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Abstract: Problem statement: Most concepts of linear engines were constructedpgposed pistons
with complicated control devise to drive the enginéhe advantage of the engines was their high
overall efficiency Approach: Although the efficiency was higher than conventiagrzgine, however,

it did not be applied yet, because the design esaéhengines was not only difficult to fabricatet bu
also it has little chance to compete the traditi@mgines in the market. Spring is adopted aswamet
force of the piston movement techniqirResults: The unique of using spring as return cycle is the
main characteristic of these engines. Howeverkstad the engine is not constant as in the traatitio
engine. The problem is that, the expansion strel@depending on thrust force of piston. On the other
hand, the engine needs to operate in variable speddload. This study is a prediction of the
performance of both rotational and linear engir@anclusion/Recommendations: The result of the
examination can be used as return cycle design afatasingle cylinder linear engine with spring
device. As a result, the spring mechanism can bptad to be used as return cycle in linear engine.

Key words: Linear engine, spring, performance

INTRODUCTION linear engines. Spring has been developed to conduc
return cycle. Spring technology, which used as péart
Alternative engines have been developed indynamics forces of linear engine, could be adopted,
University Malaysia Pahang (UMP) for several ye&rs. because spring technique can be adopted from cam
single cylinder high speed linear Sl engine is ohthe  valve device. It is expected, by this method, the
projects in the Automotive Focus Group in UMP. Eher difficulties of start and control systems can beueed.
are so many studies of linear engines have been The problem is the difficulty of designing the
conducted by researchers. However, the researalisres system with a spring as return cycle. Also it ificlilt
are unreliable to produce the engine in the neardu to control the stroke. However, engine should be
Most of linear engine researches were of high telddgy ~ operated on variable speed and variable load. For
product designs, especially control systems. Thegdu electrical generator, the load is important because
electronic automatic control systems. The weakmdss always it changes with the time. Engine load wifeet
the linear engines is its high production cost andhe performance including combustion process and
impacted competitiveness comparing with traditionalpressure of combustion chamber. The pressure of
engine product, so it still needs to pay more &for combustion chamber produces thrust force; thiseforc
The main problems of linear engine design arewill transfer to spring. The spring compressingcéor
difficult to get start, return cycle, system cofitro will be divided by spring constant (k) to get thegae
maintenance and oth&rd. The difficulty to control the stroke (x = F/k). The small load results in small
piston motion, in particular stroke length and pressure of combustion chamber, because k is atnsta
compression ratio, has been proved. This is dudattie so the stroke will be small. On the other handhd
that the combustion process in one cylinder drites load increases, it will increase the engine strdkar.
combustion will have high influence on the nextthat reason, it is need to design the spring pedcis
compressioff. A single cylinder linear engine is one otherwise the scavenging process can not work
alternative to eliminate, in general, the weakneks effectively.
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Gaspressure  Connectingrod Cranlt center on it own momentum before it can receive
another push from the next explosion. In fact, for
rotation engine, the energy must be stored in cizaf
merely to carry it through the top dead center and
bottom dead center points. In case for single dgin
linear engine the energy should be stored in spGeg
also design mechanism at Fig. 1 and 2.
According to linear engine, spring is most crucial
Cylinder design and need to be analyzed carefully. In mmtati
engine, the stroke is always the same in many tipara
Fig. 1: Single cylinder rotation engine conditions. Displacement of spring is depending on
force; this spring should be traveling from bottderad
Gas center to top dead center as needed on mostly topera
pressure  Connecting condition. It means that a part or all of intakenifald
rod Spring should be open in order to transfer mixture; otfigew
/ explosion in combustion chamber will not happen.
aKe el Spring displacement is effected by piston speed and
A engine load. Both variables could result in exglosh
7\ \ combustion chamber; however, different explosiaoal
produces different thrust force as the result
Piston displacement of piston movement is unstable.
The engine works as two stroke spark ignition and
does not need any valve, though to increase its
efficiency it is sometimes provided with a passive

