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This study presents performance optimization of an Atkinson cycle engine using criteria named as effective
power and effective power density conditions. The effects of design and operating parameters such as compression
ratio, cycle pressure ratio, cycle temperature ratio, equivalence ratio, bore/stroke ratio, inlet temperature, inlet
pressure, engine speed, friction coefficient, mean piston speed and stroke length, on the performance characteristics
have been examined. Moreover, the energy losses have been determined as fuel energy and they have been classified
as incomplete combustion losses, friction losses, heat transfer losses, and exhaust output losses. Realistic values of
specific heats have been used depending on temperature of working fluid. The results of the study can be assessed
as an engineering tool by the Atkinson cycle engine designers.

DOI: 10.12693/APhysPolA.132.1306

PACS /topics: gasoline engine, Atkinson cycle, engine performance, power density, finite-time thermodynamics

1. Introduction

In the recent years, the researchers carried out several
studies [1-21] on the Miller cycle (MC) engine to dimin-
ish NOx emissions by reducing the maximum combus-
tion temperatures of the engines. However, the Atkinson
cycle (AC) engine can provide more cycle work than the
Otto cycle (OC) engine and the Miller cycle (MC) engine
at the same maximum combustion temperatures due to
higher expansion ratio. Therefore, so many works have
been performed about AC engines in the recent years.
Wang and Hou [22] analyzed the performance of an AC
engine using maximum power and maximum power den-
sity criteria. Ge et al. [23] determined the performance of
an AC engine with considerations of heat transfer losses,
friction losses and temperature dependent specific-heats
of the working fluid. Lin and Hou [24] conducted an in-
vestigation about the effects of heat loss, friction loss,
and temperature dependent specific heats on the perfor-
mance of an air-standard AC engine under the restricted
maximum cycle temperatures.

Benajes et al. [25] investigated the potential of the AC
and exhaust gas recirculation (EGR) applications on re-
ducing of exhaust emissions in a heavy duty diesel engine.
It was pointed out that AC can remarkably decrease ni-
trous oxides but soot emissions increase. Ebrahimi [26]
examined the influences of the equivalence ratio, average
piston speed and temperature of cylinder wall on the per-
formance of an AC engine using a finite—time thermody-
namics (FTT) model. Zhao et al. [27] performed an opti-
mization work for geometrical compression ratio and op-
erating parameters of an AC spark ignition engine based
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on artificial neural network technique. Gahruei et al. [2§]
compared the performances of dual Diesel cycle and dual
AC based on the FTT by considering irreversible energy
losses. It was observed from the results that the perfor-
mance of dual AC are higher than that of dual Diesel
cycle. Zhao and Xu [29] designed an AC engine in order
to maximize fuel economy at partial load running con-
ditions based on genetic algorithm and power simulation
models. The results showed that the fuel economy could
be improved up to 7.67%.

Mozaffari et al. [30] conducted an optimization work
for the AC engine using mutable smart bee algorithm
and adaptive neuro-fuzzy inference system. Capaldi [31]
designed a novel Atkinson—Miller cycle engine for a mi-
cro cogeneration plant to increase thermal efficiency of
the plant and to abate the pollutant emissions released
from the plant. Gonca and Sahin [32] carried out a
thermo-ecological performance optimization for a dual
AC engine. Gonca [33, 34| performed a couple of in-
vestigation studies on the dual AC engine considering
friction, heat transfer and temperature-dependent spe-
cific heats based on classical thermodynamics and FTT
methods. Ebrahimi [35-37] carried out thermodynamic
performance analyses for the dual cycle [35], MC [36] and
AC [37] engines.

