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This paper presents an analysis of the internal combustion engine cycle in
cases when the new unconventional piston motion law is used. The main

goal of the presented unconventional piston motion law is to make a
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realization of combustion during constant volume in an engine’s cylinder.
The obtained results are shown in PV (pressure-volume) diagrams of
standard and new engine cycles. The emphasis is placed on the

shortcomings of the real cycle in IC engines as well as policies that would
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contribute to reducing these disadvantages. For this paper, volumetric
efficiency, pressure and temperature curves for standard and new piston
motion law have been calculated. Also, the results of improved efficiency

and power are presented.
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1. INTRODUCTION

Internal combustion engine simulation modelling has
long been established as an effective tool for studying
engine performance and contributing to evaluation and
new developments. Thermodynamic models of the real
engine cycle have served as effective tools for complete
analysis of engine performance and sensitivity to
various operating factors [1-4]. During its 135 years
long history, a reciprocating four stroke piston internal
combustion engine has evolved in a very mature thermal
machine which has excluded all the alternatives offered
for motor vehicle’s drive. The main goal of its further
development is to harmonize the growing traffic with
environmental and energy consumption. The four stroke
SI engine is a widely applied power source in
transportation and other power generation units. In some
areas IC engines are so dominant without concurrence
of other types of engines. However, the construction of
conventional internal combustion engines is based on
inefficient thermodynamic and mechanical concept.
Only 12.6 % of original energy from the fuel conversion
to the wheels provides acceleration, overcomes
aerodynamic drag and rolling resistance [5]. The rest is
lost, therefore because of this the potential to improve
fuel economy with advanced technologies is enormous.
Even modern internal combustion engines convert only
one third of the energy in fuel into useful work. The rest
of the energy is lost to waste heat, the friction of moving
engine parts or to pumping air into and out of the
engine. One of the main causes for such low efficiency
of these engines is related to process and way of heat
addition in IC engines. A study of gas cycles as the
models of internal combustion engines is useful for
illustrating some of the important parameters
influencing engine performance. As is well known, the
constant volume heat addition cycle, which is often
referred to as the Otto cycle, considers one special case
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of an internal combustion engine, whose combustion is
so rapid that the piston does not move during the
combustion process, and thus combustion is assumed to
take place at constant volume [6]. Although in
theoretical terms heat addition takes place at constant
volume, in real engine cycle heat addition at constant
volume can not be performed. The main reason for this
is relatively simple kinematics of IC engines, which
provides continuously piston movement during the
rotation of the crankshaft. So in the real engine heat
addition occurs during a variable volume, and this
results in reduced efficiency.

In this paper, an unconventional piston motion law
which provides smooth stop, dwell and go movement of
the piston has been simulated. In this way, heat addition
can occur during constant volume in a real engine
process.

2. OTTO CYCLE
2.1 Air standard Otto cycle

An air standard Otto cycle model is shown in Figure 1.
The compression process is an isentropic process 1-2;
the heat addition is an isohoric process 2-3; the
expansion process is an isentropic process 3-4; and the
heat rejection is an isochoric process 4-1. As is usual in
finite time thermodynamic heat engine cycle models we
suppose two instantaneous adiabatic processes 1-2 and
3-4.

Figure 1. TS diagram for the air standard Otto cycle
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Also, the same cycle can be shown in another more
appropriate diagram, where changes in volume and
pressure in relation to heat addition and heat rejection
can be easily seen. A PV diagram of the air standard
Otto cycle is shown in Figure 2.
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Figure 2. PV diagram for the air standard Otto cycle

The constant-volume process is thermodynamically
efficient and, in principle, a feasible cycle. In contrast to
the Carnot process, it avoids isothermal expansion and
compression and the unrealistically high pressure ratio. It
consists of two isentropes and two isohores. It is called a
constant-volume process because the heat supply (instead
of combustion) ensues in constant space, i.e. under
constant volume. Because the piston moves continuously,
the heat supply would have to occur infinitely fast, i.e.
abruptly. However, that is not realistically feasible. For
the thermal efficiency of this process follows:
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2.2 Real engine cycle

