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ABSTRACT

The power output of a spark ignition engine could be improved by boosting the intake pressure and compression ratio;
however the applications of these are limited by knock in engines. This study examined the knocking behaviours of three
commercially available fuels for spark ignition engines operated at engine intake pressures of 1.6 and 2.0 bar. The
pressure data for the fuels tested were grouped into three: the fast cycle, medium cycle and slow cycles. Knock intensities
from the pressure data were processed with Fast Fourier Transform (FFT) and band pass filtering techniques. The
results showed that the knocking cycles occurred only in the fast and medium cycles. These results supported the view
that auto-ignition of end-gases was due to compression from the high speed propagating flames. FTIR spectrums showed
that the presence of aromatics was responsible for the better anti-knock quality exhibited by E5 and ULG 98 over PRF 95.

Keywords: End gas, Fuel, FTIR, Knock, Spark lgnition Engine, Supercharging, Pressure.

1. INTRODUCTION

The power output of a spark ignition engine could be
improved by boosting the intake pressure and
compression ratio; however the applications of these are
limited by knock in engines [1, 2]. This limitation is being
addressed by the development of new fuels and
operating conditions for spark ignition engines.
Understanding the knock behaviours of these fuels at
different engine conditions is important in the design
and manufacturing of spark ignition engines with
improved  performance.  Understanding  factors
influencing knock in spark ignition engines will help
designers understand how to manage knock in engines.
Various designs over the years have been introduced in
internal combustion engines with the aim of improving
its performance. They include the redesigning of its inlet
manifold to enhance turbulence, the redesigning of the
combustion chamber to increase swirl and tumble [3, 4],
positioning of the spark plugs for short flame travel and
injectors for better fuel mixing etc [5]. All these design
factors have all been geared towards improving
combustion efficiency, engine power output and a
reduction in the amount of expelled products of
incomplete combustion [6]. In addition to this,
increasing the intake pressure of an engine by
supercharging or turbocharging has also been employed
to improve the power output of internal combustion
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engines but its application in SI engines has been limited
by engine knock. In response to this, various types of
fuels (conventional and bio-derived) have been
developed and tested over the years to run on both
naturally aspirated and supercharged or turbocharged
[7, 8] spark ignition (SI) engines without knock
occurring.

Supercharged engines operate at intake pressures below
1.6 bar, presently [9 - 11] and as the drive to further
downsize engines continues, there will be need for
supercharging of these engines to higher degrees. The
selection and use of suitable fuels, which are
commercially available, in these heavily supercharged
engines will be required. Understanding the knock
behaviours of these fuels in heavily supercharged or
turbocharged engines will help vehicle designers and
manufacturers make appropriate decisions on engine
designs and fuel selection.

2. FUEL ANTI-KNOCK RATING AND ABNORMAL
COMBUSTION
Fuels for spark ignition engines are rated by RON
(Research Octane Number) and MON (Motor Octane
Number) but over the years, research has shown that
various fuels at various supercharged conditions, behave
differently at varying engine conditions [12]. Knowing
that increasing the intake pressure of an engine is a
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means to achieve better engine power output and
realizing that this makes SI engines prone to knock, there
is need to test some selected fuels available for SI engines
at their knocking regimes with the aim of understanding
the factors behind their knocking behaviours.
Combustion in a spark ignition engine is termed normal
if it is initiated by a timed spark plug and the air-fuel
mixture (charge) is consumed solely by the propagating
flame front which originates from the discharged spark
and completely moves across the combustion chamber
[5,13]. Pressure oscillations from combusting charge,
which results from abnormal combustion; which could
be detrimental to the engine components, does not occur
in normal combustion. Abnormal combustion in spark
ignition engines majorly occur as knock and surface
ignition. While all abnormal combustion in spark ignition
engines do not lead to knock (as seen in non-knocking
surface ignition), most do [5, 14].

