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ABSTRACT: The IC engines construction is usually neglected by the engineers, so because
of this, the last few decades cannot notice big changes from the aspect of the construction of
engine mechanical parts. The greatest accent was given to the reduction of the exhaust
emission, and with this on the IC engines equipment improvement. In the paper was
conducted the analysis of the unconventional piston mechanism, as well as the comparison
with classic/conventional piston mechanism. Results show a many advantages from the
aspect of IC engine construction, reliability, working cycle and performances, which can be
achieved with IC engine with this piston mechanism, and small number of disadvantages,
which easy can overcome.
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ANALIZA NEKONVENCIONALNE KONCEPCIJE KLIPNOG
MEHANIZMA 1 UPOREDIVANJE SA KONVENCIONALNIM KLIPNIM
MEHANIZMOM

REZIME: Konstrukcija motora SUS uglavnom je zapostavljena od strane inZenjera, te
samim tim poslednjih nekoliko decenija ne mogu se uoditi velike promene sa aspekta
konstrukcije mehanickih delova motora. Najve¢i akcenat je bafen na smanjenje izduvne
emisije, te samim tim na usavrSavanje opreme motora. U radu je izvrSena analiza
nekonvencionalne konstrukcije klipnog mehanizma 1 wuporedivanje sa klasicnim
konvencionalnim Kklipnim mehanizmom. Rezultati pokazuju niz pogodnosti sa aspekta
konstrukcije, pouzdanosti, radnog ciklusa i performansi, koje se mogu postic¢i ukoliko bi se
razmisljalo o proizvodnji motora sa ovakvim klipnim mehanizmom, uz veoma mali broj
nedostataka koji se lako mogu prevaziéi.

KLJUCNE RECI: motor SUS, nekonvencionalni klipni mehanizam, konstrukcija,
pouzdanost
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THE ANALYSIS OF THE UNCONVENTIONAL PISTON MECHANISM
CONCEPTION AND COMPARISON WITH THE CONVENTIONAL
PISTON MECHANISM

Ilvan Grujié, Sunny Narayan, Nadica Stojanovi¢
INTRODUCTION

IC engines by decades represent an irreplaceable type of drive train for almost all mobile
systems. Nevertheless, over a past few years is discussing about the ecology and harmful
effect of IC engines, so due this, is predicting their replacement with electric drive train,
however, it doesn’t exist clear image will be IC engine ever be replaced or not. All these
predictions are related with the exhaust emission which cannot be avoided in the case of IC
engines. However, the replacement of IC engines with the electric drive train doesn’t mean
suppression of exhaust emission, but only it dislocation. Also the introduction of a full
vehicles electrification demands infrastructure and material resources, for which raises a
question, whether they exist. Because all mentioned, it is quite clear that the IC engines are
the past, but also and the future of automotive, shipbuilding and other industries, and they
will be used in decades which come [1].

From the day of the origin, until today, IC engines have experienced a great progress, from
the aspect of performances, economy and exhaust emission. All this changes have become
possible thanks to the technology progress, and by its application through systems on IC
engines. Nevertheless, the basic construction of the IC engine piston mechanism from the
day of the origin, until today have stayed pretty much similar. So because of this, maybe
future researches should be directed to the improvement of IC engine piston mechanism, in
order to make a new types of IC engines with better characteristics.

Today, standards which are related to the fuel consumption are more and more strict, so
from the vehicles with IC engines is expect to have as better possible performances with
minimal fuel consumption. One of the solutions which are today widely used at gasoline I1C
engines, in order to reduce the fuel consumption and by this the exhaust emission is gasoline
injection direct to the cylinder, instead to the intake port [2]. Fuel consumption also can be
reduced by application of different engine conception [3, 4].

