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aDept. of Mechanical Engineering, University of Alberta, Edmonton, Canada
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Abstract

The ASTM D6424 standard is used for general aviation piston engine knock detection and is tested
for unleaded fuel candidates. Issues are discussed regarding the identification of knocking cycles,
filtering frequency bands, and the effects of down-sampling for this knock detection technique. The
knock tests were performed on the Continental TSIO-520-VB engine at 12,000 ft for take-off and
cruise conditions using three different fuels, the standard leaded LL100 avgas and two unleaded
fuel candidates. The ASTM D6424 knock detection method has its own particular disadvantages,
which are detailed and compared to other knock detection methods including the third derivative
of pressure signal and discrete wavelet transform. Updates to the standard include a minimum
sampling rate of 0.2 CAD. Additionally, the current standard does not contain recommendations
for filtering the cylinder pressure which results in over detection of knocking cycles with the two
new aviation fuel candidates tested. Recommendations are provided regarding the pressure signal
processing prior to ASTM D6424 knock-characterization.

1. Introduction

In Spark Ignition (SI) engines, knock is asso-
ciated with the auto-ignition of a portion of the
air-fuel mixture ahead of the propagating flame
front [1, 2]. This rapid heat release results in
high local pressure and produces a shock wave.
This shock wave causes a combustion chamber
resonance that is amplified by the engine struc-
ture to produce the familiar knocking sound.
Knock is an inherent problem of SI engines,
and has been studied intensively in the litera-
ture [3, 4, 5, 6]. The engine’s compression ra-
tio, and the spark advance angle during opera-
tion are both limited by knock. Aircraft piston
engines are widely used for aviation in North
America and still use leaded fuel to limit knock
intensity. The 100 octane Low-Lead (100LL)
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aviation gasoline (avgas) is the fuel commonly
used in aviation industry which contains lead
in the form of Tetra-Ethyl Lead (TEL). The
TEL additive is mainly used to modulate the
aviation gasoline octane levels to avoid knock
and engine failure. The addition of TEL in
aviation gasoline also requires the addition of
Ethylene DiBromide (EDB) as a scavenger to
remove lead oxide from the combustion cham-
ber. These additives are harmful to the envi-
ronment, and began to be phased out of the au-
tomotive industry beginning in the 1970s and
completely phased out in 1993 in Canada and
1996 in the United States. In Canada, piston
aircraft engines are the second largest source
of lead emissions, accounting for 17% of total
emissions [7]. In the US, the aircraft piston
engines produce 45% of all airborne lead emis-
sions [8]. Studies indicate that near some air-
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ports, the lead concentration exceeds EPA lim-
its [9]. Despite extensive efforts to find an un-
leaded replacement fuel for aircraft piston en-
gines in the 1990s, no fuel that meets all the re-
quirements was found. Therefore the aviation
industry has been exempt from the leaded fuel
ban [10]. To address these issues, the US Fed-
eral Aviation Administration (FAA) started an
initiative in 2012 to find an alternative fuel to
100LL [11]. This collaboration between indus-
try and government is known as the Piston Avi-
ation Fuels Initiative (PAFI) [12]. The mission
of the PAFI program is to evaluate unleaded
fuel replacement candidates and identify those
fuels able to meet the existing general aviation
aircraft fleet requirements considering the pro-
duction and distribution cost, availability, and
environmental and health impacts of fuels[13].

In Canada, Environment and Climate
Change Canada (ECCC), Transport Canada,
and Canadian Owners and Pilots Association
(COPA) initiated a project with the National
Research Council Canada (NRC) and the Uni-
versity of Alberta to coordinate with the US
efforts to conduct testing on the unleaded avi-
ation fuel candidates. Currently, research has
been performed to determine various alterna-
tive unleaded fuels available and their produc-
tion and availability [14]. Engine testing has
been done with a few varieties of these fu-
els [15]. Then using response surface methodol-
ogy, these different fuels have been statistically
examined for their performance and emissions
compared to 100LL [13, 16]. This shows the
importance of research, testing and, analysis of
unleaded fuel replacement for general aviation.

Switching to unleaded fuels for aircraft pis-
ton engines will have the vital benefit of sig-
nificantly reducing the amount of airborne
lead, which will improve air quality and pub-
lic health. Fuel anti-knock quality is one of
the most important parameters that govern the
occurrence of knock in SI engines. Since the
lead additive to 100LL avgas raises the octane
number, which is used to avoid harmful engine

knock, maintaining similar knock characteris-
tics is essential for the unleaded fuel candi-
dates. Engine knock tends to occur at high en-
gine loads and is also a complex function of fuel
chemistry. Engine knock has consequences,
including induced engine vibration, increased
rate of heat transfer to the cylinder walls, and
physical engine damage due to an increase in
thermal and mechanical stresses. Also, the en-
gine indicated efficiency is limited by knock
[1, 17, 18]. Aircraft engines present a unique
challenge since they operate at high loads dur-
ing takeoff and it is essential to maintain power
during this critical stage of flight. Even during
the cruise, comparable to highway driving of
an automobile, an aircraft engine can operate
at a relatively high load of 80%. Additionally,
many aircraft engines operate at fixed spark
timings and rely on the pilot to set the air-fuel
ratio.

FAR 33, sub-part D, section 33.47 mandates
aircraft piston engines to operate safely with-
out knocking throughout the range of intended
operating conditions [19]. The Advisory Cir-
cular (AC) 33.47 [20] has been used tradition-
ally for knock detection; however, it does not
mention the technique that needs to be used
to meet the requirement. Knock is not only
dependent on fuel properties, and other pa-
rameters like charge temperature, equivalence
ratio, engine compression ratio, turbocharger
boost pressure, spark timing, and combus-
tion chamber design affects the knock inten-
sity level [3]. However, using fuels with low
anti-knock quality is the major reason for en-
gine knock [21]. Technically, knock is deter-
mined by the temperature and pressure his-
tory of the end-gas and the anti-knock quality
of the fuel, which is measured by the Motor
Octane Number (MON) [22], Research Octane
Number (RON) [23], and Super-Charge Perfor-
mance Number (SCPN) [24]. These three in-
dexes are measured on a highly calibrated Co-
operative Fuel Research (CFR) engine [25, 26].

RON and MON are not enough to describe
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the knock resistance of aviation fuels. For avia-
tion gasoline, ASTM D 909 [24] standard spec-
ifies SCPN as a new index. SCPN is a crit-
ical fuel performance index for aviation gaso-
line, and it is an indication of rich mixture
anti-knock quality. Aviation engine manufac-
turers use SCPN as a specification measure-
ment related to the matching of fuels and en-
gines [27]. For aviation turbo-charged piston
engines, SCPN is essential, as these engines
run at higher pressures for a given in-cylinder
temperature compared to automotive engines.
This fuel rating is determined by comparing
the knock-limited power of the test fuel to the
reference fuels under standard operating con-
ditions defined in ASTM D 909[24]. The ref-
erence fuels used for this rating are PRF with
85 octane number and a mixture of iso-octane
and 6.0 mL TEL per US gallon. The knock-
limited power for the test fuel is compared to
the blend of the reference fuels, and the SCPN
for the sample is defined by interpolation of
the Indicated Mean Effective Pressure (IMEP)
at the air-fuel ratio that produces maximum
knock-free IMEP.

