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DURABILITY ASSESSMENT OF A NEW FREE
PISTON SPARK IGNITION LINEAR ENGINE:
A COMPUTATIONAL APPROACH

M. M. RAHMAN', A. K. ARIFFIN? N. JAMALUDIN? & C. H. C. HARON*

Abstract. A modern computational approach based on finite element analysis for integrated
durability assessment in a two-stroke free piston spark ignition linear engine components is
presented. The loading information is difficult to determine without a prototype. The loading
histories can be determined using multi-body dynamics. By combining the multi-body
dynamics, finite element analysis and fatigue life analysis, the fatigue life of the linear engine
components can be predicted early in the design cycle. This paper presents the prediction of
fatigue life for free piston linear engine components with complex variable amplitude loadings.
The finite element modeling and analysis has been performed using a computer-aided design
and finite element analysis software packages, and the fatigue life prediction was carried out
using commercial fatigue codes. Crack initiation approach is applied to predict the fatigue
life of the component of a free piston linear engine. The results are expected to show contour
plots of fatigue life, and damage histogram at the worst or most damaging case. The obtained

@ results indicate that when using the loading sequences is predominantly tensile in nature
(SAETRN loading), the SWT and the Morrow models give shorter life than that results
obtained using the Coffin-Manson model. However, the Coffin-Manson method gives
conservative prediction when the time histories are predominantly compressive, and zero
mean stress loadings. It was also observed that the damage to be generated from the cycles
is in the higher stress range.

Key words:  Durability, fatigue life, finite element, multi-body dynamics, free piston linear
engine.

Abstrak. Pendekatan pengkomputeran moden yang berasaskan analisis unsur terhingga
untuk penilaian ketahanan dalam komponen enjin linear palam pencucuh piston bebas dua
lejang dibentangkan. Maklumat pembebanan adalah sukar ditentukan tanpa sebarang
prototaip. Sejarah pembebanan boleh ditentukan menggunakan dinamik multi-jasad. Dengan
menggabungkan dinamik multi-jasad, analisis unsur terhingga dan analisis hayat lesu, hayat
lesu bagi enjin linear boleh diramal awal semasa reka bentuk. Kertas kerja ini membentangkan
ramalan hayat lesu bagi komponen enjin linear piston bebas dengan pembebanan amplitud
berubah. Permodelan dan analisis unsur terhingga dijalankan menggunakan reka bentuk
terbantu komputer dan perisian analisis unsur terhingga serta ramalan hayat lesu adalah
menggunakan kod lesu komersial. Pendekatan permulaan retak digunakan bagi meramal
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hayat lesu komponen bagi enjin linear piston bebas. Keputusan yang diharapkan adalah
plot kontur hayat lesu dan histogram kerosakan pada kes yang paling rosak. Keputusan yang
diperolehi menunjukkan bila menggunakan rangkaian beban tegangan yang lebih banyak
(beban SAETRN), SWT dan Morrow memberikan hayat lebih singkat daripada model Coffin
Manson Walau bagaimanapun, kaedah Coffin-Manson memberikan ramalan yang
konservertif bila sejarah masa beban mampatan lebih banyak dan tegasan min sifar.
Keputusan juga menunjukkan julat tegasan yang besar juga menyumbang lebih besar
kerosakan.

Kata kunci: ketahanan, hayat lesu, unsur terhingga, dinamik multi-jasad, enjin linear piston
bebas.

1.0 INTRODUCTION

A two-stroke free piston spark ignition linear generator (LG) engine integrates
with a combustion engine and a linear electrical machine into a single unit
without a crankshaft. This provides an unconventional solution for series hybrid
vehicles and distributes/emergency power units [1-7]. The free piston engine
consists of a double-ended piston, double-ended cylinder, and a linear alternator.
The piston is enclosed inside a double-ended cylinder where it moves freely
along the cylinder’s axis. Combustion of a premixed fuel-air charge occurs
successively at opposite ends of the cylinder creating the driving force for piston
oscillation. Rare earth magnets are fixed on the piston so that their oscillating
motion creates a varying magnetic flux within the alternator core. The alternator
converts this changing flux into electricity, directly harnessing the mechanical
work of the piston as electrical power. The dynamics of the piston are moderated
by the linear alternator which controls the electromagnetic force on the piston.
The alternator precisely manages the piston’s kinetic energy so that the desired
compression ratio is reached on each piston stroke [8].

