







































































































































































































































































































































































































































































































































































































































































7.6 Piston noise and piston transverse motion 211

toward the thrust side. Therefore, a starting value of 0.5 mm is suggested for the experimen-
tal development phase.

Seizure resistance must be considered in the optimization of the barrel-shaped, oval piston
form. Because this has a direct interrelationship with the installation clearance, only an over-
all analysis makes sense. This circumstance can be clarified with the help of two piston skirt
profiles; Figure 7.106.

If a piston has less deviation in the upper skirt area (piston profile A)—indicated here as
height D2, according to the piston drawings—then the guidance of the piston in the cylinder
appears to be better, and less structure-borne noise excitation is to be expected. If, how-
ever, the reduction in seizure resistance is taken into consideration, then the piston must be
installed with a nominal installation clearance that is greater by this amount; Figure 7.106,
lower diagram. In this case, piston B appears to provide better guidance in the cylinder, and
therefore less structure-borne noise excitation. The two influence parameters, piston shape
and installation clearance, can be clarified by a fast and rough projection to determine which
design will tend to lead to a running characteristic that is more favorable from an acoustical
standpoint.
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Figure 7.106: Interrelationship between the piston profile, installation clearance, and seizure resistance
D2: Piston diameter at a fixed piston height in the upper skirt area
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Figure 7.107: Piston skirt geometries used for calculations, with different implementations of seizure

resistance
Height D1: Piston height at which the piston has the greatest diameter D1

The key parameters for five piston skirt profiles are sketched in Figure 7.107, differentiating
the upper skirt taper at height D2 between 110 and 190 um in steps of 20 pm. The lower skirt
taper remains unchanged. The analysis of the piston transverse motion is made for different
assumptions of installation clearance, such as the steps of 20 um.

If the maximum contact force that occurs on the thrust side is again taken as an approximate
criterion for structure-borne noise excitation, then the result is the lines drawn in Figure 7.108
for the individual piston profiles, which indicate smaller installation clearances, as expected.
Also, as assumed, pistons with increasingly greater upper skirt taper cause a shift toward
greater maximum forces.

If points with identical running clearance at height D2 (deviation of the piston geometry at
height D2 plus installation clearance) are connected to each other, then the result is the con-
nection line, as a line of comparable seizure resistance. This is additionally shown in Figure
7108, using the example of 190 pm. Its progression shows clearly that for such engines with
comparable seizure resistance, the least possible installation clearance with the correspond-
ingly necessary large upper skirt taper provides the best acoustic solution.

This potential for improving the acoustics often justifies the implementation of small instal-
lation clearances, using a graphite coating on the piston skirt to increase seizure resistance.
The positive influence of reducing the installation clearance and the negative effect of the
greater upper skirt taper cancel each other out only for large installation clearances greater
than 60 pm.
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Figure 7.108: Maximum contact force as a function of piston shape and installation clearance, calcu-
lated for low speed and low load

Due to the high rigidity of the skirt in diesel engine pistons, compared to gasoline engine
pistons, the typical ovality values in series production diesel pistons are considerably less
dispersed. A computational pre-estimate is therefore not absolutely necessary for a first test.
The final ovality values arise largely from the optimization of the contact pattern on a piston
that has been run. Particularly for pistons with optimized profiles and small installation clear-
ances, the acoustic effect of the ovality of the piston skirt is of secondary importance.

7.6.3.2 Objective noise assessment and quantification

Noise analyses and a subsequent objective noise assessment have the goal of identifying an
existing piston noise as such and quantifying it, so that piston variants can be made objec-
tively comparable.

In order to determine the absolute value of the noise component caused by the piston, a
systematic partial sound source analysis must be performed with the goal of quantitatively
separating the noise excitation from combustion, the injection system, the valve train, the
crankshaft drive, and various auxiliary systems. Such extensive tests are primarily suited for
basic research work, but not for the regular optimization work leading up to series produc-
tion.

A method is used, therefore, that allows piston variants to be objectively compared to each
other with relatively little effort. The portion identified as piston noise, however, can be quanti-
fied only relative to other piston variants. An initial basis for such an A/B comparison is often
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the potential estimate suggested previously, with selected loud and quiet piston designs.
Every other test variant can be arranged between them. The improvement that has been
achieved between the initial state and the optimized piston can then be documented, as
shown in the following example.

If a noise excitation due to piston impact occurs in a diesel engine, then it can be assumed
that this mechanical impact excitation will be found to be much stronger in a structural noise
signal measured in the upper area of the cylinder block, due to the dominant external struc-
tural noise conductance path, than in a signal measured at the main bearing cover of the
associated cylinder [21]. The force excitation due to combustion and the impact excitation
of the crankshaft in the bearing, on the other hand, are greater in the area of the main bear-
ing than at the exterior of the crankcase. The internal structural sound conductance path is
dominant.

If such structure-borne noise measurements are performed with piston variants that are very
different acoustically and the signal levels measured at the main bearing do not significantly
deviate from each other, then the difference that can be measured in the upper crankcase
area and in the airborne noise can only be attributed to excitation by the piston. A prerequi-
site, however, is that each measured operating point has been checked using the combus-
tion chamber pressure curves captured at the same time, to determine whether operation
with both piston variants and identical combustion has taken place.

Figure 7109 shows such a measurement result, using overall levels (up to 10 kHz) over
the load, derived for the sound pressure at a distance of 140 cm from the engine, for the
structure-borne noise on the thrust side of the crankcase (centered on the selected cylinder),
and for the structure-borne noise at an associated bolt for the main-bearing cover.

The acoustically optimized piston B differs from the acoustically objectionable piston A by a
piston pin offset optimized by computation and experimentation, by a modified skirt profile
having greater upper skirt taper, and by minimized installation clearance. The skirt ovality and
the piston ring and top land clearances are adapted to the modified running characteristic
with the help of visual inspection of the pistons that have been run. All prescribed seizure
tests have been passed previously.

The reduction in sound level achieved by these measures can be as much as 5 dB. The
significant reduction in the structure-borne noise level on the thrust side is effective only at
very low loads and high loads—as is sketched schematically in Figure 7.104. The accelera-
tions measured at the main bearing cover do not exhibit these blatant differences. It can be
assumed, therefore, that the difference in noise excitation in this case can be attributed solely
to the piston.

In the lower partial-load range, in contrast (cf. load range from 50 to 100 Nm), the dominant
excitation is due to very rapidly advancing combustion caused by the considerable ignition
lag, especially in the cooled engine. In this load range, the combustion noise determines the
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sound level. In the lower partial-load range, therefore, neither subjective nor objective assess-
ment of the piston noise is recommended.

The airborne and structure-borne noise levels depicted in Figure 7109 are analyzed more
closely in order to quantify the noise components caused by the piston. The comparison of
the two Campbell diagrams for airborne noise shown in Figure 7110 demonstrates clearly
that the frequency range around 1,850 Hz is emitted more strongly with the acoustically
objectionable piston over the entire load range.

The spectral representation of the accelerations measured on the thrust side, shown in
Figure 7.111, confirms that the piston is the cause of this partial increase in sound level. The
accelerations measured at the main bearing, in contrast, would not show this increased
excitation in the case of piston impact, which is also evident in Figure 7.112.

The frequency content of an impact excitation caused by the piston has been empirically
found to have a broader band than is evident in the diagrams in Figure 7.110 and Figure
7111, The intense increase in just a narrow range is surely not attributable to the excitation
characteristic, rather, it is due to the operational vibration behavior of this special engine
structure. In many diesel engines, however, this has been observed in a similar manner when
piston impact occurs. The bandpass levels measured in the narrow raised frequency range,
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Figure 7.110: Sound pressure spectra as a function of load, measured on a DI passenger car diesel
engine, engine speed 1,500 rpm, cooled engine

Piston A {acoustically complained) Piston B (acoustically optimized)
50005

4000 £ )
z
¥ "3
= (]
= 2
Q <
£ 3000 £
2 o
g 2
w 160 3
2000 <

1000 i ' f 50

0 50 100 150 200 0 50 100 150 200
Load [Nm] Load [Nm]

Figure 7.111: Acceleration spectra (thrust side) as a function of load, measured on a DI passenger car
diesel engine, engine speed 1,500 rpm, cooled engine

as shown in Figure 7.113, can be used as a comparative criterion for objective analysis of
the individual piston variants. The acceleration measured on the thrust side of the engine
block represents the effect of the piston on the noise excitation much more specifically than
the airborne noise signal measured at a distance from the engine and is therefore also more
appropriate for such a quantitative analysis in most cases.
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Figure 7.112: Acceleration spectra (main bearing cover bolt) as a function of load, measured on a DI
passenger car diesel engine, engine speed 1,500 rpm, cooled engine
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passenger car diesel engine, engine speed 1,500 rpm, cooled engine (bandpass filter frequency
1,750—1,950 Hz)
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7.6.3.3 Piston transverse motion and influence parameters in diesel engines
Analogous to the procedure for gasoline engines, a characteristic behavior of the piston
transverse motion is to be depicted for the diesel engine. Figure 7.114 shows an analysis of
such superimposed signals together with the pressure curve measured simultaneously in
the combustion chamber and the structure-borne noise measured at the cylinder liner.
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Figure 7.114: Mechanisms for structure-borne noise excitation in diesel engines

The example shown is typical of the sequence of motion of a diesel piston with a slight offset
toward the thrust side, immediately after cold start. Due to the very large installation clear-
ance selected for this measurement, five excitation mechanisms that may occur in the diesel
engine can be depicted for using a single operating point. Assigning the translational and
rotational piston transverse motion to the corresponding structure-borne noise excitation,
in terms of both time and location, defines the mode of action of mechanisms | through V
unambiguously.
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If a piston noise is identified as such in the diesel engine, and if a known mechanism of
motion can be determined as the cause based on experience, then the number of engine
tests needed for optimization depends only on the correct decision of how many test vari-
ants to run.

In order to increase the understanding of concrete motion sequences and of the measures
to be taken, measured motion information is prepared so that the entire piston transverse
motion, including the deformations of the piston skirt, can be visualized quickly and easily.
This makes it easier for the engineer to find a solution in a quick and precise manner.

Using the insight drawn from several DI passenger car diesel engines, a few helpful tips can

be formulated for the design of an acoustically favorable diesel piston:

m The distinct barrel shape of the upper area of the skirt, together with sufficient rigidity in the
middle area of the skirt, supports rolling of the piston against the cylinder wall, thus helping
to reduce impact excitations.

m The skirt end taper with a hydrodynamically optimized design should act over a circumfer-
ential angle of about 60 degrees, in order to ensure seizure resistance even at low instal-
lation clearances.

m The installation clearance, to be defined in the lower skirt area, should be as small as possi-
ble. In case of insufficient seizure resistance in the area of the thrust-side or antithrust-side
generating line of the piston skirt, the upper shaft taper should without fail be increased
before increasing the installation clearance. The use of a graphite coating on the piston
skirt can provide a double enhancement in this case.

m The ovality of the skirt can be used exclusively for optimizing the width of the contact
pattern and helps to ensure the necessary seizure resistance in the more rigid side areas
of the piston skirt as well. The direct effect of skirt ovality on the acoustic behavior is of
secondary importance in a piston design that has been optimized in all other aspects.

m For diesel pistons, a small piston pin offset of 0.3 to 0.6 mm toward the thrust side is pre-
ferred over a design with no offset. A potential increase in oil carbon buildup, which can
lead to “bore polishing” under certain circumstances and thus to increased oil consump-
tion, can be counteracted with suitable measures, such as an offset of the piston crown or
adaptation of the conicity and clearance at the top land or ring land.
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7.7 Piston pin noise

7.71 Causes of noise

As has been described in Chapter 7.6, the subjectively objectionable noises that can be
attributed to the piston and its periphery in a gasoline engine have sound characteristics that
are very different from each other. In addition to the piston noises that have already been
analyzed, in some cases a harsh, metallic, impulse noise can occur erratically at idle speed
or increased speed (up to about 2,000 rpm) and only at zero load. It is subjectively perceived
to be very objectionable.