Besides the fuel consumption also should consider the thermal stresses which appear in the
engine, and to reduce them to the minimum, how was conducted in the research of Hu et al.
[5] on the engine with opposed piston opposed cylinder. Besides that, by application of such
engine its obtain the very convenient ratio of surface/volume, shorter combustion, smaller
heat loses and more efficient cylinder cleaning [6-8], a besides all of this, was obtained a
greater brake thermal efficiency compare to the same power four stroke diesel engine, as
well as, lower emission [9, 10]. The exhaust emission can be reduced in many ways by
construction parameters. For example, the emission of NOX, directly is related to the
temperatures which appear in the engine cylinder, son on this can be affected by application
of engine with variable compression ratio [11], as well as, by application of HCCI
(homogeneous charge compression ignition) engines which give a low emission of nitric
oxides, and besides this can achieve a great efficiency [12]. High-pressure direct injection
(HPDI) at diesel Wankel engine reduces the particle emission for 39.5% [13]. Besides using
the specific engine constructions, and modern engine equipment, the emission of diesel
engine can be reduced and by addition biodiesel [14]. Application of the Achates Power
opposed-piston, two-stroke diesel engine provides better reliability and low fuel
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consumption, which makes this conception good for application at commercial vehicles in
the future.

One more important thing for IC engine, besides its emission, are its performances. Always
is tend to develop such IC engine, which will have a good performances. So because of this
are developed some unconventional engines, which performances were compared to the
performances of convention engines. One type of unconventional engine which was
developed and tested is the crank-rocker engine. By application of the crank-rocker engine,
it achieves 6.28% greater torque and power compare to the conventional slider-crank engine
[15]. Other variant of engine with which are achieving better performances compare to the
conventional engine is the Duke engine [16].

The main aim of this paper is kinematic-dynamic analysis of unconventional piston
mechanism and comparison with the conventional piston mechanism, in order to represent
the potential advantages and disadvantages of analysed solution.

1. UNCONVENTIONAL PISTON MECHANISM

Related to the construction and kinematic characteristics, the existing, more or less used
piston mechanisms, can be divided on two types and that:

e  Piston mechanism with translational piston movement and
e  Piston mechanism with the rotational piston movement.

For the piston mechanism with the translational piston movement freely can be said that this
piston mechanism is the classic piston mechanism which is present in almost all IC engines,
different from this piston mechanism, engine with piston mechanism with the rotational
piston movement, widely known as Wankel engine, represents an engine with quite different
piston mechanism. The greatest advantage of engines with the rotational piston movement
compare to the mechanism with the translational piston movement is the smaller number of
moving parts, as well as the great power for smaller engine displacement. Nevertheless, the
disadvantages pf this type of engines, which are the consequence of the engine construction
are next:

Difficult engine sealing,
Uneven thermal stresses,
Faster wear and
Relatively short life cycle.

In order to take advantages and to remove the disadvantages of both types of engines,
sometimes the most obvious solution is to make the combination of both of them. Therefore,
the analysed type of piston mechanism, in some way can be considered as the combination
of the piston mechanism with translational piston movement and piston mechanism with
rotational piston movement, Figure 1.

The created model from the Figure 1 corresponds to piston mechanism of a six cylinder
engine with the displacement of 2977 cm® that is, 3.0 L engine. Of course, the same
principle can be applied and for engines with less or more cylinders. The application of
translational piston movement provides good sealing between the cylinder block and
cylinder head, which is characteristic for the engines with the translational piston
movement. Different from that, the application of gears instead the connecting rods, as at the
Wankel engine, provides the reduction of the entire engine dimensions as well as engine
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mass. Further the mass reduction will positively affect on the fuel consumption reduction
and by that on the exhaust emission reduction.

(a) (b)
Figure 1 3D model of (a) analysed unconventional piston mechanism and (b) connection
between the crankshaft and pistons

2. KINEMATIC-DYNAMIC ANALYSIS AND COMPARISON

How the main difference between conventional and unconventional piston mechanism is in
construction, main differences which lead to the advantages or disadvantages should look
for in the kinematic and dynamic characteristics, which further have influence on the engine
work. Kinematic schemes of conventional and unconventional piston mechanism on basis of
which can be determined kinematic characteristics are given on the Figure 2.

