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Abstract

Cast engine components are experiencing ever tighter tolerance requirements and at the same time a more complex cast
design. The geometries, some of which are inaccessible, are tested for quality assurance on the basis of relevant component
characteristics, among other things. The position check measures the actual position of a feature in a spatial dimension.
Information about the alignment and geometry of the combustion chamber cannot be derived from the measurement methods
applied. The use of three-dimensional measuring methods, e.g., imaging by computer tomography, can additionally record the
spatial component position and the component geometry. Further measurement data can be derived from this, which serves
to increase process reliability and component quality, and to increase component quality within an entire component batch.
On the one hand, the cylinder head limits the working space by the roof of the combustion chamber, on the other hand, the
cylinder head has a significant influence on the charge movement, especially at the beginning of the intake flow, due to the
geometry of the intake ducts. On account the high demands of modern gasoline engines with tumble combustion process
paired with Miller operation at partial load, variable timing, etc., mixture formation is important for efficient operation.
Mixture formation in air- and wall-guided combustion processes depends on the components air duct and injection. From
the point of view of cylinder head production, the mixture formation component air guiding is an elementary development
approach for implementing efficient and sustainable component production while ensuring component properties. From this,
the question can be derived as to what influence, for example, different dimensional tolerances in the combustion chamber
size have on engine operation. To address this question, 3D simulations and physical test bench measurements were per-
formed. With a variation of the above-mentioned intake duct and combustion chamber geometries and due to manufacturing
tolerances, simulation results and measurement data were evaluated, analysed and presented in this paper. The influence
of manufacturing-relevant tolerance deviations in the early process step of cylinder head production on combustion engine
operation can be recognised in different ways.
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1 Motivation

The technological advancement of production processes

54 Aristidis Dafis makes it possible to produce components in ever larger quan-
aristidis.dafis @ovgu.de tities at low cost. However, this leads to higher requirements
that are placed on the components. In the case of cylinder
head production, a very elaborately designed component
geometry is added, which must be implemented in a com-
plex production chain and is already significantly influenced
in the foundry. With additional tolerance requirements, such
complex geometries increase the risk of growing component
scrap, which raises production costs and increases the CO,
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Fig. 1 Development of tolerance variations in the gasoline engine with tolerance-optimised component pairing

emissions of the individual component. The step-by-step
production chain of a cylinder head can be seen in Fig. 1.

A possible way to holistically reduce the CO, burden
of production is to create “digital twins” or dimensionally
matched pairs of components. If an ideally fitting component
partner existed for each component of an assembly, parts
with significantly higher manufacturing tolerances could be
used, provided that the dimensional deviation is comprehen-
sively documented and a suitable counterpart exists.

This means; however, that much higher requirements
are placed on the test procedures. One-dimensional inspec-
tion methods, such as a simple position determination of
a defined feature, are not suitable for the required three-
dimensional resolution of the respective component geom-
etry. Digital high-resolution measuring methods must be
integrated into series production, which allow three-dimen-
sional component measurement in a production-cycle cycle
time. One way of digitising the cylinder head geometry is the
computer tomography (CT). CT technology is already being
used for spot checks for defect analysis or for the examina-
tion of wall thicknesses or the identification of sand residues
and chips. Modern in-line CT’s also offer the possibility to
X-ray several components in a very short time with sufficient
accuracy. This means that larger lots can also be evaluated.
A complete integration of the test into a serial production
process is possible. The corresponding knowledge for the
targeted component evaluation with regard to the mentioned
criteria also of larger lots already exists. In addition, it is
necessary to achieve a measuring accuracy that enables
engine-relevant deviations in the component geometry to
be detected by means of CT scans. However, it is first nec-
essary to know the influence of dimensional deviations on
motor operation.
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An essential feature influencing the combustion pro-
cess is the combustion chamber. In addition to its geom-
etry (size and shape), the location is also of interest. The
combustion chamber roof is formed by the cylinder head.
While diesel engines often use simple, flat surfaces, gaso-
line engines have structured, dome-shaped designs. Their
shape and position are formed during the casting process
and remain unchanged for the majority of engines until the
cylinder head is in its final machined state. The forming
process thus has a direct influence on the operating behav-
iour of the engine. The combustion chamber insert in the
casting mould determines the combustion chamber shape,
but also the position of the combustion chamber roof.
Today’s inspection methods (3D measuring machines)
only consider the deviation in height and position. Other
features such as the three-dimensional shape or the com-
bustion chamber volume are determined with these meth-
ods. To reliably achieve the ambitious emission targets and
to achieve minimum CO, emissions, it is therefore neces-
sary to answer the question of how the production-related
deviations of the combustion chambers can be checked and
what influence they have on the emission behaviour [2].

