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Abstract: This paper looks into the design and modeling dihear engine. Quite a
number of researches to improve the almost ubigsiiemgines are going on. The linear
engine is any engine that does not work by rotabianby linear reciprocating motion (a
kind of up and down motion) by removing the cran&chmnism of the conventional
internal Combustion(IC) engines. Hence after thalmastion process, a restoring force
is required. Sequel to the development and dedigimedinear engine, it is necessary to
carry out motion and torque analysis. The principlecombustion as it relates to the
working of the linear engine is also explicated #&sdscillation profiles are examined.
The system relevant mathematical laws are modele8Di and engines models have
been simulated. Five different software tools hbgen used in the simulation process.
Autodesk Inventor3D has been used to design asgeamu section out the engine
models. However, combustion dynamics and torquél@meneration was carried out in
MATLAB. Electromagnetic force design and restomatiprocess was shown using
Simulink and the final simulation of the engine ithation is carried out by Autodesk
3Ds max and VRML linked up with the Simulink packagresults have been generated
in kinematics showing the pressure volume profiled in dynamics showing the torque
generation and work-done profile of the new enginedel. The results have been
compared to that of the conventional Otto cycleimmgo observe the electromagnetic
effect.

Keywords: Linear Engine, dynamic Analysis, kinematics, Hiegtagnetics, MATLAB.

JECET; June 2014-August 2014; Sec. C, Vol.3.No.3, 1609-1618




Motions Study ... Ogunti and Olaoluwa.

INTRODUCTION

An engine is any device that can convert various$oof motion into mechanical energy or motion.
The engine can be described as either an intewrabuastion engine or an external combustion
engine. The external combustion engine describgsagine whose combustion takes place outside
the cylinder an example of this is the steam erggimieere the combustion of gases to vaporize water
and hence convert it to steam takes place outhElengine and then the steam is sent to the engine
where it is used to drive the machine. A linearie@ds a normal rotational Otto cycle engine wih t
crankshaft replaced by an alternator (for the psepof electricity generation) or other forms of
actuators. When this is done during the normal agtbn process of the engine, at the instance of
the opening of the fuel-gas mixture inlet valves tiressure of the gas shifts then piston fromdpe t
dead center (TDC) to the bottom dead center (BI&€}he BDC there is need of a restoring force
that will move the piston upward at the stage ohpression of the gas. For the conventional multi-
cylinder engines (even number of cylinders), theddere is supplied from the torque by combustion
in another cylinder transmitted via the crankshadit in the case of a linear engine, this transimmnss
mechanism is not available hence we will need &ingsforce. Other researchers have usually used
spring as a restoring mechanism for the linear re\giBut in this paper we have used an
electromagnetic restoration force for the engine.

The major advantage of the use of the electromagnestoration force is that, unlike the spring
mechanism model which requires an extra work doneompression of spring hence reducing the
total efficiency of the engine as this work is quitnnecessary. In this paper we show the use of
electromagnetic force restoration which will begald in a control system such that during the
movement from TDC to BDC in any of the cycles, tesistive force from the restoration mechanism
will be zero and swing on at BDC in the movementha piston to the TDC. In this research, the
motion profile of a normal Otto cycle engine is gmted as the piston makes its way up and down
and then a model for a linear engine without tremkrmechanism but where restoration is done by
the electromagnets. Proximity positions sensorsatse installed in this engine block which can
withstand the high temperature due to the combugtimcess. The maximum temperature plot is
generated and the sensors are used to activatdeativate the electromagnets so as to generate the
field required for attraction. Faraday’'s law of @lemagnetism was used to model the magnets and
the nonlinearities that affect the electromagned@®are also taken into consideration.

Numerical Simulation of a Linear Engine: The electromagnetic system is rarely used to génera
linear engine system. However, in this case thetm@lmagnetic system is triggered after the
expansion cycleFigure-1 shows the spring restoring force design dfigure-2 shows the
electromagnetic system configuration used to craasengle cylinder linear engine. The numerical
model is developed for a spark ignited linear eegiout can be easily adapted for the case of a
compression ignition linear engine. The numerigadlgsis also allows a parametric study of the
operation of this type of engine. The engine madglhas been validated using results from the
existing works on linear engines. The numerical ehagpresents an idealized case based on the
assumptions made, while allowing a parametric stadye performed.
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Fig.1: Spring systerh Fig.2: Electromagnet based system.
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The Linear Engine Model: The free-piston term is most commonly used to mijstish a linear
engine from a rotating crankshaft engine. The pisso'free’ because its motion is not restricted by
the position of a rotating crankshaft, as knowmfraonventional engines, but only determined by the
interaction between the gas and load forces actpan it. This gives the free-piston engine some
distinct characteristics, including (a) variableoke length and (b) the need for active control of
piston motion. Other important features of the 4peston engine are potential reductions in frictibn
losses and possibilities to optimize engine opematising the variable compression ratiigure 2
shows the model of the linear engine as designéd imventor. The torque profile equations can be
described from the dynamic analysis of the lineagime. They consider the case of a linear engine
with electromagnet system that oscillates back fanih in a left-to-right motion with a fixed inlet
scavenging port. The expansion is conducted by astidn pressure, while the compression force is
the restoring electromagnetic force. A system afrdmates was chosen with their origin at the
outermost point of the left cylinder. Consideringrechanical system represented by the piston
assembly in motion, this system obeys Newton’s rsgédaw. This formula was also adopted by some
researchefsIn the horizontal (motion) coordinates, Newtoesad can be written as:

