International Journal of Automotive Technology, Vol. 18, No. 6, pp. 1037-1045 (2017)

DOI 10.1007/512239-017-0101—x

Copyright © 2017 KSAE/ 099-10
PISSN 1229-9138/ eISSN 1976-3832

INTEGRATED APPROACH TO AN OPTIMAL AUTOMOTIVE TIMING

CHAIN SYSTEM DESIGN

Taeksu Jung", Yongsik Park", Young Jin Kim” and Chongdu Cho""

YDepartment of Mechanical Engineering, Inha University, Incheon 22212, Korea
PR&D Center, Yushin Precision Industrial Co., 85 Gaetbeol-ro, Yeonsu-gu, Incheon 21999, Korea

(Received 22 November 2016, Revised 10 May 2017; Accepted 5 June 2017)

ABSTRACT-Ensuring engine efficiency is a crucial issue for automotive manufacturers. Several manufacturers focus on
reducing the time taken to develop and introduce brand new vehicles to the market. Thus, a synergic approach including
various simulations is generally adopted to achieve a development schedule and to reduce the cost of physical tests. This study
involved proposing a design process that is very useful in the preliminary development stage through effective support from
simulations. This type of simulation-based design process is effective in developing timing chain drives; the use of this
process, based on results from multiple trials, showed improvements in performance including low friction and vibration,
improved durability, and cost-effective part design when compared to conventional processes. This study proposes an
integrated approach to the preliminary design of an automotive timing chain system. The approach involves structural and
dynamic analyses. The details of the design process are described by using the case of a virtual engine. This study conducted
and summarized a dynamic and structural analysis as well as topological optimization to describe a process to obtain optimal
results. The results of this study indicated the following improvements in overall performance factors: 12.1 % improvement
in transmission error, 10.1 % reduction in chain tension, 46 % reduction in tensioner arm weight, and 11 % reduction in

transversal displacement.
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1. INTRODUCTION

Chains are widely used in the modern automotive industry
as timing drive systems that bind camshafts to crankshafts
given the advantages of the timing chain system in terms of
durability and engine size reduction. Conversely, the
disadvantages of a chain timing system include vibration,
noise, and frictional losses; thus, these factors should be
carefully treated in the design process to reduce their
negative influence on engine performance (Schoeffmann et
al., 2015).

Typically, the performance of a chain system is generally
influenced by chain tension and transmission errors. These
factors affect engine performance, noise, and vibration
generation. These problems are caused by the discrete
nature of a chain that induces polygonal action and
collisional contact between the chain and sprocket
(Sopouch et al., 2002).

A timing system with a chain can be simplified as a set
of chords that can be considered as multiple chain links.
These links can cause vibrations in the transversal direction
and longitudinal direction given the changes in the applied
tension based on the chain operation that moves from the
slack side to tight side (Morrison, 1952; Song ef al., 2003).
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On the other hand, collisional contact occurs in the process
of wrapping the sprocket with multiple linkages of the
chain, and it can induce high frequency vibrations that
result in noise at a high rpm of the engine (Sopouch et al.,
2002).

Another problem involves the transmission errors that
arise from crankshaft fluctuation. A modern automotive
engine is generally operated by combustion; combustion
causes a fluctuation in the rotational speed of the
crankshaft owing to the inertial force of the piston. These
fluctuations are transmitted to the chain, causing
transmission errors in rotational motion and excessive wear
of the chain. Therefore, the chain operation path is retained
by several guides to reduce the effect due to fluctuations.
Additionally, several commercial chain systems employ a
pivot type guide with a hydraulic lash adjuster to rotate the
pivot guide in accordance with the transversal reaction of
the chain. Generally, this pivot guide is effective in
reducing the vibration of the chain. Owing to the afore-
mentioned guide system, tension is initially applied to the
entire chain even if the engine is stationary (Sakaguchi et
al., 2012).

As discussed above, several factors should be considered
when designing a chain system; thus, the application of
computational analysis in designing a timing chain system
is an effective method to reduce development costs
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(Schoeftmann et al., 2015).