Knock being a form of abnormal combustion, can be
defined as a phenomenon which leads to high pressure
oscillation in the combustion chamber of an engine as a
result of the spontaneous auto-ignition of end-gases
ahead of the propagating flame in the combustion engine
[1, 5, 15 and 16]. The auto-ignition of these end-gases
occur as a result of an increase in temperature
experienced by the end gases, which results from the
compression exerted by the propagating flame and heat
transfer, through radiation from the propagating flame.
Surface ignition is the ignition of air-fuel mixture by hot
spots in the combustion chamber of the engine, which
could result from glowing combustion deposits, over
heated valves or spark plugs or by other means other
than a timed spark plug discharge. Surface ignition can
take place before or after the introduction of spark. Such
ignition before and after the introduction of spark are
known as pre-ignition and post-ignition respectively [5].
The occurrence of knock in engines is explained by
different theories. The detonation theory assumes that
high shockwave generated by the propagating flame due
to its supersonic velocity of propagation causes the auto-
ignition of the end-gas while the auto-ignition theory
states that the auto-ignition of the end-gas is as a result
of the increase in temperature and pressure in the end
gas region [14, 17]. Auto-ignition of end-gas was further
explained by Pan and Sheppard [18] as being multiple
hot spots causing engine knock as opposed to a single hot
spot. They found out that the first hot spot modifies the
temperature gradient around the second hot spot (the
second hot spot having a lower temperature than the
first) and it continues in this trend. The second hot spot,
some of the time, reacts more slowly than the first but
could react more violently developing a detonation type
of reaction which leads to engine knock.

Several methods are employed in the detection and
measurement of knock in engines [5, 19 - 21]. Lee [19]
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suggested that knock analysis from measured cylinder
pressure data gives the most accurate knock processing
information and Brunt [20] used pressure data for knock
analysis.
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Figure 1: A diagram of a propagating flame with an auto-
ignited end-gas [17]

3. EXPERIMENTAL SETUP AND ENGINE OPERATING
CONDITIONS

The setup for the experiment consists of an engine with
specifications as shown in Table 1; a variable speed
dynamometer and various test and control equipment.
The photographs of the test engine setup and the FTIR
spectrometer are shown in Fig. 2. All the experiments
were run at an engine speed of 750 revolutions per
minute (rpm), at stoichiometric condition, intake
temperature of 50°C (323K) and at inlet pressures of 1.6
and 2.0 bar. The intake air for the engine was from the
laboratory compressed air system as used by [7] at the
basement of the Leeds University thermo-Fluids Lab. The
pressure of the air supplied to the engine was regulated
by the airflow meter controlled with a LabView script.
Three (3) fuels; E5 fuel (95% gasoline and 5% ethanol,
RON 97), ULG 98 (Unleaded Gasoline, RON 98) and PRF
95 (RON 95, Primary Reference Fuel) were tested at the
various knock regimes and an FTiR Spectrometer was
used to determine the functional groups present in the
fuel.

3.1 Experimental Procedure

The experiment involved the test of three (3) fuels; E5
fuel (95% gasoline and 5% ethanol, RON 97), ULG 98
(Unleaded Gasoline, RON 98) and PRF 95 (RON 95) in a
two-stroke, single cylinder, spark ignition engine.
Experimental pressure data were collected and
processed at intake pressures of 1.6 and 2.0 bar. The
comparison of PRF 95 with the other two fuels tested
was limited to knock boundary determination and FTiR
analysis. Test with PRF 95 was not carried out beyond
8bTDC as a result of heavy knock observed with ignition
advance in the research engine. The engine specifications
are presented in Table 1 and Figure 2 shows some parts
of the experimental setup. The fuels tested were fuels
commercially available for spark ignition (SI) engines.
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Figure 2: Experimental Setup (a) Engine test rig, (b) Engine top cylinder, (c) Surge tank and (d) FTiR spectrometer

Table 1: Engine Specification

Bore 80mm

Stroke/Effective Stroke 110mm/65.9mm
Clearance Height 8 mm

Compression ratio 10.4:1

Inlet Port Open/Close 107.8° (aTDC/bTDC)
Exhaust Port Open/Close 127° (aTDC/bTDC)
Engine Speed 750 rpm

The spark ignition engine used for the experiment, which
is known as the Leeds University Ported Optical Engine
(LUPOE), had the optically accessible top cylinder
replaced with a flat disc top cylinder head of the same
dimension, as shown in Figure 2(b). The tests were
carried out with air-fuel mixture of equivalence ratio 1.0.
This was achieved for all intake pressure conditions by
adjusting the flow of fuel to suit the required air-fuel
ratio. The engine speed was maintained at 750 rpm all
through the experiment with a dynamometer connected
to the engine. The engine intake pressure setting was
done with a LabView script which controlled the air
metering of the airflow meter. The in-cylinder pressures
were measured by a Kistler piezoelectric pressure
transducer (Type 4162619) and the signals from the
crankshaft encoder which transmitted at every 0.2 CA,
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made it possible to resolve the measured in-cylinder
pressure with the engine crank angle. The data
acquisition system was controlled by a LabView script
written which acquired pressure data at a sampling rate
of 200 kHz. The obtained pressure data was then
processed with a MATLAB script. The temperature of the
fresh charge was maintained at a temperature of 50 °C
with electric heater which had its heating elements
connected to the engine’s inlet manifolds and the
cylinder wall. Fluctuation in the intake pressure from
cycle to cycle was minimized with installed surge tanks
upstream of the intake manifolds. A skip-firing between
cycles was employed to ensure the elimination of
residues of exhaust gases in the cylinder. The exhaust gas
extractor was switched on to enhance the expulsion of
exhaust gases.

