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Abstract

A novel method for determining ignition delay igpented. This method utilises combustion resonaseemeans of determining
the onset of ignition. Results are shown from amrdhfumigation study comprising of substitutionstao 50% at full, three-quarter
and half load. It has been demonstrated that bidatl there is a decrease in ignition delay withréasing ethanol substitutions,
whereas at half load there is an increase in mmnitlelay with increasing ethanol substitutionss Isuggested that this conflicting

result is a consequence of the auto-ignition chedih
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Nomenclature

D100EO00 100% diesel fuel

DO90E010 90% diesel fuel and 10% fumigated
ethanol on an energy basis

DO80OE020 80% diesel fuel and 20% fumigated
ethanol on an energy basis

DO70E030 70% diesel fuel and 30% fumigated
ethanol on an energy basis

DO60E040 60% diesel fuel and 40% fumigated
ethanol on an energy basis

DO50E050 50% diesel fuel and 50% fumigated
ethanol on an energy basis

DOOOEO50 Engine operation after DO50E050 has
been established and the diesel fuel is
switched off to cylinder one

DOOOEOO0O Motored, or misfired, operation

1. Introduction

A recent study by Shafiee and Topal shows it is
probable after 2042 the only fossil fuel availabié be
coal [1]. Fifteen percent of Australia’'s greenhogses
emissions are from the transport sector [2]. Thisie in
the United States is considerably higher at 28% [3]
Indicators such as these place pressure for vialganer
bio-origin fuels as alternatives to fossil fuelsr fo
transport to be developed and implemented [4].

Currently, diesel fuel dominates the transport@ect
because of its superior thermal efficiency to otfluels;
at full load a diesel engines uses only ~70% offtied

Although lower alcohols such as methanol or
ethanol are not gaseous, there is still a largeuamof
interest in using them as secondary fuels in diesel
engines [8,9]. Ethanol, as a secondary fuel, has th
potential to significantly reduce the dependencéossil
fuels in internal combustion engines in the immexdia
future. The biodiesel industry is only being deysd,
whereas ethanol can be readily produced economicall
and is easily stored and handled [10].

A great advantage of dual-fuel operation in a diese
engine is that it only requires a minimal changehe
current engine operation. This is because the tmjdor
the ethanol is placed at the intake manifold. Hoevev
this solution does require a separate fuel tartkagtbeen
suggested by Chauhan et al. [10] that althought aflo
research has been done in ethanol fumigation vigtbed
engines, the work has been limited and warranthduar
investigation. Ethanol fumigation has proved to &e
viable solution to alleviate the diesel fuel demand
Ethanol can be used to displace up to 50% of thsedli
fuel during engine operation; however, substitugitms
high have significant drawbacks and a 15-20%
substitution is more practical [9-12].

Ignition delay has marked effects on the operaion
an engine. Specifically, it can drastically altéret
performance of the engine and the exhaust emissions
[12]. The presence of a secondary fuel in the mtak
reduces the oxygen concentration of the intakeaad
the secondary fuel also undergoes pre-ignitionti@as:

that a comparable gasoline engine consumes for theThese have a significant effect on the ignitioragigL2].

same power output [5]. Fumigation, which is the
introduction of finely atomised supplementary fuiel

the intake air, has been a proposed method foeldies|
substitution since the 1940s [6]; although it wastf
mentioned in Rudolf Diesel’s original patent fotemal
combustion engines in 1898 [7]. In diesel engines
fumigation can be achieved with many gaseous fuels.

* Corresponding author:
Phone: (+61) 412 817 032
Email: timothy.bodisco@qut.edu.au

It is well accepted that the presence of ethanol
decreases the temperature at the end of the iptakess
[11,13]. This, coupled with the changes in air digns
and the low cetane value of ethanol, is attribigtganost
authors to cause an increase in ignition delay with
ethanol fumigation [8,9,12,13].



This paper investigates the effect of ethe
fumigation on ignition delay. The novelof this work
lies with the method used to determine ignitionagie
Unlike other investigations into ignition de, the work
presented in this paper @seombustion resonanc
Combustion resonance has been shown to be usel
the calculation of ireylinder temperature and trapp
mass [14,15].

