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Abstract

Research Article
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In this study, a quasi-realistic thermodynamic analysis was performed to investigate the

effects of design and operating parameters on the performance of a single-cylinder modern
Atkinson cycle engine. Fortran was used for all calculations. It was assumed that the fuel-air
mixture was used as the working fluid, and iso-octane was used as the fuel. The Wiebe func-
tion was used for the combustion process and it was assumed that the specific heat of the
working fluid varies with temperature. In the calculations, heat transfer loss, combustion ef-
ficiency, mechanical friction, and pumping losses were taken into account. In the analysis,
the closing of the intake valve, equivalence ratio, geometric compression ratio, and the initial
conditions of the intake proses were used as independent variables. The effects of these vari-
ables on brake mean effective pressure, effective power, specific fuel consumption, and ther-
mal efficiency were investigated. Increasing the inlet pressure, increasing the geometric com-
pression ratio, and delaying the closing of the intake valve increased the mean effective pres-
sure, thermal efficiency, engine output power, and torque. The increase in the inlet tempera-
ture adversely affected the engine performance and the specific fuel consumption increased.
Engine performance parameters worsened when the equivalence ratio fell below 0.8 and rose
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1. Introduction

The basic energy sources we use are running out rapidly, and
human beings are constantly researching to solve this problem.
Various studies are ongoing worldwide to reduce dependence on
fossil-based fuels and even destroy dependence on fossil fuels [1].
Greenhouse gases are seen as the main factor of global warming
and abrupt climate changes that more clearly show their effects in
the water-energy nexus. The exhaust emission caused by millions
of fossil fuel vehicles used worldwide shows that it is one of the
biggest triggers of the global climate change problem. In addition,
vehicle emissions are seen as the cause of photochemical smog and
haze [2]. Reducing dependence on fossil fuels used as the primary
energy source in internal combustion engines will indirectly re-
duce emissions from vehicles. For this reason, vehicle manufactur-
ers and researchers have worked to develop alternative energy
sources and increase engine efficiency in recent years. Stricter
standards are emerging in terms of fuel economy and emissions
due to energy and environmental safety issues. To achieve these

limitations, the automotive industry is constantly introducing tech-
nological innovations. The production difficulty brought by emis-
sion standards forced the industry to leave diesel engines, espe-
cially in passenger cars. Approximately 96% of the passenger cars
produced in 2017 were powered by a gasoline engine [3]. Alt-
hough the emission and efficiency improvement efforts in internal
combustion engines continue rapidly, due to the difficulty of this
improvement process, the dissemination of electric and hybrid-
electric vehicles is especially important [4-6]. Although problems
such as battery life and the short range of electric vehicles are par-
tially solved, an effective effort is still being made for these prob-
lems. In addition, modern Atkinson cycle engines are used in hy-
brid-electric vehicles offered by companies such as Toyota [7, 8]
and Ford [9] today. In hybrid-electric vehicles, the internal com-
bustion engine is generally operated under certain load and speed
conditions to provide the best efficiency, thus ensuring both fuel
economy and emissions [6, 8].

The Atkinson cycle was first created with a complex crank
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mechanism developed by James Atkinson in 1882 [10]. Although
this design was shown in the late 19th century, it has not been de-
veloped for a long time because it has a complex mechanism com-
pared to conventional engine cycles [11]. Instead of using the com-
plex crank mechanism in Atkinson's original design, the modern
Atkinson cycle engine used in today's hybrid-electric vehicles is
obtained by modifying the timing of the valves in the conventional
engine. However, there are many studies for Atkinson cycle en-
gines with a multi-link crank mechanism, similar to Atkinson's
complex crank mechanisms [12-14]. Studies were also carried out
on the Atkinson engine cycle, where the planetary gear mechanism
is used instead of the Multi-Link crank mechanism [15]. One of
the methods to achieve the Atkinson cycle is Variable Valve Tim-
ing (VVT). This VVT is generally applied to the intake valve. This
method, obtained by changing the effective compression ratio in
the delay or advanced state of the intake valve, is quite simple and
practical compared to the multi-link crank mechanism. In this way,
volumetric efficiency improves, but power density decreases dra-
matically [16-19]. Increasing the Geometric Compression Ratio
(GCR) with VVT extends the expansion stroke. Thus, it was re-
ported that some improvement in the power density decreased due
to VVT [20-22]. This VVT+GCR method is most preferred in to-
day's modern Atkinson cycle engines.