Traditional design rules for a timing chain system are
expected to calculate various parameters including sprocket
wrap angle and tensioner position. However, recently,
multi-body dynamics are generally employed in the
automotive industry to create a conceptual design for
developing an accurate timing chain system. The
computational method includes traditional design
considerations. Furthermore, the method can supplement a
polygonal action that affects fluctuations in crankshaft
rotational velocity (Calabretta ef al., 2011; Fuglede and
Thomsen, 2016).

In this study, an integrated approach was proposed for
the optimal design of an automotive timing chain system.
The approach can be divided into structural and dynamic
analyses. The details of the design process are described
with the example of a case involving a virtual engine that
imitates a commercial engine as closely as possible. In the
study, a detailed process is elaborately described to obtain
optimized results; the description also includes a comparison
with the performance of an original chain system.
Furthermore, this study focused on obtaining system
parameters related to chain systems by analyzing results
that involve parameters that are important in understanding
chain behavior.

2. CASE STUDY

An integrated approach of the timing chain system design
process begins with measurements involving a prototype
engine test or the calculation of a mathematical model of
the overall engine system. These basic data are important
to realize reliable simulation models and to minimize the
number of physical prototypes. Figure 1 shows the
flowchart of the process for developing an optimal chain
system from a prototype engine.

The process includes dynamic analysis, structural
analysis, and topology optimization that are inter-related.
For example, the boundary condition of structural analysis
was obtained from a dynamic analysis that was based on
prototype engine data. A result from structural analysis was
employed to create a topology optimization model. The
implemented result was applied to the dynamic analysis
model to verify effectiveness.

2.1. Engine Hardware

Table 1 lists the specifications of the conceptualized engine
used in this study. This engine closely imitated a
commercial engine to the maximum possible extent, and
the specification is assumed to be similar to that of an
actual engine.

2.2. Geometrical Consideration

Figure 2 shows the timing drive side of a four cylinder
DOHC gasoline engine that was considered as the base
model in this study. The proposed model includes a
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Figure 1. Integrated design process for the timing chain
system.

Table 1. Specification of the conceptualized engine.

Engine specification Unit Value
Displacement L 1.4
Cylinder number cyl 4
Cylinder arrangement - Inline
Combustion - Gasoline
Number of valves ea 16
Rated power kW 75
Max. torque Nm 130
Min. engine speed rpm 850
Max. engine speed rpm 6500

machinable area to avoid interference while fixing
components such as the fixed guides, tensioner, and
tensioner arm. Furthermore, it was assumed that the
available height of the chain system corresponded to 40
mm from the engine casing.
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Machinable
Arca

Are,

Figure 2. Geometry of the base model with a machinable
area (The surface marked with a striped pattern).

Table 2. Sprocket specifications.

Part name Q’ty  Property Geometry
Crankshaft . Teeth: 21 and Width:
1 Drive
sprocket 8.35 mm
Camshaft . Teeth: 42 and Width:
2 Driven
sprocket 9.3 mm
Oil pump 1 Driven Teeth: 23 and Width:
sprocket 8.35 mm

In the timing chain side, it was assumed that two
camshaft sprockets, an oil pump sprocket, and a crankshaft
sprocket were included. Table 2 lists the specifications of
each sprocket. The spline of the sprocket was potentially
adopted from a commercial sprocket, and the width of the
sprocket was selected in accordance with the applied
torque. Therefore, the selected chain properties included a
6.35 mm long and an 8 mm wide pitch.

2.3. Inputs from the Engine Side

It was assumed that the base model was operated by the
combustion of gasoline, which causes a fluctuation in the
angular speed during the rotation of the crankshaft. These
fluctuations were applied to the chain to cause several
problems such as transmission errors on the rotational
speed of the crankshaft (Priebsch ef al., 2004). Therefore, it
was necessary to apply the measured fluctuation data to the
dynamic analysis model to calculate chain tension and
vibration. Additionally, driven sprockets, such as camshafts
and oil pumps, absorb the transferred torque from the
crankshaft. Thus, torque absorption should be added as the
boundary condition for the model analysis.

Four different types of data were used in the dynamic
analysis model for this study that included crankshaft
fluctuation, camshaft torque and timing, and oil pump
torque. Although the data were not derived from a real
engine, they followed trends in amplitudes and frequencies
that were similar to that of a real engine. The data were
obtained in terms of specific engine speed, and the values

between the speeds were interpolated on the basis of
simulations.