Inaccurate identification of engine knock de-
teriorates the engine performance and reduces
the engine life-time [28]. Various methods have
been developed for knock detection in SI au-
tomotive engines. These methods are mainly
based on in-cylinder pressure measurement, en-
gine block vibration, and heat release analysis.
In-cylinder pressure measurement is one effec-
tive way of knock intensity measurement; how-
ever, piezoelectric pressure transducers are not
used for knock measurements in commercial
engines due to their high cost and low durabil-
ity. Indirect knock measurements using block
accelerometers are typically used for knock de-
tection in SI engines. In this way, several cylin-
ders can be controlled using one low-cost sen-
sor. Another method is to use the spark plug as
an ionization probe. The probe detects knock
through the sharp increase in ionization due to
abnormal combustion. There exist other ap-

proaches based on heat loss due to knocking
combustion. Such methods may not be appli-
cable for light knock detection, and are chal-
lenging to implement for efficient engine knock
detection and control [29, 30, 31]. Consider-
ing a wide variety of knock detection methods,
ASTM D6424 [32] is the only standard test pro-
cedure that covers ground based octane rating
procedures for SI aircraft piston engines.

One effective knock detection method uses
the knock related pressure peak compared to
the pressure, which corresponds to normal
combustion. The increased rate of pressure rise
due to knocking combustion is another method
for knock detection; however, the method is not
accurate as the rate of pressure rise is affected
by several knock independent factors [33]. The
peak in-cylinder pressure can be used as an-
other approach for knock detection. The draw-
back of this method is that it relies on pres-
sure signal post-processing and is not accurate
for light knock detection [34]. The minimum
value of the pressure third derivative due to
the abrupt curvature change corresponds to a
sharp knock pressure peak is another method
for knock detection [35, 36]. Abnormal heat
release due to the end-gas auto-ignition affects
the rate of heat release signal. By using the
gradient of heat release rate at descent as the
knock index [37], end-gas auto-ignition can be
detected at various intensities. Hence knock
detection methods based on the rate of heat-
release analysis are of interest; however, the
method suffers from the high computational
time that makes it difficult to be implemented
for fast and real-time knock detection [38].

The knock detection methods based on fre-
quency domain analysis are interesting as these
methods can be easily developed and imple-
mented for real-time knock detection and con-
trol [39, 40]. These methods work based on
high-frequency pressure fluctuations that oc-
cur during knock as there is a strong correla-
tion between the frequency amplitude and the
amount of end-gas auto-ignition. Such knock
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detection methods usually work based on the
maximum amplitude of the pressure oscillation
frequency. Examples are the band-pass filter-
ing of the pressure signal over the knock fre-
quency range [41]; Root Mean Square (RMS)
of pressure oscillations [42], discrete Wavelet
transform (DWT) of the knock signal [43, 44],
and the integral of the absolute value of pres-
sure oscillations [45]. A simple knock detec-
tion strategy can be developed by extracting
the knock related pressure peak considering the
maximum amplitude or the maximum peak-to-
peak value of band-pass filtered pressure signal
[46]. The DWT is another method for knock
detection, and it provides the knock signal his-
tory at discrete scales within the crank angle
window. Moreover, the DWT is computation-
ally efficient, which makes it suitable for real-
time knock detection. The DWT is constructed
using the Multi-Resolution Technique (MLT)
proposed in [47]. In this method, the signal is
decomposed into a set of basis vectors of in-
creasing scale resolution and decreasing time
resolution. The MLT provides a signal analysis
at different scales in which the frequency reso-
lution is better for the low frequency at the ex-
pense of reduced time resolution and is coarser
at higher frequencies but at a finer time reso-
lution. This method applies to measured pres-
sure signals in which low frequencies tend to de-
velop and exist over a longer duration, whereas
the high knock frequencies tend to exist for
short bursts. Knock detection using DWT is
of interest as it considers knock cyclic variabil-
ity and identifies knocking cycles from normal
cycles [48, 43].

Knock detection methods based on engine
block vibration analysis are playing crucial
roles in today’s engine spark timing control sys-
tems. These methods work based on the iden-
tification of the frequency range of knock in-
duced vibrations followed by band-pass filter-
ing of the vibration signal [49]. The frequency
response methods explained above are imple-
mented for knock detection. The only differ-

ence is that signal processing is performed on
the signals generated from block accelerome-
ters rather than piezoelectric pressure trans-
ducers. Joint time-frequency knock detection
methods help to improve knock detection ac-
curacy using vibration sensors [39, 50]. This
measurement method has also been extended
to the use of acoustic microphones for knock
analysis [33].

Model-based knock detection methods are
gaining attention with the possibility of in-
tegrating Field Programmable Gate Array
(FPGA) for engine control [51, 52]. In this
method, the end-gas auto-ignition is modeled
with the solution of a detailed chemical kinetic
mechanism [53, 54]. The drawback of this ap-
proach are: 1. it is computationally expensive,
2. accurate reaction mechanisms are not avail-
able for all fuels in the market, and 3. the
development of reaction mechanisms for com-
mercial fuels is not easy [55, 56]. This method
becomes more computationally extensive when
it is integrated with 3D computational fluid dy-
namics models [57], where solving thousands of
reactions and transporting the hundreds of re-
lated species between zones becomes impracti-
cal for realtime implementation. Data driven
machine learning methods have also been ex-
plored for knock detection and emissions pre-
diction, however, these methods require exten-
sive engine testing and data collection for ac-
curate predictions [58, 59].

Another simplified approach is to imple-
ment an empirical Arrhenius model coupled
with Livengood-Wu integral for knock detec-
tion [60, 61]. For this purpose, Arrhenius
model coefficients need to be tuned based on
experimental measurements from rapid com-
pression machines or shock tubes. Another
technique is to tune the Arrhenius coefficients
with the help of detailed chemical kinetics for
different pressures, temperatures, and equiva-
lence ratios if the reaction mechanism is known.
The significant drawbacks of this method are 1.
it is not able to well predict the Negative Tem-
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perature Coefficient (NTC) regime, and 2. the
model accuracy reduces with the presence of
Exhaust Gas Recirculation (EGR) and water
injection used for advanced engine knock con-
trol [62, 63]. This technique has been used in
literature for knock detection and control [64].
An alternative procedure is to use look-up ta-
bles [65, 66] instead of using the Livengood-
Wu integral. The look-up tables are usually
created based on the off-line solution of chemi-
cal reactions in a Constant-Pressure (CP) and
Constant Volume (CV) reactors for a range of
temperature, pressure, and fuel equivalence ra-
tios. The model accuracy can be increased
with adaptive parameter estimation schemes
[65]. The model accuracy depends on the op-
erating range that the model parameters are
tuned. If the model parameters are correctly
tuned, then the technique can be used for cycle-
by-cycle knock detection and control.

The methods developed in the literature for
knock detection have many similarities in the
prediction of knock onset and intensity [2].
The goal of this work is not to develop a
new knock detection method, but to focus on
ASTM D6424 knock detection method used in
general aviation, and compare it to the other
practical methods developed in the literature:
third derivative of pressure trace [35, 36, 67],
and DWT [43, 48]. This analysis is performed
based on Continental TSIO-520 six-cylinder
engine measurements in an altitude chamber
at the NRC. In-cylinder pressures and cylinder
head temperatures were recorded for all cylin-
ders and are used to calculate Knock indexes.
The knock analysis was conducted with a dy-
namic mixture lean-out where the air/fuel ra-
tio was increased. During each mixture sweep,
in-cylinder pressure and the altitude chamber
data were collected. The engine is tested at
high load operating points which are subject
to detonation behavior. These operating points
involve high intake manifold pressures. Engine
operating temperatures and oil temperatures
are kept at maximum allowable limits, while in-

duction and cooling air temperatures are main-
tained at extreme hot day conditions for severe
case testing. This work highlights the effects of
pressure signal processing on the ASTM D6424
knock detection method and its robustness.