Many studies have been presented in which the effects of chang-
ing parameters such as valve timing, ignition advance, effective
compression ratio, and geometric compression ratio were analyzed
when the engine operates at various loads and speeds. Kentfield
reported that when the rate of expansion was increased by 1.4 in a
diesel engine cycle, the braking average effective pressure de-
creased, while there was an 8% improvement in brake-specific fuel
consumption [23]. In diesel engines, the Late Intake Valve Closing
(LIVC) method, which reduces the effective compression ratio
compared to the expansion ratio, is frequently preferred. Using this
LIVC method, Sakata achieved an Atkinson cycle motor with an
effective compression ratio of 8.5 and an expansion ratio of 10.9.
Sakata reported that the brake average effective pressure of 7 bar
for a speed of 2500 rpm was an improvement of 18% in brake-
specific fuel consumption [24]. Ust made a detailed analysis of the
Atkinson cycle in the condition of maximum power density. Ust
presented the conclusion that the Atkinson cycle is superior in
terms of engine dimensions and thermal efficiency [25]. Yamada
reported that thermal efficiency can be improved by reducing ex-
haust gas recirculation and friction in an Atkinson cycle engine
with a high compression ratio [26]. Gahruei et al. created a detailed
mathematical model to determine the effect of friction heat transfer
on the Dual-Atkinson cycle performance [27]. A detailed study
was carried out by Liu et al. on the fuel injection pressure, injection
pressure, and Exhaust Gas Recirculation (EGR) ratio in an Atkin-
son cycle engine, and the combustion, emission, and performance
parameters were investigated. Accordingly, it was observed that
injection pressure had little effect on engine performance, but had
a large effect on emissions. Injection timing was observed to have
a significant impact on both performance and emissions [28]. In
the study by Cinar et al., an Otto cycle engine was converted to an
Atkinson cycle engine using the method of LIVC and increasing

the compression ratio. For this, first of all, thermodynamic ana-
lyzes were made, and a new camshaft was designed and produced
for experimental work. In experimental studies, basic performance
parameters were investigated depending on compression ratio and
intake valve timing [29]. Liu et al. studied the effect of injection
parameters of an Atkinson cycle gasoline engine on emission per-
formance [30]. Some scholars proposed the Genetic Algorithm
(GA) for the performance optimizations of heat engines. Li et al
improved a non-dominated sorting GA model that provides fuel
economy taking into account emissions targets [31]. Shi et al de-
signed a multi-objective GA to determine the thermal efficiency
corresponding to the maximum power of an irreversible Atkinson
cycle when the specific heats were assumed constant [32].

In this study, a quasi-realistic thermodynamic analysis model
was created for an Atkinson cycle single-cylinder spark-ignition
engine. Considering the combustion efficiency, heat losses, and
mechanical friction loss, the effects of intake valve closure, com-
pression ratio, equivalence ratio, inlet pressure, and inlet tempera-
ture on engine performance were examined.