Thus, the real deviations as result of manufacturing tol-
erances form the boundary conditions of this investigation.
Consequently, these must first be identified as this is the
first step in the investigation. Computer tomography is used
to scan the component, in this case the cylinder head, and
detailed images can be derived. Starting from an “ideal”
component, the geometric boundary conditions can be
defined and characteristics for the further examination can
be worked out. This procedure is explained below. Subse-
quently, CFD simulations of the intake and compression
stroke are carried out to generate spatially resolved results



Automotive and Engine Technology (2021) 6:147-158

149

of the mixture formation and flow-relevant variables. Finally,
initial findings from the simulation results are validated with
measurement results from test bench operation.

2 Computer tomography as a measuring
method for series production

Computer tomography is an imaging measurement method
that was first brought to maturity in the field of medical
technology. Shadow images are generated by means of
X-rays, e.g., Fig. 2. The rays passing through the measur-
ing object are absorbed as a function of density, so that the
transmitted X-ray intensity is measured at the detector. For a
two-dimensional representation of a section, several images
must be acquired in different positions around a fixed axis
of rotation. To describe the function of a body uniquely,
the line integrals of an angle 0° < ® < 180° are measured
and combined. The function of a section and the derivation
of a sectional plane in a two-dimensional image can thus
be derived as a function via the measurement object. By a
rotational movement around the measuring object, the X-ray
intensity in the necessary angular interval @ can be used for
the two-dimensional description of the sectional plane. If the
measuring object is also moved in translation, a so-called
spiral or helix CT is produced [3, 4].

For industrial applications, series-oriented measurement
tasks must be implemented in CT. A fast CT, also known as
inline CT or ATline-CT, is characterized by a high scanning
speed. Due to the overlapping helix movement of detector
and tube around the component, a cylinder head can be digi-
tized in 15-20 s, for example, depending on the set feed rate
and component size. In industry, the use of inline computer
tomography enables interference-free three-dimensional
testing of materials and components. The high scanning
speeds enable the digitization of the internal component

Fig.2 Cutting planes from a cylinder head CT scan

structure, whereby various factors and measurement tasks
must be taken into account [4, 5].

In order to fulfil a measuring task, it is necessary to prove
the measuring equipment capability, e.g. according to VDE
2630. By means of repeat scans and a tactile reference, the
measuring equipment capability can be proven with suffi-
cient accuracy, as for example in [6] described.

The advantage of the fast availability of the scan data is
counteracted by two disadvantageous features of a fast CT.
On the one hand, in the case of high material thicknesses
or long component edges, the introduced energy input is
not sufficient to obtain artefact-free surfaces. Secondly, the
relatively large detector apparatus limits the achievable reso-
lution. Unlike tactile methods, an analysis of the measuring
equipment capability must be considered separately for each
individual measuring point. Both the artefact formation and
the component geometry in the area of the measuring point
have a great influence here, so that optimum component
positioning must be considered equally.

An important influencing factor for the realisation of
the measuring task is the alignment of the scan data to the
CAD used. This alignment should be seen as the basis for
automatic analysis. In this case the alignment is carried out
after the initial images of the component. If there are prob-
lems with the surface finding here due to the casting process
or due to incorrect component alignment, these affect all
measured values. In order to obtain stable values, the ISO50
algorithm developed for imaging measurement procedures
is used. This algorithm defines the component edge exactly
at 50% of the grey value drop from the material-grey value
to the background grey value. As a side effect, a resolution-
dependent averaging of the surface points takes place here.
This side effect is useful for averaging unevenness caused by
sand adhesion or slight core breakouts in such a way that a
measured value does not exceed the tolerance limit.