The real engine cycle of an SI four stroke engine can be
illustrated by mapping the pressure-volume (PV) data
extracted from a pressure trace. As the cylinder volume
is a function of the crank angle, it is possible to relate
the cylinder pressure to cylinder volume and thus
construct a PV diagram as seen in Figure 3.
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Figure 3. PV diagram for a four stroke Sl engine
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Typical valve events such as intake valve open
(IVO), intake valve close (IVC), exhaust valve open
(EVO) and exhaust valve close (EVC) are shown in the
diagram along with the direction indicators to clarify the
process. The area under the curve is the indicated work
per cycle as given by the (2) where p is the cylinder
pressure and V is the cylinder volume.

W
cycle

= j pdV . )

From Figure 3 it can be seen that there are three
distinctive areas known as Area A, Area B and Area C.
The integral over the exhaust and intake strokes (Area B
+ Area C) is the indicated work done on the gas by the
piston. This is known as pumping indicated work. On
the other hand, the integral over the compression and
power strokes (Area A + Area C) is the indicated work
done onto the piston by the gas. This is known as gross
indicated work. The work generated throughout the
entire cycle is then known as the net indicated work.
Note that work out of the system is negative and work
into the system is positive. It is evident from Figures 2
and 3 that there are drastic differences between ideal
and theoretical cycles. One of the reasons for these
differences is related to the kinematics of the piston
mechanism. The differences between the conventional
and unconventional kinematics will be described in the
sections below.

3. KINEMATICS OF CONVENTIONAL IC ENGINE

Movement of the piston in conventional IC engines is
based on relatively simple kinematics [7,8]. Figure 4
shows the kinematics of a crankshaft drive with
crossing, in which the longitudinal crankshaft axis does
not intersect with the longitudinal cylinder axis, but
rather is displaced by the length e.

SComp. |

s (m)‘

e>0

Figure 4. Kinematics of the crankshaft drive
For the piston path s (¢), it follows from Figure 4.
S(p) =C3 —Cy —rcos(p—f) 3)
from which with
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sin 3 = £ and B = arcsin (ij , @
r+l r+l

respectively
c=e—-rsin(f—-o)
G = \/m
Cy =+/(r+1)* —¢? &)
finally

s(¢) :\/(r+l)2 —¢? —\/l2 —[e+rsin(p—p)]* -
—rcos(p—p). (6)

The derivative provides for the piston speed the
relation:

r[e+rsin(p— B)]cos(p— )

E:l‘sin(ga—ﬂ)+

1 (7
¢ \/IZ—[e+rsin(¢—ﬂ)2J
From the definition of the cylinder volume:
2T
V(p)=Vc +D ZS((P) (®)
the alteration of cylinder volume follows in (9):
v _ D2 nds ) )
do 4 de

With the eccentric ratio of crank radius and
connecting rod length A4 = r/l, it follows for the limiting
case when e = 0.

s(p) = r{[1—cos(¢)]+i[1—w/1—z,§ sinz((p)}} .(10)

Through this kinematics, the movement of the piston
is very limited, refer to (10), the piston is not able to
make a dwell, but only changes the direction of the
movement. It can be seen that dwell exists only for an
infinitesimal moment.

4. UNCONVENTIONAL PISTON MOVEMENT

In this section, the new unconventional piston motion
law will be presented. With this movement, the piston is
able to make such motion where heat addition can be
done during piston dwell. The IC engine mechanism
that can allow such unconventional motion will not be
presented in this paper, since it is not the authors’
intention to propose a new internal combustion engine
design.