In this study, the influences of the design and running
parameters on the efficiency, power and power density of
an AC engine have been examined by using simulation
model based on the FTT. In this comprehensive report,
performance conditions have been evaluated based on the
effective efficiency (EE), effective power (EP), and effec-
tive power density (EPD) for an AC engine. This study
has a noticeable novelty. Presented results can be as-
sessed by engine designers and manufacturers to obtain
optimum performance conditions for the AC engines.
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2. Theoretical model

In this study, AC engine is analyzed by using FTT
model. The AC is shown in Fig. 1. The parameters and
engine specifications used in the analysis are inlet pres-
sure Py, inlet temperature 77, engine speed N, stroke L,
bore d, residual gas fraction (RGF) friction coefficient f,
cylinder wall temperature Ty, cycle temperature ratio a
and their standard values are given as follows: 100 kPa,
300 K, 3600 rpm, 0.072 m, 0.062 m, 0.05, 12.9 N s/m,
400 K, 8, respectively. In the present model, the EE, EP,

Fig. 1. P—-V and T—S diagram for the irreversible
Atkinson cyclediagram for the irreversible Atkinson cy-
cle.

and EPD are given as below [19, 20, 33, 38]:
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where the total heat addition (Qm) at constant volume

EPD =PFP; =

(2-3), the total heat rejection (Qout) at constant pres-

sure (4-1) and loss power by friction (F;) [10, 39] could
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where Z is a constant relation to friction [10] and its
minimum value is taken as 75, where p is a coefficient

—3.063 x 10°T~' +1.106 x 10772
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of friction which considers the global losses, sp is mean
piston velocity which is given as

sp =L x N/30, (5)
where L and N are stroke length [m] and engine speed
[rpm]. @) is the total heat potential of the injected fuel
and it is given as below

Qf = meuu (6)
where H, is lower heat value (LHV). 7y is time-
dependent fuel mass and it can be expressed as follows:

my = msN/120, (7)
where m s is fuel mass per cycle [kg|. Q.. is heat released
by combustion, Qp; is the heat loss by heat transfer into
cylinder wall and they are given as below

Qf,c = ncmeuv (8)
th = htrAcyl(Tme - TW) =
htrAcyl(Tg + T3 — 2Tw)/2, (9)

Where, 7). is combustion efficiency. It can be written as
below [7, 8, 26]:

Ne = —1.44738 + 4.18581/¢ — 1.86876 /4. (10)
¢ is equivalence ratio and it can be written as below
¢ = (mg/ma)/Fst, (11)

where m, is air mass per cycle [kg]. Fs; is stoichiometric
fuel-air ratio and they are given as follows:

mg = paVa = Pa (VT - Vrg) P (12)

Ve =V + Ve =Ver/(r—1), (13)
VT 7Td2L

Fu = e(12.01a 4 1.0088 + 167 + 14.016) /28.85, (15)

pa=f(T1,P1), (16)

where Vr, Vg, Vig, Vi, and V. are volume of total cylin-
der, air, residual gas, stroke and clearance.

prq is density of residual gas which is given as below
Prg = f(Tmiwa Pl)- (17)
Toniz 1s average temperature of air-steam mixture. They
are given as below
mT1 Ry 4 1y gT1 Ry
meRq + MrgRrg
R, and R,, are gas constants of air and residual gas.
Their values are taken as 0.287 kJ/(kg K).
The compression ratio r is given as
r= Vl/VQ, (]‘9)
where f stands for function. The functional statements
are acquired by using EES software [40]. The fuel type
used in the model is gasoline and its chemical formula is
given as C7Hy7 [41].