dx? _ZF
m edt? - xm

" .. (1)

Where, x represents the displacement of the piassembly anc(%) is the acceleration of the
piston. The right hand side of Equation (1) repnés the summation of the forces that act in the
horizontal plane of motion. During the downwardok#, the forces present will only be the
combustion force, the friction between the cylindadl and the piston ring seal, and the load force.
During the upward stroke, the force present willthe force of attraction between the two magnets,
the frictional force between the wall of the cykmdand the piston ring. Hence we can write the
following equations:

m(dxﬂz)=Fc—Ff—Fl
dt? .. (2)
Fc=A.dP = A(P2— P1) = nr*(P2 - P1) .. (3)
m(dx,,z)=Fg—Ff—Fl

dt? . (4
Where:

* Fcis the resultant of the combustion pressuresforc

* Ff is the friction force

» Fgis the force generated by the electromagnet

* Flis the load applied to the shaft

» risthe piston radius; pl and p2 are the corredipgrin-cylinder pressures.

In order to determine the solution of this diffeii@hequation, it is necessary to integrate it smicith
respect to time. The analytic integration is somewtomplicated to evaluate due to the complex
variation in the three forces with respect to spaoe time. However, the thrust force of the
combustion process is expressed by a pressureadiagrhich results from a 1-D MATLAB
simulation analysis.
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Fig.3: Linear engine model.

Kinematics of the engine: Based on the conventional Otto cycle engine therkatics of the linear
engine with a view to predicting its motion profileshown below based diigure 3.

Fig.4: Kinematic displacement profile.

By kinematic analysis using the laws of motion,caa write
x=p+q =rcosf + lcosd

Horizontally,

rsinf = lsin®

reinf —lsin@ =0

@ = sin™? {G}smﬁ'}
Hence

By differentiating (8) and substituting into (6) \wave

8" cosd

lcos®

0 = » x' =rB'sing + 1@ sind

First displacement
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On combining the two equations of equation 9 weshav

' rein(B+8) -,
=——"""8
x cosh ... (10)

But to determine the acceleration of the pistordifferentiate again to get

rﬂrzsirzﬂ—rﬁlrzsinﬁl

EI” —
lcost .. (11)

x" = —r8"cosh — 10" cos® — 10" sin® — 16" sinb .. (12)
These mathematical equations was used to modsy/gtem

Dynamics of the Engine: For the force dynamic equations, since mass isteai concentrated at
the center of gravity, for the three masses whemation, we denote mass of crank as mc, mass of
piston as mp and mass of connecting rod as mcothH®rmodelling let Pressure in combustion
chamber be P, force generated by the electromadpeetsg, load moments on crank be ml, and
atmospheric pressure be Patm. From experimentategumaximum pressure in the cylinder occurs
immediately after combustidMohamed, 2000. But due to incomplete combustionatbek done by
this process is reduced but we can designed atiaddicontrolled force to support the system which
increases the net downward force as a result afilsigm between the two electromagnEtgure 5.
Shows the dynamic force profiles which are usegktoerate equations for dynamic modelling.

mcr
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Fig.5: Kinematic displacement profile.
—Fg + (Patm — P)A + Rcos® = mp.x" .. (13)
Also
rRsin(8+ @)+ M1~ 0 ... (14)

Where Ml is the load moment. From (13) and (14)cae write
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Fg+ (P —Patm)A +mp.x"
g+ atm) X rsin(6 +0) + Ml ~0
cosd ... (15)

The first term on the left of equation (15) is tvening moment. Turning moment must overcome
load moment to keep crank at uniform speed. Onrakipg this term we have

H

rsin(6 + @) + ——— rsin(f + @) ... (16)

cozl

__ Fg4(P—Paorm)A
cozDd

Mt

The first term is the moment due to pressure antkfin the chamber while the second term is the
moment of inertia due to moving parts. These eqnatform the dynamic model of the engine and
will be simulated with Matlab as shown in the résul