2. Experimental Setup

The experiments were performed on the
Continental TSIO-520 six-cylinder, air cooled,
horizontally opposed aircraft engine manufac-
tured by Teledyne Continental Motors [68].
This engine is representative of engines used
in many general aviation aircraft. The ex-
periments were performed in the NRC alti-
tude chamber and the chamber conditions were
set for 12,000 ft. The altitude chamber pro-
vides conditioned air (pressure, temperature,
and humidity) to simulate altitudes of up to
52,000 ft. A schematic of the NRC altitude
chamber is shown in Fig. 1. The engine spec-
ifications are listed in Table 1. AVL GH14D
recessed mounted piezoelectric pressure trans-
ducers were installed in all six cylinders to ac-
quire in-cylinder pressure. In-cylinder pres-
sure, cylinder head temperatures, and exhaust
gas temperatures were recorded and the resolu-
tion for in-cylinder pressure measurement was
0.1 crank angle degree (CAD). For knock anal-
ysis in this work, 700 cycles were collected for
each steady-state operating point.

The test procedure is the modified version
of the PAFI test procedure detailed in [69].
The PAFI test procedure has evolved from
ASTM D6424 [32]. The data collection was
performed on the test stand to simulate take-
off/maximum power and cruise conditions at
12,000 ft for two different engine speeds of 2450
and 2700 RPM as listed in Table 2. The ex-
tended version of this table is in the appendix,
including the transient number (TR) which de-
fines the specific measurement and detailed ex-
perimental conditions for take-off and cruise
conditions. The engine was set at full rich
(λ ≈ 0.7) for each operating condition first,
and the fueling rate was reduced by 5% at each
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interval until knock intensity exceeds the spec-
ified limit defined in ASTM D6424 [32], and
well established in PAFI [69]. The air-to-fuel
equivalence ratio, λ, is the fuel ratio normalized
to one at the stoichiometric mixture. During
the mixture sweep, engine and altitude cham-
ber data is collected along with the in-cylinder
pressures. Each mixture lean out test has been
defined as a measurement set in the appendix.
The measured in-cylinder pressure is used for
knock analysis.

Table 1: Continental TSIO-520 Engine Specifications

Parameter Values
Bore × Stroke [mm] 133 × 101

Compression Ratio [-] 7.5
Connecting Rod 168

Length [mm]
Maximum Rated 325

Power [HP]
Maximum Rated 2700

Speed [RPM]
Intake Valve -140

Closing [CAD aTDC]
Exhaust Valve 140

Opening [CAD aTDC]
Spark Advance [CAD bTDC] 20

Exhaust gas temperature was measured us-
ing a K type thermocouple installed with man-
ufacturer’s recommended location within 5 cm
of the exhaust stack flange. Cylinder head tem-
peratures were measured using J type thermo-
couples. The maximum cylinder head tem-
perature was kept within 6◦ C of the man-
ufacturer’s recommended maximum tempera-
ture limit (238◦ C). All cylinder head temper-
atures were maintained within 28◦ C of the
specified maximum. These settings were main-
tained throughout the engine knock testing.
The operating point is considered as a knock-
ing operating point when 2% of the measured
cycles have knock numbers of more than 10 bar

[69]. The cylinder head and exhaust gas tem-
peratures were monitored during the tests to
avoid overheating. The locations of each sen-
sor used in this work is shown in Figure 2.
For all experiments in this work, the engine
spark timing was constant at 20 CAD bTDC
[71]. The tests were performed with 100LL gas
first and then repeated with unleaded fuel can-
didates A & B (see Table 3). Fuels A & B
are the fuels selected amongst other fuel candi-
dates to move on to the PAFI phase II program,
which involved extensive full-scale engine and
aircraft testing. These fuel candidates are be-
ing tested extensively for their high-octane,
and high-heat-content to generate a compre-
hensive database to support the conversion of
their ASTM test specification into production
specifications. Both unleaded fuel candidates
are oxygenated high octane number fuels and
with fuel properties close to the 100LL fuel. As
fuel candidate B has the lowest octane number
it is used for the filter design. The experiment
parity was maintained over the examined op-
erating conditions for each tested fuel by con-
trolling the induction air properties, effective
altitude and engine cooling to the same level
throughout. It was determined that the sixth
cylinder experienced the most significant knock
of all the six cylinders. Therefore, the knock
investigations presented are for this cylinder.

3. Filtering effects

The signal processing of the measured in-
cylinder pressure has a significant effect on
the knock detection methods presented in this
work. Not only are there various suggestions
of which filter to use but also the suggestion
not to use any filter but rather use the raw
measured pressure signal for knock index calcu-
lations. The ASTM D6424 [32] standard does
not contain any recommendation regarding the
post-processing of the measured pressure sig-
nal before calculating the knock index. In the
PAFI test[69], which has been developed from
the ASTM D6424 standard, it is suggested that
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Figure 1: NRC altitude chamber layout [70]

Table 2: Engine Operating Conditions for Knock Tests

Test Cond. Altitude Intake Air Temperature Engine Speed MAP Cyl. Head Max. Temp.
[ft] [C] [RPM] [in HG] [C]

Take-Off 12,000 13.4 2700 39 237.8
Cruise 12,000 13.4 2450 29.5 237.8

Table 3: Fuel Properties

Property Test Method 100LL Test Fuel A Test Fuel B
Density @ 15 C [ kg

m3 ] ASTM D4052 714.5 765.3 708.2
Net Heat of Combustion [MJ

kg ] ASTM D3338 43.9 42.5 42.7
Motor Octane Number ASTM D2700 101.9 100.5 98.8

Chemical Composition
H (mass %) - 15.04 12.86 15.31
C (mass %) - 83.94 82.44 80.77
O (mass %) - 0 2.96 3.92
N (mass %) - 0 1.02 0

Molecular Weight ASTM D6730 99.6 97.17 109.6
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Figure 2: Engine measurement instrumentation [71]
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the raw pressure data is first conditioned using
a digital Finite Impulse Response (FIR) low-
pass filter with cutoff frequency of 15.1 kHz.
The details of the filter design were not re-
ported in [69], which makes it difficult to com-
pare the filter used in [69] to the one designed
and implemented in this work. The designed
filter will then be referenced to the unfiltered
data.

3.1. Filter design
The measured in-cylinder pressure versus

crank angle for low, moderate, and high knock
operating cycles are shown in Figure 3. The
measured moderate and high knock pressure
signals show high-frequency pressure oscilla-
tions near maximum in-cylinder pressure. The
location of the pressure transducer has a sig-
nificant effect on the frequencies of oscillations,
and the actual in-cylinder pressure oscillation
intensity could be different from the measure-
ments [43]. In this work, the in-cylinder pres-
sure transducers were mounted vertically in the
cylinder head between the intake and exhaust
valves according to Teledyne Continental rec-
ommendations.

