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ABSTRACT

Depending on the development in computer technologies by using theoretical
models in the design of internal combustion engines, the effects of different
operating and design parameters on engine performance and performance
characteristics of a real engine can be estimated with shorter time and lower cost.
In this study, a mathematical simulation model is developed to investigate ideal
air-fuel cycle analysis of a single cylinder, four-stroke and natural aspirated spark
ignition engine. Obtained the variations of cylinder temperature and pressure with
crankshaft angle (CA) depending on different compression ratio, engine speed and
air excess coefficient (AEC), engine performance parameters such as indicated
mean effective pressure, fuel and air consumptions, indicated power, thermal
efficiency were calculated using computer program written in FORTRAN. Iso-
Octane (CgH;g) is used as a fuel in the numerical calculation method, and
calculation of internal energy and specific heats belong to CgH,z and species and
calculation of considered two basic dissociation equilibrium constants were
determined as the empiric functions of temperature. It is assumed that combustion
and exhaust processes are done at constant volume and compression, combustion
and expansion processes are adiabatic. With these results, it is believed that the
mathematical model can be used for determination of engine performance
characteristics as an appropriate method in internal combustion engines.

Key Words: Spark ignition engine; Engine performance; Air-fuel ratio; Ideal fuel-
air cycle

BUJi iILE ATESLEMELI BIR MOTORUN iDEAL HAVA-YAKIT CEVRIM

ANALIZIi iLE PERFORMANS HESABI
OZET

Bilgisayar teknolojisindeki gelismelere paralel olarak igten yanmali motorlarin
tasariminda teorik modellerin kullanilmasi1 ile farkli caligma ve tasarim
parametrelerinin motor performansina etkileri ve ger¢ek bir motorun performans
karakteristikleri daha az maliyetle ve daha kisa siirede tahmin edilebilmektedir. Bu
caligmada, tek silindirli, 4-zamanli, dogal emisli buji ile ateslemeli bir motorun
ideal hava-yakit ¢cevrim analizini incelemek {izere matematiksel bir simiilasyon
modeli gelistirilmigtir. FORTRAN programlama dilinde yazilmis bir bilgisayar
programi yardimiyla farkli sikistirma orani, motor hizi ve hava fazlalik katsayilari
(HFK) i¢in krank mili agis1 (KMA)’na bagh olarak silindir basing ve sicaklik
degisimleri elde edilerek ortalama indike basing, yakit ve hava tiiketimi, indike
gli¢, termik verim gibi motor performans parametreleri hesaplanmistir. Niimerik
hesap metodunda yakit olarak izo-Oktan (CgHg) kullanilmisg olup, CgH;g ve tiirlere
ait i¢ enerji ve oOzgiil 1silar ile ayrisma denge sabitlerinin hesabi sicakliga bagh
amprik fonksiyonlarla ger¢eklestirilmistir. Yanma ve egzoz proseslerinin sabit
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hacimde ve sikistirma, yanma ve genisleme proseslerinin ise adyabatik olarak
gerceklestigi kabul edilmistir. Sonug olarak, matematiksel modellerin icten
yanmali motorlarda performans karakteristiklerinin belirlenmesinde uygun bir

metot olarak kullanilabilmektedir.

Anahtar Kelimeler: Buji ile ateslemeli motor; Motor performansi; Hava-yakit

orani; Ideal yakit-hava gevrimi

1. GIRiS

Igten yanmali motorlar, icatlarmdan bu yana insanlarin
hayatinda ¢ok biiyiik kolaylik saglamis, diger bilim
alanlarinda da oOnemli gelismelerin Onciisii  olmustur.
Bilgisayarlarla yapilan sayisal hesaplamalar sonucunda,
bir motorun ¢aligmasi sirasinda gerceklesen olaylarin
say1sal modellemesi yapilmakta, imalatgilarin kullanimina
sunularak uzun silirecek deneysel islemlerin bilgisayar
yardimiyla daha kisa siirede yapilmasma imkan
vermektedir. Bilgisayarlarin teknolojide yerlerini almasi
ile sayisal hesaplama yontemlerindeki iyilesmeler, icten
yanmali motor karakteristiklerinin belirlenmesi igin
yapilan  hesaplamalardan daha gergek¢i  sonuglar
alinmasini saglamistir.

Iyi bir yakit ekonomisi gerceklestirmek ve egzoz
emisyonlarinin azaltilmasina yonelik taleplerin
karsilanmasi i¢in teorik model kullanimi iyi bir aragtir (1).
Motorlarin matematiksel olarak modellenmesi sayesinde;

1) Farkli c¢alisma kosullarinda motorun beklenen
davranigi gerceklestirme yetenegi belirlenmekte,

2) Daha kisa analiz siireleri ile maliyet daha etkin
olarak ¢ikarilmakta ve artan bilgisayar hizi ile
simiilasyona uygulanan sayisal metotlarda iyilesme
saglanmakta,

3) Motor parametrelerinden her biri i¢in matematiksel
modelin  ¢oziilmesi ile performans degisimi
arastirilmakta ve optimum motor karakteristikleri
belirlenebilmektedir (1,2).