MATERIALSAND METHODS

This system is made to design a linear engine avistorative force from a spring now for the aycli
motion. We hope to control it in a future papeathieve a close to perfect Atkinson cycle which is
said to be more efficient than the Otto cycle whiklnot yet attainable to ideal states by varyimg t
position of the piston so as to cause a delay whiatresult in further combustion. The basic idea
behind our new design is using a well-timed optimahtrol system to achieve an optimized intake
which will be based on the calculated pressurd@fgases and the force required at the intake,stage
then, we will look into generating a force for th@mpression stage. This force has to be provided in
such a way that it does not obstruct the pressam the gas during intake. That means, it mustallo
for intake or even compress itself during intakel d@nen, release a high propelling force during
compression stage. The next stage is pretty autoarad that's the combustion stage.

This stage is the key upon which all other engimesk. As it is the thermodynamic energy
conversion that occurs in this stage that holdkéye behind the force of an engine since it is is th
stage that all the chemical energy in a fuel isvedied to mechanical energy for motion. In our
design, we use two position sensors one at the &Rthe other at the TDC also, instead of just two,
multiple sensors could be inserted at the wallhefcylinder in such a way that the triggering @cti
from different sensors could contribute differerttythe force profile generated between the magnets
A controller linked up with the sensors is usedegulate or adjust the functioning of the IC engime
order to achieve a better and much favorable cy€le cylinder is going to be fitted with
electromagnets that will delay or quicken proces$asget parameters to be controlled are the force
acting on the piston at a point in time t and thlsition of the piston. The model design is shown
below inFigure 6. The idea is to get a controllable oscillatory imoton the piston by the means of
electromagnetic forces interaction.

Valves >/ Otto cycle IC Engine > Position Sensor
| \ 4
Electromagnets ¢ Controller

Fig. 6: Conceptual diagram of the Electromagnet Based engin
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The process involved in the design is first to naae engine which will be used to observe the
behavior of varying parameters on the engine gofitventor studio was used in the 3d modelling of
the engineFigure 7a shows this model. To activate the model so thailitbe operated in a virtual
world, via Simulink, the model was exported to 3dax studio from whence the Virtual Reality
Modelling Language (VRML) model is forme#igure 7b shows the VRML world. Then with the
VRML kinematic profiles and dynamic motion profile®re generated and fed into the VRML model
via MATLAB and SIMULINK. Figure 8 shows this process.
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Fig.7a: Inventor of single piston engine block.Fig. 7b: VRMLmodel of single piston engine block.
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Fig. 7: MatLab, Simulink and VRML simulation.

RESULTS

For generic considerations, different charactesstif conventional Otto cycle engine and the linear
engine motion, such as piston displacement, vegl@eitl acceleration, are considered. Also variations
of torque with crank angle, pressure with cranklamgmd general motion study runs in multi-cycles
mode.Figure 9 presents the pressure volume profile of the dedigmgine with various timing for
the electromagnetic force which shows a near-Atkinsycle achievedrigure 10 shows the engine
pressure in the designed engine with respect tordmk angle. With maximum pressure observed just
after the combustion stageigure 11-12 shows the moment variation with respect to crarteaand

the work done cycle.
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After these models are linked up in the Simulinkiesnment, the oscillatory behavior of the engine
is seenFigure 13-14 shows the piston at the BDC when the position ssrs@ activated to switch

on the electromagnets. As seen in the modellingrdim, when this happens, the magnets are
energized to attract one another. And once themistaches the TDC, the magnets de-energize and
the Otto cycle behavior takes over. This cycleradimulation is shown in these figures.

10 Otto Cycle Engine
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Fig. 9: Pressure-Volume profile of the engine.
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Fig. 10: Pressure vs Crank angle profile for the engine.

600

400

]
o
(==}

o

Moments (Newton-meters)

-200

1 L 1 1 1 1
100 200 300 400 500 600 700

Crank Angle (degrees)

o

Fig. 11: Moment vs Crank angle profile for the engine.
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Fig. 12: Work (joules) vs Crank angle profile for the engine

Fig. 13: Engine model with Piston at BDC immediately aftembustion.

Fig. 14: Engine model with Piston at TDC pulled up by electagnets.

DISCUSSION

Based on the derived profiles, we have mimickedbileavior of a conventional Otto cycle engine
with the use of electromagnets for a single cylingiston engine. Most of the results correspond to
that achieved by other researchers for Otto cytclegie and pressure profife$®. And this has been
confirmed by other researchers.

CONCLUSION

Until now the forces acting in the walls of thedmtal Combustion (IC) engine are self-controlled.
This work has shown an electromagnet based engingable by using the magnets to serve as
restoring forces. With this, it is possible to aohtoptimize and modify the behavior of the engime
order to achieve desired behavior.
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