In each of the test condition, which was done at spark
timings in the engine’s knocking region, 50 firing
pressure cycles were obtained and processed. The
experimental pressure data collected in the engine
knocking region were taken at different intake pressures
(1.6 and 2.0 bar) for each of the fuels tested. The spark
timing was advanced by a step of 4 °CA at various intake
pressures until engine knocking conditions were
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detected. The spark timing was then retarded by a step of
1°CA from the spark timing knocking was detected, to
determine the spark timing of knock onset (knock
boundary) at various engine conditions. The high by-
pass filtering was then used with a cut-off of frequency of
5KHz and the filtering of the processed knocking cycles
was done with the MATLAB'’s filtfilt command. This
MATLAB command was used because it has been
previously tested and found to prevent phase shift
during filtering which gives accuracy in the
determination of the crank angle of knock onset [15].
The firing cycles were classed into three groups
depending on the peak pressure generated from the each
of the cycles. The firing cycles were grouped into the
Fast, Medium and Slow cycles. The fast cycles Pr.s were
cycles with pressures greater than P.., + Psrp, The
medium cycle, Peqium Were the pressures within the
range: Ppean + Psrp 2 Predium = Bnean. Psrp and the
slow cycle Py, are pressure below By.qn — Psrp o
The groupings are as follows:

Pfast > (Pmean + PSTD)

(Pmean + PSTD) = Pmedium 2 (Pmean - PSTD)
Pslow < (Pmean - PSTD)

N
1
The Mean Cycle Peak Pressure Pyeqn = - Nz Prnax (1)
i=1

In (1), NVis the number of firing cycles considered for an
engine operating condition and Ppax is the peak pressure
of each of the firing cycles considered. Ppesr and Psrp are
the mean value and standard deviation of the in-cylinder
peak pressures for the number (N) of firing cycles
considered for an engine operating condition
respectively.

FTiR spectra were obtained for the various fuels tested
with the aim of determining the functional groups
present and how they affect the behaviour of the fuels
tested.

4. RESULTS

4.1 Knock Boundaries of the Various Fuels at 1.6 bar and
2.0 bar Inlet Pressures
Knock boundary is the engine spark timing at which, if

advanced beyond, knocking of engine cycles occurs in a
spark ignition engine. The results presented in Figure 3
show the knock boundaries of E5, ULG 98 and PRF 95 at
engine intake pressures of 1.6 bar and for E5 and ULG 98
at engine intake pressure of 2.0 bar.

E5 exhibited the best anti knock quality with knock
boundaries of 13 and 12 bTDC (Before Top Dead Centre)
at engine intake pressures of 1.6 and 2.0 bar respectively.
This was followed by ULG 98 with knock boundaries at
12 and 11 bTDC at engine intake pressures of 1.6 and 2.0
bar respectively. PRF 95, at 1.6 bar intake pressure had
its knock boundary at 7 bTDC. The result obtained show
that E5 fuel was the most suitable fuel for supercharged
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SI engines followed closely by ULG 98 while PRF 95 was
the least.

—O—Es
281 —— ULG 95 [

PRF 95
o /
161
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Spark Timing (aTDC)

Figure 3: Knock boundaries for E5, ULG 98 and PRF 95 at
intake pressures of 1.6 and 2.0 bar.

Engine Intake Pressure (har)
L)

4.2 Effect of Fast and Medium Cycles on Knock Intensities
From the results obtained, the fast knocking cycles, for
the two fuels, E5 and ULG 98 tested, were observed to
have higher knock intensity compared to the knock
intensities of the medium knocking cycles. The graphs
are shown in Figure 4.

4.3 Effect of Fast, Medium and Slow Cycles on Knock
Occurrence
From the processed experimental pressure data for E5

and ULG 98 tested, at an engine loads of 1.6 and 2.0 bar,
the results obtained as shown in Figures 4 and 5, show
that engine knock (in-cylinder pressure oscillations)
occurred only in the fast and medium cycles. No
knocking cycle was observed in the slow cycles.