The piston engine is unique in that there is no crankshaft, or any of the
mechanical linkages typically found in reciprocating IC engines; Due to this
unique arrangement, the piston oscillates freely within the cylinder. The
achievable compression ratio is thus only a function of the piston’s inertia, not
dependent on the structure or rigidity of any mechanical linkages. The
compression ratio in this engine is variable, and potentially much greater than
in the conventional configurations. Bulky designs are not necessary criteria to
achieve substantial compression ratios in the free piston configuration [9,10].
The schematic diagram of a two-stroke free piston linear generator engine is
shown in Figure. 1

The useable compression ratio of the free piston engine is however dependent
on the characteristics of the fuel on which the engine operates. The premixed
fuel-air charge must be able to withstand the inclination to autoignite through
the compression stroke; and once at top-dead-centre (TDC) the mixture must
initiate and burn completely before the piston reverses its direction [8]. Due to its

82 7/19/07, 4:02 PM



) NN T 1] k> [T (11 ||

DURABILITY ASSESSMENT OF A NEW FREE PISTON SPARK IGNITION LINEAR ENGINE 83
Journal
Fin Shaft Bearing N:agnet Piston

. > _/

I
Cylinder Block; ! Generator | Cylinder Block
(Combustion)! : Block ! (Kickback)

[T T

Head

Figure 1 A two-stroke free piston linear generator engine

unique characteristics, hydrogen represents an ideal fuel for this application:
operating at sufficiently low equivalence ratios, the compression ratio required
to induce autoignition is increased [11]. However, hydrogen’s low ignition energy
ensures that the induction time, and thus burning duration is relatively short [12,
13]. Equivalence ratio is defined as the ratio of the actual fuel to the stoichiometric
ratio. As a result, the free piston engine operating on hydrogen is expected to
achieve operating compression ratios in the range of 20-30:1 a completely
@ unrealistic expectation for conventionally fueled SI engine [8, 14, 15]. @

Most of the previous studies [1-7, 16-19] related to the LG engine utilizes two
combustion chamber in order to get the linear movement of the piston. For this
linear engine, crank and camshaft will not be required and there was no rotary
movement involved. In addition, the linear system of the engine should prove
to be more efficient as the frictional losses associated with the crack and rod
bearings are not present. However, the previous study [19] used a single piston
engine with rebound device and the system tended to create unbalanced
situation. These need to be encounter for in this new free piston generator
engine design.

Durability is one of the most important design requirements that are essential
for a new engine product to achieve successful market competitiveness. For the
vehicle body structure the durability assessment has traditionally been
performed at the later part of the product development stage when prototypes
are available, and heavily relied upon the result of the ground durability tests.
This process is very time consuming and often results in over-design with weight
penalties, which is the major obstacle to achieve fuel economy. Due to the
development in the computer-aided engineering (CAE) tools, a three-step
process that includes multibody dynamic analysis, finite element analysis, and
fatigue life prediction, is widely used today for early product durability evaluation
[20-23]. This approach helps the designer to acquire the necessary information
for continuous design analysis, and predicts the durability of the free piston
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linear generator engine in the early design stage, thereby eliminating some of
the shortcomings in the traditional durability evaluation method.