@ ®)
Figure 2 Kinematic scheme of (a) conventional piston mechanism and (b) unconventional
piston mechanism

The kinematic characteristics of both mechanism can be simply determined by application
of the trigonometric equations and functions. Kinematic characteristics determined in this
paper for both types of mechanism are piston path, piston speed and piston acceleration. The
equations for listed characteristics are next:

e piston path for the conventional piston mechanism

X=h-r-cosa—I-cosf 1)
where is:
,B:arcsin(r'cosaj @)
e piston path for the unconventional piston mechanism
X=2-r-2-r-cosa 3)

e piston speed for the conventional piston mechanism
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dx da dx . dag .
V=——=@w-—=w-| r-sina+l-——-sin 4
at de * da w( “ e ﬁj @
e  piston speed for the unconventional piston mechanism
:%.d_a:a).%ZZ.a).r.sina (5)
dt da da
e piston acceleration for the conventional piston mechanism
dv de v, d?p . (dﬁ]z
a=— —=w-—=w"-|r-cosa+l-—=-sing+1-| — | -cos 6
dtda”da”[ R A d ©)
e piston acceleration for the unconventional piston mechanism
a:ﬂ.d_a:a).ﬂzz.wz.r.(:osd (7)
dt da da

By analysis of equations from (1) to (7), can be noticed that the equations for the kinematic
characteristics of the unconventional piston mechanism are much more simple compare to
the equations for the determination of kinematic characteristics of conventional piston
mechanism. Even more, for the determination of the piston acceleration, in the case of the
unconventional piston mechanism, it is not necessary to use nonlinear differential equation
as in the case for the conventional piston mechanism. Differences in the equations lead to
conclusion that are existing differences in kinematic characteristics. For better
understanding, what main differences are, it was performed the determination of kinematic
characteristics for conventional and unconventional piston mechanism with the same
geometrical characteristics of engine (cylinder bore and piston stroke), Figures 3 to 5.
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Figure 3 Piston path

By analysing diagram from Figure 3, it can be seen that exist a noticeable difference in the
piston path of the conventional an unconventional piston mechanism. The most important
difference that can be crucial for the engine work is the piston path behaviour in the area of
TDC (Top Dead Centre). In the case of unconventional piston mechanism, piston stays a
little bit longer in the area of TDC, which means that the combustion will happen in the
conditions which are more similar to the combustion at constant volume. This means that
unconventional piston mechanism can approach the engine working cycle to the ideal Otto
cycle and in this way to increase the efficiency.
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Figure 4 Piston speed

Logically, the differences in the piston path have caused the differences in the piston speed.
In the case of the unconventional piston mechanism, the piston speed can be described by
sine function which depends only from the crankshaft angle, while in the case of the case of
conventional piston mechanism, piston speed depends and from the position angle of the
connecting rod. However, the piston speed is not interest from the aspect of engine work.
More interesting is the piston acceleration, which is given on the Figure 5.
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Figure 5 Piston acceleration

Piston acceleration is quite important, because directly influences on the inertial force which
acts on the piston. Also, a good know fact is that acceleration is directly related to the
vibrations and instability. By observing accelerations curves from Figure 5, it can be seen
that the piston acceleration of unconventional piston mechanism corresponds to cosine
function, which confirms and equation (7). However in the case of the conventional piston
mechanism, the piston acceleration is described by nonlinear differential function. All these
difference are appearing exactly because conventional piston mechanism has and
unconventional piston mechanism doesn’t have the connecting rod. According to the shape
of the piston acceleration curves, it can be said that the engine with unconventional piston
mechanism will have more stable work.

Further analysis and comparison of conventional and unconventional piston mechanism is
based on the dynamic of the piston mechanism, that is, on forces which act inside the piston
mechanism during the engine work. Dynamic schemes which were used for determination
of dynamic characteristics are given on Figure 6.

For detail dynamic analysis, it is necessary to know the values of the cylinder pressure for
the entire working cycle. Therefore, how the unconventional piston mechanism is not made
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yet, in continues will be conducted only an analytical analysis, on the basis of the equations
which describe the forces from Figure 6.

The gas force which is directly related to the cylinder pressure, in both cases, and for
conventional and for unconventional piston mechanism, can be calculated by the same
equation, equation (8):

R = : '(pg_pO) ®)
where are:
- pg — cylinder pressure,
- Po- Pressure in the crankcase under the piston (approximately equal to the
environment pressure).