This noise, known as “pin ticking,” is induced as the pin impacts against the bore wall after
passing through the clearance of the piston pin in the pin bore. Noise induced by the pin in
the small conrod eye, which can also cause a comparable ticking noise, and is therefore also
sometimes called pin ticking, is not the subject of this discussion. As has been shown by
experience, however, the procedure described for measuring and analyzing the pin noise in
the boss is also suitable for quantifying the excitation caused in the small conrod eye.

Complaints due to pin noises are unknown for the diesel engine, as these experience com-
pletely different pressure ratios in the compression phase. All further considerations, there-
fore, deal with gasoline engines exclusively.

In a gasoline engine, in the affected operating ranges, the cylinder is under vacuum in the
early compression phase. Combined with the arising inertia forces, this forces the pin to
make contact in the lower boss area. As the compression pressure increases, the sign of
the resultant vector for the gas and inertia forces changes in a crank angle range well before
ITDC. At the point when this resultant force changes sign, the contact of the piston pin
changes from the pin bore ground to the pin bore zenith. If this change occurs along a more
or less direct path to the opposite wall rather than as a rolling or sliding motion along the pin
bore, then this can cause noise excitation after passing through the clearance [22].

While the piston noises of croaking and rattling are generally audible at low engine tem-
peratures, and decrease as the engine warms up, piston pin noises in the pin bore occur
predominantly during the warm-up phase or in a warm engine. One reason for this phe-
nomenon is the difference in thermal expansion coefficients between the aluminum piston
and the steel pin. Particularly during the warm-up phase, but also in the warm operating
condition, the thermally induced running clearance between the pin and piston can increase
relative to the installation clearance, which is measured at 20°C. This promotes the excitation
of this noise.



7.7 Piston pin noise 221

7.7.2 Structure-borne noise transmission paths and
measurement program

If a pin noise is to be objectively analyzed, then the best and simplest way to clarify it
with measuring equipment must first be determined. Figure 7.115 shows the locations of
structure-borne noise excitation for the piston noises of croaking and rattling, as well as for
pin ticking. For the first two noises, the cylinder wall is excited directly by the piston on the
thrust side (TS) or antithrust side (ATS). Following the outer structure-borne noise transmis-
sion path, the acceleration measurement is applied directly to the surface of the block. For
the pin noise, the structure-borne noise primarily takes the inner transmission path, via the
connecting rod, the crank pin, and the crankshaft, into the main crankshaft bearing. The main
crankshaft bearing cover, or one of the two mounting bolts for the cover, is thus ideal as a
measurement position for an acceleration sensor [23].

Rattling Croaking Pin ticking
Cold Cold / warm-up phase Warm-up phase, warm
2°CA before ITDC — 8° after ITDC ~ 10°-25°CA after ITDC 50°—20°CA before ITDC

2,500—4,000 rpm, partk}lload 1,000-2,000 rpm, partial load Idle - 2,000 rpm, zero load

TS ATS ATS

Figure 7.115: Locations of structure-borne noise excitation for typical piston and piston pin noises in
a gasoline engine

Figure 7.116 shows the time signal sequences of various acceleration sensors and a micro-
phone at an operating point with a clearly audible pin noise. Five working cycles are shown.
A piston with an oversized pin bore diameter is installed only in the test cylinder, resulting in
oversized pin clearance. All the other cylinders in the four-cylinder engine are equipped with
pistons that allow pin clearance at the lower tolerance limit, and therefore verifiably do not
cause any piston pin noises.
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Figure 7.116: Typical time signal sequences for a given piston pin noise

The structure-borne noise excitation by the piston pin can also be detected in the signals
from the sensors on the thrust and antithrust sides of the engine block surface, but sig-
nificantly greater distinction between the useful signal and the background noise can be
obtained at the bolt location on the main crankshaft bearing cover. Therefore, this measure-
ment position is ideal for a sensitive assessment of the different variants that affect the piston
pin noise. The microphone position is selected at the location where the noise of interest is
subjectively most clearly audible.

The pin noise behavior of different engines will normally vary greatly. Therefore, a standard-
ized measurement program has been developed, which allows the detection of any piston
pin noises. It consists of various running programs at constant speed, and dynamic run-ups
followed by run-downs. The water temperature is varied through the range from 30 to 100°C
for each run. The most acoustically noticeable temperature range is then measured more
precisely at a constant water temperature using dynamic variations in engine speed.

The measurements are carried out continuously over the entire rise in temperature. A large
amount of data is produced, because the measurement period lasts for several minutes.
In order to extract the important information from the measurement signals, the method
described in the next section is used. The structure-borne noise at a main bearing cover
bolt, which corresponds very well to the airborne noise, is used exclusively for this evalua-
tion.
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7.7.3 Evaluation procedure in the time domain

The amplitude of the excitation determines the intensity of the perceived piston pin noise.
Therefore, only the maximum acceleration amplitude that is excited by the piston pin at
the structure-borne noise measurement point on the main-bearing cover bolt is used. If
the structure-borne noise excitation is as dominant as in the example in Figure 7.116, the
maxima can simply be sought out in the individual working cycles. For less distinctive piston
pin noises, and if other noise sources are also present, as is often the case, then the results
can easily be misinterpreted. Therefore, the maxima should be sought out only in the crank
angle range in which piston pin noises might occur. In this example (see Figure 7.117), a
crank angle range from 50° to 20° before ITDC was selected for a maxima search. All work-
ing cycles accumulated during the measurement are analyzed for maximum amplitude in
the indicated crank angle range. These maximal amplitudes are then plotted against tem-
perature and time.

In this example, no irregularities can be seen during the temperature run-up at idle speed. The
test engine used does not have any piston pin noise in this operating state, despite its large
pin clearance. Experience shows, however, that other engines can generate clearly audible
piston pin noises at idle speed. At first, when measured at a constant speed of 1,500 rpm,
pin excitation still cannot be detected. Above a water temperature of approximately 83°C,
however, a significant increase in the amplitude height becomes evident. The temperature
run-up with dynamic increase in speed, from idle speed to 2,000 rpm, shows a similar behav-
ior. Here the first signs of noise excitation by the piston pin can already be detected at a low
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Figure 7.117: Effects of various operating conditions on piston pin noise using the standardized mea-
surement program
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temperature. The greatest amplitudes occur at a water temperature of about 95°C. For this
reason, the measurement at constant water temperature with a dynamic speed increase will
also be run at 95°C. This measurement shows the very characteristic behavior of the piston
pin noise in the test engine, and, after further refinement of the analysis method, helps to
evaluate various parameters that affect the pin noise.

The speed, the maximum acceleration amplitudes determined for a crank angle window
prior to ITDC, and the crank angle at which the individual amplitudes occur are all plotted
against the measurement time in Figure 7.118.

At both rising and falling speeds, the greatest amplitudes are observed in the range between
1,600 and 1,800 rpm. The crank angle values at which the maximum amplitudes occur are
between 35° and 20° crank angle before ITDC.

In order to reliably evaluate and classify the results in a parameter study, a large number
of such dynamic acceleration and deceleration runs must be incorporated in the analysis.
Using a special type of averaging, reproducible and significant results can be obtained.
Examples are included in the following section, using concrete parameter studies. Includ-
ing a sufficiently high number of run-ups used for averaging provides sufficiently stable
results.
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Figure 7.118: Maximum amplitudes, measured at the main bearing cover bolt and corresponding
crank angle, at varying engine speed
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7.7.4 Results from parameter studies

7.7.4.1 Influence of piston pin clearance

One parameter that has a great influence on piston pin noise is the piston pin clearance in
the pin boss. With a floating pin design, the typical design clearance is between 2 and 12 ym.
These values refer to a cold engine. During the warm-up phase, and in the warm condition,
the operating clearance is greater due to the thermal expansion coefficient of the aluminum
piston material, which is nearly double that of the steel used for the pin.

Figure 7.119 shows the effect of different pin installation clearances on the maximum structure-
borne noise excitation, from 50° to 20° crank angle before ITDC, measured at the main bear-
ing cover bolt. Pin clearances were varied over a range from 5 um to 24 um. As expected,
increasing pin clearance is associated with a steady increase in the maximum accelerations.
In order to evaluate the amplitude above which the structure-borne noise measured at the
main bearing can be heard as airborne noise, and therefore perceived as objectionable,
the results of a subjective auditory impression are used. The variations in clearances differ
clearly not only in the intensity of the piston pin noise, but also in the speed range at which a
piston pin noise first becomes audible. While no piston pin noise can be heard at 5 um and
8 um clearance, an audible noise occurs at 12 um clearance between 1,600 and 1,800 rpm.
At 24 pm clearance, the speed range with audible pin ticking starts just above idle speed, at
about 900 rpm, and again ends at about 1,800 rpm.

Pin clearance 24 pm, cylindrical round, floating pin design
Pin clearance 20 pm, cylindrical round, floating pin design
Pin clearance 16 pm, cylindrical round, floating pin design
Pin clearance 12 pm, cylindrical round, floating pin design
Pin clearance 8 pm, cylindrical round, floating pin design
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Figure 7.119: Influence of piston pin clearance on the structure-borne noise excitation in a cylindrical
round pin bore
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Based on this observation, the diagram in Figure 7.119 for speed increases and decreases
includes a curve showing the level at which the structure-borne noise becomes audible as
objectionable airborne noise. This audible limit is included in all the other diagrams without
further explanation.

7.7.4.2 Influence of pin boss geometry
There are many common versions of pin boss geometry designs. Intentional deviations from
the cylindrical round pin boss shape, however, are typically not related to the acoustic behav-
ior of the engine; rather, they are intended to reduce local component stresses, thereby
increasing service life. Other measures have the goal of improving lubrication in the boss,
thus reducing wear and the risk of seizing.

7.7.4.2.1 Oil pockets and circumferential lubrication groove

The oil pockets (slots) are continuous recesses running along the pin bore, which improve
the oil supply (see sketch in Figure 7.120). Circumferential lubrication grooves running per-
pendicular to the pin bore serve the same purpose.

7 // V4

o

Figure 7.120: Schematic diagram of a pin bore with oil pockets (slots, left) and circumferential lubrica-
tion groove (right)

Both measures improve lubrication in the boss and reduce the structure-borne noise excita-
tion considerably below an acoustically critical level; Figure 7.121. For the variant with a cylin-
drical round boss combined with a circumferential lubrication groove, even pin clearances of
up to 24 um were implemented without any acoustical concerns.
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Pin clearance 16 um, cylindrical round, floating pin design
———— Pin clearance 16 um, cylindrical round, circumferential cil groove, floating pin design
Pin clearance 16 pm, cylindrical round, oil pockets (slots), floating pin design
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Figure 7.121: Influence of oil pockets and circumferential lubrication groove on the structure-borne
noise excitation

7.7.4.2.2 Horizontal oval pin bore and side reliefs
Both measures help to reduce stresses in the pin boss support for piston pins that deform
into an oval shape under high gas pressures. For designs, see sketches in Figure 7.122.

Figure 7.122: Schematic diagram of a horizontal oval pin bore (left) and a round pin bore with side
reliefs (right)

Figure 7.123 shows a comparison between round and horizontal oval pin bore designs, as
well as pin bores with side reliefs, with 16 um basic installation clearance for each pin. Both
measures reduce the structure-borne noise excitation by the piston pin. The version with
side reliefs, however, is near the audible limit. The horizontal oval pin bore achieves a signifi-
cant improvement in comparison with the cylindrical round pin bore. It has significantly lower
acceleration values, which do not cause any audible piston pin noise. With horizontal pin
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Figure 7.123: Influence of horizontal oval pin bore and side reliefs on the structure-borne noise excita-
tion

boss geometry, even a very large basic fitting clearance can be implemented without causing
perceptible noise. The horizontal oval design of the pin bore thus represents a very effective
measure to reduce piston pin noises.