Bu c¢alismada, tek silindirli, doért-zamanli, normal
emigli buji ile ateslemeli bir motorun ¢alisma
karakteristikleri ideal hava-yakit cevrimine goére teorik
olarak analiz edilmistir. Bunun igin sikistirma orani, motor
hizi, hava fazlalik katsayis1 gibi parametrelerin motor
performansia etkilerinin sayisal olarak incelendigi bir
bilgisayar programi hazirlanmistir. Kurulan modelin
hesabinda, basing ve sicaklik degerleri, ideal g¢evrimin
meydana geldigi 360°KMA igin 1’er derece araliklarla
hesaplanmigtir. Hesaplamalardan elde edilen sonuglar ile
literatiiriin uyustugu goriilmiistiir.

2. HAVA-YAKIT CEVRIM ANALIiZi

Icten yanmali motorlara, hava-standart ¢evrim analizi,
ideal hava-yakit c¢evrim analizi ve gercek hava-yakit
cevrim analizi olmak iizere ili¢ farkli ¢evrim analizi
uygulanmaktadir.

Hava-standart ¢evrim analizi, motor verimi iizerindeki
genel etkinin sadece sikistirma orani oldugunu ifade
ederken, ideal hava-yakit ¢evrim analizi motor
performanst iizerinde hava-yakit orani, emme basinci ve
sicakliginin ~ degisiminin  de  etkisinin  oldugunu
gostermektedir. Bunlardan sikistirma orani ve hava-yakit

1. INTRODUCTION

Internal combustion engines provide big easiness in
human being and to be leader of significant development
since their invention. Numerical model of processes
becoming engine operation can be conducted with
computers as a result of numeric calculations and it is
presented to using of manufacturer. Besides, it is possible
that engine characteristics are estimated with shorter time
and lower cost. Determination of internal combustion
engines characteristics can be obtained with more reliable
results because of improvement in numerical calculation
by developing computer technologies.

Using theoretical model is a good method to improve
fuel economy and supply the demands for lower exhaust
emissions (1). Due to mathematical model of engines;

1) Desired behavior of engine at different operating
conditions can be determine,

2) Cost is obtained more effectively with shorter
analyze time and improvement in numeric methods
applied to simulation is achieved by increasing
computer speed,

3) Performance changes can be investigated with
mathematical model solution for each of engine
parameters and optimum engine characteristics can
be defined (1,2).

In this study, operating characteristics of a single
cylinder, four-stroke and natural aspirated spark ignition
engine were analyzed theoretically to ideal air-fuel cycle.
The computer program was prepared to investigate the
effects of parameters such as compression ratio, engine
speed and air excess coefficient on engine performance.
Pressure and temperature values were calculated for
360°CA (ideal cycle is done this period) with 1°CA
increment in calculation of simulation model. It is shown
that the results in computer program are good agreement
with literature.

2. AIR-FUEL CYCLE ANALYZES

Three different cycle analyzes such as air-standard,
ideal air-fuel and actual air-fuel cycles analyzes are
applied to internal combustion engines.

Ideal air-fuel cycles show that air-fuel ratio, intake
pressure and temperature variations affect engine
performance, while air-standard cycle analyzes are
expressed that general effect on engine efficiency is only
compression ratio. Compression ratio and air-fuel ratio of
them are the best important engine performance
parameters.
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orani en Onemli
olusturmaktadir.

motor performans parametrelerini

Bir motorun ger¢ek verimi, ideal hava-yakit ¢evrim
veriminin yaklasik %85°1 kadar olup gergek bir motordan
beklenen giig, maksimum silindir basinglar1 ve egzoz
sicakliklar1 gercege yakin bir sekilde hava-yakit gevrim
analizi ile tahmin edilebilmektedir (3,4).

Ideal hava-yakit gevrimini olusturan islemler Sekil 1°de
goriilmektedir.

Real efficiency of an engine is approximately 85% of
ideal air-fuel cycles and prediction of desired power of
real engine and maximum cylinder pressure and exhaust
temperature can be estimated by air-fuel cycle analyzes.

Pressure-volume diagram for ideal Otto air-fuel cycle
is shown in Fig. 1.
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Figure 1. Pressure-volume (p-V) diagram for ideal Otto air-fuel cycle (3)
Sekil 1. Ideal Otto hava-yakit ¢cevrimine ait basing-hacim (p-V) diyagram (3)

Ideal hava-yakit gevrimi analiz edilirken;

1) Silindir i¢i gazlariningergek kompozisyonu,

2) Sicakliga bagli olarak 6zgiil 1sida degisme,

3) Aynigmanin etkisi ve

4) Mol sayisindaki degisme gibi faktorler ve asagidaki

kabuller dikkate alinmaktadir.

e Yanmadan Once hava ve yakitta kimyasal degismeler
yoktur,

e Her islemde gazlar ile silindir duvarlar1 arasinda 1st
alig-verisi yoktur,

o Sistem kapali bir sistemdir,

e Yakit tam olarak buharlagmis ve hava ile tam olarak
karigmigtir,

e Her motor hizinda  silindir tam  olarak
doldurulmaktadir; siirtinme, pompalama, sogutma
vb. kayplar yoktur ve

e Yanma ve egzoz islemleri ani olarak, sabit hacimde,
gerceklesmektedir (4,21,23).

