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For decades, scientists and engineers have been working to increase the efficiency of 
internal combustion engines. For spark-ignition engines, two technical questions in 
particular are always in focus:

	 1. �How can the air/fuel mixture be optimally ignited under all possible conditions?
	 2. �How can undesirable but recurrent early and self-ignitions in the air/fuel mixture 

be avoided?

Against the background of the considerable efficiency increases currently being 
sought in the context of developments and the introduction of new fuels, such as hy-
drogen, methanol, ammonia and other hydrogen derivatives as well as biofuels, these 
questions are more in the focus than ever.
In order to provide a perfect exchange platform for the community of combustion 
process and system developers from research and development, IAV has organized 
this combined conference, chaired by Marc Sens. The proceedings presented here 
represent the collection of all the topics presented at the event and are thus intended 
to serve as an inspiration and pool of ideas for all interested parties.
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Knock in SI-Engines – A continuing challenge for combustion
system development

Dr. Frank Altenschmidt, Dr. Eberhard Kraus; Mercedes-Benz AG, Germany

Abstract: Since the invention of gasoline engines, the phenomenon of knocking
combustion has been known. Particularly in the first half of the 20th century
knock has been promoted by poor fuels, nowadays high power densities of engines
and increasingly strict emission legislation, which prohibit substoichiometric
operation, are mainly responsible for it. Alleviating measures, which lead to an
increase in CO2-emissions, e. g. decrease of compression ratio, can’t be taken due
to demanding consumption targets. Engine knock is primarily controlled by the
thermal conditions in the combustion chamber. Acceleration of flame speed can
be achieved by increasing the charge motion. However, this leads to higher peak
temperatures in the combustion chamber, coupled with a higher heat loss to the
combustion chamber walls. If the burning rate is too fast, this mechanism can even
lead to a deterioration of the knock limit. In order to reduce the gas temperatures in
particular during combustion, the use of cooled residual gas is advantageous. This
enables significant earlier combustion, leading to comparable gas temperatures
and wall heat losses at the knock limit. From this it follows there is a thermal limit
for a given combustion chamber configuration that cannot be exceeded without
further measures such as cooling or water injection.

Stuttgart, September 2022                 Dr. Frank Altenschmidt, Dr. Eberhard Kraus

1 Introduction

Ever since Christian Reithmann was granted a patent for a four-stroke gasoline engine
in 1860, it has been impossible to imagine our daily lives without this type of engine.
There is probably no other engine that, after 160 years, can be found in every corner of
the world and performs its service reliably under such climatically diverse conditions.

However, the demands on reliability, performance, consumption and emissions have
changed fundamentally. In the first decades after the invention of the internal combus‐
tion engine, the focus of development was on improving mechanical durability. When
this reached an acceptable level, more efforts were made to increase the performance
of the engines, which also brought the phenomenon of knocking combustion with



it. Even though at the beginning of the twentieth century the measuring techniques
were far from being available as they are today, the cause of engine knock could
be determined. In his textbook “Motorwagen und Fahrzeugmaschinen für flüssige
Kraftstoffe” from 1925, Dr.-techn. Arnold Heller [1] describes the process of combustion
including the emergence of knocking working cycles. Since pure gasoline was in short
supply, especially during the Great Depression after World War I, engine damage due
to knocking combustion occurred more frequently because of the poor fuel quality
of substitute fuels. The investigations at this time by Thomas Midgley (inventor of
tetraethyl lead) and others at General Motors and the findings derived from it led
Arnold Heller to the statement that “knocking has completely lost its dangers in
practice”. Even though technical progress has been unmistakable since that time, the
problem of knocking combustion still represents a limit to the use of high compression
ratios at optimum centre of combustion at full load.

Particularly in turbocharged series engines, the aim is to use the highest possible
compression ratio to achieve good part-load efficiency. However, if this is chosen too
high, the losses at knock-limited load points can very quickly cancel out the advantages
at part load. Figure 1 shows that very high losses occur in the case of late centres of
combustion, which are much higher than profits in the low percentage range due to a
high compression ratio.