Knocking cycles of the engine when run with the two
fuels: E5 and ULG 98, was observed in the fast and
medium cycles only. This suggests that the knock theory
that associates the cause of auto-ignition of end gas with
shock-wave generated by the propagating flame has a
higher possibility of being the source of auto-ignition in
the engine. The non-knocking cycles observed in the slow
cycles supports this claim too.

4.4 Comparison of the Crank Angles at Knock Onset and
that of Maximum Knock Intensity
The crank angles at which knock onset and maximum

knock intensity occurred were determined for E5 and
ULG 98 fuels at the various engine conditions, as shown
in the Figures 6 and 7.

From the results obtained from the knocking cycles, the
crank angle at knock onset and the crank angle where the
highest knock intensity in the cycle were observed,
occurred at the same crank angle with a few of the cycles
having their maximum knock intensity occurring at later
crank angles after knock onset. This was observed in the
fuels, E5 and ULG 98, at the various engine knock test
conditions.
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Figure 5: A graph of the knock intensity for the fast and medium knocking cycles for (a) E5 and (b) ULG 98 at intake
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4.5 Crank Angles of Knock Onset Occurrence in Fast and
Medium Cycles

The crank angle at knock onset in the fast knocking
cycles occurred at earlier crank angles compared to the
medium knocking cycles and similar observation was
made at the crank angles where the fast and medium
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cycle peak pressures occurred. The results are shown in
Figures 8 and 9 respectively.

The earlier onset of knock in the fast cycle could be
attributed to the faster propagating flame compression
effect on the auto-ignition of the end-gas compared to the
medium cycles in which the knock onset occurs at a later
crank angle.
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Figure 8: A graph of the crank angle for knock onset on the fast and medium knocking cycles at intake pressure 1.6 bar
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4.6 FTiR Spectroscopy on the Fuels

FTiR spectroscopy on the three fuels tested was carried
out to determine the effect of the functional groups
present in the fuels, on its knock behaviour [22- 24].

The spectrum obtained from each of the fuels as shown
in Figure 10 were compared. Similar functional groups
were observed in E5 and ULG98 fuels which had similar
anti-knocking behaviour as seen in Figure 10(a) while
there was noticeable difference in the fuel with the least
anti-knocking quality (PRF95) as shown in Figure 10(b)
and (c). A comparison of the spectrum of E5 and ULG 98;
E5 and PRF 95; ULG 98 and PRF95 and E5 fuel, ULG 98
and PRF 95 were done respectively as shown in figures
10 (a-d). PRF 95 was seen to have higher compounds of
branched chain aliphatic as seen in the methyl -CHs
functional group intensity(2953 cm™ and 2872 cm),
compared to E5 and ULG 98. E5 fuel was observed to
have the least intensity of methyl -CHs implying it had
the least content of the branched chain aliphatic. E5 and
ULG 98 were observed to have the most common
functional groups with the intensities varying from one
fuel to the other. Obvious functional groups missing in
PRF 95, which are present in E5 and ULG 98,are the
aromatic ring functional groups (900 - 670 cm-1; 1615 -
1580 cm! and 3010 -3100 cm!) as shown in the circled
points on the graph in Figure 10(d). E5 compared to ULG
98 had the highest content of the aromatic ring
functional groups and was also observed to exhibit the
best anti-knock behaviour in all the knock experiments
carried out.
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5. CONCLUSION

Post-ignition knock occurred at various engine test
conditions, with all the fuels tested. The knocking cycles
were only observed in the fast and medium cycles and
none occurred in the slow cycles. Knocking fast cycles,
had the crank angles at which knock onset and peak
pressure occurred, closer to the Top Dead Center (TDC)
compared to that of the knocking medium cycles. The
observations made, show that knock in the fast and
medium cycles were as a result of compression of end
gas from fast propagating flames. The occurrence of the
peak pressure at crank angle closer to TDC for the fast
cycles compared to the medium, suggests faster mass
burning rate for the fast cycles compared to the medium
and slow cycles. Higher knock intensities observed at the
onset of knock, followed by lower knock intensities in the
knocking cycles, suggests the auto-ignition of the region
of the end-gas with higher energy level with subsequent
auto-ignition of smaller end gas patches. Higher knock
intensities observed in the fast cycles when compared to
the medium cycles could have been influenced by higher
flame compression of the end gas by faster propagating
flames. E5 fuel exhibited the best anti-knock behaviour
while PRF 95 performed least. This could be attributed to
the large constituent of aromatics in E5 fuel and its
absence in PRF 95. E5 and ULG 98 fuel were observed to
be the most suitable amongst the fuels tested for heavily
supercharged SI engines.
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7. APPENDIX A
%A Program to Detect Knocking Cycles

clear all; close all; clc;