Since at each individual measuring point the accuracy
of the surface detection in relation to the radiolucency of
the component combined with the surface course must be
considered, it is necessary to develop an individual measur-
ing strategy for each individual measuring point. To fulfil
this measurement task, the subvoxel accuracy of the scan
data must also be exploited. In areas of strong artefact for-
mation, surface detection is also only possible to a limited
extent. Here it is necessary to adapt the measuring plan to
the process-related conditions and thus, if demanded, to find
an equivalent measuring point. [7]

As a result of the repeat measurements, the mean value
and standard deviation are determined. The calculated
statistics compare the variation (offset) of the process to
specified limits. Cg and Cgk are capability indices which
are logically restricted, so the variation within the toler-
ance will not be considered the variation of the measur-
ing instrument. Furthermore, in comparison to a tactile
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measurement, the systematic error of the computer-tomog-
raphy must be determined for each measurement point.
Usually the results of a tactile measurement according to
the measurement plan are used as a reference. In practice,
however, it has been shown that tactile measurement val-
ues require thorough validation so that systematic errors
can be excluded or neglected. The systematic error of the
computer tomography calculated by comparison with the
tactile measured values is used as an offset of a measured
value in a next step. As a result, comparability to tac-
tile measurement is given. The following figure shows an
example of the standard deviation for a measured value
(Fig. 3).

After optimising the measuring process, the measured
values of the inner contours must be checked once again. For
this purpose, selected components should be cut up at the
respective measuring points and then remeasured tactilely.
The deviation determined in the process shall be placed in
relation to the scan results. Two conclusions can be drawn
from this comparison:

1. All measured values must agree within the scope of the
fluctuations and the tactile readings leading to failure
should also indicate failure in the CT scan.

2. The fluctuation of the deviation of the CT measurement
values from the tactile measurement values must be a
minimum.

Considering the measuring equipment capability and the
target variables to be recorded by an inline CT, it is basically
possible to digitise a component in series production. The
challenge here is the trade-off between measuring time and
cycle time. One way to reduce the measurement time is to
limit the variables to be evaluated. Within a cylinder head
there are various approaches to check the component qual-
ity. With regard to the acquisition of component geometry,
the scan resolution can be increased in specific component
areas. This is useful, for example, for the combustion cham-
ber volume so that the real combustion chamber volume
can be derived. With the combustion chamber volume of
the raw part, the expected compression volume can then
be determined in advance, considering the influences of

further processing and potential component pairings. If a
compression volume is created whose condition is outside
the required limits, an optimum compression ratio can be
derived and implemented by adapting other assembly ele-
ments [8].

3 Production of test components
with feature isolated deviations

For the identification of automatable features of the combus-
tion chamber, the knowledge of the process of the raw part
production is decisive. The contour of the cylinder head is
formed by permanent mould parts in gravity die casting. The
influences on the final blank geometry are manifold. Basi-
cally, an attempt is made to reproduce the “ideal” (=design
data) as accurately as possible. When designing the combus-
tion chamber insert, it must be noted that the casting shrinks
during solidification and cooling, while the mould expands
under the influence of temperature. In addition, all mould
parts must be coated to protect them against the melt. The
coating has a variable thickness depending on the technol-
ogy and can wear out locally. Decisive for the dimensional
accuracy of the castings are the production parameters,
such as the temperature of the mould, the temperature of
the melt or also the condition of the coating during casting
and the actual behaviour of the melt during its solidification
and cooling in a complex mould, possibly with shrinkage
hindrance.

Starting from the cylinder head blank production, the
combustion chamber geometry can vary with regard to two
essential system parameters. Separate metallic inserts in the
mould are used for the combustion chamber roof (Fig. 4).
The internal cavities (water and oil channels) are represented
by lost cores, which must be manufactured separately and
placed in the mould before each casting. This creates a fur-
ther potential for the occurrence of dimensional deviations
from the specified shape and position of the combustion
chambers.

