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Abstract. This work presents the design of a crankshaft for a lightweight mono-cylinder spark-ignition four-stroke
internal combustion engine using topology optimization. The topology optimization method implies the use of FE
analysis combined with an optimization algorithm to find the optimum mass distribution of the crankshaft to minimize
the component weight while satisfying manufacturing and maximum stress (yield strength) constraints. In addition, the
application of this method allows control over the crankshaft natural frequencies by avoiding a spectrum around a
specified eigenfrequency where no resonance occurs. This leads to a reduction of its torsional vibration, which is the
leading cause of crankshaft failure. This methodology modifies the traditional mechanical design by placing structural
analysis before the CAD design. The project includes the evaluation of the loads applied to the component through
dynamical simulation of the cranktrain mechanism, including secondary motions of the connecting rod and the piston,
while the gas force inputs are obtained from the combustion chamber simulation. Both dynamical and combustion
simulations are performed using Ricardo Inc softwares. First, the topology optimization is applied to minimize the
component weight and to tailor its natural frequencies. Following, a shape optimization is applied to reduce stress
concentration. The optimization is implemented using the software Altair OptiStruct™, as the optimization and finite
element solver and Altair Hypermesh™, as the mesh generator. The final crankshaft design is submitted to a durability
analysis using the software Engdyn™ from Ricardo Inc. This paper presents only the loads obtained analytically and
the first optimization results.
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1. INTRODUCTION

The increasing demand for fuel efficient internainbustion engines leads to research and applicafiomovative
techniques in the structural design of its integ@hponents. The topology optimization method adlalae design with
the optimum mass distribution by combining a finllement analysis with an optimization algorithndidated to
minimize a given response, such as the compliamcthe volume of the component (Bendsge, Sigmun@3R0
Therefore the application of the method allows aersuitable design, allowing larger efficiency loé tengine.

The crankshaft is one of the mechanical comporeras internal combustion engine responsible ferdbnversion
of the piston linear movement into rotational moeai thus making torque available for use at theftsénd. The
component is subjected to complex loads, which doesbtime dependant forces, flexional (in-planedl &wrsional
(out-of-plane) moments, inertial forces and exmta due to vibration (Mendes, Meirelles, Zampi@@)5). The loads
are therefore highly dependent on the design ofctiraponent and at each iteration of the optiminatome of the
loads must be re-evaluated.

Montazersadgh and Fatemi (2007) performed sizeshaghe optimization with manufacturing constraimstloe
crankweb and counterweight of a crankshaft, comsigemultiple load cases. Ganpule, Mate and GokKaG06)
performed topology optimization with maximum stressstraint and shape optimization in a crankwebafsingle
static load, neglecting inertial effects.

1.1.The Engine

The engine that is modeled is a lightweight, famole, spark ignition, monocylinder engine. Tablprésents the
engine and the crankshaft specification.

The original crankshaft is comprised by three pwaith the crankpin being an independent compones¢mbled
through interference fit in the crankwebs. Figur@riésents an off scale image of the digitized camepts of the
crankshaft, except for the crankpin.
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Figurel. Digitized components of the crankshatft.

Table 1. Engine data.

Number of Cylinders 1
Stroke 30mm
Displacement 35.8cin
Compression ratio 12:1
Net power output 1.2kWw @ 7000rpm
Net torque 1.9Nm @ 5000rpm
Lubricating oil SAE 20W50
Speed range 4,000rpm a 8,000rpm
Crankshaft ma$8 1769

) Mass equivalent to the optimization domain.
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Figure 2. Gas pressure vs. crank angle.
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2. LOADS

The load is obtained analytically through the puesscurve presented in Fig. 2. The effects of seamder
inertia and vertical oscillation of the conrod am considered in the analysis. Table 2 presemstighof symbols used
in the analysis.

Table 2. List of symbols.

Crank angle (°) o
Conrod angle (°) W
Conrod length (m) I

Engine stroke (m) S
Crank radius (m) r

Conrod ratio A
Rotational speed (rad/s) w

Piston inertial force (N) Fpiston
Gas force (N) Feas
Gas pressure (Pa) p
Conrod axial force (N) Fsr

Radial force on the crankpin (N Fg
Lateral force on the crankpin (N)F_
Piston vertical translation (m) | X,

The cranktrain geometry can be seen in Fig 3, wtiererank angle is defined as half of the engine strdke

Figure 3. Cranktrain geometry.

:Conrod axi

Figure 4. Forces acting on the crankpin.
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The piston acceleration, which defines the ineftate of the piston, is evaluated through the @¢. where the
conrod ratio is defined as the ratio between th@kradius and the conrod length. The forces actimthe crankshaft
pin are evaluated analytically, through the Eqg$.t¢2(6) (Basshuyen, Schéfer, 2004). Figure 4 pissthe forces
acting in the crankpin.

¥, = rw*[cos(wt) + Acos(2wt)] )
Fy = Fgas + Fpiston @)
Fgas = P((P)%dz 3
Fpiston = —MpistonT w?(cosg + Acos2¢) 4)

Fy = Fyrcos(p + ) = F - =20 (5)
Fr = Fsrsen( + ) = Fy '% (6)

Table 3 presents the pressure, conrod angle, enaglle and the radial and lateral forces for theditiom where the
peak gas pressure occurs for maximum torque rotatitbwever, as a safety measure against imprecisicihe
evaluation of the operation with ethanol, the loadsevaluated with the using the highest valuseak pressure of the
engine (found at 5000 rpm).

Table 3. Values of pressure, conrod angle and caagle for maximum torque conditions.