7.7.4.2.3 Single-sided vertical oval pin bore

In very highly stressed gasoline engines, the high gas pressures induce large bending
moments in the piston about the longitudinal axis of the pin. This is often associated with
high stresses on the surface of the piston, which bounds the combustion chamber in the
transverse direction of the engine. The vertical oval design of the upper half of the pin bore
helps to reduce these stresses significantly; Figure 7.124. This measure, intended to increase
service life, is also accompanied by an increased pin clearance in the vertical direction.

Figure 7.124:
Schematic diagram of a pin bore with
single-sided vertical ovality
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—— Pinclearance 16 pym, cylindrical round, floating pin design
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Figure 7.125: Influence of piston pin clearance on the structure-borne noise excitation in a single-
sided vertical oval pin bore, with and without circumferential lubrication groove

Figure 7.125 shows the influence of a single-sided vertical oval pin bore, with and without
a circumferential lubrication groove, as a potential acoustic improvement measure. In this
case, with 16 pm basic installation clearance, a significant increase in structure-borne noise
excitation is observed for the single-sided vertical oval pin bore relative to the round pin bore.
Other clearance variations show that only a very small basic clearance can provide accept-
able acoustic behavior with regard to piston pin noise. Starting at a basic fitting clearance
of 8 pm, large accelerations are already evident at the structure-borne noise measurement
point on the main bearing cover bolt, along with very clearly audible pin ticking.

When the single-sided vertical oval boss is combined with a circumferential lubrication
groove, the test engine used showed a significant improvement in structure-borne noise
excitation well below the threshold at which audible pin ticking occurs.

The vertical oval boss is a very effective means for achieving sufficient service life under high
loads and can be implemented with no acoustic disadvantages, as long as it is combined
with suitable design measures.

7.7.4.2.4 Shaped pin bores

A shaped pin bore is generally a trumpet-shaped expansion of the pin bore diameter, extend-
ing toward the inner or outer pin boss, Figure 7.126. This measure adapts the pin boss to the
piston pin as it bends under the gas pressure. This reduces the maximum edge pressure in
the boss area.
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Figure 7.126:
Schematic diagram of a pin bore with
inner and outer side shaped pin bore
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Figure 7.127: Influence of profiled pin bores on the structure-borne noise excitation

Within the noise investigation, variants with such shaped pin bores were tested. The results
for this variation are shown in Figure 7.127 for round pin bores with no ovality. The basic fit-
ting clearance is a uniform 16 pm.

The inner side shaped bore already shows a reduction of structure-borne noise compared
to the cylindrical round bore, so that no piston pin noise can be heard. The combination of
inner and outer side shaped bores ultimately has the least noise excitation, comparable to
that of a 5 um installation clearance in a cylindrical round pin bore.

This also explains why increased clearance due to wear does not necessarily have to lead to
increased noise, because the ovality and form of the bore can also change, thus providing
the positive effects described here.
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7.8 Cavitation on wet cylinder liners of commercial
vehicle diesel engines

In the physical sense, cavitation means the formation, growth, and sudden implosion of
vapor bubbles in fluids.

Strictly speaking, cavitation refers to the phenomenon in which vapor bubbles form as a
result of a drop in pressure below the vapor pressure curve at a constant temperature;
Figure 7.128. In contrast, boiling refers to the phenomenon in which vapor bubbles form as a
result of an increase in temperature at a constant pressure. This strict view, however, applies
only to chemically pure fluids, which are never encountered in practice.

Cavitation is a complex phenomenon that is influenced by many factors. Its complexity is
illustrated by the fact that physical processes from hydrodynamics, thermodynamics, chem-
istry, plasma physics, and optics are all involved in the cavitation phenomenon [24].

Precise knowledge of the causes and effects of cavitation is a basic prerequisite for under-
standing complex cavitation phenomena on wet cylinder liners of commercial vehicle diesel
engines. The two main causes for cavitation on the outside of the cylinder liners, which are
surrounded by coolant, are the potentially adverse local flow conditions for the coolant and
the vibrations of the cylinder wall caused by gas pressure and inertia forces during a four-
stroke cycle.
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Figure 7.128: Definition of cavitation
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Adverse flow conditions are found mainly around very narrow gaps in the coolant channels
between the cylinder liner and engine block. Very high local flow speeds occur here, and
locally cause both high dynamic pressure and low static pressure in the coolant. This pro-
motes a tendency toward cavitation at the cylinder liner or the engine block.

During a combustion cycle, the piston performs various secondary movements. In particular,
these involve multiple contact alterations on the thrust and antithrust sides, with correspond-
ing impacts on the cylinder liner. This excites undesired, high-frequency vibrations in the
cylinder liner [25].

The coolant surrounding the cylinder liner cannot keep up with these vibrations. The local
static coolant pressure drops below the coolant vapor pressure. When this occurs, cavitation
vapor bubbles form. If the coolant pressure rises above the vapor pressure again, then the
cavitation vapor bubbles implode suddenly. Their collapsing causes physical and chemi-
cal effects, such as high pressure impulses, pressure waves, temperatures, high local flow
speeds, and light effects (sonoluminescence). This results in the destruction of the material
on the exterior of the cylinder liner where the coolant flows around it. Such phenomenon is
known as cavitation or pitting.

Repeated occurrence of the cavitation process in each combustion cycle leads to erosion
of the cylinder liner. Depending on how long the engine is operated and the intensity of the
cavitation process, it is possible for eroded holes to completely penetrate the cylinder liner;
Figure 7.133. Coolant penetrating the combustion chamber or the crankcase through these
holes causes severe engine damage. Depending on their intensity, visible damage to the
cylinder liner can occur due to cavitation after only a few operating hours [26].

Cavitation can occur at any point on the cylinder liner that makes contact with the coolant if
the local coolant pressure drops below the coolant vapor pressure.

Two typical indications are characteristic of cavitation on cylinder liners:

m A typical pattern of damage occurs on the thrust side—or, in rare cases, on the antithrust
side—in the area of piston contact alteration at the top dead center.

m Cavitation damage occurs in the area of very narrow gaps in the coolant channels between
the cylinder liner and the engine block [27].

7.8.1 Basic principles of cavitation

From a theoretical point of view, cavitation occurs when the static pressure in a fluid drops
below the vapor pressure associated with the ambient temperature. For flowing media, the
fundamental equation for cavitation is derived from the Bernoulli equation. Bernoulli’s law for
flowing media states that the static pressure is reduced in a constriction, while the dynamic
pressure and the associated flow speed are increased. It follows that, for the dynamic pres-
sure of incident flow at a constriction:
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L 2
Pd:Dtot—Pst=§'P'V

pg: Dynamic pressure
Piot: Total pressure

pst: Static pressure

p:  Density of the fluid
v:  Velocity of the fluid

The characteristic factor for cavitation is the dimensionless cavitation number sigma, also
known as the cavitation coefficient. It is calculated as the difference between the static
pressure and the vapor pressure associated with the ambient temperature, divided by the
dynamic pressure of the incident flow. If the cavitation number is negative, then cavitation
will occur in a flow [28].

o = Pst — Py
12
5 1%

0. Cavitation number

py: Vapor pressure as a function of the ambient temperature

7.8.2 The physical phenomenon of cavitation

As mentioned previously, the precise physical definition of the cavitation phenomenon—vapor
bubble formation due to a pressure drop below the vapor pressure of the fluid at a constant
temperature—applies, strictly speaking, only to chemically pure fluids. In practice, however,
chemically pure fluids are not available. Every fluid, including engine coolant, contains weak
points (known as seeds), which are the source of all cavitation events. The formation of vapor
bubbles due to a pressure drop thus occurs at such weak points, because the fluid breaks
down preferentially at these points [29].

They include:

m Gas bubbles in the fluid

m Gas dissolved in the fluid

m Hydrophobic solid particles, known as pore seeds

m Gas formation when flowing past fine peaks of surface roughness (bubble eddies)
m Particles with gas inclusions, which often occur in recesses
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7.8.3 Types of cavitation

Cavitation events depend on the behavior of the weak points. Therefore, in real fluids, the
categories of

m gas cavitation;

m pseudo cavitation;

m vapor cavitation; and

m cavitation in real flows;

are differentiated; Figure 7.129.
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Figure 7.129: Types of cavitation

7.8.3.1 Gaseous cavitation

Gaseous cavitation is a phenomenon in which a gas dissolved in the fluid undergoes a tran-
sition to a nondissolved state due to a pressure drop; Figure 7.129. The bubbles that form
contain the gas components, which were previously dissolved in the fluid (typically air). If the
pressure rises again, the bubbles collapse and the gas components dissolve back into the
fluid.

In comparison with pseudo cavitation, Chapter 7.8.3.2, and vapor cavitation, Chapter 7.8.3.3,
gaseous cavitation is a relatively slow process that actually dampens the implosion of cavi-
tation bubbles occurring with vapor cavitation. In order to minimize this dampening effect
when measuring cavitation, the engine coolant is degassed in a degassing run prior to mea-
suring. Gas cavitation can occur above the vapor pressure curve as well.
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7.8.3.2 Pseudo cavitation

The expansion of gas bubbles present in the fluid due to a pressure drop is called pseudo
cavitation; Figure 7.129. Like gaseous cavitation, pseudo cavitation can also occur above the
vapor pressure curve.

7.8.3.3 Vapor cavitation

Vapor cavitation, unlike pseudo cavitation or gaseous cavitation, occurs only if the pressure
drops rapidly below the vapor pressure. The cavitation bubbles that form are filled with the
vapor of the surrounding fluid. If the pressure rises again, then these cavitation bubbles
collapse again with an implosive reduction in volume. This phenomenon is called bubble
implosion or bubble collapse; Figure 7.129. Very high local pressures, shock waves, flow
speeds, and, briefly, very high temperatures can occur as a result of this bubble implosion. If
the bubble implosion also occurs directly adjacent to a material surface, such as a cylinder
liner, then fluid jets (microjets) may also occur.

These effects cause material destruction in the vicinity of material surfaces. Vapor cavitation
is therefore responsible for potential material damage to material surfaces. If the bubble
implosion is severe enough that the bubbles break up into many smaller bubbles, this is
known as transient cavitation [28].

7.8.3.4 Cavitation in real flows

In practice, cavitation occurs as a combination of gas, pseudo, and vapor cavitation. As
shown in Figure 7.129, bubbles first grow to a critical radius on the cavitation seeds due to
gaseous and pseudo cavitation, and when this radius is reached and the pressure corre-
spondingly drops below the vapor pressure curve, this initiates vapor cavitation [30].

7.8.4 Cavitation bubble dynamics and
cavitation bubble collapse

Cavitation bubbles form at weak points, which are distributed unevenly in the fluid, often in
the form of an entire bubble cloud. The individual bubbles of the bubble cloud are of different
sizes. After they form, the cavitation bubbles expand if the static pressure in the surrounding
fluid drops further. Substances dissolved in the surrounding fluid can then diffuse into the
cavitation bubbles. Many other factors, including thermal and inertia effects, mass distribu-
tion, and compression characteristics, as well as the roughness of material surfaces, affect
the growth of the cavitation bubbles and bubble implosion [31]. If the static pressure of the
surrounding fluid increases again, or if the cavitation bubbles flow into areas of higher pres-
sure, then they collapse suddenly with an implosive reduction in volume. This phenomenon
is referred to as cavitation bubble collapse or cavitation bubble implosion.
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Depending on the distance between the cavitation bubbles and a solid material surface, cavi-
tation bubble implosion can be classified as either radial (or spherical) or aspherical. During
bubble implosion, various effects occur, which cause material destruction in the vicinity of
material surfaces.