For the durability analysis of the linear generator (LG) engine components
in a multi-body dynamic system, substantial improvements have been made to
efficiently obtain dynamic stress histories using dynamic simulation methods
[24-26], and fatigue life using stress-based or strain-based methods [27-31]. Ryu
et al., [26] developed an efficient method that combines the flexible multibody
dynamic simulation and quasi-static finite element analysis to compute the
dynamic stress histories. The local strain-based fatigue life prediction methods
are used widely because they are easy to implement, provide a reasonable
“first approximation” for a multiaxial fatigue crack initiation, and utilize a large
amount of available uniaxial fatigue data. In this research von Mises equivalent
strain method is used to predict the fatigue life of two-stroke free piston engine
components.

However, the durability of two-stroke free piston engine has rarely been
studied because it is a multidisciplinary research problem that involves
multibody dynamics, structural analysis, and fatigue life prediction. Moreover,
due to the requirement of the peak-valley editing and rainflow counting
procedure in the fatigue life prediction, an analytical relationship between the
dynamic stress and the fatigue life can not be obtained easily. Thus it becomes
extremely difficult, if not impossible, to obtain the fatigue life design analytically.
The objectives of this paper are to predict the fatigue life of a free piston linear
engine cylinder block using nominal stress-life, normal strain-life fatigue
prediction methods and also to investigate the effect of mean stress on the
fatigue life.

2.0 PROPOSED DURABILITY ANALYSIS

Durability analysis can be used to determine how long a component can survive
in a given service environment. In a general case, durability refers to the ability
of a component to function in the presence of defects for a given environment/
loading. In practice, however, the predominant failure mode is fatigue and
hence, the term durability analysis will be used to describe the analysis of a
fatigue performance.

Fatigue of materials is a very complex process, and has not been fully
understood up to now. The majority of the components designs involve parts
subjected to fluctuating or cyclic loads. Fatigue analysis has traditionally been
performed at a later stage of the design cycle. This is due to the fact that the
loading information could only be derived from direct measurements, which
require a prototype [29-31]. Multibody dynamics (MBD) [32] is capable of
predicting the component loads which enable design engineer to undertake a
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durability assessment even before a prototype is fabricated. The purpose of
analysing a structure early in the design cycle is to reduce the development
time and cost. This is achieved by determining the critical regions of a structure
and improving the design before prototypes are built and tested. Three
computational processes are utilized to perform the durability analysis using
CAE tools. The processes are as follows:

(i)  Multibody dynamic simulation- to determine the loading on a component
based on system inputs;

(i) Finite Element Analysis (FEA)- to determine the stress/strain state of a
component for a given load condition;

(i) Fatigue Analysis- to calculate the fatigue life for the component of interest
and identify the critical locations.

Fatigue analysis is used to compute the fatigue life at single location in a
structure. For multiple locations the process is repeated using geometry
information applicable for each location. The required inputs for the fatigue
analysis process are shown in Figure 2. The three input information are
descriptions of the material properties, loading histories and geometry. The
details of these inputs are as follows.

(i)  Material information - cyclic or repeated material data based on a constant
amplitude testing.

(ii) Load histories information - measured or simulated load histories applied
to a component. The term “loads” is used to represent forces,
displacements, accelerations, etc.

(il Geometry information - relates the applied load histories to the local
stresses and strains at the location of interest. The local stresses and strains
information are usually derived from the finite element (FE) results.

Materials
properties

Loading Cycle by cycle Fatigue
histories life prediction Life

| C—
Local stress
properties

Figure 2 Schematic diagram of fatigue life estimation
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The finite element analysis results define the stress-state for a component
given the specific loading condition. The most common FE analysis method
used in conjunction with fatigue analysis is to apply each load independently
as a unit load case. The inputs for the FE analysis are the component geometry
with FE model, the boundary conditions, and the loading information. The
location and direction of each load input define the loading information. The
finite element method assumes that component behavior and material properties
are linearly elastic. The linear static superposition is used to combine the loading
histories and the FE analysis results to calculate the local pseudo-stress history
for an element. The local pseudo-stress history is corrected to take into account
for any elastic-plastic behavior. Fatigue analysis is performed for that element,
and the process is then repeated for each element (or node) within the FE
model. The general process of finite element based fatigue analysis is shown in
Figure 3.