Based on the above background, the objective 0@pres_sure differential operated) one at the infade. It
this research is to predict engine performancef€quires only two strokes, to complete its cyclbere
especially the combustion pressure characterigtics IS Passageway, called a transfer port, between
to study conventional engine performance to compar§0mbustion chamber above the piston and below
with linear engine performance. The final resultiig ~ crankcase. There is also an exhaust port in the sid
study will be use as a design input data of a snapid MOves up and down. The crankcase is sealed and

small free piston linear engine with spring as metu Mounts the carburetor on it, serving also as tieke
force of the piston movement technique. manifold. The combustion process of two strokeslspa

ignition linear engine exactly the same with ratati
Engine dynamics: In order to investigate the dynamics two strokes engine, so we do not need to explan th
of reciprocating engine, it is necessary to analyme detail of the process.
dynamic forces, moments and torques in a machinery The usable output torque is created from explosive
systems even it was simple mechanism. Howevergas pressure generated within the cylinder. The
actually the mechanism is quite complex in termtghef ~magnitude and shape of this explosion pressureecurv
dynamic consideration necessary to its design igh h Wwill vary with the engine design, stroke cycle, Ifue
speed operati6h. The different between a single used, speed operation and other factors relatetieto
cylinder rotation reciprocating engine with linear thermodynamics of the system. For our purpose of
engine is in the process of return back to top dea@nalyzing the mechanical dynamics of the system, we
center. However, a basic mechanism for engineiostat need to keep the gas pressure function consisteite w
consists of a crank, a connection rod and a pigom. Wwe vary other design parameters in order to compare
the other hand, the linear engine consists of gprin the results of linear engine design.
connecting rod and piston. This basic design hasge

Piston

Cvlinder

Fig. 2: Single cylinder linear engine

impact on an engine performance. Figure 1 and 2 are MATERIALSAND METHODS
sketches of mechanisms of single cylinder rotation
engine and linear engine respectively. The predict engine performance without having to

In the internal combustion engine, it should beconduct test is call modeliﬁb GT-Power has been
fairly obvious that at most we can only expect gggo ~ used for the simulation. The basic concept to ptedi
be delivered from exploding gases during the poweengine performance using simulation is differenthwi
stroke of the cycle. The piston must return todead  using engine experiment. Pressure diagram conducted
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first in experiment methods and then heat releasébe  reduced because it does not need rotation motidn an
analyzed, while for simulation is the opposite bét only leaved piston ring and gas pressure components
experimental method. There are two theories of heat To predict power output of linear engine through
release such as chemical theory and mathematicalmulation, the predict friction loss is very impaice
model using first law of thermodynamics. Both thesr manner. Many methods have been developed to measure
have been adopted in this research. Wiebe comipustidhe engine friction loss including experimental and
model is chemical theory based, where the massimulation techniques. A great effort have beeneriad

fraction burnt profile is represented as: researchers for developing comprehensive and decura
mechanical loss models: And different model apgieac
£ )™ have been proposéd. Arsie, Pianese, Rizzo, Flora and
X=1-ex { ] ) Serr& has proposed excellent formulas; however, it can
comP not be adopted here. Although these formulas have a

high precision level, the formulas difficult to biedown
on some parts especially to predict friction Ide®aigh
crank shaft, pin and bearing. In case of lineariressy
some devices could be ignored except connecting rod

wea(ms l{tt Jm ex{ { t ]mﬁ} @ piston and journals bearing.
comb comb,

After differentiation of Eqg. 1, the rate of heat
release dt/d(ty is expressed as:

According to GT-Power software using manual,
the engine friction is calculated using the attrébas

Where: follow:
Teomb = Period of combustion _ _
t = Time variable of combustion processft.om, fmep= C+ (pfxR,, »* (mpsfx ¥ (mpssfx{) 4)
a, m = Parameters
Where:
The parameter of a characterizes the completene$s = The constant part of the fmep
of combustion, while m is the rate of combustion.PF = The peak cylinder pressure factor

