in OH concentration just in 
front of the reaction zone followed by a slow decline after the reaction zone (Dinkelacker 1993). 
This means that unambiguous identification of the flame front is not always possible by means of 
the OH radical. It is however fundamentally a marker of hot burning or burnt areas in the flame, 
significant considerations for the investigations carried out here. The measurements were conducted 
as shown in 3.2.1. 

4.4.2 Chemiluminescence of the OH radical 
In addition to laser-induced fluorescence, it is also possible to detect OH radical emissions as a 

result of intrinsic fluorescence, i.e. without laser excitation. By recording the intensity of OH 
radiation from the flame it is possible to collect information about the spatial and temporal progress 
of combustion. A disadvantage of this method of measurement is the fact that signals are collected 
from the entire volume of the flame, with the result that it is impossible to assign intensity to 
defined locations along the direction of observation because of the integral nature of detection. 

4.4.3 Combustion results 
As already mentioned in 4.3, as a fuel hydrogen also offers the possibility of combining the 

premixed combustion of the SI engine with the non-premixed combustion of the CI engine. Whilst 
a certain fraction of the hydrogen is typically injected early and ignited by spark plug from a 
premixed, homogeneous condition, the remainder is brought directly into the flame for subsequent, 
mixing-controlled combustion. Investigations of this were carried out and the optical results are 
presented below. 

The injector is equipped with a multiple orifice nozzle and side-mounted in the cylinder head. 
The measurements were carried out at a rotation speed of 1900 rev/min, a fuel pressure of 50 bar 
and with homogeneous mixture distribution at the instant of ignition (20° BTDC). Injection of the 
mass of fuel in the second shot took place at 40° ATDC. The measurement results are shown in 
Figure 6, with flame propagation during premixed combustion omitted. 
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Figure 6: Application of combustion analysis: Comparison of Chemiluminescence (left, center) 

and Laser-induced fluorescence (right) of the OH radical 

The left and central image sequences show the results of OH chemiluminescence, whilst the 
right hand image sequence shows those of OH LIF measurements. Here the images are shown in so-
called false color. For the recordings at start of injection (40° ATDC) and the OH LIF images, a 
color palette of 0 to 64 counts was selected, whilst for the subsequent OH chemiluminescence 
points it was 0 to 512 counts.  

At first glance, the intrinsic luminescence images appear to show the flame burning more 
intensely in the vertical view than in the horizontal one; this illusion results from the integrative 
nature of the images. As a result of the experimental layout it is inevitable that small differences can 
arise, given that the optical paths for the two views of the combustion chamber differ, as already 
shown in 4.2. 

The chemiluminescence measurements at 40° ATDC also show that ignition of the fuel jets 
takes place largely uniformly close to the orifices. It is also possible to infer that, at this point in 
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time, premixed combustion is already complete, with only some OH signals close to the glass ring 
surface (vertical view) showing any evidence of combustion reactions.  

In contrast with the intrinsic illumination images, in the OH LIF images one can see clearly that 
combustion at the start of injection (44° ATDC) takes place mainly at the periphery of the jets. In 
the illumination slice one can also see that only a small amount of OH is present in the core of the 
jets and that therefore no flame is burning there.  

The flow dynamics within the combustion chamber, above all the formation of tumble flow 
which can be seen in the intrinsic and LIF images, have a significant influence on the combustion 
process. One can also see in the OH LIF images at 47° and 55° ATDC that no combustion takes 
place in the upper half of the combustion chamber and within the combustion chamber roof, whilst 
it is more intense in the center of the combustion chamber. This behavior is caused by imperfect 
mixture conditioning and air utilization at this location, as also observed in the mixing studies 
shown in 4.3.2. 

5 Summary 
This paper describes the development of a measurement method based on laser-induced 

fluorescence (LIF) that permits not only the qualitative assessment of mixing but also a 2-
dimensional quantification of localized fuel/air ratio in the combustion chamber. The tracer-LIF 
method used and concept for quantification are described, along with the results of application to 
the analysis of the combustion process during high-pressure direct injection of hydrogen. The 
relevant investigations carried out, particularly relating to injection strategy, are presented, 
illustrated by optical results. 

In addition, two optical measurement methods are presented, namely OH-LIF and OH- 
chemiluminescence, which enable investigation of combustion in an engine. The 
chemiluminescence method, based on detecting OH radiation from the flame, was applied in 
combination with the OH-LIF method in order to investigate flame propagation in combustion that 
was mixing controlled, as against premixed. 

The measurements obtained by both methods are compared, allowing information to be derived 
regarding the spatial and temporal progress of combustion. The optical measurement methods 
presented here have the potential to make a significant contribution both to establishing a solid data 
resource for simulation tools and to improving the fundamental understanding of processes taking 
place in a hydrogen engine. 

Qualitative and quantitative LIF measurements are in principle possible not only on hydrogen 
engines but also on gas engines utilizing other gaseous fuels. For such gases, e.g. natural gas, it is 
necessary to establish the spectroscopic properties of the gas and of the mixture of gas and tracer. 
Investigations with gas mixtures, e.g. natural gas and hydrogen, would also appear to be possible as 
long as the gases have no components that react with the tracer or have an undesirable influence on 
the tracer’s fluorescence. Furthermore, these methods are not limited to application in the 
combustion chamber, given that mixing can be determined readily in locations such as an optically 
accessible inlet manifold. 
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