7.8.4.1 Spherical cavitation bubble implosion

If a cavitation bubble is not near a solid material surface, then the bubble implosion is spheri-
cal; Figure 7.130. This also requires constant density, constant dynamic viscosity, and uniform
temperature distribution in the surrounding fluid. The temperature and pressure distribution
in the bubble must also be constant. The cavitation bubble grows constantly from its initial
radius. In this case, the pressure in the cavitation bubble is greater than that of the surround-
ing fluid. The cavitation bubble implosion starts when the maximum bubble radius RM is
reached. For a very brief moment, equilibrium exists between the internal bubble pressure
and the external fluid pressure. If the external fluid pressure then increases above the inter-
nal bubble pressure, then the bubble volume decreases suddenly. The cavitation bubbles
implode, and very high pressures and temperatures occur in them. The pressure that builds
up in the surrounding fluid at the bubble boundary is emitted outward as a shock wave after
passing through the minimum radius.

Bubble Max. bubble Bubble Bubble collapse
growth radius Ru reduction (implosion)

Figure 7.130: Spherical cavitation bubble collapse

7.8.4.2 Aspherical cavitation bubble collapse

If a cavitation bubble is near a solid material surface, or if there are inertia or thermal instabili-
ties, then the cavitation bubble collapse is aspherical; Figure 7.131 [31]. The cavitation bubble
grows radially from an initial radius Rq to the maximum bubble radius Ry. If the fluid flow in
the area around the bubble is disturbed by a solid material surface, such as a wall, then the
cavitation bubble becomes unstable. It implodes in a very specific manner, and creates a
fluid jet. At the beginning of the implosion or bubble collapse, the side of the bubble furthest
from the wall folds inward on itself. A fluid jet forms and shoots through the bubble, then
impinges on the opposite bubble wall from the inside. The wall is deformed into a thin cone.
After penetrating the opposite bubble wall, the fluid jet impinges on the adjacent material
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Figure 7.131: Aspherical cavitation bubble collapse

surface. The bubble, now deformed into a torus by the fluid jet, implodes further, also emit-
ting shock waves.

If a cavitation bubble implodes in such a manner that the initial volume is reduced by a large
multiple, or if the implosion is particularly severe, then the bubble can disintegrate into a
whole cloud of smaller bubbles [32]. The individual bubbles in the cloud can each form fluid
jets in the vicinity of the wall, and these jets can influence each other as well.

Fundamental knowledge of cavitation bubble dynamics in the vicinity of solid material sur-
faces is particularly crucial as they are the source of material damage [28]. For this reason,
many experiments have been performed in the field of cavitation bubble dynamics in recent
years [33]. Scientific studies have shown that material damage is sure to occur if the dimen-
sional distance parameter y is less than two. It is defined as follows:

72%

y: Distance parameter
s:  Distance from center of cavitation bubble to material surface

Ry Maximum radius of cavitation bubble

The most severe damage occurs if the cavitation bubble makes direct contact with the mate-

rial surface. In this case, the fluid jet reaches the material surface at full speed. The following

factors are involved in material destruction by cavitation:

m Fluid jets, which impinge on the material surface with a large impulse value Very high local
pressures can occur briefly

m The high internal temperature and pressures in an imploding bubble, particularly when it
implodes directly on the material surface

m Shock waves induced by the bubble implosion
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It is still not entirely clear which factor is dominant. New experiments have shown, how-
ever, that it is mainly the mechanical effects, such as high pressures resulting from the fluid
jet, that are responsible for material damage [28]. In addition, the high temperature peaks—
though they likely play a subordinate role—can contribute to material damage, despite their
extremely short duration [24].

7.8.5 Cavitation damage in wet cylinder liners

Fundamentally, cavitation can occur at any point on wet cylinder liners, which makes contact
with the coolant if the local coolant pressure drops below the coolant vapor pressure.

With regard to the pattern of cavitation damage, two different characteristics have been

determined:

m A more planar cavitation damage, often on the thrust side of the cylinder liner, but in rarer
cases also on the antithrust side.

m A more linear cavitation damage, also known as gap cavitation, which often occurs where
narrow coolant channel cross sections are found between the cylinder liner and engine
block. The linear cavitation damage is often identified slightly above the seal between the
cooling channel and the crankcase. In a more advanced state, it can extend over almost
the entire circumference of the cylinder liner.

Figure 7132 shows a complete cylinder liner, left, with planar and linear cavitation damage.
In the right part of the figure, the different types of cavitation damage are shown under
magnification. As can be seen, the holes resulting in planar cavitation damage have different
diameters and are not uniformly distributed. The cavitation damage shown in Figure 7.132
occurred after 900 engine operating hours.

The cross-sectional view in Figure 7.133 shows a magnified section through a 6 mm thick
cylinder liner with cavitation damage. As is evident, the “pitting corrosion” caused by the
cavitation does not propagate in a single direction; rather, the distribution is more crooked,
with local broadening areas. Therefore, the cavitation damage observed on the surface of the
cylinder liner is often of only limited value for evaluating the damage.

Fundamentally, the propagation of “pitting” due to cavitation is determined by the stresses
arising at the material surface and are transferred to the components of the microstructure.
The same applies to the internal stresses present in each material. Depending on the micro-
structure, grain size, and the hardness and ductility of the cylinder liner material, normal,
shear, and internal stresses can arise with varying effects. For example, the microstructure of
a cast iron liner contains brittle graphite and hard cementite components. The normal and
shear stresses thus arising can then extend only as far as a boundary, such as a graphite
lamella. This results in a change in the course of the cavitation damage [34].
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Figure 7.133: Cross section through a cylinder liner with cavitation damage
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7.8.6 Cavitation measurement equipment

Cavitation is a complex and highly dynamic phenomenon, regardless of any other influ-
ences on engine operation. The entire cavitation process is therefore very difficult to detect
for measurement purposes in a running combustion engine. Currently, only the effects
of imploding cavitation bubbles in the coolant can be captured. The gauging method for
detecting cavitation events in a running combustion engine is therefore based on the mea-
surement of local changes in coolant pressure. Imploding cavitation bubbles lead to local
high-frequency dynamic pressure peaks in the coolant. The intensity of these pressure
amplitudes is correlated with the severity of the imploding cavitation bubbles. The associ-
ated pressure amplitudes can therefore be used as a measure of potential material damage
resulting from cavitation.

Special pressure sensors are used for measuring high-frequency dynamic pressure peaks.
Precisely determining the position of the potential cavitation damage is a prerequisite for
the placement of the sensors. To this end, the engine is fitted with cylinder liners that are
painted on the outside. The locations of potential cavitation damage on the cylinder liners
can be determined precisely, using a special engine run program and specific cooling
system conditions. Placing the sensors typically requires a great deal of machining on the
engine block. Care must also be taken that the coolant flow is not significantly negatively
affected. Figure 7134 shows a cross section through an installed pressure sensor with
add-on parts.
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Figure 7.134: Schematic diagram of a section through an installed measurement point with sensor for
measuring water pressure
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Figure 7.135: Installed pressure sensor on the engine interior where the coolant flows (left), and on the
engine exterior (right)

Figure 7.135 shows an installed sensor from the interior of an engine (cooling channel side),
left, and from the exterior of the engine, right.

The measurement signals are recorded and numerically processed using a computer-aided
data capture unit (KI meter) specially developed for solving cavitation problems. Further
processing of the measurement data is done by special PC-based software. Figure 7.136
shows the complete measurement chain. The data capture unit is able to process the data
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Combustion chamber
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neachrement High-pass filter
equipment 50 kHz
Coolant pressure 1
sensor _ | Charge amplifier
Local coolant pressure | ‘
720°
TDC sensor ® . Trigger Kl meter

Figure 7.136: Setup of the entire measurement chain for measuring cavitation
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from eight cylinders at the same time. Up to 10,000 combustion cycles can be captured for
each cylinder.

7.8.7 Cavitation intensity factor and signal analysis

The data are validated on the basis of the analysis of the greatest positive high-frequency
pressure amplitude, which is measured at a predetermined crank angle range in every com-
bustion cycle; Figure 7.137.

The initial value of the crank angle and the length of the measurement range are determined
individually for each engine—depending on the angular position of the crankshaft at which
the imploding cavitation bubbles occur. The local coolant pressure curve measured for a
measurement window is first conditioned by a high-pass filter so that only the pressure
amplitudes that are induced by cavitation bubble implosions ultimately determine the signal
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Figure 7.137: Signal analysis of the relative local coolant pressure curve
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The greatest positive pressure amplitude in the high-pass filtered signal curve is captured
and classified. The cavitation processes, and thus the severity of imploding cavitation bub-
bles, can be very different from combustion cycle to combustion cycle, even in steady-state
engine operation. Therefore, several successive combustion cycles must be analyzed in order
to calculate the cavitation intensity factor, KI. Every measured pressure amplitude is assigned
to a pressure class based on its level. The number of events in each class is then assigned
a weighting factor. The classes that represent greater pressure amplitudes are assigned a
greater weighting factor. In order to compare transient and steady-state measurements with
each other, the cavitation intensity factor is uniformly standardized to N combustion cycles
(standardization constant). It is calculated as follows:

Y (k- )
N. k=0

Kl =
c
Kl: Cavitation intensity factor
k: Class number
m: Maximum number of classes
ny: Number of events per class
fi: Weighting factor

Number of four-stroke cycles measured per Kl factor

N: Standardization constant

7.8.8 Test bench setup for cavitation measurements

Figure 7.138 shows the test bench setup for cavitation measurements on a six-cylinder inline
engine. Two pressure sensors are shown symbolically on cylinder 1 for measuring the local
changes in coolant pressure. The cavitation process is influenced by many physical effects.
Therefore, for a qualitative analysis of the results, it is necessary that other physical param-
eters be measured in addition to the local fluctuations in coolant pressure resulting from
imploding cavitation bubbles. As Figure 7.138 shows, the inlet and outlet temperatures of the
coolant, the corresponding pressures, and the coolant pressure directly downstream of the
water pump are captured, along with the coolant volume flow rate.

In order to influence the cooling system’s system pressure and coolant volume flow, regard-
less of the operating condition of the engine, the test bench is also equipped with external
regulators for the pressure in the cooling system. The coolant pump can be driven externally
by a controlled electric motor. A coolant pump operation independent of the engine speed
is therefore a prerequisite for determining various parameters.
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Figure 7.138: Test bench setup for cavitation measurements

The flow conditions can vary greatly within an engine from cylinder to cylinder, and depend-
ing on the type and number of engine accessories through which the coolant flows.

7.8.9 Test run programs for cavitation measurements

Cavitation measurements are particularly helpful if the effects of individual parameters can
be determined. The best results are obtained with

m steady-state engine operation programs, if the influence of an individual parameter is to be
determined; and with

m transient cold-warm programs, if the goal is to determine the greatest cavitation inten-
sity under the least favorable operating conditions. Operating conditions are generated,
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Figure 7.139: Transient test run program for cavitation measurements

in which the various factors affecting cavitation intensity overlap. Figure 7139 shows an
example of such a program.