2.4. Design Criteria

The main performance criteria of a chain system involve
three different factors related to chain reliability, engine
performance, and NVH. The chain reliability factors
include maximum and minimum chain tension. Minimum
chain tension is related to stable contact between a chain
and sprocket, and maximum chain tension involves chain
elongation and durability. The range was determined by the
chain elongation test result, which generally allowed a 0.5
% longitudinal stretch. With respect to the case in this
study, the range was determined from 10 N to 2.5 kN.

Factors related to engine performance included
transmission errors. A transmission error can be defined as
the chain that was ahead or behind the position in which the
chain was originally placed. Chain system manufacturers
set the error limit as within 6 degrees of the cam angle.
Thus, the criterion in this study was set as + 3 degrees of
the cam angle.

The NVH issue was determined with the transversal
displacement of the chain. Thus it was necessary to
implement the following: placement of the measuring point
in the middle of the free span and maintaining the
displacement to below 5 % of the free span length. And for
the guided section of the chain, the chain lift off from the
guide should be lower than 1 mm. The above mentioned
criterions are established from the generally accepted
criterions by the component manufactuers and concerned
ISO Standards (International Standards Office, 2004, 2005,
2006, 2015).

2.5. Conceptual Lay-out Selection

Geometry should be considered to avoid interference with
existing parts at the very first stage of the layout design as
the base model was assumed to have a restricted
machinable area and height. Additionally, it was necessary
to consider the design criteria involving performance
factors. A cost aspect approach was also followed to
optimize productivity.

** ‘*

(a) (b)

Figure 3. Conceptual layout for the base model: (a) One
chain concept; (b) Separated oil pump drive concept.
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Two different conceptual layouts were proposed based
the geometry of the base model, and the layouts are shown
in Figure 3. The separated drive conceptual model had an
advantage in terms of durability as the chain transferred
less power when compared to that of the one chain concept.
However, relatively many components are required to
operate the system, and this involves disadvantages in
terms of quality control and costs. The separated chain case
involves increased engine length due to the essential
double-stage sprocket in the crankshaft position.

The one chain model has disadvantages in terms of
acoustic behavior. However, this can be reduced by
employing an inverted tooth chain and compatible sprockets.
Therefore, in this study, the one chain conceptual model
with an inverted tooth chain layout was selected as the base
model.

3. DYNAMIC ANALYSIS

The model for analyzing multi-body dynamics was
prepared with the extracted data as mentioned in the
previous section. The model had a set of pivot guides and a
tensioner at the slack side of the chain system and a fixed
guide at the tight side. This constituted a basic approach to
measure transversal displacement at the free span. Figure 5
shows the basic model and attached points of the main
parts such as the tensioner. The commercial software, FEV
Virtual Engine, has utilized for multi-body dynamics in this
paper. The adopted software is an industry-specific vertical
based on MSC Adams, which provide all templates
necessary to create dynamics models of combustion
engines and the powertrain. The model was generated with
properties as specified in Table 3.

The boundary condition applied to the multi-body
dynamics model has employed as simplified form which is
based on the kinematic calculation results of the engine that
has similar specification with the conceptualized engine
mentioned in Table 1. The adopted inputs are single valve
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Figure 4. Input boundary condition of dynamic analysis
model: (a) Cam torque; (b) Cam timing; (c) Oil pump
torque; (d) Crank speed fluctuation.
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Figure 5. Base model for dynamic analysis and relevant
inputs.

Table 3. Timing chain system properties.

Part name Q’ty Specification

Inverted tooth chain, Width 8 mm

Chain 162 Pitch 6.35 mm, Pitch to back 3 mm
Ter;srlli)lner 1 Material: Aluminum, Mass: 0.2 kg

Fixed guide 1  Material: Aluminum, Mass: 0.1 kg

Hydraulic

lash adjuster 1 Check valve on housing, Relief valve

train (SVT) torques for intake and exhaust side, cam
timings with reference to firing top dead center (FTDC) in
cam angle, crankshaft speed fluctuations, and necessary
torque to operate the oil pump. Figure 4 shows the input
datas and the applied location is described on Figure 5.

