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The Determination of Increase in Charge Combustion Velocity
in a Two — cycle Otto — Diesel Engine

Abstract: Investigations and analysis of charge combustion velocity in a two — cycle Otto — Diesel engine
were undertaken for the following cases: work of engine with spark ignition and switch to a Diesel cycle by
direct injection of ignition dose. During engine work at switch from Otto cycle - i.e. switching off ignition and
application of ignition dose - increase in combustion pressure is obtained. Analysis of mass fraction burned
(MFB) in the case of work of engine with spark ignition and auto - ignition was carried out. A considerable
increase in charge combustion velocity is noticeable. Moreover, during investigations a comparative determina-
tion of exhaust gases temperatures was made for an engine with spark ignition as well as for ignition by means
of a dose initiating ignition. This was done for two cases of dose injection angle 28° and 30° CA before TDC.
Decrease in exhaust gases temperature was found for the case of ignition from the initiating dose.

Key words: analysis of combustion velocity in two-cycle engine, spark ignition, compression ignition, in-
crease in total efficiency of internal combustion engine

Okreslenie zwiekszenia szybkosci spalania fadunku
w silniku dwuobiegowym Otto - Diesel

Streszczenie: W pracy podjeto badania i analize zwiekszenia szybkosci spalania w silniku dwuobiegowym
Otto — Diesel dla nastepujgcych przypadkow: praca silnika z zaptonem iskrowym i przejscie na obieg Diesla
przez bezposredni wtrysk dawki zaptonowej. W trakcie pracy silnika przy przejsciu z obiegu Otto, tzn. wytqczenie
zaptonu i zastosowanie dawki zaptonowej uzyskano zwiekszenie cisnienia spalania. Przeprowadzono analize
udziatu masowego tadunku spalonego dla przypadku pracy silnika z zaptonem iskrowym i zaptonem
samoczynnym. Wyraznie widoczne jest zwigkszenie szybkosci spalania tadunku. Ponadto w  trakcie
prowadzonych badan dokonano poréwnawczego okreslenia temperatur spalin dla silnika o zaptonie iskrowym
oraz dla zaptonu za pomocq dawki inicjujgcej zapton dla dwoch przypadkow kqta wtrysku tej dawki 28 i 30 °
OWK przed GMP. Stwierdzono obnizenie temperatury spalin dla zaptonu od dawki inicjujgcej. W zwigzku z
obnizeniem temperatury spalin w przypadku zaptonu od dawki inicjujgcej wystgpito rowniez zmniejszenie ilosci
tlenku azotu w spalinach.

Stowa kluczowe: analiza szybkosci spalania w silniku dwuobiegowym, zapton iskrowy, zapton samoczynny,
zwiekszenie sprawnosci ogolnej silnika spalinowego

1. Introduction

Investigations on determination of increased
charge combustion velocity in a two — cycle engine
were carried out in the Laboratory of the Chair of
Internal Combustion Engines of the Cracow Uni-
versity of Technology. A redesigned four — stroke
engine was used for investigations. Redesigning of
the engine consisted in it that, apart from multipoint
supply, direct injection of fuel was applied for in-
jection of an ignition dose it means at the moment
of engine switch from Otto cycle to auto-ignition
which starts from injection of a very small ignition
dose at maintenance of the basic supply system in
the multipoint injection system. Moreover, an
electronic system of change control from spark
ignition to ignition from the initiating dose was
designed and executed. General view of the test bed
was presented in the Fig. 1.

Fig. 1. General view of the engine installed on the
test bed; 1 — Engine , 2 — Eddy — current brake,
3 — Engine controller, 4 — Intake manifold,
5 — Elastic intake pipe




Rys. 1. Widok silnika badawczego zainstalowanego
na stanowisku hamownianym,; 1 — Silnik, 2 — Ha-
mulec elektrowirowy, 3 — Sterownik silnika,
4 — Kolektor dolotowy, 5 — Elastyczny przewod
dolotowy

The test bench equipped in this way permitted
to carry out investigations of combustion pressure
increase as well as increase in mass fraction burned.
Differentiating the traces of mass fraction burned,
traces of combustion velocity dMFB/da were ob-
tained.

2. Influence of applied mode of mixture
ignition on charge combustion velocity

Analysis of the diagrams of pressure in the work
space of the cylinder obtained for both combustion
systems aimed at determination of the process of
charge combustion. A method permitting determi-
nation of mass fraction burned (MFB) in the cy-
linder in function of crank angle was applied. This
method was described more extensively, among
others, in [6].

After initiation of the combustion process from
an electric spark or auto-ignition of the fuel, the
increment of pressure Ap. in the cylinder during
crankshaft revolution by angle Aa is composed of
two components (1):

Ap, = Ap,,., +Ap, (0

In Fig. 2 the pressure p.omp change in the cylind-
er was presented in function of crank angle, which
is the result of mixture combustion during work
with spark ignition as well as in case when combus-
tion is initiated by the pilot dose injection
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Fig. 2. Pressure increment in the cylinder work
space as result of the combustion process in func-
tion of crank angle

Rys. 2. Wzrost cisnienia w przestrzeni roboczej
cylindra bedgcy wynikiem procesu spalania w funk-
cji kgta obrotu watu korbowego

The change of the cylinder work volume from
V; to Vi, is connected with change of crank angle
from o; to o;y, what is reflected in the pressure
change from p; to pg.1- It was assumed that pres-
sure change resulting from the change of the cy-
linder volume proceeds according to polytrophic
relation with a previously calculated exponent k.

