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Abstract >> This research numerically analyses the effects of the damping device on the operation characteristics

of a free piston linear engine. In this paper, the free piston linear engine uses spring as a damping device. The

investigated parameter is spring hardness which is varied at 0.5,

1, 2.9, and 14.7 N/mm. The effects of spring

hardness on the dynamic characteristic, thermodynamic characteristic and electric power of the engine are

investigated. Beside, the equivalent ratio is also changed to provide more information for this study. The simulation
results show that, by increasing spring hardness from 0.5 to 14.7 N/mm, all of parameters related to dynamic
characteristic such as piston velocity, acceleration, displacement, and frequency increase accordingly. Beside, the

peak pressure in the cylinder and electric power are also increased when increasing spring hardness. The tendency

is also observed at varied equivalent ratios.

Key words : Spring hardness(Z~3% 7 %), Free piston(3Z 2|12

Nomenclature m :
X
A : area of piston Xo
P, : intake pressure a
Pi : pressure in the left cylinder t
P, : pressure in the right cylinder Py :
Fy : friction force P, :
F. : electric force Xepl
Fq: the left spring force Xepr
F: the right spring force Xm
TCorresponding author : kypark@ulsan.ac.kr *
[ 429 ; 2012.628 242! : 2012.8.1 AR : 2012.824 | Xer
Copyright (© 2012 KHNES p

404

£), Linear engine(2]1o] 2l Z)

mass

: displacement of piston
: initial coordinate of piston
: acceleration of piston

. time

compression pressure in the left cylinder

compression pressure in the right cylinder

: left closing coordinate of exhaust port

: right closing coordinate of exhaust port

: the maximum stroke of piston

: position of the left piston in compression
: position of the right piston in compression

: instantaneous pressure in cylinder



EREPS S EEERE

: specific heat ratio

V : instantaneous volume in cylinder

P€CT :

Xecr |

Xel -

o

: heat released in combustion

: total input energy

: heat transfer

: mass fraction burned

: time combustion begins

: duration combustion

. heat transfer coefficient

: heat transfer area

: instantaneous temperature in cylinder
: wall temperature

Pq :
P :
Pedi:

expansion pressure in the left cylinder

expansion pressure in the right cylinder

pressure at the end of combustion in the left

cylinder

pressure at the end of combustion in the right

cylinder

: polytropic exponent
: position of the left piston at the end of

combustion

position of the right piston at the end of

combustion

position of the left piston in expansion

: position of the right piston in expansion
: average cylinder gas velocity
. displaced volume
: volume at reference state
: pressure at reference state
: temperature at reference state
: motored cylinder pressure
: average speed of piston
: spring hardness
: deformation of the left spring

: deformation of the right spring

YAz B2 A AT 405

1. Introduction

The crisis of global warming and shortage of fossil
fuels are becoming important issues for human life
over the world. There are many researchers are
devoted to explore new conversion devices and en-
vironmental friendly fuels. The free piston linear
engine (FPLE) is one of solutions to solve the crisis.
The engine is the combination of two main com-
ponents: one is the free piston engine, and another is
the linear alternator. Unlike the conventional engines
with crankshaft mechanism, the FPLE can optimize
the combustion process through the variable com-
pression ratios. Beside, the variation of compression
ratio in FPLE also allows the engine to operate with
multi-fuel. In general, the FPLE can be classified into
three types including single piston, dual piston and
four piston">®. In which, the single piston engine has
simple design with high controllability compared to
the other free piston engine, however the dynamic
balance is not good because it only has one piston.
For four piston engine, the perfectly balanced design
is the main advantage of this engine, however it also
makes the engine complicated. For dual piston engine,
the working piston provides the work to drive the
compression process in the other cylinder, it allows a
simple device with higher power / weight ratio”.
Because the FPLE has no crankshaft, the operation of
this engine is mainly controlled by electronic system.
For the dual piston engine, the cylinder head may be
stricken by piston crown if the control is not correct.
In that case, a damping device (eg. spring) is used as
one standby solution. Jin Xiao” presented a study
about the motion characteristic of a FPLE. In which,
the effect of damping coefficient to the motion
characteristic of FPLE is investigated. The results
showed that increasing the damping coefficient are