2. Theoretical Model

The theoretical (also called ideal or reversible) Atkinson cycle
consists of isentropic compression (1-2), constant volume heat in-
put (2-3), isentropic expansion (3-4), and constant pressure heat
rejection (4-1) processes (Figure 1).
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Fig. 1. P-v and T-s diagrams of irreversible Atkinson cycle

Theoretical cycles are not realistic because they are dimension-
less models. Models that provide the characteristics of a real en-
gine, and the use of realistic engine parameters are called quasi-
realistic models. Also, it is assumed that the cycle working fluid is
a mixture of air-fuel or air-fuel-residual gas instead of ideal air, and
the specific heat of the working fluid varies depending on temper-
ature. In this way, the theoretical model is upgraded to the quasi-
realistic model, making it closer to the actual cycle. In the model,
the LIVVC method of the Atkinson cycle engine was applied.

Fortran program was used in the calculation model for the quasi-
realistic Atkinson cycle engine. For the model, the cylinder diam-
eter (D) was assumed to be 0.075 m, stroke length (Ls) 0.0847 m,
and connecting rod length (Lc) 0.148 m. The lower thermal value
(Hu) of the fuel was 44425 kJ/kg, and the coolant temperature was
accepted as constant 360 K. The flow diagram of the analysis
model is presented in Figure 2.

348



Ozdemir et al. / International Journal of Automotive Science and Technology 6 (4): 347-356, 2022

PARAPY .o o000 ™
v. "" ALTOMONVE ENGINEERS

Inputs

r.D,L., P, R, m,n,
H,n,n,t,T

W

ke ’ ,7/:

Calculated Inputs
A, V.,R,L.V _,R,

mw’ cc’
Ty h., UF , A, L,

|

v
Updating Initial Values
BT,
0=0+A0 e

'

Calculate

a,, )7

Calculate

m, hg, 9., Xy

'

Calculate

C,..W,T,P,0,

“pv’

v

Calculating Outputs
P,P, nlrf, Cor Mo M

e

Fig. 2. Analysis flow chart

In-cylinder pressure and temperature values were determined in
one-degree crank angle intervals. All engine characteristics were
obtained for a constant engine speed of 3000 rpm. In cycle analysis,
heat losses, mechanical friction losses, pumping losses, and com-
bustion efficiency were included in the calculations. Exhaust gases
(residual gases) from the previous cycle were neglected, but the

inlet pressure and temperature were changed. In addition, the ef-
fects on engine performance were investigated by changing the
equivalence ratio, intake valve closure, and geometric compression
ratio. The equations used in model calculations are presented be-
low.

To find the instantaneous stroke volume, the linear displacement
of the piston in the cylinder was calculated [33]:

Ls=RC+|_C—(RC.cose+1/ch—Rcz-sin29) (1)

To determine the mass of the mixture, the mass of each gas was
calculated, based on the mole percent ratios:

P.V

m, =——
°R-T

1, - X0 )

Fuel-air mixture was used as working fluid in the cycle, and the
fuel was considered to be iso-octane (C8H18). Ignition advance
was assumed to be 200 crank angle before TDC and combustion
duration was 400 crank angle. In addition, it was assumed that the
heat distribution occurred according to the Wiebe function:

_W[ % ]z+T
®)

where w and z are constant coefficients [34]. Combustion effi-
ciency is expressed as follows [35]:

7, =—-1.4473+4.1858- $—1.8687 - 4 (4)

X; =1-exp

where, ¢ is the equivalence ratio, the stoichiometric ratio di-
vided by the actual air-fuel ratio. The variation of specific heats
with temperature for each gas and fuel was calculated with the
following equations:

Cpo =R [a+a,T+a,T°+a, T +a,T*] (5)
T T Y TY 1000\’
"W’wm”’w[m] W[mj ”\f{?]

Cpf = m (6)

ax and Ay values in these equations were taken from the Janaf
Tables [35]. Eq. (7) was used for the convective heat transfer
coefficient in the cylinder [36]:

-0.2 0.8 —-0.55 0.8
hg =326-D-P*.T -(2.28-Up) @)
The mean cycle pressure was calculated as follows:
Pm v 8

The power lost due to mechanical friction was calculated as fol-

lows [37]:
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2:n ?