3. MATEMATIKSEL MODEL

Bu ¢alismada, Otto ¢evrimine gore ¢aligan tek silindirli,
normal emisli, buji ile ateslemeli bir motorun ¢alisma
karakteristikleri ideal yakit-hava ¢evrim analizi ile teorik
olarak analiz edilmistir. Bunun i¢in sikistirma orani, motor
hizi, hava fazlalik katsayis1 gibi parametrelerin motor
performansina etkilerinin sayisal olarak incelendigi bir
bilgisayar programi hazirlanmistir. Kurulan matematik
model ile gergeklestirilen hesaplamalarda basing ve
sicaklik degerleri, ideal yakit-hava g¢evrimin meydana
geldigi kabul edilen 360°KMA i¢in 1’er derecelik
araliklarla Newton-Raphson metodu ile iteratif olarak
hesaplanmustir.

When air-fuel cycle is analyzes;

1)  Real composition of cylinder gases,

2)  Changes in specific heat related to temperature,

3)  The effect of dissociation and

4) Factors as changing of mol number and following

assumptions are noticed.

o Air and fuel before combustion do not changes,

o There is no heat transfer for each process from gases
to cylinder wall,

e System is a closed system,

o Fuel vapors and mixture with air completely,

e Cylinder is filled fully for all engine speed; there is
no friction, pumping, cooling losses etc. and

e Combustion and exhaust process are done suddenly
at constant-volume process (4,21,23).

3. MATHEMATICAL MODEL

In this study, characteristics of a single cylinder, four-
stroke and natural aspirated spark ignition engine
operating with Otto cycle are investigated by ideal air-fuel
cycle analyzes. Computer program which investigates
numerically the effect of parameters such as compression
ratio, engine speed and air excess coefficient on engine
performance is prepared. Pressure and temperature values
in mathematical simulation model are calculated by
Newton-Raphson method iteratively for 360°CA in steps
of 1 degree (ideal fuel-air cycle is accepted in 360°CA).

Parameters such as engine speed, air excess coefficient,
ambient pressure and temperature and engine design

105
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Matematiksel ¢evrim  modelinin  ¢éziimii  igin
FORTRAN programlama dilinde bir bilgisayar programi
geligtirilerek motor hizi, hava fazlalik katsayis1 (HFK),
ortam basing ve sicakligl ve motor tasarim ozellikleri gibi
parametreler programin baslangicinda tanitilnug; yakat
(CgHyg), O,, Ny, CO, CO,, HyO’un 6zellikleri ise iki ayri
sicaklik araligr (300-1000K ve 1000-5000K) igin ii¢ ayri
polinom dosyasindan okutulmustur (2,22).

Silindire alinan karigiminin atmosferik basing ve
sicakliktaki hava-yakit karisimi oldugu kabul edilerek bu
karigtimin  termodinamik  Ozellikleri  belirlenmistir.
Sikistirma, yanma ve genigleme islemlerine ait
termodinamik Ozellikler temel termodinamik iligkiler
yardimiyla hesaplanmistir. Yanma islemi, karisimin fakir,
stokiyometrik ve zengin olmasi durumlari igin verilen iki
ayr1 amprik ifade, Esitlik 1, kullanilarak analiz edilmistir
(11,15). Gaz basinci ve sicakligi ile yanma diriinlerinin
kompozisyonu cesitli amprik ifadelerin yardimiyla adim
adim hesaplanarak elde edilmistir. Bu esitlikler sikistirma
ve genisleme iglemleri i¢in hesaplama adiminin sonundaki
sicaklik  degerleri 1K tolerans iginde birbirine
yakinlagincaya kadar iteratif yontemle ¢6ziilmiis ve daha
sonra  bulunan  sicaklik  degerlerinden  basinglar
hesaplanmustir.

Yanma ve genisleme islemleri siiresince yiiksek
sicaklik  seviyeleri yiiziinden (1000K’den yiiksek)
ayrigmalar meydana gelmekte ve iirtinlerin
kompozisyonlar1 ile mol sayilar1 da meydana gelen
ayrismanin miktarma bagli olarak degismektedir. Bu
calismada, yanma ve genigleme iglemleri siiresince iki
temel ayrigma reaksiyonunun (Esitlik 2 ve 3) meydana
geldigi ve yanma iiriinlerinin CO,, CO, H,0, H,, O, ve
N,’den olustugu kabul edilmistir (2,22).

Yanma sonu sicakligi (T;3) i¢in ilk tahmin, Annand’in
yaklagik ifadeleri

6 <1.0=T,= T+ 2500 ¢

specifications are introduced by using developed computer
program which is written FORTRAN Programming
Language to the mathematical cycle model solution at the
beginning of the program; and specifications of the fuel
(CgHyg), Oy, N, CO, CO,, H,O for two different
temperature ranges are read from three different
polynomial files (2,22).

It is assumed that charging in the cylinder is to be an
air-fuel mixture at atmospheric pressure and temperature
conditions and thermodynamic specifications of this
mixture are determined. Thermodynamic properties of
compression, combustion and expansion processes are
calculated by means of basic thermodynamic relations.
Combustion process is analyzed with two different
empirically equation, Eq. 1, for lean, stoichiometric, and
rich mixture conditions (11,15). Pressure and temperature
of gas and products composition are calculated with varies
empirical equations as step by step. These equations are
solved iteratively with 1K tolerance and the pressures are
calculated from obtained temperature values.