The design geometry creates a pause or dwell in the
piston’s movement at the TDC (top dead center) and the
BDC (bottom dead center), while the output shaft
continues to rotate for up to 20 degrees. Adding these
constant volume dwell cycles improves fuel burn,
maximizes pressure, and increases cylinder charge. Fuel
burn can be precisely controlled by maintaining a
minimum volume (TDC piston dwell) throughout the
burn process. Containment maximizes pressure and burn
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efficiency. Furthermore, holding the piston at maximum
volume (BDC piston dwell) provides additional time for
the cylinder to fully charge before closing the intake
valves. The design creates unconventional four stroke
cycle process. This unconventional cycle consists of the
following strokes and processes:

The first stroke consists of forced and free intake.
During the forced intake, piston travels from TDC to
BDC, which draws fresh mixture into the cylinder. This
part of the stroke is the same as the intake stroke in the
ordinary IC engines. The second part is the free intake.
After the piston comes into BDC, it stops there for a
while. This dwell time depends on the optimization of
the intake process and it will not be explained in detail
in this paper. However, it is very important that the
piston dwell does not last longer or shorter than the
optimal calculated value. After the piston comes into
BDC, the column of fresh gases continues to flow into
the cylinder by inertia, until the intake valve closes. In
this way the intake volumetric efficiency is increased.

The second stroke consists of the compression
process and a combustion during constant volume. In the
first part of this second stroke, the piston travels from
BDC to TDC. The ignition occurs at TDC without any
spark advance, thus saving the accumulated energy of
the flywheel. Ignition begins when the piston is stopped
at the TDC, while the piston stop lasts for the time
calculated by optimisation to complete combustion and
prevent any back-pressure caused by the spark advance.
Consequently, the use of energy obtained from the fuel is
maximized and the fuel consumption is decreased.

The third stroke is an expansion stroke, during
which the piston comes from TDC to BDC like in a
standard mechanism but with the exception that piston
again makes a dwell in BDC. In this new
unconventional four stroke cycle, the entire expansion
stroke occurs between TDC and BDC. Compared to
standard IC engine, in the new piston motion movement
there is no exhaust valve opening advance, which
determines loss of possibly resulting work. In the
second part of this third stroke, the piston comes on
BDC and stays in the same position for a while. During
this time high-pressure gases are spontaneously
evacuated, while the piston is stopped at the BDC.

The last stroke is exhaust stroke, during which the
exhaust gas is actually a low pressure gas, so the piston
will not require a big pumping effort going up towards
TDC. In the last phase of exhaust stroke, exhaust gases
can freely leave compression volume. At the same time
intake valves slowly open and fresh charge comes into
the cylinder, while the piston is still in the dwell mode
at TDC. Previously described unconventional four
stroke cycle can be illustrated by Figure 5.

The similarity with the standard piston path is
evident. The piston dwells can be seen in the Figure 5.
In this case, 20 degree dwells were chosen for both
TDC and BDC. This value improves combustion and
cylinder charging, respectively.

Figure 6 shows standard piston movement for the
next selected parameters:

e =60 mm;

e =200 mm;

e e=0mm.
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Figure 5. Piston path for new four stroke cycle
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Figure 6. Piston path in conventional IC engine

The following figure (Fig. 7) presents a comparison
of both piston motion laws, showing all the differences
and similarities of two different approaches to solving
the piston movement problems, i.e. volume changing in
IC engine cylinder.

‘ — piston dwell at TDC and BDC

— convetional piston movement
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Figure 7. Comparison of standard and new four stroke
cycles

5. CYCLE MODEL

The details of the flow (as calculated in the flow
network of both engine models) are obtained as a
solution of quasi-one-dimensional compressible flow
equations governing the conservation of mass,
momentum and energy. The flow network of both
conventional and unconventional piston movement is
discretized into a series of small volumes and the
governing equations are then written in a finite
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difference form for each of these elementary volumes.
A staggered mesh system is used, with equations of
mass and energy solved for each volume and the
momentum equation solved for each boundary between
volumes. The equations are written in an explicitly
conservative form as:
Equation (11): mass countinuity equation

d_m = Z Mayx - (11)

dt boundaries

Equation (12): Conservation of momentum equation

dpA + Z (mﬂuxu)
d(mﬂux) _ boundaries _
dt dx
2
ac PLIA o (1pu2)A
B 2D 2 (12)
dx '
Equation (13): Conservation of energy equation
d(me,) dv
Tn = pg"' Z mﬂuxH - hg A(Tgas _Twall) -(13)

bound.