effective ways to prevent engine damage.
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This paper presents a numerical simulation about
FPLE with type of dual piston. The engine uses LPG
as a fuel with component including 30% propane and
70% butane. Spring is used as a damping device in
the engine. The paper focuses mainly on the numerical
analysis of this engine through simulation models.
The effects of spring hardness on the operation charac-
teristic of the engine such as velocity, acceleration,
displacement, peak pressure and electric power are

investigated.

2. Working Principle

As shown in Fig. 1, the construction of FPLE in-
cludes two main components: free piston engine and
linear alternator.

The free piston engine contains dual piston connec-
ted by connecting rod system. Spark plug is arranged
at each cylinder head to ignite LPG-air mixture at the
end of compression process. There are two intake
ports and one exhaust port around circumference at
the bottom of each cylinder. In order to increase
intake pressure, the engine is designed with two
compressor at two sides from the engine as shown in
Fig. 1. Each compressor also includes dual piston
which is connected by connecting rod system. Beside,
in the compressor, the spring is arranged at each
cylinder as a damping device. In order to provide
intake mixture to the cylinder of engine in one way,
a reed valve is arranged at each cylinder head of
compressor. The second component is the linear
alternator with the permanent magnet mounted on the
connecting rod as the translator. The back iron made
of Silicon steel material and the windings are arran-
ged in the stator.

To start engine, the linear alternator will operate as
a beginning device to drive free piston engine through

connecting rod system. After certain frequencies, the
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Fig. 1 Free body diagram of FPLE

combustion process will occur alternatively at each
cylinder, forcing connecting rod to move back and
forth. The movement of connecting rod will generate
the current in the winding due to the magnetic flux

linked with winding in stator is changed.

3. Simulation Model

The objective of this section is to develop a
numerical model that describes the operation of
FPLE. There are three simulation models used in the
analysis including dynamic model and thermo-

dynamic model.

3.1 Dynamic model

The forces applied on the linear engine are ex-
pressed through a free body diagram as Fig. 2.
The dynamic model is described by equation that

obeys Newton’s second law:

2

PA=PA=F,~E+F,~F, =X =ma ()
t
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Fig. 2 Free body diagram of FPLE

Where:
E, =kAx, @)
F, =kAx, 3)

The velocity and position of translator can be

found by equations:
dx (dx) d’x
=== +==t
dt dt), dt @)

d*x ,
t
dx dt?

X=XO+EI+ 5 (5)

3.2 Thermodynamic model

Thermodynamic model is described by processes
such as compression, combustion, expansion and sca-
venging. In which, the scavenging is assumed as a
perfect process.

The compression process is calculated between the
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time when exhaust port is closed and when the spark
occurs. In the analysis, compression process is
assumed to obey a polytropic equation. The pressure

during compression process is given as follow:

X, +x, |
&@=&(”“”J

xm + x(?l (t) (6)
&@:&[%—%w]

The combustion process is assumed to occur
immediately after the spark occurs, which means that
the ignition delay is ignored. The pressure in the

combustion process is calculated as follow:

d_ pdvm—l[d@)

dt V dt dt ®)
& — inn _ tht
dt dt dt )

The heat release rate dQi/dt is calculated when the
mass fraction burned is known. The mass fraction
burned can be found through the Wiebe function. The
Wiebe function is usually used to calculate the mass
fraction burned versus crank angle for crankshaft en-
gine. Because the FPLE has no crankshaft, the mass

fraction burned is calculated as a function of time

lzl—exp{—a(t_toj }
At (10)

Where, a and m are adjustable parameter (accor-

ding to Heywood”, a = 5, m = 2)
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By differential two sides of the equation (10), the

mass fraction burned rate is given

m m+l
dl=am+1 t—t, exp| —a t—t,
dt At At At an

From equation (11), the heat release rate can be

calculated as follow

m m+1
dQ, :am+1 t—t, expl—a t—t, 0,
dt At \ At At (12)