At the same time, late centres of combustion lead to high exhaust temperatures,
which are counterproductive with respect to maximum turbine and catalytic converter
temperatures. In the past, therefore, the fuel/air mixture was adjusted substoichiomet‐
ric to reduce process temperatures, which is no longer permissible today [2].

Figure 1: Correlation between COC and IMEP in full load operation

Figure 2 shows a typical engine map with areas of stoichiometric and substoichiometric
operation. The area, where enrichment is necessary, is small compared to the whole
map. It follows that measures and technologies that enable stoichiometric operation
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over the entire map may only degrade the other operating range to a very small
extent, if at all. Therefore, for example, lowering the compression ratio to improve the
knock limit is no option in present times. In contrast, increasing the charge motion to
accelerate combustion or using cooled residual gas to improve the centre of combustion
and efficiency and thus lower the exhaust gas temperature are interesting measures.

Figure 2: Engine map with λ=1 operation limit

This article examines the influence of charge motion, cooled residual gas or a combi‐
nation of both on the working process of the gasoline engine.

2 Theoretical Examination
 
2.1 Fundamentals
With increasing supercharging, knocking combustion is the main obstacle for thermo‐
dynamically optimal engine operation. A large number of research projects already
initiated on the subject of knocking (e. g. [3], [4]) bear witness to the fact that this
topic has not lost its topicality and will not lose it any time soon. Therefore, precise
knowledge of the processes in the combustion chamber that lead to knock is vital for
further improvement of combustion efficiency especially at full load.

Up to the 80s of the last century, two different theories were developed to explain
the origin of engine knock. The detonation theory describes the onset of knocking
combustion as an acceleration of the primary flame [5, 6]. The largely recognized
self-ignition theory assumes secondary ignition ahead of the primary flame, which
together determine the further combustion process [7, 8]. A characteristic feature of
the chemical reactions which lead to eventual auto ignition is the ignition delay time.
This time interval is strongly dependent on pressure, temperature and the mixture
composition [9].

In a variety of publications, it was attempted to capture these very complex
interactions with knock criteria [e. g. 3, 10, 11, 12, 13]. However, there is no model
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which can adequately capture the local mixture states and thermal conditions in the
combustion chamber sufficiently to predict engine knock under all circumstances. This
shows the needs for further research work regarding improvement of engine knock
behaviour.
 
2.2 Impact of water injection and cooled EGR on the thermodynamic cycle
In order to be able to use stoichiometric mixture composition throughout the entire
engine operating map, the gas temperature upstream of the turbocharger turbine and
the catalytic converter must not be too high. There are several possibilities to achieve
this, all of which in principle rely on the same mechanism. This mechanism is shown
in Figure 3 by means of water injection and cooled exhaust gas recirculation.

In case of water injection a liquid medium is injected into the inlet port, usually
during the intake stroke. As shown in [14], evaporation takes place during late
compression and during the combustion phase. The evaporation cools the gas and
increases the mass and heat capacity of the cylinder load. Both lead to an improvement
in the knock limit, which additionally lowers the exhaust gas temperature.

Figure 3: Effect chain of water injection and colled EGR on the SI-engine working cycle

When using cooled residual gas, it is mixed with fresh air during the intake stroke, in‐
creasing mass and heat capacity of the cylinder load. Since this is an inert gas, it doesn't
participate in the combustion process. However, the released heat is distributed over
the now larger mixture mass in the cylinder, resulting in lower process temperatures
and thus a better knock limit.

With increasing residual gas fraction in the combustion chamber the oxygen
concentration and thereby the flame speed decreases. The question arises whether this
should be compensated by an increase of the charge motion generated by the intake
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port and what influence this has on the combustion cycle as well as the knock limit.
These questions will be examined hereinafter in more detail.

3 Experimental Results
 
3.1 Experimental setup
A research single-cylinder engine was used for the experiments whose combustion
chamber geometry is derived from the Mercedes-Benz 6-cylinder engine M256.