If the engine cylinder element has one zone, the
entire cylinder is treated as one region. In the latter, the
cylinder is divided into two regions (unburned and
burned), which share a common pressure. The two-zone
model is used to capture the chemical processes taking
place during the combustion period in more detail.
Combustion models may be used either with a single or
two-zone engine cylinders, but for this research two
zone models were used. For the single zone model there
is the energy equation, refer to (14), as below:

n valves
A(mu)= Y mih—Q-PAV . (14)
i=1
During combustion, the only term of enthalpy flow
is Amih; due to propagation of the flame front to the

unburned zone. For the two-zone, refer to model (14), in
the unburned zone we have:

My Uy —MyUyo + P(Vul - uO) +
+Q, —Amy;hyi =0. (15)

ui ' tul

Using the equation of the state, it becomes:
My Uy = MyoUyo +My; RulTul - PVuO +
+Q, —Amih,; =0. (16)

ui ' lui

Similarly, for the burned zone we have:
Mp1Up1 —~MyoUbo + Mp1 Rpi Thr = PVho +
+Qb —Ambihbi =0. (17)

As a constraint, the volumes of the unburned and
burned zones are summed up to the total cylinder
volume:

My Ry Tur + My Ry Ty =PV =0. (18)

The last three equations are a complete set and are
solved by using the Newton iteration method.
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Within the automotive industry the most widely
adopted technique for gas exchange studies is to solve the
one-dimensional coupled set of non-linear equations
using the finite volume or finite difference method. This
technique is used in several commercial softwares e.g.,
Ricardo/WAVE, GT-Power and AVL/BOOST. In this
paper, Ricardo/WAVE software was used, which
provides a fully integrated treatment of time-dependent
fluid dynamics and thermodynamics by means of one-
dimensional formulation. Since this article investigates
the unconventional piston motion, classical approach to
solving the problems of volume changes cannot be
applied. When the piston position differs from standard
crank piston motion, the imposed piston motion sub-
model can be used for modelling the engine. The
formulation to calculate the instantaneous cylinder
volume is identical to the one used in the standard
WAVE model, with the exception that the piston
position, S, is linearly interpolated between points in the
user-entered profile. Smooth piston motion depends on
the fine spacing of the crank angle array. In this case
arrays large enough were used to enable one-degree
spacing. As far as the high-pressure part of the cycle is
considered, the most important process is the combustion.
In this program, the Ricardo Wave model of combustion
can be selected between several options, ranging from
theoretical models with constant volume or constant
pressure heat release, over Viebe-function based heat
release models, to quasidimensional two-zone model of
turbulent flame propagation. The SI Viebe function is
widely used to describe the rate of fuel mass burned in
thermodynamic calculations [9]. This relationship allows
the independent input of function shape parameters and
of burn duration. The experimentally observed trends of
premixed SI combustion are represented quite well. In
this paper, the Viebe one-stage model of heat release has
been chosen. The parameters of Viebe function were
selected to achieve good agreement between modelled
and experimentally recorded pressure. The selected
parameters have been successfully applied in the research
[10-12]. The cumulative mass fraction burned as a
function of crank angle is given by the following
equation:

W =1-exp(—AWI(@/BDUR)WEXP+Dy  (19)

where: AWI is internally calculated parameter to allow
BDUR to cover the range of 10 — 90 %, 6 is degrees past
start of combustion, BDUR is combustion duration (10 —
90 %), and WEXP is exponent in Viebe function.