Wiebe assumedx,= 0.990 and hence a = 6.988 mpsf = The mean piston speed factor

Value of a = 5 and m = 3 have been reported tadit ~ mpssf = The mean piston speed squared factor
with experimental dat5®. Through Wiebe combustion

model and then used first law of thermodynamics to  Following that expression, it is difficult to brak
substitute heat energy to pressure gradient ofagas down in parts for friction components, but it isspible
combustion space. Equation 3 is expression of gimplto use separate calculation using another expreskio

first law thermodynamics: the fmep is known, then using this data directly by
inputting the data into constant part of fmep.

dp__ PdvV y-¥ dQ 3) Atkinson, Patreanu, Clark, Atkinson, McDaniel,

dt Vdt VvV dt Nankumar and Famotf introduced a simple equation

for calculate fmep of linear engine. However, this
This is a first order differential equation of the expression developed only based on friction from
form dp/dt = f (t, PQ for cylinder pressure as filme  contacting between piston and cylinder liner. lotfa
of time, t, pressure, P and the heat release, QusByy the effect of cylinder pressure and main bearinl st
the main formula the pressure diagram of combustiomappens. For that reason the formula was not be
process in linear engine could be conducted. adopted in this research. The preceding component
The characteristics of pressure at combustioranalysis can be combined to from an overall engine
chamber between rotation engine and linear enginmep model. The component equations are summarized
exactly the same. The different is that dynamicsby Ferguson and Kirkpatri€k and have been used to
movement and resulted different power output. Thedevelop a fmep model in this research. Some
engine friction reduces work of an engine and iths component equations, including valve train, pumping
difference between the indicated work and the brakend accessory did not adopted in the present ket
work at power output. The friction process in anengine design. Although main bearing is differing
internal combustion engine can be categorized intdetween rotation and linear engine, however, this
three components such as the mechanical frictlom, t expression more closed to predict the friction dsssn
pumping work and the accessory resedarféh In case linear engine than Atkinsoet al.'”! formula. Equations
of linear engine, mechanical friction part can bebelow are used in fmep modeling design simulation.
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Fig. 3: Flow chart of the model design analysis

Main bearings:

fMeP,caings= cb% (5)
Seal:

fmep,.,s= CS%SZS (6)

Connecting rod bearing:

fMep,caing = 41.37&{2}(%00) (7
and

<[ otk rPikesoy S ®

Skirt:

fmep,, = cps% ©)

Rings:

fmep, 4 = cp,( 1+ %)Jb% (10)
Gaspressure:

fMEp,gons= CQE[O.OS&‘I- o.18é1r'3”ﬁ”)} (11)

Tablel: Engine specifications

Sr. No Parameter Unit Value

1 Model BG-328

2 Type 2 cycle, single cylinder, air
cooled, gasoline engine

3 Bore Mm 36.0

4 displacement Mm 30.5

5 Max output kW rprit  0.81/6000

6 Carburetor Float type

7 Ignition system IC ignition (solid state)

8 Fuel Mixed fuel of gasoline and

2 cycle oil at 25:1
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Equation 5-11 normally used for two stroke
rotation spark ignition engine, but for linear emi
some parts could be eliminated. In this researod, t
formula (5) has been used to predict friction lgsge
main bearing, formula (6) for seal, formula (10) fo
piston rings and formula (11) for gas pressure.ti@n
other hand, friction losses at connection rod Imgaind
skirt have been ignored. Figure 3 is flow chart of
modeling in this research.

According to flow chart at Fig. 3, GT-Power has
been used as main model. To simulate linear entfiee,
fmep data has been simulated separately, then added
engine crank train mode, a part from friction canst
However, the simulation can not run automaticadly,
we need to conduct more than one load. For that, we
should change fmep constant manually. A real engine
specification has been used in this study. The main
specifications of the engine are shown in Table 1.

RESULTS

The main concern of the research is the prediction
of performance of a linear engine and to desigead r
engine based on real rotation engine. The advastaige
modifying from rotation engine to linear engine are
reducing research budget and the ability of stuglyire
comparison of both systems design which is an
important thing. The main difference in performaige
that friction mean effective pressure (fmep). Hoerev
performances at combustion chamber are exactly the
same on both engines. In this research, parameter
profiles of dynamics aspects were presented aquprdi
to convention, but its convenient data are displaye
cycles. This is dedicated for linear engine, evaurch
the research also examined rotation engine as
comparison study.