Dissociations are done because of higher temperature
levels (above 1000K) during combustion and expansion
processes and products compositions and their molar
numbers changes according to the dissociation amount. In
this study, it is assumed that two basic dissociation
reactions (Eq. 2 and 3) are done and combustion products
consist of CO,, CO, H,0, H,, O, ve N, during combustion
and expansion processes (2,22).

The first estimation for the end of the combustion
temperature can be obtained by the approximate
expression due to Annand (11,15).

(1]

¢>1.0=T,= T+ 2500 ¢ — 700 (¢ — 1)

seklinde kullanilmistir (11,15). Burada; ¢: Esdegerlik

oranint diger bir ifade ile yakit fazlalik katsayisini, T,:
Adyabatik sikigtirma sonu sicakligint ve T3: yanma sonu
sicakligini gostermektedir.

CO+H,0—>CO,+H,

Log, =4275-7.776591E"-T, +5.18659E - T, ~1.83203E” - T,

+331748E™" - T, -2.42387E™" - T}

Where; ¢ :equivalence ratio, on the other hand excess

fuel coefficient, T,: adiabatically end of the compression
temperature and T;: the end of the combustion
temperature.

esitligine ait denge sabiti / the equilibrium constant to the water-gas equation;

[2]

CO+1/20, — CO, esitligine ait denge sabiti / the equilibrium constant to this equation;

Log, =41.75367-5.78096E~ T, +3.69976E " - T, —1.28456E " - T,

+2.30571E™ - T, —1.67704E™° - T}

Hesaplamalarda kullanilabilme kolaylig1 saglamak
amaciyla temel ayrisma reaksiyon denge sabitleri, Esitlik 2
ve 3’te amprik olarak sicakligin besinci dereceden
polinomu haline doniistiiriilmiistiir. Yanma ve genisleme
islemleri siiresince meydana geldigi kabul edilen degisken
yanma iriinlerinin miktarlar1 yukarida agiklanan ayrigsma
reaksiyon denge sabitleri kullanilarak iteratif bir sekilde
hesaplanmustir (11,15).

(3]

Basic dissociation equilibrium constants are converted
to five degree polynomial of temperature empirically in
Eq. 2 and 3 to provide easiness at calculations. The
amount of variation combustion products are calculated
iteratively by using expressed dissociation equilibrium
constants during combustion and expansion processes
(11,15).
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4. SONUCLAR VE TARTISMA

Ideal Otto hava-yakit ¢evrimine gére cahisan ve silindir
cap1 88 mm, kurs boyu 80 mm, normal emisli tek silindirli
buji ile ateslemeli bir motorun matematiksel modeli
geligtirilmigtir. Modellenen motorda yanma isleminin;
karigimin fakir, stokiyometrik ve zengin olusuna bagh
olarak Esitlik 1’deki amprik ifadelere gore ve ani olarak
gerceklestigi kabul edilmistir. Program yardimiyla farkli
sikistirma orani, motor hizi ve hava fazlalik katsayilari
icin ortalama indike basing, yakit ve hava tiiketimi, indike
giig, termik verim gibi motor performans parametreleri
hesaplanmigtir. Termodinamik modelde sikistirma orani
6:1’den 11:1’e kadar 1’er birimlik adimlarla; motor hizi
1800 1/min’den 3600 1/min’e kadar 300 1/min’lik
adimlarla degistirilmistir. Ayrica, sabit sikistirma orani
icin hava fazlalik katsayist 0,8-1,1 araliginda 0,05’er
birimlik adimlarla degistirilmistir. Sonuglar grafikler
halinde sunulmustur.

4.1. Silindir Basin¢ ve Gaz Sicakhiklari

Artan sikigtirma orant ile ¢evrimin kapali alani ve net
isi sikistrma sonu basing ve sicakliklart yiiksek
oldugundan maksimum silindir basing (pnas) Ve gaz
sicaklik degerleri (Tnas) de yiiksek olmaktadir (6,16).
Sekil 2’de, 8:1 ve 10:1 sikistirma oranlar1 igin basing-
hacim degisimleri verilmektedir. Sikistirma orani 8:1’den
10:1’e artirildig1r zaman maksimum silindir basincinda 81
bar’dan 102 bar’a, yaklasik %25’lik bir artig
belirlenmistir. Sekil 3’te ise dort farkli sikistirma orani
icin krank mili agist ile silindir basinct degisimleri
verilmektedir.

4. RESULTS AND DISCUSSION

The mathematical model is developed to investigate
ideal Otto air-fuel cycle analyzes of a cylinder diameter of
88 mm, stroke of 80 mm, single cylinder, four-stroke and
natural aspirated spark ignition engine using iso-octan as
fuel. It is assumed that combustion processes in modeled
engine are done to empirical expression in Eq. 1
depending on lean, stoichiometric and reach of the mixture
and instantaneously. Engine performance parameters such
as indicated mean effective pressure, fuel and air
consumptions, indicated power and thermal efficiency for
different compression ratio, engine speed and air excess
coefficient were calculated wusing the program.
Compression ratio and engine speed in the thermodynamic
model are changed from 6:1, 1800 1/min to 11:1, 3600
1/min in steps of 1 and 300, respectively. Also, the air
excess coefficient is changed from 0.8 to 1.1 in steps of
0.05. Results are presented as graphically.