Materials properties

A4

Fatigue analysis }—P Fatigue life

FE analysis | Stress state

!

FE model

Load histories —»

Figure 3 The finite element based fatigue analysis

The FE based durability analysis can be considered as a complete engineering
analysis for the components. The fatigue life can be estimated for every element
in the finite element model, and the contour plots of life or damage. Geometry
information is provided by the FE results for each load case applied independently.
Appropriate material properties are also provided for the desired fatigue analysis
method. An integrated approach to durability analysis combines the multibody
dynamic analysis, finite element analysis, and the fatigue analysis into a consistent
entity for the prediction of the durability of a component. The process of finite
element based integrated durability analysis is shown in Figure 4.
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Figure 4 The proposed finite element based integrated durability analysis

3.0 FATIGUE ANALYSIS METHODS

Fatigue analyses can be undertaken by using either one of the three basic
methodologies including the stress-life approach, crack initiation (strain-life)
approach, and crack propagation (crack growth) approach. The stress-life
method was first applied over a hundred years ago [33] and considers nominal
elastic stresses and how they are related to life. Life is usually defined as
catastrophic failure. The initiation or strain-life approach, which evolved some
fifty years ago, considers elastic—plastic stresses and strains. It represents a more
fundamental approach and is used to determine the number of cycles required
to initiate a small engineering cracks. Crack propagation or linear elastic fracture
mechanics (LEFM) approach is used to predict how quickly pre-existing cracks
grow and also to estimate how many loading cycles are required to cause the
cracks to reach a critical size when catastrophic failure would occur.

An important aspect of the fatigue process is the plastic deformation. Fatigue
cracks initiate from the plastic straining in the localized regions. Therefore, the
cyclic strain-controlled fatigue method can better characterize the fatigue
behaviour of the materials compared to the cyclic stress-controlled fatigue. This
is particularly true in the notched members, where significant localized plastic
deformation is often present. In crack initiation approach the plastic strain or
deformation is directly measured and quantified. The stress-life approach does
not take into account the plastic strain. One of the main advantages of the
crack initiation approach is that it accounts for changes in local mean and residual
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stresses. Due to the fact that the load history contains large overloads and
significant plastic deformation; the crack initiation approach is generally superior
to the stress-life approach for fatigue life prediction. However, for a relatively
low level load in which the resulting strains are mainly elastic, the crack initiation
and stress-life approaches usually yield similar prediction results. At present,
the crack initiation approach to fatigue problems is widely used, especially
during the starting or stopping process of the free piston engine in which it is
subjected to a very high stress range. Due to the above reasons, the crack
initiation method is considered and briefly discussed in this paper.

The crack initiation (FCI) approach involves the techniques for converting
the loading history, geometry, and materials properties (monotonic and cyclic)
input into a fatigue life prediction. The operations involved in the prediction
process must be performed sequentially. First, the stress and strain at the critical
region are estimated, and the rainflow cycle counting method [34] is then used
to reduce the load-time history based on the peak-valley sequential. The next
step is to use the finite element method to convert the reduced load-time history
into a strain-time history and also to calculate the stress and strain in the highly
stressed area. Then, the crack initiation methods are employed to predict the
fatigue life. The simple linear hypothesis proposed by Palmgren [35] and Miner
[36] is used to accumulate fatigue damage. Finally, the damage values for all
cycles are summed until a critical damage sum (failure criteria) is reached.

In order to perform fatigue analysis and to implement the stress-strain
approach in complex structures, Conle and Chu [37] used the strain-life result
which is simulated using three-dimensional models to assess the fatigue damage.
After the complex load history was reduced to an elastic stress history for each
critical element, a neuber plasticity correction method was used to correct the
plastic behaviour. Elastic unit load analysis using strength of materials and an
elastic finite element analysis model combined with a superposition procedure
of each load point’s service history was proposed. Savaidis [38] verified that
the local strain approach is suitable for a durability evaluation. In this study, it
was observed that the local strain approach using the Smith-Watson-Toper (SWT)
strain-life model is able to represent and to estimate many parameters explicitly.
These include mean stress effects, load sequence effects above and below the
endurance limit, and manufacturing process effects such as surface roughness
and residual stresses, and also stated by Juvinall and Marshek [39].