The following equations were used for power and torque:

_P,-V,-n

10
= "0 (10)
M, = %% 1000 (11)
2-7-n
Specific fuel consumption was calculated as:
r‘hf
C =— 12
sf Pe ( )
The thermal efficiency was defined as:
120-P
=—° 13
ot M, (13)

The specifications used in the analytical model are given in Ta-

ble 1.
Table 1. Details of analysis

Item Value
Cylinder diameter (m) 0.075
Stroke length (m) 0.0847
Connecting rod length (m) 0.148
Working fluid iso-octane
Lower thermal value of the fuel (kj/kg) 44425
Coolant temperature (K) 360
Ignition advance (crank angle) 20° before TDC
Combustion duration (crank angle) 40°
Heat losses calculated
Mechanical friction losses calculated
Pumping losses calculated
Combustion efficiency calculated
;éﬁ:gg:gtnu?g specific heats with calculated
Residual gases neglected

changed from

Inlet pressure (bar) 0.9to0 1.40

changed from

Inlet temperature (K) 208 to 548

changed from

Intake valve closing (crank angle) 180 to 270

changed from

Geometric compression ratio 710 19

changed from

Equivalence ratio 071014

3. Results and Discussion

The compression ratio, intake valve closing, cylinder wall tem-
perature, and atmospheric pressure values accepted as a reference
in this study are 13, 360 K, 2530 crank angle, and 101.325 Pa, re-
spectively. As a result of calculations with a 1-degree crank angle
step, engine performance parameters were calculated. Below, var-
ious graphs were obtained to examine the effects of inlet pressure,
inlet temperature, equivalence ratio, geometric compression ratio,
and intake valve closing on engine power, engine, torque, thermal
efficiency, and specific fuel consumption.

The change of the mean effective pressure depending on the cy-
cle initial conditions (pressure and temperature values of point 1 in
Figure 1) is shown in Figure 3. When the initial pressure was ex-
amined between 0.9-1.4 bar and the initial temperature was con-
stant at 360 K, it was seen that the mean effective pressure in-
creased with increasing initial pressure. Likewise, when the initial
pressure was at 1.0 bar and the initial pressure was constant at 1.0
bar, it was observed that the mean effective pressure decreased
with increasing temperature. The average effective pressure for 1.0
bar and 360 K initial conditions was determined as 713.2 kPa.

Inlet Pressure (bar)
0.900.951.001.051.101.151.201.251.301.35 1.40

r=13
a,=273°CA o

1100
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o o
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300 I T 1 1 1 1 I 1 1 1 T
298 323 348 373 398 423 448 473 498 523 548
Inlet Temperature (K)

Fig. 3. Brake mean effective pressure as functions of initial
pressure and initial temperature

The effect of the cycle initial temperature and initial pressure on
engine performance are presented in Figure 4 and Figure 5, respec-
tively. The initial temperature varies depending on the operating
conditions and the amount of residual gas. Since the heat losses
increase with the increase of the initial temperature, the thermal
efficiency decreases, and the specific fuel consumption increases.
In addition, the mass of the cycle working fluid (air-fuel mixture)
decreases as the initial temperature increases. For this reason, the
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combustion energy also decreases, thus the engine power and en-
gine torque decrease dramatically. For 298 K initial temperature,
engine power, engine torque, thermal efficiency, and specific fuel
consumption are determined as 8.2 kW, 26.2 Nm, 35.5%, and
227.9 g/lkWh, respectively, when the initial temperature is in-
creased to 548 K, the same data are determined as 3.2 kW, 10.3
Nm, 25.6% and 315.8 g/kWh, respectively. That is when the initial

temperature was increased from 298 K to 548 K, engine power and
engine torque decreased by approximately 61%, and specific fuel
consumption increased by approximately 31%. Increasing the inlet
temperature causes a decrease in the density of the mixture and a
decrease in the mass of the mixture taken into the cylinder per unit
volume. Thus, as the volumetric efficiency decreases, the engine
torque declines, and the specific fuel consumption increases.