Toniz = (18)

a, 3,7, ¢ are atomic numbers of carbon, hydrogen, oxy-
gen, nitrogen in fuel, respectively. ¢ is molar fuel-air ra-
tio [42]:

e=021/(a—3+2%), (20)
where h;, is heat transfer coefficient and it is stated
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as [42]:

i = 130V, 000 PY8TOL (55 4 1.4)08, (21)
where 1hp, g, hrg and Aey are flow rate of total charge
[kg/s], air [kg/s|, residual gas [kg/s| and total heat trans-
fer area [m?], respectively, they are given as:

T = T + 1 p + Mg, (22)
Tha = maN/120 = 1h; Fit /¢, (23)
Mg = MypgN/120 = 1, RGF, (24)
Ay = mdLr/(r — 1) + nd? /2, (25)

where mg and m,, are air masses per cycle |kg]. RGF
is the residual gas fraction. r and d are compression
ratio and cylinder bore [m], respectively. Ty and Tp,e
are cylinder wall temperature and average combustion
temperature and Cy and Cp are constant volume and
constant pressure specific heats, they can be stated as
follows [38]:

Cp = 2.506 x 107172 4 1.454 x 10777
—4.246 x 107"T + 3.162 x 107°7°5 + 1.3301
—1.512 x 10*715 + 3.063 x 10°T 2

—2.212 x 1073, (26)

Cy =Cp—R. (27)
The equations for reversible adiabatic processes (1-2s)
and (3—4s) are respectively as follows [43]:

T,
Cy, X In 2 = Rln|r|,
Tys 1
cv2x1n‘ L = RxIn|-|, (28)
3 r
where

Cy, = 2.506 x 1077, +1.454 x 107155
—4.246 x 107 "The; 4 3.162 x 1072795 4 1.0433
—1.512 x 10*T;,1° 4 3.063 x 10°T,,3

—2.212 x 107732, (29)
Cy, = 2.506 x 10711 T2, + 1.454 x 107 "T15

—4.246 x 107 Ty3 + 3.162 x 107°T:3 4 1.0433

—1.512 x 10T,,3° + 3.063 x 10°T.3

—2.212 x 10773, (30)
Tas —Th Tys — T3

Ty = o, Ty = —o -2 31

LT T /T T Ty, /T (31)

B=Ps/P,=Ts/Ts. (32)

[ is named as pressure ratio. For irreversible conditions,
T5 and T4 could be written as below
T T -1
- Lst T (nc )7 (33)
Nc
Ty =T3+ng (Tus — T3), (34)

where n¢ and ng are isentropic efficiencies for the com-
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pression and expansion processes, respectively. In this
study, the other dimensionless engine design parameters
used in the analysis are cycle temperature ratio () and
cycle pressure ratio (A). They may be expressed respec-
tively as

Toax T5 A rk=1_1
“ Tmin Tl r * Ulel ’ ( )
)\:Pmax/Pmin:P?)/PL (36)

In this study, HTL, FL, ICL, and EOL are given as fol-
lows:

Lyt = One_, 100, Loy = =2 % 100,
fuel quel
L¢ = —— x 100, L;c=(1-nc)x100. (37)

fuel
3. Results and discussion

In this study, a finite time thermodynamic model has
been used to evaluate EE, EP, and EDP of an AC engine.
Parametrical studies have been performed to investigate
the engine design and running parameters on the perfor-
mance of AC engine. The engine properties are given in
Table L.

Engine properties. TABLE I
Specification Value
bore [mm] 72
stroke [mm)] 62
cylinder number 2
stroke volume [dm?] 0.54
maximum power [kW] 15
compression ratio 10.7
maximum speed [rpm] 3600
coolant water

The variation of EE, EP, and EPD are demonstrated
with respect to compression ratio (r) in the following
figures.

12— ‘ : ‘ 25
120
115 %
T
S
]
110
15
0 n 1 1 L n
10 15 20 Tet (%) 25 30
Fig. 2. The variation of Pej—Py—mney with te-

spect to a.

Figure 2 shows the effects of cycle temperature ratio on
the performance parameters. The maximum EE, EP, and
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Fig. 6. The variation of Pej—Pg—mney with re-
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Fig. 7. The variation of (a)P.f—FPy and (b) nes with
respect to N and A.

EPD increase with increase of cycle temperature ratio
owing to more energy input into cylinder. It is clear from
the figure that the amplitude of power density is lower
than that of effective power.