Logarithmic and P-V diagrams were used to
express the pressure diagrams. The logarithmiescal
to provide a rational interpretation of the profile
presented by Fig. 4, their data are expressedrimstef
analytic functions. The polytrophic exponents are
evaluated, accordingly from these data as presdnted
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least square fit regression for the processes dfigure 6 shows a comparison between a rotatiomengi
compression and expansion profiles were |ifar and linear engine. According to rotation frictionss$
According to Heywool' the start of combustion can be graph trend is reduced from beginning till 1.5 na"5e
identified by the departure of the curve from thethen dramatically increased. On the other hand, for
straight line. The end of combustion can be locatedinear engine, it decreased systematically from
approximately in similar fashion. beginning then become little bit stable after 4.sea™".
Figure 4 is logarithmic diagram introduce log P The brake power was obtained by cut down the
versus log V on variable speeds. The charactesistic friction losses from the indicated power. The
engines at same condition introduce that maximuntharacteristics of an engine are shown in Fig. tlo#
pressure increase from beginning to 2 then decreasgeed, the difference between rotation and linegine
until 6.1 m se¢". However, pressure degradations afterwas not significant, but after 1.5 m sket¢he gab of
2 m sec' are smaller than before 2 m Sedigure 5is  both lines increased. According to rotation engine,
a comparison of P-V diagram at critical charactiss  after 4.1 m sec the power dropped systematically. In
Different characteristics of the three graphs dearer case of linear engine, although after 5.1 m sec
from this Fig. 5. In case 6.1 m s&cthe pressure at the dropped but still understood. This performance icays
end of stroke is still high. It means that eneghigh at  py friction losses after 4.1 m sécwas stabile as a
the end of stroke, however, exhaust port alrea@yne@  result the power dropped was small.
as the result reducing volumetric efficiency. FrBig. 5 Torque is good indicator of an engine ability o d
it can be shown that maximum pressure starts fronyork. The characteristics both linear and rotation
36.34 bar at 0.5 than goes to 45.79 bar at 2 aadlffi ~ engines are shown at Fig. 8. According of grapthin
drop to 26.56 bar at 6.1 m skcThe lowest and the Fig. 8 both linear and rotation engines have same
highest of pressure maximum different is verytaast.  trend. The point of maximum torque is in pistonegpe
of 2.5 m set. However, torque of linear engine is
higher than rotation engine.

Friction losses [bar]
-

v s e F T
0.6 *Linearengine
" Rotation engine
0.4 T T T
1 5 6 708 9 4p 0 1 2 3 4 5 4]
Vohzne Vmax Piston speed [msec™]
Fig. 4: Log P-log V diagram on variable speed Fig. 6: Comparison of friction loss between rotatio

and linear engine
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Fig. 7: Comparison of brake power between rotation
Fig. 5: P-V diagram at critical characteristics and linear engine

717



Am. J. Engg. & Applied i, 2 (4): 713-720, 2009

S - 1600

3 P % 1400
1200 *Linearengine

*Rotationengine
— Rotationengine

500

L
BSIC [grkW

&00

lorque[N-m)
:: (]
[erkW T h|

1 *Linear engine =
* Rotation engine 400 ™ \l P e
O = ¥ . 5
o] 1 2 3 4 -7 [ 200
Piston speed [m sec™] 0 1 2 3 1 < 6
Piston speed [msec™]

Fig. 8: Torque of both linear and rotation engies
variable speeds Fig. 10: Comparison of brake specific fuel consuampt

between rotation and linear engine
1007

20
801

70

60 ]

Mechanigal ¢fTiciency %]

50 *Linearengine
= Rotation engine

40

Brake efficiency [%5]

+ Linear engine
0 1 2 3 4 5 5} 5 |

- .
Piston speed [m sec™?] Rotation engine

Fig. 9: The mechanical efficiency of both lineardan 0 ! Pflstom ezd[m sec'i ? o
rotation engines Vs variable speeds ’