The heat transfer rate is calculated by

o, _ _
= hA (T-T,) 13)

In the equation (13), the heat transfer coefficient is
calculated by

h — 3.26.3—0,2 .PO.S.T—O.SS.WO.S (14)
Where
— T
W=|CS,+C, VL, (P-P))
BV, (15

The expansion process is given from the end of
combustion process until the exhaust port opens. The

process is also assumed to obey a polytropic equation:

x +x. )
Pe,<z)=Pm('" J

X, + %y (1) 16
P(t)=P, [HJ
Ko _xer(t) (17)
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Table 1 Parameters are used in simulation

Parameters Value Unit
Bore 30 mm
Reciprocating mass 0.974 kg
Exhaust port open 20 mm
Maximum stroke 35 mm
Polytropic exponent 1.4
Intake pressure 1.1 bar
Intake temperature 300 K
Equivalent ratio 1.0
Combustion duration 1.5 ms
The natural length of spring 60 mm
Spring hardness Available | N/mm
Frictional coefficient 1.04
Lower heating value of LPG 40.95 MlJ/kg

4. Results and Discussion

The dynamic model and thermodynamic model are
combined and solved by a Fortran program. A virtual
prototype with parameters and initial conditions are
listed in Table 1. These parameters are chosen base
on operated conditions and specifications of actual
FPLE.

k=0.5 N/mm
— + — k=1 N/mm
— — k=2.9 N/mm
————— k=14.7 N/mm
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4000 —j

Velocity [mm/s]
o
]

-4000 —

-20 -10 o 10 20
Displacement [mm]

Fig. 3 Piston velocity versus displacement
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Fig. 4 Piston velocity versus displacement

4.1 The effect of spring hardness to the
dynamic characteristic of FPLE

In this section, the effect of spring hardness to the
dynamic characteristic of FPLE including velocity,
displacement, acceleration and motion frequency are
investigated. Beside, by keeping a certain spring
hardness, the effect of equivalent ratio to the dynamic
of FPLE is also investigated.

Fig. 3 describes the piston velocity versus displa-

cement for different spring hardness including 0.5, 1,

k=0.5 N/mm

- — k=1 N/mm
— k=2.9 N/mm

k=14.7 N/mm

20

Displacement [mm]

-20

0.1

F

g. 5 Displacement versus time
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Fig. 6 Motion frequency versus spring hardness

2.9 and 14.7 N/mm. At the same initial conditions as
shown in Tablel, by increasing spring hardness from
0.5 N/mm to 14.7 N/mm, the piston velocity increase
accordingly. This can be seen clearly at the highest
spring hardness corresponding to 14.7 N/mm. Beside,
the displacement of piston is also longer at higher
spring hardness, it means that the compression ratio
is increased.

Fig. 4 shows the piston velocity versus displace-
ment at the different equivalent ratios with the same

spring hardness k = 14.7 N/mm. It can be observed

k=0.5 N/mm

© = k=1 N/mm
— k=2.9 N/mm

k=14.7 N/mm

6000

4000 —

2000 —

Acceleration [m/s}
o
]

-2000 —

-4000 —]

-6000

0.04 0.08
Time [s]

0.1

Fig. 7 Acceleration versus time
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Fig. 8 Mass fraction burned and heat release rate versus
time

that the piston velocity is reduced when decreasing
equivalent ratio. Even though the piston velocity is
changed, but the curves keep the same shape.

The relation between displacement of piston and
time is shown in Fig. 5. At the highest spring hard-
ness corresponding to k = 14.7 N/mm, the maximum
displacement of piston is largest with average value
around 15mm. Beside, the higher spring hardness, the
shorter time for full stroke. This is due to the in-
crease of piston velocity as shown in Fig. 3. As the
result, the motion frequency of piston is increased
when increasing spring hardness as shown in Fig. 6.
The tendency also occurs at the lower equivalent
ratios

Fig. 7 shows a plot of piston acceleration versus
time with the effect of different spring hardness. It can
be found that the acceleration of piston is improved

significantly when spring hardness up to 14.7 N/mm.

