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Assessment of thermodynamic cycle of internal combustion engine
in terms of rightsizing

The modification of the downsizing trend of internal combustion engines towards rightsizing is a new challenge for constructors. The
change in the displacement volume of internal combustion engines accompanying the rightsizing idea may in fact mean a reduction or
increase of the defining swept volume change factors and thus may affect the change in the operating characteristics as a result of
changes in combustion process parameters - a research problem described in this publication. Incidents of changes in the displacement
volume were considered along with the change of the compression space and at the change of the geometric degree of compression. The
new form of the mathematical dependence describing the efficiency of the thermodynamic cycle makes it possible to evaluate the opera-
tion indicators of the internal combustion engine along with the implementation of the rightsizing idea. The work demonstrated the in-

variance of cycle efficiency with different forms of rightsizing.
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1. Introduction — defining the research problem

Continuous work on improving the efficiency of inter-
nal combustion engines results in a variety of development
trends. One of them is downsizing, lasting for over ten
years, which has recently been modified in the direction of
not reducing the displacement volume, but also the proper
selection of its size in order to ensure reduction of fuel
consumption and carbon dioxide emission to the atmos-
phere while simultaneously satisfying users' comfort of
operation as, for example, the possibility of transporting
a certain size of cargo, constituting a sustainable develop-
ment of means of transport. The new development trend is
called rightsizing.

Each change in the geometrical volume of the combus-
tion chamber is accompanied by a change in the conversion
of energy contained in the fuel, which in its assumption
should burn completely. The change in the swept volume of
internal combustion engines accompanying the rightsizing
idea may in fact mean a reduction or increase in the coeffi-
cients defining the displacement volume and thus may
affect the change in the operating characteristics as a result
of changes in the combustion process parameters.

The assessment of the impact of changes in the rightsiz-
ing index on the efficiency of the thermodynamic cycle of
an internal combustion engine is a research problem de-
scribed in this publication.

2. Rightsizing vs. downsizing

Constructive activities in the field of development
works with the use of the rightsizing idea are associated
primarily with the increase in unit power as one of the sig-
nificant engine performance indicators. So these are actions
that coincide with earlier ones in the field of downsizing.

In order to preserve or even increase the unit power of
the engine, it is necessary to support geometric changes in
the displacement volume with systems, among which the
most important place is: boosting, direct fuel injection and
variable valve timing [6, 10-12].

The boosting of the internal combustion engine, which
aims to increase the filling factor, has a different construc-
tional and functional form, the most common of which is

turbocharging using the energy of exhaust gases. It can be
realized using a single turbo compressor system with fixed
operation parameters or with variable settings of the turbine
blades. Such systems can be one or two-stage, with or
without cooling, etc. Boosting is the simplest system to
support structural changes of the displacement volume,
both in terms of preventing power losses and creating con-
ditions conducive to burning poor mixtures that occur both
in downsizing and rightsizing.

The second of the support systems - direct fuel injection
is a system that guarantees the correct atomization of fuel
droplets, which together with the possibility of several
times their injection during a single cycle ensures full eva-
poration and combustion. The use of direct injection fits
well into the operation of an engine with a reduced dis-
placement volume (downsizing) because it directly reple-
nishes the power losses resulting from changes in geometry.
In the case of an increase in the displacement volume (pos-
sible rightsizing version), direct fuel injection ensures com-
bustion of poor mixtures.

In turn, the variable valve timing system is character-
ized by a large range of different constructions, but their
general working principle is to ensure that the angles and
opening times of valve are adjusted to the current opera-
tional situation, i.e. rotational speed and engine load. Va-
riable valve timing ensures proper filling of the combustion
chamber, thus ensuring that the efficiency of the internal
combustion engine is maintained and even increased and
through functional boost and direct injection support condi-
tions of stoichiometric combustion for both downsizing and
rightsizing.