Mechanical efficiency is conducted by the ratio ofFig- 11: Brake efficiency of linear and rotatiorgéres
brake work at crankshaft to indicated work in the Vs variable speeds
combustion chamber. Excluding parasitic loads, the - . .
mechanical efficiency of the rotagt]ioﬁ engine isvimEEn _The brake efficiency of .bOth linear and rotation
59.4-87.1%. Beginning in 67.2% at piston eshe engines can be _shown at Fig. 11. Th_e greatest brake
0.5 m se@ then increased to 87.1% 2 m Seafter then  €HICIENCY is at piston speed of 3.6 m SedHowever,
gradually decreased until 59.4% at 6.1 msethe &fter dropped at 5.6 then the efficiency were iaseel
mechanical efficiency of linear engine is betwe&86 2dain at 6.1 m s&t This phenomena causing by mass
91.1%. Beginning with 68.8% at 0.5 m Seand flow of fuel and power were decreased at 6.1 m'sec
increased to 91.1% at 2.5 m Seand dropped to 79.9% but the trend of both parameter were not paratislthe
at 6.1 m sec¢. Figure 9 shows the characteristics of result brake efficiency was increased.
mechanical efficiency of both rotation and linear ~ Focusing on main objectives of this research is to
engines. The greatest losses energy at high speéesign a real linear engine with spring as retymlec
engines reduced the mechanical efficiency, whilathe To design the spring, it is needed an optimizatidén
loss is the greatest loss at low sp&&ds thrust force of the piston. Figure 12 is a predittof

Fuel consumption is one of the most importantmaximum pressure on variable pressure at full load
characteristics of the engine performance; to ggiad  engine performance. At beginning of speed the
improvement is much have better in fuel consumptiormaximum pressure was 36.3 bar, then become maximum
properties. Figure 10 is comparison result of brakeabout 45.8 bar at 2 m Sécafter all degradation fall
specific fuel consumption between rotation anddine until 26.7 bar at 6.1 m séc The variable of maximum
engine. Same think with other performance, thepressure ware fluctuated, especially different leetw
characteristics of fuel consumption of linear eegia  minimum and maximum pressure was high. To discuss
better than rotation. The improvement of brake #igec correlations between engine load, speed and maximum
fuel consumption is between 3.2-25.7%. The averaggressure is complicated. There are so many theory
improvement is about 11.2%. The economist areadine effecting performance and characteristics of the
engine is in between 2-5.1 and 2-4.1 m ‘Séar rotation  engine. Pressure could be related with the craglean
engine. The minimum oil consumption is about 29@t9  at which this maximum pressure occurs, the maximum
linear engine and 323.6 'KV h for rotation engine. pressure rise and so many correlated couahblysis.
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5017 difference of these graphs causing by the skirt.
454 . However, a friction loss of skirt is depending on
//A\ \'\ average velocit}/ of the piston. According to Femjus
. and Kirkpatrick” and see also on Eq. 9, that formula is
3517 ’\ correlated with boundary lubrication viscosity, &af
S the piston and average velocity of the piston. Mues,
. Patton, Nitschke and Heywddd suggested a
* Maximum pressure [bar] proportionality constant &= 294 kPa mm sec Tin
e 1 N 3 M 5 s case of the linear engine, for skirt friction, itasv
Piston speed [msec™] ignored because the rotations do not work in thigiree.
However, in general designs of piston assembly were
Fig. 12: The characteristics engine on maximumngt skirt connector in linear engitfe
pressure of variable speed The main objective to develop linear engine is

, i increasing brake power and performance in Fig. 7 is
The rate of change of pressure is substantiallgc&tl ey clear. Comparing with another research result,

by the rate of change of cylinder volume as welt&®  poth trends have similar performance. Heywdcahd
of burning, change in the pashing of the combustionsond 4150 reported that performance characteristics

proces&. Slow burning and fast burning related with of small two stroke engine have maximum power at

spegds and loads also have correlated with OCQUMN3hout 4.1 m sét and smaller motor cycle engine can
maximum pressure. The quantity of fuels burn a