For the both cases was chosen law of fuel
combustion refer to Figure 8.
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Figure 8. Normalised fuel mass burned
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6. RESULTS

The following parameters from Table 1 have been
selected for this analysis.

Table 1. Main engine data

Swept volume [1] 2.71
Bore/stroke [mm/mm] 120/120
Compression ratio [-] 10

Number of valves per cylinder | 4 (2 inlet and 2 exhaust)
IVO — inlet valves opens [CA° with dwell | without dwell
before TDC] 0 10
IVDUR - inlet valves open
duration [deg] 230 240
Inlet valves diameter [mm] 44 44
EVO — exhaust valve opens
[CA® before BDC] 48.5 4l
EVDUR — exl_laust valves open 235 232
duration [deg]
Exhaust valves diameter [mm] 40 40

It is observed from Table 1 that some parameters are
different for these two approaches for realisation of the
IC engine cycle. One of the main reasons for different
values is in relation to different piston movement, i.e.
different length of compression and expansion cycles.
Also, the start of combustion for these two cases is
different; because of the piston dwell in TDC with the
proper ignition time it is possible to avoid negative work.

PV diagram of conventional IC engine was shown in
Figure 9.

60
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P [bar]

20

0 2 4 6 8 10 12
Normalised Volume

Figure 9. PV diagram of conventional IC engine

Now, it is interesting to see how this unconventional
motion with piston dwell in BDC and TDC has an
impact on pressure changes in relation to cylinder
volume. Such PV diagram is shown in the next figure
(Fig. 10), where is obvious that this new piston motion
allows different changes of the working fluid. First, it
can be concluded that in this case adding heat has been
done by increasing the constant volume portion of
combustion, i.e. more constant volume combustion.
Also, there is no rising of pressure due to combustion
before TDC, and negative work has been eliminated in
this new concept. This feature is a consequence of
piston dwell in TDC. Both PV diagrams were solved for
the cases when engine operates at 2000 rpm at full
throttle.
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Figure 10. PV diagram due piston dwell in TDC and BDC

Besides this very important fact about a new
concept, there are some other advantages over the
standard PV diagram. If we look at the end of the
expansion stroke, it is evident that expansion occurs
between TDC and BDC, where the exhaust valve opens
when the piston stops in TDC. In this way, the area of
PV diagram is increased, and for the same heat input it
means more efficiency. Also, the pressure at the
beginning of the exhaust stroke is smaller than in
conventional engines, so with this new four stroke
movement pumping work is lower.

Now, we can compare these two approaches. This
comparison is shown through the graph in Figure 11.
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Figure 11. Comparison of standard and new four stroke
cycles in PV diagram

The impact of unconventional piston motion on
volumetric efficiency and power of engine was
presented through Figures 12 and 13.
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Figure 12. Comparison of volumetric efficiency

One of the important aspects of each heat engine is
the temperature of exhaust gases. As can be seen from
Figure 14 unconventional kinematics allows lower
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temperatures of products of combustion at the end of the
expansion stroke.
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Figure 13. Comparison of power
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Figure 14. Comparison of temperature during working
process

Efficiency curves for the full throttle conditions have
also been performed for this analysis. These results can
be seen in graph from Figure 15.

40T """ 1TT T T [ — piston dwell
35 . — without piston dwell
E‘ |
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g | i
P | |
825 I I
E | |
5} 20 1 | |
| |
| |
15 T T
0 2000 4000 6000 8000

n [rpm]
Figure 15. Comparison of efficiency curves

It can be concluded that with this new kinematics of
IC engine there is an efficiency improvement of about
11 % at full throttle.