Three cylinder heads with different intake ports were used. Figure 4 shows the
tumble curves, which were determined by CFD-simulations. The base configuration
Tz1 already has a high tumble at the level of the M256 production engine. Starting from
this, the tumble levels are increased by 25% in two steps. With each variant a series with
increasing load were measured both with and without cooled EGR, where an HD-AGR
system is used. Because the three intake ports have different flow resistances due to
the different charge motion levels, all tests were carried out with a constant differential
pressure of 200 mbar between the intake and exhaust port to keep the internal residual
gas rate almost constant. All series were measured at knock limit and an inlet port
temperature of 45°C.

Figure 4: Comparison of the used tumble levels

 
3.2 Influence of charge motion on the knock limit
Figure 5 shows curves of 50% mass fraction burned (MFB 50%) for all investigated
tumble levels at three different engine speeds and increasing load.
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Figure 5: Influence of tumble level on the knock limit for different engine speeds at λ=1

At 2000 rpm the behavior is as expected. The increased charge motion leads to an
improved knock limit by 4°CA, with no further improvement with the highest tumble
level Tz1+50%. At 4000 rpm there is still an improvement of the knock limit with variant
Tz1+25% compared to the base port Tz1, but the variant Tz1+50% falls back to the level
of the base port and is the worst variant at 5000 rpm.

In the following the unexpected results are analyzed in more detail using optical
measurements and combustion analysis. Figure 6 shows the distribution of knock
events for all intake port variants at engine speed 5000 rpm and IMEP=21 bar. The first
two variants Tz1 and Tz1+25% have most knock events on the exhaust side, whereas
the variant Tz1+50% on the opposite intake side.

Figure 6: Distribution of knock events at n=5000 rpm, IMEP=21 bar and λ=1
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Figure 7: Cylinder pressure, burn rate and gas temperature at n=5000 rpm, IMEP=18 bar and λ=1 for
two different tumble levels

From this one could deduce that there is a hot spot on the exhaust side, e. g. at the
exhaust valves, for the two variants with lower charge motion level. But this would also
have a negative influence on the variant with the highest charge motion. To further
investigate this, the flame propagation was visualized for the intake port Tz1+25% at
a slightly reduced load using high-speed endoscopy. The analysis showed a fast flame
movement towards intake side of most cycles, which explains the knock events at the
exhaust side. Thus the intake port Tz1+50% has not only the highest tumble level, but
also leads to a different flame propagation.

Figure 7 shows cylinder pressure, burn rate and gas temperature for the intake ports
Tz1+25% und Tz1+50% at 5000 rpm and IMEP=21 bar. Due to a later MFB 50% the peak
pressure of variant Tz1+50% is lower than of variant Tz1+25%, but the peak temperatures
are almost identical due to the higher flame speed of variant Tz1+50%. Since the two
cylinder heads differ only in the inlet channels and knocking is significantly influenced
by the gas temperatures, the results shown here could indicate a thermal limit of the
combustion chamber. This will be the focus of chapter 3.4.
 
3.3 Influence of cooled EGR on knock limit, exhaust gas temperature
Due to the high power density of modern gasoline engines, sufficient cooling in the
vehicle is definite a challenge. If cooled residual gas is used, it increases the need for
additional cooling. Therefore, the maximum residual gas rate is restricted in real vehicle
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operation. Since this is not a problem on test benches, the investigations were carried
out with the maximum possible residual gas rates.

Figure 8 shows the change of MFB 50% with increasing residual gas rate (EGR)
applied for different speeds at a load of IMEP=18 bar. For all variants, an improvement of
the MFB 50% can be observed with increasing residual gas rate, but its amount depends
significantly on the speed. In particular, the behaviour of the variant Tz1+50% with the
worst knock limit (see Figure 5) is remarkable, which shows the biggest improvement
in MFB 50% upwards n=4000 rpm compared to the other two variants.

Figure 8: Effect of EGR on the MFB 50% for different speeds, IMEP=18 bar and λ=1

Figure 9: Cylinder pressure, burn rate and gas temperature at n=5000 rpm, IMEP=18 bar and λ=1 for
different residual gas contents, tumble level Tz1+50%
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Figure 9 shows for four different residual gas rates the cylinder pressure, heat release
rate and mass mean temperature curve at n=5000 rpm and IMEP=18 bar for intake
port Tz1+50%. Although the peak pressure in the combustion chamber increases
significantly with rising residual gas mass and earlier MFB 50%, the maximum mass
mean temperature decreases and accordingly the heat flow into the combustion
chamber wall and its temperature.