The high-frequency oscillations are ana-
lyzed from 20 CAD bTDC (spark timing) to
50 CAD aTDC. Acoustic theory [72] is used to
determine the frequency of the pressure oscilla-
tions induced by engine knocking. The modes
of oscillations are calculated using Draper’s
Equation [72, 43, 49] as

fm,n =
cρm,n

πb
(1)

where fm,n is the pressure oscillation fre-
quency in Hz, m is the order of the circumfer-
ential mode, n is the order of the radial mode, c
is the speed of sound in m

s , ρm,n is the factor de-
scribing the mode, and b is the cylinder bore di-
ameter in meters. The speed of sound strongly
depends on the in-cylinder charge conditions.
Through proper measurement, instantaneous
values can be calculated, but this is beyond
the scope of this work; therefore, the speed of

sound is estimated from the calculated burned
gas [72, 41]. This in-cylinder temperature was
calculated using a zero-dimensional model de-
veloped in [73]. The estimated speed of sound
values are being used to calculate the vibra-
tion modes using eqn. 1 to justify the Power
Spectral Density (PSD) observations. For the
TSIO-520 engine with the configurations listed
in Table 1, the oscillation frequencies in kHz for
various modes are listed in Table 4. The first
circumferential mode is ρ1,0 with f1,0=4.1 kHz.
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Figure 3: 0.1 CAD resolution cylinder pressure signal
for Low knock, moderate knock and high knock oper-
ating condition (Fuel Type B, see take-off Tables 2 &
A.5, TR700)

The PSD of the pressure signal for low, mod-
erate, and high knock operating conditions is
shown in Figure 4. Comparing the peak of
the knock and high-knock PSDs to the circum-
ferential frequencies predicted by the acoustic
analysis in Table 4 indicates that the peaks at
4.2-4.6 kHz coincide with the first circumfer-
ential mode (f1,0=4.3 kHz). Another peak is
observed in the PSDs at 7.3-7.9 kHz, which cor-
responds to f2,0=6.9 kHz. The difference be-
tween the observed and calculated circumferen-
tial frequency modes are mainly attributed to
the assumptions made to calculate the values
listed in Table 4.

In order to define low and high cut-off fre-
9



Table 4: Frequency modes in TSIO-520VB engine cylinder

m,n

+
-

1,0 + -
- +

2,0
+
-0,1 -

+- -+ +
3,0

+
-
-

+

1,1

ρm,n 1.84 3.05 3.83 4.20 5.33
fm,n [kHz] 4.3 7.2 9.1 10.1 12.7

quencies of the band-pass filter, PSD of the
high knock pressure signal is calculated using
the raw measured in-cylinder pressure signal.
The filter is a fifth-order Butterworth high-
pass filter with a cut-off frequency of 3.8 kHz.
The PSDs of the pressure signals are shown
in Figure 4 for the take-off conditions listed in
Table 2. A fifth-order Butterworth band-pass
filter is then designed with the pass-band fre-
quencies of 3.8-40 kHz to include those high
frequencies for knock calculations. This fil-
ter is different from the FIR filter designed in
[69]. The filter performance is shown in Figure
5. The filter performance is acceptable, and
the filtered pressure traces are smooth, specif-
ically in the early stages of the knock event
(15-25◦aTDC).

The ASTM standard requires that in addi-
tion to the high load take-off operating condi-
tion the cruise operation must also be checked
for knock intensity. The PSD values of the
high, moderate, and low knock pressure signals
for cruise conditions is shown in Figure 6. The
cruise condition operating point used to calcu-
late the PSD values are listed in Table 2. Com-
pared to the PSDs of the take-off high-knock
pressure signals shown in Figure 4, the first cir-
cumferential mode is the dominant mode for
cruise condition. For this reason, the upper
cut-off frequency of the band-pass filter used
for knock index calculation can be reduced to
10 kHz for cruise conditions. This is expected
as the cruise condition is a lower load operating
condition compared to take-off.
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Figure 4: Power Spectral Density (PSD) of Low, mod-
erate, and high knock operating condition for take-off
conditions (Fuel Type B, see take-off Tables 2 & A.5,
TR700)
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Figure 5: Comparison of the filtered pressure traces
for (a) high knock, (b) moderate knock, and (c) low
knock cycles (Fuel Type B, see take-off Tables 2 & A.5,
TR700)
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erating cycles for cruise condition, λ ≈ 1 (Fuel B, see
Table 2 & A.6, TR693)

3.2. Impact of Down-Sampling
Section A1.1.3 of the ASTM D6424 [32] rec-

ommends a data sampling interval of 0.4 CAD.
To reduce the computational speed require-
ments of the knock analysis it is valuable to see
if the sample rate can be reduced. This investi-
gation is done by down-sampling the 0.1 CAD
measured data. The effects of down-sampling
on the knock analysis are detailed first. Figure
7 shows the down-sampled high knock pres-
sure single-cycle data with 0.1, 0.2, 0.4, and
0.6 CAD resolution resulting in sampling fre-
quencies of 162, 81, 40.5, and 32.4 kHz. Figure
8 shows the corresponding down-sampled pres-
sure traces at an engine speed of 2700 RPM.
The content of the pressure signal in the 21-
31 kHz range (see 0.1 CAD (162 kHz) sam-
pled data) is aliased to the 10-20 kHz range
in the 0.4 CAD (40.5 kHz) sampled data, and
to the 2-10 kHz range in the 0.6 CAD (32.4
kHz) sampled data. To resolve the power spec-
tral density of the data up to Fs

2 , a sampling
rate of FS or higher is required. Therefore, a
sampling rate of 80 kHz or higher is necessary
to avoid aliasing because there exists high fre-
quency content up to 40 kHz. It means that
digital filtering is ineffective in removing alias-

ing if it occurs, and a sample rate of at least
0.2 CAD is needed. These results indicate that
the ASTM D6424 [32] standard recommenda-
tion for sampling frequency of 0.4 CAD needs
to be revised. All knock calculations performed
in this work are based on the sampling rate of
0.1 CAD.
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Figure 7: Effects of down sampling on Power spectral
density of high knock pressure signal (Fuel Type B, see
take-off Tables 2 & A.5, TR700)

4. Filtering Effects on ASTM D6424
Standard

Knock detection in aviation piston engines
is typically performed based on ASTM D6424
[32]. In the ASTM D6424 standard, the knock
index is determined by comparing the absolute
relative pressure changes of the expansion pe-
riod to the compression period. The knock in-
dex is calculated [32] as

KI =
N−1∑
i=0

|Pi−Pi+1|−
N−1∑
i=0

|P−i−P−i−1|(2)

where P0 is the pressure value at the point
that separates the expansion and compression
periods, P−1 is the pressure value one point
before P0, P+1 is the pressure value one point
after P0, and N is the number of points either
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Figure 8: Effects of down sampling on high knock pres-
sure signal (Fuel Type B, see take-off Tables 2 & A.5,
TR700)

before or after P0. In equation 2, the sum of
the absolute values of the consecutive pressure
differences is summed for the compression pe-
riod first. Then it is subtracted from the sum
of the absolute values of the consecutive pres-
sure differences for the expansion period. The
difference in these two sums is the knock num-
ber used for knock determination. A full 70◦
of crankshaft rotation is recommended to de-
termine knock number. The ASTM D6424 [32]
indicates a normal cycle has a negative knock
number, and knocking cycles have knock num-
bers of ten or higher. The visualization of P0

and N is shown in Fig. 9.
The ASTM D6424 standard [32] does not

contain any recommendation regarding the
post-processing of the collected pressure for
knock calculations. For at least some condi-
tions, this leads to inaccurate knock estima-
tion. The filtering effects on the knock mag-
nitudes calculated based on ASTM D6424 are
discussed for the unleaded fuel B first. The
normalized probability density estimate of the
ASTM knock numbers calculated based on the
unfiltered pressure trace is compared to the
ones calculated based on filtered pressure sig-
nals in Figure 10. The normalized PDE, Fy(v)
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Figure 9: Pressure signal with the location of P0, and
N

is calculated [74] as

Fy(v) =
P (y ≤ v)

Pmax
,−∞ < v < ∞ (3)

where P () is the probability function, y is the
signal under study, and Pmax is the maximum
value of the probability function.