7.8.10 Relationship of cavitation intensity to the arrangement of
the cylinder and the position on the cylinder

Depending on the design of the cooling channel in the engine and the installed engine
accessories, Figure 7.138, which are partially integrated in the cooling circuit, the coolant’s
flow conditions can be very different from cylinder to cylinder. The cavitation intensities,
and thus the cavitation damage, may therefore vary. Occasionally only one or two cylinder
liners in an engine will show cavitation damage, whereas the others have only slight or
no damage. The position of the cavitation damage can also vary from cylinder to cylinder.
Figure 7.140 shows the cavitation intensities measured on various cylinders at various posi-
tions. Furthermore it shows the measurement results from a steady-state measurement. As
can be seen, the cavitation intensities determined for the lower thrust side measurement
positions are significantly greater than for the upper thrust side positions or those on the
antithrust side.
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Figure 7.140: Relationship of cavitation intensity to the arrangement of the cylinders and the measure-
ment position on the cylinder

7.8.11 Influencing parameters

Cavitation on wet cylinder liners can be affected by various parameters. The parameters can

be fundamentally divided into two main groups:

m The main group of engine operating parameters includes all the parameters, which can
be affected by the engine operating conditions. Engine operation parameters include, in
particular:

— Engine speed

— Load

— Maximum peak cylinder pressure and characteristic peak cylinder pressure curve
— Coolant pressure

— Coolant temperature

— Coolant flow velocity

— Chemical composition of the coolant

m The main group of design parameters includes all the design layout options for the piston,
the cylinder liner, and the engine block, which minimize the excitation of the cylinder liners
and optimize the coolant channel design with regard to cavitation. These parameters
include, in particular:
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— Various piston types

— Design of the piston skirt shape and the ring belt

— Piston pin offset

— Fitting clearance between the piston and the cylinder liner, and between the cylinder
liner and the engine block

— Cylinder liner guidance (top stop, mid stop, bottom stop)

— Shape of the outside surface of the cylinder liners

— Shape of the cooling channel contour in the engine block

7.8.11.1 Effect of engine operating parameters on cavitation

7.8.11.1.1 Effect of engine speed

Figure 7.141 shows the effect of engine speed on cavitation propensity. Based on the fact
that the experimental engine is set up on the test bench under near-series production con-
ditions, not all of the influencing factors related to the engine speed could be completely

eliminated.

The effect of the coolant pump, for example, and therefore the coolant flow behavior, also
depends on the engine speed.

Another factor is that, depending on the data set in the control unit, different characteristic
combustion chamber pressure curves and peak pressure values may be set. The excitation
of the cylinder liner, caused by the secondary piston motion and affecting the cavitation, can
therefore be different at different speeds.
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Figure 7.141: Effect of engine speed on the cavitation intensity factor (Kl factor)
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In the experimental engine under test, the changes in the influence variables presented were
small in the higher speed range, and therefore played a secondary role. As Figure 7.141
shows, the engine speed therefore has nearly no direct influence on the cavitation intensity.
Only at low and medium engine speeds can a significant reduction in cavitation intensity be
observed. This, however, is mainly the result of the significant changes in the indirect influ-
ence variables, and thus does not represent a direct effect of the engine speed.

7.8.11.1.2 Effect of engine load

Figure 7.142 shows the effect of engine load on cavitation intensity at constant engine speed.
A clear correlation between load and cavitation intensity can be seen here. With increasing
load, and otherwise identical operating conditions, the cavitation intensity clearly increases

as well.
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Figure 7.142: Effect of engine load on the cavitation intensity factor (Kl factor) at constant engine
speed

7.8.11.1.3 Effect of cooling system pressure

Based on the Bernoulli equation and the cavitation number sigma derived from it, it is clear
that an increase in static cooling system pressure would theoretically reduce the cavitation
intensity. This fact is also confirmed empirically; Figure 7.143. With increasing static cooling
system pressure, a significant decrease in cavitation intensity can be observed. Depend-
ing on the severity of the cavitation that does occur, the static pressure level necessary to
achieve a significant reduction may vary greatly from engine to engine. A generally applicable
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Figure 7.143: Effect of relative coolant pressure on the cavitation intensity factor (Kl factor)

value from which cavitation propensity is significantly reduced can therefore not be provided.
It must be determined for each engine individually. In practice, a static cooling system pres-
sure that is higher than the pressure resulting from thermal expansion of the coolant can
be achieved only with great technical effort, in the form of an additional pressurizing unit. In
order to ensure operational safety of the gaskets connected to the cooling system and of the
radiator, the maximum possible pressure is also limited. Figure 7.143 shows the cavitation
intensities for steady-state point measurements for various relative coolant outlet pressures
at a full-load operating point.

7.8.11.1.4 Effect of coolant volume flow rate

The effect of the coolant volume flow rate, and that of the cooling system pressure, are
directly related to each other. A greater coolant volume flow leads to an increase in dynamic
pressure, and thus to a reduction in static pressure. This, in turn, is associated with an
increase in cavitation propensity.

7.8.11.1.5 Effect of coolant temperature

If it were possible to consider coolant temperature in full isolation, then, theoretically, there
would be no direct influence on cavitation. In practice, however, the coolant’s temperature
cannot be considered in full isolation. Indirect influence variables bring about changes in the
temperature.
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If the coolant temperature is increased to close to the boiling point in an open system,
then vapor bubbles can form. These generally have a damping effect on the occurrence of
imploding cavitation bubbles, which decreases the cavitation intensity.

If the coolant temperature is increased in a closed cooling system, then the static pressure
rises in the system, due to the thermal expansion of the coolant, thus reducing the cavitation
propensity.

Also to be considered is the fact that higher coolant temperatures lead to higher component
temperatures, and therefore to lower operating clearances. Lower operating clearances, in
turn, have a positive effect in preventing cavitation. In this context, the critical operating clear-
ances are those between the piston and the cylinder liner, and between the engine block
and the cylinder liner.

7.8.11.1.6 Effect of coolant composition

It has been empirically demonstrated that, under otherwise identical conditions, visible cavi-
tation damage is often very different depending on the coolant used. As measurements have
shown, there are no significant differences in measured cavitation intensities in experiments
with different coolants. It is, however, possible that different coolants with the same mea-
sured cavitation intensity cause very different levels of cavitation damage. The reason is that
a protective coating can form on the cylinder liner depending on the coolant and coolant
additives used. This protective coating can have a damping effect on the imploding cavitation
bubbles. Depending on the composition of the coolant additives, the damping effect of the
protective coating can be more or less effective.
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Figure 7.144: Effect of combustion chamber pressure on the cavitation intensity factor (Kl factor)
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7.8.11.1.7 Effect of combustion chamber pressure

There is a direct correlation between the peak combustion chamber pressure and the cavita-
tion intensity; Figure 7.144. The cavitation intensity increases with increasing pressure. The
peak combustion chamber pressure from which a significant increase in cavitation intensity
occurs is different for every engine. Therefore, a general threshold value cannot be pro-
vided.

7.8.11.2 Effect of design parameters on cavitation
The main reason for the occurrence of cavitation is the vibrations in the cylinder liner induced
by the piston and its secondary motion.

The group of design parameters, which can be used to directly or indirectly affect cavitation
includes all those engine component measures that can reduce vibrations in the cylinder
liner and allow optimization of the coolant circuit with regard to cavitation. These engine
components include, in particular, the pistons, the cylinder liners, the coolant pump, and the
engine block itself. Measures involving the guiding concept of the cylinder liners, the cooling
channel shape in the engine block, and the fitting clearances between the piston and cylin-
der liner, and between the cylinder liner and engine block are also part of this group.

For comparisons of the effects of various design parameters on cavitation, the transient
engine test program has proven to be effective.

In the transient engine test program, negative effects promoting cavitation are captured in an
overlapping manner. This program allows the cavitation behavior to be analyzed very quickly
at various engine speeds, loads, and coolant temperatures. Potential dynamic effects are
also included in the analysis. The highest cavitation intensities can be captured using the
transient engine test program.

7.8.11.2.1 Effect of piston and cylinder liner fitting clearance

There is a clear correlation between fitting clearance and cavitation intensity; Figure 7.145.
Accordingly, a reduction in the fitting clearance leads to a lower cavitation intensity. In gen-
eral, this also applies to the fitting clearance between the cylinder liner and the engine block.
The reduction in fitting clearance is limited, however, by seizure resistance.

Initial stages of development serve to determine the minimum possible fitting clearance and
to reduce cavitation intensity with additional design measures on the component. Potential
measures include changes to the piston shape, piston skirt ovality, ovality of the piston ring
land, piston pin offset, piston crown offset, and ring land clearance. Changes in material can
also contribute to a reduction in cavitation intensity.
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Figure 7.145: Effect of piston fitting clearance on the cavitation intensity factor (Kl factor)

7.8.11.2.2 Effect of piston type and piston shape

A typical cavitation behavior can often be determined based on the piston type. Figure
7146 shows measurement results for an aluminum piston and an articulated piston (for-
merly widespread type, with steel crown and aluminum skirt). Compared to other concepts,
both piston types have a relatively large fitting clearance in a cold engine due to the thermal
expansion behavior of their aluminum skirts. These two piston types in particular, therefore,
have very high cavitation intensities in the first stage change in the transient engine test
program, immediately after starting the engine. This unfavorable set of conditions is reduced
as the engine load and engine coolant temperature increase, because the operating clear-
ances become significantly smaller. The conditions are no longer present in a warm engine.
According to Figure 7146, there is a fundamental difference in level between the aluminum
piston and the articulated piston. It is evident in all heating stages and is not determined by
the piston type here, but rather by a different level of optimization.

As Figure 7147 indicates, there are no significant increases in cavitation intensity for steel
pistons during the first stage change, immediately after starting the engine. Among the steel
pistons tested, the MONOTHERM® piston with a closed skirt had the lowest cavitation
intensities. The optimized MONOTHERM® piston with the open skirt, however, also had
measured cavitation intensities that were not in the critical range.
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Figure 7.147: Effect of piston type and piston shape on cavitation behavior
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7.8.11.2.3 Effect of other piston design adaptations

The design of the piston allows a whole series of options for positively affecting cavitation
intensity. They include:

m Reducing fitting clearance (while ensuring seizure resistance)
m Altering the piston skirt (area, gating, profile, ovality)

m Piston pin offset

m Piston crown offset

m Ring land ovality

m Ring land clearance

m Material selection

m Casting process

Such changes, however, must not have any negative effects on the rigidity and deformation
characteristics.

Generally applicable standard values for a cavitation-free design cannot be provided. Each
change to a design parameter is a specific individual solution for the engine type being opti-
mized. Therefore, successful optimization measures can be applied directly to a different test
engine only to a limited degree.

Promising results for reducing the cavitation intensity can be obtained by adapting the oval-
ity (piston skirt and crown), introducing piston pin offset, Figure 7.148, and altering the ring

land.
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Figure 7.148: Effect of piston pin offset on cavitation behavior
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7.8.11.2.4 Effect of design changes to the cylinder liner and cooling channel shape

In addition to design changes to the piston, the cavitation intensity can also be influenced

by changes to the cylinder liner and cooling channel. Design parameters, which have the

potential to reduce cavitation intensity include:

m Optimizing the cylinder liner guidance

m Optimizing the cylinder liner fitting clearance

m Optimizing the cylinder liner geometry with regard to reducing vibration

m Optimizing the cylinder liner geometry, in combination with changes to the engine block’s
cooling channel, under the aspect of optimizing coolant flow conditions

m Optimizing the coolant pump, under the aspect of optimizing coolant volume flow rates
and achieving the highest possible static pressure component

7.9 Lube oil consumption and blow-by
in the combustion engine

The important goals of mechanical development of a combustion engine include low blow-
by and minimal lube oil consumption, and thus minimizing raw exhaust gas emissions.

The oil components entering the combustion chamber increase the particle concentration
when they are carried out in the exhaust gas, which makes exhaust gas aftertreatment
more difficult [35]. Further optimization of the current low levels of lube oil consumption in
combustion engines absolutely requires precise understanding of the engine internal oil
consumption mechanisms. Such knowledge also helps to expand simulation approaches
and their validation.

This article is intended to demonstrate, with examples, the mechanisms leading to lube oil
consumption and effective actions that can be taken in the development stage.

7.9.1 Lube oil consumption mechanisms
in the combustion engine

The term “lube oil consumption” generally refers to the amount of engine oil by which the
amount of lube oil in the engine is reduced over a specified period of time. The entry of fuel
and combustion residues or products into the engine oil can give the appearance of a posi-
tive lube oil balance, despite an actual consumption of lube oil. Particularly when using bio-
diesel, an increased level of fuel entry into the engine oil should be expected. Heavy volatile
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components in biodiesel do not sufficiently vaporize in the combustion chamber, and can
therefore enter the engine ail.