Figure 3 demonstrates the effects of friction coefficient
on the engine performance. The friction coefficient is
directly related to lubrication oil and friction surfaces.
Friction losses increase with increase of the friction coef-
ficient, hence maximum EE, EP, and EPD decrease.

Figure 4 illustrates the effects of engine speed on the
performance characteristics. As expected, the EP and
EPD raise with enhancing engine speed. However, the
EE is lower at low engine speeds compared to that at
high engine speeds. At high engine speeds, there are
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Fig. 8. The variation of Pej—Pg—mney with te-
spect to T'1 at constant (a) a and (b) Trmaz-

no considerable differences between maximum effective
efficiencies as the friction losses rise with rising engine
speeds. Increase ratio of fuel’s energy slightly is higher
compared to that of the EP and EPD.

Figure 5a and b illustrates the effects of average piston
speed on the performance characteristics. In these fig-
ures, two conditions are determined as constant engine
speed condition (the 1. condition) and constant stroke
length condition (the 2. condition). It is clear that the
EP, EPD, and EE increase together with rising average
piston speed at the 1. condition since engine dimensions
(stroke length and bore) enhance. However, while the
EE decreases, the EP and EPD increase with increase of
average piston speed at the 2. condition as engine speed
increases. It is obvious that power density change of the
2. condition is grater compared to that of 1. condition
since engine dimensions increase with increase of effective
power.

Figure 6 shows the effects of stroke length on the en-
gine performance. It is clear from the figure that the EP
increases while the EE and EPD decrease with increase
of stroke length. The main reason of this result is that
the friction losses and engine dimensions increase with re-
spect to stroke length. Although engine power increases,
engine dimensions more increase. Also, we can see that
the ratio of power change is higher than that of power
density.

Figure 7a and b demonstrates the effects of cycle pres-
sure ratio and engine speed on the engine performance
for constant compression ratio condition. Cycle pressure

G. Goncea
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Fig. 9. The variation of (a) a, (b) Pey—Pa, (¢) nes and
(d) Pef—nes with respect to r and ¢.
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Fig. 10. The variation of Pey—FPy—mney with re-

spect to ¢.
ratio has positive effect on the engine performance pa-
rameters. They increase with enhancing cycle pressure
ratio. The engine power and power density increase with
increase of engine speed. However, the EE rises to a spec-
ified value of engine speed and then decreases. It is clear
that optimum engine speed which provides the maximum
EE rises with enhancing cycle pressure ratio.
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Figure 8a and b shows the effects of intake tempera-
ture on the engine performance. Two main conditions
have been described as constant cycle temperature ratio
condition (the 1. condition) and constant maximum com-
bustion temperature condition (the 2. condition) in these
figures. At the 1. condition, the maximum EP, EPD,
and EE increase while intake temperature increases since
maximum combustion temperature and energy input in-
crease. However, the maximum engine performance di-
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{15
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Fig. 13. The variation of Pey—FPy—mnes with re-

spect to d/L.
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Fig. 14. The effects of d/L on P.;—Ps—ney variation

at constant (a) @ and L, (b) ¢ and L, (c) ¢ and r.

minishes with enhancing air inlet temperature at the 2.
condition as air mass in the cylinder minimizes.

Figure 9a—d illustrates the influences of compression
ratio and equivalence ratio on the cycle temperature ra-
tio and performance characteristics. As can be seen from
the figure, cycle temperature ratio, EP, EPD, and EE rise
with enhancing compression ratio. However, they maxi-
mize to a determined value and then begin to abate with
respect to rising equivalence ratios. There are optimum
values of equivalence ratio which provides maximum cy-
cle temperature ratio, EP, EPD, and EE. Their optimum
values are attained at different equivalence ratios. The
highest values of cycle temperature ratio, EP and EPD
are between 1 and 1.2 of equivalence ratio while the max-
imum value of EE is between 0.8 and 1 of that.