An engineering practice can show a number of exam-
ples of the development of downsizing ideas. These include
engines mounted in Ford vehicles, where the 6.2 dm® V8
unit has undergone structural changes to 3.5 dm’ V6, fol-
lowed by 1.6 dm’, to achieve a spectacular 0.999 dm’ Eco-
Boost. In turn, the Volkswagen brand engines changing the
displacement volume from 2.8 dm® or 2.0 dm’ to 1.8 dm’
and then to 1.4 dm’, fulfilled the downsizing assumptions,
reaching the 0.90 and 0.64 volume change ratios, to achieve
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1.07 when balanced (rightsizing) — when 1,4 dm® TSI
changed to 1.5 dm® TSL

The mentioned measure, both downsizing and rightsiz-
ing, is the degree (index) of changes, which is variously
defined [4, 5, 8, 14, 18, 19], but generally informs about the
change or the degree of residue after reducing or increasing
the displacement volume. Unlike everybody, the authors
defined the downsizing index (W,) based on the degree of
changes in the components describing the cylindrical com-
bustion space, which dominates the construction of internal
combustion engines [19]. According to this definition, the
downsizing index can be described as in formula (1).

W, =1— AB2 (1)

_5 p_Da
S D

In practical solutions, a mixed downsizing dominates,
i.e. in which a simultaneous change in piston stroke is ac-
companied by a change in cylinder diameter. From the
point of view of engine construction and manufacturing
technology, single modifications are also possible. In [18,
19], various types of changes in the displacement volume of
internal combustion engine were defined and described,
taking them into mathematical and graphic forms.

By implementing the rightsizing idea, it is possible to
obtain the same changes in the W, index at various changes
in the value of stroke and diameter, which results from the
difference in the values of the coefficients A and B (see
Eq.( 1)) - Fig.1.
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Fig. 1. Matrix of downsizing index W4 with coordinates marked (coeffi-
cients A and B) with the same values Wy = 0.22

The changes in the Wy included in the matrix in Fig. 1.
indicate the possibility of any choice of changes in the A
and B coefficients shaping the geometry of the combustion
chamber. Positive values show decrease in downsizing
volume and negative values declare its increase (upsizing).
In this way it is possible for multiple actions to fulfill the
idea of mixing according to the mixed rule i.e. with simul-
taneous change of A and B. The values described in the
matrix also indicate changes in the stroke volume realized
by reducing one of the coefficients with the simultaneous
increase of the second. For an exemplary change of Wy =
0.22 (change in engine volume from 1.8 to 1.4 dm’), many

Table 1. The matrix of changes of the coefficients A and B for the down-
sizing index Wy =0.22

No Coefficient A Coefficient B
B/A Remarks
value form value form
1. 1.60 0.70 0.44
2. 1.39 z 0.75 0.54
S| 2
3. 1.22 § 0.80 ‘S 0.66
4. 1.08 0.85 : 0.79
3 8
5. 0.96 0.90 0.94 5 %
<
6. 0.86 0.95 1.10 g8
7. 0.78 o 1.00 | neutral 1.28
=]
8. 0.71 S 1.05 1.48
9. 0.65 § 1.10 o 1.69
g
10. | 059 © o oLs kS| 1.95
o
11. 0.54 1.20 s 222
12. 0.50 125 2.50

Having knowledge about the design of the internal
combustion engine in the area of the combustion chamber
and crank system and commonly accepted geometrical
relationships between the cylinder diameter and stroke [9,
13, 15], as well as based on real relations of these parame-
ters determined on the basis of engines from the Engine of
the Year Competition [19, 20] it was possible to determine
the range of variation of the ratio of cylinder diameter to
piston stroke, which was evaluated from 1.28 to 0.79. This
authorizes to limit further considerations of the research
problem to this range i.e. consideration of the influence of
volume changes according to the rightsizing rules on cycle
efficiency for cases: A = 0.78-1.08 and B = 1.00-0.85 —
from Table 1.