Knock analysis based on unfiltered in-
cylinder pressure concludes that 70% percent of
the measured cycles experience knock (ASTM
knock index greater than 10), as seen in Fig-
ure 10(b). However, examining the data closely
it is known that having knock in 70% of mea-
sured cycles is not correct.

Figure 10(a) shows the normalized probabil-
ity density estimate using the in-cylinder pres-
sure trace filtered with the band pass filter
with a 10 kHz upper cut-off frequency. This
filter is designed based on cruise PSD analy-
sis. The results using this filter indicate that
the take-off operating point (see Table 2) is
knock free, while the observations indicate this
is an operating point experiences high knock
cycles. Next, the in-cylinder pressure traces
are filtered using the Butterworth low-pass fil-
ter with a 40 kHz cut-off frequency which in-
dicates only 10% of the measured cycles are
knocking cycles (see Figure 10). This confirms
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Figure 10: Probability Density Estimate of the ASTM
Knock number (a) filtered pressure signal (b) unfiltered
pressure signal (Fuel Type B, see take-off Tables 2 &
A.5, TR700)

the results presented above for the filter de-
sign, where it is shown that frequencies up to
40 kHz are required for accurate knock detec-
tion for take-off operation. Using the cut-off
frequency of 40 kHz provides a realistic per-
centage of knocking cycles and shows that fil-
tering has a significant effect on the knock in-
dex when using the ASTM D6424 standard.

Figure 11 shows the combustion timing, θ50,
versus burn duration for an operating point
with high knock measured cycles for fuel B.
These combustion indexes are calculated using
the measured pressure traces for 700 consec-
utive cycles of this operating condition. The
combustion timing, θ50, is defined as the crank
angle of fifty percent fuel mass fraction burned
[1]. Burn Duration, BD, is calculated [1] as

BD = θ90 − θ10 (4)

where θ10 and θ90 are defined as the crank
angle of 10%, and 90% fuel mass fraction
burned respectively. Figure 11(a) indicates
that the calculation based on unfiltered pres-
sure signal identifies the majority of the cycles
as knocking cycles. The cycles with shorter
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Figure 11: Combustion timing vs. Burn duration (a)
unfiltered pressure signal (b) filtered pressure signal
with 40 kHz cut-off frequency (Fuel Type B, see take-off
Tables 2 & A.5, TR700)

burn duration and advanced combustion tim-
ing are suspect to be the knocking operating
cycles. Cycles A, B, C, and D have a shorter
burn duration with an advanced combustion
timing compared to the other cycles shown in
Figure 11. The calculated ASTM knock values
for these cycles are listed in Table 5. ASTM
knock values calculated based on the fifth-order
Butterworth low-pass filter with a 40 kHz cut-
off frequency classify cycles A, B, C, and D as
knock-free cycles. While ASTM knock values
calculated based on unfiltered data identify cy-
cle B as a knocking cycle. A closer look at these
cycles indicates that these cycles are suspect to
auto-ignition under spark assisted compression
conditions (see Figure 12), which both ASTM
calculated values based on filtered and unfil-
tered data failed to detect. The peak heat re-
lease rate of auto-ignition cycles is higher com-
pared to the normal cycle.

Auto-ignition under spark assisted compres-
sion ignition conditions usually leads to high
in-cylinder pressure and temperatures. This
combustion mode is different from a knock, or
super-knock [3] and the mechanism underlying
this mode of combustion without knocking is
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Table 5: ASTM D6424 Knock number

Operating Cycle A B C D
ASTM Knock [Bar] -26.4 2.8 -5.68 -12.1

(40 kHz)
ASTM Knock [Bar] -16.0 15.9 4.8 4.1

(Unfiltered)

not well known [75, 76]. This mode of combus-
tion can be distinguished from normal SI com-
bustion using the rate of heat release, rate of
pressure rise, burn duration, and maximum in-
cylinder pressure as depicted in Figure 12. Fig-
ure12 shows the pressure trace and heat release
rate of the four operating cycles selected in Fig-
ure 11 and compared to a normal operating
cycle. The most significant difference between
these cycles and the normal cycle is the ampli-
tude of the rate of pressure rise at combustion
onset, maximum in-cylinder pressure, the max-
imum rate of heat release, and burn duration.
The magnitude of the maximum pressure signal
for cycle A is almost two times the magnitude
of the maximum pressure of the normal cycle
(∆P in Figure 12). Compared to the normal
cycle, the maximum heat release rate for cy-
cles A, B, C, and D is 3.13, 2.28, 2.38, and 2.04
times higher. For cycles A, B, C, and D, the
heat release rate is slow after spark ignition.
This slow heat release causes an increase in
pressure and temperature within the unburned
gas zone, which results in the auto-ignition of
the unburned mixture. However, as detailed
in the literature [75], the mechanism underly-
ing the auto-ignition under spark assisted con-
dition without knocking yet remains unclear.
The occurrence of auto-ignition under spark as-
sisted condition can severely damage the engine
due to extremely high peak pressure if not con-
trolled by modulating spark timing or mixture
strength. These results indicate that ASTM
D6424 identifies these cycles as low-knock or
normal cycles, which is not correct.

Next, the fuel type effects on knock distri-
bution and intensity of a heavy knock take-
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Figure 12: Combustion parameters of auto-ignition un-
der spark assisted compression ignition conditions (Fuel
Type B, see take-off Tables 2 & A.5, TR700)

Table 6: Performance Characteristics (Averaged Val-
ues)

Fuel Type A B 100LL
IMEP [Bar] 12.15 12.04 12.16

θ50 [CAD aTDC] 9.6 13.4 9.6
BD [CAD] 18.8 22 20

Cyl. Head Temp. [C] 236 236 223
Exhaust Gas Temp. [C] 876 807 862

λ 0.95 0.78 1

off operating point are investigated. Figure 13
shows the normalized probability density esti-
mate of the ASTM knock number for the high
knock operating points tested with the fuels
listed in Table 3. As observed, fuel types A
and B show a similar knock distribution, which
is both higher than the reference 100LL knock
intensity. The operating points shown in Fig-
ure 13 are collected for take-off (see Table 2) at
same condition except for λ where the engine
was run on a rich mixture for fuel B (see Table
6).

Figure 14 shows the combustion timing vs
burn duration for the operating points inves-
tigated in Figure 13. The 95% probability of
the combustion timing versus burn duration for
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each operating point is calculated and shown
on the same figure. The results indicate that
the distribution of cycles for the 100LL fuel
presents a tighter grouping, which could be in-
dicative of the more predictable behavior of the
fuel regarding combustion timing and burn du-
ration. Fuel A presents a wider distribution,
pointing towards a more correlative relation-
ship between the two variables. The fuel B
behavior seems to be in between the other two.
Fuels A and B have a similar combustion tim-
ing and burn duration distributions, while the
100LL fuel distribution is less compared to fu-
els A and B. The Pearson Correlation Coeffi-
cient (PCC) of fuel A is relatively high, while
the PCC value for the 100LL has dropped con-
siderably. The PCC value for fuel B is also less
than fuel A, but higher than 100LL. Looking
now at the aspect ratio of both the combustion
timing and burn duration distributions, which
is a metric of how aligned the groupings are,
a higher aspect ratio was observed for the fuel
A. These results indicate that the level of vari-
ation of the flame propagation process varies
with the fuel composition, which directly af-
fects the knock intensity level.