The pivot guide was designed for the base dynamic
analysis model in the form of mass parts without any
structural strengthening such as that offered by rib shapes.
The considered fixed guide involved a plate with a curved
surface as the actual parts were typically under endurable
stress with respect to the aluminum structure. The final
shape could be changed during optimization if an
unexpectedly high stress was applied. The moment of
inertia calculated from the mass model was applied to the
dynamic analysis model and was used for gathering initial
data for optimization.

The tensioner is referred to as a hydraulic lash adjuster
and is described as shown in Figure 6. The effect of tensioner
spring stiffness corresponds to a controllable factor that can
affect the chain system performance in terms of transversal
displacement of the chain (Takagishi et al., 2008).

The analysis was performed with an rpm sweep
condition under a full load. The analysis commenced at
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Ol Supply

Figure 6. Model of hydraulic lash adjuster (Tensioner).

500 rpm and was completed at 7000 rpm. This range has an
additional margin from the rated minimum and maximum
engine speed range from 850 rpm to 6500 rpm. However,
data were gathered only from the engine speed range. The
simulation condition was set as 144000 steps for 6.4 s for
the mentioned rpm sweep.

3.1. Lay-out Optimization
The layout of the timing chain system affected the initial
tension that was strongly related to the performance of the
timing system. It could be rearranged by modifying the
curves of guides and pivot points of the tensioner arm. The
initial tension of the system had an obvious optimal point
that minimized chain tension and transmission error.
Several models with different initial tensions were tested to
find the optimal value. Figure 7 describes the test results.
Figure 7 shows the optimal initial tension for the base
model to be 85 N, and thus this tension was employed in
further steps. The chain length to induce the afore
mentioned initial tension corresponded to 1026.7 mm,
including an acceptable 0.4 % elongation that exceeds the
original length of 1022.3 mm. The optimized initial tension
resulted in maximum average reductions of 12.1 % and
10.1 % in transmission error and chain tension, respectively.
It is also necessary to address transversal displacement
for optimization. There were two free spans on the base
model such as the space between the exhaust cam and
intake cam and that between the oil pump sprocket and
crankshaft. As previously mentioned, the transversal
displacement should be below 5 % of the free span length
at the middle of the free span. The distance between cams
corresponded to 80 mm, and thus the displacement should
lower than 4 mm. The crankshaft side distance is
approximately 60 mm, which has a displacement limit of 3

Figure 7. Performance of the timing system based on
initial tension: (a) Transmission error; (b) Chain tension at
slack and tight side.

Figure 8. Transversal displacement of base model: (a)
Camshaft side; (b) Crankshaft side.

Fixed guide
camshaft side

_ _ Fixed guide
Tensioner /-’ tension side

arm - ;
,/

__ Fixed guide

* , crankshaft side

Figure 9. Optimized layout with four guides and 85 N of
initial tension.

mm.

Figure 8 shows the measured displacement data from the
base model, and the maximum displacement was
calculated as approximately 1.82 mm for the camshaft side
and 4.38 mm for the crankshaft side. The measured values
corresponded to a low margin with respect to the
displacement limit. Hence, an additional fixed guide for the
free span was added to the model with a gap of 1 mm from
the backside of the chain.

The final layout in the optimized model has three fixed
guides, a tensioner arm, a hydraulic lash adjuster, four
sprockets for the inverted tooth chain, and 162 links of the
inverted tooth chain with a pitch of 6.35 mm of. Figure 9
shows the layout.

Temsioner Spring Sifiness (4}

() (b)

Figure 10. Timing system performance based on tensioner
spring stiffness: (a) Transmission error; (b) Chain tension
at slack and tight sides.



1042 Taeksu Jung, Yongsik Park, Young Jin Kim and Chongdu Cho

The behavior of the tensioner was optimized by
changing the spring stiffness by = 10 % from the standard
value of 30 N. Figure 10 describes the analysis results, and
the graph shows that the optimal value corresponds to
approximately 30 N. The optimized stiffness of the
tensioner spring allowed maximum reductions of 13.9 % in
transmission error and 11.5 % in chain tension, respectively.