Figure 7.149 shows schematically the various mechanisms as part of a lubricant balance. The
exact levels of individual components cannot be provided across the board, because they
vary from engine to engine, giving rise to a wide range of boundary conditions. The greatest,
most definitive component of consumption, at 80 to 90%, results from the lubricating of the
frictional system consisting of the piston, piston rings, and cylinder surface. It necessarily
ends up in the exhaust gas in the form of unburned hydrocarbons (HC). Only a small fraction
of the lube oil is burned during combustion and can contribute to particle formation with
other combustion residues [35, 36].

The fraction of hydrocarbons (HC) in the exhaust gas originating from lube oil is referred to
as “oil emission.” The lube oil enters the combustion chamber through various mechanisms,
which are described in more detail in this chapter.

Lube oil consumption
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Figure 7.149: Lubricant balance in the combustion engine [36, 37]

Figure 7150 shows paths through which engine oil enters the combustion chamber. The
largest fraction comes from the cylinder surface (1), which is sealed by the piston and piston
rings. Additional lube oil enters the combustion chamber through the crankcase ventilation
(blow-by), and through the impeller seal in the turbocharger against the intake air (2). Another
potential path for oil into the combustion chamber is through the valve stem seal (3).
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The causes and mechanisms of lube oil consumption and blow-by can be very complex and
interconnected. Individual interactions between oil consumption and blow-by in the area of
the cylinder surface and piston rings, Figure 7.150, Pos. 1, are examined in the following.

m Severe cylinder distortion can lead to the piston rings sealing insufficiently during engine
operation if they can no longer track the contour of the cylinder due to insufficient con-
formability. The results can be high lube oil consumption and/or blow-by.

m The surface roughness and honing pattern of the cylinder surface permanently affect lube
oil consumption via the functional behavior of the piston rings.

m Piston ring geometries that are optimized for low oil consumption, such as sharp scrap-
ing 1st piston rings, or piston rings with very barrel-shaped running surfaces, can lead to
increased blow-by—particularly under full load-if the gas pressure acting on the ring run-
ning face forces the ring away from the cylinder surface .

m Piston ring geometries that are optimally tuned for low blow-by values, such a low axial
height of the 1st piston ring, have a positive effect on blow-by behavior at zero load, due
to their low ring mass, but can cause increased lube oil consumption under full load, due
to their lower rigidity.

m The use of compression rings with a deliberate cross-sectional perturbance, in the form
of an inside bevel or an internal angle, can strongly influence the twisting behavior of
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the piston rings. An additional inclined position in the ring grooves (disc-shaped or roof-
shaped) and optimization of the axial ring fitting clearance can have a positive effect on
blow-by behavior, in particular, as well as on lube oil consumption.

m In order to optimize lube oil consumption and blow-by, particularly during dynamic engine
operation, the targeted application of chamfers to the top land and ring lands can affect
the pressure build-up behind the 1st piston ring in a controlled manner.

m Brief periods of excessively high pressure between the 1st and 2nd pistons rings can
cause the 1st piston ring to be forced away from the lower flank of the groove, and thereby
increase the lube oil consumption due to “reverse blow-by,” Chapter 7.9.1.1. A change in
volume between these two rings, in the form of grooves, chamfers, or recesses, and opti-
mization of the gap clearances can lead to faster and more uniform pressure equalization
in the intermediate ring space.

7.9.1.1 Lube oil consumption in the frictional system of the piston, piston rings, and
cylinder surface

As previously described, the tribological system of the piston, piston rings, and cylinder sur-
face is mainly responsible for overall lube oil consumption in the engine, and therefore for a
significant portion of oil emission. This portion is determined by the three oil consumption
mechanisms depicted in Figure 7.151
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Figure 7.151: Schematic diagram of lube oil consumption mechanisms in the tribological system of
the piston, piston rings, and cylinder surface [41]

At operating points with low load, the lube oil can collect on the top land and above the
1st piston ring. The high acceleration and deceleration forces “throw off” these oil drop-
lets directly into the combustion chamber or increase the oil film thickness on the cylinder
surface. Oil carbon build-up on the top land can also lead to scraping off the oil from the
cylinder surface during the upward stroke; Figure 7.151 a.
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The second way for lube oil to enter the combustion chamber is known as “reverse blow-by”;
Figure 7151 b. The lube oil enters the combustion chamber in the form of a liquid or a mist.
The pressure in the area between the 1st and 2nd piston ring can sometimes be greater
than the pressure in the top land gap or the combustion chamber. This pressure differential
causes the gas to flow back through the ring gap of the 1st piston ring into the combus-
tion chamber. This portion of lube oil can also increase the oil film thickness on the cylinder
surface.

Another potential way for lube oil to enter the combustion chamber is “evaporation” of the
lubricant from the hot cylinder surface; Figure 7151 c. During the combustion, expansion,
and exhaust strokes, the high wall temperatures in the combustion chamber briefly cause
the oil film to heat up. This causes partial evaporation of the lube oil. This behavior is highly
dependent on the lubricating film thickness and the condition of the lube oil on the cylinder
surface. A higher fuel content in the oil film causes lube oil to be evaporated to a greater
degree. This effect contributes greatly to oil emission [38].

7.9.1.2 Lube oil consumption through valve stem seals
With the development of effective and wear-resistant valve stem guides and seals, the prob-
lem of lube oil consumption in this area is of secondary significance in modern engines.

7.9.1.3 Lube oil consumption through crankcase ventilation (blow-by)
The gas entering the crankcase from the combustion chamber through the piston rings
(blow-by) is partially charged with unburned fuel and lube oil from the cylinder surface. After
the liquid components have largely been separated, the gas, with the remaining oil com-
ponents, is fed back to the combustion cycle. This means that the lube oil consumption is
directly affected by the blow-by quantity and the quality of the oil separation.

Typical lube oil consumption portions through crankcase ventilation are currently in the
range of 1 to 2 g/h. They are definitely interesting because the total lube oil consumption in
a modern engine can be well below 10 g/h. Further optimization of the oil separator in the
blow-by recirculation systems thus remains an unchanged goal.

7.9.1.4 Lube oil consumption and blow-by in the turbocharger

Blow-by gases enter the oil return of the turbocharger due to the pressure gradient between
the compressor or turbine and the crankcase, and thus collect with those from the combus-
tion chamber; Figure 7.152. Lube oil consumption through the shaft seal takes place on the
compressor side, where the lube oil enters the combustion chamber with the charge air, and
on the turbine side, where it enters the exhaust gas. This sealing behavior is dependent on
the pressure ratios at the shaft seal and the wear condition of the turbocharger.
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Figure 7.152: | eakage paths for lube oil and blow-by in the turbocharger

Figure 7.153 shows the results of an endurance test on a test bench, where the engine was
operated with an external lubrication system for the turbocharger at the end of the endur-
ance run. This allowed the lube oil consumption and blow-by in the turbocharger to be

measured.
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Figure 7.153: Lube oil consumption and blow-by in engine and turbocharger (2.0-liter, four-cylinder
diesel engine after a 500 h endurance run)
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7.9.2 Lube oil consumption measurement methods

A basic distinction is made between conventional (gravimetric and volumetric) and analytical
measurement methods.

Figure 7.154 shows an overview of potential lube oil consumption measurement methods.

Conventional measurement Analytic chemical measurement
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Figure 7.154: Overview and classification of lube oil consumption measurement methods

The conventional measurement methods include:
m Gravimetric:
— Drain-and-weigh method over a specific time unit
— Continuous weighing
m Volumetric:
— Static oil level measurement
— Continuous oil level measurement

The analytical measurement methods are divided into those with tracers (indicators) and
those without tracers. The tracer methods can be divided into radioactive and nonradioac-
tive:
m Radioactive:

— Tritium method

— Bromine method
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m Non radioactive:
— SO, method
— Chlorine method
— Pyrene method

In conventional measurement methods, the consumed lube oil is measured. Particularly at
low levels of lube oil consumption, very long running times are needed, which means high
costs.

The analytical tracer methods, in which the concentration of a tracer (marker) from the engine
oil is measured in the exhaust gas, can sometimes provide high accuracy in a relatively short
running time. These methods are thus ideal to generate lube oil consumption maps.

Such a system, with sulfur as tracer, is shown schematically in Figure 7.155, whereas an
engine oil with a defined sulfur content is used. By detecting the SO, concentration in the
exhaust gas, the lube oil consumption in the engine can be derived.
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Figure 7.155: MAHLE system for lube oil consumption measurement with sulfur as tracer

Direct, fast online measurement, however, is nearly or completely impossible for transient
engine operation when using tracer methods.

Experiments on modern engines show that highly dynamic operation of an engine is exactly
what can lead to increased lube oil consumption, and that the most significant potential
for improvement is hidden right here. Lube oil consumption maps based on steady-state
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operations do not reveal this potential. Only knowledge of the effects on lube oil consump-
tion of rapid changes in load and speed can enable correct design measures to be derived
and properly implemented for the piston or piston rings, for example.

With the analytical measurement method without tracer, the oil emission in the exhaust gas
can be determined directly. The underlying measurement principle is based on the condition
that the hydrocarbons present in the exhaust gas, which can be associated with the fuel
and the engine oil, have different molecular chain lengths. In order to measure oil emission,
a mass spectrometer optimized for this application is used, and the long chain and heavy
volatile HC components associated with the engine oil are separated out [36, 37]. The HC
molecules from the fuel and the engine oil are then measured separately using adjustable
mass filters.

Figure 7.156 schematically shows a typical mass spectrum for exhaust gas with the usable
measurement ranges for gasoline and diesel fuel [36, 37]. Due to the chemical similarities
between HC molecules from engine oil and diesel fuel, measurements on diesel engines
are particularly challenging. Implementing suitable calibration of the measurement system
using the lube oil present in the engine and a known exhaust gas mass flow rate, the lube
oil concentrations measured in the exhaust gas can be converted to a mass of oil emitted
per unit of time.
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Figure 7.156: Mass spectrum of exhaust gas and usable measurement ranges for gasoline and diesel
fuel [37]

The derived oil emissions indicate the amount of lube oil, which is carried off unburned in
the exhaust gas. Fundamentally, however, the measured oil emission values should always
be viewed in relation to the total lube oil consumption. This also includes the burned oil
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Mass spectrometer

Figure 7.157: Schematic diagram of the mass spectrometer measurement system for analyzing oil
emission in exhaust gas [40]

components that are not captured as well as any leakages. In the case of a lube oil quantity
balance, the fuel and water components that enter the lube oil and the residues arising from
combustion must also be taken into consideration [36, 37].

Figure 7.157 sketches out the Lubrisense 1200 measurement system with heated transfer
line, which is used at MAHLE [40].

Since the exhaust gas can be collected immediately downstream of the exhaust valve, it is
possible to determine oil emission selectively for each cylinder, and thus to detect cylinder-
specific lube oil consumption problems. This fast, online measurement of oil emission can
capture the lube oil mass, which is carried off in near real time, even for transient run pro-
grams with rapid load and speed changes.

MAHLE has developed special dynamic run programs for such online lube oil consump-
tion measurements, which are used in engine development to reliably identify the operating
ranges that are critical for lube oil consumption.

7.9.3 Lube oil consumption maps and
dynamic oil consumption behavior

Figure 7.158 shows an example of the lube oil consumption map of a four-cylinder gasoline
engine. Lube oil consumption was determined using the described fast oil emission mea-
surement system based at 42 quasi-steady state measurement points (2 to 4 minutes per
operating point).
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Figure 7.158: Lube oil consumption map for a 2.0-liter, four-cylinder gasoline engine, using fast lube
oil consumption measurement; measurement points 1 and 2 measured conventionally

Lube oil consumption was also determined during an endurance test using the drain-and-
weigh method at two selected operating points. In order to make definitive statements about
the actual quantity of lube oil consumption, the engine was subjected to a steady-state
endurance test for 3 times 5 hours at each operating point. This established a good correla-
tion between the oil consumption values measured through the drain-and-weigh method
and the lube oil consumption map.