The fatigue resistance of metals can be characterized by a strain-life curve.
These curves are derived from the polished laboratory specimens tested under
completely reversed strain control. The relationship between the total strain
amplitude, Ae/2, and the reversals to failure, 2N, can be expressed in the
following form [40-41]. The Coffin-Manson total strain-life is mathematically
defined as Equation (4).
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where N; is the fatigue life; o’; is the fatigue strength coefficient; E is the

modulus of elasticity; 4is the fatigue strength exponent; ¢ is the fatigue ductility

coefficient; and ¢ is the fatigue ductility exponent. The typical strain-life curves
based on Coffin-Manson relationship are shown in Figure 5

Strain amplitude (log scale)

elastic

2N, Transition Life

Reversal to failure (log scale)

Figure 5 A typical strain-life curve

Morrow [42] suggested that the mean stress effects could be considered by
modifying the elastic term in the strain-life equation by mean stress, o .

o;-0,
E

£, = 2N)" +¢,(2N)" (5)

Smith et al., [43] introduced another mean stress model which is called Smith-
Watson-Topper (SWT) mean stress correction. It is mathematically defined as:

o, &F= (o'f)Z (21\;)2b+ o,¢,E (QNf)bH (6)

max  a

where, o___is the maximum stress, and ¢_is the strain amplitude.

‘ JTA/2005/24

89 7/19/07, 4:03 PM



) NN T 1] k> [T (11 ||

‘ JTA/2005/24

90 M. M. RAHMAN, A. K. ARIFFIN, N. JAMALUDIN & C. H. C. HARON
4.0 MATERIAL INFORMATION

The material properties is one of the major input, which is the definition of
how a material behaves under cyclic loading conditions typically experienced
by materials during service operation. Cyclic material properties are used to
calculate the elastic-plastic stress strain response and the rate at which fatigue
damage accumulates due to each fatigue cycle. The materials parameters
required depend on the analysis methodology being used. Normally, these
parameters are measured experimentally and are available in various
handbooks. Two different materials were used for the cylinder block of the
free piston engine, AA5083-87-CF and AA6061-T6-80-HF. Their characteristics
are discussed in the following sections. The mechanical properties of the two
aluminum alloys are tabulated in Table 1.

Table 1 Summary of the mechanical properties of the two aluminum alloys [44]

Properties Aluminum Alloy
AA5083-87-CF AA6061-T6-80-HF

Monotonic Properties

Modulus of elasticity, £ (GPa) 69.0 72.7
Yield Strength, Y:S (MPa) 285 313
Ultimate strength, S, (MPa) 385 340
Strength Coefficient, K (MPa) 466 402
Strain hardening exponent, n 0.081 0.043
Fracture toughness, K1C(MPa-m"?) 43 29
Cyclic and fatigue Properties

Fatigue strength coefficient,o’, (MPa) 650 645
Cyclic strength coefficient, K’ (MPa) 417 416
Cyclic strain hardening exponent, n’ 0.035 0.042
Fatigue strength exponent, b -0.094 -0.097
Fatigue ductility coefficient, £’f 2.26 0.22
Fatigue ductility exponent, ¢ -1.01 -0.6
Fatigue limit, §,@2x10° cycles (MPa) 133.85 126.29

Figures 6 and 7 show the monotonic and cyclic stress-strain curves of these
two materials, respectively. The figures show how these two materials behave
under cyclic loading conditions and how they behave relative to one another.
For the cyclic loading, it can be seen that the aluminum alloy AA5083-87-CF
has higher strength with its yield point well above that of the AA6061-T6-80-
HF. However, for the monotonic loading conditions, the AA6061-T6-80-HF is
found to have higher strength compared with the AA5083-87-CF.
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Figure 6 Monotonic stress-strain curves of 5083-87-CF and 6061-T6-80-HF
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Figure 7 Cyclic Stress-strain curves of 5083-87-CF and 6061-T6-80-HF