3.2. Analysis Results

Figures 11 ~ 13 describe the dynamic analysis results of the
optimized layout. The results reveal a critical frequency at
3,250 rpm, and various performance factors, such as chain
tension, transmission error, and transversal displacement,
indicate maximum values at the frequency.

The crankshaft speed at 3,250 rpm shows the larger
variation in amplitude and magnitude of fluctuation than
the applied speed plots at low engine rpm. The given
situation worsens the engine performance including
increase of the chain tension and transmission error. The
data on Figures 11 ~ 13 also can be construed that the
performance related parameters such as chain tension
become worse while approaching to 3,250 rpm with
instable crankshaft speed fluctuation, however, the
tensioner works for compensating the drastic movement of
the tensioner arm, then the performance parameters are
changed into the stable condition.

The optimized layout exhibited an improvement of 12.1

o (b)

Figure 11. Transmission error of the optimized model: (a)

Exhaust camshaft; (b) Intake camshaft.
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Figure 12. Chain tension of the optimized model: (a) Slack
side; (b) Camshatft side; (c) Tight side; (d) Crankshaft side.
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Figure 13. Transversal displacement of the optimized
model: (a) Slack side; (b) Camshaft side; (c) Tight side;
(d) Crankshatft side.

% with respect to transmission error and a 10.1 %
reduction in chain tension when compared to the base
model.

4. STRUCTURAL ANALYSIS

Structural analysis is necessary to calculate stress during
system operation and to determine the necessity of
structural reinforcements based on the calculation of the
safety factor. The analysis in this study was in accordance
with the results of the dynamic analysis data. As mentioned
in the previous section, the fixed guide that was under
endurable stress was considered for the aluminum
structure, and thus the present study only considered the
tensioner arm. The concerned analysis has performed by
the commercial software common in the industry, Abaqus/
Standard.
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Figure 14. Applied boundary condition for the tensioner
arm.
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In the dynamic analysis model, it was assumed that the
guides were formed with aluminum casting. Thus, the
material properties of aluminum for structural analysis
were as follows: density of 2.97 g/cc, elastic modulus of
71.0 GPa, and Poisson’s ratio of 0.36 (Cubberly et al., 1979).
The plastic deformation and relevant material properties
were not considered on this analysis, since the system
should not be deformed to maintain the performance
related factors of the system such as the transmission error
and chain tension.

Figure 14 shows the boundary condition applied for
structural analysis. The pivot point was constrained with
respect to the pin boundary condition. The plunger contact
area had constraints involving a z-axis of zero, and the
tensioner force was applied by a rigid body plunger. The
tensioner force and chain reaction were extracted from
dynamic analysis results, and the analysis result was
correlated with the behavior of the tensioner.

4.1. Data Extraction from Dynamic Analysis

Applied boundary conditions for the structural analysis
were extracted from the dynamic analysis as shown in
Figure 15. The maximum force from the plunger was
approximately 1 kN, and a radial directional force of 22.5
kN was applied by the chain at the central point of the
tensioner arm at the same rpm.

The dynamic analysis indicated two different forces.
Approximately 22.5 kN of the force was applied to 27 links
from the camshaft (that is, @ section of Figure 14), and
28.7 kN of the force was applied to 9 links from the
crankshaft (that is, ® section of Figure 14) as the lower
side of tensioner arm was directly exposed to the tensioner
plunger force. The pressure applied on each section was
calculated from the given force, number of links, pitch of
the chain, and chain width. Therefore, 410 kPa of pressure
was applied to section @), and 510 kPa was applied to
section (.
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Figure 15. Extracted data from the dynamic analysis
model: (a) Plunger force; (b) Radial directional force by the
chain to the tensioner arm; (c) Tensioner plunger behavior.

The tensioner plunger behavior was extracted for the
correlation with the structural analysis results. The
simulation result indicates the displacement at the adjuster-
attached position; this is similar to the plunger behavior
that measured 2.8 mm at 3,750 rpm at which the maximum
plunger force was applied.