45 4 13.5 ~ 42
] 1 P,=101.325kPa r=13 a=253"CA n=3000 rpm [

404 12.0 -39
353 10.5 L 36
— . ] <
£30439.0 F 335
s 1g,.] g
5254 27.5+ [ 308
o 5 1 E

= |
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G15 1945 ] [ oy &
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] : 33ugy
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o —a— Thermal Efficiency L
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52 15+ e e e e e 18
298 323 348 373 398 423 448 473 498 523 548

Inlet Temperature (K)

Fig. 4. The engine performance versus inlet temperature

While the atmospheric pressure at sea level is 1.0 bar, it de-
creases to 0.9 bar at 1000 m altitude above sea level [38]. This
low pressure creates resistance when the working fluid is taken
into the cylinder. Engine power, engine torque, thermal effi-
ciency, and specific fuel consumption for 0.9 bar initial pressure
are determined as 5.5 kW, 17.7 Nm, 32.1%, and 251.6 g/kWh,
respectively. Over-charged (supercharge, turbocharge, etc.) sys-
tems increase initial pressure up to 1.4 bar in order to compen-
sate for variable atmospheric conditions and improve volumetric

efficiency. Increasing the amount of air without changing the
equivalence ratio also increases the fuel energy in the cycle.
Thus, with the increase of combustion energy, engine power and
engine torque increase with increasing initial pressure. Similarly,
specific fuel consumption decreases as the initial pressure in-
creases. Engine power, engine torque, thermal efficiency, and
specific fuel consumption for 1.4 bar inlet pressure are deter-
mined as 9.5 kW, 30.2 Nm, 35.3%, and 229.2 g/kWh, respec-
tively.
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Fig. 5. Performance curves versus inlet pressure
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The effects of compression ratio change on engine performance
are shown in Figure 6. It was assumed that the amount of fuel
used in one cycle remains constant (0.0173 g). The effective
compression ratio is changed by closing the inlet valve later than
normal (2530 crank angle). It was observed that engine perfor-
mance improved with increasing compression ratio. When the
compression ratio is increased, the stroke volume also increases.
Cooling heat transfer is also increased due to the increased sur-
face area of the cylinder. With the increase in the stroke volume,
the expansion process in which positive work was achieved in-
creased, and the thermal efficiency increased. However, with the

increased surface area of the piston, an increase in mechanical
friction also occurred. In a conventional Otto cycle engine, the-
oretically, the intake valve is assumed to close when the piston
is at the bottom dead center, in which case the geometric and
actual compression ratio is limited to 9.5. In an Atkinson cycle
engine designed with a geometric compression ratio of 13, the
intake valve is closed at a 2530 crank angle, and the effective
compression ratio is reduced to 9.5, as in the Otto cycle engine.
For these conditions, engine power, engine torque, thermal effi-
ciency, and specific fuel consumption are determined as 6.4 kW,
20.4 Nm, 33.4%, and 242.4 g/kWh, respectively.
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Fig. 6. The variation of the engine perform

The effects of late intake valve closing on engine performance
are presented in Figure 7. When the geometric compression ratio
is constant, the intake valve closure was changed between 180-
273° crank angle so that the effective compression ratio can be
achieved between 13-7. Accordingly, the mass of fuel entering
the cylinder in one cycle ranged from 0.0130-0.0242. Increasing
the intake valve delay causes some of the working fluid that en-
ters the cylinder to return to the intake manifold, thereby reduc-
ing the engine torque. The effective compression ratio decreases
as the intake valve delay increases. For this reason, the compres-
sion pressure and thus the mean effective pressure were reduced.
For this reason, the maximum engine power and engine torque
were realized at 180 kW and 26.8 Nm, respectively. Increasing