The ASTM knock detection robustness is
investigated next. The ASTM knock values
based on unfiltered, 10 kHz and 40 kHz cut-off
frequency filtered cylinder pressure are shown
in Figure 15. The ASTM knock values cal-
culated based on the unfiltered and filtered
pressure signals using a fifth-order Butterworth
low-pass filter with 40 kHz cut-off frequency
can detect the cycles with high knock num-
bers; however, with different magnitudes. The
87th cycle ASTM knock value calculated based
on the fifth-order Butterworth low-pass filtered
pressure trace with 40 kHz cut-off frequency is
120.3 bar. In contrast, the same cycle knock
value based on unfiltered pressure trace is 1615
bar, which is thirteen times higher than the val-
ues calculated based on filtered pressure trace.
Ideally the large difference in knock index be-
tween knocking and regular combustion cycles
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Figure 13: Experiment - Normalized Probability Den-
sity Estimate of the ASTM Knock number calculated
based on (a) fifth-order Butterworth low-pass filtered
pressure signal with 40 kHz cut-off frequency, and (b)
unfiltered pressure signal (see take-off Table 2, Table
A.1-TR560, Table A.3- TR763, Table A.5-TR700)

is desired. However, as previously described,
the unfiltered data results in 70% of the cy-
cles with a knock index greater than 10 when
the unleaded fuel is used. This high percentage
of false-positive knock is highly undesirable to
determine if the engine is experiencing knock

The ASTM knock values calculated based on
a low-pass filtered pressure signal with 10 kHz
cut-off frequency detects this operating point
as a normal operating point. As shown in Fig-
ure 16, cycles 87, 461, and 649 are knocking
cycles while Fig. 15(a) demonstrates these cy-
cles as knock-free cycles. Therefore, the ASTM
knock numbers based on the low-pass filter
with 10 kHz cut-off frequency failed to detect
the known knocking cycles 87, 461, and 649 as
cycles with high knock intensities.

This shows that the filtering of the pres-
sure signal considerably changes the ASTM
knock values and the knock detection re-
sults. These observations confirm that current
ASTM D6424 [32] standard requires modifica-
tion to allow for accurate knock index calcu-
lation when using new unleaded fuels. The
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Figure 16: Pressure traces with high knock intensities
(Fuel Type B, see take-off Tables 2 & A.5, TR700)

current standard of not filtering the cylinder
pressure, results in over detection of knocking
cycles with these two new aviation fuel candi-
dates tested. In addition, the method is in-
capable of detecting cycles with auto-ignition
under spark assisted compression ignition con-
ditions experienced with unleaded fuels.

5. Mixture Sweep Knock Test Results

The calculated ASTM knock numbers based
on a fifth-order Butterworth low-pass filter
with a cut-off frequency of 40 kHz and the
knock numbers calculated based on unfiltered
pressure signals are shown in Figures 17-19
for take-off and cruise mixture lean-out exper-
iments, respectively. The engine was set at full
rich for each operating condition first, and the
fueling rate was reduced gradually until knock
intensity exceeds the specified limit defined in
ASTM D6424 [32], and PAFI [69]. The operat-
ing points collected for these experiments are
listed in Tables A.1-A.6 in the appendix.

Figure 17(a) shows that the knock values cal-
culated based on the unfiltered pressure trace
increases with mixture lean-out during take-off
for all fuels tested. However, as shown in Fig-
ure 17(b), the knock intensity calculated based
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on the filtered pressure trace reduces with mix-
ture lean-out for 100LL avgas fuel. This trend
opposes the outcome of the unfiltered knock
analysis.
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Figure 17: Averaged ASTM Knock numbers for take-
off condition calculated based on (a) unfiltered pres-
sure signal, and (b) filtered pressure data with fifth-
order Butterworth low-pass filter with 40 kHz cut-off
frequency (see Tables 2, A.1, A.3,& A.5)

For alternative unleaded fuel A, the measure-
ments indicate that the average knock value re-
duces until lambda reaches 0.83 and then the
knock intensity increases with further mixture
lean-out. This suggests when the filtered pres-
sure trace is used there is an optimal fuel-air
mixture to minimize the knock index. There
is no expected optimal mixture and this trend
is caused by the incorrect filtering cut-off fre-
quency as shown throughout this work. This
trend is not seen in the unfiltered knock in-
dex for fuel A. This shows that not only does
filtering affect the magnitude of the knock in-
dex but also the trends seen during combustion
variations.

The calculated knock values for fuel B in-
dicates an increase in knock intensity during
mixture lean-out when either the unfiltered or
filtered data is used. However, the knock index
for fuel B rises earlier in the mixture lean-out
and also achieves a higher knock index when
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Figure 18: Fraction of knocking cycles for take-off con-
dition calculated based on (a) unfiltered pressure signal,
and (b) filtered pressure data with fifth-order Butter-
worth low-pass filter with 40 kHz cut-off frequency (see
Tables 2, A.1, A.3,& A.5)

compared to 100LL avgas or fuel A, when ei-
ther filtering option is used. In addition to
the different trends seen in the mixture lean-
out due to filtering, there is a significant dif-
ference in the magnitude of the ASTM knock
index. For the take-off condition presented
in Figure 17, the unfiltered data provides a
smooth transition from negative knock index to
positive values. However, both alternative un-
leaded fuels reach knock indexes that indicate
high knock cycles (K > 10) even at rich oper-
ation. While the averaged knock values based
on filtered data always remains at a negative
knock index throughout the mixture lean-out.

The fraction of knocking cycles determined
based on unfiltered and filtered pressure sig-
nal during mixture lean out is shown for take-
off in Figure 18. As observed, the fraction of
knocking cycles calculated based on unfiltered
data is significantly higher compared to the fil-
tered ones. The fraction of knocking cycles in-
creases during the mixture lean out for both
filtered and filtered signals. These results indi-
cate that the pressure signal processing plays a
crucial role in interpreting an operating point

17



0.88 0.9 0.92 0.94 0.96 0.98 1 1.02 1.04 1.06

(a)

-100

-10 

0   

10  

100 

K
I 
[B

a
r]

100LL - set 1

100LL - set 2

A - set 1

A - set 2

B - set 1

B - set 2

0.88 0.9 0.92 0.94 0.96 0.98 1 1.02 1.04 1.06

(b)

 [-]

-100    

-31.6228

-10     

-3.16228

0       

K
I 
[B

a
r]

Figure 19: Averaged ASTM Knock number for cruise
condition calculated based on (a) unfiltered pressure
signal, and (b) filtered pressure data with fifth-order
Butterworth low-pass filter with 40 kHz cut-off fre-
quency (see Tables 2, A.2, A.4, & A.6)

as a knocking or knock-free cycle.
Next, the cruise condition mixture lean-out

is investigated. The knock values calculated
based on filtered pressure trace for cruise con-
dition show the knock intensity increases for all
fuels tested with mixture lean-out, as shown
in Figure 19(b). This trend is opposite from
knock values calculated based on unfiltered
pressure signal shown in Figure 19(a) where the
knock magnitudes based on unfiltered pressure
trace reduces with mixture lean-out. These re-
sults indicate that all three fuels have a sim-
ilar mixture lean-out trend during cruise con-
ditions; however, the signal processing of the
pressure trace significantly changes the knock
values and can even reverse the trend.