4.2. Analysis Result

Figure 16 shows the results of thenalysis. The displacement
at the plunger contact point was approximately 3 mm,
which corresponded to 90 % of the dynamic analysis result.
Therefore, the model considered was well as correlated
with the dynamic analysis model. The results indicated
several stress concentration points, such as inner and outer
curves, caused by the bending moment. This type of
uneven stress distribution was optimized by topology
optimization.

The maximum stress that occurred at the plunger contact
point corresponded to 23 MPa. This value was lower than
10 % of the ultimate strength of aluminum, and thus the
structure could be optimized with a sufficiently high safety
factor.

5. TOPOLOGY OPTIMIZATION

Topology optimization to reduce the weight of the
tensioner arm was carried out in accordance with the
structural analysis results. The commercial software
common in the industry, Abaqus/ATOM, has utilized to
carry out the analysis. The topology optimization in used
software produces a new geometry by scaling the relative
densities of the elements in the design domain. Elements
with large relative densities are retained while the elements
with sufficiently small relative densities are assumed to be
voids. Condition based optimization, which uses the strain
energy and the stresses at the nodes as input data and does
not need to calculate the local stiffness of the design
variables, was performed for the mass model (Abaqus,
2011).

In aspect of weight reduction by the topology
optimization, the moment of inertia should be considered

(a) (b)

Figure 16. Tensioner arm structural analysis results: (a)
Stress; (b) Displacement.
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&
o
& ’
Figure 17. Geometrical restrictions for topology
optimization.

since that the inertia is highly related with the critical
frequency of the entire system which is affected by the
tensioner arm. Also, considerable decrease of the mass
inertia can induce the instability of the chain system.
Therefore, the objective function in this paper was set as
strain energy with a 30 % volume constraint. And
according to the variation of the moment of inertia, the
optimal mass-reducted shape has selected for designing
final model of tensioner arm. Geometrical restrictions were
applied to the contact areas and fixing parts as described in
Figure 17. Specifically, @ section corresponded to a chain
contact point, ® and (© sections corresponded to a
constraint for connecting parts, and @ section was restricted
with respect to the absorbing force from the plunger, which
exhibited high stress as indicated by the structural analysis
results.

5.1. Optimization Results

Figure 18 shows the topology optimization result, and
Table 4 describes the moment of inertia variation by
volume reduction which has resulted by topology

Table 4. MOI variation by volume reduction.

Volume I, I I

reduction (kg-r;;mz) (kg-ryﬁmz) (kg-rzrz1m2)
0 % 2.09 0.98 1.11
25.5 % 1.58 0.78 0.81
29.9 % 1.48 0.74 0.74
34.6 % 1.38 0.69 0.68
38.0 % 1.28 0.66 0.62
43.5 % 1.17 0.61 0.55
51.6 % 1.00 0.54 0.46

(a) (b) ()

Figure 18. Topology optimization result: (a) Mass model
shape; (b) Optimized model shape at 43.5 % of volume
reduction; (c¢) Optimized model shape at 51.6 % of volume
reduction.

optimization. The moment of inertia shows tendency with
gradual decrase in accordance with the volume reduction.
However, the optimized shape over the 43.5 % of volume
reduction lost its structures to achieve necessary stability as
shown in Figure 18 (c).

The previously mentioned condition based optimization
involved 15 calculated serial steps, and this resulted in the
shape as shown in Figure 18 (b) at 43.5 % of volume
reduction. The shape described in this figure was
considered as a reasonable optimization that showed a
similar trend to that of the structural analysis result.

The tensioner arm was designed in accordance with the
topology-optimized shape, and the new design is described
in Figure 19. The new design shows a relatively well-
distributed stress contour when compared to the mass
model. However, the maximum stress was increased to 32
MPa. This value was still acceptable as the value was still
lower than 15 % of the ultimate strength of aluminum.

Weight reduction was achieved by design optimization.
The original mass model corresponded to 0.26 kg, and the
optimized model had a weight of 0.14 kg, which

(a) (b)

Figure 19. Optimized design based on topology
optimization: (a) Designed shape; (b) Structural analysis
result.
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Figure 20. Performance factor comparison between base
model and optimized model: (a) Maximum chain tension;
(b) Maximum transmission error; (c¢) Tensioner arm
weight; (d) Maximum transversal displacement.

corresponded to a reduction of 46 % when compared to the
weight of the mass model.