ance with a geometric compression ratio

the intake valve delay causes the pumping loss to decrease as it
reduces the effective compression ratio. As the expansion pro-
cess is longer than the compression process, an improvement in
thermal efficiency and therefore specific fuel consumption was
achieved. When the intake valve is closed at a 273° crank angle,
engine power, engine torque, thermal efficiency, and specific
fuel consumption are determined as 5.1 kW, 16.4 Nm, 35.0%,
and 31.4 g/kWh, respectively. Murtaza also presented similar
results [39]. When the late intake valve closing was delayed
from 180 to 273 crank angle, engine torque and engine power
decreased by 39%, whereas thermal efficiency and specific fuel
consumption improved by about 13%.
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Fig. 7. Influences of the late intake valve closing on the engine performance

The effect of equivalence ratio and suction valve closure on en-
gine power and engine torque is as in Figure 8. When the
equivalence ratio is less than one, it refers to the lean mixture,
and when it is more than one, it means the rich mixture. The
most engine power and engine torque were obtained when the
equivalence ratio was 0.9. Engine power and engine torque are

reduced as the intake valve closing is delayed. If the equivalence
ratio is 0.9, engine power and engine torque are 5.2 kW and 16.7
Nm, respectively, when the intake valve closing is 2730 crank
angle, and engine power and engine torque increase approxi-
mately 65% when the intake valve closing is 1800 crank angle,
respectively.
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Fig. 8. Effect of equivalence ratio on the power and torque with variable valve timing
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The effect of intake valve closing and equivalence ratio on ther-
mal efficiency and specific fuel consumption is presented in Fig-
ure 9. The equivalence ratio was changed between 0.7-1.4.
While the equivalence ratio was 0.8, maximum thermal effi-
ciency was obtained. Heat efficiency and specific fuel consump-
tion improve as the intake valve closing is delayed. In case the
equivalence ratio is 0.8, the thermal efficiency is 42.1% when

the intake valve closing is 273 and the specific fuel consumption
is 192.3 g/kWh. Similar to this result, Gonca stated that in his
paper, the performance parameters increased to a certain value
and then started to decrease with an increasing equivalence rate.
He reported that the low and high equivalent rates of thermal
efficiency and the decrease in specific fuel consumption were
due to low fuel energy input [40].

70
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Fig. 9. Effect of equivalence ratio on the efficiency and fuel consumption with variable valve timing

4. Conclusion

In this study, a thermodynamic analysis model was developed
for an Atkinson cycle engine, depending on the compression
ratio, equivalence rate, intake valve closing time, inlet tem-
perature and inlet pressure change, the engine power, engine
torque, mean effective pressure, specific fuel consumption
and thermal efficiency of this engine. Effects were investi-
gated parametrically. The results are presented below:

e The mean effective pressure increased with the increase
of the inlet pressure, and the increase of the inlet temper-
ature caused a decrease in mean effective pressure.
Increasing inlet temperature negatively affected engine
performance, and as the temperature increased, output
power, torque, and thermal efficiency reduced and spe-
cific fuel consumption increased.

Increasing inlet pressure led to an improvement in perfor-
mance characteristics; as pressure increased, output
power, torque, and thermal efficiency increased, and spe-
cific fuel consumption decreased.

e As the geometric compression ratio increased, there was
a significant improvement in engine output power, torque,
thermal efficiency, and specific fuel consumption.

As the closing of the intake valve was delayed, while the
engine output power and torque decreased, the thermal ef-
ficiency increased, and the specific fuel consumption de-
creased.

It was found that performance parameters improved up to
a certain equivalence ratio, and then increased equiva-
lence ratio negatively affected combustion efficiency and
worsened engine performance.

Nomenclature

A

: Cylinder surface area (m?)

Ap : Piston top surface area (m?)
a, : Intake valve closing (°CA)

fC : Mass of fuel per cycle (kg)
CA : Crank angle

: Specific heat of the fuel (kJ/kgK)
: Specific heat of the gas (kJ/kgK)

pf
pg
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