This significant improvement in knock limit is also evident in the case of increasing
load with and without residual gas, which is illustrated in Figure 10. The dependency of
the MFB 50% on the load for the best variant Tz1+25% and the worst variant Tz1+50% are
compared with and without residual gas for the speeds n=2000, 4000 & 5000 rpm. While
at 2000 rpm MFB 50% and therefore the knock limit are almost the same, the situation
changes significantly at 4000 rpm. In both cases without residual gas (as shown in
Figure 5), the intake port Tz1+50% has a significantly worse knock limit than the port
Tz1+25%. After residual gas is added, the knock limit of the intake port Tz1+50% catches
up and is comparable to the other intake port.

Figure 10: MFB 50% at increasing loads with and without cooled EGR, λ=1

Since the variant Tz1+50% has the greatest changes of the knock limit, in Figure 11 the
pressure and heat release rate as well as the mass mean temperature and the wall heat
flow at n=5000 rpm and IMEP=20 bar are displayed. Due to the higher cylinder mass
and the significant earlier MFB 50% the peak pressure in the case with 15% residual
gas is higher. Surprisingly, because of the earlier knock limit the burning rate is almost
as fast as without EGR. The mass mean temperatures is lower due to the increased
cylinder mass, despite of the approximately 12°CA better MFB 50%. Although there are
considerable differences in the mixture composition and the combustion process, the
total heat loss (Qw) to the walls towards the end of the expansion stroke is almost the
same.
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Figure 11: Combustion analysis for n=5000 rpm, IMEP=20 bar, λ=1, EGR=0 & 15%

In most papers on knock criterions [e.g. 3, 10], the temperature in the unburnt zone
plays a key role. In addition, high charge motion levels are considered advantageous
for good knock limits. However, the results presented her suggest the benefits are not
unlimited.
 
3.4 Existence of a thermal limit
As shown in Figure 7, the higher flame speed of the intake port Tz1+50% results
in a comparable maximum mass mean temperature despite the significantly later
knock limit spark advance. For a better understanding concerning the thermal gas
conditions in the combustion chamber, the results from a two-zone calculation for
the load variation presented in Figure 10 are analysed. Figure 12 shows the maximum
temperature in the burnt zone, Figure 13 in the unburnt zone.

As expected, the maximum temperature in the burnt zone can be significantly
reduced with the addition of cooled residual gas. However, it is striking that at
n=2000 rpm the temperatures in the case with no EGR are almost identical and at higher
speeds slightly lower for the maximum tumble stage. On the contrary, the values for
all speeds with cooled residual gas lie very close together.
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Figure 12: Maximum temperature in burnt zone with and without cooled EGR, λ=1

Considering the temperatures in the unburnt zone, which are used in all common
knock models, there are comparable values for all variants with and without added
residual gas within the model accuracy. This is particularly remarkable at 5000 rpm for
the Tz1+50% variant, as here at the highest load the MFB 50% is approximately 12°CA
different from the other variants.

Figure 13: Maximum temperature in unburnt zone with and without cooled EGR, λ=1

Since the examined cylinder heads differ only in the intake ports and not in the
combustion chamber geometry or in the water jacket, it is shown that a combustion
chamber configuration has a thermal limit. If additional cooling measures are no option,
an improvement in the knock limit spark advance can only be achieved with significant
lower process temperatures, whereby the thermal limit here assumed is not changed.
The use of cooled residual gas is therefore a very effective method to improve the knock
limit. A thoroughly designed EGR-system is one of the few technologies which not
only contributes to an increase in thermodynamic efficiency in full load operation and
enables stoichiometric fuel-air mixture in the entire engine operation map, but also
improves the fuel consumption in part load.
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4 Summary and outlook