Figures 8 and 9 represent the cyclic and monotonic stress-strain curves for
the AA5083-87-CF and the AA6061-T6-80-HF, respectively. It can be seen
that both the materials cyclic yield strength is higher that that of monotonic
yield strength. This implies that both the materials are stronger under cyclic
loading i.e., cyclic hardening or strain hardening.

Figure 10 represents the strain-life curves for both materials. The figure clearly
shows that the materials have different fatigue life behaviour. Figure 11 is plotted
based on the SWT relationship. From the figure, it can be seen that the
differences in the figure life behaviour is significant in the short life (low cycle
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Figure 8 Cyclic and monotonic stress-strain curves of AA5083-87-CF
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Figure 9 Cyclic and monotonic stress-strain curves of 6061-T6-80-HF

fatigue). On the other hand, the differences becomes less significant in the long

life are (high cycle fatigue).

5.0 LOADING INFORMATION

Loading is another major input to the finite element based fatigue analysis.
Several types of variable amplitude loading history were selected from the
Society of Automotive Engineers (SAE) profiles. The component was loaded
with three random time histories, corresponding to typical histories for
transmission, suspension and bracket components at different load levels. The
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detailed information about these histories can be referred in the literature [45].
These histories were scaled to two peak strain levels and used as full-length
histories. In addition, a random history including many spikes was selected for
the simulation of spike removal. The variable amplitude load-time histories

are shown in Figure 11. The terms of SAETRN, SAESUS, and SAEBRAKT
represent the load-time history for the transmission, suspension, and bracket

respectively. The considered load-time histories are based on the SAE’s profile.
The abscissa is the time, in seconds.
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24135
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5.166
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Figure 11 The variable amplitude load-time histories
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6.0 NUMERICAL EXAMPLE

A geometric model of the cylinder block of the free piston engine is considered
in this study. There are several contact areas including cylinder head, gasket,
and hole for bolt. Therefore, constraints are employed for the following
purposes: (i) to specify the prescribed enforce displacements, (ii) to simulate
the continuous behavior of displacement in the interface area, (iii) to enforce
rest condition in the specified directions at grid points of reaction. Three-
dimensional model of free piston linear engine cylinder block was developed
using CATIA® software. A parabolic tetrahedral element was used for the
solid mesh. Sensitivity analysis was performed to obtain the optimum element
size. These analyses were performed iteratively at different element lengths
until the solution obtained with appropriate accuracy. Convergence of the
stresses was observed, as the mesh size was successively refined. The element
size of 0.20 mm was finally considered. A total of 35415 elements and 66209
nodes were generated with 0.20 mm element length. Compressive loads were
applied as pressure (7 MPa) acting on the surface of combustion chamber and
preloads were applied as pressure (0.3 MPa) acting on the bolt-hole surfaces.
In addition preload was also applied on the gasket surface generating pressure
of 0.3 MPa. The Multi-point Constraints (MPCs) were applied on the bolt-hole
for all six degree of freedom. Multi-point constraints [46] were used to connect
the parts through the interface nodes. These MPCs were acting as an artificial
bolt and nut that connect each parts of the structure. Each MPC’s will be
connected using a Rigid Body Element (RBE) that indicates the independent
and dependent nodes. The configuration of the engine is constrained by bolting
the cylinder head and the cylinder block. In the condition with no loading
configuration, the RBE element with six-degrees of freedom were assigned to
the bolts and the hole on the cylinder head. The independent node was created
on the cylinder block hole. Due to the complexity of the geometry and loading
on the cylinder block, a three-dimensional FEM was adopted as shown in
Figurel2. The loading and constraints on the cylinder block are shown in
Figurel3.

