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ABSTRACT

The paper presents influence of the crankshaft offset of spark ignition engine regarding the engine
friction, torque and power. It is known from the literature that crankshaft offset has a potential to
reduce normal piston force during the expansion stroke at lower engine speeds. The results of lower
normal force are reduced mechanical losses due to friction between the piston and liner of the
cylinder. The crankshaft offset can significantly change the piston kinematics because the piston
moves slower around TDC and BDC. If spark timing is referenced to the piston position from the
TDC, the crankshaft offset increase in-cylinder pressure during the combustion as a result of lower
change of the cylinder volume close to the TDC and engine performances can be improved. Two
operating points of spark ignition engine were analyzed and optimization of crankshaft offset was
performed by the NSGA-II genetic algorithm. In order to calculate the active piston force during the
combustion process Vibe function were applied. The minimization of friction losses that occur between
piston and cylinder liner as well as minimization of difference between peak values of resultant force
of the piston in the normal direction were the main objectives of the optimization. The optimization
results show that crankshafi offset has potential to improve engine performances at lower engine
speeds.

Keywords: internal combustion engines, crankshaft offset, optimization, engine friction, genetic
algorithm

1. INTRODUCTION

In order to reduce mechanical losses of the engine and to increase its durability a few engine
manufactures have designed an engine configuration with the crankshaft offset (BMW N20 engine
[5]).The crankshaft longitudinal axis is displaced from the vertical axis of the cylinder causing the
smaller angle between the vertical cylinder axis and the connecting rod during the power stroke. The
crankshaft offset reduces the normal piston force during the expansion stroke reducing the mechanical
losses caused by the friction between the piston and the liner of the cylinder. The crankshaft offset also
changes the piston kinematics; the piston velocity is lower around the TDC which increases the in-
cylinder pressure during the combustion improving the engine performance (torque and power output).
In order to investigate the influence of the engine crankshaft offset regarding the engine performance,
a mathematical model of the engine together with optimization method was created and applied. The
mathematical model is designed so that the engine displacement is constant by variation of the
crankshaft offsets (adaptive length of connecting rod and stroke). The main task of this research was to
optimize the crankshaft offset regarding the minimization of engine friction and minimization of
normal piston forces that have high influence to the engine durability.
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2. MATHEMATICAL MODEL OF THE SI ENGINE

In order to maximize the power output the mechanical losses caused by friction between the piston and
the cylinder liner has to be minimized. Difference between the peak values of normal piston force also
has to be minimized so that the engine durability can be improved. To calculate the optimal crankshaft
offset (¢) a mathematical model of a four stroke SI engine was created. Relative friction losses
between the piston and the cylinder liner represent the first goal function (f1) and the minimization of
the difference between peak values of resultant force of the piston in the normal direction (f2).

The mathematical model of the engine consists of three modules: —

1.The module that calculates the in-cylinder pressure. @ara@

2.The module that calculates the kinematics and the dynamics of —
the engines crankshaft drive with crankshaft offset. ?

3.The optimization module that incorporates the NSGA |1 genetic In-cylinder Pressure

algorithm for multi-objective optimization.
The input parameters are the cylinder bore (D), the crankshaft

i

radius (), the connection rod length (/), the compression ratio (g), Crankshaft Drive
the oscillating mass (mos), Spark timing, the engine speed and the l

number of populations and generations for the NSGA II(Non- —
dominant Sorting Genetic Algorithm II) optimization algorithm. Optimization
The output of this model is a set of solutions for crankshaft offset L

(Pareto-front) that represents optimal solutions for both goal —
functions (f; and /). During the optimization process the length of @um C@
the connecting rod and the crankshaft radius are changed S
according to the crankshaft offset defining the constant engine
displacement. This model feature enables the comparisons of
engine performances with the performances of conventional
engine design.

Figure 1. Structure of the
mathematical model

2.1. Modeling of in-cylinder pressure
Several assumptions for calculation of in-cylinder pressure were adopted:

- Intake stroke takes from TDC to BDC and pressure during this period is constant;

- The compression stroke starts at BDC, ends at the beginning of combustion;

- Compression and expansion are calculated as polytrophic changes with defined polytrophic

exponents,

- Expansion stroke takes to BDC;

- Exhaust stroke takes from BDC to TDC and pressure during this period is constant.
In order to define the active piston force during the combustion, combustion process has to be
calculated. The presented model is calibrated by variation of the combustion duration (ccoms) and the
shape parameter (m) of the Vibe function achieving a very good agreement of pressure profiles
compared to the results from the CFD simulations.

2.2. Crankshaft drive

The module for the crankshaft drive calculates the geometrical changes of the crankshaft drive (the
new crankshaft radius rey and the new connection rod lenght /.,) according to the equation (1) and
(2).The geometry is changed in order to keep the engine stroke volume constant so that the new engine
configuration could be compared with the original engine design.