The above assumptions make it possible to bring
equation (1) to the form defined by the formula (2):

k
V.
Peivi — Pei = BPooy + Do (V, j -1 @)

i+l

After appropriate transformation aiming at cal-
culation of pressure increment Ap.,,, connected
with the combustion process it takes the form (3):

k
Vi
Apcomb = pci+] - pci : (V ] (3)

i+l

It should be remembered that pressure incre-
ment as a result of combustion process cannot be
directly proportional to mass of the combusted fuel
with regard to the fact that combustion in a real
piston engine does not proceed at constant volume.
With regard to this fact it is necessary to refer the
obtained pressure increment to a certain volume
which may constitute the volume of the combustion
chamber V.. This operation is presented by the
formula (4):

V.
Apz'(;mh': Apcamb : Vil (4)

After N increments of the crank angle the pres-
sure increment resulting from combustion tends to
zero. This means the end of the combustion
process. Making assumption that corrected pressure
increment in consequence of combustion Apomp’ 1S
proportional to mass fraction burned MFB of the
mixture equation (5) is obtained:

Z Ap L'()m[)'
MFB=——— ©)
ZApmmb'
0
Fig. 3 shows the traces of changes of mass frac-

tion burned in function of crank angle obtained for
the both combustion systems.
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Fig. 3. Mass fraction burned in function of crank
angle in both of engine work modes

Rys. 3. Udziat masowy spalin w funkcji kgta obrotu
watu korbowego w obu trybach pracy

The value of flame development angle Aa, is
determined by the moment in which the mass frac-
tion burned is 0.1 according to formula (6):




Aa, =a,, -a,, (6)

The fast burn angle Aoy [3] is defined with eq-
uation (7) as difference between the value of crank
angle at which mass fraction burned equals 0.9 and
the angle at which the mass fraction burned consti-
tutes 0.1 the whole charge mass of the cylinder.

A, = Oy, — Oy, 7

The sum of the flame development angle Aa,
and fast burn angle Aoy was defined by the name of
burn duration angle Ao, — formula (8):

Aa, =Aa, +Aa, (®)

Values of angles characterizing the course of the
combustion process are presented in Table 1 re-
spectively for the case of work of engine with spark
ignition and combustion initiation by means of
direct injection of the ignition dose.

Tab. 1. Values of crank angles describing the
course of the combustion process in both consi-
dered modes of engine operation
Tab. 1. Wartosci kgtow CA opisujgcych przebieg
procesu spalania w obu rozpatrywanych trybach
pracy silnika

No.|Angle, Symbol [OE{A] [08\]

| .Ig.nitign/pilot dose Gign 346 330
1njection

2 |Reaching 0.1 MFB | 0y, 361 361
3 |Reaching 0.9 MFB | aygyo 381 375,5
4 |Flame development| Aa, 15 31
5 |Fast burn Aag 20 14,5
6 |Burn duration Aa, 35 45,5

In the case of engine work with use of two in-
jectors the value of the angle of flame development
increased from 15 to 31 °CA.
A remarkable decrease in the value of the fast burn
angle Aag from 20 to 14.5 °CA is a more important
fact. So, the most essential part of combustion
process is shortened by 5.5 °CA at work of the
engine with ignition initiated from a pilot dose i.e.
about 28%. This is, beyond doubt, the cause of the
increase in the indicated mean effective pressure
and in caloric efficiency. Combustion of mixture in
a shorter time causes smaller heat losses through
the cylinder sleeve, since, in this situation the sur-
face area of its part contacting the cylinder charge
of high temperature is smaller.

Curves of combustion velocity dMFB/da in
function of crank angle for both injection systems is
presented in Fig. 4. The charge combustion velocity
was obtained by means of differentiation of traces
of mass fraction burned presented in Fig. 3 with
respect to the crank angle.
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Fig. 4. Velocity of charge combustion in the cylind-
er dMFB/da in function of crank angle for both
combustion systems

Rys. 4. Szybkos¢ spalania tadunku w cylindrze
dMFB/do. w funkcji kqta obrotu watu korbowego
dla obu systemow spalania

The velocity of charge combustion reaches in
the major part of the period of fast burn higher
values in the case of engine work with combustion
initiated by injection of a fuel ignition dose. In the
case of work of engine with spark ignition higher
charge combustion velocities shifted towards the
afterburning period are observed, this being not a
positive phenomenon. Biggest influence on im-
provement of the engine caloric efficiency is ex-
erted by increase in charge combustion velocity in
the first stage of the process i.e. up to combustion
of 50% of mass of the mixture [3].