The linear static finite element analysis was performed using
MSC.NASTRANP® finite element software. The bolt - holes areas were found
to experience the highest stresses. The maximum principal stresses and strains
are used for the subsequent fatigue life analysis and comparisons. The maximum
principal stresses distribution of cylinder block for the linear static analysis is
presented in Figure 14. From the acquired results, the maximum principal stress
of 23.4 MPa occurring at node 92190 was obtained. The fatigue life of the
cylinder block is predicted using variable amplitude loading conditions (see
Figure 11). The predicted fatigue life results of the cylinder block corresponding
to 99.6% reliability value are shown in Figure 15. From the results, it is shown
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that the predicted fatigue life of the AA6061-T6-80-HF aluminum alloy at the
most critical location, near the bolt-hole edge ( node 92190), is 10*** seconds
using the Coffin-Manson method. The fatigue life is represented in terms of
seconds using the variable amplitude SAESUS loading histories. The fatigue
equivalent unit is 3000 cpm (cycle per min) of the time history. The critical
locations are shown in Figure 15 using the SAESUS loading histories. It is
found that the bolt-hole edge is the most critical positions for the cylinder block.
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Figure 12 Three-dimensional finite element model
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Figure 13 The loading, boundary conditions and constraints
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Maximum principal stress is 23.4 Mpa at Maximum principal f,t;i:

node 92190

2.34+001
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1.87+001
1.71+001
1.56+001
1.40+001
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X el 98-005
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Min 5.98-005 @Nd 68876

Figure 14 The maximum principal stresses distribution
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Figure 15 Predicted Fatigue log of life contour for SAESUS loading conditions
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Most realistic service situations involve nonzero mean stresses. It is, therefore,
vital to know the influence of the mean stress on the fatigue process with the
fully reversed (zero mean stress) laboratory data normally employed in the
assessment of real situations. Two mean stress correction methods are considered
in this study including the SWT and the Morrow mean stress correction methods.
It is difficult to categorically select one procedure in preference to the other.
The predicted fatigue life at most critical location using different loading histories
are tabulated in Table 2. It is observed that when using the loading sequences
which predominantly tensile in nature (SAETRN loading), the SWT, and the
Morrow methods give shorter life than that results obtained by the Coffin-
Manson model. However, for the predominantly compressive loading
(SAESUS), particularly for wholly compressive cycles, the SWT, and the
Morrow’s methods are found to give longer life than the Coffin-Manson model.
When using the time history roughly zero mean loading (SAEBRAKT), all the
three methods give approximately similar results. Table 3 summarises the results
of the fatigue life predicted using the SAESUS loading conditions for the different
aluminum alloys. From Table 3, it is also observed that the predominantly
tensile (positive) mean loading produces longer life than the compressive mean
loading (SAESUS). It shows that the AA7175-T73 alloy is the most superior
material having the longest life among the aluminum alloys while the AA4032-

@ T6 is found to be the weakest material. In designing for durability, the presence @

of anonzero mean stress can influence the fatigue behaviour of materials because
a tensile or a compressive mean stress has been shown to be responsible for
accelerating or decelerating crack initiation. It is observed that the compressive
mean stresses are beneficial while the tensile mean stresses are detrimental to
the fatigue life. This phenomenon is dominant when the mean stress levels are
relatively low compared with the cyclic yield stress and the fatigue behaviour
falls in the long-life regime where elastic strain is dominant.