The position of the cores in the cylinder head is toler-
ated with a permissible deviation in terms of their height
and longitudinal deviations. Furthermore, the mould parts,
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Fig.4 Major influences on the “true” combustion chamber design [1]

but also the moulds for the production of the cores are
subject to wear. Over the lifespan of the moulds, this wear
causes a steady erosion of the material, which can cause
a material offset at the cast combustion chamber and thus
lead to a reduction of the combustion chamber.

Due to the functionality of the assembly, the shape and
position of the combustion chamber contour in the cylin-
der head is subject to very tight tolerances and is strongly
determined by the individual combustion chamber mould
inserts (design, manufacture, wear), their positioning in
the mould base plate and the temperature fluctuations in
the casting process. The stochastic deviations of the real
combustion chamber geometry (shape and position) result-
ing from the influences mentioned above can be grouped
as follows:

(a) Deviations in the cylinder axis (combustion cham-
ber height shifts), e.g., due to temperature influences
(mould growth, mould distortion),

(b) Deviations in the component longitudinal/transverse
axis, also due to temperature influences (mould growth,
mould distortion)

Fig.5 Overview of the varia-
tion of the combustion chamber
deviation

Cylinder axis shift (CAS)

Combustion chamber production:

Casting - actual conditions:

* actual temperature or temperature
distribution = f(various process
parameters)

* current condition of the coating
(thickness, local cracks, chipping)

Casting - component solidification:
¢ actual shrinkage of AL meltin a
complex structure

(c) Deviations in shape/extent due to mould wear and coat-
ing application and wear
(d) Combinations of a, b and ¢

The actual shape and position of the core is also subject
to additional influences from the design and manufactur-
ing of the cores (e.g., mould wear, mould offset), as well as
assembly and alignment in the pre-heated moulds. Smooth
assembly between core and die-supports requires clearance,
which can affect the accuracy of the core layers.

The combustion chamber deviations can be converted
into component characteristics. In the further course of this
work, the characteristics shown in will be defined as CAS
feature for cylinder axis shift and as CCV feature for com-
bustion chamber volume (Fig. 5).

3.1 Manufacturing of the test parts

Series production of the reference cylinder head (4-cylinder
gasoline DI-engine) is carried out on automatic multi-station
lines with automatic core feeding. However, the statistical
evaluation of long-term measurements on serial compo-
nents shows only a very low probability of the occurrence

Combustion chamber
volume (CCV)

Reference
combustion chamber

i S,
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of the previously defined combinations of characteristics on
a single component. The removal of test parts from the cur-
rent series was therefore not an option for the development
project.

For maximum precision in the implementation of
the defined feature combinations and for a reduction of
the adjustment and testing effort in the foundry, a final
mechanical complete combustion chamber machining was
carried out. In total, 19 cylinder heads were provided for
this investigation and are enlisted in Table 1. In compari-
son to the series cylinder heads, all test parts were manu-
factured with a defined material offset in the combustion
chamber area (machining allowance) to enable subsequent
mechanical machining.

All parts of the production lot were first measured tac-
tilely (using a 3D coordinate measuring machine). The
aim was to identify parts with the best possible port core
positions. In addition, a CT scan of the test parts was per-
formed to identify and exclude test parts with relevant
internal defects.

Table 1 Investigated components and their characteristics

The most suitable parts from the trial lot were then
mechanically processed to the desired shape (offset) and
position (height offset). This ensured that the reference
components almost perfectly matched the combustion
chamber deviations defined in the test plan. Fig. 6 shows
a combustion chamber before and after machining.

To verify that the final test bench samples were in accord-
ance with the test plan, the machined components in the
combustion chamber and intake duct area were optically
measured using optical 3D metrology by GOM. These
measurements also served as a reference for the inline CT
measurements at the project partner Microvista. Fig. 7 shows
some examples of GOM results.