The fraction of knocking cycles during mix-
ture lean-out is investigated for cruise mix-
ture lean-out experiments, and the results are
shown in Figure 20. The knock intensity val-
ues calculated based on unfiltered pressure sig-
nal increases during mixture lean-out for fuel
B (see Figure 20(a)). The fraction of knock-
ing cycles identified based on unfiltered pres-
sure signal for fuel A and 100LL is extremely
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Figure 20: Fraction of knocking cycles calculated for
cruise condition based on (a) unfiltered pressure signal,
and (b) filtered pressure data with fifth-order Butter-
worth low-pass filter with 40 kHz cut-off frequency (see
Tables 2, A.2, A.4, & A.6)

low. The knock values calculated based on the
filtered pressure signals indicate all operating
points as knock-free points.

The mixture lean-out effect on combustion
parameters is discussed to understand the re-
lationship between combustion indexes and the
knock intensity. Combustion timing and burn
duration values are calculated for the take-
off and cruise conditions and the results are
shown in Figures 21-22. The combustion tim-
ing is advanced by 3.6, 2, and 1.4 CAD for fu-
els A, 100 LL, and B, respectively, during the
take-off mixture lean-out. The knock inten-
sity increases with advanced combustion tim-
ing and reduced burn duration as shown in
Figures 20 and 21. The knock intensity is
highly sensitive to combustion timing for the
unleaded fuel candidates compared to 100LL.
For example, for 1.4 CAD combustion timing
advance (Figure 21a) for fuel B during take-
off mixture lean-out, the knock intensity (Fig-
ure 17a) increases almost nine times, consid-
ering ASTM knock numbers calculated based
on unfiltered pressure trace. The combustion
timing is retarded during cruise mixture lean-
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Figure 21: Averaged combustion timing (a) take-off,
and (b) cruise during mixture lean-out (see Tables 2,
A.1-A.6)

out with increased burn duration for all tested
fuels. With retarded combustion timing and
increased burn duration, the knock intensity
will also be reduced. These observations are
consistent with the literature [77, 78, 79]. This
confirms the knock index trends seen with the
ASTM knock index using the unfiltered pres-
sure trace is capturing the correct trends dur-
ing mixture lean-out.
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Figure 22: Averaged burn duration (a) take-off, and (b)
cruise during mixture lean-out (see Tables 2, A.1-A.6)

The effects of fuel mixture lean-out on IMEP
is shown in Figure 23. The engine IMEP with
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Figure 23: Averaged IMEP (a) take-off, and (b) cruise
during mixture lean-out (see Tables 2, A.1-A.6)

fuels A and B are within the same range as the
reference 100LL fuel. The difference between
the engine IMEPs for fuel types A, B, and
100LL is mainly attributed to the fuel prop-
erties, the fuel lower heating values, and the
fueling rate. IMEP slightly increases during
take-off mixture lean-out; however, the IMEP
values are reduced during cruise mixture lean-
out. The combustion timing is advanced dur-
ing take-off with mixture lean-out, as shown in
Figure 21. With advanced combustion timing,
expansion work increases leading to increased
IMEP. For cruise conditions, the combustion
timing is retarded with mixture lean-out, which
reduces the expansion work. Retarding the
combustion timing is an effective method for
knock intensity reduction as this reduces the
peak pressure and end-gas temperature; how-
ever, it could have an adverse effect on engine
output power and fuel efficiency. Techniques
like EGR [80] and water injection [62, 81] can
be used for combustion timing and knock con-
trol in aviation SI engines. Both methods lower
flame temperature and speed, so giving use-
ful reductions in knock intensity with delayed
combustion timing. These results indicate that
one major challenge for aviation SI engines is
to optimize combustion timing considering en-
gine knock tendency. Therefore, to meet future
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general aviation fuel economy and emission re-
ductions, knock phenomenon in boosted low-
speed general aviation piston engines need to
be well understood.

5.1. Comparison with Other Knock Methods
The mixture sweep knock test results are

also calculated using the third derivative of
the pressure signal [35, 36, 67] and Discrete
Wavelet Transform (DWT) [43, 48]. The
method of third derivative of pressure signal
is one effective robust pressure-based method
used in commercial software [82] for knock de-
tection and analysis. This method is based
on the rate of change of pressure trace curva-
ture over the period that auto-ignition occurs
[35]. End-gas auto-ignition is associated with
an abrupt increase in pressure trace following
by a narrow pressure peak due to rapid heat
loss. A rapid change from positive to nega-
tive curvature is associated with a large nega-
tive third derivative of pressure signal [36, 67].
However, a major problem with differentiating
the pressure signal is the measurement noise.
Pressure signal is filtered first as differentiation
is a noise amplifying process. Fig. 24 shows the
variation in third derivative of pressure signal
for the pressure signals shown in Fig. 3.

The DWT method is a reliable frequency-
based analysis method for knock detection as
it includes the knock signal history at a dis-
crete scale within a predefined crank-angle win-
dow. This frequency-based method is suitable
for real-time knock detection and control in in-
ternal combustion engines [43]. DWT is com-
putationally efficient as the discrete wavelet de-
composition needs to be done for the knock fre-
quency band only. In this work, DWT with
a Daubechies-8 (16 coefficients) basis function,
is used to analyze the knock quantity of the
pressure signal [43]. The DWT is one way
to represent a signal by using digital filtering
techniques. Traditionally low-pass and high-
pass, with the finite impulse response, are used.
In this work, a three-level filter bank is cre-
ated where the signal is decomposed into the
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Figure 24: Comparison of the third derivative of pres-
sure signal (Fuel Type B, see take-off Tables 2 & A.5,
TR700)

high frequency and low-frequency coefficients
[83, 84]. The classical DWT is computation-
ally efficient; however, the DWT method with
Daubechies is not recommended for a system
with high measurement error [43].

A comparison during take-off is made
between knock values calculated based on
ASTM D6424 (Figure 17), the third deriva-
tive of pressure signal (Figure 25(a)) and DWT
(Figure 26(a)). The ASTM knock number val-
ues calculated based on the unfiltered pres-
sure data have the same increasing trend seen
with the third derivative of the pressure signal
and DWT during mixture lean-out. Addition-
ally, when using the unfiltered data, the ASTM
knock index matches the trends seen in the
knock index of the third derivative of pressure
and DWT for the individual fuels. A similar re-
sult can be seen for the cruise condition, where
the unfiltered ASTM D6424 knock index (Fig-
ures 19), the third derivative of pressure knock
index (Figure 25(b)), and the DWT knock in-
dex (Figure 26(b)) match. Again this suggests
the ASTM knock values calculated based on
unfiltered data are better suited to capture the
correct trends during mixture lean-out.