2. Experimental Configuration

Experimentswere conducted on a modern tu-
charged inline 6 cylinder Cummingedel enginewith
common rail injection(ISBe220 31) at the QUT Biofu
Engine Research Facility (BERFIhe engine has
capacity of 5.9 |, a bore of 102 mm, a stroke |bnojft
120 mm, a compression ratio of 17.3:1 and mam
power of 162 kW at 2500 rprT.he engine was couple
to an electronically controlled hydraulic dynamoent
with load applied by increasing the flow rate ofter:
inside the dynamometer housing. dylinder pressur
was measured by a Kistler piezoelectric transdugtr
a Data Transkon (DT9832) simultaneous analo¢-to-
digital converter connected to a desktop comg
running National Instruments LabVie Data was
collected at a sample rate of 200,000 samplesquemnsl.

Specific data collected was ayinder pressure
band-pass filtered ioylinder pressure -20 kHz, both
collected as a differential voltage signal), inieot
information and cranlkangle informatior The engine
was run at 2000 rpm on neat diesel and with eth
fumigation substitutions of 10%, 20%, 30%, 40%
50% on an energy basis at full, thrpgarter and hal
loads. Energy basis in this context is defined as
amount of ethanol required to increase the engirgue
from a depressed value back to the set point.
depressed value was a reduction in torque by 10%,
30%, 40% and 50%gcorresponding to the etha
substitution.For example, at 2000 rpmfull load the
engine delivers 760 Nm of torque; therefore, dtlbdd
2000 rpmDO80EO020 represents an initial diesel tor
of 608 Nm with the remaining 152 Nm made up
ethanol fumigation substitutionThe injection timing
was controlled by the engine management systemhv
varied the injection timing from 356 to 358 cr-angle
degrees during the experiments. This change rapsea
change in volume of less than 2% in the combus
chamber and hence shouldtrhave had a significa
effect on the outcomes of the experime

3. Methodology

In-cylinder pressure is commonly used to investi
the indicated work, indicated power, mean effec
pressure, peak pressure, maximum rate of chang
pressure, heaklease, and thermal efficiency of engii
[16-18. This information is determined by observi
various aspects of pressure versus volume andype
versus crankangle data. Figure 1 shows an exampli
pressure versus crankgle data. As work is relat to

pressure, investigating itylinder pressure can yie
many insights into combustion phenom

The area located at the peak of Figure 1 is relet
the autoignition of the fuel. When isolated and
analysed; the dominant frequency through this &réae
first circumferential mode frequency ahenceforth will
be known as the combustion resonance [14,15]. hi&s
resonance is caused by the combustion of thy, it can
be used to accately determine the precise location t
combustion occurs. Figure 2 shows an example
signal that will be used to find this; Figure 2aishan-
pass (420 kHz) filtered pressure sigr
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Figure 1 Pressure vs crarkngle, 2000 rpm, full load, neat diesel
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Figure 2 Bandpass filtered pressure signal at 2000 rpm, fultl jogeal
diesel fueffrom highlighted area of Figure

The point of injection is obtainedirectly by
interrogating the electronidiese injector driver signal.
However, if this is nofeasibl¢ it is still possible to use
the filtered data to determine the point of injen by
observing the level of high frequency fluctuatiom the
signal. The data in Figure 2 starts exactly where
injection occursFluctuations in pressure associated \
diesel injection can be seen betwi356 and 364 crank-
angle degreeslgnition can be seen to commence
approximately364 degrees cra-angle after which a
strong resonance can be sdenthe rest of the signi
displayed in Figure 2. An extensive analysis of
combustion resonance has been undertin [15]. For
the purposes of this investigat the ignition delay is



defined as the number of cramkgle degrees froi
injection, detected from the electronic diesel dtje
driver signal, to the point of ignitiowhich was taken to
be when the signal no longer exhibited n-like
behaviourand combustion resonance commel.

In this preliminary stdy the data was analys
manually. For each engine condition 200 conseci
cycles were usedAnalysing this data in an automal
process has some limitations; namely, the I-like
beginning can present itself in a variety of wagsme
promising resuk have been obtained usi
autocorrelation models and some preliminary worls
also umertaken using Bayesian mod Additionally,
for the basis of testing any automated met,
substantial results would be required for compar