7. CONCLUSION

In this paper, a new four stroke cycle for internal
combustion engines was analyzed. The main purpose of
this new cycle is to increase the engine efficiency. The
essential challenges in developing this procedure are the
control of the start of combustion, and proper selection of
IVDUR, EVDUR, IVO and EVO. Improvement in the
efficiency is achieved through unconventional kinematics
of piston movement, as a result of more favourable heat
input and lower pumping work. The goal of new motion is
to achieve smooth stop, dwell and go movement in real
engine cycle. Simulation on the basis of quasi one-
dimensional modelling was performed to obtain PV
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diagrams, temperatures and efficiency curves under full
throttle for standard and new piston motion. From the
results described in Figures 13 and 15 it can be concluded
that piston dwells in TDC and BDC have significant
impact on engine performances. The volumetric efficiency
is a measure of the ability of an engine to induct air into its
cylinders. Maximizing the volumetric efficiency is always
a high priority. With piston dwell in BDC, high pressure
of fresh gases in the beginning of compression stroke can
be achieved. Also, with piston dwell in TDC it is possible
to realize more constant volume combustion.

The automobile industry is under large pressure to
keep developing automobiles with IC engines, to reduce
fuel consumption and exhaust gas emissions, as well as
to seek better alternatives for vehicle drive. In this
article, one of the possible alternatives for conventional
internal combustion engine cycle which contributes to
increasing efficiency has been presented.
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NOMECLATURE

specific heat under constant volume
cylinder diameter

eccentricity

energy

enthalpy

specific enthalpy

heat transfer coefficient
connecting rod length

mass

number of revolution per minute
pressure

heat

universal gas constant
crankshaft radius

piston path

time

specific internal energy

volume

coordinate

><<C""U"1;U,OU33_@D'D'I§D('DUQ

Abbreviations

internally calculated parameter to allow
BDUR to cover the range of 10 — 90 %
BDUR  combustion duration

EVDUR exhaust valves open duration

AWI

EVO exhaust valve opens
IVDUR inlet valves open duration
IVO inlet valves opens

WEXP  exponent in Viebe function

Greek symbols

£ angle

A difference

£ compression ratio

7 thermal efficiency

o degrees past start of combustion
Ak rod relation

i number (= 3.1415)

P density
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) angle of crankshaft

Subscripts

gas state at the beginning of compression
gas state at the end of compression

gas state at the beginning of expansion
gas state at the end of expansion

burnt gas

chamber

unburnt gas

S 0 O bk W=

CATOPEBAILE ITPU KOHCTAHTHOJ
3AITPEMUHHU KOl MOTOPA CYC
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Josan Jlopnh, UBan Kiaunap, Mapxko lopunh

Y o0BOM pamy je NpeACTaBjbeHa aHalIu3a PagHOT
LUKIyca MOTOpa Ca YHYTpPAllbUM CaropeBameM 3a
cirydaj Kopumhema  HEKOHBEHIIMOHAIHOT — 3aKOHA
KpeTamba KJIuIia. I'maBHM IWJb UCTpaXruBarmba OIMMCAHOT
HCKOHBCHITMOHAHOT KpeTama KIHMA je peanu3alija
caropeBama INpPH KOHCTAHTHO] 3ampeMuHHu. JloOujeHu
pesynraTH cy mnpHukasaHu mnpexko PV (mpurucak-
3alpeMHHa) JujarpaMa CTaHJapAHOT W HOBOT' LUKITyca.
AKIIEHAT je CTaBJbCH Ha HEJOCTAaTKE PEaJHOr IHMKIyca
Ka0 W Ha TpaBIe pa3Boja Koju he IOTNPHHETH
peoyKoBamby OBHX HemocTataka. Y paly je W3BpILICHA
aHAJIM3a CTEIICHA MyHherba, IPUTHCKA U TeMIIepaType 3a
CTAaHJApIHH W HOBH 3aKOH KpeTama KIIUMA, IPH YeMy
pe3yaTaTi mokasyjy nosehame epuKacHOCTH U CHare.
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