Figure 10 shows the influence of equivalence ratio on
the performance characteristics. Similar to previous fig-
ures, the maximum EE, EP, and EPD increase to partic-
ular values of equivalence ratio and then begin to abate.
The maximum effective efficiency is seen when equiva-
lence ratio is equal to 0.9 while the maximum effective
power is seen when equivalence ratio happens 1.2.
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The effects of cylinder wall temperature on the per-
formance characteristics is shown in Fig. 11. There are
no considerable changes in maximum effective power and
power density depends on cylinder wall temperature.
However, maximum effective efficiency increases with in-
crease of cylinder wall temperature as heat transfer loss
decreases.

Figure 12 demonstrates the effect of air inlet pressure
on the performance characteristics. It is known that more
air mass is introduced into the cylinder at higher pressure
conditions. Therefore, the performance characteristics
rise with enhancing air inlet pressure.

The influence of bore/stroke ratio (d/L) on the engine
performance characteristics is shown in Fig. 13. It is ob-
vious that the performance characteristics rise with rising
d/L owing to enhancing dimension of the engine.

Figure 14 shows the effects of d/L on the engine per-
formance at constant cylinder volume for different con-
ditions. In this figures, three conditions are determined
as constant cycle temperature ratio and stroke length
condition (the 1. condition), constant equivalence ratio
and stroke length condition (the 2. condition), constant
equivalence ratio and compression ratio condition (the 3.
condition). At the 1. condition, the EP, EPD, and EE
maximize to a specified value and then begin to abate
with rising d/L. At the 2. and 3. conditions, the EP,
EPD and EE raise with enhancing d/L.

Figure 15 illustrates the effects of compression ratio on
losses as fuel’s energy. In order to investigate the energy
losses, two conditions are determined as constant cycle

G. Goncea

temperature ratio condition (the 1. condition) and con-
stant equivalence ratio condition (the 2. condition). In-
complete combustion losses (L;.) and heat transfer losses
(Lpt) increase whilst exhaust energy losses (Le,) decrease
and friction losses (L, ) remain constant with rising com-
pression ratio at the 1. condition. Total cylinder volume
and equivalence ratio change with respect to changing of
compression ratio at this condition. However, L;. and
Ly, are constant, Lj; increases and L., minimizes with
respect to rising compression ratio at the 2. condition.
L;. does not change at constant equivalence ratio because
combustion efficiency is constant. Total cylinder volume
increases with increasing compression ratio, hence Lp;
increases and L., diminishes. Lz, changes with respect
to stroke length and engine speed which are constant at
both of the conditions. Therefore, L;, does not change
at the 2. condition due to constant fuel energy input.
At the 1. condition, it increases since fuel energy input
decreases with increase of compression ratio.

4. Conclusion

The influences of the design and running parameters on
the performance characteristics of an AC engine are in-
vestigated by using a FTT model. A comprehensive para-
metrical study is conducted. The results showed that the
EP, EPD, and EE rise with rising air inlet pressure, cycle
pressure and temperature ratios. The performance char-
acteristics diminish with friction coefficient. However,
the EP, EPD, and EE raise with rising average piston
speed for constant engine speed conditions, but, whilst
the EP and EPD rise, the EE minimizes with rising av-
erage piston speed for constant stroke length conditions.
While the EP and EPD increase, the EE reduces with
rising stroke length and engine speed. The EP, EPD,
and EE increase up to a determined value and then be-
gin to minimize with rising equivalence ratio and com-
pression ratio. The incomplete combustion losses (ICL)
and heat transfer losses (HTL) raise, as exhaust output
losses (EOL) decrease with augmenting compression ra-
tio for constant cycle temperature ratio conditions. At
this condition, FL is constant. However, the FL and ICL
are constant, while EOL diminishes and HTL increase
at the constant equivalence ratio conditions. The results
have scientific value and they can be used as engineering
approaches by engine designers.
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