4.1. Cylinder Pressure and Gas Temperatures

Maximum cylinder pressure (p.x) and gas temperature
values (T.) are to be higher because end of the
compression process pressure and temperature are high
(6,16). Pressure-volume diagrams are shown for
compression ratio of 8:1 and 10:1 in Fig. 2. When the
compression ratio increases from 8:1 to 10:1, it is
observed that the maximum cylinder pressure increases
from 81 bar to 102 bar, approximately 25% improvement.
Also, cylinder pressure variations are given with respect to
crank angle for four different compression ratios in Fig. 3.

120 ‘ ‘ 140 I
Yakt Fuel : CgH,q Yakit Fuel : CgH,q S0:6
Prnas (8:1)=81,091 bar 0wl = | so8 |
Prnais(10:1)=101,95 bar| -
100 - S0O:10
— SO:11
- £ 100
S gt
s g : 2g e
Z s ' z s
< s~ 60 E ~
E=I) N D
PO \ =TT 60
= = ' S 8
RS AN £5
= C 4 Z
= Q' 40 : \ @n 40
20 . \_\ 20
~—
o e o 0
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Silindir hacmi (cm®) Cylinder volume (cc) Krank mili agis1 Crankshaft angle (°)
Figure 2. The effect of compression ratio on cylinder | Figure 3. Crankshaft angle-cylinder pressure diagram
pressure Sekil 3. Krank mili agisi-silindir basinct degisimi
Sekil 2. Sikistirma oraninin silindir basincina etkisi
Sekil 4’te maksimum silindir basinci ve gaz Figure 4 shows changing of maximum cylinder
sicakliklarinin ~ sikistrma  oram1  ile  degisimleri pressure and gas temperature with respect to the

verilmektedir. Sikistirma orami artigi ile hem maksimum
silindir basinglarmin hem de maksimum silindir gaz
sicakliklarinin  arttig1  gorlilmektedir. Sikigtirma oramni
6:1’den 11:1’e artirildiginda maksimum silindir basinci
yaklasik olarak 60 bar’dan 110 bar’a ve maksimum
silindir gaz sicakligi ise 3125 K’den 3180 K’e
yiikselmektedir

compression ratio. Both the maximum cylinder pressure
and gas temperature increase at higher compression ratio.
The maximum cylinder pressure increases approximately
from 60 bar when the compression ratio is 6:1 to 110 bar
when the compression ratio is 11:1; similarly the
maximum gas temperature increases from 3125K to
3180K.
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Figure 4. The effect of compression ratio on maximum cylinder pressure and gas temperature
Sekil 4. Sikistirma oraninin maksimum silindir basing ve gaz sicakligina etkisi

Sekil 5°te iki farkli hava fazlalik katsayisi igin
sikistirma orani-maksimum silindir basinct; Sekil 6’da ise
i¢ farkli HFK degeri igin sikistirma orani-maksimum
silindir gaz sicakliklar degisimi verilmektedir. Maksimum
silindir  basinglarmin  HFK’daki artis ile azaldigy
stkigtirma oranindaki artigla tiim HFK degerleri i¢in arttig
goriilmektedir (Sekil 5). HFK=0,95 i¢in sikistirma oram
6:1°’den 11:1’e artirnldiginda maksimum silindir basinci
yaklagik olarak 62 bar’dan 115 bar’a artarken HFK 1,05’e
artirildiginda aynmi sikistirma orani araliginda 60 bar’dan
112 bar’a yiikselmistir.

Tim HFK degerleri i¢in maksimum silindir gaz
sicakliklarinin  sikigtirma  oran1 ile arttigi; karigimin
fakirlesmesi ile azaldigi, HFK=0,95 icin sikigtirma oram
6:1’den 11:1’e artirlldiginda maksimum gaz sicakliginin
3150 K’den 3200 K’e arttigi goriilmektedir (Sekil 6).
HFK’nin 1,05’e artirilmasit durumunda ise ayni sikistirma

The compression ratio-the cylinder pressure relation for
two different air excess coefficients (AEC) in Fig. 5 and
the compression ratio-the maximum cylinder gas
temperature relation for three different AEC in Fig 6 are
given. It is shown that the maximum cylinder pressure
decreases with increasing AEC; rises with increasing the
compression ratio for all AEC values. When the
compression ratio increases from 6:1 to 11:1 for the AEC
of 0.95, the maximum cylinder pressure increases
approximately from 62 bar to 115 bar. Similarly, it
increases from 60 bar to 111 bar at the same compression
ratio range for air excess coefficient of 1.05.

The maximum gas temperature increases with higher
compression ratio for all AEC values; decreases with
leaning of mixture. When the compression ratio increases
from 6:1 to 11:1 for AEC of 0.95, it is observed that the
maximum gas temperature increases from 3150K to

orani araligt i¢in 3100 K’den 3150 K’e arttig 3200K (Fig. 6). Similarly, at the condition of increasing
belirlenmistir. EAC to 1.05 for the same compression ratio range the
maximum gas temperature increases from 3100K to
3150K.
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Figure 5. The effect of AEC on cylinder pressure Figure 6. The effect of AEC on maximum gas temperature
Sekil 5. HFK’nin maksimum silindir basincina etkisi Sekil 6. HFK’nin maksimum gaz sicaklifina etkisi
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Ayrica, sikistrma oramt artarken silindir gaz
sicakliklar1 ve basinglari ile maksimum degerleri artmakta,
egzoz gaz sicakliklar1 azalmaktadir (6,7,10,12,16,17,22).