@ ®)
Figure 6 Dynamic scheme of (a) conventional piston mechanism and (b) unconventional
piston mechanism

In both cases can be used the same equation for calculation of the gas force. However, on
the gas force, the greatest influence has the cylinder pressure, which means that the gas
force will have the greatest value in the area of TDC. If take into consideration, previous
said that the cylinder pressure will be affected due to the different piston path (piston stays
longer in the area of TDC in the case of unconventional piston mechanism and this
influences on the combustion process), it can conclude that the gas force will surely be
different for unconventional in respect to the conventional piston mechanism.

Inertial force also ca be calculated with the same equation for both piston mechanisms,
conventional and unconventional, equation (9):

F=m-a 9)
where are:
—  m- mass of the piston group and
— a- piston acceleration.

As in the case of the gas force, also in this case, the same equation doesn’t mean that the
values of the inertial force will be the same. First of all the piston acceleration in the case of
the unconventional piston mechanism is quite different than the piston acceleration of the
conventional piston mechanism. Also the value of the acceleration in the area of the TDC in
the case of the unconventional piston mechanism is less than in the case of the conventional
piston mechanism which will lead to the greater resulting force (equation (10)) in this area.
Also second parameter which influences on the inertial force is the mass of the piston group
which in the case of the conventional piston mechanism consists from masses of: piston,
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piston rings, wrist pin, snap rings (if they are exist) and one part of the connecting rod mass,
while in the case of unconventional piston mechanism, mass of the piston group consists
from: piston, piston rings, piston cap, piston gear, piston bearing, shap ring. So all told leads
to the conclusion that surely will exist differences in the values of the inertial force.
F=tF kK (10)
The force which doesn’t exist in the case of the unconventional piston mechanism is the

connecting rod force, which in the case of the conventional piston mechanism can be
calculated by the equation (11).

F

r

- cos g (1D

cr

The greatest mechanical advantage of the unconventional piston mechanism is because it
doesn’t have a connecting rod. Thanks to this in the case of the unconventional piston

mechanism doesn’t exist normal force, which in the case of the conventional piston
mechanism can be calculated by equation (12).

N=F tgp 12)

Normal force is undesirable force which pushes piston along the cylinder wall. This causes
friction force between piston and the cylinder, which eventually leads to the wear and the
engine failure. Different than the conventional piston mechanism, in the case of
unconventional piston mechanism are appearing two normal forces, shown on Figure 7.

\"

Figure 7 Forces

For the calculation of normal forces which appear in the case of the unconventional piston

mechanism, it is necessary to know the values of tangential force and radial force, which can
be calculated by equations (13) and (14).

T=F sina (13)

R=F, -cosa (14)

While in the case of the conventional piston mechanism, tangential force and radial force
can be calculated by equations (15) and (16).

T =F, -cos(90°—(a+ 3)) (15)
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R=F, -sin(90°—(a+f)) (16)

So according to the Figures 6 and 7, and equations (13) and (14), the equations for the
calculation of normal force for the unconventional piston mechanism are next:

N, =T-cosa =F, -sina-cosa 17

N, =R-c0s(90°—a) = F, -cosa - €c0s(90° — ) = F, -sina - cosa (18)

By analysis of relations (17) and (18), it can be seen that the normal forces have the same
value, and from Figures 6 and 7 can be seen that this forces have opposite direction, which
means that the one will suppress another, that is, in the case of the unconventional piston
mechanism, the normal force which push the piston along the wall of the cylinder doesn’t
exist. This leads to the conclusion that is real to expect a longer life cycle from the engine
with unconventional piston mechanism, as well as better mechanical efficiency.

At the end, one more advantage of the unconventional piston mechanism, can be found in
better performances of the engine. This can be proved by comparing the equations for torque
for conventional (19) and unconventional piston mechanism (20).

M=T-r (19)

M=T-2.-r+F -2.r-sina=T-2-r+m (20)

By analysing equations (19) and (20), it can be seen that in the case of the unconventional
piston mechanism, torque is equal to the sum of two torques, where one comes from the
tangential force as in the case of conventional piston mechanism, and other appears due the
translation of resulting force, which means that engine with unconventional piston
mechanism easy can have a greater torque and by that and greater power than the engine
with the conventional piston mechanism.