To achieve the required measurement accuracies in the
CT X-ray process as well, it had to be calibrated. This cali-
bration is based on the optical 3D metrology by GOM, which
measured values at defined points. The basis for the defini-
tion of the required measuring point matrix is formed by
the series-relevant standard measuring points, whereby here
only those points were used as a reference which allow state-
ments to be made about the combustion chamber geometry

Characteristic: combustion chamber (CC) volume

Component # Feature
CCv CAS

Nr. 1 Ideal Ideal

Nr. 2 Ideal All CC too high within tolerance

Nr. 3 Ideal All CC too low within tolerance

Nr. 4 Ideal CC ideal + CC too high within the tolerance

Nr. 5 Ideal CC ideal + CC too low within the tolerance

Nr. 6 Ideal CC too high within the tolerance + CC too low
within the tolerance

Nr. 7 Ideal All CC too high out of the tolerance

Nr. 8 Ideal All CC too low outside of the tolerance

Nr. 9 Ideal CC ideal + CC too high outside of the tolerance

Nr. 10 Ideal CC ideal + CC too low outside of the tolerance

Nr. 11 Ideal CC too high outside of the tolerance + CC too
low outside of the tolerance

Nr. 12 All CC scaled down All CC in nominal dimension

Nr. 13 All CC scaled up All CC in nominal dimension

Nr. 14 CC ideal + CC scaled down All CC in nominal dimension

Nr. 15 CC ideal + CC scaled up All CC in nominal dimension

Nr. 16 CC scaled down + CC scaled up All CC in nominal dimension

Characteristic: Inlet duct position

CCV Inlet duct position/form
Nr. 17 Ideal Inlet duct old core box
Nr. 18 Ideal Inlet duct enlarged (core box does not close
completely)
Nr. 19 Ideal Inlet duct position too low

@ Springer



Automotive and Engine Technology (2021) 6:147-158

153

Fig.6 Comparison of cast (left) T
and machined (right) combus-
tion chamber contour

Combustion chamber deviation of different test samples
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Fig. 7 Examples of GOM measurements on different test bench samples (top: combustion chamber height [Z], bottom: combustion chamber

shape [X-Y], from left to right: ideal, too high/small, too deep/big)

or position. To improve the informative value of the meas-
urements with regard to the determination of the combustion
chamber volume, the measuring point matrix was extended
by additional measuring points.

4 Simulation of mixture formation

To identify possible influences of the defined characteris-
tics, the mixture formation was simulated. The simulation
tool used is AVL Fire™ version 2017.1, which uses the
combustion chamber and the intake and exhaust ducts of
the research engine as the basis for modelling.
Combustion chamber characteristics were derived from
the production of blanks, the characteristics of which

were converted into positive and negative tolerance ori-
entation. A feature-isolated production is nevertheless not
feasible, and the measurability cannot be clearly estimated
in advance. Therefore, the inlet flow was simulated tran-
siently with changed combustion chamber surfaces accord-
ing to the characteristics, so that a differentiation of the
developed combustion chamber characteristics is possi-
ble. The tolerance limit is + 150 um for the position of
the combustion chamber roof. For the displacement of the
combustion chamber roof in the cylinder axis, a maximum
deviation from the nominal dimension of + 300 um was
modelled. In addition, a combustion chamber volume scal-
ing of 5% was carried out to reproduce the mould wear.
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Comparison of the cylinder axis
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Fig.8 Local air—fuel ratio at the end of compression (TDC)

4.1 Mixture formation at the end of compaction

The mixture formation state at the end of the compression
cycle is shown in Fig. 8. The characteristic values are arranged
from bottom (combustion chamber reduction) to top (combus-
tion chamber enlargement). The reference model (no manipu-
lation of characteristics) is positioned in the middle position.
The fuel distribution is shown using the A distribution in the
central sectional views XZ plane (right) and YZ plane (left).

The comparison of the models with a displacement of the
combustion chamber roof along the cylinder axis (feature
CAS) shows locally higher fuel concentrations in the case of
a combustion chamber reduction, whereby the gradient of the
fuel distribution towards the edge areas is less pronounced (see
YZ plane). With increasing combustion chamber volume, the
gradient of fuel distribution to the peripheral areas increases
slightly, at least visually. If the combustion chambers are too
large, an uneven fuel distribution can be seen, especially in
the YZ plane.