Precise matching of these values cannot be achieved in principle, because the drain-and-
weigh method collects not only the lube oil emitted with the exhaust gas but also all the
components from the entire lubricating oil balance, including all the fuel components that
enter the engine oil.

This relationship between oil emission and actual lube oil consumption can be influenced by
a number of external boundary conditions. They include the admixture of biocomponents to
fuels, which affect the evaporation behavior and therefore the action mechanisms that are
most critical for lube oil consumption. Combustion methods with associated mixture prepa-
ration can also play a decisive role in evaporation behavior due to different fuel component
levels at the cylinder surface or in the oil film. A correlation between the air-fuel mixture and
the measured oil emission has already been demonstrated [38].

Figure 7.159 shows the oil emission of individual cylinders over time during a transient test
program. Here again, the lube oil consumption as measured by the drain-and-weigh method
matches the cylinder-selective oil emission very well, and no concrete lube oil consumption
problem can be detected.
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Figure 7.159: Oil emission of individual cylinders over time during a transient test program
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engine



7.9 Lube oil consumption and blow-by in the combustion engine 267

Figure 7160 shows additional typical lube oil consumption maps, as they can be measured
for gasoline engines with and without turbocharging. These cylinder-selective measurements
were performed on engines of similar types and with similar displacements.

Turbocharged engines typically reach their maximum lube oil consumption at medium speeds
in the range of maximum torque. Naturally aspirated engines, on the other hand, generally
reach their maximum lube oil consumption at full load in the range of maximum engine
speed. These phenomena can be observed with measurements of various turbocharged and
naturally aspirated engines with different displacements, and are presumably best explained
by the location of the maximum cylinder pressures in the characterization map.

Another maximum point for lube oil consumption is often found during overrun condition at
higher speeds and, as a rule, is significantly more distinct for naturally aspirated engines than
for turbocharged engines due to the different pressure ratios in the intake duct.

For engines with concrete lube oil consumption problems, experience often shows that it is
difficult to identify an operating range that is most responsible for the average lube oil con-
sumption. Indications from actual vehicle operation can typically be helpful here.

Critical operating ranges can be clearly identified in a transient lube oil consumption mea-
surement run using the online oil emission measurement system presented here.

Figure 7.161 shows the results of measurements from such a transient lube oil consumption
measurement run on a naturally aspirated gasoline engine, which was performed with differ-
ent piston ring sets. The measurement in the initial state (piston ring pack 1) shows extremely
high lube oil consumption in overrun mode and at low speeds; Figure 7.161, see operating
range B). In this case, this knowledge allowed targeted changes to be made to the ring pack.
A direct comparison of the results of both test variants, running the same measurement
program, shows that the optimized piston ring pack 2 no longer shows any significant lube
oil consumption in operating range B.

The increased lube oil consumption that occurred in overrun mode and at high speeds,
Figure 7.161, operating range A), is present at the same level in the measurements for both
piston ring packs. The changes made to the piston rings did not lead to any significant reduc-
tion in lube oil consumption for the indicated operating range A, and must be addressed with
other measures.

The average total oil consumption calculated from the oil emission curves does, however,
show a significant decrease in lube oil consumption for piston ring pack 2. This result was
confirmed in actual vehicle operation.

Beyond such quasi-steady state phenomena, there is a further potential for improvement by
analyzing dynamic oil consumption processes. Spikes in lube oil consumption can often be
found under highly dynamic changes in load and speed, and their amplitudes and damping
times also affect the average lube oil consumption.
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The online lube oil consumption measurement system presented here allows extensive
parameter studies to be performed systematically. Suitable measures can be derived from
these results, allowing the lube oil consumption to be minimized through targeted changes
to the piston and piston rings, optimizing them as a system.

7.9.4 Effect of intake manifold vacuum on lube oil consumption
in the gasoline engine

In the past, the effect of intake manifold vacuum on lube oil consumption was typically
marked by visible blue smoke in vehicles without exhaust gas aftertreatment systems. In
overrun phases at high speed, the intake manifold vacuum extends into the combustion
chamber during the valve overlap phase, which increases “reverse blow-by” and thus the
quantity of lube oil drawn into the combustion chamber.

Figure 7.162 shows the result of a series of tests in which the lube oil consumption behavior
of a naturally aspirated V8 engine was measured as a function of the intake manifold vacuum
occurring in the overrun phase of a dynamic deceleration/acceleration engine program. The
intake manifold vacuum is varied by the throttle valve position in the overrun phase.
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Figure 7.162: Effect of intake manifold vacuum on lube oil consumption and oil emission for a decel-
eration/acceleration engine program on a naturally aspirated V8 gasoline engine

The lube oil consumptions shown here were determined using two different measurement
methods. In order to measure the lube oil consumption using the conventional drain-and-
weigh method, the engine ran the deceleration/acceleration program for a long period of
time. In parallel, the oil emission in the exhaust gas was captured online using mass spec-
trometer method.

In this case, a strong increase in oil consumption occurred at very low intake manifold
vacuum levels. This relationship was confirmed by further measurements on other naturally
aspirated engines.

The advantage of the online oil emission measurement system is the online support for the
application engineer responsible for the characterization map, who can thus make appro-
priate changes with regard to lube oil consumption levels, such as the throttle valve control
in this example. The necessary boundary conditions can thereby be established for further
reductions in lube oil consumption in order to meet future requirements.
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Piston designations and dimensions

01

Oﬂ\

ni

07| <

14

7

30

ZLA
WL

16

15

07

14

20

01 Piston diameter

02 Piston crown

03 Combustion bowl
04 Bowl rim

05 Crown thickness
06 Elongation length
07 Ring belt

08 Top land

09 Ring land

10 Compression ring groove

16

15

"

12
13
14
15
16
17
18
19
20
21

Oil ring groove

Ring carrier

Qil drain (hole)
Compression height
Total height

Skirt length

Lower height
Cooling gallery

Pin boss

Pin bore

Piston pin circlip groove

22

23
24
25
26
27
28
29
30

Pin boss spacing (on pin
centerline)

Upper pin boss spacing
Piston skirt

Window

Cast undercut

Skirt bottom recess
Fuel injector cut out
Register

Inner height

MAHLE GmbH (Ed.), Pistons and engine testing, DOI 10.1007/978-3-8348-8662-0,
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Shapes of piston crowns

01 Flat crown with valve 04 Cauvity for direct gasoline 05 Direct diesel injection
pockets injection piston with strati- piston with deep, undercut

02 Cap fied charge cavity

03 Flat cavity 06 Direct diesel injection

piston with flat, open cavity

Top land, ring belt

]
02
03 04
01 05 06
01 Scuff band of top land 04 Ring land
02 Groove flank 05 Single ring insert

03 Groove root 06 Double ring insert
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Pin boss support

01 Supporting ribs

02 Pin boss

03 Pin bore

04 Pin lubricating holes
05 Parallel boss support
06 Solid boss support

07 Connecting rod small end

(small end bore)

08
09
10
il
12
13

Connecting rod shank
Connecting rod bushing
Tapered support
Stepped support

Oval pin bore

Shaped pin bore, convex
expansion at one or both
sides

14 Pin bore side reliefs
15 Qil slots (generally deeper

than side relief, made
with a smaller tool and
larger tolerances), only for
improved lubrication
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Piston pins, piston pin circlips

01

05
06
0

10
13 19
[ |
d
o &
116
24
01 Outer surface 11 Taper angle 18 Circlip diameter, unass-
02 Inner surface 12 Circlip made of round wire, mebled
03 End surface no hook, wire snap ring 19 Circlip groove diameter
04 Taper 5 ‘(’;"fthllno hojk ot 20 Circlip groove width
. IrClip maae ot tiat wire, 21 Circlip height
05 Outer diameter with hook, square wire p, g
06 Inner diameter snap ring with hook 22 Gap width When assem-
bled to nominal diameter
07 Length 14 Radial wall thickness (16)
08 Wall thickness 15 Hook length 93 Hook radius
09 Taper diameter 16 Pin bore diameter 24 Thickness

10 Taper length 17 Wire diameter
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Piston types

o1

02

03

04

05

06

Solid-skirt piston

The single-piece piston
has no interruptions in its
supporting cross sections
between the piston crown,
ring belt, and skirt, except
for any oil return notches.

Full-skirt piston

The skirt has a continuous
circular surface.
Window-type piston

Skirt has a recess near the
pin bores.

Box-type piston

Skirt recess outside of the
pin bores, all the way to the
end of the skirt.

FERROTHERM® piston
Articulated piston, multi-
component piston; piston
crown and skirt are con-
nected by the piston pin.

MONOTHERM® piston
Single-piece steel piston

o7

08
09
10
11

12

13

14

Composite piston (St/Al)
A multicomponent piston;
the piston crown (made of
forged steel) is connected
to the piston skirt (made
of aluminum alloy) using
high-strength bolts.

Steel crown

Outer cooling gallery
Inner cooling gallery
Aluminum skirt

Antifatigue bolt
Multiple screw connection

Composite piston (St/St)
A multicomponent piston;
the piston crown (made of
forged steel) is connected
to the piston skirt (made
of forged steel) using high-
strength bolts.

Thrust piece

Antifatigue bolt
Central screw joint

20
21

22

23

Qil groove
Provides oil supply from
the piston pin to the gallery

Steel skirt

Composite piston (St/NCI)
A multicomponent piston;
the bore-cooled piston
crown (made of forged
steel) is connected to the
piston skirt (here made of
nodular cast iron) using
high-strength bolts.

Nodular cast iron skirt
Pin bore bushing

Slide shoe

Provides cooling oil supply
from the connecting rod
small end to the inner
gallery

Locator pin
Locates crown with respect
to the skirt

Crossflow holes
Oil passage between outer
and inner cooling galleries
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Piston cooling

o1

02

03
04
05

06
o7
08

Spray jet cooling

Qil is fed via nozzle from
the crankcase oil gallery, or
via conrod and bore in the
small end bore

Piston with salt core cool-
ing gallery

Inlet through cast bore; oil
is fed via nozzle from the
crankcase oil gallery

Salt core cooling gallery
Funnel (cast)

Piston with cooled ring
carrier

Drilled inlet bore; oil is fed
via nozzle from the crank-
case oil gallery

Cooled ring carrier
Drilled oil inlet

MONOTHERM® piston
With closed cooling chan-
nel

09

1]

FERROTHERM® piston
With shaker pockets in the
skirt

Composite piston

Qil is fed via nozzle from
the crankcase oil gallery
Outer cooling gallery
Inner cooling gallery

Bore-cooled piston (com-
posite piston)

Cooling oil is fed via
conrod and slide shoe to
the inner piston cooling
gallery

Cooling oil bore

Slide shoe

Pressure oil bore

Cover plate
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Pin bore offset (schematic)

Offset of the pin axis from the longitudinal piston axis

/QA

01 Crankshaft rotation, as seen from the control
side
02 Thrust side

03 Offset toward the thrust side; typically noise
offset and/or to prevent wet liner cavitation

04 Antithrust side

05 Offset toward the antithrust side; typically
thermal offset

06 Longitudinal piston axis (cylinder axis)
07 Offset piston pin axis
08 Connecting rod

Technical terminology

Blow-by see Blow-by gas

Blow-by gas Gas that passes from the combustion chamber, past the piston rings, into
the crankcase

Burning mark Piston ring face marks indicative of local overheating between the piston
ring and the cylinder running surface due to lack of oil

Catching efficiency For evaluating piston cooling, indicates the percentage of the oil delivered
by the cooling oil nozzle that flows back into the crankcase from the
drain hole(s) of the piston

Cavitation Local material loss on the water-side of a wet cylinder liner due to the
interaction of several physical processes
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Cold-start scuffing