The research problem put forward in the introduc-
tion, such as the variability of geometric changes
demonstrated by the different values of the A and B
coefficients, while maintaining the same swept volume
change index, affect the operation of the internal com-
bustion engine based on the identification of the general-
ized thermodynamic cycle.

3. Efficiency of a generalized engine cycle in the

aspect of rightsizing - research methodology

In the combustion chamber of a reciprocating internal
combustion engine, fuel mixed with air creates a working
medium that undergoes thermodynamic changes related to,
inter alia, changes in the volume of the combustion space.
These changes are repetitive, although their size depends on
the current engine operating conditions. The occurring
transformations form the engine work cycle, described
mathematically in various ways [2, 3, 7, 16, 17]. In the
generalized form, corresponding to all known theories of
internal combustion engines, the work cycle can be de-
scribed by the efficiency (nt) as per formula (2) and ex-
pressed graphically as in Fig. 2 [1, 2, 16, 17].

Apppel~?
pallc)—l +K(p’—1)—p’

Ne=1-5= e - 2
variants are possible, including changes in coefficients: &5 (Aplkpp—Ce-1)(1+pplnpr)] -1}
A from 0.50 to 1.60 and B from 0.70 to 1.25 — Table 1.
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Fig. 2. Generalized thermodynamic cycle of a four-stroke internal combus-
tion engine [2]

If each of the values forming the formula for efficiency
are included in the volume change function, it will be pos-
sible to use the relationship (2) to describe the changes
caused by changes in the engine swept volume (3) [19].

A K(Vv_zc")_m_n(H(VV_zc")m(VV_;)) _1} ®

Components A,, V,, V,, V,", k are resulting from the
properties of the fuel used and the logistics of the combus-
tion process, while Vy, and V. are constructional parameters
of the combustion engine related to the combustion space
and are therefore related to the operation within the right-
sizing idea.

When assessing the effectiveness of using the rightsiz-
ing idea, three cases can be considered:

1. Vsd ;ﬁ Vs’ Vcd = VL’ &4 ;ﬁ €
2. Vsd ;ﬁ Vs’ Vcd ;ﬁ VL’ €4 ;ﬁ €
3. Vsd ;ﬁ Vs’ Vcd ;ﬁ VL’ €&=¢€

In the first case, along with the change of the engine
volume V; to Vy (index "d" informs about the change in
volume) and while maintaining the volume of compression
space (V. = V) will change the compression ratio (€ to g).

In the second case, the analysis of changes caused by
rightsizing is possible when either the volume of the com-
pression space (V4) or the geometric compression ratio (&)
will be a known input value.

In engineering practice, the known input value is the
compression ratio, the value of which defines the correct-
ness of self-ignition in the diesel engine and in the case of
spark-ignition engines, it allows combustion of the working
medium without knocking. In general, this means that the
theoretical efficiency of the work cycle will be independent
of the rate of changes in the volume of Wy, i.e. independent
of the coefficients A and B.

The third case determines the change in the engine's
swept volume (V to V), which will be accompanied by
the change of the compression space volume (V. to V)
while maintaining the geometric degree of compression (e =

€q4). This case was decided to consider in detail taking into
account possible changes in the A and B coefficients de-
scribed in Table 1.

Formula (3) describing the theoretical efficiency of the
combustion engine cycle after rightsizing, in the case under
consideration takes the form (4) [19]:

Kg—1
Vz'd Vad d
rd\y.aBZ)\v aB2Z e [((V5+VC)ABZ>_1

(Vs+V)AB?
Vi <1 Vad Vad
ne=1- « E?)
)™ ol oa (oo |
“

In the research methodology, successive values of pairs
of coefficients A and B from table 1 are introduced, calcu-
lating changes in the thermodynamic efficiency of the work
cycle. Other data was taken from the research on the 1.4
TSI engine, which is one of the links in the rightsizing
engine chain of the Volkswagen brand.