The comparison of the models with a manipulation of the
combustion chamber shape (feature CCV) shows a less pro-
nounced gradient of the fuel distribution towards the edge
areas in the case of a combustion chamber reduction. As the
combustion chamber volume increases, the gradient of fuel
distribution to the peripheral areas increases slightly visually.
A larger combustion chamber compared to the reference model
shows an increasing unevenness of fuel distribution, especially
in the YZ plane.

@ Springer

The visual contrast allows a direct comparison of the cut-
ting planes to each other. The fuel distribution cannot be deter-
mined globally. In order to evaluate the equal fuel distribution
in the entire combustion chamber, an equal distribution index
for the model state of the TDC was used:

ul=1-|——=— | 1)

where 4; describes the combustion air ratio of a volume ele-
ment, A the mean value of the combustion air ratio or the
global combustion air ratio, and Vj;,, the total volume of the
considered model. Ul indicates that there is a homogene-
ously mixed fuel distribution (UI = 1) or no mixing can be
found in the model (UI = 0).

If a one-dimensional key figure is used to describe the
fuel distribution, the result for the simulations discussed
is the picture shown in Fig. 7. The Uniformity Index of the
manipulated models is plotted against the corresponding
compression ratio. At a compression ratio of 11.58 (cen-
trally located), the model is positioned with the reference
combustion chamber. The deviations in feature CAS span
a wide volume difference between the models with the
smallest and largest compression ratios. The difference in
equal distribution is therefore smaller than that of feature
CCV. The tendency is that with increasing compression
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ratio a slight improvement in fuel uniformity can be
seen. Similarly, it can be seen that the fuel equalisation
no longer drops sharply when the combustion chamber
volume is too large. With smaller combustion chambers,
however, the uniform distribution increases.

Due to the few support points for polynomial formation
to describe the feature-specific uniform distribution proper-
ties, this consideration is a purely analytical procedure to
specify and estimate the differences. A marginal feature-
specific dependency is therefore discernible.

Clear dependencies of the defined combustion chamber
characteristics are recognisable here, but only in the case of
very large deviations from the nominal dimension, which
is why these characteristics are unlikely to be present in
series applications. Therefore, primarily a dependence of
the compression ratio or the combustion chamber volume
can be derived.

5 Examination of component deviations
on the engine test bench

The test vehicle belongs to the Volkswagen Group’s EA888
Gen.3 B series. The engine is a turbo-charged gasoline
engine with a dual injection system. Characteristic for the
partial load (TL) is the use of Miller valve-timing. The full
load behaviour is shown with a conventional valve lift [9]

For the investigation of the operating behaviour due to
form deviations of the combustion chamber, a first compari-
son of the stationary operating behaviour and investigations
of the resulting knocking behaviour of the boundary sam-
ples shall be presented here. The comparison of stationary
engine operation is to show the influence to what extent the
combustion chamber manipulations or the defined combus-
tion chamber characteristics influence the operating field of
the engine. From the operating parameters it can be derived
which parameters for the corresponding load requirement
are additionally manipulated compared to the comparison
measurement. Thus, a dependence of the mixture formation
can be differentiated from the dependence of the compres-
sion ratio. The comparison of the ignition limits should show
which primary quantity has a significant influence on engine
operation.

5.1 Comparison of the map measurements

The following Fig. 9 shows the differential maps of the com-
ponents with greatly reduced compression ratio. The com-
ponents differ in terms of their combustion chamber shape.
Component #07 has feature CAS and component #13 has
feature CCV (Table 1 for component features). The mini-
mum compression ratios of the test parts are g,,;,=11.45 at
#07 and e,;,=11.42 at #13. The analysis full load operation

Comparison of e-dependency

£
©

0,89 »
0,88 ol

0,87

0,86 B

0,85
11,2 11,3 114 1.5 11,6 11,7 11,8 1.9
compression ratio € [ -]

uniformity index UI [ -]