A = load('fir98tot13.txt'); %Load text file

[row col] = size(A);

% Processing the Knock Intensity with Cycles, Angles and
Intensities

fori=1:col

A1 =A(,);

fs = 22500;

time = (1/fs)*length(A1);

t = linspace(0,time,length(A1));

L = length(A1);

fc =5000; % Cutoff frequency

[b,a] = butter(9,fc/(fs/2),'high’);

Y = filtfili(b,a,A1);

Pmax_Y(i) = max(Y);

if Pmax_Y(i)>=1 %bar (Sum of negative & positive values = 2 bar)
Ymax(i) =(find(Y==Pmax_Y(i)))*0.2;

PmaxG(i) = Pmax_Y(i);
Ax(i) =i;

end

x = (-899:1:900)*0.2;
crank encoder to crank

%Conversion of pulses from the

%angles
figure(i), plot(x,Y)
end
Z = [AX' ((Ymax)-180)' (PmaxQ)T;
% sorting the Knock Cycles into a Matrix
c = find(Z(:,1)>0);
Z1 =[Z(c,1:end)]
% Plot
plot(21(:,2),21(:,3),'0™")
ylabel('Knock Intensity (Bar)');
xlabel('Crank Angle aTDC');
Title('RON 98 13bTDC')
% Saving Data
save('Kl_13btdc.txt','Z1',-ascii')

8. APPENDIX B

% A Program to Sort the Knocking Cycles in theFast, Medium and
Slow Cycles

clear all; close all; clc;

A = load(‘isoooct13btdc.txt'); % Loading pressure data file
[row col] = size(A);

max_p = max(A);

mean_max_pres = mean(max_p);

Std_max_pres = std(max_p);

upper_mean_max_pres = mean_max_pres + Std_max_pres;
lower_mean_max_pres = mean_max_pres - Std_max_pres;

% Processing the Knock Intensity with Cycles, Angles and
Intensities

fori=1:col

A1 =A();

fs = 22500;

time = (1/fs)*length(A1);

t = linspace(0,time,length(A1));
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L = length(A1);

fc =5000; % Cut-off frequency
[b,a] = butter(9,fc/(fs/2), high";

Y =filtfilt(b,a,A1);

Pmax_Y(i) = max(Y);

if Pmax_Y(i)>=1 %bar (Sum of negative & positive values = 2Bar)
Ymax(i) =(find(Y==Pmax_Y(i)))*0.2;
PmaxG(i) = Pmax_Y(i);

Ax(i) =i;

end

X =(-899:1:900)*0.2;

end

Z = [AX' ((Ymax)-180)' (PmaxG);

% sorting the Knock Cycles into a Matrix
¢ = find(Z(:,1)>0);

Z1=[Z(c,1:end)]

figure(300)
plot(Z1(:,2),Z21(:,3),'0™)
ylabel('Knock Intensity (bar)');
xlabel('Crank Angle aTDC');
Title('Iso Octane 13bTDC')

%Fast, Medium and Slow Cycles

Maxpzz = max(A(;,c));
[ro co]= size(c);

fori=1ro
Pzz(i) = (min(find(A(:,c(i,1))==Maxpzz(i))))*0.2;
end

P_KI = [(Pzz-180)' Maxpzz];
d = find(P_KI(:,2)>upper_mean_max_pres);
d1 = find(P_KI(:,2)<=upper_mean_max_pres &
P_KI(:,2)>=lower_mean_max_pres);
d2 = find(P_KI(:,2)<lower_mean_max_pres);
[dro dco] = size(d);
[d1ro d1co] = size(d1);
[d2ro d2co] = size(d2);
fori=1:dro
Fast_P_KI(i,))=[P_KI(d(i),")];
end
fori=1:d1ro
Medium_P_KI(i,:)=P_KI(d1(i),:);
end
fori=1:d2ro
Slow_P_KiI(i,:)=P_KI(d2(i),:);
end

Fast_P_KI;

Medium_P_KI;

Slow_P_KI;

figure(301),
plot(Fast_P_KI(:,1),Fast_P_KI(:,2),'r*)

hold on
plot(Medium_P_KI(:,1),Medium_P_KI(:,2),'90")

plot(Slow_P_KI(:,1),Slow_P_KiI(:,2),'bs)
ylabel('IMEP (bar)');

xlabel('Crank Angle aTDC');

Title('lso Octane 13bTDC')
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