Table 2 Predicted fatigue life at most damage location (node 92190)

Loading Predicted fatigue life in hours
conditions
AA5083-87-CF AA6061-T6-80-HF
SWT Morrow Coffin- SWT Morrow Coffin-
Manson Manson
SAETRN 9.73x10* 2.31x10° 4.80x10° 2.87x10° 7.05x10° 1.57x108
SAESUS 6.36 x10° 7.36x10° 547 x10®°  1.68 x10* 1.17 x10* 5.62 x10°

SAEBRAKT 3.60 x10®°  3.38 x10®*  2.98 x10° 1.02 x10*  9.48 x10®  8.97 x10°
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Table 3 Predicted fatigue life for different aluminum alloys at most damage location using the
SAESUS loading histories

Materials Predicted life in hours
(Aluminum alloys) SWT Morrow Coffin-Manson
AA2014-T6 1.53 x10° 2.59 x10* 1.01x10*
AA2024-T6 2.28x10* 1.03x10* 4.61x10°
AA2024-T86 4.27x10° 8.34x10* 2.55x10*
AA2048 9.62x10* 3.02x10* 1.09x10*
AA2090-T86 5.72x10° 1.01x10° 3.01x10*
AA4032-T6 2.19x10° 1.46x103 949
AA5083-87 1.68 x10* 1.17 x10* 5.62 x10°
AA5454 5.44x10° 6.37x103 5.04x108
AA6009-T9 5.42x10° 3.52x10° 2.22x10°
AA6053-T6 2.90x10* 1.44x10* 6.95x10°
AA6061-T6 1.68 x10* 1.17 x10* 5.62x10°
AA6069-T6 7.09x10* 2.42x10* 9.13x10°
AA6151-T6 4.05x10° 2.73x103 "1.80x 103
AA6262-T9 3.67x10* 1.74x10* 8.06x103
AA6061-T6 6.36 x10° 7.36x10° 5.47 x10°
AA7075T6 3.24x10° 2.95x10° 7.88x10*
AA7175T73 4.80x10° 5.87x10° 8.71x10*

The Three-dimensional cycle histogram and the corresponding damage
histogram for the AA6061-T6-80-HF aluminum alloy using SAESUS loading
histories are shown in Figures 16 and 17, respectively. Figure 16 shows the
results of the rainflow cycle count for the critical location on the component. It
is observed that there are a lot of cycles at the low stress range. However, the
cycles significantly decrease at the high stress range. The height of each tower
represents the number of cycles at that particular stress range and mean. Figure
17 indicates that the lower stress ranges produced zero damage. The figure also
shows that most of the damages are found to occur at the high stress ranges.
The damages at the higher ranges are found to be widely distributed which
means that it cannot point to a single event causing damage.

Local single location fatigue analysis usually comes in the forms of a histogram
of rainflow range cycles or damage [47]. Joint plot of cycle histogram and
corresponding damage histogram for the AA6161-T6 using the SAESUS loading
histories is shown in Figure 18. The figure shows both the results of the rainflow
cycle count and the damage for the critical location on the component. It is
also observed that the lower stress ranges produced zero damage. All the damage
is observed to be generated from the cycles in the higher stress range, which
would be expected.

98 7/19/07, 4:03 PM



DURABILITY ASSESSMENT OF A NEW FREE PISTON SPARK IGNITION LINEAR ENGINE 99

26
Cycles
X-axis
0 014.4
0
Range
uE (m/m) ;’(_EAg('gm’mm)
X-Axis

Figure 16 The cycle histogram of critical location for AA6061-T6-80-HF
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7.0 CONCLUSION

A computational approach of the fatigue analysis methodology for the life
prediction is presented. Based on the conducted study, several conclusions can
be drawn with regard to the fatigue life prediction of a two-stroke free piston
engine when subjected to complex variable amplitude loading conditions. The
obtained results indicate that the influences of mean stress correction are different
for the compressive and the tensile mean stress. The predicted fatigue life appears
to be more conservative for the tensile mean stress than the compressive mean
stress. In designing for durability, the presence of a nonzero mean stress can
influence fatigue behaviour of materials because a tensile or a compressive
mean stress has been shown to be responsible for accelerating or decelerating
the crack initiation process. It is concluded that the compressive mean stresses
are found to be beneficial and tensile mean stresses are detrimental to the fatigue
life. It can also be concluded that the higher stress ranges produce more damage.
Therefore the proposed approach can be used an efficient and reliable means
for the durability assessment of a prototype engine with actual service
environments in the early-developing stage.
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