3. CONCLUSIONS

In the paper was conducted analytical analysis of the unconventional piston mechanism and
comparison with the conventional piston mechanism. The unconventional piston mechanism
analysed in the paper represents the combination of the piston mechanism with translational
piston movement and piston mechanism with rotational piston movement. By analysis of:
geometrical, kinematic and dynamic characteristics, it can conclude, that the unconventional
piston mechanism provides a many advantages compare to the conventional piston
mechanism such are: smaller dimensions and by that less mass of the entire engine,
combustion at almost constant volume, more stable work, nonexistence of normal force
(wear reduction and by that increment of the reliability and life cycle), and compare to the
classic rotational engines, unconventional piston mechanism provides better sealing, more
even thermal stresses. All these advantages lead to the conclusion that this type of engine is
maybe ideal for implementation in branches where a high reliability is necessary, for
example military industry or shipbuilding industry. Also should not forget and the fact that
this type of piston engine can lead to a possibility to obtain greater power for the same
displacement of engine with the conventional piston mechanism. However, the main
disadvantage is relatively complex construction, and because of this probably a greater
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price. However in the braches such are military and shipbuilding industry these
disadvantage should not be an obstacles. How all claims are based on the analytical analysis,
it should made a many more researches related to the analysed piston mechanism. In future
it is necessary to calculate and analyse the loads of the gear couple. This demands a concrete
values of forces, which means that is necessary to know the values of the cylinder pressure.
So the next step should be to made a model of working cycle of IC engine with
unconventional piston mechanism, for example in some specialized software, in order to
obtain the values of the cylinder pressure, and in the case of encouraging results, the next
step will be the construction and manufacturing of engine prototype which will be tested.

ACKNOWLEDGMENTS

This paper was realized within the framework of the project “The research of vehicle safety
as part of a cybernetic system: Driver-Vehicle-Environment”, ref. no. TR35041, funded by
the Ministry of Education, Science and Technological Development of the Republic of
Serbia.

REFERENCES

[1] Naber, J., Johnson, J.: “Internal combustion engine cycles and concepts”, in Folkson,
R. (Ed.): Alternative Fuels and Advanced Vehicle Technologies for Improved
Environmental Performance, 2014, pp. 197-224.

[2] Pawlak, G.M., Wotczynski, Z.: “The indicator of GDI engine operating mode and its
influence on eco-driving”, Applied Sciences, 2022, Vol. 12, No. 5, p. 2325, doi:
10.3390/app12052325.

[3] Kalke, J., Opalinski, M., Szczecinski, M.: Opposed-piston engines: the future of
internal combustion engines?, in Czubenko, M. (Ed.) PhD Interdisciplinary Journal,
2014, pp. 175-184.

[4] Kooverjee, N.: Revolutionary 25,000-rpm engine is the next step of internal
combustion, 2022, available at: https://carbuzz.com/news/revolutionary-25000-rpm-
engine-is-the-next-step-of-internal-combustion, accessed: 18.10.2022.

[5] Hu, X., Sun, Q., Li, G., Ba, S.: “Numerical investigation of thermo-hydraulic
performance of an opposed piston opposed cylinder engine water jacket with helical
fins”, Applied Thermal Engineering, 2019, Vol. 159, p. 113824, doi:
10.1016/j.applthermaleng.2019.113824.

[6] Regner, G., Fromm, L., Johnson, D., Koszewnik, J., Dion, E., Redon, F..
“Modernizing the opposed-piston, two-stroke enginefor clean, efficient
transportation”, SAE Technical Paper, 2013, 2013-26-0114, doi: 10.4271/2013-26-
0114.

[71 Liu, Y., Zhang, F., Zhao, Z., Cui, T., Zuo, Z., Zhang, S.: “The effects of pressure
difference on opposed piston two stroke diesel engine scavenging process”, Energy
Procedia, 2017, Vol. 142, pp. 1172-1178, doi: 10.1016/j.eqypro.2017.12.374.