Lnew :%-(wlhf+e2+,/h22+e2] (1)

Tnew = h22 +e? ~lhew 2

The instantaneous piston position (%) is calculated with the following equation:

2 2
h(a) =hy — VnaN'COSa”naN'\/l—( ¢ J +2-[ ¢ ](r”e‘”}sina—[%’v] -sn?a | (3)
lnew lnaN lnew lFIGN
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Figure 2. Kinematics and dynamics ofthe érankshqft drive

The active force (F) on the piston is cal culated with the following equation:
F=Fy+F, 4

The gas forces (Fy)are cal culated from the in-cylinder pressure profile which is acquired from the in-
cylinder pressure module;

Fpl =pla)-4 (5)
The oscillating masses are set as an input parameter, so the inertial force is calculated via following
equation:

d%h(a)
1o’ (6)

Finaly the normal force between the piston and the cylinder liner is calculated via following equation:
iz
new new (7)

2 2
v, T,
1_[6] + 2.[6}[%}.%& _(na/v] .sina
lnew lnew lnew lnew

The profile of the normal force is the output of the crankshaft drive module.

Fin =meg -

FN(a):F

2.3. Optimization

For the optimization of the crankshaft offset the NSGA-I1 genetic algorithm was used. The NSGA-II
genetic algorithm has become the standard approach to solving multi-objective optimization problems.
In this case the crankshaft offset is optimized through two goal functions.

fl = min‘FNmax _‘FNminH (8)
fo= maxjy~FN(a,e= 0)-h(a,e= O)da—j,u-FN(a,e)h(a,e)da (9)

The first goal function is expressed by the equation (8) and it represents the absolute difference
between maximal and minimal normal forces that occur between the piston and cylinder liner during
the entire cycle. Smaller difference between those two forces directly contributes to the lower wear of
the piston and cylinder liner. Also, the peak value of the normal force achieved by the application of
the crankshaft offset is smaller compared to the engine configuration without it. The second goal
function is expressed by the equation (9) and it represents the reduction of engine friction. If the
difference between the work necessary to overcome the friction between the piston and the cylinder
liner in the original configuration (no offset) and in the new configuration is grater the mechanical
loses are smaller. As a starting point the number of populations and generations is needed. By the
number of populations a number of random vaues which represent the value for the crankshaft
displacement is defined. The number of generations defines the number of population sets. Each next
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population is created from the best values of the previous population. The last generation represents
the set of values for crankshaft displacement that are best fit values for both goal functions.

3. OPTIMIZATION RESULTATES

The optimization was performed on a four stroke Sl engine with following characteristics: D = 79mm,
H=814mm, =137 mm, ¢ = 11,11, mqs = 0,75 kg. The Pareto front for full load cases at two engine
speeds (2000 rpm and 5500 rpm) can be seenin Figure 3.
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Figure 3. Optimization results

By full load and 2000 rpm the optimal displacement of the crankshaft regarding the peak difference of
piston normal force is exo0 = 17,5 mm and for full load at 5500 rpm the displacement is esso0 = 4,9
mm. The reduction in engine friction compared to the conventional engineis 3,9 % forexg = 17,5 mm
a 2000 rpm and 0,26 % for essp0 = 4,9 mm at 5500 rpm. In both cases with crankshaft offset
application the maximal normal force of the piston is decreased compared to the conventional engine
configuration without crankshaft offset (at 2000 rpm: Fymaxe=0=3075 N, Fmaxe=175= 1394 N; at 5500
rpm: FNmax,s:0:2687 N, FNmaxe=49= 2327 N)

4. CONCLUSION

The application of crankshaft offset reduces the normal piston force causing lower mechanical 1osses
in the engine. In the case of crankshaft offset the piston velocity is lower around the TDC which
increases the in-cylinder pressure during the combustion and additionally improves the engine
performance (torque and power output).The optimization results show that the reduction of
mechanical losses with crankshaft offset decreases with increase of engine speed due to the influence
of inertial forces. It can be concluded that the engine configuration with crankshaft offset has a high
potential for reduction of mechanical losses at |ower engine speeds. The optimization results show that
different values of crankshaft offset are optimal ones at different engine speeds. In order to adopt the
single value of the crankshaft offset for the certain engine configuration the additional criteria should
be implemented into the presented model, such as the mean engine speed at which the engine works
the most of itslife. The overall redlistic potential for reduction of mechanical lossesin enginesis about
3 %.The optimal offset could be calcul ated with the mathematical model shown in the paper.

5. REFERENCES

[1] Maass H.: Gestaltung und Hauptabmessungen der Verbrennungskraftmaschine, Neue Folge Band 1,.
Springer-Verlag Wien - New York, 1979, ISBN 3-211-81562-7

[2] Lang O. R.: Triebwerke schnellaufender Verbrennungsmotoren, Konstruktionsbiicher 22. Springer-Verlag
Berlin/ Heidelberg / New Y ork, 1966.

[3] Vibe, I.: Brennverlauf und Kreisprozefd von Verbrennungsmotoren, VEB Verlag Technik, Berlin, 1970.

[4] DebK., PratapA., AgarwasS., MeyarivanT.: A Fast Elitist Multiobjective Genetic Algorithm: NSGA I,
IEEE Transactions of Evolutionary Computation,Vol. 6, No. 2, April 2002.

[5] Steinparzer F., Klauer N., Kannenberg D., Unger. H.: The New BMW 2.0-L Four-Cylinder Gasoline
Engine With Turbocharger, MTZ 12/2011, 4-11.

530