. . . .
: ) ) . achieve slightly higher bmep and higher speeds.
premixed combustion also contributed the max'mumAccording engine specification at Table 1, the

pressure. Accordingéjcof- Eig. 12 maximum PressUr&naximum power is different. However, maximum power
occur_red at 2 m seg it is mu_ch affected by the in engine specification at 6000 rpm (6.1 m e
quantity of fuels burnt at premixed combustion WaSy a1 1. In this research is about 0.93 KW at 4 et

highest as the result highest maximum pressure. Th t same speed on 6.1 m Sevas about 0.7 KW for

other hand, combustion rates at high speed we fotation engine. In case maximum power of lineair
gradually and resulted smaller maximum pressure. gine. P q

Back to main objectives of using spring as retuycie; is totally different because target of improvemehthe

based on the maximum pressure data the spring cou[ﬁlsigrcehm'zrt]? 'gch?ze Fo?ﬂc?gézggrgg tgzneg%tgdf 6
be design specifically. But need to study indepetige Improv power oufput 1 W ' :

. . o .
on specific topic. and the average improvement is abogt 13.8A:.. In this
study an excellent improvement is at high speedneng
DISCUSSION performances. At low speeds, improvement is not too
strong as high speeds performance.

Combustion pressure is one of an important Normally brake specific fuel consumption as
performance to discuss. Related with combustiorfunction of engine speed. Brake specific fuel
pressure performance result is complicated, iesabse consumption decreases as engine speed increases,
have been effected by many variables and could ndgeaches a minimum and then increases at high speeds
explain only case by case. This performance is itapb  Fuel consumption increases at high speed because of
to design the spring for return cycle in linear ieeg  greater of friction losses. At low engine speed; th
However, trend of pressure is scattered from satatiw ~ longer time per cycle allows more heat loss and fue
and high speed and high at medium speed. If it isonsumption goes #p. According to Fig. 6, the
correlated to optimization of spring design forisgr friction loss of rotation engine is high at highesp and
system in linear engine it needs analysis carefully this result impacting of the fuel consumption irases.

Friction work is defined as the difference betweenBrake specific fuel consumption also effected bgl fu
the works transferred to the piston from the gasequivalence ratio. Based of the research resulfueke
contained inside the cylinder and work available atequivalence ratio between 2.5-6.1 m “$ec
drive shaft. The analysis of friction losses is anunsystematically fluctuation, those impacted brake
important aspect to consider during the designesec specific fuel consumption at high speed as a Fig. 1
because the main difference between a good engine Brake efficiency in Fig. 11 is very clear result.
design and average design often is the difference iHowever, this result has different trend comparing
their friction losse4?. Figure 6 is comparison of with Mikalsen and Roskil§®. The free piston engine
friction between linear and rotation engine. Theiima has a slight efficiency advantage over the conveati

Max. pressure | bar]
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engine at low speeds but drops as the speed imseas4.
This is could be compromises because the
performance of an engine can be affected by
configuration of engine design.

5.
CONCLUSION

Prediction of the performance of linear enginehwit
spring has been studied in this research. To predi
brake power of linear engine, the friction lossesrav
simulated separately using GT-power software.
However, the result is clear and comparing with
rotation engine all of performances introduce gjron
improvements especially at high speed operation.’
Friction losses could be reduced dramatically, fes t
result of power output could be increased. Spetuigt
consumption also could be reduced specially at hig
speed operations, this result causing by reducing’
friction losses and change the energy to contrilie
power output of an engine. 9

The prediction of combustion pressure at variable™
speed is very importance result in the research.
Although the area of pressure maximum fairly difer
it is still possible to design spring as returnleyia the
linear engine. Related with combustion pressureg
performance result is complicated, it is becausees ha
been effected by many variables and could not éxpla
only case by case.

In general results of the research could be adapte
to design a real linear engine specially to sinaulat
design spring as return cycle. Based on prediction 11
weakness of original engine design, it is possible
modify improvement system design.

12.
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