[8] Yang, W., Li, X.R., Kang, Y., Zuo, H., Liu, F.S.: “Evaluating the scavenging process
by the scavenging curve of an opposed-piston, two-stroke (OP2S) diesel engine”,
Applied Thermal Engineering, 2019, Vol. 147, pp. 336-346, doi:
10.1016/j.applthermaleng.2018.10.095.

[9] Johnson, D., Koszewnik, J., Fromm, L., Redon, F., Regner, G.: “Opposed-piston, two-
stroke diesel engine advantages in meeting higher fuel efficiency and emissions

Mobility & Vehicle Mechanics, Vol. 48, No. 3, (2022), pp 17-28


https://www.mdpi.com/2076-3417/12/5/2325
https://www.sciencedirect.com/science/article/abs/pii/S1359431119314826
https://www.sae.org/publications/technical-papers/content/2013-26-0114/
https://www.sae.org/publications/technical-papers/content/2013-26-0114/
https://www.sciencedirect.com/science/article/abs/pii/S1359431118347525

28

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Ivan Gruji¢, Sunny Narayan, Nadica Stojanovic¢

standards”, In 3rd Aachen Colloquium China Automobile and Engine Technology, 17-
18 November, 2013, pp. 1-20.

Mattarelli, E., Cantore, G., Rinaldini, C.A., Savioli, T.: “Combustion system
development of an opposed piston 2-stroke diesel engine”, Energy Procedia, 2017,
Vol. 126, pp. 1003-1010, doi: 10.1016/j.egypro.2017.08.268.

Shaik, A., Moorthi, N., Rudramoorty, R.: “Variable compression ratio engine: a future
power plant for automobiles — an overview”, Proceedings of the Institution of
Mechanical Engineers, Part D: Journal of Automobile Engineering, 2007, Vol. 221,
pp. 1159-1168, doi: 10.1243/09544070JAUTO573.

Jamsran, N., Park, H., Lee, J., Oh, S., Kim, C., Lee, Y., Kang, K.: “Influence of syngas
composition on combustion and emissions in a homogeneous charge compression
ignition engine”, Fuel, 2021, Vol. 306, p. 121774, doi: 10.1016/j.fuel.2021.121774.
Chen, W., Yu, S., Pan, J., Fan, B., Zuo, Q., Zhang, B., Zhu, G., Yang, X.: “Effect
analysis of the forward flow fuel injection angle on stratified combustion process in a
high-pressure direct injection diesel Wankel engine (HPDI-DWE)”, Energy
Conversion and Management, 2022, Vol. 253, p. 115179, doi:
10.1016/j.enconman.2021.115179.

Yeom, J.K., Yoon, J.H.: “A proposal of quantitative analysis method of emission
characteristics of biodiesel fuel in diesel engine”, International Journal of Precision
Engineering and Manufacturing, 2015, Vol. 16, pp. 1269-1277, doi: 10.1007/s12541-
015-0166-2.

Mohammed, S.E., Baharom, M.B., Aziz, A.R.A.: “Performance and combustion
characteristics of a novel crank-rocker engine”, Journal of Mechanical Science and
Technology, 2017, Vol. 31, pp. 3563-3571, doi: 10.1007/s12206-017-0643-x.

Joshi, S.: “Duke Engine: An overview of present state of art and future potential”,
International Journal of Scientific Engineering and Research (IJSER), 2016, Vol. 4,
pp. 15-18.

Mobility & Vehicle Mechanics, Vol. 48, No. 3, (2022), pp 17-28


https://www.sciencedirect.com/science/article/pii/S1876610217337748
https://journals.sagepub.com/doi/10.1243/09544070JAUTO573
https://www.sciencedirect.com/science/article/abs/pii/S0016236121016549
https://www.sciencedirect.com/science/article/abs/pii/S0196890421013558
https://link.springer.com/article/10.1007/s12541-015-0166-2
https://link.springer.com/article/10.1007/s12541-015-0166-2
https://link.springer.com/article/10.1007/s12206-017-0643-x

	Introduction
	1. UNCONVENTIONAL PISTON MECHANISM
	2. KINEMATIC-DYNAMIC ANALYSIS AND COMPARISON
	3. CONCLUSIONS