The presented studies of three different charge motion levels have shown that the
overall system “combustion chamber” must be carefully designed. The occurrence
of engine knock is determined by a variety of parameters that influence each other.
In addition to a good mixture formation, which can be achieved by an adequate
charge motion level, the thermal condition during the combustion process is crucial.
Lower charge motion causes longer combustion duration and lower heat losses to the
combustion chamber walls. Higher charge motion with faster combustion speed at the
same MFB 50% lead to higher thermal losses to the combustion chamber walls compared
to lower charge motions. If the MFB 50% is earlier, the thermal losses increase even
further. By adding cooled residual gas, the mean gas temperature during combustion
can be significantly reduced. The results presented here show that the maximum gas
temperatures in the unburned zone at knock limit spark advance for all tested charge
motion levels are approximately at the same height, regardless of the charge motion
and amount of residual gas. It can be concluded that there is an individual thermal
limit for a given combustion chamber configuration. To shift this limit towards a better
knock limit, the process temperature during combustion must be lowered. Since the
maximum possible residual gas rate is restricted due to the cooling capacity in a vehicle,
additional measures must be taken. This could be the use of water injection, improved
charge air cooling or combustion chamber cooling. Even if it was not explicitly shown
in this article, the use of cooled residual gas represents a very effective, if not even the
most effective measure to improve the knock limit compared to the other mentioned
technologies.
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Abstract: This paper investigates the effect of lubricant oil and the additives on
low-speed pre-ignition (LSPI). The abnormal combustion phenomenon of LSPI
is still an important issue in the development of modern internal combustion en‐
gines. Despite numerous studies to understand the potential sources for low-speed
pre-ignition, this phenomenon has not yet been fundamentally understood.
Therefore, this paper provides a test procedure to investigate the necessary
thermodynamic conditions leading to LSPI. A major goal of this study was to
reduce the complexity in a gasoline engine arising from the interaction of diverse
processes typically taking place in an engine. Therefore, the experiments were
conducted by using a newly developed constant volume combustion chamber as
a centerpiece of a completely new testbed. Additionally, a device to generate a
defined small amount of tempered oil droplets in the size range of microns into
the combustion cell was designed and used for this study.
This experimental approach focuses on lubricant oils as a potential trigger
for pre-ignition. Therefore, three oils with different contents of Calcium and
Magnesium were used to study ignition delay times and self-ignition temperatures
of oil under various engine-like pressure conditions. Furthermore, to separate
possible evaporation effects of the liquid oil droplets, the different oil samples were
also admixed to the base fuel. The test results showed that in the Calcium range
of 0.025% to 0.075%, the Calcium detergents impact LSPI activity as promoters.
In addition, from the length of the ignition delay time for oil droplets in the hot
air, it could be concluded that an oil droplet in the engine combustion chamber
cannot initiate a pre-ignition in the same working cycle. However, an oil droplet,
deposited on a hot component in the engine may lead to a pre-ignition in a further
working cycle.



1 Introduction

In general, modern turbocharged gasoline engines with direct injection are increasingly
showing anomalies during the combustion process. These anomalies may be caused by
Low-speed pre-ignition (LSPI), which is characterized by an ignition before the actual
spark ignition timing. Low-speed pre-ignition (LSPI) is an undesirable combustion
phenomenon and it potentially leads to extreme knocking events, which can cause
serious engine damage. Consequently, exploring possible sources and the mechanism
of this type of abnormal combustion in internal combustion engines plays a significant
role in the development of modern gasoline engines.

Since pre-ignition seems to be a serious challenge for improving the performance of
gasoline engines, numerous researches have been conducted to clarify the mechanism
of this phenomenon and to propose solutions to eliminate LSPI. Over the last several
years exploring a proper solution for LSPI has been a serious technical challenge for
automotive companies. Due to this fact, there have been major efforts to establish
a systematic methodology for exploring and evaluating potential sources of LSPI
events. Because of the risk of engine damage after a pre-ignition event, investigations
to reduce LSPI frequency have attracted considerable attention. However, despite
several high-quality studies looking to understand the mechanism behind the LSPI and
searching for the main origin of pre-ignition events, this phenomenon needs still more
researches in order to explain the mechanism and the probable causes.