4. Results

Fgure 3 shows the 2000 rpm, full load res
running the engine on neat diesel fuel and 1032040
and 50% ethanol substitutiariBhe results are present
as a kernel density estimate, a probability den
function (pdf) based on 200 consecuticycles for each
engine condition. It can been seen that on neattfael
and at 10 and 20% ethanol substitutions the minimal
difference in the timing oignition delay.However, it is
also clearly seen that the widthsf these three
distributions are not he same. A 10' ethanol
substitution has resulted in a much higher p,
indicating lower inter-cycle variabilityyWhen usin neat
diesel fuel andtal0 and 20% ethanol substitutions
pdfs exhibit a slightly bimodal distributic Moreover,
once the substitution exceeds 2a¥ere is a signicant
decrease in ignition delay whichonflicts with the
current literature [8-10,12,13]interestingly, the 409
ethanol substitution is showing less of a decreas
ignition delay tharthe 30% ethanol sulitution. This is
attributed tohaving only analysed 200 cycles. Beca
of these inter-cycle changeas is desirable to use
minimum of 800 consecutiveycles; this value will b
dependent on individual engine testing se. However,
for the purpose of this investigatiomnalysing mor¢
cycles was not necessaryhdt is important in this fin
is that there is a substantial decrease in ignitielayat
some point between 20 and 3@¥hanol substitutic.
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Figure 3 Pdfs oflgnition delay, 2000 rpm, full loa

As shown in Figure 4 tahree-quarter load there is a
slight increase in ignition delay at lovethanol
substitutions (10% and 20%3nd a slight decrease in
ignition delay at 30% ethanol substitut. At 40%
ethanol sbstitution there is a substantial decreas:
ignition delay.There is no 50% substituticat this load
due to high levels of engine knc.
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Figure 4 Pdfslgnition delay, 2000 rpm, thr-quarter load

Figure 5 shows that abe ethanol substitution
increases thegnition delay also increases. This is
agreement with the current literature-10,12,13]. An
exception to this trend is found fithe 40% ethanol
substitution, although it is still showing retardgdition
compaed to neat diesel fuel operati
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Figure5 Pdfs ofignition delay, 2000 rpm, half lo

In order toinvestigate the unexpected reductior
ignition delay with increasing ethanol substitutiar
further experiment was conducted. This experin
aimed to determine if autignition of ethanol wa
possible in our engine setup. The engine run at 2000
rpm, full load at a 50% ethanol substitution. Once
engine operation was established the data acquisition
had begun, the diesel fuel ¢glinder one was switched
off. The corresponding inylinder pressure signal was
then monitored foapproximately 17 cycles.

Results for the neat diesel cases wermpared by
examining net rate of dat Felease diagrams created
using AVL BURN. The variationin calculated ignition



delay was found to be less than 1 cr-angle degree
from the method shown in this paper.

Figure 6 shows 5 icylinder pressure tract The
top tracedepicts a representative cycle of the eny
running at 2000 rpm, full load with 50% etha
substitution. The next 3 traces shigaition whilst there
was no diesel present, the highest okthe traces was
from the cycle immediately after thikesel was witched
off. The third tracedisplayed in Figure 6 ifrom the
second cycle after the diesel was switche( and the
trace following this was a representative cycle of
edablished operation of the cylinder without diefedl,
running on ethanol onlapproximately 30 cycles aft
the diesel was switched off. The lastice shown is of
the cylinder being motored, witho diesel fuel and n
ethanol.
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Figure 6 In-cylinder pressure traces showing evidencauto-ignition
in ethanolenly operation of a diesel eng

5. Conclusion

Compared with other types of diesel engit
common rail diesel engines have much ladiesel
injection timing Injection in a common rail dies
engine happens near top dead centre (T~ the
location where the piston is at its highest poimt.
standard diesel engines injection occurs well e
TDC, often 1520 degrees before TDC. This has a le
effect on ignition delay. As a consequence of I
injection, the compressed chargér is at a higher
temperature when the fuel is injected.

The air/ethanol mixturdn a common rail diese
engineundergoes substantially more compression be
the diesel fuel isntroduced. Figure 6 shows that unde
motored condition the ioylinder pressure exceeds
MPa. With additional heat, the peakdyplinder pressure
prior to combustion is almost 12 MPBhis increase i
pressure, and the corresponding increase iperature,
allows for the autagnition of ethanol. In the case whe
there is a substantial amount of ethanol the efféthis
is easily seen, Figures 3 and 4.

At lower loads, and hence lower -cylinder

temperature and a lower ethanol/air ratio, thsults
mirror those of diesel engines which have ea

-4 -

injection found in the literature. This result
unsurprising. It is at the higher loads and ethi
substitutions where the interesting outcomes af work
can be found, showing that under higad and ethanol
substitutions ignition day is substantially decrease
Figure 3 shows that this reduction in ignition gewas
as large as 7 degrees craigle.

Given the effect that ignition delay has on impot
engine factors such as emissions noise, this paper
gives evidence to suggest that research is needto
use of fumigated fuels in common rail diesel eng.
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