Cylinder axis
shift (CAS)

+ Reference , Combustion chamber
combustion chamber  volume (CCV)

Fig.9 Calculated equal distribution index of the feature-manipulated
individual models in relation to the associated compression ratio

at #07 shows that the HET (high-end torque) range is oper-
ated with additional fuel enrichment and a concomitant
increase in specific fuel consumption. If component #13
is also considered, an identical behaviour can be seen.
Although a slightly lean operating condition can be seen,
the load is equally limited due to the lack of compression.
The boost pressure is increased by raising the exhaust gas
enthalpy, which results in later ignition timing and poorer
specific fuel consumption.

In the LET (low-end torque) range, slightly lean operating
conditions can be observed. These are also due to the geo-
metrical properties. The ignition timing are more efficient
due to the lack of knock detection. Both components show
the same properties in this area.

In the range above the Miller full load (1750 rpm to
2500 rpm and 15 bar BMEP) a slight fuel increase is vis-
ible at #07. Taking the control parameters into account, an
increase in boost pressure can be seen here, with otherwise
the same parameterization. The comparison with component
#13 shows the same tendencies, with a slightly higher level
of development. Due to the higher boost pressure, more fuel
is injected and the mixture formation is worse. This can be
seen, for example, in the sharp rise in CO emissions.

The comparison of the differential maps shows primar-
ily the same operating characteristics of the two cylinder
heads. A differentiation of the characteristics regarding the
combustion chamber enlargement is therefore not derivable.
In addition, it is stated that the combustion chamber volume
varies between “component within the specifications” (OK)
and “component not within the specifications” (NOK).

Components #08 (feature CAS) and #12 (feature CCV)
have a greatly increased compression ratio. The difference
maps are shown in Fig. 10. The maximum compression ratio
of component #08 is €,,,=11.7 and of component #12 for
€max=11.69.

The comparison shows an additional full load increasing
in the area of the HET. In comparison to the comparative
measurement, no further differences can be seen with regard
to the operating mode. If the fuel consumption is considered,
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Fig. 10 Difference map of part #07—CAS feature with increased NOK volume (left); Difference map of part #13—CCV feature with increased

NOK volume (right)

a lower fuel consumption is recorded in the HET, despite
the slight increase in the fuel quantity. In addition, various
hot spots are emerging, which show lower fuel consumption
compared to the reference. For example, the operating point
4000 rpm and 9 bar BMEP for component #08 shows a mar-
ginal reduction in specific fuel consumption. This property
can also be seen on component #12 in expanded form. The
direct comparison of the measuring points shows that the
burning time is shortened. The combustion centre of gravity
is adjusted to 8 °CA a. TDC. The detected ignition delay is
identical. The test parts with lower € show here a faster fuel
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conversion, which leads to a slight increase in efficiency.
This points to improved fuel homogenisation. The situation
is similar in the Miller full load range. Regardless of the
feature, a slight fuel saving is visible at 2500 rpm and 12 bar
Pme- The operating parameters are almost identical and the
combustion time is much shorter than that of the comparable
engine, resulting in an increase in efficiency. Outside the
Miller range, on the other hand, a consumption disadvantage
can be observed. Due to the full valve lift and the longer
valve opening time, the cylinder charge increases. Due to the
increased compression ratio, the ignition timings are shifted
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later and combustion is delayed, resulting in disadvantages
in efficiency.

The comparison of the differential maps shows primar-
ily the same operating characteristics of the two cylinder
heads. A differentiation of the characteristics with regard
to combustion chamber reduction is therefore not derivable
(Fig. 11).

5.2 Comparison of knock limits

The ignition limit was determined at speeds of 2000 rpm
and 4000 rpm in different load ranges. A clear differentia-
tion could be identified especially at load points in the full
load range.