While some early publications focused on engine design and operation to reduce
LSPI frequency, recent publications have brought other probable causes of pre-ignition
into focus because LSPI should be explained by a combination of engine-related,
oil-related, and fuel-related mechanisms interacting in an engine [1–3]. Jatana et al.
[2] , for instance, have performed engine testing with three single component fuels in
order to understand the effect of fuel properties on LSPI. The aim of this study was to
investigate the dependence of fuel distillation on Low-speed pre-ignition (LSPI).

On the other hand, in several works lubricant oil has been identified as the main
origin of pre-ignition [4–8]. These studies have attributed LSPI events in gasoline
engines to the auto-ignition of lubricant oil droplets in the combustion chamber.
Considering the results of these publications, one of the most probable explanation
for the occurrence of pre-ignition in a gasoline engine is that the oil droplets, released
from the cylinder liner, can become a source of LSPI [5, 6, 9]. Furthermore, in several
studies, composition of lubricant oil and the oil additives are believed to be the major
contributing factors in the occurrence of LSPI events in the engine [7, 10].

Morikawa et al. [11] indicated that the oil properties will affect the tendency of LSPI.
Three different oil properties such as cetan number, distillation characteristics, and
Calcium additive were examined in this work as critical points in pre-ignition. Dahnz
et al. [6] carried out experimental investigations using a test engine accompanied
by numerical simulations to assess possible causes for pre-ignition. The results have
identified that oil dilution greatly affects the amount of released oil droplets and hence
the pre-ignition frequency. Okada et al. [12] have applied visualization approach to
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perform optical investigations and to clarify the mechanism of pre-ignition in the
engine. Ritchie et al. [13] presented a statistical analysis by assessing data collected
from six different engines. Furthermore, tests were conducted on various lubricant
components to determine their effects on LSPI. The effects of Calcium and Magnesium
detergents on LSPI were investigated. They found out that in contrast to the effect of
Calcium, an increase in Magnesium concentrations has no effect on the occurrence
of LSPI. Hence, LSPI results for mixtures of Calcium and Magnesium are directly
proportional to the amount of Calcium. Takeuchi [14] has performed several engine
tests with a prototype turbocharged DI-SI engine to investigate the influence of the oil
additives on pre-ignition. This study confirmed that the type of oil and additives have an
intensive impact on LSPI. Results indicated that Calcium detergent has a contributory
effect on a pre-ignition event and higher Calcium content can benefit the pre-ignition
rate. In addition, several other studies indicated that increasing levels of Calcium lead
to an increase in the LSPI rate [4, 15]. However, a close examination of the impact of
Calcium additives is lacking and this point requires further in-depth investigations to be
sufficiently clarified. Exploring and understanding the dependence of pre-ignition on
Calcium detergents is a major goal of this paper. Therefore, a fundamental evaluation
of the impact of Calcium on LSPI activity has been undertaken in this work.

The vast majority of publications describing lubricant impacts on LSPI only consider
engine tests to assess the impact of different factors on this phenomenon [5–7, 11, 16].
Most of these investigations have been carried out inside an engine, where many other
different factors can influence the mechanism of pre-ignition. For this reason, a detailed
investigation of LSPI by engine tests is not possible due to the complexity coming
from several processes taking place simultaneously in the engine. Therefore, the results
of experiments depend strongly on engine variables. Once these several influencing
variables are reduced, it is possible to get a more accurate understanding of the process.
Therefore, the investigations are to be carried out with some simplifications through
delimiting the influencing variables of the engine. Consequently, in this study the
investigations are not conducted in a combustion engine, but in a constant volume
combustion cell. It was decided to utilize a combustion cell, which is newly designed and
developed at KIT. The detailed characteristics of combustion chamber will be explained
in the following sections of this paper.

The experiments and results presented in this paper are to be understood as a
following project to the previous paper presented in 5th International Conference of
Knocking in Gasoline Engines [17] and also as a preliminary step to the upcoming
experiments in the future. While the general features of the testbed and the measure‐
ment system were described in the previous publication comprehensively, this paper
focuses on the experimental methodology and results. In addition, some newly added
components and features are also presented in this paper.
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2 Testbed development and setup

This paper is a follow-up study and the second part of a paper series presenting the
further developments of the testbed, methodology, and results of the project. In the
first part of this series of papers [17] the general requirements, challenges, and features
of the testbed were discussed. Additionally, a detailed description of the design and
dimensioning of the combustion chamber, as well as the measurement setup, were
presented. The current paper provides first a general overview of the combustion
chamber system. It will be explained, how the combustion chamber has been further
developed and which other new components have been added to the system. Then in
the following sections, it focuses on test procedure and results.