Compression height

Compression ring

Conformability

Cooling gallery

Crankcase ventilation
Cylinder liner
Cylinder surface

First piston ring

Gap clearance

Honing

Installation clearance

Keystone ring
Kl factor

KI meter

Knock control

Knocking

Knocking damage

Lateral force

Normal force
Offset

Oil control ring

Ovality

Local wear between the piston and the cylinder liner, due to lack of clear-
ance or lubricating oil when the engine is started

Distance between the centerline of the piston pin and the edge of the
piston crown (top edge of the top land)

First (and second) piston ring

Ability of a piston ring to adapt to the noncircularity of the cylinder sur-
face

Cooling oil duct(s) in the piston crown/ring belt area for thermally reliev-
ing the piston

Gas passage for the combustion gases that enter the crankcase
Liner inserted in the engine block

Inner surface of the cylinder bore

First piston ring toward the combustion chamber side

Spacing of the piston ring ends in the installed condition

Machining process to produce a defined topographical structure of the
cylinder surface

Difference between the inner diameter of the cylinder liner and the largest
piston diameter at room temperature

Piston ring with tapered side faces on one or both sides

Knock intensity factor

Device for quantitatively evaluating extreme variations in pressure, such
as knocking intensity in the combustion chamber or during a cavitation
attack

Dynamic control of the ignition point to prevent knocking combustion

Irregular combustion of the fuel-air mixture, with some high pressure
peaks

Damage, particularly to the piston top land, due to knocking combustion

Part of the combustion force exerted on the piston that acts perpendicu-
larly on the cylinder via the piston skirt

see Lateral force
Offset of the piston pin axis relative to the longitudinal piston axis

Piston ring designed to remove oil from the cylinder running surface in a
defined manner

Shape of the relaxed piston ring, such that the contact pressure on the
cylinder surface is uniform in the installed state

see also Skirt ovality
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Pin bore Bore for supporting the piston pin in the piston
Piston Movable part of the combustion chamber

Piston coating
Piston cooling
Piston crown
Piston pin
Piston ring
Rectangular ring

Ring carrier

Ring gap

Secondary piston motion

Shaped pin bore

Shrink-fit connecting rod

Side faces
Skirt collapse

Skirt ovality

Top dead center wear

Top land

Twist

Coating on the piston skirt, tribologically matched to the cylinder bore
Heat dissipation and temperature reduction of the piston using engine oil
The part of the piston that bounds the combustion side

Connecting member between the piston and the connecting rod

Slotted, self-tensioning ring

Basic shape of a piston ring with a rectangular cross section

Cast-in insert made of Ni-resist in the area of the 1st piston ring groove
in diesel pistons in order to improve the ring groove wear resistance

Open ends of the piston ring

Motion of the piston transverse to its longitudinal axis during a combus-
tion cycle

Pin bore with defined convex end(s)

Also called fixed-pin connecting rod; connecting rod with a piston pin
that is firmly seated in the small end of the connecting rod due to a con-
trolled interference fit

Axial surfaces of the piston ring or piston ring grooves
Permanent deformation of the piston skirt

Noncircular shape of the piston skirt surface, so that a defined contact
behavior is achieved in the cylinder

Wear on the cylinder surface at the top reversal point (combustion cham-
ber side) of the 1st piston ring

Area between the edge of the piston crown and the top side of the 1st
piston ring groove

Torsional deformation of a piston ring cross section due to a groove or
chamfer on one ring side of the inner diameter
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Index

A

Antifatigue bolt 20, 23 f,, 278
Asymmetrical duct piston 11 f., 31
Autothermatik piston 10 f.
Autothermic piston 10 f.

B

Backing piece 22 ff.

Big end bore 145

Bowl rim 2, 4, 7, 16, 19, 26 f,, 44 ff., 54, 56, 80,
841, 87,90,92, 110 f, 134 f, 139 f,, 274

Box-type piston 11 f, 31, 278

C

Cast protrusion 12

Coating 9, 36, 59, 76, 78 ff., 82, 113, 115, 121 ff,,
145, 153 f, 158 f., 161, 164, 166 f., 212, 219,
250, 282

Component strength 24, 44, 107

Component testing 107 ff.

Composite piston 19, 21, 23 f,, 43 f,, 47, 50 f., 63,
69, 731, 76, 81,93 f,, 97, 278 f.

Compression height 7 f., 14, 18, 20, 26 f,, 29, 41,
88, 274, 281

Compression ring groove 80 ff., 274

Connecting rod 1, 4, 7, 17,29 f,, 41 {,, 83, 88, 95,
97,99, 105, 110, 113, 141, 145, 173 f,, 177, 195,
221, 276, 278, 280, 282

Connecting rod bore 97

Connecting rod small end 37 f., 41 f,, 276, 278

Conrod 3, 5, 27, 30, 42, 97, 135 f., 177, 220, 279

Conrod shaft 177

Controlled-expansion piston 10

Cooled ring carrier 16, 45 f., 49, 89 ff., 98, 136,
279

Cooling channel 4, 6 f, 12, 16 f,, 19 ff, 25, 44 ff,
50 f, 88 ff., 90, 92 f,, 95 ff., 101 ff,, 104 f., 124,
136, 138, 140, 238, 241 f., 245, 247, 251, 255,
279

Cooling channel piston 16, 89 ff., 139

Cooling gallery 17 ff,, 54, 92 ff,, 96, 100, 102 f,,
112, 274, 278 1, 281

Crown thickness 26 f., 274

E

Electron-beam-welded pistons 20
Elongation length 19, 274
EVOTEC® piston 12 f., 31

F

FEA 37 ff, 48, 53

FERROTHERM® piston 17 f,, 81, 92, 278 f.

Fitting clearance 29, 32, 34 ff,, 228 ff,, 247, 251 f,,
254 1., 258

Forged aluminum pistons 13

Forged piston for Formula 1 14

Form bore 16, 176

Full-skirt piston 14, 30 f,, 278

G

Gas force load 45, 50 f.

Gas pressure 1,4 f,, 17, 26 ff,, 30, 32 f,, 41, 50,
551, 126, 135, 143, 152, 156, 167, 180, 199,
202, 206, 208, 227 ff., 231, 257

Groove root 28, 87, 275

Groove side 121

Groove side face 80, 173

H
Heat treatment 43, 61, 66, 71, 74 ff,, 107

|
Inertia force load 52
Inertial force 1, 108, 110, 195

L
Lateral force 11, 41,121, 17, 301, 39, 41 f, 44,
52 f., 79, 206, 210, 281

M

Mass figure 8

MONOTHERM® piston 18, 20, 45 ff., 50, 81,
92 f, 252 f, 278 f.

MonoWeld® piston 20

MonoXcomp® piston 19 f.

N

Nodular cast iron 23 f, 42, 47,278
Nominal diameter 35, 169, 175, 211 f,, 277
Normal force 1, 110, 281

NTC 127, 129 f., 132 f.

(0]

Offset 4, 30, 33, 42, 145, 154 f., 160 ff., 199 f.,
206 ff,, 210, 214, 218 f., 247, 251, 254, 280 f.

Oil channel 29, 95

Oil pocket 29, 226 f.
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Index

Oil ring groove 10, 98, 118, 274

Optimized MONOTHERM® piston 18, 20, 252

Oval pin bore 16, 227 ff., 276

Ovality 32 f, 36, 53, 164, 166 f,, 199, 213 f., 219,
228, 230, 251, 254, 281 f.

P

Pin bore 4, 16 f,, 23, 26 f,, 29 ff, 38, 43 ff,, 50,
52 f, 76 ff,, 81, 85, 87, 97 f,, 113, 162, 175, 177,
220 f, 225 ff,, 272, 274, 276 ff., 280, 282

Pin boss 1, 4, 11, 18, 21, 25, 29, 31, 43 ff,, 50,
521, 76, 81, 129, 131, 134 f,, 137 f., 140, 145,
152, 158, 173 ff., 188 f., 225 ff,, 229, 274, 276

Pin boss spacing 18, 26, 274

Pin boss support 227, 276

Pin retaining system 25

Piston alloy 62 ff.,, 67 ff., 73, 87

Piston and cylinder for a two-stroke engine 15

Piston clearance 2, 23 f.,, 32

Piston cooling 7, 14, 18 f,, 25, 45, 47, 83 ff., 88,
95, 98 ff,, 126, 136 f,, 139, 144, 279 f., 282

Piston crown 11, 4 f, 7 f, 10 ff., 17, 19 ff., 25 ff,,
31, 40 f,, 44 1., 47 ff., 50, 59, 69, 74, 80, 85,
87 f., 92, 94, 118, 126, 135, 137 f., 180, 188 f,

199, 206, 210, 219, 251, 254, 274 1., 278, 281 f.

Piston diameter 8, 28 f.,, 32, 34, 130, 165, 211,
274, 281

Piston force 1 f.

Piston material 7, 15, 25, 42, 48, 59 f,, 62, 69, 76,
80, 126, 164, 181, 225

Piston pin 1, 7 f, 16 ff., 25 ff.,, 37 f,, 41 f., 45, 50,
59, 97, 110, 131, 134, 141, 145, 154, 158 ff,,
178 ff,, 177,198 ff,, 204, 206 ff., 210, 214,
219 ff., 227 ff., 247, 251, 254, 272, 274, 277 1,
280 ff.

Piston profile 31 ff,, 161, 211 f.

Piston ring groove 7, 15 f,, 22, 27 ., 50, 80 f.,
87 1., 92, 121 f,, 134 ff,, 171, 173, 181 f,, 188,
190, 282

Piston skirt 3 f,, 6, 8 f., 17 ff.,, 21, 23 ff., 30 f.,, 38,
44 1., 53, 72 ff., 78 f,, 82, 85, 98, 109 f., 113,
153 f., 164, 166, 199, 204, 206, 210 ff., 219,
247, 251, 254, 274, 278, 281 f.

Piston with cooled ring carrier 49, 91, 92, 279

R
Ring belt 1, 21, 25, 28, 33 1, 45, 118, 247, 274 1.,
278, 281

Ring carrier 4, 15 ff., 20 f, 25 f,, 28, 43, 45 1., 49,
69, 72 f, 80, 89 ff,, 98, 121 f, 136, 274, 279,
282

Ring carrier piston 15, 17, 26, 73, 126

Ring grooves 4, 12, 22, 28, 45, 81, 93, 100, 258

Ring land 14, 26 ff,, 98, 140, 164, 182 f,, 192, 198,
206 f., 219, 251, 254, 258, 274 f.

Rod force 1

S

Salt-core cooling channel 16, 45 f., 136

Secondary piston motion 18, 23 f,, 32 f., 247, 282

Service life 4 f., 14, 37, 47 ff., 54 ff., 58, 66, 76, 79,
81, 119, 132, 138 f., 226, 228 f.

Shaker cooling 17, 22, 44, 47 f., 50, 94 f.

Side relief 227 f., 276

Skirt contour 10, 31, 36

Skirt length 26, 30, 204

Skirt profile 38, 164, 211 f,, 214

Skirt surface 36, 153, 161, 282

Slide shoe 97, 278 f.

Small end bore 30, 52, 173, 276, 279

Spray jet cooling 7, 45 f,, 51, 88 ff,, 95 ff., 124,
139, 279

Steel crown 23 f,, 50, 252, 278

Steel skirt 76, 278

Supporting rib 12, 276

Surface treatment 59

T

Templug 127 f., 133, 135

Thermocouple 127, 130 ff.

Tolerances 30, 34 ff., 107, 144, 276

Top land 25 ff.,, 35, 80, 85, 90, 118, 124, 140,
178 f., 181 f,, 192, 206 f., 214, 219, 258 f,,
274 1, 281 f.

Total height 26, 29, 274

U
Upper connecting rod bore 97

\"
Valve pocket 56, 135, 275

w
Window-type piston 14, 31, 278