4.2 The effect of spring hardness to the
thermodynamic characteristic and electric
power of FPLE

Fig. 8 describes the effect of spring hardness on

the mass fraction burned and heat release rate in the
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Fig. 9 Peak pressure versus spring hardness

combustion chamber of FPLE.

It can be found that, the higher spring hardness,
the earlier combustion process occurs. This is due to
the increase of piston acceleration which is shown in
Fig. 7.

Because the movement of piston is almost symme-
tric as shown in Fig. 4, the pressure in left cylinder
or right cylinder can be chosen as a analysis para-
meter. In this paper, the pressure in right cylinder is
chosen to investigate under changing of spring

hardness and equivalent ratio.
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Fig. 9 illustrates the effect of spring hardness to
the peak pressure at different equivalent ratios. At the
equivalent ratio of 1.0, by increasing spring hardness,
the peak pressure increase respectively. This is be-
cause the compression ratio of the engine is increased
due to increasing of piston velocity as shown in Fig.
3. At the same spring hardness, when decreasing
equivalent ratio as well as the amount of fuel, the
peak pressure is smaller as shown in Fig. 9. This is
also reason to explain the reduction of piston velocity
as shown in Fig. 4.

Fig. 10 shows a relation between spring hardness
and electric power which is obtained from the reci-
procation of piston. It can be found that the electric
power increases when increasing spring hardness.
This is explained by increasing of piston velocity as

shown in Fig. 3.

5. Conclusion

A numerical simulation related to the damping
device as spring of a FPLE has been investigated in
this paper. The spring hardness was used as an in-
vestigated parameter in the simulation. The simulation

results shows that

1) The dynamic characteristic of FPLE is better at
higher spring hardness.

2) The higher spring hardness, the earlier combustion
process occurs.

3) The peak pressure in the cylinder and electric power
is improved when increasing spring hardness

4) Although the spring hardness up to 14.7 N/mm,
the maximum displacement of piston is less than
theory maximum stroke. It means that the hit be-

tween piston crown and cylinder head is avoided.

D

Sals

oA 411

i
J

The study is base to choose a suitable spring for
designing the FPLE. In the future, a further study
will be carried out with the effect of more different
parameters to operation of the engine. Beside, the
performance of FPLE will be investigated with di-

fferent fuels.

Acknowledgement

This work was supported by the 2012 Research
Fund of the University of Ulsan.

References

1. R. Mikalsen and A.P. Roskilly, A review of
free-piston engine history and applications, Applied
Thermal Engineering, Vol. 27, 2007, pp. 2339-
2352.

2. Q.F. Li, J. Xiao, and Z. Huang, Simulation of a
Two-Stroke Free-Piston Engine for Electrical Power
Generation, Energy & Fuels, Vol. 22, 2008, pp.
3443-3449.

3. J. Xiao, Q.F. Li, and Z. Huang, Motion char-
acteristic of a free piston linear engine, Applied
Energy, Vol. 87, 2010, pp. 1288-1294.

4. J.B. Heywood, Internal Combustion Engine Fun-
damentals, McGraw-Hill Book Company, New
York, USA, 1988.

5. C.M. Atkinson, S. Petreanu, N.N. Clark, R.J
Atkinson, T.I. McDaniel, S. Nandkumar, and P.
Famouri, Numerical Simulation of a Two-Stroke
Linear Engine-Alternator Combination, SAE,
No. 1999-01-0921, 1999, pp. 1-15.

6. Yongil Oh, Gangchul Kim, and Ocktaeck Lim, A
Study for Generating Power on Operating Par-
ameters of Powerpack utilizing Linear Engine,
Trans. of the Korean Hydrogen and New Energy
Society, Vol. 23, No. 2, 2012, pp. 183-190.

A23H8 A4z 20129 8




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile 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 false
  /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 true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