Following the aim of studying the conditions leading to pre-ignition, a combustion
chamber was developed to be utilized for the experiments. In order to reduce the
system complexity, the engine was replaced with a combustion chamber, since the
complexity of the engine makes detailed analysis difficult. This provides a great
possibility to perform fundamental experiments to clarify the necessary conditions for
the occurrence of pre-ignition accurately. Consequently, a constant volume combustion
chamber was manufactured for optical investigations of pre-ignition at high pressures
and high temperatures.

Different parts of the system are described in Fig. 1. The system consists of the
pre-conditioning chamber, the combustion chamber with optical accesses, fuel injector,
and a newly developed oil dosing device. In addition, the fuel and air management
systems serve to supply air and fuel during experiments. The fuel management system
can provide an injection pressure of 200 bar using an accumulator serving as a pressure
reservoir. Furthermore, several valves and sensors are utilized to implement the
experiments. The positions of different pressure sensors (blue) and temperature sensors
(green) are described in Fig. 1. High-pressure cut-off valves are utilized to control the
flow through the system and also to prevent the damaging of other components.

At the beginning of each experiment, air flows from the air management system
through valve V1 into the pre-conditioning chamber. After some procedures in the
pre-conditioning chamber, which are explained in detail in section 3, air or the gaseous
mixture flows through valve V2.1 into the combustion chamber. Then, combustion
takes place in the combustion chamber. The combustion chamber has been developed
for a maximum gas pressure of 350 bar and a maximum gas temperature of 500 °C. The
combination of high pressures and high temperatures has been the main challenge for
the design, dimensioning, and safety of the combustion chamber.

In order to provide the same preliminary conditions for all experiments, it must
be possible to release the burned gas from the chamber completely and to flush it.
Therefore, after the combustion is done completely, valve V2.2 opens and makes it
possible for the air in the pre-conditioning chamber to release into the environment.
Valve V3 has a similar function and serves the burned gases to exit from the combustion
chamber. Applying a switching valve makes it possible to flush the system by air or
nitrogen.
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In addition to the cut-off valves, there is also a pressure control valve, which serves
as an element for precise adjustment of the pressure in the system. Furthermore, since
pressure peaks of higher than 350 bar can occur during the experiments, a pressure
relief valve is utilized as a security measure in the system. The relief valve opens
when the pressure in the combustion chamber exceeds 350 bar. Although the relief
valve is used to prevent pressure peaks over 350 bar in the combustion chamber,
the dimensioning of the chamber is based on much higher pressures in the order of
magnitude of 1000 bar.

Controlling and adjusting of the different actuators and valves as well as the record‐
ing of the pressure and temperature values are performed by a modular CompactRIO
System from National Instruments. The pressures inside the two chambers are recorded
by an indicating system with a frequency of 100 kHz.

Air Management 
SystemPamb., Tamb.

Fuel 
Injector

Oil dosing
device

Cut-off 
valve V2.1

Pamb., Tamb.

POil TOil

Ppre-conditioning cham.

Tpre-conditioning cham.

Fuel Management 
System

Cut-off 
valve V1

Pre-conditioning
Chamber

Cut-off 
valve V2.2

Cut-off 
valve V3

Combustion
Chamber TCombustion cham., Wall

PCombustion cham.

THE1, THE2 , THE3 , THE4

TCombustion cham., Gas

PFuel TFuel

Fig.1: Overview of the developed Testbed [17]

The combustion chamber with its four accesses is shown in Fig. 2. The design and po‐
sitioning of the different accesses in the chamber required precise calculations in order
to satisfy the demanding requirements. The combustion chamber was conditioned by
regulated wall heating, depending on the temperature requirement of each experiment.
For the reason of reproducibility, a homogeneous temperature field in the gas phase
inside the combustion chamber was indispensable.
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