3. Presentation of decrease in exhaust
gases temperature at engine work
changed from spark ignition to combus-
tion from an ignition dose

During investigations decrease in temperature of
exhaust gases was found in the case of ignition
from the initiating dose. A diagram in form of col-
umns illustrating comparison of exhaust gases tem-
peratures in the case of spark ignition and ignition
from a initiating dose was  presented
in Fig. 5 for two cases of injection angle of the
ignition dose.
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Fig. 5. Mean temperature of exhaust gases in the
manifold of engine working with spark ignition
(SD), with advance angle of pilot dose injection 28
°CA (CI 28 deg) and with advance angle of pilot
dose injection 30 °CA (CI 30 deg)




Rys. 5. Srednia temperatura spalin w kolektorze
wylotowym silnika pracujgcego z zaptonem iskro-
wym mieszanki (SI), z wyprzedzeniem wtrysku daw-
ki pilotujqgcej 28 “OWK (CI 28 deg) oraz dla wy-
przedzenia wtrysku dawki pilotujqcej 30 OWK (CI
30 deg)

In the case of work of engine with mixture igni-
tion from the pilot dose decrease in mean tempera-
ture of exhaust gases in the exhaust manifold was
recorded. When injection of the pilot dose started at
28 °CA before TDC the exhaust gases temperature
dropped by 9 °C in comparison to the value record-
ed during work with spark ignition. For advance
injection of ignition dose equaling to 30 °CA the
temperature of exhaust gases underwent a decrease
by 6 °C.

4. Presentation of nitric oxide at change
of engine work from spark ignition to
combustion from ignition dose

In consequence of decrease in exhaust gases
temperature a concomitant decrease in the amount
of nitric oxides in exhaust gases took place. Fig. 6
shows a comparison of volumetric fractions of
nitric oxide in exhaust gases of engine working
with spark ignition and auto-ignition, of two before
mentioned values of the advance angle of beginning
of pilot dose injection.
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Fig. 6. Volumetric concentration of nitric oxide in
exhaust gases of engine working with spark ignition
(SI), with advance angle of pilot dose injection 28
°CA (CI 28 deg) and with advance angle of pilot
dose injection 30 °CA (CI 30 deg)

Rys. 6. Stezenie objetosciowe tlenku azotu w spali-
nach silnika pracujgcego z zaplonem iskrowym
(SI), z wyprzedzeniem wtrysku dawki pilotujqgcej 28
°OWK (CI 28 deg) oraz dla wyprzedzenia wtrysku
dawki pilotujgcej 30 “OWK (CI 30 deg)

The measurement results presented in the above
given illustration indicate at decrease in volumetric
nitric oxide concentration in exhaust gases during
work of engine with charge combustion initiation
from the ignition dose in comparison with the result
obtained when the engine worked with spark igni-
tion.

5. Conclusions

Basing upon the carried out analysis the follow-
ing conclusions can be presented:

1) The result of the above considerations are a
confirmation of a positive influence of replac-
ing spark ignition with injection of an injection
dose on the charge combustion process in a
chosen point of the engine operation map. This
influence results in improvement of work in-
dices, such as indicated mean effective pres-
sure or caloric efficiency whose values exert
direct influence on the achieved total efficiency
of the engine,

2) During work of engine with combustion in-
itiated by ignition dose injection a decrease in
exhaust gases temperature was stated and this
results in decrease in quantity of nitric oxide in
exhaust gases.

The scientific work financed from financial
means for science and education in the years 2009 -
2011 as a research project No. N N509 405036

Nomenclature/Skroty i oznaczenia

¢ corrected/skorygowany
o Crank Angle [°]/kqt obrotu watu korbowego
A change, increment/zmiana, przyrost

do; angle of reaching 0.1 mass fraction burned
[°CAVkgt OWK uzyskania 0.1 udziatu ma-
sowego spalin




o.9

Q; en

Ao,
Ao

Aa,

ApPcomb pressure

Apy

angle of reaching 0.9 mass fraction burned CA  Crank Angle/kgt obrotu watu korbowego -
[°CAVkqgt OWK uzyskania 0.9 udziatu ma- OWK,
sowego spalin CI Compression Ignition/zapton samoczynny
angle of ignition/injection of pilot dose k polytrophic index [-]1/wykiadnik politropy
[°CAVkqgt OWK zaptonu/wtrysku MFB Mass Fraction Burned [-]J/udziat tadunku
zaptonowego spalonego
flame development angle [® CA]/kqt rozwoju Pe cylinder pressure  [MPa]/cisnienie ~—w
ptomienia cylindrze
fast burn angle [° CAl/kqt szybkiego spala- SI Spark Ignition/zapton iskrowy
nia TDC Top Dead Center/gorne martwe potozenie -
burn duration angle [® CAl/kgt catkowitego GMP
spalania v cylinder work space volume [em’)/objetosé
increment resulting from przestrzeni roboczej cylindra

combustion process [MPal/przyrost V.. combustion chamber volume [cm3]/0bj¢tos'c'
cisnienia wynikajqcy z procesu spalania komory spalania
change of pressure caused by change of
work space volume [MPal/zmiana cisnienia
od zmiany objetosci przestrzeni roboczej
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