6. CONCLUSION

An optimal design is extremely important in the modern
automotive industry; it is suitable for designing a timing
chain system given that the system involves several
analytical difficulties that stem from polygonal action. In
this study, an integrated approach was proposed for the
optimal design of an automotive timing chain system. The
details of the design process were described using the
example of a virtual engine.

The process including dynamic analysis, structural
analysis, and topology optimization was fully followed to
obtain optimized results. This included a comparison with
the performance of the original chain system, as shown in
Figure 20. The result showed an improvement with respect
to overall performance factors, a 12.1 % improvement in
transmission error, a 10.1 % reduction chain tension, and a
46 % reduction in tensioner arm weight. The maximum
transversal displacement (that is, vibration) was reduced
with respect to the overall position with the exception of
the tight side. However, the measured value was still
acceptable with respect to the criterion wherein the lift off
from the guide should be lower than 1 mm.

The process described in this study saves expenses in
terms of physical engine testing and can be easily adapted
for manufacturers who are likely to start a timing chain
manufacturing business.

ACKNOWLEDGEMENT-This work was supported by the
World Class 300 Project (No. S2367357, Technology
Development of Timing Chain System with Ultralight (15 %) &
Low Friction (13 %) firstly in Korea for Automobile Engine)
funded by the Ministry of Knowledge Economy (MKE, Korea).

REFERENCES

ABAQUS (2011). ABAQUS Documentation. Dassault
Systémes. Providence, RI, USA.

Calabretta, M., Cacciatore, D., Carden, P. and Plail, J.
(2011). Development of a timing chain drive model for a
high speed gasoline engine. SAE Int. J. Engines 4, 1,
432-440.

Cubberly, W. H., Baker, H., Benhamin, D. and ASM
International Handbook Committee. (1979). Metals
Handbook, Vol. 2. Properties and Selection: Nonferrous
Alloys and Pure Metals. American Society for Metals.
Ohio, USA.

Fuglede, N. and Thomsen, J. J. (2016). Kinematics of roller
chain drives — Exact and approximate analysis.
Mechanism and Machine Theory, 100, 17-32.

International Standards Office (2004). ISO 10823:2004,
Guidelines for the Selection of Roller Chain Drives,
Geneva: ISO.

International Standards Office (2005). ISO 13203:2005,
Chains, Sprockets and Accessories - List of Equivalent
Terms, Geneva: ISO.

International Standards Office (2006). ISO 1275:2006,
Double-pitch Precision Roller Chains, Attachments and
Associated Chain Sprockets for Transmission and
Conveyors, Geneva: ISO.

International Standards Office (2015). ISO 606:2015,
Short-pitch Transmission Precision Roller and Bush
Chains, Attachments and Associated Chain Sprockets,
Geneva: ISO.

Morrison, R. A. (1952). Polygonal action in roller chain
drive. Machine Design 24,9, 155—-159.

Priebsch, H. H., Herbst, H., Oftner, G. and Sopouch, M.
(2004). Numerical simulation and verification of
mechanical noise generation in combustion engines.
ISMA2004 Conf.

Sakaguchi, M., Yamada, S., Seki, M., Koiwa, Y., Yamauchi,
T. and Wakabayashi, T. (2012). Study on reduction of
timing chain friction using multi-body dynamics. SAE
Paper No. 2012-01-0412.

Schoeffmann, W., Truffinet, C., Howlett, M., Ausserhofer,
N. and Zurk, A. (2015). Demands on future timing
drives - Chain and belt in competition. SAE Paper No.
2015-01-1275.

Song, L., Choi, J., Ryu, H. and Bae, D. (2003). Nonlinear
dynamic modeling and analysis of automotive silent
chain drive. Fall Conf Proc., Korean Society of
Automotive Engineers, 1067-1072.

Sopouch, M., Hellinger, W. and Priebsch, H. (2002).
Simulation of engine's structure borne noise excitation
due to the timing chain drive. SAE Paper No. 2002-01-
0451.

Takagishi, H., Muguruma, K. and Takahashi, N. (2008).
Analysis of effect of tensioner on chain system. SAE
Paper No. 2008-01-1496.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