4.2. Ortalama indike Basing (p,,;) ve indike gii¢ (P;)

Sikistirma orani artisiyla sikistirma ve yanma sonu
basing ve sicakliklart yilikseldiginden ortalama indike
basing (pn;) ve indike giic (P;) artmakta; karisim
fakirlesirken azalmaktadir (10,16,21,22).

Sekil 7°de, sikistirma orani ile ortalama indike basing ve
indike giiciin degisimi goriilmektedir. HFK=1,0 ve motor
hizi 1800 1/min i¢in sikigtirma oraninin 6:1°den 11:1°¢
artirilmast ile ortalama indike basincin 28 bar’dan 34
bar’a; indike giiciin ise 20,5 kW’tan 25,5 kW’a kadar
artt1g1 belirlenmistir.

Moreover, the cylinder gas temperature and pressure
values increase and exhaust gas temperatures decrease
with increasing the compression ratio
(6,7,10,12,16,17,22).

4.2. Mean Indicated Pressure (p,,;) and Indicated
Power (P))

Mean indicated pressure (p,,;) and indicated power (P;)
increase because end of the compression and combustion
pressure and temperature values are higher with increasing
compression ratio while it decreases with leaning of the
mixture (10,16,21,22).

Mean indicated pressure and indicated power variation
with respect to compression ratio are shown in Fig.7. It is
determined that the mean indicated pressure increases
from 28 bar to 34 bar and indicated power increases from
20,5 kW to 25,5 kW at 1800 1/min and AEC of 1.0
conditions with changing of the compression ratio from
6:1to 11.1.
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Sikis tirma oram Compression ratio

Figure 7. The effect of compression ratio on mean indicated pressure and indicated power
Sekil 7. Sikistirma oraninin ortalama indike basing ve indike giice etkisi

Sekil 8’de, ti¢ farkli HFK ig¢in sikistirma orami ile
ortalama indike basmcin, Sekil 9°da ise 10:1 sikistirma
oraninda iki farkli HFK degeri i¢in motor hizina gore
indike giiciin degisimleri verilmektedir. Ortalama indike
basincin HFK’daki artigla azaldigi, sikistirma oranindaki
artisla arttigl; maksimum degerinin HFK=0,95 ve 11:1
sikistirma oraninda yaklasik 34 bar olarak belirlenmistir
(Sekil 8). Sonug olarak her sikigtirma orant i¢in HFK’nin
0,95’ten 1,05’¢ artirilmasi ile ortalama indike basingta
yaklasik 2 bar’lik azalmalar meydana gelmistir.

It is presented that variation of mean indicated pressure
with compression ratio for three different AEC values in
Fig. 8 and variation of indicated power with engine speed
at 10:1 compression ratio for two different EAC values in
Fig. 9 are given. While mean indicated pressure decreases
with AEC, it increases with higher compression ratio and
its maximum value is obtained as 34 bar at AEC=0.95 and
compression ratio of 11:1 conditions (Fig. 8). Hence,
when AEC varies from 0.95 to 1.05 with 0.05 increments
for all compression ratios, mean indicated pressure
decreases approximately 2 bar to all steps.
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Figure 8. The effect of AEC on mean indicated pressure
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Sekil 8. HFK’nin ortalama indike basinca (p,;)etkisi
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Figure 9. The effect of AEC on indicated power (P;)
Sekil 9. HFK’nin indike giice (P;) etkisi

Indike giic, 10:1 sikistirma oram i¢in motor hizindaki
artig ile artarken, HFK’daki artigla azalmaktadir (Sekil 9).
HFK=0,95 i¢in motor hizi 1800 1/min’den 3600 1/min’e
degistirildiginde indike giicte yaklagik 25 kW’dan 50
kW’a; aymt motor hizi araliginda HFK’nin 1,05%¢
artirtlmast durumunda ise 22,5 kW’tan 45 kW’a artiglar
belirlenmistir. Sonug olarak, 1800-3600 1/min motor hizi
araligi i¢cin HFK’nin 0,95’ten 1,05°¢ artirtlmasi halinde
indike giic degerlerinde yaklasik olarak 3-4 kW’lik
azalmalar meydana gelmistir. Ciinkii, matematiksel
modelde, her motor hizi i¢in silindirin tam dolduruldugu,
siirtlinme ve 1s1 transferi gibi kayiplarin olmadig1 kabul
edildiginden motor hizindaki artisa baglh olarak ortalama
indike basng ve indike giicte artislar meydana
gelmektedir.

4.3. Yakit ve Hava Tiiketimleri

Hesaplamalar her motor hizinda silindirin tam olarak
dolduruldugu, siirtinme ve 1s1 transfer kayiplarmin
olmadigi kabul edilerek gergeklestirildiginden hem yakit
hem de hava tiketimlerinde motor hizi ile artig
belirlenmistir. Sekil 10°da, motor hizi ile hava tiikketimi ve
yakit tiiketimi; Sekil 11°de ise HFK ile hava ve yakit
tiikketimi iligkileri sunulmaktadir. Motor hizindaki artig ile
hem hava tiiketimi hem de yakit tiiketiminde artmadir
(Sekil 10). Motor hizinin 1800 1/min’den 3600 1/min’e
artirilmast ile yakit tiiketiminde 2,1 kg/h’ten 4,2 kg/h’e;
hava tiikketiminde ise yaklasik olarak 32 kg/h’ten 63 kg/h’e
kadar artis belirlenmistir.