4. Evaluation of work cycle efficiency with variable
volume of compression space for maintaining
the geometric degree of compression

The theoretical and experimental data from the tests of
the VW 1.4 TSI combustion engine carried out in the De-
partment of Automotive Engineering at the Wroclaw Uni-
versity of Science and Technology were used to assess the
presented research problem. The tested 1.4 TSI engine is

a smaller version of the 1.8 FSI one, which means the value

of the change in the displacement volume W, = 0.22 —

Figures 3 and 4.

1.8 T (years 1995-2008)
AMB (125 kW; 225 Nm)
CFMA (110 kW; 220 Nm)

1.4 TSI (years 2005-...)
CAVC (125 kW; 240 Nm)
CAVB (103 kW; 220 Nm)

Fig. 3. VW 1.8 and 1.4 dm® engines constituting the rightsizing chain [21]

025
02

0,15 ++++power, kW
—torque, Nm
0,1 BSFC, g/kWh
---BMEP, MPa
0,05

0

Fig. 4. VW 1.4 dm® engine on the test bench and its performance

Four different values (based on Table 1) of coefficients
A and B were adopted for the study to obtain the same
value of Wy = 0.22. The remaining data filling the form of
equation No. 4 was obtained from the mentioned laboratory
tests. In this way, it was possible to estimate the efficiency
value for the assessment of the impact of rightsizing when
changing the compression space, while maintaining the
geometric degree of compression — Table 2.
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Table 2. Efficiency values of the generalized motor cycle for the Wy ratio
= (.22 at variable values of piston stroke changes (factor A) and cylinder
diameter (factor B)

A B Wy Nt
1.08 0.85 0.220 0,502
0.96 0.90 0,222 0,500
0.86 0.95 0,224 0,499
0.78 1.00 0,220 0,502
0,504
. 0,503 <
N
° 0,502
§0,501
50,500
Q
i 0,499
(]

0,498

0,497

0,218 0,220 0,222 0,224 0,226
Wy

Fig. 5. Determination of significance of efficiency changes

The diagram — Fig. 5. presents changes in the average
efficiency of the engine (center line) within the range of
permissible deviations (bar lines) indicating the lack of
significance of changes. For the case studied, the obtained
results together with the evaluation of deviations of their

value and thus the lack of statistical significance, indicate
the invariance of the generalized cycle of operation of the
internal combustion engine for different coefficients of
change of parameters A and B shaping the size of geomet-
rical changes of stroke volume while maintaining the index
of changes in the displacement volume.

5. Summary

The work discusses the issue of the change in the dis-
placement volume of an internal combustion engine, occur-
ring in the generally realized development trend of rightsiz-
ing. The research problem was defined which was the
assessment of the impact of different geometric changes in
piston stroke and cylinder diameter while maintaining the
same value of the index of changes in the displacement
volume on the efficiency of the engine's work cycle. The
data for the analysis was obtained from laboratory tests and
using own software ensuring multiple estimation of indirect
values defining the efficiency of the engine.

Assessing the case of the implementation of the right-
sizing idea, in which the compression space was changed,
while maintaining the geometric degree of compression, the
results showed the invariance of the efficiency of the com-
bustion engine cycle independently of the factors A and B,
which determine the geometric changes in the swept vol-
ume of the engine. The results obtained should be interpret-
ed so that the magnitude of changes in the efficiency of the
work cycle depends on the global value of the volume
change and not on its partial values.

Nomenclature

A coefficient of change of piston stroke Nt theoretical efficiency of the work cycle

B coefficient of change of cylinder diameter K isentropic exponent

D cylinder diameter — input state A degree of pressure increase during isochoric heat
Dy  cylinder diameter in the downsized engine transfer

S stroke of the piston — input state p' degree of pre-compression when heat is drained at
Sq stroke of the piston in the downsized engine constant pressure

W,  downsizing index Pp degree of expansion during isobaric heat transfer

) degree of another expansion process pr degree of expansion during isothermal heat transfer
€ geometric compression ratio

€ effective compression ratio
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