Although the trend is more acceptable for
20
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Figure 26: Averaged DWT knock index of (a) take-off,
(b) cruise (see Tables 2, A.1-A.6)

ASTM knock numbers calculated based on un-
filtered pressure trace, the estimated values are
high. For example, ASTM knock values cal-
culated based on unfiltered pressure trace for
transient number 700 listed in Table A.5 de-
tects cycle no. 149 and 603 as cycles with high
knock numbers (ASTM Knock Number of 15 &
18 Bar, respectively). However, A closer look
at these cycles (Figure 27) reveals that they
are representative of normal (knock free) en-
gine operation.
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Figure 27: (a) Pressure traces (b) Power Spectral Den-
sity of corresponding pressure signals (Fuel Type B, see
take-off Tables 2 & A.5, TR700)

6. Conclusions

The ASTM D6424 method is the standard
used in the aviation industry for knock detec-
tion and engine certification. This work ex-
plored the impact of using unleaded aircraft
fuels with this standard knock index calcula-
tion. Using measurements from the TSIO-520
engine tested at the NRC altitude chamber at a
simulated altitude of 12,000 ft allowed for vari-
ous knock indexes and data processing options
to be explored with the standard 100LL avgas
and two alternative unleaded candidates. The
effects of post-processing of the pressure sig-
nal on knock detection were detailed for the
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ASTM knock detection standard. It is found
that the post-processing of the pressure signal
significantly affects the calculated knock val-
ues, and appropriate pressure signal process-
ing needs to be completed before the imple-
mentation of the knock detection algorithm.
One improvement to the ASTM standard is
the need for the minimum sampling frequency
to be increased to least 0.2 CAD if aliasing in
to be avoided. The results indicate that knock
values calculated based on unfiltered pressure
data per ASTM D6424 recommendations are
not accurate and over-predict the number of
knocking cycles. The use of a Butter-worth fil-
ter with a cut-off frequency of 40 kHz has en-
abled the accurate detection of knocking cycles
when the ASTM D6424 standard is used.

During mixture lean-out tests, the proposed
filter was tested against the standard unfiltered
data implementation of the ASTM knock de-
tection method. It was discovered that the ap-
plication of different post-processing methods
not only change the magnitude of the knock
index but also change the trend seen as the
mixture is changed. The results of the ASTM
knock detection method were then compared
to the third derivative of pressure knock and
DWT knock indexes, where the ASTM knock
method using the unfiltered data matched the
trends seen in the other two knock detec-
tion methods. However, the magnitude of the
ASTM knock index suggested that many cy-
cles were high knock cycles as they were above
the currently recommended threshold in the
ASTM D6424 standard. This suggests the un-
filtered pressure signal should be used to cap-
ture the correct trends in knock changes; how-
ever, the threshold that determines knocking
cycles from regular cycles must be updated.
The value of this threshold will require addi-
tional engine testing on various engines to de-
termine a knock intensity threshold that works
universally. Also, ASTM D6424 cannot de-
tect cycles with auto-ignition under spark as-
sisted conditions experiencing high maximum

in-cylinder pressure that can damage the en-
gine instantaneously, and the ASTM stan-
dard recommendations regarding sampling fre-
quency need to be modified. Therefore, fur-
ther studies are required for pressure signal
processing prior to the implementation of the
ASTM D6424 knock detection method for new
unleaded fuel candidates.
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Table A.1: 100 LL AVGAS take-off experiment condition

TR Fueling Rate [PPH] λ [-] MAP [inch Hg] Cyl. Head Temp. [C] Speed [RPM]
Set-1 536 188.6 0.74 38.7 224 2700
Set-1 537 188.5 0.75 38.8 224 2700
Set-1 545 188.6 0.77 38.7 222 2700
Set-1 546 185.8 0.77 38.7 223 2700
Set-1 547 179.2 0.79 38.7 226 2700
Set-1 548 160.5 0.87 38.6 233 2700
Set-2 555 192.1 0.78 39.1 220 2700
Set-2 556 190.3 0.78 39.1 221 2700
Set-2 557 179.8 0.83 38.9 225 2700
Set-2 559 160.2 0.94 38.9 230 2700
Set-2 561 111.5 0.99 39.2 223 2700
Set-3 580 189.8 0.77 38.9 226 2700
Set-3 582 186.4 0.78 38.8 229 2700
Set-3 586 177.6 0.82 38.7 234 2700
Set-3 588 162.7 0.9 38.8 235 2700
Set-4 595 184.8 0.77 38.3 224 2700
Set-4 597 188.1 0.76 38.8 229 2700
Set-4 599 177.5 0.81 38.8 229 2700
Set-4 601 160.3 0.89 38.9 235 2700
Set-4 603 157.2 0.93 39.1 232 2700

Table A.2: 100 LL AVGAS cruise experiments

TR Fueling Rate [PPH] λ [-] MAP [inch Hg] Cyl. Head Temp. [C] Speed [RPM]
Set-1 567 114.2 0.89 29.4 220 2450
Set-1 569 113.1 0.9 29.4 222 2450
Set-1 571 109.3 0.93 29.5 224 2450
Set-1 573 101.1 1.01 29.5 225 2450
Set-1 575 97.3 1.04 29.5 222 2450
Set-1 577 97.1 1.04 29.5 225 2450
Set-2 606 113.5 0.9 29.2 225 2450
Set-2 608 113.3 0.9 29.4 223 2450
Set-2 610 109.3 0.9 29.4 226 2450
Set-2 612 101.7 1.0 29.5 226 2450
Set-2 614 97.1 1.0 29.5 226 2450
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Table A.3: Fuel A take-off experiments

TR Fueling Rate [PPH] λ [-] MAP [inch Hg] Cyl. Head Temp. Speed [RPM]
Set-1 732 214.3 0.73 38.8 227 2700
Set-1 734 212.8 0.73 38.8 229 2700
Set-1 736 203.6 0.76 38.8 233 2700
Set-1 738 182.1 0.85 38.8 238 2700
Set-1 741 177.1 0.90 39.2 232 2700
Set-2 755 219.1 0.71 39.1 226 2700
Set-2 757 213.3 0.73 38.9 229 2700
Set-2 759 202.7 0.76 38.8 233 2700
Set-2 761 181.2 0.85 38.8 234 2700
Set-2 763 163.1 0.94 38.8 237 2700

Table A.4: Fuel A cruise experiments

TR Fueling Rate [PPH] λ [-] MAP [inch Hg] Cyl. Head Temp. [C] Speed [RPM]
Set-1 744 126.3 0.88 29.4 224 2450
Set-1 746 125.2 0.89 29.4 225 2450
Set-1 748 121.1 0.92 29.4 227 2450
Set-1 750 109.6 0.99 29.4 228 2450
Set-1 752 108.9 1.02 29.4 229 2450
Set-2 767 125.6 0.89 29.2 223 2450
Set-2 769 124.5 0.90 29.3 224 2450
Set-2 771 120.8 0.92 29.3 226 2450
Set-2 773 113.7 0.97 29.4 229 2450
Set-2 775 110.2 1.0 29.5 230 2450

Table A.5: Fuel B take-off experiments

TR Fueling Rate [PPH] λ [-] MAP [inch Hg] Cyl. Head Temp. [C] Speed [RPM]
Set-1 667 187.7 0.77 38.7 231 2700
Set-1 669 191.2 0.77 39.1 230 2700
Set-1 671 187.6 0.78 39.1 233 2700
Set-2 682 190.7 0.74 38.7 230 2700
Set-2 684 188.2 0.74 38.8 233 2700
Set-3 696 193.1 0.76 39.1 228 2700
Set-3 698 191.4 0.76 39.2 230 2700
Set-3 700 182.2 0.80 39.1 235 2700
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Table A.6: Fuel B cruise experiments

TR Fueling Rate [PPH] λ [-] MAP [inch Hg] Cyl.Head Temp. [C] Speed [RPM]
Set-1 674 115.2 0.90 29.3 229 2450
Set-1 676 114.3 0.88 29.4 232 2450
Set-1 678 109.8 0.92 29.4 229 2450
Set-1 680 105.6 0.96 29.5 232 2450
Set-2 687 115.3 0.91 29.6 224 2450
Set-2 689 114.2 0.93 29.7 225 2450
Set-2 691 110.7 0.95 29.6 226 2450
Set-2 693 105.3 1.00 29.6 230 2450
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