Fig. 12 shows the measurements for the knock limit of the
test parts at an operating point of 2000 rpm and a BMEP of
19 bar. Here, there is a slight deviation in the combustion
chamber characteristics to be valuated—characteristic CAS
shows expected behaviour. With increasing compression
ratio, the knock limit shifts to late. The volumetric charac-
teristic has a uniform shift of the knock limit to late, which
indicates a feature-dependent deterioration of the mixture
formation. If the speed is increased, the opposite behaviour
occurs. Figure 13 shows the measurements for the knock
limit of the test parts at an operating point of 4000 rpm and
a BMEP of 17 bar. Here the volumetric characteristic shows
an expected behaviour. As the compression ratio increases,
the knock limit shifts to late, whereas the feature with a pure
combustion chamber roof shift (CAS) does not allow for a
clear differentiation. Regardless of the combustion chamber
volume, the knock limit is shifted in a late direction com-
pared to the reference measurement.

The tests to determine the characteristic knock limit
indicate an influence of the combustion chamber shape.
The combustion chamber shape manipulations shown here
involve very large deviations from the actual nominal vol-
ume. In series production, however, the resulting widely

differing combustion chamber volumes and the resulting
shifts in ignition limits in this form in series engines are not
to be expected. Further measurements of components with
the same combustion chamber manipulations with regard
to their feature-specific characteristics were investigated as
OK components. However, no clear feature-specific findings
could be deduced from the results. Only those combustion
chambers with a strong deviation from the target volume
showed feature-specific properties, which is why only results
from NOK components are shown here.

6 Summary and conclusion

Combustion chamber shape deviations can have different
causes. The combustion chamber shape deviations examined
here refer to tolerances and deviations resulting from the
production of blanks. To identify deviations due to the origi-
nal shape, potential characteristics that can occur in series
production were derived from the process chain of the crude
production of a cylinder head. For the systematic investiga-
tion of the component characteristics, these deviations were
manufactured in isolation and examined on the engine test
bench. Since it cannot be excluded that further deviations
can be found in the test parts, an additional transient mixture
formation simulation was carried out, so that an isolated
consideration of the form deviation characteristics can be
considered.

To determine the influence of the combustion chamber
shape and requirements of the potential test procedure, the
effect of the named deviation characteristics had to be exam-
ined in a first step. For this purpose, limit sample compo-
nents, i.e., components with strongly deviating combustion
chamber volume characteristics, were simulated and metro-
logically examined and compared.

The simulations show little dependence of the combus-
tion chamber characteristics. As these only occur in the case
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of very large deviations from the nominal dimension, only
a minor influence on the mixture formation and thus on
the operating behaviour can be derived here. The primary
cause for the change in operating behaviour is the change in
compression.

The measurements on the engine test bench show an
identical behaviour. The steady-state map comparison shows
the highest deviations from the comparison measurement
in areas of high knock probability. The comparison of the
characteristics with each other does not show any significant
effects on the engine operation, so that the primary depend-
ency here can also be attributed to the compression ratio.

The test parts shown here were manufactured with double
the combustion chamber position tolerance compared to the
series requirement. Limit samples with such large deviations
are therefore not to be expected in series production. In the
largest part of the operating field, the combustion chamber
deviations were well-absorbed by the engine control system.
However, full load could not be reached at the limits, espe-
cially near the low-end-torque (LET). In the case of greatly
enlarged combustion chambers, this is due to the lack of
compression, and in the case of greatly reduced combustion
chambers, it is due to the ignition being adjusted to late tim-
ing and the boost pressure being lowered to prevent knock-
ing. Although the differential maps show a slight improve-
ment in fuel consumption, this is due to the fact that the
reference measurement shows a load up to 20 Nm higher.
Such an influence is not to be expected for cylinder heads
with combustion chamber deviations whose dimensions lie
within the required tolerance band. Further investigations
are planned to determine the sensitivity of the combustion
chamber volume with lower or different combustion cham-
ber volumes.

From the results available to date, no need for the devel-
opment of complex features for imaging test procedures in
series production can be derived due to the low engine-tech-
nical effects of combustion chamber deviations. The main
finding of this documented investigation is that tolerance-
deviations mostly act with their influence on the compres-
sion ratio. Thus, a check of the combustion chamber shape
based on the compression ratio, i.e., the combustion chamber
volume, is sufficient.
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