Engine rotation (rpm)| Crank angle (°Conrod angle (°) Pressure (MBdRadial Force (N) Lateral Force (N)

5250 24 7 3.5 3650 420

3. TOPOLOGY OPTIMIZATION

Two different approaches are performed by usingltoy optimization. In the first, the optimizatiggroblem
consisted in the compliance minimization while adi@g a maximum volume constraint. The second stegiin the
mass (volume) minimization while attending a maximstress constraint. In both cases the positiadineicrankshaft
center of gravity and the moment of inertia arotimel crank axis must be kept unchanged. Therefbeefdilowing
optimization cases are proposed:

Case A: Objective: minimize compliance
Constraints: maximum volume fraction, center i@vity position constraint, inertia constraint
Design variable: design element densities

Case B: Objective: minimize mass (volume)
Constraints: maximum von Mises stress, centgrafity position constraint, inertia constraint
Design variable: design element densities

The numerical value of the maximum stress condtigimlefined as the yielding strength of the matewith a
static safety coefficient of 1.6. The material stdd for the crankshatft is the AISI 4340 steel, séhcelevant properties
are summarized in the Tab. 4, and therefore, thgiman von Mises stress allowed in the minimum vodum
optimization is 290 MPa.

Table 4. Properties of the AlISI 4340 steel.

Yielding Strength (GPa) 470
Young's Modulus (GPa) 205
Poisson’s ratio 0.3

Density (kg/m) 7850
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3.1. Optimization Domain

Since the optimized crankshaft is supposed to tezahangeable with the existing one, the geomdtithe main
bearings, the shaft and the crankpin are considasedon-design volumes, and the design spacetiicted by the
clearance between the piston skirt and the coueightt Therefore, the optimization domain comprites volume
around the crankweb and the counterweight.

3.2. Finite Element Model

The finite elements model is built using Altair HymesA" as the mesh generator. The model is discretizied in
both 8-nodes hexahedrical elements and tetraheldralents mesh.

Two load cases are considered: one which compttigesrankshaft rotational inertia and the compoessiaused
by the combined action of the gas force and theopignertial force, and another which comprises t¢henkshaft
rotational inertia and the traction caused by tistop inertia. The loads from the gas force andirteetia of the piston
are modeled as constant nodal forces applied icrdmgkpin along a 120° region centered in the abaeds. The main
bearings are constrained in all six degrees ofifseealong a 120° region, whose orientation dependbe load case.
Figure 5 presents the FE model, for the compredeahcase.

Figure 5. Finite Element Model of the compressimad| case.

4. RESULTS

The optimization result for case A is presentedrion 6.
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Figure 6. Optimization result for minimum complianEase A).
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Figure 7 presents the result of an optimizationrfdnimal compliance with symmetry constraint arouhd ZY
plane, named case A2.
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Figure 7. Optimization result for minimum compli@nith symmetry constraint (case A2).

The optimization result for minimum volume (casei8presented in Fig. 8.

Figure 8. Optimization result for minimum volumege B).

Figure 9 presents the optimized design for minir@lme with maximum stress and split mold draw i
manufacturing constraint, with the die split in tloagitudinal vertical plane (ZY plane) and draw the horizontal
direction (X axis), named case B2.
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Figure 9. Optimization result for minimum volumedatinansversal draw direction (case B2).
5.CONCLUSIONS

Two recurrent effects can be observed in the resafitcases A and B: the tendency to create an asytiem
structure, due to the absence of the gas forchertraction, and the formation of a chamfer in ¢henkweb, which
exposes the crankpin. The first occurs due to dlo& bf constraints for the coordinate of the cenfegravity in the
horizontal plane (red and green directions), anghinintroduce undesirable unbalancing in the crhaks The second,
although undesirable for the three-component smiutif the original crankshaft, can be directly #&mplto other
concepts, such as a single forged component. Ekisnsl effect might be diminished for a three-congmdrassembly
solution (longitudinal forging) by modeling the énference fit of the crankpin, which would inpubaal pretension.

The first issue can be solved through the additibsymmetry constraint or additional control of tbenter of
gravity. The case A2 adds a symmetry constraintadtibugh it increases the component mass, its tange equals
the unconstrained design (less than 0.5% diffeder®esides, applying the symmetry constraint ndy solves the
engine balancing issue, but despite the absencmawfufacturing constraints the resulting design gisesents
demolding properties, with a die split in the Iandinal vertical plane (ZY plane) and draw in thaikhontal direction
(X axis).

The resulting design for the minimum volume (cagealws further reduction of the component masks(3g)
but also inputs additional unbalance. Also, theotogy of the counterweight does not allow forgingany direction, so
it is necessary the addition of manufacturing caists for a feasible design. This feasibility iscamplished by
inserting a draw direction constraint in the traarsal direction, with mold split in the verticalape (ZY plane) and
horizontal draw direction (X axis). The addition tbis manufacturing constraint resulted in an iasegl component
mass.

Table 5 presents a comparison of the resultinggdsedior each case. When considered the feasibiiitie design
and the engine balancing, the case A2 shows the promising result.

Table 5. Comparison between the results of thevopdtion cases.

Case Objective Constraint Manufactgrmg Mass Mass M
Constraint reduction
A Min compliance Vol frac < 0.4 - 118.5¢g 32.7%
A2 Min compliance Vol frac < 0.4 Symmetry 123.69g &%
B Min Volume Stress < 290MPa - 115.5¢g 34.4%
B2 Min Volume Stress < 290MPa Draw 126.49g 28.2%

(2): referenced to the mass of the original craaistf 1769
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