While indicated power raises with engine speed, it
decreases with AEC at compression ratio of 10:1 (Fig. 9).
When engine speed varies from 1800 1/min to 3600 1/min
for AEC=0.95, indicated power raises from 25 kW to 50
kW and when AEC varies 1.05 at same engine speed
range it rises from 22.5 kW to 45 kW. Thus, for the engine
speed range of 1800 -3600 1/min when the AEC varies
from 0.95 to 1.05, the indicated power falls to 3-4 kW.
Because in mathematical model, the cylinder is full
charged, friction and heat transfer losses are ignored for
all engine speed, mean indicated pressure and indicated
power rise with increasing engine speed.

4.3. Fuel and Air Consumptions

It is determined that both fuel and air consumptions
increase with engine speed to the calculations because the
cylinder is full charged, friction and heat transfer losses
are ignored. It is presented that the relations of air and fuel
consumption to engine speed are shown in Fig. 10 and
similarly, the same relations to AEC are shown in Fig. 11.
Both air and fuel consumptions rise when the engine speed
increases (Fig. 10). When the engine speed increases from
1800 1/min to 3600 1/min, fuel and air consumptions are
changed from 2.1 kg/h to 4.2 kg/h and from 32 kg/h to 63
kg/h, respectively.
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Figure 10. Air and fuel consumption variations with
engine speed
Sekil 10. Hava ve yakit tiiketimlerinin motor hizi ile
degisimi

Figure 11. Air and fuel consumption variations with AEC
Sekil 11. Hava ve yakit tiiketimlerinin HFK ile degisimi

Artan HFK ile yakit tiiketiminde azalma, hava
tilketiminde ise artma egilimleri goriilmektedir (Sekil 11).
HFK’nin 0,8’den 1,1°¢ degistirilmesi halinde hava
tiketiminde 41,25 kg/h’ten 41,48 kg/h’e artis; yakit
tiketiminde ise 3,4 kg/h’ten 2,5 kg/h’e azalma
belirlenmistir.

4.4. indike Verim

Sekil 12°de, indike verimin sikistirma orani ile, Sekil
13°de ise HFK ile degisimi goriilmektedir.

Fuel consumption is decrease but, air consumption is
increase with increasing AEC (Fig. 11). When the AEC
increases from 0.8 to 1.1, it is determined that air
consumption increases from 41.25 kg/h to 41.48 kg/h, and
fuel consumption decreases from 3.4 kg/h to 2.5 kg/h.

4.4. Indicated Efficiency

Indicated efficiency variations related to compression
ratio and AEC are shown Fig. 12 and Fig. 13, respectively.
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Figure 12. The effect of compression ratio on indicated
efficiency at different AEC
Sekil 12. Farkli HFK degerlerinde sikistirma oraninin
indike verime etkisi

Figure 13. The effect of AEC on indicated efficiency
Sekil 13. Hava fazlalik katsayisinin indike verime etkisi

Tiim HFK degerleri igin sikistirma orani 6:1°den 11:1°¢
artirtldiginda indike verimde yaklasik olarak %10’luk
iyilesmeler belirlenmistir (Sekil 12). Sikistirma orani
artisiyla indike verimin artmast Otto ¢evrim verim
ifadesinden agikga goriilmektedir. Sikistirma orani artis

When the compression ratio varies from 6:1 to 11:1 for
all AEC values, it is obtained that improvements in the
indicated efficiency are to be approximately 10% (Fig.
12). It is clear that thermal efficiency increases with
compression ratio as shown Otto cycle -efficiency
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sikigtirma sonu basing ve sicakliklarini artirdigi ve yanma
stiresini kisalttigindan ortalama indike basing ve motor
giicli artmaktadir. Sonu¢ olarak, silindir gazlarindan
maksimum fayda elde edilebilmektedir.

Indike verimin artan hava fazlalik katsayisi ile arttigi
goriilmektedir (Sekil 13). Sikistirma orami 8:1 igin HFK
0,8’den 1,1’¢ degistirildiginde indike verimde %47’den
%353’e kadar artigi belirlenmistir. Sonug olarak, karisim
fakirlesirken dolgu ideal gaz ozelliklerine yaklastigindan

ve silindir igindeki yakittan maksimum derecede
faydalanildigindan indike verim artmaktadir (2,5,9-
11,13,15,20).

5.SONUC VE ONERILER

Bu ¢aligmada, yakit olarak izo-oktan (CgH,g) kullanan
tek silindirli, 4-zamanli, dogal emisli buji ile ateslemeli bir
motorun ideal hava-yakit ¢evrim analizini incelemek lizere
matematiksel bir simiilasyon modeli gelistirilmistir.
FORTRAN programlama dilinde yazilmis bir bilgisayar
programi yardimiyla sikistirma orani, motor hizi ve hava
fazlalik katsayilart i¢in motorun KMA’ya bagli olarak
silindir basimng ve sicaklik degisimleri elde edilerek
ortalama indike basing, yakit ve hava tiikketimleri, indike
giic, termik verim gibi bazi motor performans
parametreleri hesaplanmustir.

Silindir igindeki karigimin termodinamik O6zellikleri
belirlendikten sonra sikigtirma, yanma ve genigleme
islemleri igin enerji denklemleri ve termodinamik
bagntilar yardimiyla Newton-Raphson iterasyon yontemi
kullanilarak her 1°’lik KMA adimina karsilik basing ve
sicaklik degerleri ve yanma iirtinleri belirlenmistir. Ayrica,
elde edilen performans sonuglarinin sikistirma orani,
motor hizi ve hava fazlalik katsayisi ile degisimleri
grafikler halinde sunulmustur. Yanma ve genisleme
islemleri siiresince ayrigma olay1 dikkate alinarak her
krank agis1 i¢in silindir igindeki iiriinlerin mol sayilar
program iginde yazilan alt programlar ile belirlenmistir
(18,19).

Hazirlanan bilgisayar programi farkli motor hizlari,
stkistirma oranlart ve hava fazlalik katsayilart igin
calistirildiginda;

a) Maksimum silindir basing ve sicakliklari, ortalama
indike basing, indike gili¢, indike verim gibi
parametrelerin sikistirma orani artigiyla arttigi,

b) Artan motor hiz1 ile indike gii¢, ortalama indike
basing, hava ve yakit tiikketimleri gibi parametrelerin
arttig1 ve

c) Sabit sikistrma oraninda (SO=8:1) artan hava
fazlalik katsayis1 (0,95-1,05 araliginda 0,05 birimlik
adimlar halinde) ile silindir basing ve sicakliklari,
ortalama indike basing, indike gii¢, yakit tiiketimi
parametrelerinin azaldigi, karisim fakirlestikce ideal
gaz Ozelliklerine yaklastigindan termik verimin ve
hava tiiketiminin artt1ig1 goérilmiistiir.

expression. Mean indicated pressure and engine power
increase because increasing compression ratio provides
higher pressure and temperature at the end of the
compression process and shorter combustion period. Thus,
maximum benefit from cylinder gases energy can be made
available.

It is shown that indicated efficiency increase with
leaning of mixture (Fig. 13). When the air excess
coefficient increases from 0.8 to 1.1 for compression ratio
of 8:1, it is determined that indicated efficiency increases
from 47% to 53%. Thus, indicated efficiency improves
because the charge in the cylinder approaches to the ideal
gas specification and provides maximum benefit as
leaning of the mixture (2,5,9-11,13,15,20).

5. CONCLUSIONS AND SUGGESTIONS

In this study, a mathematical simulation model is
developed to investigate ideal air-fuel cycle analysis of a
single cylinder, four-stroke and natural aspirated spark
ignition engine using iso-octan (CgH,g) as fuel. Changing
of cylinder pressure and temperature are obtained for
compression ratio, engine speed and air excess coefficient
depending of crankshaft angle using a computer program
which is written in FORTRAN Programming Language,
and engine performance parameters such as mean
indicated pressure, fuel and air consumption, indicated
power, thermal efficiency are calculated.

After thermodynamic specifications of mixture in the
cylinder were determined, each 1 degree CA to pressure
and temperature values and combustion products were
determined for compression, combustion and expansion
processes using the Newton-Raphson iteration method.
Also, changing of obtained performance results with
compression ratio, engine speed and air excess were
presented as graphically. Dissociation during combustion
and expansion process was considered and molar number
of products in the cylinder for each CA were determined
with subprogram (18,19).

If prepared computer program is running for different
engine speed, compression ratio and air excess coefficient;
the following results are summarized.

a) Parameters such as maximum cylinder pressure
and temperature values, mean indicated pressure,
indicated power, thermal efficiency increase with
increasing of compression ratio,

b) Parameters such as indicated power, mean
indicated pressure, air and fuel consumptions
increase with increasing of engine speed,

c) At constant compression ratio (CR=8:1), such as
cylinder pressure and temperature values, mean
indicated pressure, indicated power, fuel
consumption parameters decrease with increasing
air excess coefficient (range of 0.95-1.05 in steps
of 0.05); it is shown that thermal efficiency and air
consumption values increase because of the
mixture closing to the ideal gas properties as the
mixture leaning.
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Bunlarin sonucunda; Finally;

a) Hazirlanan simiilasyon programina grafik a) Results can be obtained shorter time with adding
editorii ilave edilmesiyle sonuglara daha kisa graphic editor to prepared simulation program
zamanda ulagilabilir ve performans egrileri and performance curves can be plotted.
cizilebilir. b) This program is acceptable for engine design

b) Hazirlanan programdan literatiirii destekleyen because obtained results show a good agreement
sonuglar elde edildiginden bu program motor with literature. Also, it is suitable for different
tasarimi i¢in uygun bir programdir. Ayrica, engine sizes and alternative fuels.
program farklt motor boyutlari ve alternatif ¢) Program is suitable for more reliable study using
yakitlarla ¢aligmaya elverislidir. a improved combustion model and heat transfer

¢) Program; gelismis bir yanma modeli ve 1s1 coefficient, considering valve timing, throttle
transfer katsayist  kullanilarak ve  supap position and volumetric efficiency.

zamanlamasi, gaz kelebegi konumu ve
voliimetrik verim dikkate alinarak daha ger¢ekei
bir ¢aligma yapmaya elverislidir.
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